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1.1 Introduction
Mea»«remcnt techniques have been of immense importance ever since the start of human 
civilization, when measurements were first seeded to regulate the transfer of goods in barter 
trade in order to ensure that exchanges were fair. The industrial revolution during the 19th 
century brought about a rapid development of new instruments and measurement techniques n> 
satisfy the needs of industrialized production techniques. Since that time, there has bees a large 
and rapid growth in new industrial technology. This has been particularly evident during the last 
part of the 20th century because of the many developments in electronics in general and 
computers in particular. In turn, this has required a parallel growth in new instruments and 
measurement techniques.

The massiv e growth ia tie application of computers to industrial process control and monitoring 
tasks has greatly expanded the requirement for instruments to measure, record, and control 
process variables. As modem production techniques dictate working to ever tighter accuracy 
limits, and as economic forces to reduce prodiction costs become more severe, so the requirement 
for instruments to be both accurate and inexpensive becomes ever harder to satisfy. This 
latter problem is at the focal point of the research and development efforts of all instrument 
manufacturers In the past few years, the most cost-effective means of improving instrument 
accuracy has been found in many cases to be the inclusion of digital computing power witiiin 
instruments themselves. These intelligent iaatruments therefore feature prominently in c u ra t  
instrument manufacturers’ catalogues.

This opening chapter coven some fundamental aspects of measurement, first, we look at 
how standard measurement units have evolved from the early units used in hatter trade to *e
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ТаЫ а 1 J  Fundamental S I Units

(») Fundamental Units
Quantity W a r d  Unit % - *c t
Length eieter an
Мам kilogram kl
Time second S

Electric current ampere A
Temperature t—a. — и м г К

Um noM candela cd
Matter mole moJ

(V) Supplementary Fundamental Units

Quantity Standard Unit * n b d  1
Plane angle radian rad
Solid angle ■•radian sr

1.3. ( Elements of * Measurement System

A measuring system exists lo provide information about the phyrical value of some variable 
being measured. In simple cam . the system can consist of only a siagle unit that gives an output 
residing or signal according to the magnitude of die unknown variable applied to it. However, 
in move complex measurement situations. (  measuring system coasiMi of several separate 
elements as shown io Figure 1.1. These components might be contained within one or roorc 
boxes, and the boxes bolding individual measurement elements might be either close together 
or physically separate. The term measuring instrument is used commonly to describe a 
measurement system, whether it contains only one or many elements, and this term is widely 
used throughout this text

The first element in any measuring system в  the primary sensor this gives an output fiat 
is a function of the meawrand (the input applied to it). For most hut aot all sensors. Ibis 
function it at least approximately linear. Some examples of primary sensors are a liquid-in- 
glass thermometer, a thermocouple, and a straia gauge. In the сам of a mercury-in-glau 
thermometer, because die output reading is given in terms of the level of the mercury, dns 
particular primary sensor is also a complete measurement system in itself. However, in general, 
the primary sensor is only part of a measurement system. The types of primary sensors available 
for measuring a wide range of physical quantities are presented in the later chapters of this booh.

Variable conversion dements are needed where the output variable of a primary transducer it m 
an inconvenient form and has to be convened ю a more convenient form. For instances the 
displacement-measuring strain gauge hat an oulpm » the fora of a varying resistance. Became 
the resistance change cannot be measured easily, it is convened «о a change in voltage by a 
hetdge circuit, which it a typical example of a variable conversion element. In some caaev. dke



Quanoty ta m M U M SyndMf
Area square meter irf

Volume cubic meter m*
Velocity metre per second m/%

Acceleration metre per second squared m/a1
Angular velocity radian per second rad/s

Angular acceleration radian per second squared
Density kilogram per cubtc meter V

Specific volume cubic meter per kilogram
Mast flow rate kilogram per second W .  

m /aVolume flow rate cubic meter per second
Force newton N kr*n/«*

Pressure p m il Pa N/m*
Torque newton meter N-m

Momentum kilogram meter per second kg-m/s
Moment of inertia к,m ‘
Kinematic nscosity square meter per second m /» 1
Dynamic viscosity newton second per sq metre N-f/*1

Work, energy, heat JO * J N o
Specific energy joule per cubsc meter J/*"*

Power watt w V»
TW m al conductivity watt per meaer Kehnn W/m-K

Electnc charge coulomb С M
Voltage, e.m.f., pot drfF volt V W/A
Efcctnc field strength volt per meter V/i*

Electnc resistance ohei 0 V/A
Bectnc capacitance farad f A-*/V
Electnc inductance henry H V-t/A

Bectnc conductance siemen s A/V
Resistiwty ohm meter ft-m

Permittivity farad per meter F/m
Permeability henry per meter H/m

Current density ampere per square meter А / я '
Magnetic flu* weber Mb V-l

Magnetic flu* den»«y tesla T Mb/m'
Magnetic field strength ampere per meter A,m

Frequency here Их
Luminous flu* lumen (m c4-«r

Luminance candela per square meter cd/m1
■ummation lue b InV »1

Molar volume cubic meter per mole
Molanty molt per kilogram то</Ц

Molar enevgy joule per mole J/mol
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Element» of * measuring system

primary tensor and vtnaMe conversion element are combined; M s combination U known 
as a transducer.*

Signal processing elements exist to improve the quality of the output of a measurement 
system in some way. A very common type af signal processing dement is the electron: 
amplifier, which amplifies the output of the primary transducer or variable conversion element, 
thus improving the tensitivrty and resolution of measurement. This dement of a measuring 
system is particularly important where the primary transducer has a low output. For eunpie. 
thermocouples have a typical output of only a few m illivolts. Other types of signal processing 
dements are those thst filter out induced noise and remove mean levds. etc. In some devices, 
signal processing is incorporated into a transducer, which it then known as a transmitter *

la addition to these three components just mentioned, some meatinemenl systems have one 
ot two other components, first to transmit the signal to some remote point and second to diq>lay or 
recoid the signal if it it not fed automatically «to  a feedback control sy*eoi. Signal transmission 
is needed when the observation or application ром of the output o f a measurement system is 
some distance away from the site of the primary transducer. Sometimes, this separation is made 
solely for purposes of convenience, but mote often, it follows from Ле physical inaccetcibitoy 
or environmental unsuitability of the site of die primary transducer for mounting the signal 
presentation/recording nnit. The signal traiMmssion element has traditionally consisted d single 
or multicored cable, which is often screened to minimize signal corruption by induced 
electrical noise. However, fiher-optic cables are being used in ever-increasing numbers »  
modem installation!, in pan because of tim r low (п акт its ion lot* and impervioutueislo the 
effects of electrical and magnetic fields.
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Hie fiaal optional elemeet in a measurement system is the point where the measured signal is 
utilised. in some cases, this element is omitted altogether because the measurement is used 
nt part of an automatic control scheme, and the transmitted signal is fed directly iato the 
central system. In other cues, this element in the measurement system takes the form 
enber of a signal pretentatioa unit or of a signal-recording unit. These take many forms 
according to the requirements of the particular measurement application, and the range of 
possible units is ditcaeed more fully in Chapter 8.

1.3.2 Choosing Appropriate Measuring Instruments

The starting point in choosing the most suitable instrument to use for measurement of a 
particular quantity in a manufacturing plant or ofcer system it specification of the innnmteat 
characteristics required, especially parameters such as desired measurement accuracy, 
resolution, sensitivity, and dynamic performance (see the next chapter for definitions of these). 
It it also essential to know tie  environmental conditions that the instrument w ill be subjected 
to. as some conditions w ill immediately either eliminate the possibility of using certain type» 
of instruments or else w il create a requirement far expensive protection of the instrument.
It should also be noted that prelection reduces the performance of aorne instruments, especially in 
terms of their dynamic characteristics (e.g.. Aeatb. protecting theanocouples and resistance 
thermometers reduce fcer speed of response!. Provision of this type of information usually 
requires the expert knowledge of personnel are intimately acquainted with the operation of 
the manufacturing plan or system in questioa. Then, a skilled instrument engineer, having 
knowledge of all instruments available for measuring the quantity in question, w ill be able to 
evaluate the possible Ire of instruments in terms of their accuracy, cost, and suitability for the 
environmental conditions and thus choose the most appropriate instrument. As far as passible, 
measurement systems aad instruments should be chosen that are as insensitive as possible to the 
operating environment, although this requirement is often difficult to meet because of cost and 
oAer performance considerations. The extent to which the measured system w ill be distutbed 
(faring the measuring process is another important factor in instrument choke. For example, 
significant pressure loss can be caused to the measured sy stem in some techniques of ftow 
measurement.

Published literature is of considerable help in the choice of a suitable instrument for a particular 
measurement situation. Many hooks are avatable that give valuable assistance in the necessary 
evaluation by providing luas and data shout all actmmenu available for measurir̂  a range 
of physical quantities (e.g.. later chapters of this text). However, new techniques md 
iaskwnents are being developed all the time, aid therefore a good instrumentation engineer 
mua keep abreast of the late* developments by Kwfcng the appropriate terimicd journals 
regularly



The instrument characteristics discussed in tie  next chapter are Ike features that farm the 
technical basis for a comparison between the «dative merit»of different instruments. Generally, 
the better the characteristics. the higher the сом. However, in comparing the cost and relative 
ta natality of different instruments for a particular measurement ritiuuan. considerations of 
durability, maintainability, and constancy of performance are alto very important because 
the instrument chosen w ill often have to be capable of operating for long periods without 
performance degradation and a requirement for cosdy maintenance, in consequence of this, 
the initial cost of an instrument often has l  low weighting in the evaluation exercise.

Cost is correlated very strongly with the performance of an instrument, as measured by its static 
characteristics. Increasing tie  accuracy or resohnion of an instrument. for example, can 
only be done at a penalty of increasing its manufacturing coat. Instrument choice therefore 
proceeds by specifying the minimum characteristics required by a measurement situation 
and then searching manufacturers' catalogues to find an instrument whose charactering* 
match those required. To select an instrument with characteristics superior to those required 
would only mean paying more than necessary for a level of performance greater than tfiat 
needed.

As well as purchase cost, other important factors in the assessment exercise are instrument 
durability and maintenance requirements. Assuming that one had $20X00 to spend, one 
would not spend SISjOOO on a new motor car whose projected life was 5 years if a car of 
equivalent specification with a projected life of Ю years was available for $20,000. 
Likewise, durability is an important consideration in the choice of instruments. The 
projected life of instruments often depends on die conditions in that the instrument w ill 
lave to operate. Maintenance requirement! must also be taken iaao account, as they also 
have cost implications.

As a general rule, a good assessment criterion is obtained if the total purchase cost and 
estimated maintenance coals of an instrument over its life are divided by the period of its 
expected life. The figtre obtained is thus a cost per year. However, this rule becomes 
modified where instruments are being installed an a process whose life is expected to be 
limited, perhaps in the manufacture of a particular model of car. Then, the total costs can only 
be divided by the period of time that an instrument is expected to be used far, unless an 
ahemative use for the instrument is envisaged at the end of this period

To summarize therefore, instrument choice is a compromise among performance characteristics, 
raggedness and durability, maintenance requirements. and purchase com. To carry out иск 
an erduation property, the muniment engineer must have a wide knowledge of the range ct 
instruments available for measuring particular physical quantities, and hoMie mutt also have a 
deep understanding of how muniment chancterittcs are affected by pnrticular measurement 
situations and operating conditions.
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1.4 Measurement System Applications

Today, the technique! of measurement are of immense importance in mod facets of human 
civilization. Present-day applications of measuring instruments can be classified into three 
major areas. The tin t of these is their use in regulating trade, applying instrumenti that meastae 
physical quantities such as length, volume. Md mass in terms of standard units The particular 
instruments and tiansdicersemployed in such applications are included in the general description 
of ins*wnents presented in the later chapters of this book.

The second application area of measuring instruments is in monitoring functions. These 
provide information that enables human beings to take some prescribed action accordingly. 
The gardener uses a thermometer to determine whether he should turn the heat an щ bis 
greenhouse or open the windows if it is loo hot Regular study of a barometer allows us to 
decide whether we should take our umbrellas if we are planning to go out for a few hours. While 
there are thus many uses of instrumentation in oar normal domestic lives, the nuyority of 
Monitoring functions exist ю provide the iofomation necessary to allow a human betag to 
control some industrial operation or process. In a chemical process, for instance, the progress 
of chemical reactions is indicated by the measurement of temperatures and pressares at 
various points, and such measurements allow the operator to make cornea decisions regarding 
the electrical supply to heaters, cooling wmer flows, valve positions, and so on. One other 
important use of monitoring instruments is ia calibrating the instruments used in die automatic 
process control systeas described here.

Use as рал of automatic feedback control systems forms the third application area of 
measurement systems. Figure I. :  shows a functional block diagram of a single temperature 
control system in which temperature T, of a room is maintained at reference value T4. The value

Room Room
щштшш

T.

Tampa wring
«me*

P % n U
B — wn  of a s«mpl« dosc^-bop control «укеm
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at the controlled variable. Т.. as determined by a temperaturemeasunag device, is compared 
with die reference vabe. Г» and the dtffermce. t. it applied at an error signal to the beater. 
The bearer then modifies the room temperature until T, = Тл. The characteristics of die 
measuring instruments used in any feedback control system are at fundamental importance 
to the quality of control achieved. The accuracy and resolution with which an output variable 
of a process is controlled can never be better than the accuracy and resolution of the measuring 
instruments used. This is a very important principle, but one that it oftea discussed inadequately 
in many texts on automatic control systems. Such texts explore the theoretical aspects of control 
system design in considerable depth, but fid  to five sufficient emphasis to the fact dua a l 
gain and phase margin performance calculations ate entirely dependent on the quality of the 
process measurements obtained.

1.5 Summary

This opening chapter omened some fundamental aspects of measurement systems. Pint, 
we looked at the importance of having standard measurement uoas and how these have 
evolved into the Imperial and metric systems of units We then meat on to look at the main 
aspects of measure meet system design and. in particular, what die main components in a 
measurement system are aad how these are chosen for particular meaautement requirements. 
Finally, we had a brief look at the range of applications of meamremer* systems.

1.6 Problems

1.1. How have systems Ы  measurement units evolved over the years?
1-2- What are the main elements in a measurement system and what ж  their functions? 

Which elements are not needed in u n e  measurement tytieme and why are they not 
needed?

1-3- What are the main factors governing die choice of a measuring instrument for a given 
application?

1.4. Name and discum dmce application м ет far measurement systems.
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2.1 Introduction

Two of the important aspects of measure moil covered in the opening chapter concerned 
how to choose appropriate instruments for a particular application aad a review of Ike 
main applications of teeasyreeent. Both of these activities requite knowledge of die 
characteristic» of different classes of instruments and. in particular, how these different 
dunes of instrument perfomi in different applications and operating enviram eau.

I I



We therefore slu t (hit chapter by reviewing the various classes of instruments that exist. We tee 
first of all that instruaieati can be divided betweea active and pa*uve ones according № 
whether Леу have an energy source contained within them. The aext distinction u between 
nail-type instruments that icqeirr adjustment until a datum level it reached and deflect*»-type 
instruments that give an output measurement in die form of either a deflection of a pointer 
gainst a scale or a numerical display. The tiird  distinction covered is between analogue 
and digital instruments, which differ according to whether the output varies continuously 
(analogue instrument) or la discrete slept (digital instrument) Fourth. we look at the 
distiactioa between iartruaieats that are merely ladicators and those that have a signal output, 
ladicators give some visual or audio indication of the magnitude of the measured quaatay 
and are commonly faaad m tie  process indastrie*. Instruments with a signal output are 
commonly found at part of automatic control systems. The final distinction we consider it 
between smart and nonsmart instruments. Smart, often known at intelligent, instruments are 
very important today and predominate in most aieasuremenl applications. Because of Леи 
importance, they are p v c i more detailed consideration later in Chapter II.

The second рал of this chapter looks at the various attributes of instrument* that determine their 
performance and suitability for different measurement requirements and applications. We look 
first of all at the static characteristics of insnuments. These are their steady -state attributes 
(when the output measurement value hat sealed to a constant reading after any initial varying 
oatput) such as accuracy, measurement sensitivity. and resistance to errors caused by variations 
in their operating envimnmeat. We then go on to look at the dynamic characteristics of 
instruments. This describes their behavior following the time that the measured quantity 
changes value ap until the time when the output reading attaint a steady value. Various kinds 
of dynamic behavior can be observed in different instruments ranging from an output that varies 
ttowly until it reaches a final constant value to an output that oscillate* about the final value 
until a steady reading is obtained. The dynamic characteristics are a very important factor in 
deciding on the suitability of an instrument far a particular measurement application. Finally, at 
the end of the chapter, we alto briefly consider the issue of instrument calibration, although this 
is considered in much greater detail later in Chapter 4.

2.2 Review o f Instrument Type*

lastnimenls can be subdivided into separate classes according to several criteria. These 
sabctestifications are useful in broadly estabhshiag several attributes of particular inttrtaoenls 
such at accuracy, со*, and general applicability to different applications.

2.2.1 A e tiy  emd Paasmv Imtfnummt*

Instrument* are divided into active or passive ones according to whether instrument output is 
produced entirely by the qnanuty being measured or whether the ifiaatity being measured 
tamply modulate* the atugn— rtr of some external power source. Thas it rfbttrated by examples.
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Passrve p reu iK f gauge

An example of a passive instrument is the pressure-measuring devkx shown ia Figure 2.1. 
The pcrt.sure of the fluid is translated into movement of a pointer agaiast a scale. The energy 
expended in moving the pointer is derived entirely from the change in pressure measured: 
there are no other energy inputs to the system.

Ал example of an active instrument ia a float-type petrol tank level indicator as sketched 
a Figure 2.2. Here, the change in petrol level moves a potentiometer arm. and the output 
signal consists of a proportion of the external voltage source applied across the two e*ds 
of the potentiometer. The energy in the output signal comes from the external power 
source: the primary transducer float system is merely modulating the value of the voltage 
from this external power source

la active instruments. *e  external power source is usually in electrical form, but in some cases, 
it can be other forms of energy, such aa a paeuaiatic or hydraulic one.

One very important differeace between active and passive instruments is the level of 
measurement resolution that can be obtained. With the simple pressure gauge shown, the

Peerol-taafc tevd indicator



amouat of movement made by the pointer for a particular ргсьыиг ckaoge is cloaely defined 
by the nature of the inctiument. While it it pouMe ui increase ■ммгешем resolution by 
making the pointer longer, atch that the pointer tap movei through a longer arc. the scope for 
atch improvement ii dearly restricted by die practical lim it of how long the pointer can 
conveniently be. In an active instrument, however, adjustment of the magnitude of the external 
eaergy input allows mach greater control over measurement resolutioa. While the scope for 
improving measurement resolution is much greater incidentally, it is out infinite because 
of limitations placed on the magnitude of die external energy input, in consideration of 
heating effects and far safety reasons.

In terms of cost, pasarve instruments are normally of a more simple construction than active 
ones and are therefore lest expensive to manufacture Therefore, a choice between active 
and passive instrumeats far a particular application involves carefully balancing the 
meaauremenl resolution requirements againal coa.

2.2.2 Null-Type and Deflection-Type Imtruments

The pressure gauge jaat mentioned it a good example of a deflection type of instrument, 
where the value of the quantity being measared я  displayed in terms of the amount of 
movement of a pointer. An alternative type of pressure gauge it die dead weight gauge 
Aown in Figure 2.3, ««пек is a null-type instrument. Here, weights are put on top of dw 
ptslon until the downward force balances die fluid pressure. Weights are added until the 
pasion reaches a datum level, known as the null point. Pressure measurement is made in 
terms of the value of the weights needed 10 reach dtis null position.

The accuracy of these two instruments depends on different things. Far die ftrat one d 
depends on the lineality aad calibration of the spring, whereas for the second it relies on 
calibration of the weights. As calibration of weights is much easier than careful choice and 
calibration of a linear-characteristic spring, dm means that the second type of instrument wall 
normally be the more accurate. Thit it in accordance with the general rule that null-type 
instruments are more accurate than deflection types.

П р п  U
Dead weight pnaiat gauge
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la trrn t of usage, a deflection-type instrument U clearly more convenient. ll it far simpler 
to read die position of a poanaer against a «cale dun to add and subtract weights until a null 
pont «  reached. A deflec boa-type muniment к  therefore the one that would normally be 
used in the workplace. However, for calibration duties, a null-type instrument is preferable 
because of its superior accuracy. The extra effort required to use such an instrument is perfectly 
acceptable in this cate because of the infrequent nature of calibration operations.

2.2.3 Analogue and DigUd Instruments

An analogue instrument gives an output that vanes continuously as tie quantity being 
measured changes. The output can have an infinite number of values within the range that 
the instrument is designed to measure. The deflection-type of pressure gauge described 
earlier in this chapter (Figure 2.1) it a good example of an analogue instrument. At the input 
value changes, the pointer moves with a smooth continuous motion. While the pointer can 
therefore be in an infinite number of positions within its range of movement, the number of 
different positions that the eye can discriminate between it strictly limited: this discrimination 
it dependent on how large die scale is and bow finely it it divided.

A digital instrument has an output that varies it  discrete steps and to caa only have a finite 
number of values. The rev counter sketched hi Figure 2.4 U an exarapte of a digital instrument. 
A can is attached to the revolving body whose motion it being measured, and on each 
revolution the cam opens and closet a switch. The switching operations are counted by an 
electronic counter. This system can only coant whole revolutions and cannot discriminate any 
motion that is lest than a fall revolution.

The distinction between analogue and digital instruments has become particularly important 
widi rapid growth in the application of microcomputers to automatic control systems. Any 
digital computer system, of which the microcomputer is but one example, performs its 
computations in digital form. An instrument whose output it in digital form is therefore 
particularly advantageous in such applications, к  it can be interfaced directly to the control

Rpu»»2.4
Rav counter



computer Analogue nstroments muti be imerfaced to the microcomputer by an analogue- 
lo-digital (A/D) convener. which convert» the analogue output signal bon the instrument ню  
a* equivalent digital qnantity that can be read imo the computer. This conversion hat «evetal 
disadvantages. First, the A/D converter add* a significant cost to the system Second, a finite 
time is involved in the process of converting an analogue signal to a digital quantity, tod this 
lime can be critical ia the control of fast processes where the accuracy of control depends on 
the speed of the controlling computer. Degrading the speed of operation of the control computer 
by imposing a requirement for A/D conversion thus impairs the accuracy by which the рюсе** 
it controlled.

2.2.4 M iM tb ) Instruments and Instruments with a Sipm l Output

The final way in which instruments can be divided is between thote that merely give an audio 
or venial indication of the magnitude of the physical quantity measured and those that give 
m output in the form of a measurement signal whose magnitude is proportional to the 
measured quantity.

The class of indicating instruments normally includes all null-type instruments and most 
passive ones. Indicator* can alto be further divided into those thfl have an analogue oatput 
and those that have a digital display. A common analogue indicator it the liquid-in- gins* 
thermometer. Another common indicating device, which exist* In both analogue and digital 
form*, is the bathroom scale. The older mechanical form of this it aa analogue type of 
instrument that gives an output consisting of a touting pointer moving against a scale 
(or sometimes a rotating scale moving against a pointer). More pecent electronic form* of 
bathroom scales have a digital output consining of numbers presented on an electronic 
display. One major drawback with indicating devices is that human intervention it required 
to read and record a measurement. This process is particularly prone ю error in the сaae of 
analogue output displays, although digital dieplays are not very prone to error unless the 
human reader is careless.

Instruments that have a signal-type output are used commonly as pan of automatic control 
systems. In other circumstances, they can also be found in measurement systems where the 
oaiput measurement signal is recorded in some way for later use. This subject it covered in later 
chapters. Usually, the measurement signal involved it an electrical voltage, but it can lake other 
form* ia tome system*, such a* an electrical cuneat. an optical tignal. or a pneumatic agnal.

2.2.5 Smiwt *w i Nmsmmt  hatrwmmtt

Hie advew of the microprocessor has created a aew division in inananeats between those 
that do incorporate a microprocessor (smart) and Aoae that don't. Smandevice* are conudered 
in detail in Chapter II.
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2.3 Static Characteristics of Instruments

If  we have a thermometer in a room and ill reading shows a temperalare of 20°C. the* 
it does not really miner whether the true temperature of the room is 19.) or 20.5X.
Such small variation* around 20°C are too m ull to affect whether we feel warm enough 
or oat. Our bodies cannot discriminate between such close levels of temperature and 
(fcerrfonr a thermometer wnh an inaccuracy of ±0.5 С is perfectly adequate. If we 
bad lo measure the temperature of certain chemical processes, however, a variation of 
0l5°C  might have i  significant effect on the rale of reaction or even the products of 
a process. A measurement inaccuracy much lesa than ±0.5°С is therefore clearly reqaired.

Accuracy of measurement is thus one consideration in the choice of instrument for a particular 
application. Other parameters, such aa sensitivity, linearity, and the reaction to ambient 
temperature changes, are further considerations. These attributes are collectively known 
as the static chanctemtics of instruments and are given in the d«u sheet far a particular 
«xtnimciu It ii important to note that values quoted for instrument characteristics in such 
a data sheet only apply when the instrumeat is oaed under specified standard calibration 
conditions. Due allowance must be made (or variations in the characteristics when the 
instrument ii used in other conditions.

The various static chm cteriaics are defined ia *e  following paragraph»

2.3.1 Accuracy and Inaccuracy (Measurement Uncertainty)

The accuracy of an iMmment is a measuie of how close the output reading of the 
iastrwent is to the co rrec t value. In practice, it m more usual to quote the inaccuracy 
or measurement uncertainly value rather than the accuracy value for an instrument. 
laaccorac> or measurement uncertainty is the extent to which a reading might be 
wrong and is often quoted as a percentage of the full-scale (f.s.) reading of an 
instrument

The tforementioned example carries a very important message. Because the maximum 
measurement error in aa instrument is usually related lo the full-scale reading of the instrument, 
measuring quantities that ate substantially less than the full-scale reading means that Ac 
possible measurement error is amplified. For this reaaon. it ia an anpoitant system design rale 
■bat muniments are chosen such that their range is appropriate lo the spread of values being 
measured in order that die best possible accuracy »  naaimained in iiwmmeM readings. Oea 
if we are measuring pressures with expected values between 0 and I bar. we would not use

DGIYA IN JiJT U l 11



11 Example 2.1

A pressure gauge with a measurement range of 0-10 bar has a quoted inaccuracy
of ±1.0% f.s. (± 1% of full-scale reading).
(a ) What is the maximum measurement error expected for this instrument?
(b ) What is the likely measurement error expressed as a percentage of the output

reading if this pressure gauge is measuring a pressure of 1 bar?
_  V ■

I ■ Solution

(a ) The maximum error expected in any measurement reading is 1.0% of the full-scale 
reading, which is 10 bar for this particular instrument. Hence, the maximum likely 
error is 1.0% x 10 bar = 0.1 bar.

(b ) The maximum measurement error is a constant value related to the full-scale 
reading of the instrument, irrespective o f the magnitude of the quantity that the in­
strument is actually measuring. In this case, as worked out earlier, the magnitude 
of the error is 0.1 bar. Thus, when measuring a pressure of 1 bar, the maximum pos­
sible error o f 0.1 bar is 10% of the measurement value.

2.3.2 Precision/RepeatakXty/Reproducibility

Precition is a term that describes an instrument's degree of freedom from random errors.
If  a large number of readings are taken of Ibe same quantity by a high-precision instrument, 
then the spread of readings w ill be very small. Precision is oftea. allbough incorrectly, 
confused with accuracy. High precision doe» not imply anything about measurement 
accuracy. A high-precision instrument may have a low accuracy. Low accuracy measure»neats 
fmm a high-precision instrument are normally caused by ■ bias id the measurements, which is 
removable by recalibotion.

The terms repeatability and reproducibility mean approximately the same hut arc applied ia 
different contexts, as gives later. Repeatability describes the closeness of output readings 
whea the same input is applied repetitively over a short period of time, with the same 
measurement conditions, tame instrument and observer, same location. and same conditions 
of use maintained throughout. Reproducibility describes the closeness of output readings 
far the same input whea there are changes ia the method of measuremeat. observer, measuring 
instrument, location, corahbon* of use. and time of measurement. Both terms thus describe the 
spread of output readings far Ac same input. This spread it referred so as repeatability if fee
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iBcuum nrni condition ate constant and at reproducibility if die measurement 
contbtions vary.

»
The degree of repeatability or reproducibility in measurements from an muniment it an 
^eraative way of expaesting its precision. Figure 2.5 illustrate* (bis more clearly by thowiog 
resukt of tests on three industrial robots programmed lo place components at a particular 
point on a table. The target point was at the center of the concentric circles thowa, and hiadk 
dots represent points where each robot actually deposited components, at each attempt. Both die 
accuracy and the precision of Robot I are shown to be low in this trial. Robot 2 consistently 
pub the component down at approximately the sane place but thit it the wrong point 
Therefore, it has high precision but low accuracy. Finally. Robot 3 hat both high precision and 
high accuracy became it consistently place* the component at the correct target position

Companion of accuracy and precision



Tolerance it a term that is closely related to accuracy and defines the maximum error tftat 
it to be expected in tome value. While it it not. strictly speaking, a M ac characteristic of 
measuring instruments, it it  mentioned here because the accuracy of some instruments it 
tometir»es quoted at a tolerance value. When used correctly, tolerance describes the 
maximum deviation of a manufactured component from some specified vajue. For 
instance, crankshafts are machined with a diameter tolerance quoted at to many micrometers 
(10 * n ). and electric circuit components t*cl) at resistors have tolerances of perhaps 5%.

Example 2.2

A packet of resistors bought in an electronics component shop gives the nominal 
resistance value as 10ОО П and the manufacturing tolerance as ± 5%. If one resistor 
is chosen at random from the packet, what it the minimum and maximum resistance 
value that this particular resistor is likely to have?

■ Solution

The minimum likely value is 1000 Q - 5% = 950 Q. 
The maximum likely value is 1000 П + 5% = 10S0 П.

2.3.4 R*ngt er Sfxm

The range or span of an instrument defines the minimum and maximum values of a quantity 
that the instrument it designed to measure.

2.3.5 Linearity

It it normally desirable that the output reading of an instrument is linearly proportional to 
die quantity being measured. The Xs marked on Figure 2.6 show a plot of typical output 
readings of an instrument when a sequence of input quantities are applied to it. Normal 
procedure is to draw a good fit straight line ihnMgh the Xs, at riiowa ia Figure 2.6.
(W hile this can often be done with reasonable accuracy by eye, it it always preferable to 
apply a mathematical least-мри res line-flttiag technique, as described in Chapter S.)
Non linearity is then defined at the maximant deviation of аяу of the output readings 
marked X  from tbit straight Ьик N online aray it uusally expressed at a percentage of 
Ml-acafe reading.
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figure 2.6

Instrument output characteristic.

2.3.6 Sensitivity o f Measurement

The sensitivity of measurement if а measure of the change in instrument output that occur» 
when tie  quantity being measured change* by a given amount. Ими. sensitivity is the ratio:

scale deflection 
value of measunnd producing deflection

The «em itiviiy of measurement is therefore the slope of the straight line drawn on Figure 2.6. 
If. far example, a pressure of 2 bar produces a deflection of 10 degrees in a pressure transducer. 
the tesmtivity of the instrument is 5 degree»A«r (assuming that (he deflection is zero with zero 
pressure applied).

11 Example 2.3

The following resistance values of a platinum resistance thermometer were measured at a 
range of temperatures. Determine the measurement sensitivity of the instrument in ohms/C

Ь Й ш а  ((1 ) Temperature (X )
307 200
314 230
321 260
321 290



■ Solution

If these values are plotted on a graph, the straight-line relationship between resistance 
change and temperature change is obvious.

For a change in temperature of 30 C, the change in resistance is 7 Cl. Hence the 
measurement sensitivity = 7/30 = 0.23Э fl/ °C . V

_  ■
2.3.7 Threshold

If the input to an instrument is increased gradually from zero, the при» w ill have to reach a 
certain minimum level before the change in die instrument output reading is of a large enough 
magnitude to be detectable. This minimum level of input it known as the threshold of the 
instrument Manufacturers vary in the way that they specify threshold for instruments. Some 
quote absolute values, whereas others quote threshold as a percentage of full-scale readings. As 
an illustration, a car speedometer typically has a threshold of about 15 km/h. This meant that, if 
die vehicle starts from rest and accelerates, no output reading is observed on the speedometer 
until the speed reaches IS  km/h.

2 3.8 Resolution

When an instrument is showing a particular output reading, these it a lower lim it on the 
magnitude of the change in the input measured quantity that produces an observable change 
in the instrument output. Like threshold, resolution is sometime* specified as an absolute 
value and sometimes as a percentage of ft- deflection. One of die major factors influencing 
the resolution of an instrument is how finely its output scale it divided into subdivisions. 
Using a car speedometer as an example again, this has subdivisions of typically 20 km/h. Thu. 
means that when the needle is between the scale markings, we cannot estimate speed moie 
accurately than to the nearest 5 km/h. This value of 5 km/h thus represents the resolution of 
the instrument.

2.3.9 Sensitivity to Ditturhmice

A ll calibrations and specifications of an inatiument are only valid under controlled conditions 
of temperature, pressure, and so on. These standard ambient cofxhtions are usually defined in 
the instrument specification. As variation* nccw in the ambient temperature, certain rtatic 
instrument characterirtic* change, and the sensuivuy to disturbance ia a measure of the 
magnitude of this change. Such environmental changes affect In—rameau  in two main 
way*, known at тего drift and sensitivity drift. Zcnodrift it sometiaaes known by the alternative 
term. Mns.



Zero drift or bias describes Ле el feci where ihe zero reading of an instrument it modified by 
change ia  ambtem «editions. This causes a constant error that exitu over the lu ll ran *e~  
measurement of the instrument The mechanical form o f a bathroom Kale is a common 
example of an instrument prone to zero drift fc istpt.te usual to find that there i.  ,  ПаЛ- 
Ы  perhaps I kg with no oae on ihe Kale. If soreone at known weight 70 kg wen- to £« “ .  
ihe scale, the reading would be 71 kg. and If someone of known weight 100 kg were to ^  
the Kale, the reading *«d d  be 101 k* Zerodrift is «ю тИ у removable by calilw bon £  £  
case of the bathroom Kale j- «  described, a thumbwheel i. usually provided that can he ««nT i 
until the reading ii  zero with the wales unloaded, thus removing zero drift.

The typical unit by which such zero drift is measured „  voltsTC. The is often called the 'rradrm  
с о ф п 'т  related to trniperature changes. If  the characteristic of ал mstrument is s e m i,;- ? 
Kvetal environmental parameters, then it w .l have several zero drift coefficiews. one for e a l 
environmental parameter A typical change in the output chamcteristic of а ргеише 
pihject to BHD d rif t if Aown in  Figure 2.7a.

8СЛ Scm

Bfccu of бтшЬшпсг. (a ) w o  drift, (b ) мвийх у  dr*ft, and (c) m o drift plus sen««*vtty dn#t



Senutnity drift (alio  kaown at и a ir factor tk ifti defines the amaaM by which an inttrnnert't 
tn s iiiv iiy  of measurement varies as ambient conditions change, h ii qaantified by senttivity 
drift coefficients that define how much drift their it for a unit chaage m each environmental 
parameter that the inrinuneat characteristics are «ensitive to. Many components within an 
instrument are affected by environmental fluctuations. such as temperature changes: for i милее, 
the modulus of elasticity of a spring is temperature dependent. Figure 2.7bkhows what effect 
icnsitivity drift can have on the output characteristic of an instnunenl. Sensitivity drift i« 
measured in units of the form (angular degree*ar|Z’C. If an instrument suffers both zero drift and 
sensitivity drift at the tame time, then the typical modification of tfce output characteritfk it 
Aown in Figure 2.7c.

ф Example 2.4

The following table shows output measurements of a voltmeter under two sets of
conditions:

(a ) Use in an environment kept at 20‘JC which is the temperature that it was calibrated at.
(b ) Use in an environment at a temperature of 50°C.

Voftag* readings «  calibration Mmparatura Vohaga raading* и
of 20 С (aaiumad com ct) w npfw tun  a t SO С

102 10.5
20.3 20.«
JO .7 40.0
40.8 SO.t

Determine the zero drift when it is used in the 50 C environment, assuming that the 
measurement values when it was used in the 20 "C environment are correct. Also calculate 
the zero drift coefficient.

■ Solution

Zero drift at the temperature of 50'C it the constant difference between the pairs of 
output readings, that is, 0.3 volts.

The zero drift coefficient is the magnitude of drift (0.3 volts) divided by the magnitude 
of the temperature change causing the drift (30"C). Thus the zero drift coefficient it 
0.3/30 = 0.01 volts/0 C.
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Я Example 2.5

A spring balance в calibrated, in an environment at a temperature of 20 С and has the 
following deflection/load characteristic:

load (kg) 0 1 2  1
Deflection (mm) 0 20 40 60

Itisthen used in an environment at a temperature of 30 C, and the following deflection/ 
load characteristic is measured:

Load (leg) 0 1 2  1
Deflection (mm) 5 27 49 71

Determine the zero drift and sensitivity drift per С change in ambient temperature.
_ ■

■ Solution

At 20°C, deflection/load characteristic is a straight line. Sensitivity = 20 mm/kg. 
At 30°C, deflection/load characteristic is still a straight line. Sensitivity = 22 mm/kg. 
Zero drift (bias) = 5 mm (the no-load deflection)
Sensitivity drift = 2 mm/kg
Zero drift/'C  = 5/10 *  0.5 mm/ C
Sensitivity drift/' C = 2/10 = 0.2 (mm/kg)/ С

2.3. tO Hystermi$ ( f ir t t

Figure 2.X illustrate» Ike output characteristic of an instrument that exhibits hysteresis. If 
tbe input measured quantity lo the instrument is increased steadily from a negative value, the 
оафш leading varies ia the manner shown ia curve A. If the inpat variable is then decreased 
rieadily. the output varies in the manner showa in curve B. The nancoincidcMce betwee* their 
loading and unloading carves is known u  hysteresis. Two quantities are defined, maximum 
iaput hysteresis and maximum output hysteresis, at shown in Figure 2.8. These are normally 
expressed .is a percentage of the full-scale iaput or output reading, respectively.

Hysteresis is found moat commonly in intirumeals that contain springs, such as a paurve 
Pressure gauge(Figure 2 1 )anda Piiony brake (used for measuring Югцие). It is alsoevideat when 
friction farces In a tyueta have different magnrtndo depending on the duecrion of movctncta. 
•adi aa in the pendulum-scale mass-measuriag device. Devices such as tbe mecbaaical flyhall 
(a device for measuring rotatioaal velocity) suffer hysteresis from botb of *e  aforementioned 
•«trees because they have faction in moving parts зтЛ also conuin a spring. Hysteresis can alao

a
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Instrument characteristic with hysteresis.

occur n  instrumenu that coauin electrical wmdtags formed round an inn core, due to magnetic 
by sieresii in the iron. Thu occurs in devices such as the variable inductance displacement 
transducer, the linear variable differential transformer, and the rotary differential transformer.

2.3.11 Dead Space

Dead space is defined as the range of different iaput values over which there is no chaage in 
output value. Any mtfrumeai that exhibits hysteresis also displays dead space, as maifced on 
Figure 2.8. Some instruments that do not suffer from any significant hysteresis can still exhibit a 
dead space in their output characteristics, however Backlash in gears is a typical cause Ы  dead 
^ace and results in (he sort of instrument output characteristic shown in Figure 2.9. Backlash is 
commonly experienced in gear sets used to convert between translatioaal and rotational motion 
(which is a common technique used to measure translational velocity).

2.4 Dynamic Characteristics of Instruments

The Malic characterises of measuring instrameMs are concerned only with the steady-stale 
reading dial Ihe inatnanent settles down to. suck aa accuracy of the leading.

The dynamic characteristic* ef a inemmnng 4 m m l describe Us behavior between Ihe bate a 
meaMtxlquaniitychwgenralMe and the tune when ihe instnuwentn igMi м ига a steady value at 
response. As wifti italic characteristic s. any vriaes for dynamic charsrtcnursqLwtcd in шапшкЖ
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diu Лес!» only «pply when the instrument it used under specified eiivironmenul conditions. 
Ohitside these calibration conditions. tome variation ia I he dynamic parameters can he expected.

la any linear, time-invariaM measuring syMcm. die following general relation can he written 
between input and output for time (f) > 0:

+ 'I F  + ^ T T  + • " + '+  « *• “  Ь .~  + Ь~-1 + •■• + * ,^  + boq»

<2-1)

«here v, is the measured quantity. q„ it the output leading, and a„ ...a ..b0. .. bK arcconsta«*s

The leader whoae mathematical background it tuch that Equation (2.1 ] appears (bunting should aot 
»«ту unduly,»  only certain special, simplified caaes of it are applicable in nonnal measuremnt 
«•uabons. The пицог pomt of importance it lohave a practical appreciation of die manner m wtarfi 
variant different types of intframents respond when the measurand applied to diem vanev

If we Inn it consideration «о that of step change» m the measured quantity only, then Equation ( I I )  
reduces to

f'nher amplification can he made by taking _ _ 
° oUoc* vel.v apply to nearly all теааигетем tytaeatt

(12)

special cate* of Equation (2.2). which



2.4.1 Zero-OrJkr le ttrw m t

If all die coefficients a ,... a . other than aa >* Equation (2.2) are assuracd zero, then
a*j„ = boq, or <U m Ьыь/ао *  ICq,. (2 J )

where if is a constant known as the instrument sensitivity as defined earlier.

Any inurnment that behaves according to Equation (2.3) is said Ю be of a zero-order lype. 
Following a step change ia the measured quantity at time I. the instrument output moves 
immediately toa new value at the same time instant I. as shown in Figure 2.10. A potentiometer, 
which measures motion, is a good example of ic h  an instrument where the output voltage 
changes instantaneously a* the slider is diqrfaced along the potentiometer track.

2.4.2 Fint-ОЫвг hntrument

If d l the coefficientsth ...a . except for and u, are assumed zero in Equation (2.2) then

= <**• (M)a'~ch+ °at,“
Any instrument that behaves according to Equation (2.4) it known as a first-order inrtntmeat. 
If d/Л ia replaced by *e  D operator in Equation (2.4). we get

a\Dq„ + ооЧ- -  bth

0 Vm

•, .1  Ш
T «»

Zcro-ordar ш ипим
2.10

diaracunttic.
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«d  seamuiging this then gives

Defining К  = Ап/во *  «he «atic sensitivity and I  = e,/oo as the time constant of the lysioa. 
Equation (2.5) becomes

4̂ TTw - <M)
If  Equation (2.6) i* solved analytically, the output quantity qa in response to а Яф  
change in q, at time t vanes with time ia the manner shown in Figure 2.11. The time 
constant t of the step response is time икса far the output quantity q„ to reach 63% c i 
its final value.

The thermocouple (tee Chapter 14) is a good example of a first-order instrument It 
is well known that if a thermocouple at room temperature is plunged into boiling 
water, the output e.mJ. does aot rise instantaneously to a level indicating IOO°C. but 
instead approaches a leading indicating 100"С in a manner similar to that shown ia 
Figure 2.11.

A large number of other instruments also belong to this first-order class: this is of particuU* 
importance in control systems where il is neensary to take account of die time lag that occurs 
between a measured quantity changing in vatee and the measuring instrument indicating

R p m 2 .1 1

fint-order тм гатм  dtaracttnscic
a



die change. Fortunately. becaiae die time contlart Ы талу first-aider «dnments ii snail rrlative
10 die dynamics of the process being measur'd, no aehous prohlemc ate cicaled.

11 Example 2.6
A balloon it equipped with temperature- and altitude-measuring instruments and has 
radto equipment that can transmit the output readings of these instruments back to the 
ground. The balloon is initially anchored to the ground with the instrument output 
readings in steady state. The altitude-measuring instrument is approximately zero order, 
and the temperature transducer is first order with a time constant of 1S seconds. The 
temperature on the ground, T0, i* 10°C and the temperature T. at an altitude of* meters 
is given by the relation: T, =■ T0 - 0.01*.
(a) If the balloon is released at time zero, and thereafter rises upward at a velocity of

5 meters/second, draw a table showing the temperature and altitude measurements 
reported at intervals of 10 seconds over the first SO seconds of travel. Show also in 
the table the error in each temperature reading.

(b) What temperature does the balloon report at an altitude of 5000 meters?

■ Solution

In order to answer this question, it is assumed that the solution of a first-order differential 
equation has been presented to the reader in a mathematics course. If the reader is not so 
equipped, the following solution will be difficult to follow.

Let the temperature reported by the balloon at some general time t be T,. Then T. is 
related to T, by the relation:

Т. Т .- 0.01* 10-0.01*
'  ”  1 + tO 1 + rO 1 + ISO  ■

It is given that x = St, thus
10 - O.OSt 

'  -  1 + ISO  '

The transient or complementary function part of the solution (7, = 0) is given

The particular integral part of the solution is given by ГГ( = 10-0.05(f- 15) 
Thus, the whole solution is given by T, ш T,4 + Т,я = C»~v,s + 10 - 0.05(»- 15)



Applying initial conditions: At t = 0, T, = 10, that it, 10 = Ce~° + 10- 0.05( - 15) 
Thus С = - 0.7S and the solution can be written as Tr = 10-0.75* ,'',5-0.05(f- IS )

Using the aforementioned expression to calculate T, for various values of t, the following 
table can be constructed:
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T m Altitude 1 ! Tamparacura «таг
0 0 10 0
10 SO 9.86 0.36
20 100 9.55 0.55
30 ISO 9.15 0.65
40 200 8.70 0.70
SO 2 SO 8.22 0.72

(c) At 5000 m, t = 1000 seconds. Calculating T, from the aforementioned expression:

T, = 10 - 0.75e'1oee/u - 0.05(1000 -  15).

The exponential term approximates to zero and so T, can be written as
Tp ss 10 - 0.05(985) = -39 25*C.

This result might have been inferred from the table given earlier where it can be seen that 
the error is converging toward a value of 0.75. For large values oft, the transducer reading 
lags the true temperature value by a period of time equal to the time constant of 
15 seconds. In this time, the balloon travels a distance of 75 meters and the temperature 
fialls by 0.75°. Thus for large values of t, the output reading is always 0.75° less than it 
should be.

— ■
2.4.3 5всомК)г4вГ Instrument

If a ll coefficients aj ... a , other than do. Oi. and a2 in Equation (2.2) are assumed zero, 
then we get

e2 "2 jr + el “ g:+<W» = M i- d 7)
Applying the D operator again:

a ,D !q . + a iO fe  + 0иЧ, = /ц*,.

■■d Rearranging:



12 Chapter;
ll is convenient to reexprcss die variables ao. at.a 2. and fto in Equation (2.8) in term* of three 
parameters: К  (static sensitivity), to (undamped natural frequency). and 4 (damping гШо). 
where

IC=«h»/*o ; о» >= \/*о/*з : t  = »i/2^/iS* v
4 cat be written as

F = — -?!—  = —
17 Тлоу/ лЦ ч  ^

If  Equation (2.8) it now divided through by ao. we get

(*/%)* ita\

The terms in Equation (2.9) can

»о
Hence. dividing Equation (2.9) t

4, D*/at + 2 iD /w + l
Tbs is die standard equation for a seoood-other system, and any instrument whose response can 
be described by it is known as a second-order insirument If Equation (2.9) is solved analytically, 
the shape of the step гецхтее obtained depend» on the value of the damping ratio parameter t,. 
The output responses of a second-order instrument for various value* of £ following a step change 
in the value of the measured quantity at time l are shown in Figure 2.12. For case A. where i, = 0, 
there is no damping and the instrument output exhibits constant amplitude oscillations when 
disturbed by any change in the physical quantity measured. For light damping of '  = 02. 
represented by case B. the response to a step change in input is still oscillatory but the oscillations 
die down gradually. A further increase in the value of J, reduces oscillations and overshoots still 
more, as rftown by curves С and D. and finally the response becomes very overdamped, as toown 
by curve E. where the output reading creeps up slowly toward the correct reading. Hearty, toe 
extreme response curves A and E are grossly unsuitable far any measuring instrument. If an 
instrument were to be only e w  subjected to мер inputs, then the design swtegy would be to a n  
toward a damping ratio of 0.707. which gives the critically damped response (C). Unfortwalety. 
most Ы the physical qnsntif» that Instruments aae required to measure do not change in toe 
matanalitaUy con venienlfofin of steps, but mtoer in toe fotm of ramps of varying slopes. As toe

I + (0|/ng)£> + (ai/oi)D 2
be written in terms of to and (, as follows:

© » - ¥  ■ © * - S -

hrough by *  and substituting for % . a „ and a2 gives

!" ------- *-------- <2.101
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Magnitude

Fijure 2.12
Response characteristic» o f second-order instruments.

form of the input variable changes, so the best value for £ varies, and choice of £ becomes one 
of compromise between those values that aie best for each type of input variable behavior 
anticipated. Commercial second-order instruments, of which the accelerometer is a common 
example, are generally designed to have a damping ratio ($) somewhere in the range of 0.6-01

2.5 Necessity for Calibration

P ***4 t«n g  discussion has described the static and dynamic characteristics of measuring
in some detail. However, an important qualification that has been omitted from (h* 

.A— I™* '* "  ‘nMn,mcnt only conforms to stated static and dynamic patterns of behavior 
MUbratrd h ." C**ibrated' *' c*n nwmally be assumed that a new instrument will have bee» 
•ccofrii W *  . <* tolned fm,n “ > instrument manufacturer and will therefore initially believe 
V *h iall?d ° cf“ rac,cri' lk;s *aled in the specifications. During use. however, its behavior w il 

■verge from the stated specification for a variety of reasons. Such reasons include



mechanical wear and the effect* of dirt. dust, fumes, and chemicals in the operating environment. 
The rate of divergence from standard specifications varies according to the type of instrument, the 
frequency of usage, and the severity of the operating conditions. However, there will come a time, 
determined by practical knowledge, when the characteristics of the instrument will have drifted 
from the standard specification by an unacceptable amount. When this situation is reached, it is 
necessary to recalibrate the instrument back to standard specifications. Such recalibration is 
performed by adjusting the instrument M each point in its output range until its output readings are 
the same as those of a second standard instniment to which the same inputs are applied. This 
second instrument is one kept solely for calibration purposes whose specifications are accurately 
known. Calibration procedures are discussed more fully in Chapter 4.

2.6 Summary

This chapter began by reviewing various different classes of instnanents and considering how 
these differences affect their typical usage. We saw. for example, that nulMype instruments 
are favored for calibration duties because of their superior accuracy, whereas deflection-type 
instruments are easier to use for routine measurements. We also looked at the distinction between 
active and passive instruments, analogue and digital instruments, indicators and signal output-type 
instruments, and. finally, smart and nonsmart instruments. Following this, we went on to look at 
the various static characteristics of instruments. These define the quality of measurements when an 
instrument output has settled to a steady reading. Several important lessons arose out of this 
coverage. In particular, we saw the important distinction between accuracy and precision, 
which are often equated incorrectly as meaning the same thing. We saw that high precision does 
not promise anything at all about measurement accuracy; in fact, a high-precision instrument 
can sometimes give very poor measurement accuracy. The final topic covered in this chapter was 
the dynamic characteristics of instruments We saw that there are three kinds of dynamic 
characteristics: zero order, first order, and second order. Analysis of these showed that both first- 
and second-order instruments take time to settle to a steady-state reading when the measured 
quantity changes. It is therefore necessary to wait until the dynamic motion has ended before 
a reading is recorded. This places a serious limitation on the use of first- and second-order 
instruments to make repealed measurements. Clearly, the frequency of repeated measurements is 
limited by the time taken by the instrument to settle to a steady-stste reading.

2.7 Problem»
2.1. Briefly explain four ways in which measuring instruments can be subdivided into 

different classes according to their mode of operation, giving examples of instruments 
that fall into each class.



2.2. Explain whal •* meiU1* by 
(•) active instrument*
(b) pattive instrument*
Give examples of each and discuss the relative merils of these two classes of 
iuttrumenK

2.3. Discuss the advantages and disadvantages of null and deflection types of measuring 
instruments What arc null types of instruments mainly used for and why?

2.4. What arc the differences between analogue and digital instruments’ What advantages 
do digital instruments have over analogue ones?

2.5. Explain the difference between static and dynamic characteristics of measuring 
Instruments

2.6. Briefly define and explain all the static characteristics of measuring instruments.
2.7. How is the accuracy of un instrument usually defined? What is the difference between 

accuracy and precisian?
2.8. Draw sketches to illustrate the dynamic characteristics of the following:

(a) zero-order instrument
(b) first-order instrument
(c) second-order instrument
In the case of a second-order instrument, indicate the effect of different degrees of 
damping on the time response.

2.9. State briefly how the dynamic characteristics of an instrument affect its usage.
2.10. A tungsten resistance thermometer with a range of -270 to +1100 C has a quoted 

toaccurac) of ± 1.5% of full-scale reading. What is the likely measurement emir when 
it it reading t temperature of 9S0“C?

2.11. A batch of steel rods it manufactured to a nominal length of 5 meters with a quoted 
tolerance of 1 2%. What is the longest and shortest length of rod to he expected m the 
batch’

2.12. What it the measurement range for a micrometer designed to measure diameters 
between 5.0 and 7.5 cm?

•И» A tungsten/Vi rhenium-tungsten/2611 rhenium thermocouple has an output e.m.f. 
••thown in the following table when its hot (measuring) junction is at the lemperatuies 
■town. Determine the sensitivity of measurement for the thermocouple in mVAC.

4.37 *.74 13.11 17.48 
*C 250 500 750 1000

^  •en*‘t*v'*y drift and /его drift. What factors can cause sensitivity drift ami /iem
• in  in inttnanent characteristics'’
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2.15. (a) An immanent is calibrated in in environment at a temperature of 20°C and the 
following output readings у are obtained for varioui input values r.

2.16.

13.1
s

26 2 
10

39.3
IS

52.4
20

6 5.5 
25

78.6
30

Determine the measurement sensitivity, expressed as the ratio ytx.
(b) When the instrument is subsequently used in an environment at a temperature of 

S0°C, the input/output characteristic changes to the following:

14.7
5

29.4
10

44.1
15

м.*
20

73.5
25

•6.2
30

Determine the new measurement sensitivity. Hence determine the sensitivity drift 
due to the change in ambient temperature of 30°C.

The following temperature measurements were taken with an infrared thermometer 
that produced biased measurements due to the instrument being out of calibration. 
Calculate the bias in the measurements.

2.18.

("Cl Comet talue
20
35
50
65

of temperature CO
21.5
36.5
51.5 
665

2.17. A load cell is calibrated in an environment al a temperature of 2 I°C  and has the 
following deflection/load characteristic:

U»d(kg) 
Deflection (mm)

0
0.0

50
1.0

100
2.0

150
3.0

200
4.0

When used in an environment al 35°C. its characteristic changes to the following:
Load (kg)

Detection (mm)
0

02
50
1.3

100
2.4

150
3.5

200
4.6

(a) Determine the sensitivity at 21 and 35°C.
(b) Calculate the total zero drift and sensitivity drift al 35°C.
(c) Hence determine the zero drift and sensitivity drift coefficients (in units of |tm/°C 

and (|im per kgV(°C).
An unmanned submarine is equipped with temperature- and depth-measuring 
instruments aid has radio equipment that can transmit tbe output readings of these 
instruments hack to the surface. The submarine is initially floating on the surface of the 
sea with the instrument output readings in steady state. The depth-measuring
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instrument it approximately zero order and the temperature transducer first order with 
a time constant of 50 second». The water temperature on the sea surface. To. is 20*C 
and the temperature T, at a depth of x meters is given by the relation:

Г, *  T0 - 0.01.1

(a) If the submarine starts diving at time zero, and thereafter goes down at a velocity of 
0.5 meters/second, draw a table showing the temperature and depth measurements 
repotted it intervals of 100 seconds over die first 500 seconds of travel. Show also 
in the table the error in each temperature reading.

(b) What temperature does the submarine report at a depth of 1000 meters?
2.19. Write down the general differential equation describing the dynamic response of a

second-order measuring instrument and stale the expressions relating the stalk 
sensitivity, undamped natural frequency, and damping ratio to the parameters in this 
differential equation. Sketch the instrument response for cues of heavy dampir̂ . 
critical damping, and light damping and state which of these is the usual target when a 
second-order instrument is being designed.
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3.1 Introduction

We have already been introduced lo the subject of measurement uncertainty in the last chapter, 
in the context of defining the accuracy characteristic of a measuring instrument. The existence 
of measurement uncertainty means that we would be entirely wrong to assume (although the 
uninitiated might assume this) that the output of a measuring instrument or larger measurement 
system gives the exact value of the measured quantity. Measurement errors are impossible to 
avoid, although we can minimize their magnitude by good measurement system design 
accompanied by appropriate analysis and processing of measurement data.
We can divide errors in measurement systems into those that «пи during the measurement 
process and those that arise due to later corruption of the measurement signal by induced 
noise during transfer of the signal from the point of measurement to some other point. This 
chapter considers only the first of these, with discussion on induced noise being deferred to 
Chapter 6.
It is extremely important in any measurement system to reduce errors to the minimum 
possible level and then to quantify the maximum remaining error that may exist in any 
instrument output reading. However, in many cases, there is a further complication that the 
final output from a measurement system i< calculated by combining together two or more 
measurements of separate physical variables. In this case, special consideration must also 
be given to determining how the calculated error levels in each separate measurement should 
be combined to give the best estimate of the most likely error magnitude in the calculated 
output quantity. This subject is considered in Section 3.7.
The starting point in the quest to reduce the incidence of erron arising during the measurement 
process is to carry otf a detailed analysis of all error sources in the system. Each of these 
error sources can then be considered in turn, looking for ways at eliminating or at least reducing 
the magnitude of errors. Errors arising during the measurement process can be divided into 
two groups, known as systematic errors and random errors.



Systematic errors describe errors in Ihe output readings of a measurement system that are 
consistently o n  one side of the correct reading, that is. either all errors are positive or arc 
all negative (Some books use alternative name bias errors for systematic errors, although this 
is not entirely incorrect, as systematic errors include errors such as sensitivity drift that arc 
not b ia s e s . )  Two major sources of systematic errors are system disturbance during measurement 
and the effect of environmental changes (sometimes known as modifyinx inputs), as discussed 
in Sections 3.4.1 and V4.2. Other sources of systematic error include bent meter needles, «с 
of uncalibnued instruments, drift in instrument characteristics, and poor cabling practice». 
Even when systematic errors due to these factors have been reduced or eliminated, some 
errors remain that are inherent in the manufacture of an instrument. These are quantified 
by the accuracy value quoted in the published specifications contained in the instrument 
data sheet.
Random errors, which are also called precision errors in some books, are perturbations of the 
measurement cither side of the true value caused by random and unpredictable effects, such that 
positive errors and negative errors occur in approximately equal numbers for a series of 
measurements made of the same quantity. Such perturbations are mainly small, but Large 
perturbations occur from time lo time, again unpredictably. Random errors often arise when 
measurements are taken by human observation of an analogue meter, especially where this 
involves interpolation between scale points. Electrical noise can also be a source of random 
errors. To a large extent, random errors can be overcome by taking the same measurement a 
number of limes and extracting a value by averaging or other statistical techniques, as 
discussed in Section 3.5. However, any quantification of Ihe measurement value and siatemcal 
of error bounds remains a statistical quantity. Because of the nature of random error* and 
the fact that large perturbations in the measured quantity occur from time to time, the best lhat 
we can do is to express measurements in probabilistic terms: we may be able to assign a 95 or 
even 99% confidence level that the measurement is a certain value wiihin error bounds of, sar. 
± 1%, but we can never attach a 1004t probahilit) to measurement values that are subject u> 
random errors. In other words, even if we say that the maximum error is < ±0.5% of the 
measurement reading, there is still a 1% chance that the error is greater than ±0.5%.

Hnally. a word must be said about the distinction between systematic and random errors Error 
•ources in the measuiemeni system must be examined carefully to determine what type of 
®rror is present, systematic or random, and lo apply ihe appropriate treatment. In the case
о manual data measurements, a human observer may make a different observation at each 
***CWpt' *** "  °ftea reasonable lo assume that the errors are random and that the mean Ы 

*e readings is likely to be close to Ihe correct value. However, this is only true as long 
** hu"»n  observer is not introducing a parallax-induced systematic error as well by 
P*fw«lently reading the position of a needle against the scale of an analogue meter from one side 

r than from directly above. A human-induced systematic error is also introduced if an



instrument with a first-order characteristic it read before it has settled to itt final reading. 
Wherever a systematic error exists alongside random errors, correction has to be made for the 
systematic error in the measurements before statistical techniques are applied lo reduce the 
effect of random errors.

V
3.2 Sources of Systematic Error

The main source» of systematic error in the output of measuring instruments can be 
summarized as

• effect of environmental disturbances, often called modifying inputs
• disturbance of the measured system by the act of measurement
• changes in characteristics due lo wear in instrument components over a period of time
• resistance of connecting leads

These various sources of systematic error, and ways in which the magnitude of the errors can be 
reduced, are discussed here.

3.2.1 System Disturbance due to Measurement

Disturbance of the measured system by the act of measurement is a common source of 
systematic error. If we were to start with a beaker of hot water and wished to measure its 
temperature with a mercury-in-glass thermometer, then we would take the thermometer, which 
would initially be al room temperature, and plunge it into the water. In so doing, we would be 
introducing a relatively cold mass (the thermometer) into the hot water and a heat transfer 
would take place between the water and the thermometer. This heal transfer would lower the 
temperature of the water. While the reduction in temperature in thiscase would be so small as to 
be undetectable by the limited measurement resolution of such a thermometer, the effect is 
finite and clearly establishes the principle that, in nearly all measurement situations, the process 
of measurement disturbs the system and alters the values of the physical quantities being 
measured.
A particularly important example of this occurs with the orifice plate. This U placed into a 
fluid-cany ing pipe lo measure the flow rate, which is a function of the pressure that is measured 
either side of the orifice plate. This measurement procedure causes a permanent pressure loss in 
the flowing fluid. The disturbance of the measured system can often be very significant.
Thus, as a general rule, the process of measurement always disturb* the system being measured. 
The magnitude of the disturbance varies from one measurement system to tbe next and is 
affected particularly by the type of instrument used for measurement. Ways of minimizing 
disturbance of measured systems are important considerations in instrument design. However, 
an accurate understanding of the mechanisms of system disturbance is a prerequisite for this.
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H baw rtm tnb in rh etiic c in v itt

In analyzing system disturbance during measurements in electric circuits. Thevemn's theorem 
(see Appendix 2) is often of great assistance. For instance, consider the circuit shown in 
Figure 3.1a in which the voltage across resistor /f} is to be measured by a voltmeter with 
resistance Rm. Here. Rm acts as a shunt residence across Rs, decreasing the resistance between 
points AB and so disturbing the circuit. Therefore, the voltage Em measured by the meter is 
not the value of the voltage E„ that existed prior to measurement. The extent of the disturbance 
can be assessed by calculating the open-citcuit voltage E0 and comparing it with Em.

Thevenin's theorem allows the circuit of Figure 3.1a comprising two voltage sources and 
five resistors to be replaced by an equivalent circuit containing a single resistance and one

* L _____ !
Votmntr

(a)

(b)

0
(c)

A

ГЩШ* 0.1
,b. ***" ® 'd re* loading: (a) circuit in which the voltage across R, is to be measured, 

equivalent circuit by Thevenin's theorem, and (c) circuit used to find the equivalent single.
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voltage source. as shown in Figure 3.1b. For the purpose of defining the equivalent single 
resistance of a circuit by Thevenin's theorem, all voltage sources are represented just by their 
internal resistance, which can be approximated to zero, as shown in Figure 3.1c. Analysis 
proceeds by calculating the equivalent resistances of section* of the circuil and building these 
up until the required equivalent resistance of the whole of the circuit is obtained. Starting at ( 
and 0, the circuit to the left of С and D consists of a series pair of resistances (Л, and Ri) in 
parallel with Ry. and the equivalent resistance can be written n»v

1 1 1  (<t|

R ^ ~  R , + J»2 + * i  ,>r C°  + Л 2 + *з

Mov ing now to A and B. the circuit to the left consists of a pair of series resistances (RCD and Л4) 
in parallel with R ,. The equivalent circuit resistance Я*л can thus be written as

I _  I I „  (R* + Rco)Ri 
R̂ m ~ Rco + R* +R i ' ’r ** R* + Rcd +

Substituting for Rcd »sinB the expression derived previously, we obtain

+ ** + **R | + *2 + *Э

(3.1)

Defining / as the current flowing in the circuit when the measuring instrument is connected lo 
it, we can write

l  £*
Ram + R . ’

and the voltage measured by the meter is then given by

с
"  * *  + * .

In the absence of the measuring instrument and its resistance Rm. the voltage across ЛВ would 
be the equivalent circuit voltage source whose value is £„. The effect of measurement i* 
therefore lo reduce the voltage aero»» AB by the ratio given by

E"  д Hm (3.2)
E„ RaB + Rm

II is thu» obvious that as Rm gets larger, the raUo E JE „  geu closer lo unity, showing that the 
design strategy should be to пике Rm as high as possible lo minimize disturbance of the



measured system. (Note that we did not calculate the value of £ „ at this is not required in 
quantifying the effect of Rm.)
At this point, it i» interesting to note the constraints that exist when practical attempts are made 
to achieve a high internal resistance in Ihe design of a moving-coil voltmeter. Such an 
instrument consists of a coil carrying a pointer mounted in a fixed magnetic field. As current 
flows through the coil, the interaction between the field generated and the fixed field cause» 
ihe pointer it carries Ю turn in proportion to the applied current (for further details, see 
Chapter 7). The simplest way of increasing the input impedance (the resistance) of the meter is 
either to increase the number of turns in the coil or to construct the same number of coil 
turns with a higher resistance material. However, either of these solutions decreases the current 
flowing ia the coil, giving less magnetic torque and thus decreasing the measurement 
sensitivity of the instrument (i.e.. for a given applied voltage, we get less deflection of the 
pointer). This problem can be overcome by changing the spring constant of the restraining 
springs of the instrument, such that less torque is required to turn the pointer by a given amount. 
However, this reduces the ruggedness of the instrument and also demands better pivot 
design to reduce friction. This highlights a very important but tiresome principle in instrument 
design: any attempt to improve the performance of an instrument in one respect generally 
decreases the performance in some other aspect. This is an imscapable fact of life with passive 
instruments such as the type of voltmeter mentioned and it often the reason for the use of 
alternative active instruments such as digital voltmeters, where the inclusion of auxiliary power 
improves performance greatly.

Bridge circuits for measuring resistance values are a further example of the need for careful 
design of the measurement system. The impedance of the instrument measuring the bridge 
output voltage must be very large in comparison with the component resistances in the bridge 
circuit. Otherwise, the measuring instrument w ill load the circuit and draw current from it. This 
is discussed more fully in Chapter 9.

■ Example 3.1

Suppose that the components of the circuit shown in Figure 3.1a have the following 
values:

Я, = 400 П; Я, = 600 П; Rj = 1000 O; R, = 500 О; Я, = 1000 П
I The voltage across AB is measured by a voltmeter whose internal resistance is

П. What it the measurement error caused by the resistance of the measuring
instrument?
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■ Solution
Proceeding by applying Thevenin’s theorem to find an equivalent circuit to that of 
Figure 3.1a of the form shown in Figure 3.1b, and substituting the given component 
values into the equation for Яде (3.1), we obtain

Thus, the error in the measured value is 5%.

3.2.2 Erren due to Environmental Inputs

An environmental inpul is defined as an apparently real input lo a measurement system that 
is actually caused by s change in the environmental conditions surrounding the measurement 
system. The fact (hat the static and dynamic characteristics specified for measuring instruments 
are only valid for particular environmental conditions (e.g., of temperature and pressure) has 
already been discussed at considerable length in Chapter 2. These specified conditions must 
be reproduced as closely as possible during calibration exercises because, away from the 
specified calibration conditions, the characteristics of measuring instruments vary to some extent 
and cause measurement errors The magnitude of this environment-induced variation is 
quantified by the two constants known at sensitivity drift and zero drift, both of which are 
generally included in the published specifications for an instrument. Such variations of 
environmental conditions away from the calibration conditions aie sometimes described as 
modifying inputs to Ihe measurement system because they modify the output of the system. When 
such modifying inputs are present, it is often difficult lo determine how much of the output 
change in a measurement system is due lo a change in the measured variable and how much

[(I000j /2000) + S00)1000 1000* 
“  (1000J/2000) + 500+ 1000 2̂ 00

From Equation (3.2), we have
g ,
£* Яда + Rm 

The measurement error is given by (£. - £„):

soon.

Substituting in values:
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. ю t change in environmental condttioas. This is illustrated by the following example,
ч M ir  we *e given a small ckised box and told that it may contain either a mouse or * rai 
2 2 * *  also told that the box weighs 0.1 kg when empty. If we put the box onto a huthroom 

|e and observe a reading of 1.0 Itg. this does not immediately tell us what is in the box hecamc 
(he reading may be d#e to one of three things:

(a) .  0.9 k* rat in the box (real input)
(b) an empty box with a 0.9 kg bias on the scale due to a temperature change 

(environmental input)
(c) a 0.4 kg mouse in the box together with a 0.5 kg bias (real + environmental inputs)

Thus, the magnitude of any environmental input must be measured before the value of the 
measund quantity (the real input) can be determined from the output reading of an instrument.

In any general measurement situation. U U very difficult to avoid environmental inputs, as it 
is either infractical or impossible to control the environmental conditions surrounding the
mtia------system. System designers are therefore charged with the task of either reducing the
soaceptihilib of measuring instruments to environmental inputs or. alternatively, quantifying the 
effects of environmental inputs and correcting for them in the instrument output reading. The 
techniques used to deal with environmental inputs and minimize their effects on the final output 
measurement follow a number of routes as discussed later.

3.2.3 Wear in Instrument Components

Systematic errors can frequently develop over a period of time because of wear in instrument 
components. Recalibration often provides a full solution to this problem.

3.2.4 Connecting Leeds

In connecting together the components of a measurement system, a common source of cm* 
is the failure lo take proper account of the resistance of connecting leads (or pipes in the caae 

pewmatiidlK -r hydraulically actuated measurement systems) For instance, in typical 
fljj^ M n s  of a resistance thermometer, it is common to find that the thermometer is 
Д Р " "  ° <t‘er I” 11' of 'he measurement system b> peitiaps 100 meters The resistance ot 

°f  20-gauge copper wire is 7 O. and there is a further complication that such 
itt haa > temperature coefficient of I m fVC

con" dcnM,on " “ d* 10 be * 'ven 1(1 *>e choice of connecting leads. Not 
be -м., be of adequate cross section so that their resistance is minimized, hut the> should 
that соцы "*4 uate|y if they are thought likely u> be subject to electrical nr magnetic fields 
of cables k rWU* C*U*e lnduced nol*e Wbere screening n thought essential, then the routing 

■  needs careful planning In one application in the author's personal experience
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involving instrumentation of an electric-arc dec Imaking furnace, screened signal-carrying cable* 
between transducers on the arc furnace and a control room at the tide of the furnace were initially 
corrupted by high-amplitude SO-Hz noise. However, by changing the route Ы  the cable* between 
the tnmsducer* and the control room, the magnitude of this induced noiie wa* reduced by a factor 
of about ten.

3.3 Reduction of Systematic Errors

The prerequisite for the reduction of systematic erron it a complete analysis of the 
measurement system that identifies all touices of error. Simple fault* within a system, 
such as bent meter needle* and poor cabling practice*, can usually be rectified readily 
and inexpensively once they have been identified. However, other error source* 
require more detailed analysis and treatment. Various approaches to error reduction are 
considered next.

3 .3.1 Careful Initrament Design

Careful instrument design is the most useful weapon in the buttle against environmental inputs 
by reducing the iensitivity of an instrument to environmental inputs to as low a level as 
possible. For instance, in the design of (train gauges, the element should be constructed from a 
material whose resistance has a very low temperature coefficient (i.e.. the variation of the 
resistance with temperature is very small). However, errors due to the way in which an 
instrument is designed are not always easy to correct, and a choice often has to be made 
between the high cod of redesign and the alternative of accepting the reduced measurement 
accuracy if redesign is not undertaken.

3.3.2 Calibration

Instrument calibration is a very important consideration in measurement syilcms and therefore 
calibration procedures are considered in detail in Chapter 4. All instruments suffer drift in their 
characteristics, and the rate at which ihis happens depends on many factor*, such a* the 
environmental conditions in which instruments are used and the frequency of their use. Error 
due to an instrument being out of calibration is never zero, even immediately after the 
instrument has been calibrated, because there is always some inherent error in the reference 
instrument that a working instrument i* calibrated against during the calibration exercise. 
Nevertheless, the error immediately after calibration is of low mapiitude. The calibration error 
then grow* steadily with the drift in instiumenl characteristics until the lime of the next 
calibration. The maximum error that exiit* just before an instrument it recalibrated can 
therefore be made smaller by increasing the frequency of recalibration so tfiat the amount 
of drift between calibration* i* reduced.
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mediod of opposiig input* compensate» for the effect of an environmental input in •
_____ __  syeem by introducing an equal and opposite environmental input that cancel» я о*

«-жалок ̂  how Uns technique is applied и in the type of millivoltmeter shown in Figure 3.2. 
Ib is consists of a coil suspended in a fined magnetic field produced by a permanent magnet 
M en an unknown voltage is applied to the coil, the magnetic field due to the current interacts 
with the fined field and causes the coil (and a pointer attached to the coil) to turn. If the coil 
(distance K,m *• sensitive to temperature, then any environmental input lo the system in 
to  form of a temperature change w ill alter the value of the coil current for a given applied 
voltage and so alter the pointer output reading. Compensation for this is made by introducing a 
compensating resistance R,,mr into the circuit, where R ,,^  has a temperature coefficient equal n 
magnitude hut opposite in sign to that of the coil. Thus, in response to an increase in temperaure. 
»  increases but Rl<mp decreases, and so the total resistance remains approximately the same.

3.3.4 HigfhCam Fmtlbeck

The benefit of adding high-gain feedback to many measurement systems is illustrated by 
considering the case of the vokage-measunng instrument whose block diagram is showa 
in Figure 3.3. In this system, unknown voltage E, is applied to a motor of torque constant If . 
and the induced torque turns a pointer against the restraining action of a spring with spnqg
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Figure 3.3

Block diagram for voluge-measunng instrument

constant K,. The effect of environmental inputs on the motor and spring constants it represented 
by variables Dm and Dr In the absence of environmental inputs, the displacement of the pointer X„ 
is given by Xo = However, in the presence of environmental inputs, both Km and K,
change, and the relationship between X„ and E, can be affected greatly. Therefore, it becomes 
difficult or impossible to calculate £, from the measured value of X- Consider now what happens 
if the system is convened into a high-gain. closed-loop one, as shown in Figure 3.4. by adding an 
amplifier of gain constant K„ and a feedback device with gain coreaant Kf. Assume also that the 
effect of environmental inputs on the values of K . and К/ are represented by D„ and Df. The 
feedback device feeds back a voltage E0 proportional to the pointer displacement X , This it 
compared with the unknown voltage E, by a comparator and the error is amplified. Writing down 
the equations of the system, we have

£ . = K,X0 : X0 = {E, - E„)K JC mK, = (£, - K ,X .)K JC JC ..

Thus

№ U  -  (I + bKJCJl.)x..

Г г г
--® —i- Q U —O H —d b r *

AmpM* Col Spflng

Г
Ш

fy u n  3.4
Block diagram of voltage-measuring instrument with high-gam feedback
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that if.

Because K„ is very large (it is» high gam amplifier). Kr Ku Km К , »  I. and Equation (J J )
reduces to

X„ -  Ei/K,.

This is a highly important result because we have reduced the relationship between X, and 
E, to one that involves only К/. The sensitivity of the gain constants Km. and Al. to the 
environmental inputs D „ Dm. and D, has thereby been rendered irrelevant, and we only have lo 
be concerned with one environmental input. D,. Conveniently, it is usually easy to design a 
feedback device that If insensitive to environmental inputs: this is much easier Hum trying 
to make • motor or spring insensitive. Thus, high-gam feedback techniques are often a very 
effective way of reducing a measurement system's sensitivity to environmental inputs. However, 
one potential problem that must be mentioned is that there is a possibility that high-gain feedback 
will cause instability in the system. Therefore, any application of this method must include careful 
Mbility analysis of the system.

3.3.5 5фм/ Filtering

One frequent problem in measurement systems is corruption of the output reading by period*, 
noise, often at a frequency of 30 Hz caused by pickup through the close proximity of Ike 
mMfuremerH system lo apparatus or current-carrying cables operating on a mains supply. 
Periodic noise corruption at higher frequencies is also often introduced by mechanical oscillation 
or vibration within some component of a measurement system. The amplitude of all such 
noise components can be substantially attenuated by tbe inclusion of filtering of an арртрпа* 
form in the system, as discussed at greater length in Chapter 6. Band-stop fillers can be especurfly 
Mefiil where corruption is of one particular known frequency, or. more generally, low-pass 
filters are employed to attenuate all noise in the frequency range of 50 Hz and above. 
Measurement systems with a low-level output, such as a bndge circuit measuring a strain gaupc 

ate particularly prone lo none, and Figure 3.5 shows typical corruption of a 
bridge output by 50-Hz pickup. The beneficial effect of putting a simple passive RC low pa» 
"to  acrow the output is shown in Figure 3.5.

3 3 6  Correction o f Output Reading
Jn .L

**■* °f  error» that are due either lo system disturbance dunng the act ot measurerneei
5  environmental changes, a good measurement technician can substantially reduce error» ■ 

of a measurement system by calculating the effect of such systematic errors and

-ft. (3 J)I + K f K J imK ,
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Figure 3.5 
Signal filtering.

making appropriate correction lo the inurnment readings. This ii not necessarily ал easy task 
and requires all distuibances in the measurement system to be quantified. This procedure is 
carried out automatically by intelligent instruments.

3  9 *9 — Ii*—--A
• W f n l v V n K s r v i  I n # * *  я г П С п О

Intelligent instruments contain extra sensors that measure the value of environmental inputs 
and automatically compensate the value of the output reading. They have the ability to deal 
very effectively with systematic erron in measurement systems, and errors can be attenuated 
to very low levels in many cases. A more detailed coverage of intelligent instruments can 
be found in Chapter II.

3.4 Quantification of Systematic Errors

Once all practical steps have been taken lo eliminate or reduce the magnitude of systematic 
error*, the final action required is lo estimate the maximum remaining error that may exist 
in a measurement due to systematic erron. This quantification of the maximum likely 
systematic error in a measurement requires careful analysis.
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3.4.1 Quantification o f Individual Systematic Error Components

The first complication in ihe quantification of systematic errors is that it is not usually 
BOfsiblc to specify an exact value for a component of systematic error, and the quantification 
has to be in terms of a "best estimate." Once systematic errors have been reduced as far as 
re a .so n .ib h  possible using the techniques explained in Section 3.3. a sensible approach lo 
estim ate  the various kinds of remaining systematic error would be as follows.

Eminmmental condition orron
If*  measurement is subject lo unpredictable environmental conditions, the usual course of action 
is to assume midpoint environmental conditions and specify the maximum measurement error as 
±r% of the output reading to allow for the maximum expected deviation in environmental 
conditions away from this midpoint. Of course, this only refers to the case where the environmental 
conditions remain essentially constant during a period of measurement but vary unprcdictably on 
perhaps a daily basis. If random fluctuations occur over a short period of time from causes such 
as random draughts of hot or cold air, this is a random error rather than a systematic error 
that has to be quantified according to the techniques explained in Section 3.S.

Calibration rrron

All measuring instruments suffer from drift in their characteristics over a period of time. The 
schedule for recalibration is set so that the frequency at which an instrument is calibrated means 
that the drift in characteristics by the time just before the instrument is due for recalibration is 
kept within an acceptable lim it The maximum error just before the instrument is due for 
recalibration becomes the basis for estimating the maximum likely error This error due lo the 
instrument being out of calibration is usually in the form of a bias. The best way to express 
this is to assume some midpoint value of calibration error and compensate all measurements bs 
this midpoint error The maximum measurement cm» over the full period of time between 
•neethe instrument has just been calibrated and time just before the next calibration is due 
can then be expressed as ±x% of the output reading.

* Example 3.2

I  frequency o f a pressure transducer w ith  a range o f 0 to 10 bar is set so
••calibrated once the measurement error has j>rown to • 1% o f the full-scaleI М л '** '"accuracy be expressed in the fo rm  of а Л  error in the out(>ui
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4■ Solution
Jutt before the instrument is due for recalibration, the measurement error will have 
grown to + 0.1 bar (1% of 10 bar). An amount of half this maximum error, that is, 
0.05 bar, should be subtracted from all measurements. Having done this, the error jutt 
after the instrument has been calibrated will be -0.0S bar (-0.5% of full-scale reading) 
and the error just before the next recalibration will be +0.05 bar ( + 0.5% of full-scale 
reading). Inaccuracy due to calibration error can then be'Expressed as ±0.05% of 
full-scale reading.

_  ■

System disturbance trren
Disturbance of the measured system by the act of measurement iuelf introduces a systematic 
error that can be quantified for any given set of measurement conditions. However, if the 
quantity being measured and/or the conditions of measurement can vary, die best approach is 
to calculate the maximum likely error under worst-case system loading and then lo express 
the likely error at a plus or minus value of half this calculated maximum error, at suggested 
for calibration errors.
Measurement system loading errors

These have a similar effect to system disturbance errors and are expressed in the form of ±r4t 
of the output reading, where t it half the magnitude of the maximum predicted error under 
the most adverse loading conditions expected.

3.4.2 Calculation of Overall Systematic Error

The second complication in the analytit to quantify systematic erron in a measurement system 
is the fact that the total systemic error in a measurement is often composed of several separate 
components, for example, measurement system loading, environmental factors, and calibration 
erron. A worst-case prediction of maximum error would be lo timply add up each separate 
systematic error. For example, if there are three components of systematic error with a 
magnitude of ± 14b each, a wore-case prediction error would be the sum of the separate errors, 
that it, ±3%. However, it it very unlikely that all component! of error would be at their 
maximum or minimum values simultaneously. The usual coune of action it therefore lo 
combine separate sources of syttemalic error using a rootsum-squares method. Applying this
method for я systematic component erron of magnitade ±xj%, ± x,% .....±дг.ЧЬ, the
best prediction of likely maximum systematic error by the root-sum-tquaret method it
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Before closing thii discussion on quantifying systematic errors, a word of warning man be 
ven about the use of manufacturers' data sheets. When instrument manufacturers provide data 

Jheets with an instrument that they have made, the measurement uncertainty or inaccuracy 
value quoted in the data sheets is the best estimate that the manufacturer can give about the 
M y that the instrument will perform when it is new. used under specified conditions, and 
r e c a l ib r a te d  at the recommended frequency. Therefore, this can only be a starling point in 
estimating the measurement accuracy that will be achieved when the instrument is actually 
used. Many source* of systematic error may apply in a particular measurement situation tlut are 
not included in the accuracy calculation in the manufacturer's data sheet, and careful 
quantification and analysis of all systematic errors are necessary, as described earlier.

■ Example 3.3

I  [ Three separate source* of systematic error are identified in a measurement system
II and, after reducing the magnitude of these errors as much as possible, the magnitudes of 
' the three errors arc estimated to be

F System loading: ± 1.24 
| Environmental changes: 0.8%
■ Calibration erro r 0 .5%

I  Calculate the maximum possible total systematic error and the likely system error by 
b  the root-mean-square method.

■
■ Solution

Th| maximum possible *ystem error is ±(1.2 + 0.8 + 0.5)% = ±2.5%
Applying the root-mean-squarc method,

h likely error = ±уЛ.22 + 0 8; + O S1 = ±1.S3%
■

3.5 Sources and Treatment of Random Errors

^ B ^ e tro rs  in measuremenls are caused by unpredictable variations in the measurement
bome 1,00 ks. •I** a™ known by the alternative name prevision errors. Турка! 

“ “ rces of random error arc

•easurements taken by human observation of an analogue meter, especially where 
V * * vo,v* ' interpolation between scale poMts.

| Mectncal noise.
I  flndom environmental changes, for example, sudden draught of air.



Random errors are usaally observed at email perturbations of the measurement either fide of 
the correct value, that m, positive errors and negative errors occur in approximately equal numbers 
for a serin of measurements made of the same constant quantity. Therefore, random errors can 
largely be eliminated by calculating the avenge of a number of repealed measurements Of 
course, this is only pouibte if (he quantity being measured remains at a constant value during 
the repeated measurements. This averaging process of repealed measurements can be done 
automatically by intelligent instruments, as discussed in Chapter 11.
While the process of averaging over a large number of measurements reduces the magnitude 
of random errors substantially, it would be entirely incorrect to assume that this totally 
eliminates random errors. This is because the mean of a number of measurements would only 
be equal lo the correct value of the measured quantity if the measurement set contained 
an infinite number of values. In practice, it it impossible to lake an infinite number of 
measurements. Therefore, in any practical situation, the process of averaging over a finite 
number of measurements only reduces the magnitude of random error to a small (but nonzero) 
value. The degree of confidence that the calculated mean value is dote to the correct value of 
the measured quantity can be indicated by calculating the standard deviation or variance 
of dau. these being parameters that describe how the measurements are distributed about the 
mean value (see Sections 3.6.1 and 3.6.2). This leads to a more formal quantification of 
this degree of confidence in terms of the standard error of the mean in Section 3.6.6.

3.6 Statistical Analysis of Measurements Subject to Random Errors

3 .6 .1  M e a n  a n d  M e d ia n  V a lu e s

The average value of a set of measure menu of a constant quantity can be expressed as either 
the mean value or the median value. Historically, the median valve was easier for a computer 
to compute than the mean value because the median computation involves a series of 
logic operations, whereas the mean computation requires addition and division. Many years 
ago, a computer performed logic operations much faster than arithmetic operations, and 
there were computational speed advantages in calculating average values by computing 
the median rather than the mean. However, computer power increased rapidly to a point 
where this advantage disappeared many yean ago.

As the number of measuremeau increases, the difference between mean and median values 
becomes very small. However, the average calculated in terms of the mean value If always 
slightly cloaer lo Ihe correct value of Um measured quantity than the average calculated as 
the median value for any finite set of measurements. Given the loss of any computational 
speed advantage becaase of the massive power of modern-day computers, this means that there 
is now little argument for calculating average values in terms of the median.
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K ^ n y  s e t o f  л  measurements jti.tj -xr of • constant quantity. ihe most likely true value is the 
m ean given by

ДГ|+ДГ2 + -- ЛГ,
Xmmm --------------- • (3 .4)

— k js yljKj fa  #|| data sets where the measurement erron are distributed equally about the
0 error value, that is. where positive errors are balanced in quantity and magnitude by 

Qegativc eirors.
The median ii mi approximation lo the mean lhal can be written down without having lo 
sum the measurements. The median it the middle value when measurements in the data set 
an written down in ascending order of magnitude. For a set of л measurements X|. JTj- -*. 
of a constant quantity, written down in ascending order of magnitude, the median valae 
is given by

(3 J>

Thus, for a set of nine measurements л,. jtj—a, arranged in order of magnitude, the median 
value is x$. For an even number of measurements, the median value is midway between the 
Iwo center values, that is. for 10 measurements x, the median value is given by 
(x, +ХдУ2.
Suppose that ihe length of a steel bar it measured by a number of different observer» and 
Ihe following set of 11 measurements are recorded (units millimeter). We w ill call this 

urement set A.
398 420 394 416 404 40Я 400 420 396 413 430 (Measurement set A)

Uaing Equations (3.41 and (3.5), mean = 409.0 and median = 408. Suppose now that Ihe 
•easurcmcni s are taken again using a better measuring rule and with the observers taking more 
care to produce the following measurement sel B:

409 406 402 407 405 404 407 404 407 407 408 (Measurement sel В I
For these measurements, mean = 406.0 and median = 407. Which of the two measurement 
•••a. A and B. and the corresponding mean and median values should we have the most 
eoefidence in? intuitively, we can regard measurement sel В as being more reliable becauae 
M Measurement are much closer together. In sel A. the spread between the smallest 

О » ) and largest (430) value it 34. while in tel B. ihe spread ii ooly 6.

Thiu, the smaller the spread nf Ihe measurement*, ihe more confidence иг have in ihe 
mean or median value calculated

J|s  nou *** whal happens If we increase the number of measurements by extending 
tment set В lo 23 measurements. We w ill call this measurement set C.
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409 406 402 407 405 4QC 407 404 407 407 408 406 410 
406 405 408 406 409 406 405 409 406 407

Now. mean = 406.5 and median = 406

(Measurement <* C)

This confirms our earlier statement that the median value lends toward the mean vatut 
as the number of measurements increases.

3.6.2 Standard Deviation and Variance

Expressing the spread of measurements simply as a range between the largest and the sitiallest 
value is not. in fact, a very good way of examining how measurement values are distributed 
about the mean value. A much better way of expressing the distribution is to calculate the 
variance or standard deviation of the measurements. The starting point for calculating these 
parameters is to calculate the deviation (error) d, of each measurement x, from the mean value 
x, i n  a set of measurements X|,X2. .... x.:

4  (3.6)

The variance (V .) of the set of measurements is defined formally as the mean of the square* of 
deviations:

V. (3.7)

The standard devotion (o .) of the set of measurements is defined as the square root of the variance:

a  = ^ V i = (3.8)

Unfortunately, these formal definitions for the variance and standard deviation of data arr 
made with respect lo an infinite population of data values whereas, in all practical situations.we 
can only have a finite set of measurements. We have made the observation previously that 
the meaa value xm of a futile set of measurement!, w ill differ from the true mean ц of the 
theoretical infinite population of measurements that the finite set if part of. This mean» that 
there is an error in the mean value used in the calculation of d, in Equation (3.6). Because 
of this. Equations (3.7) and (3.8) give a biased estimate that lends to underestimate the 
variance and standard deviation of the infinite set at measurements. A better prediction of 
the variance of Ihe infinite population can be obtained by applying the Bestel correction factor 
(n/n - 1) to the formula for V , in Equation (3.7):

V. ■ -  I
(3.9)
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-аде V is the variance of ihe finite set of measurement and V is the variance of ihe aifim*
populaiii'ii „(measurements
ТЫ» lead* to a similar belter prediction of the standard deviation by taking the square ro<* of thr

e in Equation (3.9):

<3.10)

■ Example 3.4
f  Саки1-)'1 a  and V for measurement sets A, B, and С given earlier 

I Solution■ Solui

firstг^ K , draw a table of measurements and deviations for set A (mean - 409 as 
ated earlier):

420 396 413 430
+ 11 - 1 J + 4 + » l

121 169 16 441

1 = 1370/10 = 137;

-11 -fit - 1 J +7 -5 -1 -9
I from mean

’ (deviation»)' 121 121 22S 49 2S 1 81

Ж (Ам»(10Л12) m 1370; я *  number of measurements = 11.

Then, from Equations (3.9) and (3.10), У= £(*ую (кт»г)/"
» 4  y/V ш 11.7.

^Mturtm ents and deviations for set В art (mean = 406 as calculated earlier):
к Measurement 409 406 402 407 405 404 407 404 407 407 408

Я  D»wation + J 0 -4 +1 -1 -2 +1 -2 +1 +1 4-2 
from mean

Г (Aviation.)' 9 0 16 1 1 4 1 4 1 1 4 
•Vem these data, using Equations (3.9) and (3.10), V = 4.2 and a = 2.05. 

^^M irem ents and deviations for set С are (mean 406 5 as calculated earlier)

I VI I  i *
Measurement 

Deviation 
from mean 

(deviation»)'

Measurement

409 406 402 407 40S 404 407 404 407 407 40в
+ 2.5 -0.5 -45 +0.S -1.» -2.5 +0.5 -2.5 +0.5 +0.5 +1.5

6.25 0.25 20.25 0.25 2.25 6.25 0.25 6.25 0.25 0.25 2 2S

406 410 406 405 400 406 409 406 405 409 406 407
-0.5 +3.5 -0.5 -1.5 +1.5 -0.5 +2.5 -0.5 -1.5 +2.5 -0.5 -0.5 

•™» mean
(devwbom)' 0.25 12.25 0.25 2.25 2.25 0.25 6.25 0.25 2.25 6.25 0.25 0 25



From thi* data, using Equations (3.9) and (3.10), V = 3.53 and О = 1.88.
Note that the smaller values of V and a for measurement set В compared with A 
correspond with the respective size of the spread in the range between maximum and 
minimum values for the two sets.

• Thus, at Vend a decrease for a measurement let, we art abk to express greater confidence 
that the calculated mean or median value is close to the true value, that is, that the 
averaging process has reduced the random error value idose to ten.

• Comparing V and a for measurement sets В and С, V and a get smaller as the number 
of measurements increases, confirming that confidence in the mean value increases as
the number of measurements increases.

We have observed so far that random errors can be reduced by taking the average (mean 
or median) of a number of measurements. However, although the mean or median 
value is close to the true value, it would only become exactly equal to the true value if 
we could average an infinite number of measurements. As w« can only make a finite 
number of measurements in a practical situation, the average value will still have some 
error. This error can be quantified as the standard error of the mean, which is discussed 
in detail a litde later. However, before that, the subject of graphical analysis of random 
measurement errors needs to be covered.

3.6.3 Graphical Data Analysis Techniques—Frequency Distributions

Graphical techniques are a very useful way of analyzing the way in which random 
measurement errors are distributed. The simplest way of doing this is to draw a histogram. 
in which bands of equal width across the range of measurement values are defined and the 
number of measurements within each band is counted. The bands are often given the name 
data bins. A useful rule for defining the number of bands (bins) ia known as the Sturgis rule, 
which calculates the number of bands as

Number of bands =1+3.3 logl0(n).

where л is the number of measurement values.

■ Example 3.5
Draw a histogram for the 23 measurements in set С of length measurement data given in 
Section 3.5.1.
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я  Solution
mMsurements, the recommended number o f bands calculated according to the 
rule i* 1 + J.3 Iog10(23) = 5 49 This rounds to five, as the number o f bands muu 

be an integer number
I  B L  th , span o f measurements in d au  set С with five bands, data bands need to be 2 mm  
I  -p,t  boundaries of these bands must be chosen carefully so that no measurements fa«

on the boundary between different bands and cause ambiguity about which band to put 
them m. Because the measurements are integer numbers, this can be accomplished eas*ty b* 

t I  ̂ fin ing  the range of the first band as 401.5 to 403. 5 and so on. A histogram can now be 
drawn as in Figure 3.6 by counting the number of measurements in each band.
In the first band from 401.5 to 403.5, there is just one measurement, so the height o f the

I histogram in this band is 1 unit.
In the next band from 403.5 to 405.5, there are five measurements, so the height o f the 

I ihistogram in this band is 1 = 5 units.

The rest of the histogram is completed in a similar fashion.

When a histogram is drawn using a sufficiently large number o f measurements, it 
will have the characteristic shape shown by truly random data, with symmetry about 
the mean value of the measurements. However, for a relatively small number of 

I  Measurements, only approximate symmetry in the histogram can be expected about the 
mean value. It is a matter of judgment as to whether the shape o f a histogram is close 

’’•Hough to symmetry to justify a conclusion that data on which it is based are truly

401.5 403 5 406.5 407 5 406 5 411.5 M m n m o H  
(-0 5) (-0 3) (-0.1) (*01) («0 3) (*0 5) (Deviations)

Figure M
Histogram of measurements and deviations.
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random. It should be noted that the 23 measurements used to draw the histogram 
in Figure 3.6 were chosen carefully to produce a symmetrical histogram but exact 
symmetry would not normally be expected for a measurement data set as small as 23.
As it is the actual value of measurement error that is usually of most concern, it is 
often more useful to draw a histogram of deviations of measurements from the mean 
value rather than to draw a histogram of the measurements themselves. The starting 
point for this is to calculate the deviation of each measurement away from the calculated 
mean value. Then a histogram of deviations can be drawn by defining deviation bands 
of equal width and counting the number of deviation values in each band. This histogram 
has exactly the same shape as the histogram of raw measurements except that scaling 
of the horizontal axis has to be redefined in terms of the deviation values (these units 
are shown in parentheses in Figure 3.6).
Let us now explore what happens to the histogram of deviations as the number of 
measurements increases. As the number of measurements increases, smaller bands can be 
defined for the histogram, which retains its basic shape but then consists of a larger number 
of smaller steps on each side of the peak. In the limit, as the number of measurements 
approaches infinity, the histogram becomes a smooth curve known as a frequency distribution 
curve, as shown in Figure 3.7. The ordinate of this curve is the frequency of occurrence 
of each deviation value, F{0), and the abscissa is the magnitude of deviation, D.
The symmetry of Figures 3.6 and 3.7 about the zero deviation value is very useful 
for showing graphically that measurement data only have random errors. Although 
these figures cannot be used to quantify the magnitude and distribution of the errors

* 0 )

figure 3.7
Frequency discnbution curve of deviation»



Mgjkr very similar graphical technique! do achieve this. If the height of the frequency 
Attribution curve is normalized such that the area under it is unity, then the curve in this 

fC n ii»  known as a probability сыпи, and the height F(D) at any particular deviation 
B ^ tftu d * О if known as the probability dtnsity function (p.d.f ). The condition that 

the area under the curve if unity can be expressed mathematically as
•V *>
M1 J f ( D W D * 1

The probability that the error in any one particular measurement lies between two 
levels D, and Dj can be calculated by measunng the area under the curve contained 
bttwem  two vertical lines drawn through D, and D : , as shown by the right-hand hatched 
area in Figure 3.7. This can be exprestad mathematically as

I В
P(D, < 0 < 0 j )=  |f(D)</D (3.11)

1 В  О,

O f  particular importance for assessing the maximum error likely in any one measurement 
if  the cum ulative distribution function (c .d .f ). This is defined as the probability of observing 
a value less than or equal to 0 . and it expressed mathematically as

IHBf o.
P ( D < D o ) =  J f l D l r f D  (3 12)

-Ж

Tbuf, the c.d.f. if the area under the curve to the left o f a vertical line drawn through Dr  
at thown by the left-hand hatched area in Figure 3.7.

^^■^■«ation magnitude Dp corresponding with the peak of ihe frequency distribution 
curve (Figure 3.7) it the value of deviation that has the greatest probability. If the 
•nors are entirely random in nature, then the value of D, will equal zero. Any nonzero 
'm û*o fD f  indicates systematic errors in data in the form of a bias that is often removable 

••calibration
■

3.6.4 Cmnssian (Normal) Distribution

^ И р ® еп1 **u 001 > contain random errors usually conform lo a distribution with a 
the \WZ? **UlPe thUI '* called Gaussian, although this conformance must always he tested (we 

headed "Goodness of fit"). The shape of a Gaussian curve is such that the 
deviation .̂ deviations from the mean value is much greater than the frequency of larpr

I  coincides with the usual expectation in measurements subject to random enucs



that the number of measurements with a «nail error ii much larger than the number of 
measurements with a large error. Alternative names for the Gaussian distribution are normal 
distribution or bell-shaped distribution. A Gaussian curve is defined formally as a normalized 
frequency distribution that is symmetrical about the line of zero error and in which the 
frequency and magnitude of quantities are related by the expression:

F(x) = ' (3.13)
aV2 я

where m u the mean value of data set jt and the other quantities are as defined before. 
Equation (3.13) is particularly useful for analyzing a Gaussian set of measurement* and 
predicting how many measurements lie within some particular defined range. If measurement 
deviations D are calculated for all measurements such that D = x - m. then the curve of 
deviation frequency F{D) plotted against deviation magnitude О is a Gaussian curve known 
as the error frequency distribution curve. The mathematical relationship between F(D ) and D 
can then be derived by modifying Equation (3.13) to give

F(D ) = (3.14)

The shape of a Gaussian curve is influenced strongly by the value of er. with the width 
of the curve decreasing as a becomes smaller. As a smaller a corresponds with typical 
deviations of measurements from the mean value becoming smaller, this confirms the earlier 
observation that the mean value of a set of measurements gets closer to the true value as 
a decreases.
If the standard deviation is used as a unit of error, the Gaussian curve can be used to 
determine the probability that the deviation in any particular measurement in a Gaussian 
data set ii greater than a certain value. By substituting the expression for F(D ) in 
Equation (3.14) into probability Equatioa (3.11). the probability that the error lies 
in a band between error levels D, and Dj can be expressed as

/*(/>, <*></>:)=( - ^ .e ^ W iD . (3.15)
o,

Solution of this expression is simplified by the substitution

z = D/o. (3.16)

The effect of this ii to change the error distribution curve Into a new Gausaian distribution that 
has a standard deviation of one (о = I ) and a mean of zero. This new form, shown in Figure 3.8. 
is known as a standard Gaussian curve (or sometimes as a : distribution), and the dependent 
variable is now z instead of D. Equation (3.15) can now be re-expressed as



figure 3.8
Standard Gaussian curve (Я(г) versus /).

/»(0t < D < D i) =■ f ( l|  < r < U) = |  — (3.17)
Ш Р  <i
Unfortunately, neither Equation (3.15) nor Equation (3.17) can be solved analytically using 
tables of standard integrals, and numerical integration provides the only method of solution. 
However, in practice, the tedium of numerical integration can be avoided when analyzing 
data because the standard form of Equation (3.17), and its independence from the particufar 
values of the mean and standard deviation of data, means that standard Gaussian tables that 
tabulate F(:) for various values of i  can be used.

3.6.5 Standard Gaussian Tables (ж Distribution)

A standard Gaussian table (sometimes called : distribution), such at that shown in Table 3 I. 
tabulates the area under the Gaussian curve F(z) for various values of r. where F(r) is 
given by

Пг)- J (3 ,8)
gives the proportion of data values that are less than or equal to r. This proportion is 

. under **** curve ° f  F(z) against : that is lo the left of :. Therefore, the expression 
{j,a| *№4uatwn (3.171 has to be evaluated as (FU j) - F\:,)|. Sludy of Table 3 .1 shows 
°f  the tatli * for r “  0 Thi» confirm» that, as expected, the number of data values < 0 is W * 
Table 3 ,nU,, * * so'f data only have random errors. It will also be observed that

f 1- № common with most published standard Gaussian tables, only gives F (:) for
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ТаЫ * 3.1 Error Function TabW (A m  under a Gaussian С игу* o r l  D is trib u tio n )

я 0.00 0A1 0.02 0.03 0.04 0.05 o.t« 0.07 0.08 0.09
0.0 0 5000 0.5000 0 5080 0.5120 0.5160 0.5199 0.5139 0.5279 0.5319 0 5359
0.1 0 5398 0 5438 0 5478 0.5517 05557 05596 05636 0 5675 0.5714 0.5753
0.2 0 5793 0.5832 0.5871 0 5910 0.5948 0 5987 0 6026 0.6064 0.6103 0.6141
0.3 06179 0 6217 0 6255 0 6293 0 6331 0 6368 06406 0 6443 0 6480 0.6517
0.4 0 6554 06591 0 6628 0 6664 0.6700 06736 04772 0 6808 0 6844 0 6879
O.S 06915 0 6950 0.6985 0 7019 0.7054 0.7088 0.7123 0.7157 0.7190 0.7224
06 0.7257 0.7291 0.7324 07357 0 7389 07422 Й.7454 0 7486 0.7517 0.7549
0.7 0.7580 0 7611 0 7642 0.7673 07703 0 7734 07764 0 7793 0.7823 0.7852
0.8 0 7881 0 7910 0 7939 0 79Л7 07995 0.8023 0.8051 08078 0.8106 0.8133
0.9 08159 08186 0.8212 08238 08264 0 8289 0.8)15 08340 0 8365 0 8389
1.0 0 8413 0 8438 0 8461 0 8485 0 8508 0.8S31 0Л554 08577 08599 0.8621
1.1 0 8643 0.8665 0 8686 08708 08729 0.8749 0.8770 0 8790 08810 0.8830
1.2 0 8849 0 8869 0 8888 08906 0.892S 0.8943 0 8962 0 8980 08997 0.9015
1.3 0 9032 0 9049 0 9066 09082 0 9099 0.9115 09131 09147 0.9162 0.9177
1.4 0.9192 09207 0.9222 09236 09251 0.9265 0.9279 0.9292 09306 0.9319
1.S 0.9332 0 9345 0.9357 0.9370 09382 09394 09406 0 9418 09429 0.9441
1.6 0 9452 0 9463 0.9474 09484 09495 0.9505 0.9Я5 0.9525 0.9535 0.9545
1.7 0.9554 09564 0.9573 0 9582 0.9591 09599 09608 0 9616 0.9625 0.9633
18 0.9641 09648 0.9656 0 9664 0.9671 0.9678 09686 0 9693 09699 0 9706
1.9 0.9713 0.9719 0.9726 0.9732 09738 0.9744 0.9750 0.9756 09761 0.9767
2.0 0.9772 09778 0.9783 0.9788 09793 0.979B 0.9803 09808 0.9812 0 9817
2.1 0 9821 0 9826 0.9830 0 9834 09838 09842 09846 09850 09854 09857
2.2 09861 09864 0.9868 0 9871 09875 0 9878 09881 0 9884 09887 09890
2.3 09893 09896 09898 09901 09904 09906 0 9909 0.9911 0.9913 0.9916
2.4 0 9918 0 9920 0.9922 0.9924 09926 0.9928 09930 0.9932 0.9934 0 9936
2.S 09938 0 9940 0 9941 0 9943 0 9945 09946 09948 09949 09951 0.9952
2.6 0 9953 0.9955 0.9956 09957 09959 09960 0.9961 0 9962 0.9963 09964
2.7 0 9965 0 9966 09967 0 9968 09969 0.9970 0.9971 09972 0.9973 09974
2.8 09974 09975 0.9976 09977 0.9977 0 9978 0 9979 0 9979 09980 0 9981
2.9 0 9981 09982 0.9982 0 9983 09984 0.9984 0 9985 0 9985 0 9986 09986
3.0 0 9986 0 9987 0 9987 0 9988 0 9988 0 9989 0 9989 09989 09990 0 9990
3.1 0 9990 09991 0.9991 0 9991 0 9992 0.9992 0.9992 0 9992 0.9993 09993
3.2 0 9993 0 9993 0 9994 0 9994 09994 0 9994 0 9994 09995 0 9995 0.9995
3.3 0 9995 0 9995 0 9995 0 9996 09996 09996 0 9996 0 9996 0 9996 09996
3.4 0.9997 0 9997 0.9997 0 9997 09997 0.9997 0 9997 09997 09997 0 9998
3.S 0 9998 0 9998 0 9998 0 9998 0 9998 09998 0.9998 0 9998 0 9998 0 9998
3.6 0 9998 0 9998 0.9998 0 9999 09999 0 9999 0 9999 0 9999 0 9999 0 9999

positive values of i. For negative values of z. we can make use of the following relationship 
because the frequency distribution curve U normalized:

F (- t) -  I - F (i). (3.19)
[F(-z) is the area under the curve to the left of (-z). i.e.. it represents the proportion of dau 
values <-*.)
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■ Example 3.6
■ How many measurements in a data set subject to random errors lie outside deviation 
■boundaries o f + a  and - a , that is, how many measurements have a deviation greater
I than ^

II Solution
The required number is represented by the sum of the two shaded areas in Figure 3.9. 
This can b« expressed mathematically as P(E< - a or E> + в) = Ц Е < - i t )  + P(£ > + e). 
For £ = - a , j  •* -1.0 [from Equation (3.14)].

Using Table 3.1: P(E< -o ) = F[~ 1) = 1 -fi(1) = 1 - 0.8413 = 0.1587.

Similarly, for E = + « ,*  = +1.0. Table 3.1 gives P (E>+ a) = 1 - P(£< + <т)= 1 -Я(1) = 
1 - 0 .8 4 13  = 0.1587. (This last step is valid because the frequency distribution curve is 
normalized such that the total area under it is unity.) Thus, P[E< -a] + ?f£>+a] = 
0.1587 + 0.1587 = 0.3174 ~ 324, that is, 32% of the measurements lie outside the ±o 
boundaries, than 68% of the measurements lie inside.
The analysis just given shows that, for Caussian-distributed data values, 68% of 
the measurements have deviations that lie within the bounds of ± o. Similar analysis 

. shows that boundaries of ±2o contain 95.4% of data points, and extending the 
I boundaries to ±3o encompasses 99.7% of data points. The probability of any data 

point lying outside particular deviation boundaries can therefore be expressed by the 
following table.

F(£)

Hgure 3.9
in  boundaries.



3 .6 .6  Standard Erro r o f tk« Mean

The foregoing analysis has examined the way in which measurements with random errors are 
distributed about the mean value. However, we have already observed that some error exists 
between the mean value of a finite tet of measurements and the true value, that ia, averaging 
a number of measurements will only yield the true value if the number of measurements 
ii infinite. If several subsets are taken from an infinite data papulation with a Gaussian 
distribution, then, by the central limit theorem, the means of the subsets will form • Gaussian 
distribution about the mean of the infinite data set. The standard deviation of mean values of 
a series of finite sets of measurements relative to the true mean (the mean of the infinite 
population that the finite set of measurements is drawn from) is defined as the standard 
error of the mean, a. This is calculated as

a = a/y/n. (3.20)

Clearly. i  tends toward zero ai the number of measurements (я) in the data set expands 
toward infinity.

The next question is how do we use the standard error of the mean to predict the error 
between the calculated mean of a finite set of measurements and the mean of the infinite 
population? In other words, if we use Ihe mean value of a finite set of measurements to 
predict the true value of the measured quantity, what is the likely error in this prediction? 
This likely error can only be expressed in probabilistic terms. All we know for certain is 
the standard deviation of the error, which is expressed aa a in Equation (3.20). We also 
know that a range of ± one standard deviation (i.e.. ±«) encompasses 68% of the deviations 
of sample means either side of the true value. Thus we can say that the measurement 
value obtained by calculating the mean of a set of л measurements, jr1.jr2. -jr.. can be 
expressed as

x »  xmrmm ± а

with 68% certainty that the magnitude of the error does not exceed loti. For data set С of length 
measurements used earlier, n = 23. e >» 1.88. and 1 = 0.39. The length can therefore be 
expressed as 406.3 ± 0.4 (68% confidence limit).
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ile o W e m  of expressing the error with 68% certainty it that there is a 32% chance 
^ fc e r ro r  ia greater than a. Such a high probability of the error being greater than 

no* be acceptable in many situations. If this к the cate, we can use the fact tlua 
H ^ e  of ± iwo atandard deviation», that 1». ±2a. encompasses 4.5.4% of the deviation 
gf temple mean» either side of the true value. Thus, we can express the measuremenl
value aa

a = *m> ± 2a

with 93.4% certainty that the magnitude of the error does not exceed 12*1. This means that 
there ia only a 4.6% chance that the error exceeds 2a. Referring again to set С of length 
measurements. 2a я  3.76. 2a *  0.78. and the length can be expressed as 406.3 ± 0.8 (95.4% 
confidence' limits).
If we wish to express the maximum error with even greater probability that the value is 
cornet, we could use ± 3a limits (99.7% confidence). In this case, for length measurements agan. 
3<x *  5.64.3a -  1.17. and the length should be expressed as 406.5 ± 1.2 (99.7% confidence 
limits). There is now only a 0 J%  chance (3 in 1000) that the error exceeds this value of 1.2.

3.6.7 Estimation of Random Error hi 4 Singh Measurement

In man> situations where measurements art subject to random error», it is not practical to take 
repeated measurements and rind the average value. Also, the averaging process becomes invalid 
if the measured quantity does not remain al a constant value, aa is usually the caae when process 
variables are being measured. Thus, if only one measurement can he made, some means of 
«timating the likely magnitude of error In it is required. The notmal approach to this is to 
calculate the error within 95% confidence limits, that is. to calculate the value of deviation D such 
th*95% of the area uader the probability curve lies within limits of ± D. These limits corrrspmd 
to a deviation of ± I,96o. Thus, it is necessary to maintain the measured quantity at a constant 
value while a number of measurements are taken in order 10 create a reference measieemert 
*<ftom which о can be calculated. Subsequently, the maximum likely deviation in a single 
measuremcni can be expressed as Deviation «  ± 1.96<j. However, this only expresses the 
maximum likely deviation of the measurement from the calculated mean of the reference 
■•■•uremeni set. which is not the true value as observed earlier. Thus the calculated value for 

«andanl error of the mean has to be added to the likely maximum deviation value. To 
, . У |||1и*  thia should be expressed 10 the same 95* confidence limits Thus, the maximum 

error in a single measurement can be expressed ы

Error» ±l.96(o +a). (3.21)
e^ *k a» in g  this matter, it must be emphasized that the maximum error specified for a 

^P**n»em is only specified for the confidence limits defined. Thus, if the maximum erroris
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specified as ± 1% with 95% confidence limits, (his means that there is still I chance in 20 thai 
the error will exceed ± 1%.

■ Example 3.7

Suppose that a standard mass is measured 30 times with the same instrument to 
create a reference data set, and the calculated values of a and t are a = 0.46 and 
3 = 0.08. If the instrument is then used to measure an iWtknown mass and the reading is
105.6 kg, how should the mass value be expressed?

_  ■

■ Solution

Using Equation (3.21), 1.96(o 4- a) »  1.06. The там  value should therefor* be 
expressed as 105.6 ±1.1 kg.

_  ■

3.6.8 Distribution »f Manufacturing Tolerances

Many aspects of manufacturing processes ate subject to random variations caused by factors 
similar to those that cause random error» in measurements. In most cases, these random 
variations in manufacturing, which are known at tolerances, fit a Gaussian distribution, 
and the previous analysis of random measurement errors can be applied to analyze the 
distribution of these variations in manufacturing parameters.

■ Example 3.8

An integrated circuit chip contains 10s transistors. The transistors have a mean current 
gain of 20 and a standard deviation of 2. Calculate the following:

(a) number of transistors with a current gain between 19.8 and 20.2
(b) number of transistors with a current gain greater than 17

_  ■

■ Solution

(a) The proportion of transistors where 19.8 < gain < 20.2 is

P\X < 20] - P\X < 19.8] -  Р\ж < 0.2] - Р\ж < -0.2] (for i  = (X - ft)/a)

For X = 20.2, t = 0.1, and for X - 19.8, г = -0.1
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; From tables, Р\г < 01) -  0.5398 and thus Р[г < -0.1] = 1 - P [i < 0.1J *  1 
[  - 0 .5 3 9 8  «  0.4602
Hence. P\i < 0.1] - P\i < -0.1J -  0.5398 - 0.4602 «= 0.0796

0 .0 7 9 6  x 10* ■ 7960 transistors have a current gain in the range from 
19.8 to 20.2.
(b) The number of transistors with gain > 17 is given by

| P\k > 17] «  1 - Pi* < 17] = 1 - P K  -1.5] = P i < +1.5] = 0 9332 

Thus, 93.32%, that is, 93,320 transistors have a gain >17.

3.6.9 Chi-Squared ( } f )  Distribution

We have already observed the fact that, if we calculate the mean value of successive sets 
of sample» of N measurements, the means of those samples form a Gaussian distribution 
about the true value of the measured quantity (the true value being the mean of the infinite 
data let that the set of samples are part of). The standard deviation of the distribution of 
the mean values was quantified as the standard error of the mean.

It is also useful for many purposes to look at distribution of the variance of successive se*> 
ol samples of N measurements that form puft of a Gaussian distribution. This is expressed as the 
chi squared distribution F(xJ). where x •» given by

X* *  ко.2/*2. (3.22)
where o, is the variance of a sample of N measurements and o ' is the variance of the 
in inite data set that nets of N samples are pan of. к is a constant known as the number ol dearer, 
ot freedom and ii equal to (N -1).

* t*'Stn,1u,lon depend» on the value of k. with typical vhapes being shomn 
■■ l0- ^  arc* “"der the x: distribution curve is unity but. unlike the Gaussian 

shanr "/ "п .*  * distribution is not symmetrical However. U lends toward the symmetrical 
- 4 *  Of aOussmn distribution as к becomes very large.

s a m p le * » e*Preskc‘ ,hc expected variation due lo random chance ol the variiuxc ol a 
magnitude of |ь°т  verience of th« infinite population that the sample is part of The 
level °f  nedon**x̂ eclcd v,riation depends on what level of "random chance" we set The

К  " C™ nCe 18 normaHy expressed as a level of significance, which is usual It
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Typical X1 distributions.

Figure 3.11 
Meaning of symbol at for x1 distribution.

denoted by the symbol a. Referring to the xJ distribution shown in Figure 3.11, value 
denotes the x2 value to the left of which lies 100( 1 — a)% of the area under the x2 distribution 
curve. Thus, the area of the curve to the right of it a and that to the left it (1 - e).

Numerical valuet for x2 are obtained from tables that expieu tbe value of xl for various 
degrees of freedom к and for various levels of significance s. Published tablet differ in the 
number of degrees of freedom and the number of levels of significance coveted. A typical tabic 
is shown at Table 3.2.

One major use of the Xs distribution iato predict the variance o1 of an infinite data M . given the 
measured variance a ,2 of a sample of N  measurements drawn from the infinite population 
The boundaries of the range of x1 valuet expected for a particular level of tignificance * can be 
expressed by the probability expression:
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0.005 0.025 0.050 0.900 0.950 0.07! 0.900 0.905 0.999

1 3 93» 
10-5

“  .0*982 .0 393 271 3.84 5.02 663 788 10.*

2 .0100 .0506 .103 4.61 5.99 7.38 9.21 106 13*
3 .0717 216 .352 625 7.81 9.35 11.3 12.8 16.3
4 0.207 484 .711 778 949 11.1 13.3 149 1*3
s .412 .831 1,11 9.24 11.1 120 1S.1 16.7 205
6 .676 1.24 1 64 10.6 12.6 144 16.8 18.5 22 5
7 989 1.69 2.17 120 14.1 160 18.5 203 24.3
8 1.34 2.18 2.73 134 15.5 17.S 20.1 22.0 261
9 1.73 2.70 3.33 14.7 16.9 1* 0 21.7 23.6 279
10 2.16 3.25 3.94 16.0 18.3 20.5 23.2 25.2 296
11 2 60 382 4.57 17.3 19.7 21.9 24.7 26.8 31.3
12 307 440 5.23 18.5 21.0 23.3 26.2 2*3 32»
13 3.57 5.01 589 19.8 22.4 24.7 27.7 29 8 34.5
14 407 5.63 6.57 211 23.7 26.1 29.1 31.3 36.1
15 4.60 6.26 7.26 22-3 25.0 27» 30.6 32.8 37.7
16 S.14 6.91 7.96 23.5 26.3 288 32.0 34.3 393
17 5.70 7.56 8.67 24.8 27.6 30.2 33.4 317 40*
IS 6.26 8.23 939 260 28.9 31.8 34.8 37.2 42.3
19 6*4 8.91 10.1 272 30.1 329 36.2 38.6 43*
20 7 43 9 59 10.9 284 31.4 34.2 37.6 400 45.3
21 8.03 10.3 11.6 296 32.7 3S.S 38.9 41.4 46*
22 864 11.0 12.3 308 33.9 368 40.3 42.8 4*3
23 926 11.7 13.1 320 35.2 18 1 41.6 44.2 497
24 989 12.4 13.8 33.2 36.4 394 43.0 416 S1.2
25 105 13.1 14.6 34.4 37.7 40.6 44.3 46.9 52 6
26 11.2 13.8 15.4 356 38.9 41.9 45.6 48.3 34 J
27 11 8 146 16.2 36.7 40.1 43.2 47.0 49.6 555
28 12 5 15.3 16.9 379 41.3 44.5 48 3 51.0 569
29 13.1 16.0 17.7 39.1 42.6 4*7 49.6 52.3 S*S
30 138 16 8 18.5 40 3 43.8 47.0 50.9 33.7 59 7
35 I 172 20.6 12.5 46.1 498 53.2 57.3 603 66640 207 24.4 26.5 51.8 55.8 593 63.7 66.8 73.445
50
75
100

243 28.4 30.6 57.5 61.7 65.4 70.0 73.2 80 1
28.0 32.4 348 63.2 67.5 71.4 76.2 79.5 867
47 2 52.9 56 1 91.1 96.2 1008 106 4 110.3 11M
€7.3 74.2 77.9 111.5 124.3 129 6 135.8 140.2 149.4

l'e 'twilhm*tb I,'mplCr 1еГШ*- ** “ * **yln* ,hal Леге “ 1 of (I - *)%  Ihel x1
f« «  level of 4, *nf e N>Un<kd ЬУ ^  ! for * level Ы ngnificaixc of 9. For ехтгц*е.
between * ~ ° 5' ,he«  1* «93% probability (<m confidence level Mlui x: lie*



Substituting into Equation (3.23) using tbe expression for X2 given in Equation (3.22):

This can be expressed in an alternative but equivalent form by inverting the terms and changing 
the “ <“ relationships to “>*’ ones:

Now multiplying tte expression through by ко,2 gives the following expression for the 
boundaries of the variance a2:

The thing that is immediately evident in this solution is that the range within which the true 
variance and standard deviation lies Is very wide. This is a consequence of the relatively small 
number of measurements (10) in the sample. It is therefore highly desirable wherever possible 
to use a considerably larger sample when making predictions of Ihe true variance and standard 
deviation of some measured quantity.
The solution to Example 3.10 shows that, as expected, the width of the estimated range In which 
the true value of the standard deviation lies gets wider si we increase the confidence level from 
90 to 99%. It ia also interesting to compare the results in Examples З.У and 1.10 for tbe same 
confidence level of 95%. The ratio between maximum and minimum values of eatimated 
variance is much grester for the 10 samples in Example 3.9 compared with the 25 samples in 
Example 3.10. This Aows the benefit of having a larger sample size when predicting the 
variance of the whole population that tbe tample is drawn from.

■ Example 3.9

The length of each rod in a sample of 10 brass rods is measured, and the variance of the 
length measurement in the sample is found to be 16.3 mm. Estimate the true variance 
and standard deviation for the whole batch of rods from which the sample of 10 was 
drawn, expressed to a confidence level of 95%.

_  ■

■ Solution

(3.24)

Degrees of freedom (к) = А/ — 1 =9 
For a ,2 = 16.3, ко,1 = 146.7
For confidence level of 95%, level of significance, a, = 0.05
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Applying Equation (3.24), the true variance is bounded by the values of 146.7/Xo ws 
and 146.7/Xo MS
Looking up tb< appropriate values in the x distribution table for к = 9 gives 
X » ,„ = 2.70 ; x io i. -  19 02 i 146 7/ x i „ s  -  54.3 ; 146.7/x*M5 - 7.7 
The true variance can therefore be expressed as 7.7 < a2 < 54.3 
The true standard deviation can be expressed as s/71 < a  < s/54.3, that is,
2.$< a  < 7.4

11 Example 3.10
The length of a sample o f 25 bricks is measured and the variance of the sample is

1 circulated as 6.8 mm. Estimate the true variance for the whole batch of bricks
from which the sample of 25 was drawn, expressed to confidence levels of (a) 90%, 
(Ь) 95%, and (c) 994.

Solution

Deg rees of freedom (k ) = N — 1 = 24  
For a ,2 = 6.8, ko „ 2 = 163.2
(a ) For confidence level o f 90%, level o f significance, a, = 0.10 and 5/2 = 0.05 
Applying Equation (3.24), the true variance is bounded by the values of 163 2 /x i«  
and 163 2/xjM

ril®okmg up the appropriate values in the x2 distribution table for к = 24 gives 
3ti,s = 13.85 ; Xoos =  36.42 ; 1 6 3 .2 /x i„  -  11.8 ; 163.2/x|os = 4.5 
The true variance can therefore be expressed as 4.S < a1 < 11.8

^or confidence level o f 95%, level o f significance, i ,  = 0.05 and 1/2 = 0.025 
Г  Applying Equation (3.24), the true variance is bounded by the values of 163.2/ xi 

'* 3  2/ x iM5 ^  ' U M n

P jo k 'n g  up the appropnate values in the x2 distribution table fo r к = 24 givrs
t t y s  12.40; Xooij = 39.36 ; 163 2 /x i ,75 =  13.2 ; 163.2/xioj, “  4-1 

Г ? *  tru# variance can therefore be expressed as 4 1 < o J < 13 2 
H c jFo r confidence level o f 99%, levtl o f significance, a, = 0.01 and a/2 = 0.005 

Applying Equation (3.24), the true variance is bounded by the values of 146 7 'x i „ ,  
46 7/Xoo»s

king up the appropriate values in the x2 d istribution table for к = 24 gives

Т ?Г ,'П~ 9 M  1 * ° 005 = 45 56 : 163 2/1& = 16 5 ; 163 2/Xooos = 3 6
* vanance can therefore be expressed as 3 .6 < a 2 <  16.5
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3.6.10 Goodness of Fit to а Gaussian Distribution

All of the analysis of random deviations presented so Гаг only applies when data being analyzed 
belong to a Gaussian distribution. Hence, the degree to which a set of data fits a Gaussian 
distribution should always be tested before any analysis is carried out. This test can be carried 
out in one of three ways:
(a) Inspecting the shape of the histogram: The simplest way to test for Gaussiaa distribution 

of data is to plot a histogram and look for a “bell shape" of the form shown earlier
in Figure 3.6. Deciding whether the histogram confirms a Gaussian distribution is a 
matter of judgment. For a Gaussian distribution, there must always be approximate 
symmetry about the line through the center of the histogram, the highest point of the 
histogram must always coincide with this line of symmetry, and the histogram must 
get progressively smaller either side of this point. However, because the histogram 
can only be drawn with a finite set of measurements, some deviation from the perfect 
shape of histogram as described previously is to be expected even if data really are 
Gaussian.

(b) Using a normal probability plot: A normal probability plot involves dividing data 
values into a number of ranges and plotting the cumulative probability of summed 
data frequencie» against data values on special graph paper.* This line should be 
a straight line if the data distribution is Gaussian. However, careful judgment it 
required, as only a finite number of data values can he used and therefore the line 
drawn will not be entirely straight even if the distribution is Gaussian. Considerable 
experience it needed to judge whether the line is straight enough to indicate a 
Gaussian distribution. This will be easier to understand if data in measurement set 
С are used at aa example. Using the same five ranges is used to draw the histogram, 
the following table is first drawn:

401.1 SO 403.Su 405.1 M 407.5 to 409.5 to
Ranj* 403.S 405.5 407.1 409.5 411.S

Number of d«U items in 1 5 11 5 1
nnge

Cumulative number of data 1 6 17 22 23
itenai

Cumulative number of data 4 3 26.1 73» 95 7 1090
item» u %

The normal probability plot drawn from this table is showa in Figure 3.12. This is 
sufficiently straight to indicate that data in measurement set С are Gaussian.

Thu it available from fKctaiia ilaliaoery tupplwrv
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Figure 3.12 
Normal probability plot.

(e) The X3 ttsr. The x2 distribution provides a more formal method for testing whether data 
follow a Gaussian distribution. The principle of the xJ test is to divide data into p eqaal 
width bins and Ю count the number of measurements n, in each bin. using exactly the 
aame procedure as done to draw a histogram. The expccted number of measurements n, in 
each bin for a Gaussian distribution it also calculated. Before proceeding any farther, a 
check must he made at this stage to confirm that at least HO** of the bins have a data 
count greater than a minimum number for both n, and n,. We will apply a minimum 
number of four, although some statisticians use the smaller minimum of three and some 
uae a larger minimum of five. If this check reveals that too many bins have data counts less 

|Л«п the minimum number, it is necessary to reduce the number of bins by redefining 
p k lir w idths The test for at least of ihe bins exceeding the mmimum number then has 
jk|V* reappited. Once the data count in the bins is satisfactory, a x' value is calculated for 

data according to the following formula:

(Э.И1

then examines whether the calculated value of x: ■* greater than would 
This*!* Г* *** * 9 eusiian distribution according to some ipecified level of chance, 
for (hcnV4°  VCI ****»« off the expected value from the i 2 distribution table (Table 3.2) 

•P^ified confidence level and comparing this expected value with that calculated 
(3.23). This procedure will become clearer if we work through an eiample

a
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в Example 3.11
A sample of 100 pork pies produced in a bakery is taken, and the mass of each pie 
(grams) it measured. Apply the x2 test to examine whether the data set formed by the set 
of 100 mass measurements shown here conforms to a Gaussian distribution.
487 S04 501 S IS  491 496 482 S02 508494 505 501 48S 503 507 494 489 501 510 491 
503 492 483 501 S00 493 SOS 501 517 500 494 503 500 488 496 500 519 499 495 490 
503 500 497 492 510 506 497 499 489 506 502 484 495 498 5Й2 496 512 504 490 497
488 S03 512 497 480 509 496 513 499 502 487 499 505 493 498 508 492 498 486 511
499 504 495 500 484 513 509 497 505 510 516 499 495 507 498 514 506 500 508 494

_  ■

■ Solution

Applying the Sturgis rule, the recommended number of data bins p for N data points is 
given by

p = 1 + 3 3log,0N = 1 + (3.3)(2 0000) *  7.6.

This rounds to 8.

Mass measurements span the range from 480 to 519. Hence we will choose data bin 
widths of 5 grams, with bin boundaries set at 479.5, 484.5,489.S, 494.5, 499.S, 504.5,
509.5, S14.S and 519.5 (boundaries set so that there it no ambiguity about which 
bin any particular data value fits in). The next step involves counting the number of 
measurements in each bin. These are the n, values, i = 1, • ■ ■ 8, for Equation (3.25). 
Results of this counting are set out in the following table.

Bin numtwr (i) 1 2 3 4 5 < 7 8
Dau range 479.S 484.5 489.5 494.5 499 5 504.5 509.5 514.5

to to to to to to to to
484.5 489.5 494.5 499.5 504.5 509.5 514.5 519.5

Measurements 5 8 13 23 24 14 9 4
inrim*(r»j)

Because none of (he bins have a count lest than our itated minimum threshold of 
four, we can now proceed to calculate n, values. These are the expected numbers of 
measurements in each data bin for a Gaussian distribution. The suiting point for this 
calculation is knowing the mean value (ц) and standard deviation of the 100 mass 
measurements. These are calculated using Equations (3.4) and (3.10) ы  |l «  499.S3 and
о = 8.389. We now calculate the г values corresponding to the measurement values (x) at 
the upper end of each data bin using Equation (3.16) and then ute the error function 
table (T able 3.1) to calculate F(t). F [i) gives the proportion oft valuet that are < l, which
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give* the proportion o F T  measurements less than the corresponding * values. This then 
.и____ ..и .Ь п л л  of th e  # U M trttd  number o f measurement* n. I in »arh Нагл Kin T>i#w
calculations are shown in  the follow ing table.

■ « С Я Н * ) IW Expected number of

484 5 -1 .792 0.037 3.7
489 5 -1 .195 0.IM 7.9
494.5 -0 . «6 0 0 0.174 15.8
499. S -O .e 004 0 498 22.4
504.5 D . «.592 0723 22.5
509.5 1_  .188 0*83 1«.0
514.5 1- .784 0.M3 8.0
519.5 2_ ; . J 8 l 0.991 28

Ц)

In case there is any con-efusion about the calculation of numbers in the final column, let 
us consider rows 1 and S 2 . Row 1 shows that the proportion of data points less than 484.5 
is 0.037. Because there e are 100 data points in toul, the actual estimated number of 
data points less than 4S84.5 is 3.7. Row 2 shows that the proportion of dau points 
less than 489.5 is 0.1106, and hence the total estimated number of data points less 
than 489.5 is 11.6. This s total includes the 3.7 data points less than 484.5 calculated 
in the previous row. He «rice, the number of dau points in this bin between 484.S 
and 489.5 is 11.6 minu as 3.7, that it, 7.9.

We can now calculate ttxhc x 2 value for data using Equation (3.25). The steps of the 
calculation art shown ire n the following table.

Bin number (p ) n r
Hi ( n - m ) ( ч - и ’)*

( « - Г
К

3.7 1.3 1*9 044
7.9 0.1 0.01 000

15.8 -2.8 7.84 0.50
22.4 0.6 0.36 0.02
22.5 1.5 2.25 0.10
1(.0 -2.0 4.00 0.25
1.0 1.0 1.00 0.12
28 1.2 1.44 0.51

[•be value o fx 2 is now fo « 4 in d  by summing the values in the final colum n to give x] *  1 96.
^*e final step is to checr=Hc whether this value of X2 is greater than would be expected 
p r a Gaussian distribute on. This involves looking up x2 in Table 3.2. Before doing this, we 

v* to specify tbe num aber of degrees of freedom, k. In «his case, к is the number of 
s minus 2, because dasata art manipulated twice to obtain the и and о statistical values 

Uied in the calculation o o f  n,'. Hence, к = 8 - 2 = 6.

T*bl* i -2 shows tfiat, fcrx>r к *  6, x2 = '-64 for a 95% confidence level and x 2 *  2.20 
P**® 0 %  confidence lew-vel Hence, our calculated value for x 2 of 1.96 shows that the 

l*vel that das.ta follow a Gaussian distribution is between 90% and 95%.



We will now look ai a slightly different example where we meet the problem that our initial 
division of data into bins produces too many bins that do not contain the minimum number of 
data points necessary for the x2 test ю work reliably.

■ Example 3.12

Suppose that the production machinery used to produce t(ie pork pies featured in 
Example 3.11 ia modified to try and reduce the amount of variation in mast. The mass of 
a new sample of 100 pork piet it than measured. Apply the x*teit to examine whether the 
data tet formed by the tet of 100 new matt measurement» shown here conforms to a 
Gauttian distribution.
503 509 49S 500 504 491 496 499 501 489 507 501 486 497 500 493 499 505 501 495
499 515 505 492 499 502 507 500 498 507 494 499 506 501 493 498 505 499 496 512 
498 502 508 500 497 485 504 499 502 496 483 501 510 494 498 505 491 499 503 495 
502 481 498 503 508 497 511 490 S06 500 508 504 517 494 487 505 499 509 492 484
500 507 501 496 510 503 498 490 501 492 497 489 S02 495 491 500 513 499 494 498 

_  ■

■ Solution

The recommended number of data bint for 100 measurements according to the Sturgis 
rule is eight, as calculated in Example 3.11. Matt measurements in this new dau tet tpan 
the range from 481 to517. Hence, data bin widths of 5 grams are still suggested, with bin 
boundaries tet at 479.5, 484.5, 489.S, 494.5, 499.5, 504.5, 509.5, 514.5, and 519.5. 
The number of measurements in each bin is then counted, with the count* given in the 
following table:

Bin number (i) 1 
Data rang* 479.5 

to 
4*4.5 

Measurements 3 
in range (n j)

Looking at these counts, we see that there are two bins with a count lest than four. This 
amountt to 25% of the data bint. We have taid previously that not more than 204 of data 
bins can have a data count less than the threshold of four if the x2 test it to operate 
reliably. Hence, we mutt combine the bint and count the measurements again. The usual 
approach it to combine pairs of bint, which in thit cate reduces the number of bint from 
eight to four. The boundariet of the new tet of four bint are now 479.5, 489.5, 499.5,
509.5, and 519.5. New data ranges and counts are shown in the following table.

2 3 4 5 6 1 8
484 5 489.5 494,5 499. $ 504.5 509.5 514.5

to to to to to to to
489 5 494. S 499 5 504.5 509.5 514.5 519.5

s 14 29 26 16 5 2
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Bin number (i) 1 2  3 4
Data rang* 479.5 to 489.5 489 5 to 499 5 499.5 to 509.5 509.5 to 519.5 

Measurement» in в 43 42 7

Now, none of the bin* have a count leu than our stated minimum threshold of four and 
so we can proceed to calculate n( values as before. The mean value (ц) and standard 
deviation of the new mass measurements are ц = 499.39 and a  = 6.979. We now 
calculate the z values corresponding to the measurement values (x) at the upper end 
of each data bin, read off the corresponding fl(z) values from Table 3.1, and so calculate 
the expected number of measurements (n,) in each data bin:

* Z ( ^ )  Я * ) Expected number o f data in bm (l% )
489.5 -1.417 0.078 7 *
4995 -0.016 0 494 41.6
5095 1.449 0.926 43 2
519.5 2.882 0998 7.2

We now calculate the %2 value for data using Equation (3.25). The steps of the calcu­
lation are shown in the following table

Bin number (p ) " i (« - ? ')*
1 8 7.8 0.2 0.04 0 005
2 43 41.6 1.4 1.96 0 047
3 42 43.2 -1.2 1.44 0033
4 7 7.2 -0.2 0.04 0.006

value o f x2 is now found by summing the values in the final colum n to give 
X  — 0 091. The final step is to check whether this value o f x 2 '$ greater than would 

• « p e c te d  fo r a Gaussian distribution. This involves looking up i ‘ in Table 3.2. T h a 
bme. к = 2 , as there are four bins and к is the num ber o f bins m inus 2 (as explained m 

311. data were m anipulated twice to obtain the и *nd a statistical values used 
in the calculation o f ni).

™ * * . 2  shows lhat, fo r к = 2, = 0 10 for a 95%  confidence level Hence, our 
^ H M te d  value for x‘ o f 0.91 show» that the confidence level that datafo llow  a Gau»»un 
^ ^ b u t io n  is slightly better than 95% .

^ K * * * * r” t, if  the two bin counts less than four had been ignored and had been 
fo r the eight original data bins, a value o f x 2 = 2 97 would have been 

^ ■ ^ • “ •(•twould be a useful exercise for the reader to check this for him self/Kerself ) 
laboi '  0t (к  = 8  — 2), the predicted value o f x1 for a Gaussian popu-
^ E a ia « rn * 1 ■ ** ^ ** * **** confidence level. Thus the confidence that data fit a 

f  '* П di«ribu tio n  is substantially less than 90% given the y 1 value o f 2 97 calculated
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for dau. This result arises because of the unreliability associated with calculating I 1 from 
dau bin counts of less than four.

_  ■ 

3.6.17 Rogue Data Points (Data Outliers)

In a sel of measurements subject to random error, measurements with a very large error 
sometimes occur at random and unpredictable timet, where the magnitude of the error is 
much larger than could reasonably be attributed to the expected random variation* in 
measurement value. These are often called rogue data points or data outliers. Sources of such 
abnormal error include sudden transient voltage surges on the main power supply and 
incorrect recording of dau (e.g.. writing down 146.1 when the actual measured valae was 
164.1). It is accepted practice in tuch cates to discard these rogue measurements, and a 
threshold level of a i3 o  deviation it oftea used to determine what should be discarded. It it 
rare for measurement erron to exceed ± Jo  limits when only aormal random effects are 
affecting the measured value.

While the aforementioned represents a reasonable theoretical approach to identifying 
and eliminating rogue data points, the practical implementation of such a procedure needs 
to be done with care. The main practical difficulty that exists in dealing with rogue data 
points it in establishing what the expected standard deviation of the measurements it. 
When a new set of measurements is being taken where the expected standard deviation is 
not known, the possibility exists that a rogue data point exists within the measurements. 
Simply applying a computer program to the measurements to calculate the standard 
deviation will produce an erroneous result because the calculated value will be biased by 
the rogue data point. The simplest way to overcome this difficulty is to plot a histogram of 
any new set of measurements and examine this manually to spot any data outliers. If no 
outliers are apparent, the standard deviation can be calculated and then used in a ±3o 
threshold agaimt which to test all future measurements. However, if this initial data 
histogram shows up any outliers, these riiould be excluded from the calculation of the 
standard deviation.
It is interesting at this point to return to the problem of ensuring that there are no outliers in the 
set of dau used to calculate the standard deviation of data Mid heace the threshold for rejecting 
outliers. We have suggested that a histogram of some initial measurements be drawn and 
examined for outliers. What would happen if the set of dau given earlier in Example 3.13 
was the initial dau tel that was examined for outliers by drawing a histogram? What would 
happen if we did not spot the outlier of 4.39? This question can be answered by looking at the 
effect on the calculated value of standard deviation if this rogue dau point of 4.39 it lacluded 
in the calculation. The standard deviation calculated over the 19 values, excluding the 4.59
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nieni, ,4 0.052- The standard deviation calculated over the 20 valuet. including the 45» 
it 0X163 and the mean (lain value is changed to 4 42. This give» a 3o threshold of 

0.19 and the boundaries for the ± До threshold operation are now 4.23 and 4.61 This doe* am 
eebde the data value of 459, which we identified previously as a being a rogue data point' 
Thu confirms the necessity of looking carefully at the initial tet of data mad to calculau tie 
tfeesholds for rejection of the rogue data point to ensure that initial data do not contain a«> rog«e 
data point*. If drawing and examining a histogram do no* clearly show that there are no rogue dau 
point- in the “reference" set of dau. it is worth taking another set of measurement* ю see »he«bet 
a Efcrencc s e t of dau can be obtained that is more clearly free of rogue dau poinu.

■ Example 3.13
A  s e t  of m e a s u re m e n ts  is made with a new pressure transducer. Inspection of a histogram 

I   ̂of the firtt 20 measurements does not show any data outliers. The sUndard deviation
I  of the m e a s u re m e n ts  it calculated as 0.05 bar after this check for data outliers, and 
I i  the mean value it calculated as 4.41. Following thit, the following further set of
| Г measurements it obtained:

I  4.35 4.4« 4.39 4.34 4 41 4 52 4 44 4 3 7 4 41 4 33 4 39 4.47 4 42 4 59 4 45 4 3* 4 43 4 36 4 4* 4 45

I I Use the ±3o threshold to determine whether there are any rogue data points m the 
|[measurement set.

■
W Solution

«Because the calculated a value for a set of “ good” measurements is given as 0.05, the 
k±3o threshold is ±0.15. W ith a mean data value of 4.41, the threshold for rogue data 
j i  points is values below 4.26 (mean value minus 3o) or above 4.56 (mean value plue 3o). 
Booking M the set of measurements, we observe that the measurement of 4.59 is outside 
^Bbc ±3o threshold, indicating that thit it a rogue d au  point.

■
3 6 и  Student t Distribution

number of measurements of a quantity is particularly small (leu than «boat V) 
®*P|**) and statistical analysis of the distribution of errot values is required, the possible 

of the mean of measurement* from the true measurement value (the mean of the 
^•"•population that the sample is part of) may be significantly greater than is suggested by 
dev и*****'1 on a : distribution. In resptmse to thit. a statistician called William Go*aet 
|4oped *** •••emati ve distribution function that gives a more accurate prediction of the error
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distribution when the number of samples is small. He published this under the pseudonym 
“Student" and the distribution is commonly called student I distribution. It should be noted that I 
distribution has the same requirement as the : distribution in terms of the necessity for data to 
belong lo a Gaussian distribution.
The student t variable expresses the difference between the mean of a small sample (in n ) and 
the population mean (ц) in terms of ihe following ratio:

Because we do not know the exact value of o, we have lo use the best approximation to о that 
we have, which is the standard deviation of the sample, a,. Substituting this value for о in
Equation (3.26) gives

Note that the modulus operation (I —I) on the error in the mean in Equations (3.26) and (3.27) 
means that t is always positive.

The shape of the probability distribution curve F(t) of the t variable varies according to the 
value of the number of degrees of freedom, к (■ N - 1). with typical curves being shown in 
Figure 3.13. Ask-»oo. F(t) — F(z). that it, the distributioa becomes a standardOaussian 
one. For values of к < ос, the curve of F it) (gainst t it both aarrower and less high ia Ihe center 
than a standard Gaussian curve, but has the same properties of symmetry about t «  0 and a 
total area under the curve of unity.

In a similar way to z distribution, the probability that t will lie between two values t, tnd t2 is 
given by the area under the F (t) curve between t, and t2. The t distribution is published in the 
form of a standard table (see Table 3.3) that gives values of the area under the curve a for 
various values of k. where

The area a it shown in Figure 3.14, a corresponds to the probability that t will have a value 
greater than t j to some specified confidence level. Because the total area under the F it) curve is 
unity, there is also a probability of (I - a) that t will have a value less than 1э. Thus, for a value 
9=0.05, there is a 95% probability (i.e„ a 95% confidence level) that t < t}.

[error in mean|_______ frt- x ^ l (3.26)
standard error of the mean a/y/t*

00

(3.28)
ti
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F(t)

Figure 3 .1 4

Meaning of area a for (-distribution curve.

Because of the symmetry of t distribution, a is also given by
-ъ

««= J  F(l)dt (3.29)
—00

as shown in Figure 3.15. Here, a corresponds to the probability that r will have 
a value leas than —I), with a probability of ( I - a) that t will have a value greater 
than -tj.

Equations (3.28) and <3.29) can be combined to express the probability (I -a ) that I lies 
between two values -t» and +t,. In this c«se, a is the sura of two areas of a/2 as shown in 
Figure 3.16. These two areas can be represented mathematically as

~li 00 
^ = J f(«)<H (left-hand area) and |  =  Jf (i)<I* (right-hand area).

—oe U

F(t>

Ffcur*3.1S
Alternative inurpreubon o f area a for t-d iscnb iX ion  curve.
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F(t)

Figure 3.16
Area between -e/2 and +a/2 on (distribution curve

The values of Ц can be found in any l distribution lable, such at Table 3.3.
Referring back to Equation (3.27), (hit can be expressed in the form:

Hence, upper and lower bounds on the expected value of the population mean ц (the true valae 
of x) can he expressed as

*4°» < .. _  , <• , Uo«

W *--- (3»»
Out of interest, let us examine what wouJd have happened if we htd calculated the errot bounds 

И uting standard Gaussian C-distribution) tables. For 95% confidence, the maximum 
«— >1» given aa ±l.96o/>/N, that it. *0.96, which rounds to ± 1.0 mm. meaning the mean 
mternal diameter it given as 105.4 ± 1 .0 mm. The effect of using / distribution instead of 

clearly expands the magnitude of the likely error in the mean value to compensate 
net that our calculations are based on a relatively small number of measurement*

J Example 3,14

diameter of a sample of hollow castings is measured by destructive testing ol 1 S 
I ^ »й ^ < **1*ПГ*П<,ОГП|у,ГОтЛ |ЛГК'  batch of castings It the sample mean is 105 t mmwitba

^ ^ ^ p ra d e v ia b o n  of 1 9 mm, express the upper and lower bounds to a confidence level Ы  
the range in which the mean value lies for internal diameter of the whole batch.
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Щ Solution

For IS  samples (N = 15), the number of degrees of freedom (k) = 14.
For a confidence level of 95%, 3 = 1- 0.95 = 0.05. Looking up the value oft in Table 3.3 
for к = 14 and at/2 = 0.025 givw I = 2.145. Thus, applying Equation (3.30):

105 4 ■ “  - 105 4 
that is, 104.3 < Ц < 106.5.
Thus, we would express the mean internal diameter of the whole batch of castings as
105.4 ± 1.1 mm.

3.7 Aggregation o f Measurement System Errors

Errors in measurement systems often arise from two or more different sources, and these 
must be aggregated in the coned way in older to obtain a prediction of the total likely error in 
output leadings from the measurement system. Two different forms of aggregation are 
required: ( I)  a single measurement component may have both systematic and random errors 
and (2) a measurement system may consist of several measurement components that each 
have separate errors.

3.7.1 Combined Effect of Systematic and Random Enron

If a measurement is affected by both systematic and random errors that are quantified as 
±x (systematic errors) and ±y (random errors), some means of expressing the combined 
effect of both types of errors is needed. One way of expressing the combined error would 
be to sum the two separate components of error, that ii, to say that the total possible error 
is e = ±(jt + y). However, a more usual course of action is to express the likely maximum 
error as

# - V (? + 7 ). (3.31)
It can be shown (ANSI/ASME. 1985) that this is the best expresaion for the error statistically, as 
it takes into account the reasonable assumption that the systematic and random error* are 
independent and so it is unlikely that both will be at their maximum or minimum value 
simultaneously.



A  measurement system often consists of several separate component», each of which is subject 
wrors Therefore, what remains to be investigated is bow errors associated with each

л г _____system component combine together so that a total error calculation can be
for (he complete measurement system. All four mathematical operations of addition. 

нЫгасиоп. multiplication, and diviaion may be performed on measurements derived from 
different instrumentsAransducers in a measurement system. Appropriate techniques for the 
various situations thtf arise are covered later

Error in *  sum
If the two outputs у and z of separate measurement system components are to be added 
together we can write the sum a* S ■ у + z. If the maximum errors in у and : are ±<jy and 
±hz, respectively, we can express the maximum and minimum possible values of 5 as

Sm.. = {y + ay) + U + bz) ; S™, - O' ~ ay) + (г - bz) ; or S = у + z ± (ay + be).
This relationship for S is not convenient because in this form the error term cannot be 
expressed as a fraction or percentage of the calculated value for S. Fortunately, statistical 
analysis can be applied (see Topping. 1962) that expresses S in an alternative form such that the 
most probable maximum error in S is represented by a quantity r. where r is calculated in terms 
of the absolute erron as

3 7  2 Asgr*stti0"  ° f £rrors from S*Parate Measurement System Components

where/* eHy + z).

|**W lJd be noted that Equations (3.32) and 3.33i are only valid provided that the 
^^^Pj>*fUs are uncorrelated (i.e.. each measurement is entirely independent of

f  ben,p|e 3.15

I '•quirem ent for a resistance of SSO fi is satisfied by connecting together rwo
<of nom inal values 220 and 330 fi in series If each resistor has a tolerance of 
error in the sum calculatcd according to E quations (3.32) and (3.33) is given by

(3.32)

Thus S = (у + г) ± e. This can be expressed in the alternative form:

S - fc  + r)(l± / ). (3.33)
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t = y/(0.02 x 220)J + (0 02 x 330)2 = 7.93 ; f  = 7.93/50 = 0.0144

Thus the total resistance S can be expressed as S = 550 П ± 7.93 О or 
5 = 550 (1 ± 0.0144) П, that is, S = 550 П ± 1.4%

_  ■ 

Error in • difftrtnct
If the two outputs у and : of separate meaturement systems Are to be subtracted from one 
another, and the possible errors are ± ay and ±hz, then the difference S can be expressed (using 
statistical analysis as for calculating the error in a sum and assuming that the measurements are 
uncorrelated) as

S = (y- z )± *  or S = (y - tX I ±f).
where e is calculated as in Equation (3.32) and/ = eky - x).
This example illustrates very poignantly the relatively large error that can arise when 
calculations are mad* based on the difference between two measurements.

■ Example 3.16

A fluid flow rate is calculated from the difference in pressure measured on both sides of an 
orifice plate. If the pressure measurements are 10.0 and 9.5 bar and the error in the pressure 
measuring instruments is specified as ±0.1%, then values for r and fcan be calculated as

* = y/(0 001 x 10)J + (0.001 x 9.5)J = 0.0138 ; f  =* 0.0138/0.5 = 0.0276 
_  ■ 

Error in о product
If outputs v and z of two measurement system components are multiplied together, the product 
can be written as P = yz. If the possible error in у it ±ay and in z it ± hz. then the maximum and 
minimum values possible in P can be written as

Ртю =‘ (y + ey)(* + bz)=yz + oyz + byz + ayhz \ P*m = (y - ey)(* ~ hz)
*= yz- «yz - byz + ayhz.

For typical measurement system components with output error* of up to I or 2% in magnitude, 
both a and b are very much lets than one in magnitude and thus terms in aybz are negligible 
compared with other terms. Therefore, we have /’m„= y r(l +a+b) ; /**•«= уriI -a-b). 
Thus the maximum error in product P  it ±(e + b). While this expresses the maximum possible 
error in P. it tends to overestimate the likely maximum error, at it it very unlikely that the



Measurement Uncertainty 91

la v »nd : will bo*h be *i ihe max imuiti or minimum vtlue at the same lime А «сапука»> 
" T ! iIlim ,ie of (he likely maximum error r in product P. provided lhai the mea-urcmenis «г
___ F  I* g'ven ЬУ Topp,ng (l962):

r  = Va2 + b?. (3.34)

No«e that in the cate of multiplicative errors, e is calculated in terms offractional error* in v aid
• (at opposed 10 absolute error value* used in calculating additive errors).

Example 3.17
If the power in a circuit is calculated from measurements of voltage and current in 
which the calculated maximum errors are, respectively, ± 1 and ± 2%, then the maximum 

error in the calculated power value, calculated using Equation (3 34) it
Toi1 + 0.021*  ±0 022 or ±2.2%.

■
Error m 0 quotient

If the output measurement у of one system component with possible error ± ty  is divided by the 
output measurement z of another system component with ро&мЫе error ± hi. then the maximam 
and minimum possible values for the quotient can be written at

n  = У + аУ _  (у + ay)(z + bz) _  yz + ayz + by: + aybz 
Vnu z-bz (z - hz){z + bz) z} - fcV :

Q _ У ~ ° y  _  Су — <fy)(z — fcr) _  yz -  ayz -  byz + aybz 
z + bz (z + bz)(z-bz) zi -  b>z* '

I »nd A «  1. terms in ah and b2 are negligible compared with the other terms.
e „ .  . . 2 ( Ц - 6 ) . k Q _ I ±I (>+b)

maximum error in the quotient is ±(a + b). However, using the чате argument 
19621 rfrtU T  fW lhC producl of ™ *kure«ni>. a statistically belter estimate (see Iuppity, 
mv ̂ T i ' 1 * m*ximum crror in lhe quotient Q. provided that the measurements arc

1* that given ia Equation (3.34).

T 3.18

of a substance is calculated from measurements of its mass and volume 
trrori are i  2 and ± 3%, then the maximum likely error in the density

Equation (3.34) it ±v^0.025 + 0.0032 = ±0 036 or ±3.6%.
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3.7.3 ToUl Error When Combining Multiple Measurements

The final ease to be covered is where the final measurement i« calculated from sever»! 
measurements that aie combined together in a way that involve! more than one type of 
arithmetic operation. For example, the density of a rectangular-sided solid block of material can 
be calculated from measurements of iu mass divided by the product of measurements of its 
length, height, and width. Because emm involved in each stage of arithmetic are cumulative, 
the total measurement error can be calculated by adding together the two error values aatociated 
with the two multiplication stages involved in calculating the volume and then calculating the 
error in the final arithmetic operation when the mass it divided by the volume.

■ Example 3.19

A rectangular-sided block has edges of lengths в, b, and c, and its mass is m. If the values 
and possible errors in quantities a, b, e, and m are as shown, calculate the value of density 
and the possible error in this value.

e = 100 mm ± 1%, b = 200 mm ± 1%, с = 300 mm ± 1%, m = 20 kg ± 0.5%

■ Solution

Value of eb = 0.02 m2 ± 2% [possible error = 1% + 1% = 2%)
Value of (eb)c = 0.006 ms ±3% [possible error =2% + 1% = 3%]
Value of -£ = = 3330 kg/m’ ±3.5% (possible error =3% + 0.5% = 5.5%) нос O.OOo щ

3.8 Summary

This chapter introduced the subject of measurement uncertainty, and the length of the chapter gives 
testimony to the great importance attached to this subject. Measurement errors are a bet of life and. 
although we can do much to reduce the magnitude of errors, we can never reduce error» entirely 
to zero. We started the chapter off by noting that measurement uncertainty comes in two distinct 
forms, known respectively as systematic error and random error. We learned that the nature 
of systematic errors was such that the effect on a measurement reading was to make 11 either 
consistently greater than or consistently leas than the true value of the measured quantity. Random 
errors, however, are entirely random in n at ire. such that succwaive measurements of a constant 
quantity are randomly both greater than and less than the true value of the measured quantity.

In our subsequent study of systematic meaturement errors, we first examined all the soarces of 
this kind of error. Following this, we looked at all the techniques available for reducing the
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'lude of lyttemttic error* arising from the various error sources identified. Finally. we 
wey» of quantifying the remaining systemic measurement error after all reasonable 

S I  Of reducing error magnitude had been applied.
study of random measurement errors also started off by studying typ ical sources of these. 

W  observed thai the nature of random errors means that we can get close lo  the correct value of 
^measured quanuty by averaging over a number of measurements, although we noted that 

could never actudly get to the coned value unless we achieved the impossible task of 
taving an infinite nureber of measurements to average over. We found that how close we get to 
the correct value depends on how many measurement» we average over and how widely 

measurements are spread. We then examined the two alternative w « ys of calculating aa 
average in tent* of tbe mean and median value of a set of measurements. Following this, we 
looked at ways of expressing the spread of measurement» about the meaui/median value. Tim  
led to the formal tmuhematical quantification of spread in term» of standard deviation and 
variance. We then rttrted to look at graphical way* of cxpresaing the apread. Initially. we 
considered reprvtenudons of spread at a histogram and then went cm to «how how hitfograms 
expand into frequency distributions in the form of a smooth curve. We found that truly randem 
data are described by a particular form of frequency distribution known as Gaussian (or 
normal). We introduced the г variable and »w  how this caa be used to estim ate the number of 
Measurements m a set of measurements that have an error magnitude between two specified 
values. Following thi*. we looked at the implications of the fact that we can only ever have a 
finite number of measurements. We saw that a variable called the standard error of tbe m m  
could be calculated thai estimates the difference between the mean valu e  of a finite set of 
Measurements and the true value of the measured quantity (the mean o f  an infinite data 
M ). We went on to look at how this was useful in estimating the lik e ly  error in a single 
measurement subject to random error» in Ike situation where it is not po&sible to average over 
a number of measurements. As an aside, we then went on to look at how  the : variable 
was useful in analy / mg tolerances of manufactured components subject to random variations 
in t  parallel way to the analysis of measurements subject to random variations. Followiag 
this, we went on to look at x' distribution. This can be used to quantify the variation in the 
«■tance of a finite set of measuremeats with respect lo the variance of th e  infinite set that the 
finite set is pan of. Up until this point in the chapter, all analysis of random errors assumed 
*b»t the measurement set lined a Gaussian distribution. However, thia assumption must 
*®**У4 be justified bv applying goodness of fit tens, ю  these were explained in the following 
section. where » e u *  that a x2 lest >s the most rigorous test available fo r goodness of fit. A 
Particular problem that can affect the analysis of random errors adversely is the pretence of 
rogue data points (data outliers) in measirement data. These were conaidered. and the 
•■■ditions under which they can justifiably be excluded from the analyzed data sel were 
•■Pjwed. Finally, we saw that yet another problem that can affect the analysis of random 
enors is where the measurement set only has a small number of values. In this caa*,
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calculations based oo : distribution are inaccurate, and we explored the use of a better 
distribution called I distribution.
The chapter ended with looking at how the effects of different measurement errors are aggregated 
together to predict the total error in a me as lament system. This process was considered in two 
parts. First, we looked at how systematic and random error magnitudes can be combined together in 
an optimal way that best predicts the likely total error in a particular measurement Second, we 
looked at situations where two or more measurements of different quantities are combined together 
to give a composite measurement value and looked at the best way of dealing with each of the four 
arithmetic operations that can be carried out on different measurement components.

3.9 Problems
3.1. Explain the difference between systematic and random errors. What are the typical 

sources of these two types of errors?
3.2. In what ways can the act of measurement cause a disturbance in the system being 

measured?
3.3. In the circuit shown in Figure 3.17. the resistor values are given by R ' *  1000 A ; 

R; = 1000ft; V »  20 volt».The voltage across AB (i.e.. across R}) is measured by a 
voltmeter whose internal resistance is given by R „ — 9500 ft.

(a) What will be the reading on the voltmeter?
(b) What would the voltage across AB be if the voltmeter was not loading the circuit 

(te.. If Rm = infinity)?
(c) What is the measurement error due to the loading effect of the voltmeter?

3.4. Suppose that the components in the circuit shown in Figure 3.1a have the following 
values:

R\ = 330ft; R2 = 1000ft Я, = 1200ft; K4 = 220ПЛ5 = 270 0.

If the instrument measuring the output voltage acrou AB has a resistance of 5000 ft, 
what is the measurement error caused by the loading effect of this instrument?

D.C.
Voltage 
aoyraa

Figure 3.17
C ircu it fo r Problem  3.3.
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3 5 , (a) Explain what is meant by ihe term "modifying iî xits."
(b) Explain briefly what measures can be taken to reduce or eliminate the effect 

of modifying inputs.
3.6. Instruments are normally calibrated and their characteristics defined for particular 

standard ambient conditions. What procedures are normally taken to avoid meaaurmem 
errors when using instruments subjected to changing ambient conditions?

3 .7 . The voltage «cross a resistance R, in the circuit of Figure 3.18 is to be measured by a 
voltmeter connected across it.
(a) If the voltmeter has an internal resistance (« „) of 4750 ft, what is the measurement 

error?
(b) What value would the voltmeter internal resistance need to be in order to reduce 

the measurement error to l% ?
3.8. In the circuit shown in Figure 3.19, the current flowing between A and В is measured 

by an ammeter whose internal resistance is 100 ft. What is the measurement error 
caused by the resistance of the measuring instrument?

20011 250(2

Figure 3.18
Circuit for Problem 3.7.

AmmUr

Figure 3.19
O rcuic fo r Problem  3.8.
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3.9. What steps can be taken to reduce the effect of environmental inpuli in meaturement 
systems?

3.10. (a) Explain why a voltmeter never reads exactly the correct value when it it applied to
an electrical circuit to measure the voltage between two points.

(b) For the circuit shown in Figure 3.17, show that the voltage E „ measured across 
points AB by the voltmeter it related to the true voltage £„ by the following 
expression:

Em R .(R |+ R 2 ) ■
Eo *  Rt(Rj + R«) + RjR*

(c) If the parameters in Figure 3.17 have the following values, R,= 9000; R. = 500 
П; Rm = 4750 Q. calculate the percentage error in the voltage value measured 
across points AB by the voltmeter.

3.11. The output of a potentiometer Is measured by a voltmeter having resistance Rm. as 
shown in Figure 3.20. R, is the residence of the total length X, of the potentiometer, and 
R, is the resistance between the wiper and common point С for a general wiper position 
X,. Show thtf the measurement error due to the resistance, Rm. of the measuring 
instrument is given by

Error - r

Hence show that the maximum error occurs when X, is approximately equal to 2X/V 
(Hint: differentiate the error expression with respect to R, and set to 0. Note that 
maximum error does not occur exactly at X, »  2X/S. but this value is very close to the 
position where the maximum error occurs.)

3.12. In a survey of 15 owners of a certain model of car. the following values for average fuel 
consumption were reported:

25.5 30.3 31.1 29.6 32.4 39.4 28.9 30.0 33.3 31.4 29 5 30.5 31.7 33.0 29.2

Calculate mean value, median value, and standard deviation of the data set.

F igure  3.20
Circuit for Problem 3.11.
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-Ж1Э The following 10 measurements of the freezing point o f aluminum were made using a 
platinum/rhodium thermocouple:

658.2 659.8 661.7 662.1 659.3 660.5 657.9 662.4 659.6 662.2

Find (a) median, (b) mean, (c) standard deviation, and <d> variance of the measurements. 
3 14. The following 25 measurements were taken of the thickness of steel emerging from a 

rolling mill:
3.97 3.99 4.04 4.00 3.98 4 03 4.00 3.98 3.99 3.96 4.02 3.99 4.01 

3.97 4.02 3.99 3.95 4.03 4.01 4.05 3.98 4.00 4.04 3.98 4.02

Find (a) median, (b) mean, (c) standard deviation, and (d) variance of the measurements.
3.15. The following 10 measurements were made of output voltage from a high-gain 

amplifier contaminated due to noise fluctuations:

1.53. 1.57. 1.54. 1.54 .1.50. 1.51. 1.55. 1.54, 1.56. 1.53

Determine the mean value and standard deviation Hence, estimate the accuracy to 
which the mean value is determined from these 10 measurements If 1000 measurements 
were taken, instead of 10. but a  remained the same, by how much would the accuracy 
of the calculated mean value be improved?

3.16. The following measurements were taken with an analogue meter of current flow ing in 
a circuit (the circuit was in steady Mate and therefore, although measurements varied 
due to random errors, the current flowing was actually constant):

21.5. 22.1, 21.3, 21.7. 22.0. 22.2. 21.8, 21.4. 21.9. 22.1 mA

>' Calculate mean value, deviations from the mean, and standard deviation.
Using the measurement data given in Problem 3.14, draw a histogram of errors (use 

, error hands 0.03 units wide, i.e., the center band w ill be from -0.015 to +0.015). 
3.11. (a) What do you understand by the term probability density j unction?

(b) Write down an expression for a Gaussian probability density function of given 
mean value ц and standard deviation a  and show how you would obtain the 
best estimates of these two quantities from a sample of population n. 

Measurements in a data set arc subject to random errors, but it is know n that the data set 
B fits  » Gaussian distribution. Use standard Gaussian tables to determine the percentage 

H o f  measurements that lie w ithin the boundaries of ± 1 .5a . w here a  is the standard 
j j *  v (*evu,lon of the measurements.

R * * * * Uremen,sm a data set are subject to random errors, but it is known that the data set 
» Gaussian distribution. Use error function tables to determine the value of v 

■ *4“ ired such that 95% of the measurements lie within the boundaries of t  ra, where a  
I  standard deviation of the measurements.



3.21. By applying error function tables for mean and standard deviation values calculated in 
Problem 3.14, estimate
(a) How many measurements are <4.00?
(b) How many measurements are < 3.95?
(c) How many measurements are between 3.98 and 4.02?
Check your answers against real data.

3.22. The resolution of the instrument referred to in Problem 3.14 is clearly 0.01.
Because of the way in which error tables are presented, estimations of the 
number of measurements in a particular error band are likely to be closer to the 
real number if boundaries of the error band are chosen to be between measurement 
values. In part с of Problem 3.21. values > 3.98 are subtracted from values >4.02. thus 
excluding measurements equal to 3.98. Test this hypothesis out by estimating:
(a) How many measurements are <3.995?
(b) How many measurements are < 3.955?
(c) How many measurements are between 3.975 and 4.025?
Check your answers against real data.

3.23. Measurements in a dau set are subject to random errors, but it is known that the data set 
fits a Gaussian distribution. Use error function tables to determine the percentage of 
measurements that lie within the boundaries of ±2o. where a is the standard deviation 
of the measurements.

3.24. A silicon-integrated circuit chip contains 5000 ostensibly identical transistors. 
Measurements are made of the current gain of each transistor. Measurements have a 
mean of 20.0 and a standard deviation of 1.5. The probability distribution of the 
measurements is Gaussian.
(a) Write down an expression for the number of transistors on the chip that have a 

current gain between 19.5 and 20.5.
(b) Show that this number of transistors with a current gain between 19.5 and 20.5 is 

approximately 1300.
(c) Calculate the number of transistors that have a current gain of 17 or more (this 

is the minimum current gain necessary for a transistor to be able to drive the 
succeeding stage of the circuit in which the chip is used).

3.25. In a particular manufacturing process, bricks are produced in batches of 10.000. 
Because of random variations in the manufacturing process, random errors occur in 
the target length of the bricks produced. If the bricks have a mean length of 200 mm 
with a standard deviation of 20 mm. show how the error function tables supplied can be 
used to calculate the following:
(a) number of bricks with a length between 198 and 202 mm.
(b) number of bricks with a length greater than 170 mm.

3.26. The temperature-controlled environment in a hospital intensive care unit is monitored 
by an intelligent instrument that measures temperature every minute and calculak"-

98 Chapter 3
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ihe mean and standard deviation of the measurements. If  the mean is 75°C and the 
standard deviation is 2.15,
(a) What percentage of the time is the temperature less than 70°C?
(b) What percentage of the time is the temperature between 73 and 77°C?

* 27 Calculate the standard error of the mean for measurements given in Problem 3.13. 
Hence, express the melting point of aluminum together with the possible error in the 
value expressed.

3 28. The thickness of a set of gaskets varies because of random manufacturing disturbances, 
but thickness values measured belong to a Gaussian distribution If  the mean thickness 
is 3 mm and the standard deviation is 0.25. calculate the percentage of gaskets that 
have a thickness greater than 2.5 mm.

3.29. If the measured variance of 25 samples of bread cakes taken from a large batch is 
4.85 grams, calculate the true variance of the mass for a w hole batc h of bread cakes to a 
95% significance level.

3.30 Calculate true standard deviation of the diameter of a large batch of tires to a
confidence level of 99**- if the measured standard deviation in the diameter for a 
sample of 30 tires is 0.63 cm.

3.31. One hundred fifty measurements are taken of the thickness of a coil of rolled steel 
sheet measured at approximately equidistant points along the center line of its length 
Measurements have a mean value of 11.291 mm and a standard deviation of 0.263 mm. 
The smallest and largest measurements in the sample are 10.73 and 11.89 mm.

, Measurements are divided into eight data bins with boundaries at 10.695. 10.845.
I 10.995. 11.145. 11.295. 11.445. 11.595, 11.745. and 11 K95. The first bin. containing 
b measurements between 10.695 and 10.845. has eight measurements in it. and the count 

of measurements in the following successive bins is 12. 21. 34. 31. 25. 14. and 5. Apply 
the x2 test to see whether the measurements fit a Gaussian distribution to a 95%

В  confidence level.
У Л . The temperature in a furnace is regulated by a control system that aims to keep the

► temperature close to 800 С . The temperature is measured every minute over a 2 hour 
penod, during which time ihe minimum and maximum temperatures measured arc 7X2 
■nd 8|9°C. Analysis of the 120 measurements show s a mean value of 800.3 С and a 

^Standard deviation of 7.58 C. Measurements are divided into eight data bins of 5 С 
C Width with boundaries at 780.5. 785.5. 790.5, 795.5, 800.5. 805.5. 810.5. К15 5. and 
■20-5. The measurement count in bin one from 780.5 to 7X5.5 С was 3, and the count 

"> the other successive bins was 8, 21. 30. 28. 19. 9. and 2. Apply Ihe Г  test to see 
•jjteiher the measurements tit a Gaussian distribution to (a) a 90% confidence level and 
^№)a95% confidence level (think carefully abotii whelher the tesi will be reliable lor 

measurement counts observed and whether there needs to be any changc in the 
Prober of data bins used for the test).

J



3.33. The volume contained in each sample of 10 bottles of expensive perfume is measured 
If the mean volume of the sample measurements is 100.5 ml with a standard deviation 
of 0.64 ml. calculate the upper and lower bounds to a confidence level of 95% of 
the mean value of the whole batch of perfume from which the 10 samples were 
taken.

3.34. A 3-volt d.c. power source required for a circuit is obtained by connecting together 
two 1.5-volt batteries in series. If the error in the voltage output of each battery is 
specified as ± 1%. calculate the likely maximum ê ror in the 3-volt power source that 
they make up.

3.35. A temperature measurement system consists of a thermocouple whose amplified 
output is measured by a voltmeter. The output relationship for the thermocouple 
is approximately linear over the temperature range of interest. The e.m.f/temp 
relationship of the thermocouple has a possible error of ± 1%. the amplifier gain 
value has a possible error of ±0.5%, and the voltmeter has a possible error of ±2%. 
What is the possible error in the measured temperature?

3.36. A pressure measurement system consists of a monolithic piezoresistive pressure 
transducer and a bridge circuit lo measure the resistance change of the transducer. The 
resistance (R) of the transducer is related to pressure (Я) according to R = K\ P  and the 
output of the bridge circuit (VO is related to resistance (Я) by V' = Кг R. Thus, the output 
voltage is related to pressure according to V = K\ K2 P- If the maximum error in К , is 
±2%, the maximum error in Кг is ±1.5%, and Ihe voltmeter itself has a maximum 
measurement error of ± 1%. what is the likely maximum error in the pressure 
measurement?

3.37. A requirement for a resistance of 1220 fl in a circuit is satisfied by connecting togethei 
resistances of 1000 and 220 fl in series. If each resistance has a tolerance of ± 5%, whai 
is the likely tolerance in the total resistance?

3.38. In order to calculate the heat loss through the wall of a building, it is necessary to know 
the temperature difference between inside and outside walls. Temperatures of 5 ami 
20°C are measured on each side of the wall by mercury-in-glass thermometers with a 
range of 0 to +50°C and a quoted inaccuracy of ± 1% of full-scale reading.
(a) Calculate the likely maximum possible error in the calculated value for the 

temperature difference.
(b) Discuss briefly how using measuring instruments with a different measuremcni 

range may improve measurement accuracy.
3.39. A fluid flow rate is calculated from the difference in pressure measured across a 

venturi. Row rate is given by F  = K{pj — p,), where p\ and pj are the pressures either 
side of the venturi and AT is a constant. The two pressure measurements are 15.2 anil 
14.7 bar.
(a) Calculate the possible error in flow measurement if pressure-measuring instruments 

have a quoted error Of ±0.2% of their reading.
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(b) Discuss briefly why using a differential pressure sensor rather than two separate 
pressure sensors would improve measurement accuracy.

3 40 Tbe power dissipated in a car headlight is calculated by measuring the d.c. voltage drop 
across it and the current flowing through it (P  = V  x I). If  possible errors in the 
measured voltage and current values are ± I and ± 2% . respectively, calculate the 
likely maximum possible error in the power value deduced.

3.41. The resistance of a carbon resistor is measured by applying a d.c. voltage across it and 
measuring the current flowing (Л = V II). If  the voltage and current values are measured as 
10±0.1 V and 2I4±5 mA, respectively, express the value of the carbon resistor.

3.42. The specific energy of a substance is calculated by measuring the energy content
of acubic meter volume of the substance. If the errors in energy measurement and volume 
measurement are ± 1 and ± 2% . respectively, what is the possible error in the calculated 
value of specific energy (specific energy = energy per unit volume of material)?

3.43. In a particular measurement system, quantity x is calculated by subtracting a 
measurement of a quantity z from a measurement of a quantity v, that is. x = v -  z. 
If  the possible measurement errors in у and г are ± ay  and ±hz. respectively, show 
that the value of дг can be expressed as jr = у - г ± (a y  - bz).
(a) What is inconvenient about this expression for x, and what is the basis for the 

following expression for x that is used more commonly?

x = (у -  r) ± e,

where e -  \ j{a y ?  +  (Ь г )г.
(b) In a different measurement system, quantity p is calculated by multiplying 

together measurements of two quantities q and r  such that p = qr. If  the possible 
measurement errors in q and r are ± aq  and ± br, respectively, show that the 
value of p  can be expressed as p = (q r){ 1 ±[a + />]). The volume flow rale
of a liquid in a pipe (the volume flowing in unit time) is measured by allowing the 
end of the pipe to discharge into a vertical-sided tank w ith a rectangular base (see 
Figure 3.21). The depth of the liquid in the tank is measured at the start as/i, meters 
and I minute later it is measured as Л2 meters. If  the length and w idth of the tank are 
/and »■ meters, respectively, write down an expression for the volume flow rate of 
the liquid in cubic meters per minute Calculate ihe volume flow rale of Ihe liquid if 
the measured parameters have the following values:

Л| = 0.8 m ; h i = 1.3 m : I  = 4.2 m ; h1 = 2.9 m

If  the possible errors in the measurements of h ,.h 2.1, and » are I. 1 , 0.5. and 0.5%. 
respectively, calculate the possible error in the calculated value of the flow rale. 

3.44 t i. .
ne density of a material is calculated by measuring Ihe mass of a rectangular-sided 

I  °c k  of the material whose edges have lengths of a. b. and; What is the possible error
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Figure 3.21 
Diagram for Problem 3.44

in the calculated density if the possible error in mass measurement is ± 1.0% and 
possible errors in length measurement are ±0.5%?

3.45. The density (</) of a liquid is calculated by measuring its depth (c) in a calibrated 
rectangular tank and then emptying it into a mass-measuring system. The length and 
width of the tank are (a) and (/>), respectively, and thus the density is given by

d — m/(a x b x c),
where m is ihe measured mass of the liquid emptied out. If the possible errors in the 
measurements of a. b, c, and m are 1, 1,2, and 0.5%, respectively, determine the likely 
maximum possible error in the calculated value of the density (</).

3.46. The volume flow rate of a liquid is calculated by allowing the liquid to flow into 
a cylindrical tank (stood on its flat end) and measuring the height of the liquid 
surface before and after the liquid has flowed for 10 minutes. The volume collectcd 
after 10 minutes is given by

Volume = (*j - h tW d /l)1,
where A' and h2 are the starting and finishing surface heights and d is the measured 
diameter of the tank.
(a) If />■ = 2 m. hi = 3 m, and d = 2 m, calculate the volume flow rate in mVmui
(b) If the possible error in each measurement hu h2. and d is ± 1%. determine the 

likely maximum possible error in the calculated value of volume flow rate (it >' 
assumed that there is negligible error in the time measurement).
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4.1 Introduction

We just examined ihe various systematic and random measurement error sources in the last 
chapter As far as systematic errors are concerned, we observed that recalibration at a suitable 
frequency was an important weapon in the quest to minimize errors due to drift in instrument 
Characteristics. The use of proper and rigorous calibration procedures is essential in order to 
ensure that recalibration achieves its intended purpose; to reflect the importance of getting 
these procedures right, this whole chapter is dedicated to explaining the various facets of 
calibration.

We Mart in Section 4.2 by formally defining what calibration means, explaining how it is 
Performed and considering how to calculate the frequency with which the calibration exercise 
2 jfc lb e  repealed. We then go on to look at the calibration environment in Section 4 «. where 

leant that proper control of the environment in which instruments are calibrated is an 
component in good calibration procedures Scition -1 4 then continues with a review ol 

’ W ®* c*l>bration of working instruments against reference instruments is linked b) the
chain to national and international reference standards relating lo the quantity thai 

^^Hfcw nent being calibrated is designed lo measure. Finally, Sea ion 4 > emphasizes the 
e ° f  maintaining records «I instrument calibrations and suggests appropriate formats

103
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4.2 Principles o f Calibration

Calibration consists of comparing the output of the instrument or sensor under test against the 
output of an instrument of known accuracy when the same input (the measured quantity) is 
applied to both instruments. This procedure is carried out for a range of inputs covering the 
whole measurement range of the instrument or sensor. Calibration easures that the measuring 
accuracy of all instruments and sensors used in a measurement system is known over the 
whole measurement range, provided that the calibrated instruments and sensors are used in 
environmental conditions that are the same as those under which they were calibrated. For use 
of instruments and sensors under different environmental conditions, appropriate correction has 
to be made for the ensuing modifying inputs, as described in Chapter 3. Whether applied to 
instruments or sensors, calibration procedures are identical, and hence only the term instrument 
will be used for the rest of this chapter, with the understanding that whatever is said for 
lastruments applies equally well to single measurement sensors.
Instruments used as a standard in calibration procedures are usually chosen to be of greater inhere in 
accuracy than the process instruments that they are used to calibrate. Because such instruments are 
only used for calibration purposes, greater accuracy can often be achieved by specifying a type of 
instrument that would be unsuitable for normal process measurements. For instance, ruggedness is 
not a requirement, and freedom from this constraint opens up a much wider range of possible 
iastruments. In practice, high-accuracy, null-type instruments are used very commonly for 
calibration duties, as the need for a human operator is not a problem in these circumstances.

Instrument calibration has to be repeated at prescribed intervals because the characteristics of 
any instrument change over a period. Changes in instrument characteristics are brought about 
by such factors as mechanical wear, and the effects of dirt, dust, fumes, chemicals, and 
temperature change in the operating environment. To a great extent, the magnitude of the drift 
in characteristics depends on the amount of use an instrument receives and hence on the amount 
of wear and the length of time that it is subjected to the operating environment. However, some 
drift also occurs even in storage as a result of aging effects in components within the instrument

Determination of the frequency at which instruments should be calibrated is dependent on 
several factors that require specialist knowledge. If an instrument is required to measure some 
quantity and an inaccuracy of ±2% is acceptable, then a certain amount of performance 
degradation can be allowed if its inaccuracy immediately after recalibration is ± 1%. What is 
important is that the pattern of performance degradation be quantified, such that the instrument 
can be recalibrated before its accuracy has reduced to the limit defined by the application

Susceptibility to the various factors that can cause changes in instrument characteristics vane' 
according to the type of instrument involved. Possession of an in-depth knowledge of the 
mechanical construction and other features involved in the instrument is necessary in order lo 
be able to quantify the effect of these quantities on the accuracy and other characteristics of an
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■  _| __ _ The type of instrument, its frequency of use, and the prevailing environmental
S v Jit io n s  «11 strongly influence ihe calibration frequency necessary , and because so many 
feton we involved, it is difficult or even impossible lo determine the required frequency 
a f  in s t ru m e n t  recalibration from theoretical considerations. Instead, practical experimentation 

,o be applied to determine the rate of such changes. Once the maximum permissible 
Measurement error has been defined, knowledge of the rate at which the characteristics of 

in s tru m e n t  change allows a time interval to be calculated that represents the moment in 
tee  when an instrument w ill have reached the bounds of its acceptable performance level.

instrument must be recalibrated either at this time or earlier. This measurement error 
level that an instrument reaches just before recalibration is the error bound that must be quoted 
in the documented specifications for the instrument.

A proper course of action must be defined that describes the procedures to be followed when an 
jmtrunient is found to be out of calibration, that is. when its output is different to that of the 
calibration instrument when the same input is applied. The required action depends very much 
on the nature of the discrepancy and the type of instrument involved. In many cases, deviations 
in the form of a simple output bias can be corrected by a small adjustment to the instrument 
(following which the adjustment screws must be sealed to prevent tampering). In other cases, 
the output scale of the instrument may have to be redrawn or scaling factors altered where the 
instrument output is part of some automatic control or inspection system. In extreme cases, 
where the calibration procedure shows signs of instrument damage, it may be necessary to send 
the instrument for repair or even scrap it.

Whatever system and frequency of calibration are established, it is important to review this 
from time to time to ensure that the system remains effective and efficient. It may happen that 
i  less expensive (but equally effective) method of calibration becomes available with the 
passage of time, and such an alternative system must clearly he adopted in the interests of cost 
efficiency. However, the main item under scrutiny in this review is normally whether the 
calibration interval is still appropriate. Records of the calibration history of the instrument 
will be the primary basis on which this review is made. It may happen that an instrument starts 
lo go out of calibration more quickly after a period of lime, either because of aging factors 
W 1  instrument or because of changes in the operating environment. The conditions or 
*■№  of usage of Ihe instrument may also be subject to change. As the environmental and 

conditions of an instrument may change beneficially as well as adversely, there is the 
Possibility that the recommended calibration interval may decrease as well as increase.

Control o f Calibration Environment

^ ^ P**rument used as a standard in calibration procedures must be kepi solely for calibration 
must never be used lor other purposes. Most particularly, it must not be regarded as a 

V  strumeni thal can be used for process measurements if the instrument normally used for
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that purpose breaks down. Proper provision for process instrument failures must be made by 
keeping a spare set of process instruments. Standard calibration instruments must be totally 
separate.
To ensure that these conditions are met. the calibration function must be managed and executed 
in a professional manner. This will normally mean setting aside a particular place within the 
instrumentation department of a company where all calibration operations take place and where 
all instruments used for calibration are kept. As far as possible this should lake the form of a 
separate room rather than a sectioned-off area in a room us<d for other purposes as well. This 
will enable better environmental control to be applied in the calibration area and will also offei 
better protection against unauthorized handling or use of calibration instruments. The level of 
environmental control required during calibration should be considered carefully with due 
regard to what level of accuracy is required in the calibration procedure, but should not be 
overspecified. as this will lead to unnecessary expense. Full air conditioning is not normally 
required for calibration at this level, as it is very expensive, but sensible precautions should be 
taken to guard the area from extremes of heat or cold; also, good standards of cleanliness should 
be maintained.
While it is desirable that all calibration functions are performed in this carefully controlled 
environment, it is not always practical to achieve this. Sometimes, it is not convenient or 
possible to remove instruments from a process plant, and in these cases, it is standard practice to 
calibrate them in situ. In these circumstances, appropriate corrections must be made for the 
deviation in the calibration environmental conditions away from those specified. This practice 
does not obviate the need to protect calibration instruments and maintain them in constant 
conditions in a calibration laboratory at all times other than when they are involved in such 
calibration duties on plant.
As far as management of calibration procedures is concerned, it is important that the 
performance of all calibration operations is assigned as the clear responsibility of just one 
person. That person should have total control over the calibration function and be able to limit 
access to the calibration laboratory to designated, approved personnel only. Only by giving 
this appointed person total control over the calibration function can the function be expected 
to operate efficiently and effectively. Lack of such definite management can only lead to 
unintentional neglect of the calibration system, resulting in the use of equipment in an 
out-of-date state of calibration and subsequent loss of traceability to reference standards. 
Professional management is essential so that the customer can be assured that an efficient 
calibration system is in operation and that the accuracy of measurements is guaranteed.

Calibration procedures that relate in any way to measurements used for quality control 
functions are controlled by the international standard ISO 4000 (this subsumes the old Briti't1 
quality standard BS 5750). One of the clauses in ISO 9000 requires that all persons using 
calibration equipment be adequately trained. The manager in charge of the calibration ftmction
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E v r e » P onsib,e ,or ensunng ,hal ,his condi,ion ls mcl Training inusl be adequate and 
* С***У.. ^  particular needs of the calibration systems involved People must understand 

„p jj lo know and especially why they must have this information. Successful 
of training courses should be marked bv the award of qualification certificates. 

ff^ B ttte st to the proficiency of personnel involved in calibration duties and are a convenient 
^^■ dem onstrating that the ISO 9000 training requirement has been satisfied.

4 4 Calibration Chain and Traceability

The calibration facilities provided within the instrumentation department of a company provide 
the first link in the calibration chain. Instruments used for calibration at this level arc known as 
working standard*. As such, working standard instruments are kept by the instrumentation 
department of a company solely for calibration duties, and for no other purpose, then it can 
be aenmeil that they will maintain their accuracy over a reasonable period of time because 
use-related deterioration in accuracy is largely eliminated. However, over the longer term, 
ihe Aeacteristics of even such standard instruments w ill drift, mainly due to aging effects in 
components within them. Therefore, over this longer term, a program must be instituted for 
calibratin g working standard instruments at appropriate intervals of time against instruments 
of yet higher accuracy. The instrument used for calibrating working standard instruments is 
known as a secondary reference standard. This must obviously be a very well-engineered 
instrument that gives high accuracy and is stabilized against drift in its performance with 
time. This implies that it will be an expensive instrument to buy. It also requires that the 
enviroMnent.d conditions in which it is used be controlled carefully in respect of ambient 
tempetature. humidity, and so on.

When the working standard instrument has been calibrated by an authorized standards 
laboratory, a calibration certificate w ill be issued. This w ill contain at least the following 
infotmation

itification of the equipment calibrated 
Uibration results obtained 

urement uncertainty 
any use limitations on the equipment calibrated 
date of calibration 

I  •u,bority under which the certificate is issued

^•JJblishm em  of a company standards laboratory lo provide a calibration facility of the 
"  economically viable only in the case of very large companies where large 

®f instruments need lo be calibrated across several factories. In the case of small to 
*>ze companies, the cost of buying and maintaining such equipment is not justified. 

Ш  У would normally use the calibration service provided by various companies that
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specialize in offenng a standards laboratory. What these specialist calibration companies do 
effectively is to share out the high cost of providing this highly accurate but infrequently used 
calibration service over a large number of companies. Such standards laboratories are closely 
monitored by national standards organizations.
In the United Stales, the appropriate national standards organization for validating standards 
laboratories is the National Bureau of Standards, whereas in the United Kingdom it is the 
National Physical Laboratory. An international standard now exists (1SO/IEC 17025. 2005). 
which sets down criteria that must be satisfied in order for a standards laboratory to be 
validated. These criteria cover the management requirements necessary to ensure proper 
operation and effectiveness of a quality management system within the calibration or testing 
laboratory and also some technical requirements that relate to the competence of staff, 
specification, and maintenance of calibration/test equipment and practical calibration 
procedures used.
National standards organizations usually monitor both instrument calibration and mechanical 
testing laboratories. Although each different country has its own structure for the maintenance 
of standards, each of these different frameworks tends to be equivalent in its effect in ensuring 
that the requirements of ISO/IEC 17025 are met. This provides confidence thai the goods and 
services that cross national boundaries from one country to another have been measured by 
property calibrated instruments.
The national standards organizations lay down strict conditions that a standards laboratory has to 
meet before it is approved. These conditions control laboratory management, environment, 
equipment, and documentation. The person appointed as head of the laboratory must be suitably 
qualified, and independence of operation of the laboratory must be guaranteed. The management 
structure must be such that any pressure to rush or skip calibration procedures for production 
reasons can be resisted. As far as the laboratory environment is concerned, proper temperalun- 
and humidity control must be provided, and high standards of cleanliness and housekeeping 
must be maintained. All equipment used for calibration puiposes must be maintained to reference 
standards and supported by calibration certificates that establish this traceability. Finally, full 
documentation must be maintained. This should describe all calibration procedures, maintain 
an index system for recalibration of equipment, and include a full inventory of apparatus and 
traceability schedules. Having met these conditions, a standards laboratory becomes an accredited 
laboratory for providing calibration services and issuing calibration certificates. This accreditation 
is reviewed at approximately 12 monthly intervals to ensure that the laboratory is continuing to 
satisfy the conditions for approval laid down.
Primary referrnce standards, as listed in Table 1.1. describe the highest level of accuracy 
achievable in the measurement of any particular physical quantity. All items of equipment used in 
standards laboratories as secondary reference standards have to be calibrated themselves against 
primary reference standards at appropriate intervals of time. This procedure is acknowledged by
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the iss“e of a calibration certificate in the standard way. National standards organizations
suitab le  fa c ilitie s  for this calibration. In the United States, this is the National 

■ д еаи  of Standards, and in the United Kingdom it is the National Physical Laboratory 
•fcn ilar national standards organizations exist in many other countries In certain cases, such 
Ер ш у reference standards can be located outside national standards organizations For 
jjH taiH i'-  thc p rim ary reference standard for dimension measurement is defined by the 
•M velength of the orange-red line of krypton light, and it can therefore be realized in any 
la b o ra to ry  equipped w ith  an interferometer. In certain cases (e.g.. the measurement of 

^ C g g ity ). M ich p rim ary reference standards are not available and reference standards for 
ca lib ration  are ach ieved  by collaboration between several national standards organizations 
who perform m easurem ents on identical samples under controlled conditions [ISO 5725 
, |9<M > and ISO 5725-2/Cor I (2002 ».
What has emerged from the foregoing discussion is that calibration has a chain-like structure 
in which every instrument in the chain is calibrated against a more accurate instrument 
iMnediJicly above it in the chain, as shown in Figure 4.1. All of the elements in the calibration 
chain must be known so that the calibration of process instruments al the bottom of the chain is 
traceable to the fundamental measurement standards. This knowledge of the full chain of 

uments involved in the calibration procedure is known as iraceahility and is specified as a 
atory requirement in satisfying the ISO 9000 standard. Documentation must exist that 

shows that process instruments are calibrated by standard instruments linked by a chain of 
inacasing accuracy back to national reference standards. There must he clear evidence to show 
that there is no break in this chain.

(Secondary reference
I)

Company instrument (Working standard*)

Figure 4.1
Inurnment calibration chain
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Inaccuracy 
1 in 1 <f

Inaccuracy 
1 m 107

Inaccuracy 
1 in 10»

Inaccuracy
i m 10»

Inaccuracy 
1 m 104

Figure 4.2
Typical calibration chain for micrometers.

To illustrate a typical calibration chain, consider the calibration of micrometers (Figure 4.2). 
A typical shop floor micrometer has an uncertainty (inaccuracy) of less than 1 in 104. These 
would normally be calibrated in the instrumentation department or standards laboratory of a 
company against laboratory standard gauge blocks with a typical uncertainty of less than I in 10̂ . 
A  specialist calibration service company would provide facilities for calibrating these laboratorv 
standard gauge blocks against reference-grade gauge blocks with a typical uncertainty of less 
than 1 in 106. More accurate calibration equipment still is provided by national standards 
organizations. The National Bureau of Standards and National Physical Laboratory maintain two 
sets of standards for this type of calibration, a working standard and a primary standard. Spectn I 
lamps are used to provide a working reference standard with an uncertainty of less than 1 in 10 
The primary standard is provided by an iodine-stabilized helium-neon laser that has a specificч! 
uncertainty of less than I in 109. A ll of the link* in this calibration chain must be shown in any 
documentation that describes the use of micrometers in making quality-related measurement'

4.5 C alibration Records

An essential element in the maintenance of measurement systems and the operation of 
calibration procedures is the provision of full documentation. This must give a full description 
of the measurement requirements throughout the workplace, instruments used, and calibrati*» 
system and procedures operated. Individual calibration records for each instrument must be

Shop-Soor
micromotor

Standard 
gauge blocks

Reference-grade
gaiiyi frfcXfrf

Iodine staMued 
helium—neon laser
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within this. This documentation is a necessary part of the quality iionu. 
physically as a separate volume if this is more convenient. An o»errid: 

style in which the documentation is presented is that it should be simple am 
often facilitated greatly by a copious use of appendices.

Malting point in the documentation must be a statement of what measireme 
defined for each measurement system documented. Such limits are estnblu 

^Kcing  the costs of improved accuracy against customer requirements, aid als 
jyhai overall quality level has been specified in the quality manual The technici 

^ E p d  for this, which involve assessing the type and magnitude of relevant mar 
щ до. are described in Chapter 3. It is customary to express the final metsurerr 
calculated as ±2 standard deviations, that is. within 95% confidence limits for at*, 
of these terms, see Chapter 3).

Instrument specified for each measurement situation must be listed next. This i к 
acco m p an ied  by full instructions about the proper use of the instruments conceit ■ 
instruct ions will include details about any environmental control or other ipecia^ 
that must be taken to ensure that the instruments provide measurements of lufficei, 
to meet the measurement limits defined. The proper training courses appropriate л 
personnel who will use the instruments must be specified.

Having disposed of the question about what instruments are used, documentation ■ 
cover the subject of calibration. Full calibration is not applied to every mei.surins 
used in a workplace because ISO WXX) acknow ledges that formal calibration proce* 
necetsarv for some equipment where it is uneconomic or technically unnecessary 
accuracy of the measurement involved has an insignificant effect on the overall ?  
for a product However, any equipment excluded from calibration procedures ir̂ H 
must be specified as such in the documentation. Identification of equipment thi 
category is a matter of informed judgment.

boreeruments that are the subject of formal calibration, documentation тич spe 
standard instruments arc to be used for the purpose and define a formal procedure < 
rhis procedure must include instructions for the storage and handling of standard i 
Wrumcnts and specify the required environmental conditions under which cilibfl 
■famed. Where a calibration procedure for a particular instrument uses puM ishi 

*8 sufficient to include reterence to that standard procedure in the ikvuit*
jJ^ 4 * o d u c e  *be whole procedure. Whatever calibration system is established, a
J n^ P 'e must be defined in the documentation that ensures its continued effects «4 

results of each review must also be documented in a formal way_

д format tor the recording of calibration results should be defined in ch.* Л
record must be kept for every instrument present in the workplace, A
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whether Ihe instrument is normally in use or is just kept as a spare. A form similar to that shown 
in Figure 4.3 should be used that includes details of the instrument's description, required 
calibration frequency, date of each calibration, and calibration results on each occasion. Where 
appropriate, documentation must also define the manner in which calibration results are to be 
recorded on the instruments themselves.

Documentation must specify procedures that are to be followed if an instrument is found to be 
outside the calibration limits. This may involve adjustment, redrawing its scale, or withdrawing 
an instrument, depending on the nature of ihe discrepancy and tKe type of instrument involved 
Instruments withdrawn will either be repaired or be scrapped. In the case of withdrawn 
instruments, a formal procedure for marling them as such must be defined to prevent them 
being put back into use accidentally.

Two other items must also be covered by the calibration document. The traceability of the 
calibration system back to national reference standards must be defined and supported by 
calibration certificates (see Section 4.3). Training procedures must also be documented.

Type of instrument Company senal number

Manufacturer s part number: Manufacturer's serial number:

Measurement limit: Date ntroduced

Location

Instructions for им:

Cakbration frequency: Signature of person responsible 
for calibration:

CALIBRATION RECORD

Calibration date Calibration results Calibrated by

Fig u re 4 .3
Typical format for instrument record sheets.
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Ltecifyin£ ihe particular training courses to be attended by various personnel and what, if any. 
^fresher courses are required.

All aspects of these documented calibration procedures w ill be given consideration as part of 
M|e periodic audit of the quality control system that calibration procedures are instigated to 
Cppoft. While the basic responsibility for choosing a suitable interval between calibration 
c|icck> rests with the engineers responsible for the instruments concerned, the quality system 
auditor w ill need to see the results of tests that show that the calibration interval has been chosen 
correctly and that instruments are not going outside allowable measurement uncertainty limits 
between calibrations. Particularly important in such audits w ill be the existence of procedures 
instigated in response to instruments found to be out of calibration. Evidence that such 
procedures are effective in avoiding degradation in the quality assurance function will also be 
lequired

4.6  Sum m ary

Proper instrument calibration is an essential component in good measurement practice, and this 
chapter has been dedicated to explaining the various procedures that must be followed in order 
to perform calibration tasks efficiently and effectively. We have learned how working 
instruments are calibrated against a more accurate "reference” instrument that is maintained 
Carefully and kepi just for performing calibration tasks. We considered the importance of 
carefully designing and controlling the calibration environment in which calibration tasks are 
performed and observed that proper training of all personnel involved in carrying out 
calibration tasks had similar importance. We also learned that “ first stage”  calibration of a 
working instrument against a reference standard is part of a chain of calibrations that provides 
traceability of the working instrument calibration to national and international reference 
flandards tor the quantity being measured, with the latter representing the most accurate 
*andards of measurement accuracy achievable. Finally, we looked at the importance of 
maintaining calibration records and suggested appropriate formats for these.

4.7 Problems

H P * Explain the meaning of instrument calibration.
Explain why calibration is necessary.
Explain how the necessary calibration frequency is determined for a measuring 
instrument.

I  ■ Explain the following terms:
(a) calibration chain
(b) traceability
(c) standards laboratory
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4.5. Explain how the calibration procedure should be managed, particularly with regard to 
control of the calibration environment and choice of reference instruments.

4.6. W ill a calibrated measuring instrument always be accurate? If not. explain why not and 
explain what procedures can be followed to ensure that accurate measurements are 
obtained when using calibrated instruments.

4.7. Why is there no fundamental reference standard for temperature calibration? How is this 
difficulty overcome when temperature sensors are calibrated?

4.8. Discuss the necessary procedures in calibrating temperature sensors.
4.9. Explain the construction and working characteristics of the following three kinds of 

instruments used as a reference standard in pressure sensor calibration: dead-weight 
gauge. U-tube manometer, and barometer.

4.10. Discuss the main procedures involved in calibrating pressure sensors.
4.11. Discuss the special equipment needed and procedures involved in calibrating instruments 

that measure the volume flow rate of liquids.
4.12. What kind of equipment is needed for calibrating instruments that measure the volume 

flow rate of gases? How is this equipment used?
4.13. Discuss the general procedures involved in calibrating level sensors.
4.14. What is the main item of equipment used in calibrating mass-measuring instruments ’ 

Sketch the following instruments and discuss briefly their mode of operation: beam 
balance, weigh beam, and pendulum scale.

4.15. Discuss how the following are calibrated: translational displacement transducers and 
Iinear-motion accelerometers.

4.16. Explain the general procedures involved in calibaning (a) vibration sensors and
(b) shock sensors.

4.17. Discuss briefly the procedures involved in the following: rotational displacement 
sensors, rotational velocity sensors, and rotational acceleration sensors.

4.18. How are dimension-measuring instruments calibrated normally?
4.19. Discuss briefly the two main ways of calibrating angle-measuring instruments.
4.20. Discuss the equipment used and procedures involved in calibrating viscosity-measuring 

instruments.
4.21. Discuss briefly the calibration of moisture and humidity measurements. 
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5.1 Introduction

This chapter is designed lo introduce the reader to the concept of computer-based data
acquisition and to LabVIEW . a software package developed by National Instruments. The main
reason for focusing on LabVIEW  is its prevalence in laboratory setting. To be sure there are
other software tools that support laboratory data acquisition made by a range of vendors These
^■•viewed briefly in the appendix due to their limited presence in the educational setting We
should also point out that Matlab and other software tools used to model and simulate dynamic
*y»lenis arc at times used in laboratory setting although their use is often limited to specialized
•jpecations such as real-time control. For this reason, these tools are not discussed in this 
chapter

^ B jE W  itself is as an extensive programming platform. It includes a multitude of functionalities 
” 0fn basic algebra»*, operator* to advanced signal processing components that can be 

into rather sophisticated and complex programs. For pedagogical reasons we only
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introduce the main ideas from Lab V IEW  that are necessary for functioning in a typical 
undergraduate engineering laboratory environment. Advanced programming skills can be 
developed over time as the reader gains comfort with the basic functioning of LabVIEW  and 
its external interfaces.

Specific topics discussed in this chapter and the associated learning objectives are as follows.

Structure of personal computer (PC)-based data acquisition (DAQ) systems, the 
purpose of DAQ cards, and the role of LabVIEW  in thv» context 
Development of simple virtual instruments (V is) using basic functionalities of 
LabVIEW . namely arithmetic and logic operations

• Construction of functionally enhanced Vis using LabV IEW  program flow control 
operations, such as the while loop and the case structure
Development of Vis that allow for interaction with external hardware as, for instance, 
acquisition of external signals via DAQ card input channels and generation of 
functions using DAQ card output channels

These functionalities are essential to using LabVIEW  in laboratory setting. Additional 
capabilities of LabVIEW  are explored in the subsequent chapter on signal processing in 
LabVIEW.

5.2 Computer-Based Data Acquisition

In studying mechanical systems, it is often necessary to use electronic sensors to measure certain 
variables, such as temperature (using thermocouples or RTDs), pressure (using piezoelectric 
transducers), strain (using strain gauges), and so forth. Although it is possible to use oscilloscopes 
or multimeters to monitor these variables, it is often preferable to use a PC to view and record the 
data through the use of a DAQ card. One particular advantage of using computers in this respect is 
that data can be stored and converted to a format that can be used by spreadsheets (such as 
Microsoft Excel) or other software packages such as Mat lab for more extensive analysis. Another 
advantage is that significant digital processing of data can be performed in real time via the same 
platform used to acquire the data. This can significantly improve the process of performing an 
experiment by making real-time data more useful for further processing.

5.2.1 Acquisition o f Data

One important step in the data acquisition process is the conversion of analogue signals 
received from sensing instruments to digital representations that can be processed by the 
computer. Because data must be stored in the computer's memory in the form of individual data 
points represented by binary numbers, incoming analogue data must be sampled at discrete 
time intervals and quantized to one of a set of predefined values. In most cases, this is



| accomplished using a digital-to-analoguc (D/A) conversion component on the DAQ card inside 
,1*  PC or interconnected to it via a Universal Serial Bus (U SB ) port. Note that both options are 
usrj  com m only. However, laptop computers and/or low-profile PCs generally require the use 
of USB-based  DAQ devices.

5.3 N ational Instruments LabVIEW

LabVIEW  is a software package that provides the functional tools and a user interface for 
data acquisition. Figure 5.1 depicts a schematic of data flow in the data acquisition process. Note 
Aat the physical system may be a mechanical system, such as a beam subjected to stress, a 
ch em ica l process such as a distillation column, a DC motor with both mechanical and electrical 
components, and so forth. The key issue here is that certain measurements are taken from the 
given physical system and are acquired and procevsed by the PC-based data acquisition system.

LabVIEW  plays a pivotal role in the data acquisition process. Through the use of Vis, LabVIEW  
M e e ts the real time sampling of seasor data through the DAQ card (also known as the I/O card) 
Mid is capable of storing, processing, and displaying the collected data In most cases, one or 

B o re  sensors transmit analogue readings to the DAQ card in the computer. These analogue data 
mt then converted to individual digital values by the DAQ card and are made available to 
LabVIEW . at which point they can be displayed to the user. Although LabVIEW  is capable of 
some data analysis functions, it is often preferable to export the data to a spreadsheet for detailed 
analysis and graphical presentation.
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Schematic of data acquisition process.



5.3.1 Virtual Instruments

A V I is a program, created in Ihe LabVIEW  programming environment that simulates physical 
or hard instruments such as oscilloscopes or function generators. A simple V I used to produce a 
waveform is depicted in Figure 5.2. The front panel (shown in Figure 5.2) acts as the user 
interface, while data acquisition (in this case the generation process) is performed by a 
combination of the PC and the DAQ card Much like the front panel of a real instrument, the 
front panel window contains controls (i.e., knobs and switches) that allow the user to modif) 
certain parameters during the experiment. These include a selector to choose the type of 
waveform and numerical controls to choose the frequency and amplitude of the generated 
waveform, as well as its phase, amplitude and offset.

The front panel of a V I typically also contains indicators that display data or other important 
information related to the experiment. In this case, а цгарН is used to depict the waveform. The 
block diagram (not shown but discussed later) is analogous to the wiring and internal components 
of a real instrument. The configuration of the V i’s block diagram determines how front panel 
controls and indicator» are related. It also incorporates functions such as communicating with the 
DAQ card and exporting data to disk files in spreadsheet format.

5.4 Introduction to  Graphical Programming in LabVIEW

LabVIEW  makes use of a graphical programming language that determines how each V I will 
work. This section discusses the inner workings of a simple LabVIEW  V I used to add and 
subtract two numbers. While this V I is not particularly useful in a laboratory setting, it
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Figure 5.2
A simple function generator virtual instrument.



Data Acquisition with Lab V IE W  119

a m m ti how basic LabVIEW  components can be used to construct a V I and hence helps the 
Щ г п к п е  to w a rd s  developing more sophisticated Vis. Figure 5.3 shows the from panel and 
ygfcdiagram of the VI. which accepts two numbers from the user (X  and Y ) via two simple 
M m terk  , . „ „ „o h  and produces the sum and difference (X  + Y and X  -  Y) of the numbers 
p la c e d  on the  front panel via two simple numeric indicators.

И »  block diagram ol the VI is a graphical, or more accurately a dataflow, program that defines 
h g w tte  controls and indicators on the front panel are interrelated. Controls on the front panel of 
*•  V I»h o «  ' allies that can be modified by the user while the VI is operating. Indicators display 
v4BM thai are output by the VI. Each control and indicator in the front panel window is 
anociated with a term inal in the block diagram window. Wires in the block diagram window 
represent the flow of data within the VI. Nodes are additional programming elements that can 
perform operations on variables, perform input or output functions through the DAQ card, and 
Ю Т** variety ot other functions as well.

Ttalwo nodes in Hi. V I sh< .w n in Figure 5.3 (add and subtract) have two inputs and one output as 
for instance is depicted in F.gurv 5.4. Data can be passed lo a node through its input terminals 
(usually on the let! I. and the results can be accessed through ihe node’s output terminals, usually 
m  the right.

• Add-Wb *  Heck 0.«Qr«m

❖ # • ■ ? tT j* imx in n »—* • u* H

Figure S.3
Addition and subtraction VI.
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= & -  
Figure $.4 

The add node.

Because LabVIEW  diagrams are dau flow driven, the sequence in which the various operations 
in the V I are executed is not determined by the order Ы  л net o ( commands. Rather, a block 
diagram node executes when data are present at all of its input terminals. As a result, in the 
case of the block diagram in Figure 5.3, one does not know whether the add node or the 
subtract node w ill execute first. This issue has implications in more complex applications but 
is not particularly important in the present context. However, one cannot assume an order 
of execution merely on the basis of the position of the computational nodes (top to bottom or 
left to right). If  a certain execution order is required or desired, one must explicitly build 
program flow control mechanisms into the V I, which in practice is not always possible nor is 
it in the spirit in which LabV IEW  was originally designed.

5.4.1 Elements o f the Tools Palette

The mouse pointer can perform a number of different functions in the LabVIEW  environment 
depending on which pointer tool is selected. One can change the mouse pointer tool by 
selecting the desired tool from the tools palette shown in Figure 5.5. ( If  the tools palette does 
not appear on the screen, it can be displayed by selecting Tools on the View menu.)

Choices available in the tools palette are as follows:

■ ■  j  Automatic tool selection. Automatically selects the tool it assumes you 
need depending on context. For instance, it can be the positioning tool. 
the Hiring tool, or the text tool as further noted later.

Operating tool. This tool is used operate the front panel controls before or while 
the V I is running.
Positioning tool. This tool is used to select, move, or resize objects in either the 
front panel or the diagram windows. For example, to delete a node in a diagram 
one would first select the node with the positioning tool and then press the delete 
key.

* l/ f l  Text tool. This tool is used to add or change a label. The enter key is used to 
finalize the task.

• (♦ I Wiring tool. This tool is used to wire objects together in the diagram w in d o w  

When this tool is selected, you can move the mouse pointer over one of a node 4 
input or output terminals to see the description of that terminal.

• a
• |T
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The tools palette.

One can add controls and indicators to the front panel of a V I by dragging and dropping 
them from the controls palette depicted in Figure 5.6 and which is visible only when the front 
panel window is active.

If. for tome reason, the controls palette is not visible, one can access it by nght clicking 
anywhere mi the front panel window. Once a control or indicator is added to the front panel of 
a V I, the corresponding terminal is created automatically in the block diagram window. 
Adding additional nodes to the block diagram requires use of the functions palette, which 
•* accessible once the block diagram window is visible. One can add arithmetic and logic 
elements to the block diagram window by dragging and dropping these elements from the 
functions palette. The functions to add. subtract, and so on can be found in the numeric

*he programming section of the functions palette (Figure 5 7. ihe fourth icon 
J58p*eft > One can also use constants from the numeric subpalette in a block diagram and 

constants as inputs to various nodes.

5 5 Operations in LabVIEW
In
j^ ^ ^ ^ m p lex  Vis, one may encounter situations where the V I must react differently 
to ^ c ^ m o n  at hand For example, in a data acquisition process, the VI may need

■ '1 Wam*ng light w hen an input \ oltage exceeds a certain threshold and therefore it may

a
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Figure 5.6

The controls palette.

be necessary- to compare the input voltage with the threshold value. In addition, the VI needs to 
make a decision based on the result of the comparison (tum on a light on the screen or external 
to the DAQ system, produce an alarm sound, etc.). To allow for these types of application' 
many logic operators are available in LabVIEW. These can be found in the comparison 
subpalette of the programming section of the functions palette. Note that as stated earlier, the 
functions palene is available when the diagram window is the top (focus) window on the screen 
If one needs to identify the comparison subpalette. one can move the mouse pointer over the 
programming section of the palette to call out the different subpalettes.

Comparison nodes, as, for instance, depicted in Figure 5.K. are used to compare two number-- 
Their output is either true or false. This value can be used to make decisions between two 
numbers as shown in Figure 5.8. Another important node in this respect is the select node, 
which is also available in the same subpalette. This node makes a decision based on the 
outcome of a pre\-ious comparison, such as depicted in Figure 5.8. If the select node's middle 
input is true, it selects its top input as its output. If its middle input is false, it selects its bottom 
input as its output. In this way. one can pair the comparison nodes with a select node to produce 
an appropriate action for subsequent processing.
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П -ie functions palette

О
Figure 5.8

Logic example.

56  Loops in Lab V IE W

^ ^ V fa g  more sophisticated V is it w a ll not be sufficient to simply perform an operation once.
if LabVIEW is being used to compute the f«. tonal of an integer, n. the program w ill 

^^BJeoWm ue lo multiply л by л - / _ n — 2, and so forth. More pertinently, in data acquisition 
one needs to acquire m ultiple? samples of data anti process the data. For this reason.
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Outset Itw loop
o'

Imid, №« loop

STOP 1

Example loop VI.

LabVIEW includes several types of loop structures. These can be found in the structures 
subpalette of the programming section in the functions palette. (Note that as with every one of 
LabVIEW’s tools, one can use LabVIEW's help feature or its quick help feature to get more 
information on these constructs.) Here the user can find a while loop, a for loop, a case sialemeni. 
and several other important loop structures, l-igure 5.'» depicts a simple program that utilizes a loop 
There are several important items to note about using loops. Everything contained inside the loop 
will be repeated until the ending condition of the loop is met. For a while loop, this will he some type 
of logical condition. In our example given earlier, we have used a button to stop the loop. The loop 
will stop when a value of true is passed to the stop button at the completion of the loop.

In addition, it is often important to be able to pass values from one iteration to the next. In the example 
given previously, we needed to take the number from the last iteration and add one to it This is 
accomplished using a shift register. To add a shift register, one has to right click (or option dick on a 
Mac) on the right or left side of the loop and use the menu that opens up to add the shift register. To use 
the shift register, one must wire the value to be passed to the next iteration to the right side as shown in 
Figure 5.9. To use the value from the previous iteration, one draws wire from the left side of the 
loop box to the terminal of one's choosing. In addition, elements initially wired together can be 
included in a loop simply by creating one aniund these elements. The wiring initially in place will be 
preserved. Finally, note that the metronome in the loop times the loop so that it runs every lOOms.Thi' 
element is available from the timing subpalene in the programming section of the functions petletK-

5.7 Case Structure in LabVIEW

The case structure is a programming construct that is useful in emulating a switch, similai 
to what appears on the front panel of a hard instrument to allow the user to select one of multiple 
available tasks. In terms of its appearance in LabVIEW, a case structure works much like ■> 
while loop as evident in Figure S. 10. However, significant differences exist between a ease
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Figur* S.10
A case structure in LabVIEW ,

gnicture and a while loop in that a case structure performs a separate operation for cach ease of 
the conditional statement that drives this structure. The conditional statement takes a value 
chosen by the user at runtime from among the set of values for which the given case structure is 
programmed to execute. This set can be (0,11, as is the case initally when a case structure is 
added to a VI. and can be expanded during the programming stage by right clicking on the 
conditional statement and choosing "Add case”  as necessary. For each case, the V I must include 
41 appropriate execution plan that is placed within the bounding box of the case structure. The 
conditional statement associated with a case structure is typically driven by a ring, which is 
placed on the front panel of the given V I and appears outside the bounding box of the case 
structure in the block diagram panel of the V I.

Thii ring is connected to the question mark box on the right side of the case structure in the 
block diagram. This is illustrated in Figure 5.11 in conjunction with a four-function calculator 
implemented in LabVIEW. It is evident in Figure 5 11 that the ring, acting as an operation selector, 
drives the condition statement, whereas variables X and Y. implemented via numerical controls on 
the front panel, pass their value to the case structure, which embeds the actual mathematical 
operation lor each of the four functions (add. subtract, multiply, and divide) in a dedicated panel 
I igunt 5,11 depicts the panel associated with the divide operation. Arrows in the condition 
statement i >f the case structure can be used during the programming stage to open each of the cases 
■•••case structure is intended to implement. The ring outside the case structure must have as 
■•■У elements as there are cases in the respective case structure. Here, it is important to make sure 

wdcr of the selections in the ring and the order of the functions in the case structure 
correspond to each other. If  the first option in the ring is “ add.' the first function of (he case 
! 10 'mP*cmcnl the addition function. Exercise 5.6 deals wnh this issue at more

***** as '*  ,hc case w l,h n,,,cr LabV IEW  elements, right clicking on a gi\en element 
user to view a detailed description and examples associated wilh that element

5 8 Dau Acquisition Using LabVIEW

'S |,Г" ПаГ|1*  a da,a acquisition tool The typical setup in the laboratory is shown in 
P'rformd it ,rt>m the hard instruments shown in Figure 5.12. which are also used to
sensor* aii'l . 4'‘'si,'0n aml monitoring tasks, a terminal box is needed to obtain the input from 

*° a*,ow a way to produce output voltages from the data acquisition card.
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A N1 BNC-2120 connector block.

A typical connector block is shown in Figure 5.13. This is National Instrument BNC-2120.
Pta numbers and the style o f the terminal box w ill vary depending on the model being used. 
The experiments described later in this chapter use BNC-2120, but several w ill use different 
leminals. For the exercise discussed below the data acquisition card's differential mode is used, 
meaning that it reports the voltage difference across a channel (channel 0 in our case). The card 
can also operate in an absolute mode where it references the reading to the ground level. Finally, 
there it  one last piece o f equipment, which w ill be needed in the subsequent discussion: the
I unction generator, which can be seen in Figure 5.13.

А» the name suggests, this piece o f equipment is used to generate a sine wave, a triangle wave, 
or i  aqua re wave. The amplitude o f the wave can be adjusted by using the amplitude knob. The 
frequeno <if the wave can also be adjusted using the relevant buttons. The main use o f this 

in ,he present context is to produce an external input to a custom V I that is shown in
• igure 5.14, which converts the voltage produced by the function generator into a temperature 
re#d,I>g in Celsius and Fahrenheit units.

1 unctions related to communication with the DAQ card are handled by the "D A O  Assistant'' 
The board ID  and channel settings specify information about the DAQ card that tells 

^ ■W here to look for data The algebraic operations lhai iinplemenl the conversion o f dala 
® ° rc or 'ess straightforward as depicted in Figure 5.14.

LabVIEW Function Generation 
In tHlv «л,,.'
Produi 1 '° n We W'** crea,e a V l ,hal emulates a function generator, that is, the V I should 

Periodic signal with a user-selected shape, frequency, and amplitude to an output 
■ ■  on the National Instruments DAQ card. In addition, the user should be able to select
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Figure S.14
Thermometer VI.

the resolution o f the waveform (i.e.. the number o f  da u  points per period). The V i 's  front panel 
should also include a waveform graph that displays at least one period o f the waveform selected 
as it appears in  Figure S. I S.

The V I produces a sine wave, triangle wave, or square wave as selected by the user. This 
requires that a case structure be wrapped around the signal generation block and a ring block, to 
communicate between the front panel and the case structure. This i t  discussed further in the 
LabVIEW  exercises at the end o f  the chapter.

5.10 Summary

This chapter was meant to  introduce the reader to  the usage o f  LabV IEW  in  computer-baseiI 
data acquisition. Basic LabV IEW  programming concepts, namely controls, indicators, and 
simple nodes used to  implement algebraic operations, as w e ll as program flo w  control
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F1p.reS.15
Function generator front panel

constructs lhal U. while loop and cate structure. were introduced. These build ing Nocks 
wen used lo  implement increasingly more complex LabVIEW  Vis. These V is can he used as 
Mad-alone LabVIEW programs or expanded to form  sophisticated V is  in conjunction with 
additional LabVIEW elements These include signal processing tools, which are discussed 
in the sabsequent chapter. The exercises that fo llow  enable the reader lo  practice 
cdMnicting a number o f V is that a rt o f value in a laboratory aetiing.

5.11 Problems

5.1. Ia order lo  demonstrate your understand»*, build the VI found in  Figure 5.3. to  gel 
*aned, click on the LabVIEW  icon fouad on th<- desktop o f your computer 'assuming it 

jk is previously installed) This should pop up a w indow with several choices Select Bl.a*. 
К V I" and click "O K ." Front here you АоиЫ see the front panel (it is gray). To open the 

block diagram window go to the window and then the show block diagram option (C trl-E
■ o r Cmd-E also do the same). On the front panel, you w ill need to add the required
I  numeric controls for X and Y and numeric indicators for X + Y and X -  Y These are 
I .  available in the modem subpalette o f ihe controls palette, which is available by nghi 

«ticking in  the front panel You w ill then use the block diagram window and implement i Z!*' *"**1иЫгас> s 'available in the numeric section o f ihe programming
°* the functions palette, which a*-11 can be viewed by right clicking in dir 

I  d i*«ram and connect them to the appropriate controls and indicators
•*> * lhal yog can change the labels o f each entity by using tbe lest tod  from the tools 
i-w tle . Changng the label o f an indicator nr control in the Modt diagram window

■  8 «  its label in A c front panel as well ( b tc  you have msened the necessary nodes
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and wired them together properly, you can гая ihe V I by pressing the run button Щ  at *e  
upper left comer o f die front panel window. The d ig ita l indicator* thou Id then display fee 
results o f the addition and subtraction operations You can also use continuous run button 
# .  which i l  next to the run button.

5.2. Create a program th *  w ill take the slope o f a line passing between any two poets In 
other words, given two points. (X |.Y |) and<X2.Y 2). find Ihe slope o f the line, Y =  mX +
b. that passes through these points. This program should have four d ig ita l inputs (as 
nameric controls) that allow  the user to select ihe two coondinale*. It should have one 
dig ita l indicator that provides the value o f the slope o f the line  between them.

5 J . Using ideas sim itar to  dsose in Figure 5.8. demonstrate your understanding o f the logic 
operations by adding an additional indicator that w ill display *e  greater o f the two 
numbers determined from  your addition aad subtraction operation* in Exercise S .l. Is fce 
number obtained by toe addition operation always the greatest?

5.4. Demonstrate your understanding o f logic operations by building a V I that takes as input 
three numbers and outputs the greatest aad the smallest value o f  tie  three. This w ill 
involve very samlar logic operations to  the one performed in  the earlier V I.

5.5. A fter you have had a b rie f exposure to the operation o f loop* and other struct ires in 
LabVIEW , practice by creating Ihe program from higure 5.9. Whea h illy  operational, the 
program should condnae to increment by a counter I ever» 0.1 seconds u n til the stop 
button is pushed. Veafy that this it  line aad that waiting longer to press the stop button 
results in a larger number What it  the difference between inside and outside loop 
displays? Why do you diink this happens? I f  you let the program ran and forgot to turn it 
o ff when you left the lab. would your program ever be able to teach in fin ity?  Explain 
your answer.

5j6. The specific task that you w ill perform i t  to create a calculator that w ill add. subtract 
m ultiply, or divide two numbers usingacaae structure as depicted earlier in Figure 5.11. 
This w ill requite you to use two inputs, anoutp it, and a ring on the front panel. You will 
need a case structure ia  the diagram window, which in itia lly  * i l  have only two cases 
(0 .1) but these caa be extended by right clicking on the condition statement in the block 
diagram. The сme stsucture itse lf can be found in the structures subpalette o f the 
functions palette. The ring should be added to die front panel o f the V I and can be found 
on the modem subpalette o f the controls palette. The properties dialog box o f the ring 
which opens up by right clicking on the nag. allows you to add cases as you need (in  this 
case, four case»). Make sure the order o f the lis t on the ring corresponds to the c * *  )>**

5.7. Data acquisition is probably the moat important aspect o f LabVIEW To be able to 
understand completely what takes place what you ate taking data, it ia important K>kiK~ 
what tasks are pa iom ed by а V I that acqmtes data from an external source. The V I 
introduced earlier in  Figure 5.14 talus a temperature measurement every time Ihe run 
hud on it  pudted. W hile this It useful to r tafcmg measurements where temperature is 
constant (e.g.. toon temperature), ft it  not useful in tracking temperature changes
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( IV  next exctclae this issue viaataap Яп*1ш с.) Ifa  tow foajnency щ иие w—e
i*  u s e d ,  however. it  is possible to verify that ihe V I function* as intended Connect a fu n c tm  
pm tn to r 10 the DAQ card Moke sure that *e  function generator is set to produce a squasr 
wave and th *  the frequency is set to be aboat 0.1 Hz. You may wish Ю view the signal
e , an oscilloscope Ю еамие that the function generator is indeed producing «he desired 
waveform. This can be done by connecting the output o f the function generator via a В NO 
c o l l e c t o r  to Channel A  (or Channel I ) on a typical two-channel scope Be sure to set the 
digger mode toeslemal (EXT) and choose Channel A (or Channel 1) as the trigger source 
You may have to in itia lly  use the ground function o f the scope to ensure that the beam is 
x ioed  at the m i^evel r t  the screen and that the vertical and honm ntal scales are set ц> 
properly. The same BNC connector can be used to connect the function general»» K> the 
BNC-2120, which acts as the interface between the DAQ card and the fraction  generator

5.8. Is Л и  exercise we need to add a loop to the V I from the previous exercise so that the 
V I can take readings continuously until a stop button on the front panel o f the V I и 
pushed and the V I i t  stopped The loop construct is in the structure suhpalette o f the 
programming section o f the functions palette You can also find the stop button in the 
Boolean subpalette o f the classic section o f the controls palette Venfy that this w orls 
and watch how the temperature reading changes with time Change the frequency o f the 
fraction generator and observe the effects ot the output What d ifficu lties arise when the 
frequency is loo fae relative to the tim ing capacity o f the loop? I f  we had no digital 
indicator, only fcemometers. would h i  be a problem?

5.9. la this exercise, we w ill add more functions lo  the V I from the previous exercise. I f  we 
only want lo maintaui some temperature (e.g.. in a thermostat), we might only care about 
the highest value o f the temperature. Use tie  logic operators lo  determine the highest 
temperature o f a ll the measurements (hint: you w ill need a shift register) In LabVIEW . 
there are many different options for dala types (scalar, dynamic data, waveform, etc.». 
For this part o f the experiment, you w ill need lo  convert from the dynamic daia lo  a single 
scalar. To do Ibis, right c lick in the Mock diagram and select express, signal manipula­
tion. from DDT. Then place the block, select single scalar, and then click OK

"Hiis V I gives a little  more insight inlo data acquisition with labV IE W  and some o f the 
d ifficu lties that may arise W ith this V I. w ill you be able to te ll how temperature changes 
“  •  function o f lime? What could we do to solve this problem (in  general).’ What are 
•°me o f the problems w ith ihe various output styles that we have considered ’ What 
" * f hl be some more beneficial ideas'’
® **don the  function generator m l igure 5 I \  random noise should he added lo  the signal 
•>» means o f the “ add noise" option o f ihe signal simulation Mock., in the signal analysis 

The оофи fe rn  the function genentor should be added to the mofee m ag aa 
*ddiiH>n block, a t k  can add hath signals rad constants. Send this noisy signal to a new 
R e fo rm  graph la  oader to exM ct the origaMl signal f№m fee оому fegna l.a flkcrw illbe
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applied. The fille r reduce* the effect o f portion» o f the Mgiml that are above a specified 
frequency. T b it allows m to  remove the higMrequency поме. The fiber block can be found 
ia  the signal analysis to o t» *. Configure the fille r to remove noiae from the signaL Y o * 
ftoat panel window should look much like  Figure 5.16.

Select three set» o f operating condition» (Lfc, amplitude aad frequency) for the tnangir 
wave pattern and measure the actual amplitude and frequency o f die waveform shown on 
the oscilloscope. Tin» w ill require yoa to  connect the DAQ board to the scope iaput* 
using BNC cables. Verify that your measured amplitudes dad frequencies are the sane as 
those you input to  the V I. Vary the anise amplitude between 0 and twice the signal 
amplitude and take screen captures o f tbe results.

5.12 Appendix: Software Tool» fo r Laboratory D ata Acquisition

5 . 12.1 M a — f t  Fum iir y

Measurement Foundry ia produced by Data Translation and has significant capabilities for 
rapid application development in conjunction w ith DT-Open L a im  fo r .NET class library and 
compliant hardware. Ы offers tie  ab ility lo acquire, synchronize, and correlate dau aad to 
perform control loop operations U also Ieamrea automatic docuarentaMoa o f programs and 
links w ith Excel and Matlah.

Л р о т S . 14
Function generator and O ur front pand
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рмуСаЬ from Measurement Computing Corporation (MCC) allows for the integral к о  o f 
-aphica l function». real-lime operation», includmg PID control, and realtim e display via 
{д о к , meters, and graphs, and incorporate» an eeensive library Ы computational functions. Il 
povides serial. OPC. ODBC, and net w ort interface function» and supports data acquisition 
^fdw are from MCC, lO led i. and other vendors.

S 12.3 iHET-iWPLUS

■pie. software, sold by Iomega, which is a ju  a distributor o f DAQ cards and sensors, can be 
ped to generate analogue aad d ig ita l output waveforms and ran feedhackycontrol loops. <*ich as 
PID, and has capabilities sim ilar in concept to  LabVIEW , which a llow  for the стоик» o f 

virtual instnuaems.

S. 12.4 W mW eJgf

WinWedge i f  yet another data acquistion software tfia l uses a Mscroso* Windows Dynaimc 
Data Exchange mechanism to provide data actjasifion and inslnuneM control m confuncttoi 
wMi M icrosoft Excel, Accent, and so on. Il provides a menu-dnvea corfiguranoa pnigram a id  
is asЫ  mainly ia  conjmctaoo w ith serial data « ra n i.
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6*1 Introduction

Л ввШ & е  and digital fille rs  are used cvlerxuvels in sensor signal processing. In this chapter.
b o A rffte se  topics are diseased and examples .s ing LabVIEW  are presented IV  main □ *
1  _l ■  "g^l-procC Tuat; techniques i t  in pre- and postprocessing o f sensor signals In
•' Г £ ? * ~  *',l,cfs т  о|,сл use(1 K>deal vsiih I he so-called aliasing phenomenon thal

in data acquisition tystonu. D igital filters are generally used to  p<«process

l e c h i . t lgna,S and СЛП ** USed 10 conJumni<,n Vk“h sophiiticated digital signal pr\«.-essmg 
4uch flu F ill RmartMi .... <л  .. —X- . . .  — *a—a ----■---- *  —flMMfl

Jgue tillers, their analysit, and is  n thews using passive components (resistors and 
«»») at w ell a t active components (operational amplifiers)
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* Frequency response o f a low-рам filte r using Bode plots. illustrating the response o f 
the filte r w ith varying frequency o f the input signal.

* The concept o f a d ig ita l filte r a* counterpart to the analogue fille r and bu ilt using 
software.

« Implementation o f m uring average < M A) and autoregressive moving average 
(AR M A) model-baaed digita l filter» and their implementation ia LabVIEW .

* Using LabVIEW to develop virtual instruments (V li)  that implement dig ita l filters 
aad demonstrate their functioning using a graphical display o f pre- and poslfibercd 
signals.

These learning objectives arc illustrated through detailed descriptions, examples, and exercises 
The presentation refers to supporting hardware from  National Instruments and other 
manufacturers (namely Analog Device*, a maker o f micromechanscal accelerometers 
aad saratlar microelectroaaecbanical components used a i sensors in measurement 
aad instrumentation).

The reader is expected to have access to a laboratory environment dia l allows for 
implementation o f analogue filte rs via  passive and active eleckonic component*, lest 
instruments such as oacilloacopes and function generators, and. more im portantly, access to 
LabVIEW  for implement»*on o f the virtnal instruments discussed in the sequel. Uae o f a 
small inexpensive fan- which can be the basis fo r studying Ihe impact o f rotor imbalance 
aad vihration that is filtered w ith a combination o f analogue and d ig ita l filte rs, is also 
useful. Other sources o f real data can be ased. however, so loag as the measured signal 
manifests a combination Ы  “ good" and “Had" inform ation, preferably at low  and high 
frequencies, respectively, which can be used as the basis fo r tie  experimental component 
o f the examples and exercises discussed in th is chapter. It i i  possible, however, to produce 
virtua l sensor data using LabVIEW  itse lf, as a is done in several o f the examples, to 
illustrate signal processing techniques, although it  is always important to use real data at 
some point in the process o f learning to apply signal-processing techniques.

6.2 Analogue Filters

Analogue filte rs are tie d  prim arily fo r two reasons: ( i )  to buffer and reduce the impedance 
o f sensors fo r  interface w ith dau acquisition devices and ( li)  to  eliaunate high-freyum -) 
noise from  the original signal so as to prevent aliasing in  analogue-to-dtgital conversion 
Analogue filte rs can be coastracted using passive components (namely resistors, capac it* « '• 
aad. at times, inductors) or via s combination a t passive and o rfrv r components (tran»>s«* * ' 
or. more commonly, operatsaasal am plifiers) lending lo  active fille r designs. We conasder 
both cases here.
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P e « v #  FitUn

mtsUVt  fille rs are designed w«h a few simple electronic component l resistors anti capacitor^ 
^  ьаос Ion-pass fiher. depicted in  Figure 6.1, can be used to remove « к  attentive) 
^ -fre q u e n c y  none m the original signal, in this case denoted by v,. The underlying

it  thal any time function can be viewed as being a combination o f simnoidds. 
цоге exactly, any periodic function o f lime is approximated by an in fin ite  series o f sinusoids
0 f r r r “‘ " ‘ lfs  ,h* ' ш  o f the so-called fundamental frequency o f the original signal
(tie  «о-called spectral cornm i o f the signal). Nonperiodic functions can he viewed m
f1___.. JU the same way but we m utt allow for a continuous spectram. For example, the
g n p n il signal. V/. may be approximated by

v, ■= V,j t*(o> t) + Vu  т ( 2 ш )  -t-V0  s in (J « /)  +  - - • ,  <6.1)

•te n -1 'у  .Via.Vu, . . .  are the amplitudes of the consecutively higher frequency component» «r 
|_um -  o f the original signal

These higher frequency components may represent fluctuations (or, in many cases, electrical 
■one) thal we may w i*  to attenuate to prevent aliasing (appearance o f high-frequency 
сапропель in #ie analogue signal as low-fitqueocy aliases o f these rO M p n w ii I and generally 
u  present i  clean signal to tbe DAQ system. The filte r in Figure 6 .1 prodaces an output. v „ 
which h.is Ihe same ter o f components (in terms o f the re^ective frequencies) as the uriginal 
■gaai, r „  hut at reduced amplitudes:

v. *  V .., tm (u it) +  V , j sm(2r»/) +  VoJ sin(3 tor) +  • • • • (6.2)

wheie V'.Nl.V'<> 2,V(1j ........are (he amplitudes o f the sinusoidal component!, ui t„. In general. Vac*
Ь -л У * у  . . .  are sm a lle r  than th e ir counterparts in  the input signal. V ,.i,V a . V , j . . . .  For 
M i f ta r r ,depending oa the  values o f  f t  and С  in  fee f i l te r  shown ia Figure 6 .1, V„, may be very 

tk m * T ‘>’ Uy 98<*  Ы Л “  val“ e- bul VoJ m* y * *  abou' ^  Ы l  ' - anJ "  fonK  1Ъг геаып 
* * * ■ * •  lhat die given low-pass f i l le r  attenuates each signal according to  its frequency. * e  

frequency, the larger the attenuation (hence the sm aller the am plitude o f  the given 
in  o u tp it  s ignal) The precise amount o f attenuation can he found fro m  the

V response graph o f the file r  (com m only re fe rra l to  as its H<xlr p lo t)  as. to r
u --depicteO  in Figure 6 .2.

- L  v.

L I
Passive losv pn »  I
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е)
F lfu r* t . I

Bode plot o f low-pass filter.

The specific equation fo r the fiber from the application o f K irchofT i current law at the output 
node (assuming an open circu it or no load M the output) is given by

л-+с£<*.) = °. (63)
This can be sim plified iato

* C %  + r . « *  (6  4 )

As a first-order differential equation, it can be transformed into transfer function form, usuv 
Laplace transform, a i

<6' ’
wheie r  =  RC is the tin e  coasiant o f the filte r, tbai ia. essentially the time ш takes for the fA e t»’ 
rrspoad to a step input function by reaching b i%  ta laoel two-thJnb) o f its steady-state сящ**
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inverse o f r. tluu * .  ot€ =  1 /r . U known as #ie comer frequency o f the filte i, that it,
.  fte^ency above which the fille r man» to aaenuate its input Then* are discussed h rn fe t 
^ (o *  in  Ihe conlext o f the co-called Bade p io i Ы  ihe fille r. A ttu n in g  sinusoidal functions Ы 
фс fono », *  V/iw t). whose Laplace transform n  given by

toV,
V' * ? W -  <6 A >

^  (uhstituijng in Equation (6 .6 ). taking partial factions and sim plification (including 
0 oppaig the transienl response term as detailed in the appendix). Ihe steady-state output would 

Vf= V . sinfotf + wheee

* and^> =  -  ta n ~ '(w ) (6.7)
4 + 1

y, n n  standard form, we have

^ 1  =  20lo g - j - 1. i ii =  20 log l -  I0 lo g f(ttu )? +  l )  (6Л )
'1 Ш  -L I v '! (та»)1 + 1

Vo I =  |  0 тa t«  1 
Vt ^  \  -2 0 lo g rw  | «  n o ' (6.9)

Hie graph o f the VJV^m “  p *c i*e ly  what was depicted earlier in Figure ft J where it is evident that 
r frequencies, particularly those higher than the comer frequency o f 10  r/s, are attenuated at 

ling rate, leadaig to the reduction of high-frequency components in the filtered signaL

6.2 .2  Active Fitters Usimg  Op-amps

Ifc» passive nite r shown previously is simple aad can, in principle, be used to filte r out 
и * 8мг*Ыс component o f a given signal. However, because it is made up o f entirely passive 
«■■poncnis i resistors *idca fuc iio rs), it has lo  draw current from the input and w ill, in addition.

c,rceil connected to the output o f the fille r. Op-amps can eliminate this problem, as 
d iT *"71*  ’bat is drawn from the input stage is very small (because op-amps have large internal 

Г * * * -  o f the order o f 10 MO). Likewise, as active devices, op anyis supply current to 
гщ р .* * *  w l hence m mim i/e the impact o f the filte r on any uutpul circuit, such as the 

thereby leu  affecting the reading o f the acquired signal W ith this in mind, ojv^nps 
< » » U Md in conjunction w ith resistors and capacitors to create an active fille r A la n yfc  

• ^ • « lo n  it  given IB Figure 6.3.

^ B *« M e  lo fc *  cncmt, we mutt drtemane the relation between the mpnt v, and the 
The «мптаЬоп Ы  currents at Ihe ia vo iia g  inpat it  given by
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Active low-ря*» filter.

Now. given that in  a negative feedback configuration as shown earlier. *_  «  v+ »  0. 
s im p lify this to

V/ v* _  d , .- +_ * с г ы -о .

We can rewrite this at

ve +  * 2 C j( » , ) ~ “ V(.

This is very sim ilar to a passive filte r e q tu tm . w ith  the exception o f the gain on v,. The 
negative sign means that the filtered signal w ill lag at least 180 degrees behind the unfiltereJ 
one. (This issue can be resolved via an invening filte r o f gain o f - 1.) We can ca ll this gain A. 
so к  =  t ^ R In addition, we see that the time constant is given by t  =  ЖгC. So. we have two 
degrees o f freedom in our fille r configuration We may adjust the gain constant, k, to amplify 
low-frequency signals. However, this w ill also raise the value o f the crossover frequency and 
therefore allow  noise to have a higher amplification. In addition, we can change the corner 
frequency I o \ =  I /т) by adjasting the relevant parameters. This w ill have effects on the gain 
w ell, which must be taken in to account. These can be better understood by examining the 
system in  the frequency domain. In the frequency domain, the ratio o f the output to the iop«> 
voltage is given by

to»‘I’  +  l
20 log* 

M log/k -  JOlogrui

SOIogi -  IO Io g ((ttti)*  +  t )

w «  I
I «  r io '
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We c*» understand betier how the fille r w o tis  by cxan ining the Bode plot o f the system, which 
„  ««fced sim ilar to that in  Figure 6.2, w ith the only exception being an upward shift o f the g n ffi 
by 20log* A l discussed earlier, the graph is meant to illustrate how the fille r passes th ro a t 
„ ^ s  o f frequency up to comer frequency and gradually aUeaaaies those beyond tbs level 
* . depkted in Figure 6.2.

^ 2 .3  Implementation от a  Breadboard

j„  a Uhoraiory setting, one can build and lea various circuits, including low-pass filters using 
breadboards Figure 6.4 depicts one such breadboard made by National Instruments (N1). 
Sim ilar hoards w ith more or lets additional feat ares are available from  various manufacturers. 
Tlus particular breadboard has a connector (lower le ft comer) that attaches readily to an N1 
pAQ  card. Other breadboards are also available from  N1 and other manufacturers.

f  1 4  Building the O rtu it

Assuming access to •  breadboard sim ilar to Figure 6.4, circuits can he bu ilt an ihe white 
section o f the breadboard. The horizontal sections o f holes in the w ider strips o f t iis  
section are connected together lo  allow  placement o f circu it components that may have

П р п  6.4
Breadboard for fika r «apt»mentation
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different sizes, while the tiuim rr section) provide a mechanism for access to power aad 
grouad (or common signals». In addition, at staled earlier, this particular board has tfie 
U tility  *o interface w iA the data acquisition cacd. Inputs and oupus from the card can be 
takea from the pins sbowa ia Figure 6.4 and connected either to the breadboard or to 
external devices.

6.2.5 Electronic Compomemtt 4

A variety o f electronic components are used io  baild analogue fiber» with resistors, capacitors 
being the most commoa types. Resistors caa be еаЬет fixed or variable. As the name implies, a 
fixed resistor has one resistance value and cannot he changed. A variable resistor, however, can 
be adjusted to have different values. Resistors are coded by color as Aown in Figure 6.5.

H p w tJ
Resistor color-coding scheme
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Tab*» 6.1 Г— p li R tfitto n

«aa-M M l fifrilliptiw T o lm c * Vale.
O rtrg r Orange N M Brown Brown 350 0 *  1%

Blur Gra. Black C ron Blue 6 8 M U ± 0  2S1k
Black O w n Grten Red (Ud SSOO 0  ± 2%
Red White Yaitow Cold V io l* 294 0 *  0,1»

р о к  dut colon may not be evident but (h it sane figure is generally available online at a 
g a ii her o f sources

pote tfiat not a il fetislors have the same number o f bands, so it is important to know the type of 
(cstskir at hand. I f  a lesiatnr has only four K iadv then it does not have the third d ig it A few 
cam ples are illustrated in Table 6.1.

(■ addition to resistors, capacitor, are used in building analogue Я  ten . A  picture o f a ceramic 
pbM capacitor is shown in Figure 6.f>. Unlike resistors, capacitors have their value exp lic itly  
pruned on them. Capacitance values can usually be read o ff in either a picofarad (pF ) scale 
or a microfarad (nF) scale. Intermediate scales are used very seldom. In addition, it is 
taaportant 10 note that a capacitor has some parasitic resistance as w ell, although tte t it  
■su.il W very small.

fin a lly , op-ampt are key components o f analogue file rs  A  picture o f a typical op-amp.
LM 741, i t  depicted i t  Figure 6.7. It is important lo  be sure that the correct p in t ace ttsed when 
«m eeting the op-amp. The data sheet for the device, general ly available from the aaanufactuicr. 
pros idea detailed specifications in th it regard.

F lp n U
Ormmic place capacitor.
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* 4
f ig u re  4 .7

Operational am pl^e r in DIP package.

6 .2 .6  Op-amps in Amatapm  Sipsat Proeeuimg

As staled earlier, op-amps caa be used to perform simple or more complex tasks. For instance. 
m shown in Figure 6.8. to add two signals, */ aad v „ together, m  op-amp and three ite s to r. 
MT used This can he useful. for instance, m attesting for a d.c. offset in an accelerometer 
jjgn»i or sim ilar cases. I f  we were to derive the «elaiionships between the inputs, we would 
arrive ai the follow ing:

« I

Therefore, if  we set v, lo  be the negative value o f the DC offset from  ihe accelerometer, we 
w ill be able to remove this offset successfully.

<>

f i f a n U
Amplifier к Ь с т а с к  diagram
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С

figure 6.9
О Л «  removal and low-pass fikanng.

More importantly, we w ill generally need to remove high-frequency noise in the sensor 
■goal prior to sampling the signal w ith an A/D converter. For this reason, the cotnbin*ion o f 
op-ampt in Figure 6.9 is  uaed.

to practical implementation. co lo r coding  tie  w iring is h e lp fu l in preventing confusion. 
Typically the coding ichetne uses red. positive  supply vo ltage: Mack, ground; and blue, stgnrf 
Other colors are used to  supplement these and d iffe ren tia te  the d iffe ren t signals. Ехеламе 6.1 
refers to this in more detail in  the context o f perfo rm ing  a s im ple acceleration measurement 
experiment

6.3 D ig ita l Filters

filtering uses discrete data points sampled at regular intervals. These data points are 

* * * *** u m Pled from  an analogue device such as the output o f a sensor (say an accelerometer 
■ ■ i t o  measure vibrMmn in a beam). Digit», filte rs  as shown schematically in I igurr ft. I ll rely 
W p t y  on the current value o f  the measured variable, but also on Us past values (either in raw ur 
^ • ■ d  form). This leads to  tw o  kinds o f  filte rs , w hich  are examined in  die sequel.

* “*•* V *  A*mWf fag fifc e r 
la  tfv

avenging filte r, the previously unfiltercd values o f the given signal are used ui the 
■*>>» filte r takes the form  o f

Л  ■  «*» +  ( •  -  *)•*»-!. (6.10)
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Diagram o f  a dipraJ filter.

Note (hat we can write io  =  « and i ,  з  I -  « and hence write die above as

yt  ж  ttu *  + * i« i - i  f6 -1 *)

w d thus further exlead this formulation to «ore complex filters шсЬ at

f t  =  X*U| +  3|M |.| +  *2 **-! +  "  ' +  *»*«-•• (6.12'

Ib is  general form it  called a moving tn eragr fille r, a t it in effect averages past value* o f the 
ифШ signal, each with its respective weight. Selection o f these weights it  often an issue aad can 
be formalized, although in toe present context we w ill deal w ith simpler cases in  which aa 
intuitive approach to selecting these values can be used.

6 .3 .2  FBter w ith Mm m ej

la  a filte r w ith memory, previously filtered values are used to adjust the new output. This filte r 
lakes toe form

Л  -  0Ш( +  ( I  -  « )» !-!,

where a is the weight on the current value o f the unfiltered signal, u, The remainder is from 
the previous value o f the filtered signal. y»_i- Varying a w ill change the extent to which 
the input signal it  filtered, la  particular, « relatively large a weighs in toe current value o f toe 
input signal, while a m a ll t  weighs in the past (filtered) signal, r i-  Normally, x <  I.
T b it is evident in  the fo llow  e g  example.

6 .3 .3  Е ялтри

A set o f data points is a m n re d  from а ссашшом signal as given ia  Table 6.2.
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Т А *. 6 2 О.Ш for a p u i-fiksH n g  Emampl.

* *
0 0.10
1 1.05
2 1 92
Э 3 90
4 4  a t
s * 9 4

A iim r*e ,nPut * ve« P n8 n,,er wi*h a values o f 0.25, 0.S, 0.75, and 1.0 is used lo filte r 
ф пе values at depicted later (Figure 6.1l>. The filte rs produce a continuum o f respoav 
pattern ! indicating I tu t no aagle value o f  *  к  beat. However, one can argue, based on 
proxim ity to the general pattern o f the input signal, that a -  0.5 nay he reasonable.
In practice. one has to fine-tuae i  or sim ilar parameter* o f a given filte r lo  fa ihe applicatioa m 
an n il There are. as riiown later, formal metfmdt (based on digital signal processiag) that allow 
the user to select the fille r parameter to affect ihe frequency response o f ihe fille r (similar 
Ю analogue caseX The mathematical techniques underlying these tools a ir beyond the 
«cope o f this book although their application is discussed later.

>111 4>|M| »» i

Simptt awragmgfikcr results.



14* Chapter t

6 .3 .4  Lab VIEW Im p lem en ta tion

One caa implement i  d ig ita l fille r in LabVIEW м  skown in Figure 6.12. The block diagram 
o f ll» * fille r appears •  Figure 6.13. The fille r parameter* are te l a l 0 5  and 0.5 in the tow n 
left corner o f the fro *  paael N it can be changed if  aecessMy. Tlie block diagram depicts a 
sinusoidal signal generator, as well as a noise generator on the left side. The in-place operation 
allows (he addition o f individual data elements.

The m-place element aniclure allows a simple operation such »  additioa ю  occur on the 
corresponding elemeats o f «wo dynamic atrays produced by the stnusotdal and noise signal 
generators This node can be found in the structures subpalette o f the programming section o f 
the factions palette as depicted in Figure 6.14.

The fille r itse lf is implemeaied as a fin ite  impulte response (FIR) fiber node (found in the 
advanced FIR filtering section o f the fille rs subpalette o f the signal-processing section a t thr 
functions palette ), which effectively implements a moving average fiber type. The anay of 
fille r coefficients appears ш the front panel o f Figure 6.12. Note dial in  this case the source

np-nfc.12
Front panel o f  a simple d ig ita l filter

'  T V  k u t im  uf th n t nodrs ta Hit lesprcllvt pabar na« dhaagc <leprodM| ca Ifcr se ao n n f LabVIE» 11 *" I 
Ы— т а . pom Me to acwcfe far a «profit type Ы  nadr fcj —я к  and taca* а « п р к о т г  of as к***"-
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D ia fra m  o f  a simple digital filter

gg g g SC u n o m m -
*  *eer«mwmg

l« M M M i

У О П Ы О

Stn*cturet w bpete tt* o f  the functions paltctc
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ugaal is generated internally but it i t  possible to do the same ta lk uang an external input signal, 
as. for instance. generated by a function generator.

6 .3 .5  Higher O rder D ipte l FUten

W hile the simple filte r in tbe previous section work» reasonably «veil, one can build more 
effective filte rs using a combination o f autoregressive terms and moving average terms, via an 
ARMA model, also referred to as an infin ite  impnise response ( lilt )  filte r. The general equation 
for such a filte r is given at

Л  =  - в |Л - | -  «1^-1 +  • • • +  +  fc|U»_| +  *2*4-2 +  •• • (6-13)

Note that a, and b, miMt be chosen property to r stable and effective performance. This is aot a 
triv ia l task and requite* advanced techniques that extend beyond the «cope o f this text The 
essential idea is to place the to-called poles and zeros (the roou o f the denominator tod 
numerator o f the corresponding discrete time traader function) in reasonable locations in the 
complex plane. However, there are well-known design strategies that have performed well, 
including Butterwortk. Chebyshev, and Bestei. that are programmed in LabVIEW . It i t  also 
possible to produce the fille r coefficients in Mai tab o r a sim ilar tool and use a sim ilar technique 
a t in the previous seciton (albeit using an UR filte r node) to  implement the given filter 
Implementation using LabVIEW  built-in  function  is depicted In Figure 6.15. F ille r parameters
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----------  w » -  T * •» ■ -  ■ |д

Block diagram o f Butrersworeh filter drugn.

include ihe sampling frequency, which in tfc» cate i t  the u m t frequency wed lo geneme die 
stgaal Ы the f in l place. The cuto ff frequency i* a lto  another required parameter, which it  
chosen lo correspond lo  die frequency at which the noise component start to dominate the real 
signal. The block diagram ь  depicted in Figure 6 .1 ft.The filte r node ( from Ihe signal processing 
•eclion o f ihe function palette) requires fille r type (set lo  zero for a low-pass fille r) as well 
at ihe two parameters mentioned earlier. Note that the unconnected terminal o f ihe fille r 
node (thefcigh-frequency сшоГГ) is no» required for a low-pass or high-pass fille r but is required 
for a bandpass filte r.

the fille r depicted in the fm nl panel diagram in Figure 6 I '  typifies the 
i ' r 1* *  <*llennlt effect o f a Butierworth fille r, which indeed performs better ih jfi ihe simple 

r we designed earlier

6,4 Condusion*

^ K jJ * lJ re » * id e r rd  signal-processing techniques used commonly in wnjuncnon v»ith 
UhVIE%  d*1* acquitition systems A t a prelude lo  digital signal processing vn 
* * *  PrecetT' С<’ПМ‘к',С<1 m ekV "* signal prnce»ng using operational ampliliers lop  amp.» 
Ч М « ,  fc> “ cccstful compute! hjsesl dala acquisition. as the original

•» * c  *i*h  noise, whkh leads to aliasing in ihe digitize signal la pnwess
Ы  *bo“  'mages on lelevmon screens). We further discussed d.gilai 

p ; and autoregreskise moving average models
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6 .5  Problems

6.1. Implement the analogue filte r deaigu described in Figure 6.10 w ing a pair o f LM-741 
op amp* and appropriate resistors and capacitors. You w ill need in  choose а reasonable 
capacitor valae forC . say 0.\pF, and theachoose an appropriate resistor value fo r/f^ X 1 
achieve a comer frequency o f 10 №  (effectively 60 tad/t). For this exercise, design the 
gain o f your filte r to be unity (1) by selecting =  R j*  Likewise, choose Rtt — 
because you w ill ase ike firs* stage only to invert the signal produced by the ta c tio n  
generator (siaoe ii w ill be inverted agaia by the second «age fille r). In building the 
circu it, pay clone attention to the color coding m ailed on (be figure Do not power up d r  
board or connect power to die circa* wahout first ensuring that connections a ir matfc 
property.

6.2. Perform prelim inary evaluation of die fille r in the previous exercise by general in? 
a signal using a fanction generator capable o f producing a sinusoidal function o f 
varying frequency (sim ilar to that dtowa in  the previous chapter). You can connect die 
function generator output to v, inpul in  Ike fille r and ground v, input since il i t  not used 
in this exercise. <k is always good practice to ground uoused inputs to prevent the 
circu it from  picking up and introducing noise in the actual signal.) You w ill need 
an oscilloscope to  evaluate the functioning o f the filte r. Vary the frequency o f the 
signal from I to  100 Н / and make an eatimate o f the fille r performance (in lemis at 
attenuation o f the signal amplitude) by recording (reading o ff die scope) the ampt* udr 
o f the signal aa a function o f frequency. Compare your graph w ith Figure 6.2. Note 
that the figuae i t  drawn on a logarithm ic scale. Be m indful o f this fact in your 
comparison. Bear ia mind the comer frequency o f the filte r, which is expected to be at 
10 Hz.

6.3. Create the V I shown in  Figure 6 .17. This V I can be used lo evaluate the analogue fille r 
discussed in the previous exercises. The signal generated by die V I is filtered with 
the analogue filte r implemented in the previous exercises. The spectrum o f both
un filtered and fike ied signals it  shown in  the respective panels o f the front panel o f thr 
V I. Set the wave type to be a sine wave, the frequency to be 10 Hz, the amplmi<lr 
to be between 2 and 5 V . and the noise amplitude to be 10% o f the signal amplitude 
Use an oscilloscope to  verify that you are producing the correct signal. Note thai the v l j 
should be implemented such that die Analogue Output Channel 0 oo the Nation '1 
Instruments interface board is used to produce the generated signal. In addmoo 
examine the spectmm o f the signal gives in the V I Later you w ill warn to filter it*  
noise, not the signal. Having an idea o f where the spectnun o f the signal d o rn u u ^ j 
enables one lo  fille r the signal property.

6.4. You can ute the signal generated by the V I (via Analogue Output Channel 0) o f I
Figure 6 .17 with the analogue filte r from  die previous ехетгме*- The output o f it *  
should be used at Aaalogue Input Charnel 0 so you can evaluate the perform *» f  |
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••ana logue fille r nuag the V I. Set the noi«e amplitude 10 zero in your V I Startup 
1 Hz. adjust the frequency in eeps o f 2 .5 . and 10. up to 1000 Hz Determine the 

^ P * n c y  at wtuch the filtered wave amplitude is 1/I0lh Ihe original sig tu l amplitude 
review the spectrum o f the signal as it appears in the respective panel o f the VI. 

*leP- У0"  W-1 evaluate the performance o f the fille r at a function o f aoise 
■ Р М е  Yoe w il first set the signal frequency at 10 Hz. and set the ampluute to he 

•Adjusi fee mme amplitude from 0 to 2 V . Measure ihe amplitude o f the filtered
*  г*Ые 6.3. In addwson. note the impact o f increa*mg the oo*se 

«  fee fa q ^n c y  spectrum o f fee Uttered and unfihered signals
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ТЛ4» U  NotM А т л ш ю  и  a  Function о# />ир8ш<«

Waii» —p (V) HaiWnt(V)
01
•1
u
0Л
1
13
г
$
% -------------------.----------------

6.6

6.7.

6.8.

П р п Ь М
MEMS acceltrotncur (Analog D*vic«).

You can demonstrate further how die fille r m»y be used ia a real system. To do Ibis you 
can use a small fan with a small weight attached to one of die blades w ith sturdy ta f* 
that prevents the added weight to fly  o ff as the fan rotates. A «emicondyctor-bavd 
(MEMS) accelerometer sim ilar to that shown in Figure 6 .18 may be attached to the 
base o f the fan to  accord the acceleration due to an unbalanced rotor. We w iA  to 
fille r out a ll die none dial occurs above the fan's rotational frequency. In order (o do 
this, we mutt firc t know what the frequency it .  Determiae the frequency from the fan 
specifications, wftach should be available from manufadarei data sheet*.
Create the V I (or me w ith the accelerometer as shown in Figure 6.19. The V | яшм hr 
able to read Ac accelerometer signal and produce fille ted and anfiltered displays of 
this signal along wnh the spectmra o f the signal.
Connect the accelerometer to the am plifier in Figure 6.9. H ie accelerometer, at tbr 
packaging shown in Figure 6 .18, is manufactured by Analog Devices (and is coaneck-d
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6 .9 .

6.10

M l .

6. 12.

F lp m t.1 9
VI for use web kxH cfom ete r

readily w ith Ihe filte r I Examine the output o f the filte r on an oscilloscope шершне that 
tie  signal from the accelerometer паке* sense. Assuming that the accelerometer is 
sit ached to the haie o f the fan (in normally operating condition, i.e.. without any added 
mass to ere lie  rotor unbalance) you should see the fan frequency on the oeciMcncope. 
The accelerometer may have an offset thal can be removed m the next step.
Using the V I developed earlier, produce the offset necessary to eliminate the accelerometer 
offset.
Given the frequency o f the fan ai its high setting, calculate the comer frequency 
feat would be needed to filte r Ihe rotational speed o f the (an. You may use fee same 
filter thal you used previously or. if  the comer frequency i i  very different, you may 
change your resistances to achieve a belter design. In addition, you w ill need to 
increase the gain a t your am plifier to amplify the accelerometer voltage and subtract 
o ff the DC offset
Examine the effects o f adding an imbalance ю the fan. Power down fee boanL 
disconnect the balanced fan. and conacc* the unbalanced fan fo llow ing fee same 
Procedure.
Modify the fiber »  Figure 6.12 «о feat к  allows a dial gauge |~  to represent i .  fee 
filter parameter H is  и  a simple modification hut allows you to better under*and 
*e  filter
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6.13. Create a cue diagram to allow multiple types o f noiie (uniform. etc.) to be added to fee 
signal in  Figure 6.12. Does changing tbe wave type teem ю  have any effect on the 
quality o f the fille ted  output? Does tbe Tiber reproduce end) wave exactly?

6.14. What effect does changing the frequency have on the specmim o f filtered and 
un Tillered signals? Whal happens to the frequency spectrum o f the filtered signal at 
high frequencies?

6.15. What is the effect o f noise amplitude? What happens when it  i t  small? What is the 
result when *  gets to  be the same amplitude us that o f the signal, or larger? How did 
changing the not не amplitude affect the frequency spec tram? What information does 
this give you?

6.16. In using unbalanced fan vibration a t the source o f your measatements, compare 
the filtered retfwates at low and high speeds w ith unfihercd responses. For which 
fan speed it  tbe filtered response cleaner? How does this relate to your cutoff 
frequency?

6.17. For the experiments discussed earlier the fan speeds were fa irly  close, to  designing 
a filte r that would be acceptable for both speeds it  not very d ifficu lt. What are some 
o f the probleats w ith trying to use tbe same filte r design if  the two speeds are dratncalK 
different? (H int: I f  the speed it  low. how w ill the noise frequencies change?)

6. I t .  What are some potential problems o f using filte n  in teal systems? (H int: In the earlier 
exercites, we knew exai riy whal we weae looking for. What i f  we do not?)

6.19. Why does hiffr-freqoency noise gel reduced in low -patt d ig ita l filten?
6.20. Would using more sample points in the fille r be beneficial in  elim inating high 

frequency none? What would happen if  loo many points are atod. that ts. clote to the 
total number o f data points collected?

6.21. Whal are some potential problems o f using filte rs in  real lya e n t?  (H int: Think i f  you 
need data in real time and a higher oeder filte r is needed)

6.6 Appendix

6.6 .1  Simple F ilte r Soiu tioa

We start w ith

Asaumiag sinusoidal fanctioni o f the form
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y /e have ihe fo llow in* partial fraction eupantion

I iaVt A B C  
* ” t » + l * l  + o > J * f + l / t  j +>w + i - > u - ( 6 J 3 )

К <6*>
1  (6.17)

(6 ..* )

Sow aoting that

» „(/) =  A#-*7'  4  & • >°* +  C V ' (6.19)

wd Л л ihe first terra d ie t oui w ith tim e, we look at the Head) state value Ы  v .( t)  a t

В  ’M  ■ ( - M ,  + й ^ Ъ м ' ' '  16201
aad fu rhci into

. J ,)  =. -  t / ^ + W  f - ~  , 1 - J w t llV )  и  
(t*« ^  +  i) ( - W  ( tW  +  IK W (6.21)

г into

M/) *  (~xW  -НН-Ц) ((a<0 +1 + ^  (“ *)

M,) *  ̂ т ' о Г а д (+/тш(̂ +€‘M) - (е~ -  {<l23)

M i)  =  {-га кя Ы ч н ) +  tin(<u»)) (6.23)
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* W  *  У ,(-ы ш (ф )ая (ш 1) + со*(ф ) ня(гш)) (6.Э6)

wtieic tai*<S) ж  тш. We lh«s have

vo(f) «  V, sm(tar -  v>). (6.27)

6 .6 .2  MaHab Solutmя to Ihe Butterw erth F ik tr  DesJpi

As you observed simple fire-order fille r* may da well for elim inating random noise. but the> 
do not do well at attenuating signals w ith a certain frequency. For this reason, there aar mans 
other d ig ita l-filte ring  approaches Many revolve around designing an analogue filte r and 
approximating it as a digital fille r. This is the case for the Butterwonh fille r. Luckily, this design 
process can be automated nicely using Maliah. M a r la h uses a command called butter to generate 
the coefficients for a filte r w ith a certain order aad cu to ff frequency. A  sample command is 
grven here.

4 /
»  [Ка|=ЬиПлОЛ1> 

ь -ooo t?  o t t r  *4*2*

/  /  /
N bt * i

■ •  10000 -2.1741 1*2*4 -0.5121

/  /  /  /
4  *1 »J »l

The command just given generates a third-order Butterworth filte r. The first term in Ihe 
command (3 in this example) is the order o f the fitter. By setting the term, you chi control ho» 
many past data points Ihe fille r uses. The second te rn  in the argument is tbe ratio o f Ihe cutoff 
frequency to the Nyqwst frequency. The Nyquisl frequency is one-half o f the sampling rate. 
this ratio, r. is given by

/./2

These frequencies are both given in Hz. which makes r  a unities» quaattfy к  is important to л140 
that d ig ita l filter» only filte r frequencies relative to  ihe sampling frequency. I f  the cut»*! 
frequency is increased aad fee sampling fw p n ry  is  increased by the same amount. <1* ^
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и  achieved. In addition. the maximur» valne o f r  ia 1.0 (why do you think tfu i is?), 
however. this would coneapood to an unfibered response.

dial the equation far the filte r u  given by

у» =  — (—J i* t- i —огУк-г ~в1Л -з + + ft|it» -i + b jH ^2 -t-h iu j.,).

■pie ^  vector contain* the h, coefficients. The leftmost number соггсфопсЬ. to b,, The next 
gtBibcr correspond» to h, and so on. The coefficients o f a are given by the next vector. Nodoe 
fe ll oar Butterworth filte r has an «о term. This isn 't present in the main part o f the lab. The 
д ол и  for this is that the term is always set to he I. as seen by the values o f a  given earlier So. 
Itd iu n g  that ao is always one allows us to sim plify this expression into the follow ing:

Л  m - « 1П -1 -*тУ к-1  - « э Л - j  + + h ,u i.i  + M i - !  + M i - i  

Here are a few additional examples o f BuOerwarth filte r designs:

»  [b. a] *  butler (3,0.05) 
к  =  0.0004 0.0012 0 0012 0.0004 
» =  1.0000 -  2.6862 2.4197 -07302  
»  [b,a] *  huner (3.0.2) 
b  =  0 01*1 0Л543 0.0543 0 01»  
ш =  1.0000 —1.7600 I 1829 -0.27*1

Bor man information on tb s  a*bject, see D ip to t Signal P roctu lng by froakis and Manolakis
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meten. (in  both analogue and digital form») and various types o f oscilloscopes. As well a* signal 
level voltages, many o f these instruments can also measure higher magnitude voltages, and 
this is indicated where appropriate. The oscilloscope is particularly useful fo r interpreting 
instrument outputs that exist in the form o f a varying phase or frequency o f an electrical signal

Electrical meters exist in both digital and analogue forms, although use o f an analogue form 
now tends to be restricted to panel meters, where the analogue form o f the output display 
means that abnormal conditions o f monitored system» are identified more readily than is the 
case w ith the numeric form o f output given by digital meters. The various forms o f digital and 
analogue meters found commonly are presented in Sections 7.2 and 7.3.

The oscilloscope is a very versatile measuring instrument widely used fo r signal measurement. 
despite the measurement accuracy provided being inferior lo that o f most meters. Although 
existing ia both analogue and digita l forms, most instruments used professionally are Bow 
digita l, w ith analogue versions being lim ited lo  inexpensive, low-specification instruments 
intended for use in educational establishments. Although o f little  use to professional users, 
the features o f analogue instruments are covered in this chapter because students are quite 
like ly to meet these when doing practical work associated w ith their course. As far as digital 
oscilloscopes are concerned, the basic type o f instrument used is known as a dig ita l storage 
oscilloscope. More recently, digital phosphor oscilloscopes have been introduced, which have a 
capability o f detecting and recording rapid transients in voltage signals. A  third type it  the 
digital sampling oscilloscope, which is able to  measure very high-frequency signals. A  fourth 
and final type is a personal computer (PC)-based oscilloscope, which is effectively an addn>n 
unit to  a standard PC. A ll o f these different types o f oscilloscopes are discussed in Section 7.4.

7.2 D ig ita l Meters
A ll types o f d ig ita l meters are basically modified farms o f the d ig ita l voltmeter (DVM). 
irrespective o f the quantity that they are designed lo measure. D igital meters designed to 
measure quantities other than voltage are. in fact, d igital voltmeters that contain appropriate 
electrical circuits lo convert current or resistance measurement signals into voltage signals 
D ig ita l multimeters are also essentially digital voltmeters that contain several conversion 
circuits, thus allowing the measurement o f voltage, current, and resistance w ithin one

instrument.
D igital meters have been developed to satisfy a need for higher measurement accuracies and # 
faster speed o f response lo voltage changes than can be achieved w ith analogue instrument' 
They are technically superior lo analogue meters in almost every respect. The binary nature of 
the output reading from a digita l instrument can be applied readily to a display that is In the form 
o f discrete numerals. Where human operators are required lo  measure and record signal voltage 
levels, this form o f oatput makes an important contribution to measurement reliability and
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^curacy, as the problem o f analogue meter parallax error is eliminated and the possibility o f 
gross error through misreading the meter output is reduced greatly The availability in many 
instruments o f a direct output in  d ig ita l form is also very useful in the rapidly expanding 
range o f computer control applications. Quoted inaccuracy values are between ±0.005» 
(measuring d.c. voltages) and ±2% . Digital meters also have very high input impedance 
( Ю M fl compared with l-2 0 K .fi for analogue meters), which avoids the measurement system 
loading problem (see Chapter 3) that occur frequently when analogue meters are used. 
Additional advantage» o f digital meters are their ab ility lo  measure signals o f frequency up ю  I
MR? and the common inclusion o f features such as automatic ranging, which prevents overload 
and reverse polarity connection, etc.

The major part o f a digital voltmeter is the circuitry that converts the analogue voluge being 
measured into a digital quantity. As the instrument only measuresd.c. quantities in its  basic mode, 
another necessary component w ithin it is one that performs a.c.-d.c. conversion and thereby 
gives il the capacity to measure ac. signals. After conversion. Ihe voltage value is displayed by 
means of indicating tubes or a set o f solid-state light-em itting diodes. Four-, five-, or even 
six-figure output displays are used commonly, and although the instrument itse lf may not be 
inherently more accurate than some anulogue types, this form of display enables measurements lo 
be recorded with much greater accuracy than that obtainable by reading an analogue meter scale.

Digital voltmeters d iffer mainly in the technique used lo  affect the analogue-to-digital 
conversion between the measured analogue voluge and the output d igital reading. As a general 
rule, the more expensive and complicated conversion methods achieve a faster conversion 
■peed Some common types o f DVM are discussed here.

7.2.1 Vohege-to Time Conrenion D ig ite l Voltm eter

This is the simplest form o f DVM and is a ramp type o f instrument. When an unknown voltage
signal is applied to input terminals o f ihe instrument, a negative slope ramp waveform is
generated internally and compared w ith the input signal. When the two are equal, a pulse is
generated that opens a gate, and at a laler point in time a second pulse closes the gate wfcea
•he negative ramp voltage reaches /его The length o f time between the gate opening and
closing is monitored hy an electronic counter, which produces a digital display according to the
•***• o f the input voltage signal. Its main drawbacks are nonlinearities in the shape o f die

waveform used and lack o f noise rejection; these problems lead lo a typical inaccuracy 
*40 .0591. || j(  relatively inexpensive, however.

7 2-2  D ig ita l Voltm eter

* *ervo principle, in which the error between the unknown input voltage level and 
y g jr * * * ' voluge is applied lo a servo-driven potentiometer that adjusts the reference 

^ ■ M t l  it balances the unknown voltage. The output reading is produced by a mechanical
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dram-type digital display driven by (he potentiometer. This i i  a lio  * relatively inexpensive form 
o f DVM that givet excellent performance for iu  price.

7 .2.3 Dual-Slop* Integration D ig ita l Voltmeter

This is another relatively simple form o f DVM that has better noiie-rejection capabilities than 
many other types and gives correspondingly better measurement accuracy (inaccuracy as low 
as ±0.003%). Unfortunately, it is quite expensive. The unknown voltage is applied to an 
integrator for a fixed time. T ,. follow ing which a reference voltage o f opposite sign is applied to 
the integrator, which discharges down to a zero output in an interval. T2. measured by a counter. 
The output-time relationship for the integrator is shown in Figure 7.1, from which the unknou n 
voltage. V|. can be calculated geometrically from the triangle as

К » М Г |/Г * )-  (7.1)

7.2.4 VoHagt-to-Frequcncy Conversion D ig ita l Voltm eter

In this instrument, the unknown voltage signal is fed via a range switch and an amplifier into 
a converter circuit whose output i t  in the form o f a train o f voltage pulses at a frequency 
proportional to the magnitude o f the input signal. The main advantage o f this type o f DVM is its 
ability to reject ax. noise.

7 .2 .5  D ig ita l M ultim eter

This is an extension o f the DVM. It can measure both ax. and d.C. voltages over a number of 
ranges through inclusion w ithin к  o f a set o f switchable amplifiers and attenuators It is used 
widely ia circuit test applications as an alternative to the analogue multimeter and includes 
protection circuits that prevent damage i f  high voltages are applied to the wrong range.

figure 7.1
Oucput-timc relationship fo r an integrator in a dual-slop* digital voltmeter
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7.3 Analogue Meters

Despite the technical «iperionty o f d igital meters, particularly in terms o f their greater accuracy 
much higher input impedance, analogue meter; continue to be used in a significant number 

of application9' F in t. «hey are often preferred as indicator! in system control panels. This it  
because deviations o f controlled parameter» away from the normal expected range are spotted 
more easily by a pointer moving against a scale in an analogue meter rather than by variations m 
the numeric output display o f a digital meter. A typical, commercially available analogue panel 

_ L g |e r is shown in Figure 7.2. Analogue instruments also tend to suffer le u  from noise and 
bolation problems, which favor their use in some applications. In addition, because analogic 
{nsirunienb are usually passive instruments that do not need a power supply, this i> often very 
useful in measurement applications w here a suitable mam power supply is not readily available 
Many examples o f analogue meters alto remain in use for historical reasons.

Analogue meters are electromechanical devices that drive a pointer against a scale They are 
prone to  measurement error, from a number o f sources that include inaccurate scale marking 
daring manufacture, bearing friction, bent pointers, and ambient temperature variations 
Rnther human errors are introduced through parallax error (not reading the scale from directly 
above) and mistakes in interpolating between scale markings. Quoted inaccuracy values are 
between ±0.1 and ±3% . Various types o f analogue meters are used as discussed here.

7.3.1 Moving C oil M eter

A moving coil meter is a very commonly used form o f analogue voltmeter because o f its 
«•nahmty, accuracy, and linear scale, although it only responds to d.c. signals. As shown 
•сЫшаис ally in Figure 7.3, it consists o f a rectangular coil wound round a soft iron core that is 
•atpendcii m the field o f a permanent magnet The signal being measured is applied to the coil. 
whK*  P"°duces a radial magnetic field Interaction between this induced field and the field

_  7-2
«time analogue panel meter (n firo , W  by p erm ,w o* o ftH m  Control,)
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Mechanism o f a moving coil meter.

produced by the permanent magnet causes torque, which results in rotation o f the coil.
The amount o f rotation o f the co il is measured by attaching a pointer to м that moves рам 
a graduated scale. The theoretical torque produced is given by

T  =  B l h w N ,  (7.2)

where 0 is the flux density o f the radial fie ld. /  i t  the current flow ing in the co il. A is the height of 
the co il, w is the width o f the co il, and N is the number o f turns in the coil. I f  the iron core is 
cylindrical and the air gap between the coil and pole facet o f the permanent magnei is uniform, 
then the Лих density 8 is constant and Equation (7.2) can be rewritten as

T *  К  I ,  (7.3)

that it .  torque is proportional to the coil current and the instrument scale is linear.

As the baste instrument operates at low current levels o f one m illiam p or so. it is only suitable 
for measuring voltages up to around 2 volts. I f  there it  a requirement to measure higher 
voltages, the measuring range o f the instrument can be increased by placing a re tis la ixr in 
series with the co il, such that only a known proportion o f the applied voltage it  measured by 'he 
meter. In this situation the added resistance is known as a shunting resistor.

W hile Figure 7.3 shows the traditional moving coil instrument with a long U-shaped perm-1 
magnet, many newer instruments employ much shorter magnets made from recently devf !>’ 
magnetic materials such as Alnico and Alcomax. These materials produce •  substantial' 
greater flax density, which, in addition to allowing the magnet to be smaller, has addin 
advantages in allowing reductions to be made in the size o f the coil and in increasing i h e  usa  

range o f deflection o f the coil to about 120°. Some version» o f ihe instrument also have eiiherl  
specially shaped core or specially shaped magnet pole faces to cater for special s i t u a t i o n s *  
a nonlinear scale, such at a logarithmic one. it  required.
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. wel| as measuring d.c. signals, the moving iron meter can also measure a.c. signals at 
Cjquencies up to 125 Н /. It is the least expensive form of meter available and. consequent!). 

E ,  type o f meter is also used commonly for measuring voltage signal». The signal to be 
M atured is applied to a stationary co il, and the associated fie ld  produced is often amplified 
by the presence o f ал iron structure associaied w ith the fixed coil. The moving element 
In the instrument consists o f an iron vane suspended w ithin Ihe fie ld  o f the fixed coil. 
When ihe fixed co il i> excited, the iron vane turns in a direction that increases the flux 

ugh it.

_________  FU ctricm! Indicating am i T n t  [o iln m M i f «7

Thei majority o f moving-iron instruments are either o f the attraction type or o f the 
iqw lsnx i lype A  few instruments belong to a third combination type. The attraction 
type, where the iron vane is drawn into the fie ld  o f the co il as the current is increased, 
is sbown schematically in Figure 7.4a. The alternative repulsion lype is sketched m 
Figure 7.4b. For an excitation current. /. the torque produced thal causes the vane lo 
turn is given by

I'-dM
2JQ'

where Af is the mutual inductance and в is the angular deflection. Rotation is opposed by a 
spring that produces a backwards torque given by

т, =  *  e
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At equilibrium . T =  T „ and в is therefore given by

The instrument thus has a iquare-Uw response where the de flection is proportional to the ■quart' 
o f the signal being measured, that is. the output reading is a root-mean-squared (r.m.s.) quantity

The instrument can typically measure voltages in the range o f 0 to 30 volt». However, it can he 
modified to measure higher voluget by placing a resistance in *enei w ith it. as in the case o f 
moving coil meters. A series resistance is particularly benefic ia l in a.c. signal measurement 
because it compensates for the effect o f coil inductance b y reducing the total resistance/ 
inductance ratio, and hence measurement accuracy is im proved. A switchaNe series resistanu 
is often provided w ithin the casing o f the instrument to  fac ilita te  range extension. However 
when the voltage measured exceeds about 300 volts, it  becomes impractical to use a series 
resistance within the case o f tbe instrument because o f heat-dissipation problems, and on 
external resistance is used instead.

7 .3 .3  Clamp-on M tU n

These are used for measuring circuit currents and v o l t a g e s  in  a noninvasivc manner that 
avoids having to break the circuit being measured The m eter clamps onto a current-cam in j 
conductor, and the output reading is obtained by transform er action. The principle o f operation 
is illustrated in Figure 7.5. where it can be seen that the clam p-on jaws o f the instrument act as 
a transfanner core and the current-canying conductor acts as a primary winding. Current 
induced ia the secondary winding is rectified and applied to a moving coil meter. Although it is

Secondary wtndng

I 7.5
Schematic drawing o f  a c lam p-on  meter



I  уе,у convenient instrument to use. the clamp-on meter has low icns itiv ity  and the minimum 
^ e n t  measurable ш usually about I amp.

7.3.4 Analogue M Jtim ete r

Щ  ^  „ „ lo ju e  mullimeler is now less common than us counterpart. Ihe digital multimeter, but 14
■ ^n  w j<je|y available It is a multifunction instrument that can measure current and resistance, 
« w e ll a* dx. and a.C. voltage signal». Basically, the instrument consists o f a moving coil 
jnalogue meter with a switchable bridge rectifier to allow it to measure a.c. signals, as (flown in 
figure 7.6. A set o f rotary switches allows the selection o f various series and shunt resistors, 
wtuch make the instrument capable o f measuring both voltage and current over a number of 
M g e t. Ал internal power source is alto provided to allow it to measure resistances at w e ll 
While this instrument is very useful for giving an indication o f voltage levels, the compromises 
in ii> deugn that enable it to measure so many different quantities necessarily mean that in  
aeeurao is not at good as instmments that are purposely designed to measure just one quantity 
over a single measuring range.

7.3.5 Manuring High-Frequency Signal* with Analogue Meter1

On* major lim itation in uting analogue meters for ax. voluge measurement is that the 
maximum frequency measurable directly is low— 2 kHz for the dynamometer voltmeter and 
only 100 Hz in the case o f the moving iron instrument. A  partial solution to this limitation is tn 
rectify the voltage signal and then apply it to a moving coil meter, as shown in Figure 7.7 This 
extends the upper measurable frequency lim it to 20 kHz. However, inclusion o f the bndge 
rectifiei makes the measurement system particularly sensitive to environmental temperature
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Circuitry o f  an analogue multimeter
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Figure 7.7
Measurement o f high-frequency voltage signals.

changes, and nonlinearities significantly affect meaiurement accuracy fo r voltages thal are 
small relative to the full-scale value.

7 .3 .6  Calculation o f M otor Outputs fo r Nonstandard Waveforms

The two examples given here provide an exercise in calculating the output reading from various 
types o f analogue voltmeters. These examples also serve as a useful reminder o f the mode of 
operation o f each type o f meter and the form that the output takes.

■ Example 7.1

Calculate the reading that would be observed on a moving coil ammeter when it is 
measuring the current in the circuit shown in Figure 7.8.

■ Solution

A moving coil meter measures mean current.

=s  (]"**■♦ I5* " " * - )  ■ S  ( [ Ч г ] ,+’ I- “ '"«!■) 

- 5) - й ( т - ,0) - й ( г ! ) - - “ш '"-0 .342  amps
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Current

Figure 7.8
Circuit for Examples 7.1 and 7.2 ..

■ Example 7.2

(Calculate the reading that would be observed on a moving iron ammeter when к  is 
Measuring the current in the circuit shown in Figure 7.8.

■ Solution

■ m oving  iron meter measures r m.s. curren t
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7.4 Oscilloscopes

The oscilloscope it  probably ihe most veru tile  and useful instrument available for signal 
measurement W hile oscilloscopes s till exist in both analogue and digital forms, analogue 
models tend to be low specification, low-cost instruments produced for educational use in 
schools, colleges, and universities. Almost a ll oscilloscopes used for professional work now 
lend to be digital models. These can be divided into d igita l storage oscilloscopes, digital 
phosphor oscilloscopes, and digital sampling oscilloscopes.

The basic function o f an oscilloscope is to draw a graph o f an electrical signal. In the most 
common arrangement, the у axis (vertical) o f the display represents the voltage o f a measured 
signal and the x axis (horizontal) represents time. Thus, the basic output display is a graph o f the 
variation o f the magnitude o f tbe measured voltage w ith time.

The oscilloscope is able to measure a very wide range o f both ax. and d.c. voltage signals and is 
used particularly as an item o f test equipment for circuit fault finding. In addition to measuring 
voltage levels, it can also measure other quantities, such as ihe frequency and phase o f a signal 
It can also indicate the nature and magnitude o f noise that may be corrupting the measurement 
signal. The most expensive models can measure signals at frequencies up to 25 GHz. while the 
least expensive models can only measure signals up to 10 MHz. One particularly strong merit of 
the oscilloscope is its high input impedance, typically 1 МП. which means that ihe instrument 
has a negligible loading effect in most measurement situations. As a test instrument, it is 
often required to measure voltages whose frequency and magnitude are totally unknown.
The set o f rotary switches that alter its lime base so easily, and the circuitry thal protects it 
from damage when high voltages are applied lo it on the wrong range, make il ideally suited for 
such applications. However, it it  not a particularly accurate instrument and is best used where 
only an approximate measurement i t  required. In the best instruments, inaccuracy can be 
lim ited lo ±1%  o f the reading, but inaccuracy can approach ±5%  in Ihe least expensive 
instruments.

The most important aspects in the specification o f an oscilloscope are its bandwidth, rise time, 
and accuracy. Bandwidth is defined as the range o f frequencies over which the o s c i l l o s c o p e  

am plifier gain it  w ithin 3 dB* o f its peak value, as illustrated in Figure 7.9. The -  3-dВ point is 
where the gain it  0.707 lim et its maximum value. In most oscilloscopes, the amplifier is direct 
coupled, which meant thal il amplifies d.c. voltages by the tame factor a t low -frequent s t ­
ones. For such instruments, the minimum frequency measurable if  zero and tbe b a n d w id t h  can 
be interpreted as the maximum frequency where the sensitivity (deflection/volt) it  within 3 
o f the peak value. In all measurement situations, the oscilloscope chosen for use must he tud* I

Thr decibel. commonly written dB. is used to « ip m s  the ratio between two quantities. For two vok*» ' I f1' 1' ' '  j
and V ,. Ihe difference between the two level» Is expressed in decibels as 20 log„,( t', /Vi ) . h fallow* from ,he I
20 log „(0.1071) — -34 8 .
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F fu n  7.9
Bandwidth

that ihe maximum frequency lo be measured is well w ithin the bandwidth. The -3 -d B  
specification means that an oscilloscope with a specified inaccuracy o f ±  2°k and a bandwidth 
o f 100 MHz w ill have an inaccuracy o f ± 5** w hen measuring 30-MHz signals: this inaccuracy 
w ill increase s till further at higher frequencies. Thus, when applied to signal-amplitude 
measurement, ihe oscilloscope is only usable at frequencies up to about 0.3 times its specified 
faadwulth

Rise time is the transit time between 10 and 9041 levels o f the response when a step input is 
applied lo the oscilloscope. Oscilloscopes are normally designed such that

bandwidth x rise time =  0.35.

Thus. fw  a bandwidth o f 100 MHz. rise time =  0.3V100.000.000 =  3.3 ns.

AMoacilloscopev are relatively complicated instruments constructed from a number o f 
‘ ubsystems. and it is necessary lo consider each o f these in turn in order to understand how the 
u>mplete instrument functions. To achieve this, it is useful to start with an explanation o f an 

oacilloscope. as this was the original form in which oscilloscopes were made and 
■ ■ V  o f the terms used to describe the function of oscilloscopes emanate from analogue forms

7At1 ОиШоиоре (Cathode Яву OsciOouope)

^^V j*°a c illo a c o p e s  were originally called cathode rav im illosci^ics because а fundanenal 
w‘,Wn 'hem is a cathode ray lube In recent lime*, digital oscilloscopes have ahnmi 

replaced analogue versions in professional use However, some very inexpensive 
**  analogue oscilloscopes Mill exist that find educational use* in schixils, colleges, and
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universities. The low com o f basic analogue models is their only merit, as their inclusion o f a 
cathode ray tube makes them very fragile, and the technical perfoimance o f d ig ita l equivalents 
is greatly superior.

The cathode ray tube w ithin an analogue oscilloscope is shown schematically in Figure 7.10. 
The cathode consists o f a barium and strontium oxide-coaled, thin, heated filament from 
which a stream o f electrons is emitted. The stream o f electrons is focused onto a well-defined 
spot on a fluorescent screen by an electrostatic focusing system that consists o f a series o f metal 
discs and cylinders charged at various potentials. Adjustment o f this focusing mechanism is 
provided by a focus control on the front panel o f an oscilloscope. An intensity control varies the 
cathode heater current and therefore the rate o f emission o f electrons, and thus adjusts the 
intensity o f the display on the screen. These and other typical controls are shown in the 
illustration o f the front panel o f a simple oscilloscope given in Figure 7.11. It should be noted 
that the layout shown is only one example. Every model o f oscilloscope has a different layout o f 
control knobs, but the functions provided remain sim ilar irrespective o f the layout o f the 
controls w ith respect to each other.

Application o f potentials to two sets o f deflector plates mounted at right angles to one another 
w ithin the tube provide for deflection o f the stream o f electrons, such that the spot where the 
electrons arc focused on the screen is moved. The two sets o f deflector plates are normally kncm n 
as horizontal and vertical deflection plates, according to the respective motion caused to the spot 
on the screen. The magnitude o f any signal applied to the deflector plates can be calculated by 
measuring the deflection o f the spot against a cross-wires graticule etched on the screen.

Channel

One channel describes the basic subsystem of an electron source, focusing system, and 
deflector plates. This subsystem is often duplicated one or mote times w ithin the cathode ray I 
tube to provide a capability o f displaying two or more signals at the same time on the чсгееп.

Cathode ray cube.
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Control* o f  *  simple oscilloscope.

The common o sc illo sc o p e  configuration with two channels can therefore display two separate 
4 д м к simultaneously

input

ТЫнуре ol input only has one input terminal plus a ground terminal per oscilloscope channel 
consequently, only allows signal voltages to be measured relative to ground. It is normally 
Med m simple oscilloscopes.

input

' ^ •y p e  irf input is provided on more expensive oscilloscope*. Two input term inal* 
"'■ri«!L*rOUn‘1 ,erminal *rc provided for each channel, which allow* the potenlial* al iw  

points in a circuit to he compared. This type o f input can also he uied in 
,17*  Clu*ed rnode to measure a signal relative to  ground by using just one o f the input 
* * * ■ • *  Plus ground
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Time bate circu it

The purpose o f a lime base is to apply a voltage lo  the horizontal deflector plates such that the 
horizontal position o f ihe spot it  proportional to time. This voltage, in the form o f a ramp 
known as a sweep waveform, must be applied repetitively, such that the motion o f the spot 
across the screen appears as a straight line when a d.c. level is applied to the input channel 
Furthermore, this time base voltage must be synchronized w ith the input signal in the general 
case o f a time-varying signal, such that a steady picture is obtained on the oscilloscope screen. 
The length o f lime taken for the spot to traverse the screen is controlled by a Чте/dlv switch, 
which sets ihe length o f lime taken by tbe spot to travel between two marked divisions on the 
screen, thereby allowing signals at a wide range o f frequencies to be measured.

Each cycle o f the sweep waveform is initiated by a pulse from a pulse generator. The input lo the 
pulse generator is a sinusoidal signal known as a triggering signal, with a pulse being generated 
every lime the triggering signal crosses a preselected slope and voltage level condition. This 
condition is defined by trigger level and trigger slope switches. Tbe former selects the voltage 
level on the trigger signal, commonly zero, at which a pulse is generated, while the latter selects 
whether pulsing occurs on a positive or negative going part o f the triggering waveform.

Synchronization o f the sweep waveform with tbe measured signal is achieved moat easily by deriving 
the trigger signal from the measured signal a procedure known as interna!triggering. Alternatively. 
external triggering can be applied if  the frequencies o f the triggering signal and measured signals are 
related by an integer constant such that the display is stationary. External triggering is necessary ss hen 
the amplitude o f the measured signal is loo small to drive Ihe pulse generator, il is also used in 
applications where there is a requirement to measure tbe phase difference between two sinusoidal 
signals of the same frequency. It is very convenient to use 50-Hz line voltage for external triggering 
when measuring signals at mains frequency; ihis is often given the name line triggering.

Vertical sensitivity control

This consists o f a series o f attenuators and preamplifiers al the input to the oscilloscope 
These condition the measured signal lo the optimum magnitude for inpul to the main ampldief 
and vertical deflection plates, thus enabling the instrument to measure a very wide range of I  
different signal magnitudes. Selection o f the appropriate input amplifier/attenuator is made 1 
by setting a voltsldiv control associated with each oscilloscope channel. This defines the 
magnitude o f the inpat signal that w ill cause a deflection o f one division on the screen

Display portion control

This allows the position al which a signal i i  displayed on the screen lo be c o n tro lle d  in i 
two ways. The horizontal position is adjusted by a horizontal position knob on the o a e illo **®  
front panel, and sim ilarly a vertical position knob controls the vertical position. T he* t >in,re4  
adjust the position o f the dispby by biasing the measured signal w ith d.c. voltage level*- I
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Digital storage oscilloscopes are the mosl basic form o f d ig ita l oscilloscopes but even these 
usually I* * *  lhe ab l,ll> 'lo perform extensive waveform processing and provide permaveni 
storage o f measured signals. When first created, a digital storage oscilloscope consisted o f a 
conventional analogue cathode ray oscilloscope with the added facility that Ihe measured 
dialogue signal could be converted lo  digital formal and stored in computer memory withm the 
instnimer* These stored data could then be reconverted to analogue form at the frequency 
necessary to refresh the analogue display on the screen, producing a nonfading display o f the 
signal on the screen.

While examples o f such early d igital oscilloscopes might s till be found in some workplaces, 
modem digital storage oscilloscopes no longer use cathode ray lubes and are entirely digital in 
Construction and operation The front panel o f any digital oscilloscope has a sim ilar basic 
layout to that shown for an analogue oscilloscope in Figure 7.11, except that ihe controls fas 
“ focusing" and “ intensity" are aot needed in a digital instrument The block diagram in 
figure  7.12 shows typical components used in the digital storage oscilloscope. A typical 
commercial instrument was also shown earlier in Figure S.I. The first component (as in an 
Maloguc oscilloscope) is an amplifier/attenuator unit that allows adjustment o f the magnitude 
o f the input voltage signal to an appropriate level. This is followed by an analogue-to-digrtai 
converter llia l samples the input signal al discrete points in time. The sampled signal valises aae 
stored in the acquisition memory componenl before passing into a microprocessor. This carries 
out signal processing functions, manages (he front panel control settings, and prepares the 
output display. Following this, ihe output signal is stored in a display memory module hefote 
beiag output to the display itself. This consists o f cither a monochrome or a m ulticolor 114aid 
crystal display (tee Chapter 8). The signal displayed is actually a sequence o f individual dots 
rather thaa a continuous line as displayed by an analogue oscilloscope. However, as the density 
of dots increases, ihe display becomes closer and closer to a continuous line. The density o f the
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7.12
Components o f a digital storage oscilloscope
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dots is entirely dependent on the sampling rate at which the analogue signal is digitized and 
the rale al which Ihe memory contents are read to reconstruct Ihe original signal. As Ike 
speed o f sampling and signal processing it  a function o f instrument cost, more expensive 
instruments give better performance in terms of dot density and the accuracy with which the 
analogue signal it  recorded and represented. Nevertheless, the cost o f computing power is 
now sufficiently low to mean that a ll but ihe least expensive instruments now have a display that 
looks very much like a continuous trace.

In addition lo  their ability to display the magnitude o f voltage signals and other parameters, 
such as signal phase and frequency, most digital oscilloscopes can also carry out analysis o f the 
measured waveform and compute signal parameters such at maximum and minimum signal 
levels, peak-peak valves, mean values, r.m .t. values, rise lime, and fa ll time. These addition.il 
functions are controlled by extra knobs and push buttons on the front panel. They are also 
ideally suited lo  capturing transient signals when set to single-sweep mode. T h it avoids the 
problem o f the very careful synchronization that i t  necessary to capture such signals on an 
analogue oscilloscope. In addition, digital oscilloscopes often have facilities lo output analogue 
signals to devices such as chart recorders and output d igital tignals in a form compatible with 
standard interfaces such as IEEE488 and RS232.

The principal lim itation o f a digital storage oscilloscope is that the only signal information 
captured is the status of the signal at each sampling instant. Thereafter, no new signal information 
is captured during the time that the previous sample is being processed. This means thal any signal 
changes occurring between sampling instants, such as fast transients, are not delected This 
problem is overcame in the digital phosphor oscilloscope.

7 .4 .3  D ip ta l phosphor Oscilloscope

This newer type o f oscilloscope, first introduced in 1998. uses a parallel-processing atchitectuM 
instead o f the serial-processing architecture found in d ig iu l storage oicilloscopes. The comp»" 
o f the instrument are shown schematically in Figure 7 .13. The amplifier/attenuator and a n a lo g ifl 
to-digital convener are the same as in adigilal storage oscilloscope. However, the signal proc'-'"'1*  
mechanism is substantially different. Output from the analogue-to-digital converter passi in» 
a digital phosphor memory unit, which it. in fact, entirely electronic and not composed of I  
chemical phosphor as its name might imply. Thereafter, data follow  two parallel paths I '* * |  
microprocessor procetses data acquired al each sampling instant according to the selling4 ‘ " 'T  
control panel and tends the processed signal to the instrument dttplay unit. In addition to 1 
snapshot o f the Input signal is tent directly to the display unit at a rate o f 30 images per 
This enhanced processing capability enables the instrument to have a higher w a v e f o r m  ca| 
rale and to detect very fast signal transients misted by digital storage o s c i l lo s c o p e s
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Components o f  i  digital phosphor oscilloscope.

7.4.4 D ig ita l Sampling Oscilloscope

Th> dig ita l sampling oscilloscope has a bandwidth o f up to 25 GHz. which is about 10 time» 
better than that achieved by other type* o f oscilloscopes. This increased bandwidth is achieved 
by reversing the positions o f the analogue-to-digital convener and the amplifier, as shown in the 
block diagram in Figare 7.14. This reversal means thal the sampled signal applied lo the 
amplifier has a much lower frequency than the original signal, allowing use o f a low bandwidth 
amplifier However, the fact thal the input signal is applied directly to the analogue-to4kgiia i 
converter without any scaling means thal the instrument can only he used to measure signals 
whose peak magnitude is w ithin a relatively small range o f typically I volt peak-peak. In 
contrast, both digital storage and dig ita l phosphor oscilloscopes can typically deal w ith inputs 
up to 500 volt*
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7.4 .5  Per t om ri Computer-Based Oscilloscope

A PC-baicd oscilloscope consists o f a hardware unit that connects to a standard PC via 
either a (JSB or a parallel port. The hardware unit provides signal scaling, analog ue-to 
d ig ita l conversion, and bufTer memory functions fouad in a conventional oscilloscope. More 
expensive PC-based oscilloscopes also provide some high-speed digital signal processing 
functions w ithin the hardware unit. The host PC itse lf provides the control interface and 
display facilities. у

The primary advantage o f a PC-based oscilloscope over other types is one o f cost; the cost 
saving is achieved because use o f the PC obviates the need for a display unit and front 
control panel found in other forms o f oscilloscopes. The larger s ix  o f a PC display com pare,1 
with a conventional oscilloscope often makes the output display easier to read. A further 
advantage is one o f portability, as a laptop plus add-on hardware unit is usually smaller and 
lighter than a conventional oscilloscope. PC-based oscilloscopes also facilitate the transfer of 
output data into standard PC software such as spreadsheets and word processors.

Although PC-based oscilloscopes have a number o f advantages over convemtional oscilloscope5. 
they also have disadvantages. F o il, electromagnetic noise originating in PC circuits requires 
the hardware unit to be well shielded in order to avoid corruption o f the measured signal 
Second, signal sampling rates can be lim ited by the mode o f connection o f tie  hardware unit 
into the PC.

7.5 Summary

This chapter looked at the various ways o f measuring electrical signals that form the output 
o f most types o f measuring instruments. We noted that these signals were usually in the form 
o f varying voltages, although a few instruments have an output where either the phase or 
the frequency o f an electrical signal changes. We observed that varying voltages could he 
measured either by electrical meters or by one o f several forms of oscilloscopes. We also 
learned thal the latter are also able to interpret frequency and phase changes in signals.

Our discussion started w ith electrical meters, which we found now mainly existed in digital 
form, but we noted that analogue forms also exist, which are mainly used as meters in control! 
panels. We looked first o f a ll at the various forms o f digital meters and followed this * l,h * 
presentation on the types o f analogue meters s till in « к .

Our discussion on oscilloscopes also revealed that both analogue and d ig ita l forms ехЫ- fl4  
we observed thal analogue instruments are now predominantly lim ited to less expen*i'c I  
versions used in education markets. However, because the students at which this book 
aimed are quite like ly to meet analogue oscilloscopes for practical work during their c‘>u^H 
we started o ff by looking at the features o f such instruments. We then went on to look at
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tour alternative fornu d'* iu l °*ciU«»cope that form the batik fo r almost a ll oscilloscopes 
д е ) professionally We learned that the ba»ic form i t  known at a dig ita l storage oscilloscope 

that even thi« i t  tuperior in most retpecti to an analogue oscilloscope. Where better 
performance it  needed, particularly if  the observed signal has fast transients, we saw that a 

type known at a d ig ita l phosphor oscilloscope it  used. A third kind, known at a d ig itri 
sampling oscilloscope, is designed especially fo r measuring very high-frequency signals. 
E w ever. *e  noled ibal this could also measure voluge signals that were up to I volt peak 
Hvpeak in magnitude Finally, we looked al the merits o f PC-based oscilloscopes In addition 
•0 offering oscilloscope facilities at a lower cost than other forms o f oscilloscopes, we learned 
that these had teveral other advantages but a lto  tame disadvantages.

7.6 Problem*

7.1. Summarize the advantages o f digital meters over their analogue counterparts.
7.2. Explain the four main alternative mechanisms used for affecting analogue to digital 

conversion in a digital voltmeter.
7.3. What sort o f applications are analogue meters s till commonly found in?
7.4. Explain ihe mode o f operation o f a moving co il meter.
7.5. Explain the mode o f operation o f a moving iron meter.
7.6. How does an oscilloscope work?
7.7. What are Ihe main differences between analogue and digital oscilloscopes?
7.8. Explain the follow ing terms: (a) bandwidth and (b) rise time. In designing 

I oscilloscopes, what relationship is sort between bandwidth and rise time?
7.9. Explain Ihe follow ing terms in relation lo an oscilloscope: (a) channel, (b) single­

ended input, (c) differential input, (d) time base.(e) vertical sensitivity, and (f) display
I position control.

7.10. Sketch a block diagram showing ihe main components in a digital storage oscilloscope 
and explain the mode of operation o f the instrument.

7.11. Draw a block diagram showing the main components in a digital phosphor oscilloscope. 
What advantages does a digital phosphor oscilloscope have over a digital storage one ’

4 lUtKtrate the main components in a digital sampling oscilloscope by sketching a Mock 
diagram o f them. What performance advantages does a digital sampling oscilloscope 

B .  ,  *“ ve over a d ig iu l storage one?
1  What it  a PC-based oscilloscope? Discuss in  advantages and disadvantages compared 

7 14 o^iUotrepe-
i What are the main differences among a digital storage oscilloscope, a digital phosphor 
jotcilloscope. and a digital sampling oscilloscope? How do these differences affect 

performance and typical u&age?
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*•1 Introduction

10 ***'* h° ° k haVC hCCn e“ ertla ,l> f°ncen>ed w iA  describing ways o f producu^ 
error’ frc t daLa al '* *  outpu» o f » measurement «уMem Having gotten lhal data. 

Thls ^ * n , l , o n  is ho» to present it in a form where it с м  be readily used and analyzed 
V O U p ie f therefore starts by covering the techniques available to either display measurement
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data Гог current uae or record it for future uae. Following thu. standards o f good practice for 
presenting data in either graphical or tabular form are covered, using either paper or a computer 
monitor screen и  the display medium. This leads to a discussion of mathematical regression 
technique* for fitting best lines through data points on a graph. Confidence tests to assess the 
correctness o f the line fitted are also described. Finally, correlation tests are described thal 
determine the degree o f association between two sets o f data when both are subject to random 
fluctuations.

V

8.2 Display o f Measurement Signals

Measurement signals in the form o f a varying electrical voltage can be displayed either by an 
oscilloscope or by any o f tbe electrical meters described earlier in Chapter 7. However, if 
signals are converted Ю digital form, other display options apart from meters become possible, 
such as electronic output displays or use o f a computer monitor.

8 .2.1 Electronic O utput Displays

Electronic displays enable a parameter value to be read immediately, thus allowing for any 
necessary response to be made immediately. The main requirement for displays is thal they j 
should be clear and unambiguous. Two common types o f character formats used in display s. I  
seven-segment and 7 x 3 dot matrix, are shown in Figure 8.1. Both types o f displays have the 
advantage o f being able to display alphabetic as well as numeric information, although the 
seven-segment formal can only display a lim ited 9-letter subset o f the fu ll 26-letter alphabet I  
This allows added meaning to be given to the number displayed by including a word or letter 11 
code. It also allows a single display unit to send information about several parameter values. I  
cycling through each in turn and including alphabetic information to indicate the nature o f the 1 
variable currently displayed.

Electronic output units usually consist o f a number o f side-by-side cells, where each cell 
displays one character. Generally, these accept either serial or parallel d ig ita l input signals. <nd

n  ■ ■ ■ ■ ■  

u  ■ ■ ■ ■ □

I

a a a a m

(a) <b>
Figure S-1

Character formats used in electronic displays: (a) seven segment and (b) 7 x 5 dot mao1*



.  a v ,g format can be either binary-coded decimal or ACSII. Technologies used for ihe 
Jpdiv idual elements ia the display are either light-em itting diodes or liquid-crystal elements

$ .2 .2  M * * ito r DUpUys

■low thal computers are pan o f the furniture in most homes, the ability o f computer» to display 
y^m auon to widely understood and appreciated Computers are now hoth inexpensive and 
T L y reliable and provide an excellent mechanism for both displaying and storing in form al** 
A t well »* alphanumeric displays o f industrial plant variable anti sutus data, for which the [Чал 
operator c a n  v a r y  the size o f font used to display the information i t  w ill, it i i  also relatively 
«му to diiptay other information, such as plant layout diagrams and process flow layout» This 
allows not only the value o f parameters thal go outside control lim its to be displayed, but also the* 
location on a «chematic map o f the plant. Graphical display» of the behavior o f a measured 
vwablc arc also possible. However, this poses d ifficu lty when there ■» a requirement to display 
the van able1'  behavior over a long period of time, as the length of the time axis is constrained 
by th e  sue o f the monitor's screen. To overcome this, the display resolution has to decrease 
us the time period o f the display increates.

Тош h screens have the ab ility to display the same son o f information as a conventional 
computer monitor, but also provide a command-input facility  in which the operator simply ha» 
to touch the screen at points where images o f keys or boxes are displayed. A fu ll “ qwerty" 
keyboard is often provided as pari o f the display. The sensing elements behind the screen are 
protected by glass and continue to function even if  the glass gets scratched. Touch screens are 
usually totally sealed, thus providing intrinsically safe operation in hazardous environment»

8.3 Recording o f Measurement Data

As well at displaying the current values o f measured parameters, (here is often a need to mate 
continuous recordings o f measurements for laier analysis. Such records are particularly useful 
|ИМ11!faults develop in system», as analysis o f the changes in measured parameters in the im r  
’« orc the fault U discovered can often quickly indicate the reason for the fault Opiums 

WtWdmg data include chan recorder», digital oscilloscopes, digital data recorders, and 
devices such as inkjel and laser printers The various types o f recorders used arc

8 3 1  C b ilb c o t

I T S ' "  fc m  pa,1kular advantages in providing a non-com iptible record that has thr 
*•**•*> re ttd *"*  Thu means lhat all bul paperless form» o f chan recorders

set for many industries that require variables to be monitored and recorded
* ith  hard-copy output ISO 4<XX) quality assurance procedures and ISO
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environmental protection systems set sim ilar requirement», and special regulations in the 
defense industry go even further by requiring hard-copy output lobe kept for 10 years. Hence, 
while many people have been predicting the demise o f chan recorders, the reality o f the 
situation i i  that they are like ly  to be needed in many industries fo r many years lo  come.

O riginally, a ll chan recorders were electromechanical in operation and worked on the same 
principle as a galvanometric moving coil meter (see analogue meters in Chapter 7) except that 
the moving co il lo which the measured signal was applied carried a pen. as ritown in Figure 8.2. 
rather than carrying a pointer moving against a scale as it would do in a meter The pen drew an 
ink trace on a strip o f ruled chan paper that was moved past the pen at constant speed by an 
electrical motor. The resultant trace on chan paper showed variations with time in the magnitmk 
o f the measured signal. Even early recorders commonly had two or more pens o f different colors 
so that several measured parameters could be recorded simultaneously.

The firs t improvement to this basic recording arrangement was to replace the galvanometric 
mechanism w ith a servo system, as shown in Figure 8.3, in which the pen i t  driven by a 
servomotor, and a sensor on the pen feeds back a signal proportional to pen position In this 
form, the instrument is known at a poienliometric recorder. The servo system reduces the 
typical inaccuracy o f the recorded signal to ±0.1% , compared to ±2%  in a galvanometer* 
mechanism recorder. Typically, the measurement resolution it  around 0.2% o f the full-scale 
reading. O riginally, the servo motor was a standard d.c. motor, but brusMess servo motors 
are now invariably used to avoid the commutator problems that occur w ith dc. motors.
The position signal is measured by a potentiometer in less expemive models, but more 
expensive models achieve better performance and reliability using a noncontacting ultrasonic 
sensor to provide feedback on pen position. The difference between the pen position and

Rotating
oat

И рг»  12
Onginal form o f  gakanomecric chart recorder.
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•V *

PoMntKxneilf

F*ure  8.3
Servo system o f  < pocewiometnc chart recorder.

th «  M e a s u re d  signal i i  applied as an error signal that drives the motor One consequence o f tins
electromechanical balancing mechanism it  that the instrument has a flow  response time, ia 
the rwgc o f 0 .2 -2 .0  seconds, which means that electromechanical potentiometric rccorden 
are only suitable for measuring d.c. and slowly time-varying signals.

A ll сштеш potentiometric chart recorders contain a microprocessor controller, where the 
functions vary according to the particular chart recorder. Common functions are selection 
o f range and chart speed, along w ith specification o f alarm modes and levels lo  detect 
whea Measured variables go outside acceptable lim its. Basic recorders can record up to 
three different signals using three different colored pens. However, m ultipoint recorders 
can have 24 or more inputs and plot six or more different colored traces simultaneous!). 
As «a rftemative to pens, which can run out o f ink at inconvenient times, recorders 
using a heated stylus recording signals on heat-sensitive paper are available. Another 
variation is the circular chan recorder, in which the chan paper is circular in shape and 
1» rotated rather than moving translationally. F inally, paperless forms o f recorder exist 
where the output display is generated entirely electronically. These various forms arc 
discussed in more detail later.

pm imp tken  recorder

- J *  «rip char, recorder refers to the basic form o f the electromechanical potentlometru
_______ nifniKirvvl *arlU« Ь  lm  - I _______________ ____l l - J  -  L__ J___: J  _ L _________ ___ f __ L_____________________ e ___________
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Figure 8.4
Honeywell OPR 100 Itn p  chart recorder (n froduced by perm iwon o f Honeywell International I k )

can be adjusted to move the chan paper at different speeds. The fastest speed is typically 
6000 mm/hour and the slowest is typically I nun/hour.

As well as recording signals as a continuous trace, many models also allow for the printing of J 
alphanumeric data on the chart to record date, time, and other process information. Some 
models also have a digital numeric display to provide information on the current values of 
recorded variables.

M u ltip o in t itr ip  chart recorder

A m ultipoint strip chart recorder is a modification o f the pen strip chart recorder that 
dot matrix print head striking against an ink ribbon instead o f pens. A typical model might a lM  
up to 24 different signal inputs to be recorded simultaneously using a six-color ink n'
Certain models o f such recorders also have the same enhancements as pen strip chart recc 
in terms o f printing alphanumeric information on the chart and providing a digital nui 
output display.

Heated U yiut chort recorder

A heated-stylus chart recorder is another variant that record* the input signal by app1 
a heated stylus lo heat-sensitive chart paper. The main purpose o f this alternative Prl 
mechanism is to avoid the problem experienced in other forms o f paper-based chart re 
o f pen cartridges or printer ribbons running out o f ink at inconvenient times.
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QHHlar d * r t п с о п к г

д circular chart recorder consists of i  servo-driven pen asiembly that records the measured 
,ignal on a rotating circular paper chan, as shown in Figure 8.?. The rotational speed o f (he 
chart can be typically adjusted between one revolution in I hour to one revolution in 31 day». 
R e c o rd e d  charts are replaced and stored after each revolution, which means replacement 
Interval' that vary between hourly and monthly according to the chart speed. The major 
advantage <rf a circular chart recorder over other forms is compactness Some models have 141 to 
four different colored pen assemblies, allowing up to four different parameters to be recorded 
«fcnultaneoush

ptptriesi chart recordiar

Л paperless chart recorder, sometimes alternatively called a v irtu a l ch a rt r n  o rd e r or a dig ita l 
c h a r t  recorder, displays the time history of measured signals electronically using a color-matru 
liquid crystal display. This avoids the chore of periodically replacing chart paper and ink 
cMidgcs associated with other forms of chart recorders. Reliability is also enhanced compared 
»itH electromechanical recorders. As well is displaying the most recent time history of 
nwured signals on its screen, the instrument also stores a much larger past history. This stored 
data can be recalled in batches and redisplayed on the screen as required The only downside 
compared with other forms of chart recorders is this limitation of only displaying one screen lu ll 
of Mormation at a time. Of course, conventional recorders allow the whole past history of 
signals lobe viewed al the same time on hard-copy, paper recordings Otherwise, specifications 
»re very similar to other forms of chart recorder., with vertical motion of the screen display

F jg u r a  S .S

Circular chan recorder.
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varying between I and 6000 ram/hour, typical inaccuracy leu thin ±0.1%. and capability of 
recording multiple signals simultaneously in different colon.

Videô raphK rtcordtr

A videographic recorder provides exactly the same facilities as a paperless chan recorder but 
has additional display modes, such as bar graphs (histograms) and digital numbers. Howevet. 
it should be noted that the distinction is becoming blurred between the various forms of 
paperless recorders described earlier and videographic recorders as manufacturers enhance 
the facilities o f their instruments. For historical reasons, many manufacturers retain the 
names that they have traditionally used for their recording instruments but there it  now much 
overlap between their retpective capabilities as the functions provided are extended.

8.3.2 Ink-Jet end Laser Printers

Standard computer output devices in the form of ink-jet and later primers are now widely used 
as an alternative means of storing measurement system output in paper form. Because a 
computer it  a routine pan of many data acquisition and procetsing operations, it often makes 
sense to output data in a suitable form to a computer printer rather than a chan recorder.
This saves the cod of a separate recorder and is facilitated by the ready availability of toft ware  

that can output measurement data in a graphical format.

8.3.3 Other Recording Instruments

Many of the devices mentioned in Chapters 5 and 7 have facilitiet for storing measurement data 
digitally. These include data logging acquisition devices and digital ttorage oscilloscope s 
These data can then be converted into hard-copy form as required by transferring it to either a 
chan recorder or a computer and printer.

8.3.4 Diptal Data Recorders

Digital data recorders, also known at data loggers, have already been introduced in i  
Chapter 5 in the context o f data acquitition. They provide a further alternative way of 
recording measurement data in a digital format. Data to recorded can then he t ra n s fe r r e d  ft 
a future time to a computer for further analytit, to any of the forms of measurement d isp4  j 
devices discussed in Section 8.2. or to one of the hard-copy output devices described •  
Section 8.3.

Features contained within a data recorder/data logger obviously vary according lo the pi»1 " - Ч  
manufacturer/model wider discussion. However, motl recorders have facilities lo twindlr^B 
measurements in the form of both analogue and digital tignalt. Common analogue mpu> 
allowed include dx. voltages. <Lc. currents, a.c. voltages, and tuc. currents. Digital inP*t*
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ш„.Иу be either in the form of data from digital measuring instmments or discrete dau 
representing event» sach as switch closures or relay operations Some models also provide 

I >|||nn facilities to alert operator» to abnormal conditions during data recording operations.

Many data recorders provide special input facilities optimized for particular kinds of

I
Ljpyfem cnt sensors, such as accelerometers, thermocouples, thermistors, resistance 
(hormometers. strain gauges (including strain gauge bridges), linear variable differential 
transformer», and rotational differential transformers. Some instruments also have special 
fac ilities fo r dealing with inputs from less common devices such as encoders, counters, timers, 
tachometers, and clocks. A few recorders also incorporate integral sensors when they are 
designed to  measure t  particular type of physical variable.

The quality of dau recorded by a digital recorder is a function of the cost of the instmmenL 
paying more usually means getting more memory to provide u greater data storage capacity, 
greater resolution in the analogue-to-digital convener to give better recording accuracy, 
and faster data processing to allow greater data sampling frequency.

8.4 Presentation o f  Data

The two formats available for presenting data on paper are tabular and graphical, and the 
relative; merits of these are compared later. In some circumstances, it is clearly best lo use only 
one or the other of these two alternatives alone. However, in many data collection exercises, 
pan of the measurements and calculations are expressed in tabular form and pan graphically, 
making best use of the merits of each technique. Very similar arguments apply to the relative 
menu of graphical and tabular presentations if  a computer screen is used for presentatioa 
instead of paper.

8 f Tabular Data Presentation

* ‘ •’“ •■presentation allows data value» to be recorded in a precise way that exactly maintains 
" ’ •eceraiA  to Which the data values were measured In other words, the data values are 

•« •■ to w n  ехж-tl) as measured In addition to recording raw data values as measured, tables 
***°“ "tain further values calculated from raw data An example of a tabular data 

JJJJIUJ^on it  given in Table S I. This records results of an experiment to determine the sttain 
bar of material subjected to a range of stresses Data were obtained h> applying a 
force» to (he end o f the her Hid iisina an « (м и т и н г In тмкип* th* chunor in

Imhc 8.1. The final row. which is o f crucial importance in any tabular 
>• •* the estimate of possible error in each calculated result.
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ТаЫе 8.1 ТаЫе o f M easured Applied Force» and Ежмгаопмсаг Heading» 
and C alculations o f Streea and S train

Ferre A pp lied  (KN) Reeding (Мотней.) Soeee (N/m*) Strain

0 0 0 0
2 4 .0 15 5 19.8 x 10'*
4 S i J1 .0 28 6 x 10 '
< 7.4 46.5 3 6 .6  x 10'*
8 9.0 б4.0 44  4  x 10 1
10 10.6 77.5 5 2 .4  x 10 *
12 12.2 93.0 60 .2  x 10 *
14 13.7 108 5 6 7 .6  x 10"*

Possible e rro r in 
measurements ( I t ) ± 0 .2 ± 0  2 * 1 .5 ± 1 0

A table of measurements and calculations should conform lo several rules at illustrated in
Table 8.1:

* The table should have a title that explains what data are being presented within the table.
* Each column of figure* in the table should refer lo the measurements or calculations 

associated with one quantity only.
* Each column of figures should be headed by a title that identifies the data values 

contained in die column.
* Urals in which quantities in each column are measured should be staled at the top of 

column.
* A ll headings and columns should be separated by bold horizontal (and sometimes J  

vertical) lines.
* Emm associated with each data value quoted in the table should be given. The fofl» 

shown in Table 8.1 is a tuitable way lo do th it when the error level is the same far 
all data values in a particular column. However, if  error levels vary, then it is prefen^J 
lo write ihe error boundaries alongside each entry in the table.

8 .4 .2  Graphical Presentation o f Data

Presentation of data in graphical form involves some compromise in ihe acctrac) to w
data are recorded, as the exact values of measurements are lost. However, graphical presei
has important advantages over tabular presentation

• Graphs provide a pictorial representation of retukt that it comprehended more readily
a tel of tabular resullt.

• Graph* are pwlicalarly useful for expretsing Ihe quantitative significance of re 'u W ^
and showing whetfier a linear relationship exiot between two variables. Hip1
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fig u r»  8 .6
S«mple graphic*! presentation o f  d a u : graph o f i t r t t t  against tra in .

graph drawn from the stress and strain values given in t able 8 .1. Construction o f the
graph involves first o f all marking the points corresponding to the stress and strain values.
The next step i i  to draw some line through these data points that best represents the

« la t io n s h ip  between the two variables. This line w ill normally he either a straight one cr a
■nooth curve. Data points w ill not usually lie exactly on this line but instead w ill lie
« e ith e r  side o f It. The magnitude o f the excursions ot the data points from the line drawn
w ill depend on the magnitude o f  the random measurement errors associated with tUila.
Gwphs can sometimes show up on a data point that is clearly outside the straight line or
®*ve that seems to fit the rest of the data points. Such a data point is probably due either
Jb*human mistake in reading an instrument or to a momentary malfunction in the
■•iaunng instrument itself II the graph shows such a duta point where a human mistakeot
■hum ent malfuncti.it) ,s suspected, ihe pm per course o f tu lio n  is in  repeat shat p a r tk u b i

m* f uremcnl anJ ,hen discard the original data point i f  the mistake or malfunction is 
’"•firm e d

* *  ProP*r ^presentation of data in graphical form has to conform to certain i

*hou)d have a title or caption that explain» what dau are being presented la

of the graph should be labeled to express clearly what variable isavsociated with 
»nd to define the units in which the variables are expressed.
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• The numbei of points marled along each axis should be kept reasonably small— about live 
divisions is often a suitable number.

* No attempt should be made to draw the graph outside the boundaries corresponding to the 
maximum and minimum dau values measured, that is. in Figure 8.6. the graph stops at a 
point corresponding to the highest measured stress value of 108.5.

fitting curves to date points on a graph

The procedure of drawing a straight line or smooth curve as appropriate that passes close to all 
dau points on I  graph, rather than joining data points by a jagged line thal passes through 
each data point, is justified on account of the random errors known to affect measurements. 
Any line between data points is mathematically acceptable as a graphical representation of 
data if  the maximum deviation of any dau point from the line is within the boundaries of the 
identified level of passible measurement errors. However, within the range of possible lines 
that could be drawn, only one w ill be the optimum one. This optimum line is where the sum of 
negative erron in data points on one side of the line is balanced by the sum of positive errors 
in data points on the other side of the line. The nature o f data points is often such that a 
perfectly acceptable approximation to the optimum can be obtained by drawing a line through 
the data points by eye. In other case*, however, it i i  necessary to fit a line mathematically,] 
using regression techniques.

Regression techniques

Regression techniques consist o f finding a mathematical relationship between measurements of 
two variables, у and дг. such that the value of variable у caa be predicted from а теа*игеп*Л 
of the other variable, x . However, regression techniques should not be regarded as * magic 
formula thal can fit • good relationship to measurement data in a ll circumstance, a- the 
characteristics of data must satisfy certain conditions. In determining the suitability of j 
measurement data for the application of regression techniques, it is recommended practice Я  
to draw an approximate graph of the measured data points, as this is often the best ine«n* of 
detecting aspects of data that make it unsuiuble for regression aaalysis. Drawing a graph 'f data 
w ill indicate, for example, whether any dau points appear to be erroneous. This may 
human mistakes or instrument malfunction! have affected the erroneous dau point'. and 
assumed that any such data points w ill be checked for correctness.

Regression techniques cannot be applied successfully if  the deviation o f any pa*1' 
data point from the line to be fitted it  greater than the maximum possible error cal 
for the measured variable (i.e., the predicted sum of a ll systematic and random 
The nature of some measurement dau sets is such that this criterion cannot be ‘  
and any attempt to apply regression techniques is doomed to failure. In that event. 
valid course o f action is to express the measurements in tabular form. This с » « ^ И ^  
used as an x - y  look-up table, from which values of the variable у correspi>nd|l,e ^  
particular values of i  can be read off. In many cases, this problem o f large error* ■
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L  po inu only becomes apparent during the process o f attempting to f i l  a relationship

b y  regress ion .

A  further check th «  must be made before attempting to fit a line or curve lo measurement 
two variables. l  and y, is to examine data and look for any evidence thal both variables are 

to random errors. I l i t  a clear condition for the valid ity o f regression techniques that only 
M  of the measured variables is subject to random error., with no error in the other variable. I f  
„ndom  errors do exist in both measured variables, regression techniques cannot be applied 

.  recourse must be made instead to correlation analysis (covered later in this chapter). 
L ,  examples a t I  situation where both variables in a measurement data set are sabject to 
niiclom errors are measurements o f human height and weight, and no attempt should be made 
io fit a relationship between them by regression.

Ha' mg determined that the technique it  valid, the regrestion procedure is simplest i f  a 
straight-line relationship exists between Ihe variables, which allows a relationship o f the form 
У =  a  +  b x lo  be estimated by linear leasi-squares regression. Unfortunately, in many cases, 
i  straight-line relationship between points does not exist, which is shown readily by plotting 
raw data points on a graph. However, knowledge o f physical laws governing data can 
often nggest a suitable alternative form of relationship between the tw o  sets o f variable 
measurement*, mch as a quadratic relationship or a higher order polynom ial relationship 
Also, la tome cate*, the measured variables can he transformed into a form where a linear 
relationship exist». For example, suppose thal two variables, у and x. arc related according 
xay =  a / .  A linear relationship from this csn be denved, using a logarithmic translonnauoa. 
as log(y) «  log(e) +  rlog(jr).

Thut, i f  a graph it  constructed o f log!v) plotted againsi logUr). the parameters o f a straight line 
relationship can be estimated by linear least-squares regression.

A ll quadratic and higher order relationships relating one vuriable. y. to anoiher s triable. ». can 
be represented by a power series o f t ie  form:

У  =  <io +  a ix  +  a ix 1 +  • • • + f l , y ,

*be parameters a,, a,  i t  vers d ifficu lt i f  /> has a large value Fonunately. a

’i - Z S Z r /,only *** * чта|1 vaiur can * * ,it,c(i h> m,ui j *u  * ts У иж1га"с *f,s|
Д. —ьЛ У ? *00 '* Used lo e s lll»ale paiamelets where/> h.is a value nl ts»... lot l.ucet . allies, a 

batt-squares regression i t  used for parameter estimation.
vvhcie the Mtofnn t
not ,OITn ° f  relationship between variables in measurement daia seis is

from v'sual inspection or from consideration of physical Itws. a ineih.xi
^ trial and error one has lo be applied This consists o f estimating the

Пц d e , >..fn-!,CCt **‘ VCly higher order re ltlionship- between 1 and 1 unlil .nurse is lound itu i
on c m t j  *  cl,)w ,y What level of closeness is ai.ccpcahle is considered laier in ihe 

“ ""d e n . с cm
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I f  •  linear relationship between у and x exists for a set of л measurements. y ,.. .y, , * , . .  ,x, % 
then this relationship can be expressed as у =  a +  bx. where coefficients a and b are constants 
The purpose of least-squares regression is to select optimum values for a and b such that the line 
gives the best fit to the measurement data.

The deviation o f each point from the line can be expressed u  d „ where d ,= y t - ( i  +  bx,).

The best-fit line is obtained when the sura of squared deviations. S. is a minimum, that is, 
when

s  =  51 (d/I) =  X ]  O’/ ~ ~ bxi)2 
ЕЯ #= i

is a minimum.

The minimum can be found by setting partial derivatives dSlda and dS/dh to zero and solving 
the resulting two simultaneous (normal) equations:

as/во - £ 2 ( y , - e - h * () ( - l ) - 0  (8.1)

« 5 / 0 Л - £ 2 1 л - в - 1 и () ( - * () - О  (8.2)1

Values o f the coefficients a and ft at the minimum poiat can be represented by a and h .j 
which are known at the least-squares estimates o f a and b. These can be calculated as I  
follows.

From Equation (8.1),

£ y ,  = + f c jjr ,  -  na +

and thus.

8J)

From Equation (8.2),

£ ( * * )  -  a^ L x<+

Now substitute for a in Equation (8.4) usitg Equation (8.3):
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Collecting lenns in h.

ging give*

* [ £ * ’  "  " { ( H '* '/ " )  } J] = ! > < * )  -  ■ £ ( * / * ) £ ( * / " ) .

which can be e*pf*s*ed as

* [ Х У  -  * * - J] =  £ ( w )  ~ « - > -

where xm and ym ere ihe mean values o f x and y. Thus,

m 1 -Я Х я У т

■«w* (8J)

And, from Equation (8.3):

4 -  У» -  bxm. (86)

■ Example 8.1

^^^b p e rim e n t to determine the charscteristics o f a displacement sensor with a voltage 
* Ф * Й» the following output voltage values were recorded when a set o f standard 

^ ^ ^ “ •"ents was measured:
*  (cm) 1.0

2.1
2.0
4.3

Э.0 4.0
6.2 8.5

SO
10.7

6.0
12.6

7.0
14.S

8.0
16.1

90
18.3

10.0
21.2

line to this set o f dau using least-squares regression and estimate the 
ige when a displacement o f 4.5 cm is measured.

* * Solution

^ U j e s e n t  the output v o lta g e  a n d  < re p re se n t th e  d is p la ie m e n t  Then ,i s u ita b le  

given by у - -а  -  Ьл We can n o w  p ro c e e d  to  c a lc u la te  e s tim a te s  fo r  

value» of j ' d * U,in® E4uatl°ns (8 5) and (8 6] . The first step is to calculate the ..._ 
tabular , ,  W  foun<J •» b* * „  = 5.5 and/«. = 11 47 Next, we need to

*■ for each pair o f data values:
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*4 r 1? i x,1
1.0 2.1 2.1 1
2.0 4.3 8.6 4
3.0

1
« 2

1
l i t

1
9

1
10.0

1
21.2

1
212.0 100

. 2.067; j  = 11.47 -  (2.067 x 5.5) = 0 1033;

Now calculate the values needed from this table—n — 10; ^ (x t)',)= 801.0;
£2(*,г )= 385—and enter these values into Equations (8 .5 )and (8.6).

; 801.0 -  (10 X 5.5 X 11.47)
3 8 5 - (10 x  5.5J)

that is, y  — 0.1033 +  2.067*.

Hence, fo r*  =  4.5,jr=0.1033 + (2.067 x4.5 ) =  9.40 volts. Note that in this solution 
we have only specified the answer to an accuracy o f three figures, which is the same 
accuracy as the measurements. Any greater number o f figures in the answer would be 
meaningless.

Least-squares regression is often appropriste for situations where a straight-line relationship j 
is not immediately obvious, for example, where yocx* ory*e*p<*).

■ Example 8.2

From theoretical considerations, it is known that the voltage (V) across a charged I 
capacitor decays with time (t) according to the relationship V = K exp( - t/т) ЕИ 'И И  
values for К  and t if  the following values o f V and t are measured.

V 8.67 6.55 4.53 3.29 2 56 1.95 1.43 1 04
> 0 1 2 1 4 ( 6 7 8  Л

■ Solution

lfV =K exp(-T /T),thenlog,(»0 = l°*.< ,0 - l/ t Nowlety =  log.(V0,* = log(K),<> 
and x =  t. H e n c e ,a-t- far, which is the equation o f a straight line whose coefficien t» 
estimated by applying Equations (8.5) and (8.6). Therefore, proceed in the same * 4 ®  
Example 8.1 and tabula» the values required:
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t
M M M i (%*>
2.16 0 0 0
1.88 i 1.88 1
1.51

I
2
1

3.02
1

4

i
-0 .27

1
8

1
-2 .1 6 64

t.67  
*5 5  
«.S3

I

I  I 0 76
' Mow calculate the  value* needed from this tab le -n  =  9; £ (< (/,)=  15-86; £ ( * * ) *  

204 , x „ =  A.O;ym m 0.9422-and enter these values into Equations (8.5) and (8.6).

f t ,  IS 86 -  (9 x 4.0 x 0.9422) . . .  .
204 ~(9 ~ 4  0^)------- = -0.301; *  = 0.9422 4 (0 301 , 401 - 2 15

'С* К  =  е*>(л) = e*p(2.15) =  8 58; i  = -1 /fc  =  —1 /(—0 301) = 3.32

Q m in tK  k a tt iqvares rtp n u o n

Quadratic least-squares regression it  used to estimate the parameters of •  relationship, 
v «i + fcr+cr1. between two sets of measurement», y i.. , jr , .. .jr..

The deviation of each point tx ,.y ,) from the line can be expressed as d „ where </*« 
jr ,-(e + it,+ c * (l ).

The betl-fit line it  obtained when the sum of the squared deviations, S, is a minimum, that is. 
when

s  =  ^ 2  U 2) ж У ^С y > -a - b x i+  a ri2) 2 
i-1 i-t

is ■ minimum

^m in im um  caa be found by setting the partial derivatives OS/iia. OS/Oh. and <iS/<k to 
Cdse*”  *** tcsultlntt simultaneous equations, as lor Hie linear Ir.isi squares rcgress»4i

Standard computer projrams to estunule the parameter» a. h. and i by 
■ethnds are w idely available and therefore n detailed solution is not presented lien-

n*y,'on" \k m - tqu*r,s rtgrnuon
Polyno,,,,,, Ic

’ ' ^ “ ares regression is used to estimate ihe parameter, o l the/>th outer relationship 
between two sets of measurements, v ,. .y „ .x , .. t„.
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The deviation of each point U i.y i) from the line can be expressed as d „ where 

di -  Л -  (<* + 0Л  +  a ix ,l  +  ■ • • +  V / ) .

The best-fit line is obtained when the sum of squared deviations given by

S m Y ,  (4 1)
ч

is a minimum.

The minimum can be found as before by setting p partial derivatives OS/дао .. .OSIOan 
to zero and solving the resulting simultaneous equations. Again, as for the quadratic least- 
squares regression case, standard computer programs to estimate the parameters a „ .. ap by 
numerical methods aie widely available and therefore a detailed solution is not presented here.]

Confidence tests in супе fitting by leosl-squares regression

Once data have been collected and a mathematical relationship that fits the data points lias bee* 
determined by regression, the level of confidence that the mathematical relationship fitted it  
correct must be expressed in some way. The first check that must be made is whether the A  
fundamental requirement for the validity of regression techniques is satisfied, thal is.  ̂‘u-thar 
the deviations of dats points from the fitted line are all less than the maximum error level Я  
predicted for the measured variable. If this condition is violated by any data point that a line or 
curve has been fitted to, then use of the fitted relationship is unsafe and recourse musi tv made 
to tabular data presentation, as described earlier.

The second check concerns whether random errors affect both measured variable* If *tempts 
are made lo fn relationships by regression to data where both measured variables i<>ntai* J  
random errors, any relationship fined w ill only be approximate and it is likely ihai one <* more 
data points w ill have a deviation from the fitted line or curve greater than the muvmium j 
error level predicted for the measured variable. This w ill show up when the appropnsie cheeM 
are made.

Having carried out the aforementioned checks to show thal toe re are no aspects Ы d»ta 
suggest that regression analysis is not appropriate, the next step is ю appl> км-i wu*»** 
regression to estimate the parameters Ы  the chosen relationship (linear, quadrat*. eccJ- 
this, some form of fdlow-up procedure is clearly required lo aeess how well ihe 
relationship fits the data points. A simple aw e-fitting confidence lest is 10 calculate the 
squared deviations S for the chosen ylx  relationship and com pare it with the vallJ<\ _  J  
calculated for the nest higher order regression curve that could be fitted lo daia- 
straight-line relationship is chosen, the value o f S calculated should be of a similar' a
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H  jo in e d  by fining a quadratic relationship. If the value of S were substantially lower
1Щ 1Г relationship. this would indicate that a quadratic relationship was a better fit to 

I  than a Mraight-lme one and further tests would he needed to examine whether a cubic or 
* y . .  order relationship » «  a belief fit (till.

■  m on gophisticsted confidence tests exist, such as it *  F-rorio test. However, these are 
ouistfe I be «соре Ы  this book.

em otion tuts
Wbeic both variables in a measurement data set are subject to random fluctuations, correlation 

»» applied Ю determine the degree of association between the variable». For example, 
in the ewe already quoted of a data set containing measurements of human height and 
weight, we certainly expect some relationship between the variables of height and weight 
because a tall person is heavier on а\егац< than a short person. Correlation tests determine 
the strength of the relationship (or interdependence) between the measured vanables. which 
is expressed in the form of a correlation coefficient.

For two let* of measurements y ,.. ,y„ , * , . .  ,x „ with mean» xm and y „. the correlation 
coefficient Ф is gives by

^/[2>-■*-)’] [El*-*.)1]
The value of WH always lies between 0 and I, with 0 representing the case where the 
vanahles an completely independent of one another and 1 it  the case where they are totally 
related to one another For 0 < KPI < I . linear least-squares regression can be applied to 
iadrelationships between the variables, which allows < to be predicted from a measurement ot 
'.andytobepicdiucd from a measurement ol i This involves !indin« two separate rc*:ressn4i 
lines of the form:

™  у =  а +  Лиг and x =  с  +  dy.

^ ^ * * 0  lines arc not normally coincident, as shown in Both lines pass through the
■ P  points but their slopes are different.

«W i
f lM a  tend to coincidence, representing the ia»c «here the t w o  variables aic 

pendci4 On one another
•O .m e h n -^ .

<̂ И Ц  orthogonal one> parallel to the > and \ ase- 111 this case, thetwoxels
*П<* best eKtimu!.' ‘^ ^ n .le n , The best estimate of x given any measurement of у is *». 

8*ve"  any measurement of x is y„.
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1
«•fttfto

fig u re  8.7
Relationship between two variables w ith random fluctuation».

For the general сам. the best fit to data i i  the line that biiecM the angle between the lines on 
Figure 8.7.

8 .5 Summary

This chapter began by looking at the various ways that measurement data can be displayed,̂  
either using electronic display devices or using a computer monitor. We then went on ю I 
consider how measurement data could be recorded in a way that allows future analysis We 
noted (hat this facility was particularly useful when faults develop in systems, as analysis oi die 
changes in measured parameters in the time before the faalt is discovered can often quickly 
indicate the reason for the fault. Options available for recording data are numerous and inclH  
chart recorders, digital oscilloscopes, digital data recorders, and hard-copy devices such as 
ink-jet and laser printers. We gave consideration to each of these and indicated some of 
circumstances in which each alternative recording device might be used.

The next subject of study in the chapter was recommendations for good practice in 
presentation o f data. We looked at both graphical and tabular fonas of presentatnvi u s in g ^B  
paper or a computer monitor screen ts the display medium. We then went on to con- 
best way of fitting lines through data points on a graph. This led to a discussion of math 
regression techniques and the associated confidence tests necesstry to assess the con*' 
the line fitted using regression. Finally, we looked at correlation tests. These are Û P  
determine the degree of association between two sets of data when they are both *u 
random fluctuations.
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g . 6  P r o W e m *

g i. Whal ere the main ways, available for displaying [w am cier values lo human operators 
responsible for controlling industrial manufacturing systems’ (Discussion on electronic 
displays and computer monitors is expected.) 

j  2 Discuss the range of instruments and techniques available for recording measurement 
signals, mentioning particularly the frequency response characteristics of each instrument 
or technique and the upper frequency limit for signals in each case, 

g 3. Discuss the features o f the main types o f chart recorders available for recording 
measurement signals, 

g 4 . What i* a digital d a u  recorder and how does it w ort?
8.5. (a) Explain the derivation of the expression

й * , l e * ,e  K X  
e +  л Г  +  Т  =  1 r

describing the dynamic response o f a galvanometric chart recorder following a slep 
charge in the electrical voltage output o f a transducer connected to its input 
Explain also what all the terms in the expression stand for ( Assume that impedances 
of both Ihe transducer and the recorder have a resistive component only and that 
there is negligible friction in the system.)

(b) Derive expressions for the measuring system natural frequency. i«„. the dampiag 
i  factor. V and the steady-stale sensitivity.

(c) Explain simple ways of increasing and decreusmg the damping (actor and describe 
the corresponding effect on measurement sensitivity.

(d) Whal damping factor gives ihe best system bandwidth?
(e) What aspects of the design of a chart recorder would sou modify in order to improve 

•he system bandwidth? What is the maximum bandwidth typically attainable in 
Chart recorders, and if such a m aximumhandwidth instrument is available, whal i> 
the highest frequency signal ilul 'u d i an instrument would he geneialK regarded «ч 
being suitable for measuring if the accuracy ol ihe signal amplitude measurement is 
important’

Diacusi* the relative merits of tabular and graphical methods o f recording measurement 
data.

«Л.

8.7.
_ _ _ ^ ^ fc o u ld  you regard as good prKtice in recording measurement data in graphical
И

What wouLI you regard as good practice in recording measurement data in tabulu for»» 
Explain the technique of linear leart-squares regression for finding a relationship 

а ц  ? * * * • * ,wo *eu of measurement dau.
“ Plain the techniques of (a) quadratic least-squares regression and (b) polynomial 

regression How would you determine whether either quadratic о»
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polynomial least-squares regression provides a belter fit lo a set o f measurement data 
than linear least-squares regression?

8.11. During calibration of a platinum resistance thermometer, ihe following temperature and 
resistance valves were measured:

Resistance (Q) 212.1 218 6 225.3 233.6 240.8 246.6 
Temperature (*C) 300 320 340 360 380 400

The temperature measurements were made using a primary reference standard 
instrument far which the measurement errors can be assumed to be aero. The 
resistance measurements were subject to random errors but it can be assumed that 
there are no systematic errors in them.
(a) Determine the sensitivity of measurement in (V°C in as accurate a manner as 

possible.
(b) Write down the temperature range that this sensitivity value is valid for.
(c) Explain the steps that you would take to test the validity of the type of mathematu.il 

relationship that you have used for data.
8.12. Theoretical considerations show th»t quantities x and у are related in a linear Fashion 

such thal у =<u+/>. Show thal the best estimate of the constants a and b are given by

Explain carefslly the meaning of all the terms in the aforementioned two equstions. J
8.13. The characteristics of a chromel-constantan thermocouple is known to be approximately j 

linear over the temperature range of 300-800°C. The output e.m.f. was measured 
practically at a range of temperatures, and the following table of results was obtained > 'ing j  
least-squares regression, calculate coefficients a and b for the relationship Т = а *Ь Е  that 
best describes the temperature-e.m.f. characteristic.

Temp (’ С) 300 323 330 375 400 425 450 475 500 525
e.m.f. (mV) 21.0 23.2 210 2 *9 21.6 31.3 324 35.0 37.2 38 5
Temp (*C) S7S 600 623 650 675 700 721 750 775 800
e.m.f. (mV) 43.0 43.2 47.6 4» 5 51.1 53.0 50.S 57.2 59.0 61.0

8.14. Measurements of the current (Г) flawing through a renisior and the corresponding I  
voltage drop (V) are shown:

I (amps) 1 2 3 4 5
V (volts) 10 J  20.4 30.7 40 S 50.0

Instruments used to measure voluge and current were accurate in ail respect* e»c< l*®  
they each had a zero error thal the observer failed to take account o f or to correC ■  
time of measurement. Determine the value o f the resistor from data measured
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g ,5  A measured quantity у  is known from theoretical considerations to depend on variable 
x  according to the relationship у = в +  hx2. For the following set of measurements of 
x and y. use linear least-squares regression to determine the estimates o f parameters 
a  and b  that fa data best.

« 0 1 2 3 4 s 
/  0.» # 2 33.4 72.5 130.1 200 в

g,|6. The mean lime to failure (Af7Tf) of an integrated circuit ia known to obey a law of 
the following form: MTTF = С exp Го/Т, where Г is the operating temperature and 
С and T . are constants. The follow mg values of MTTF at various temperatures wvie 
obtained from accelerated life  tens

AOTFfhouf») 54 105 206 411 M l 2145 
Temperature ("K) 600 S80 560 540 520 500

; (a) Estimate the values of С and T„ I Hint: log,(Af77>') -  log,(C) + 7 \JT This equation 
Unow a straight-I me relationship between log(M77? land I IT, where logtOand T. 
are constants.]

I (b) For an MTTF o f 10 years, calculate the maximum allowable temperature
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9.1 Introduction

We have already observed thal output» from measurement seniors often take the form of 
voltage signals. These can be measured using the voltage indicating and test instruments 
discussed in chapter 1. However, we have »bo discovered that sensor output does not lake the 
form of an electrical voltage in many case». Examples of these other form» of sensor output 
include translational displacements and changes in various electrical parameters such as 
resistance, inductance, capacitance, and cirrent. In some cases, the output may alternatively 
take the form of variations in the phase or frequency of aa a.c. electrical signal.

We therefore need to have a means of convening sensor outputs that are initially in some 
nonvoltage form into a more convenient form. This can be achieved by putting various types of 
variable conversion elements into the measurement system. We coniider these in this chapter First, 
we w ill see thal bridge circuits are a particularly important type o f variable conveniun element 
these are covered in some detail. Following this, we look at various alternative techniques for 
transducing the outputs of a measurement tensor into a form thal is measured more readily

9.2 Bridge Circuits

Bridge circuits are used very commonly и  a variable conversion element in measurement 
systems and produce an output in the form of a voltage level that changes as the measured 
physical quantity changes. They provide an accurate method of measuring resistance 
inductance, and capacitance values and enable the detection o f very small changes in these 
quantities about a nominal value. They are of immense importance in measurement system 
technology because № many transducers measuring physical quantities have an output that is 
expressed as a change in resistance, inductance, or capacitance. A displacement-measurnu’ 
strain gauge, which has a varying resistance output, is but one example of this class of 
transducers. Normally, excitation of the bridge is by a d.c. voltage for resistance measurement 
and by an a.c. voltage for inductance or c*>acitance measurement Both null aral deflection 
types of bridges exist, and. in a like manner ю instruments in general, null types art employed 
mainly for calibration purposes and deflection types are used within closed loop automatic 
control schemes.

9 .2 .1 Null-Type d.t. Bridge (Wheatttoee Bridge)

A null-type bridge with d.c. excitation, known commonly as a Wheatstone bridge, has the 
form shown in Figure 9.1. The four arms of the bridge consist of the unknown rwiitance /?„. 
two equal value resistors K2 and K ,. and variable resistor R, (usually a decade resistance box). 
A d.c. voltage V, is applied across the points AC, and resistance Л, is varied until the 
voltage measured across points BD is zero. This null point is usually measured with a high 
sensitivity galvanometer.
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Wheatstone bndge

To analyze the Whetuone bridge, define the current flowing in each arm to be Л ... / ,  as 
shown in Figure 9.1. Normally, if  a high impedance voliage-measunng instrument is used, 
current lm drawn by the measuring instrument w ill be very small and can be approximated ю 
aero If  this assumption is made, then, for lm =  0: l t =  /,  and / j =  /«.

looking at path ADC. we have voltage 1', applied across resistance K„+ Л ,and by Ohm’s law:

, Vi

Жв»|1аг1у. for path ABC,

Vi
RV 4-

^ ° w we can calculate the voltage drop acioss AD and AB:

V — /  p  V & * ■ V  - I K  ^ '
Уао ,,К г я Г Г я , • ~ 2 " r T + r I

Py the principle of superposition, Va =  Vgo = Vba +  ^ло =  -  V*a + Удо-
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At the null point V0 *  0, ю

Invcning both sides.

that is.

Vm . , V*.
Я, + R2 Rm + Ri

R . R,

(9.1)

R* + l j  R, +  Rj

Rm + Л )  Rr 4- /?2
Я. Я,

« j Яг 
Я. Я,

Я.
Я,Я,

(9.2)

Thus, if  R2 = Ял, then Я ,= Я*. A t Rv it  an accurately known value because it it  derived from a 
variable decade resistance box, this means that Я. is also accurately known.

A null-type bridge it  somewhat tedious to use as careful adjustment o f variable teiitlancr 
is needed to gel exactly to the null point. However, it provide* a highly accurate measurement 
o f resistance, leading to this being the preferred type when tentors are being calibrated

9 .2 .2  DefhctioH -Tjpe d.c. Bridge

A deflection type bridge with d.c. excitation is shown in Figure 9.2. This diffen from 
the Wheatstone bridge mainly in thal variable resistance R, i t  replaced by fixed letitfance 
Я i o f the same value as the nominal value of unknown resistance Я„. A t resisttnce Я. 
changes, to output voltage V0 vanes, and ihis relationship between Vo and Я, must be 
calculated.

This relationship it  simplified if  we again assume that a high impedance voltage-mr»4|1|,: - 
instmmenl it  used and the current drawn by it. / „ ,  can be approximated to гею. (The case 
when tb it assumption doet not hold it covered later in this section.) The analysis it  then 
exactly the same as for the preceding example of the Wheat «tone bridge, except that R, i* 
replaced by Я|. Thus, from Equation (9.1), we have
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A

figure 9.2
DeHaetion-typ* d.c. bndgt.

V° ~ V' ( * .  + *> * . + * : )

When R„ i i  at its nominal value, that it. for R, =  R\. it is clear that V'0 = 0 (since R} =Rx). fo r 
other values of R„, V» has negative and positive values thal vary in a nonlinear way with K .

The Inflection-1\ pe bridge is somewhat easier lo use than a null-type bridge because the 
output measurement Is given directly in the form of a voltage measure meal. However, its 
■•■■■«тем accuracy is not as good as thal of a null-type bridge. Despite It* inferior accuracy. 
cast of u *  means thal it is the preferred form of bridge in most general measurement situation* 
unless the greater accuracy of a null-type bridge i i  absolutely necessary.

11 Example 9.1

^ • r ta in  type o f pressure transducer, designed lo  m easure pressures in the range 0 10 
consists o f a diaphragm w ith  a stra in gauge cem ented to  it to  detect d iaphragm  

^ B * c t io n s .  The strain gauge has a nom ina l resistance o f  120 W and fo rm s one arm  o f a 
B ta ts to ne  bridge circuit, w ith  the o the r three arm s each having a resistance o f 12011 

g* output is measured by an ins trum en t whose in p u t im pedance can be assumed
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infinite. If, in order to lim it heating effects, the maximum permissible gauge 
current is 30 mA, calculate the maximum permissible bridge excitation voltage.
If the sensitivity o f the strain gauge is 338 m fl/bar and the maximum bridge 
excitation voltage is used, calculate the bridge output voltage when measuring a 
pressure o f 10 bar.

— ■

4
■ Solution

This is the type o f bridge circuit shown in Figure 9.2 in which the components have the 
following vakies:

R, = f t j =  Я, =  120 П 

Defining /, to be the current flowing in path ADC o f the bridge, we can write

V, =  /,(« . +  «,).

At balance, Я. =  120 and the maximum value allowable fo r It is 0.03A. Hence, V, 0.03 
(120 +  120) =  7.2 V. Thus, the maximum bridge excitation voltage allowable is 7.2 volts

For a pressure o f 10 bar applied, the resistance change is 3.38 O, that is, R, is then equal 
to 123.38 Q. Applying Equation (9.3), we can write

Thus, if  maximum permissible bridge excitation voltage is used, the output v o lta g e  Is 

50 mV when a pressure o f 10 bar is measured.
—  ■ 

The nonlinear relationship between output reading and measured quantity exhibited by 
Equation (9.3) is inconvenient and does not conform with the normal requirement for » linear 
input-output relationship. The method o f coping with this nonlinearity varies according to the 
form of primary transducer involved in the measurement system.

One special сак it  where the change in unknown resistance R , is typically small compared « ith 
the nominal value of/?». I f  we calculate the new voltage V0' when the resistance R, in 
Equation (9.3) changes by an amount ЬЯя, we have

V° V' { r.+ S R . +  R, Л , * * : ) -
(9.4)
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o f voltage output is therefore given by
The change

-Wo V,ЛУр V<
Мц Л. +  (i) (9-5)

^■expression describes the measurement sensitivity of the bridge. Such an approximation to 
^  relationship linear is valid for transducers such as strain gauges where the typical 

B L  0(  resistance with strain are very small compared with nominal gauge resistance

H ow ever, many instruments that are inherently linear themselves, at least over a limited 
measurement range, such as resistance thermometers, exhibit large changes in output as the 

quantity changes, and the approximation of Equation (9.51 canaoi be applied. In such 
Ж  tpecific action must be taken ю improve linearity ia the relationship between bridge 
output voltage and measured quantity. One common solution to this problem is to make the 
v a lu e s  of the resist*ices R2 and Л, at least 10 times those of/?, and R, (nominal) The effect of 
this is best observed by looking at a numerical example.

Consider a platinum resistance thermometer with a range of 0-50°C whose resistance at O’C is 
500 П and whose resistance varies with temperature at the rale of 4 QTC, Over this range of 
measurement, the output characteristic o f the thermometer itself is nearly perfectly linear. 
(No* that the subject of resistance thermometers is discussed further in Chapter 14.)

Taking first the case where Я, =  /?2 =/?, =  500 f l  and V, =  10 V , and apply ing Equation (9.3):

*PP*»ent Inspection of the manner in which output voltage V0 above changes for equal slepf>o( 
‘ •■«•пиите change also clearly demonstrates nonlinearity.

^  Й»е temperature change from 0 to 25X. the change in V0 is (0.455 -  0) = 0.455 V 
Г0Г the temperature change from 25 to 50°C. the change in Vn is (0.833 -  0.455) =  0.378 V

At 0°C. Vo =  0

"П*** relationship between V„ and /?. is platted as curve A in Figure 9.3 and nonlineanty is

^■R elationship w w  linear, the chunge in V« lor the 25 -50 С temperature step would also 
V 5 V. giving a value for V0 o f 0.910 V at 50°C.
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Chromel-constantan thermocouples (type E) give the highest measurement sensitivity 0f | 
68 |aV/°C, with an inaccuracy o f ±0.5% and a useful measuring range of -200 C' up to90ry p i  
Unfortunately, while they can operate satisfactorily in oxidizing environments when unpfotcct нИ 
their performance and life are seriously affected by reducing atmospheres.

Iron-constantan thermocouples (type J ) have a sensitivity o f 55 |tV/°C and are the p ~ i , Д  
type for general-purpose measurements in the temperature range of -40 to +750°C, w here t Л  
typical measurement inaccuracy is ±0.75%. Their performance is little affected by cither I 
oxidizing or reducing atmospheres. ^

Copper-constantan thermocouples (type T) have a measurement sensitivity of 43 p V / c  .т Л  
find their main application in measuring subzero temperatures down to -200 C, with an 
inaccuracy o f ±0.75%. They can also be used in both oxidizing and reducing atmospheres ю 
measure temperatures up to 350°C.

Chromel-alumel thermocouples (type K) are widely used, general-purpose devices w ith a I  
measurement sensitivity o f 41 pV/°C. Their output characteristic is particularly linear over ihe 
temperature range between 700 and 1200°C and this is therefore their main application, 
although their fu ll measurement range is -200 to +1300°C. Like chrom el-constan tan  
devices, they are suitable for oxidizing atmospheres but not for reducing ones unless protected 
by a sheath. Their measurement inaccuracy is ±0.75%.

Nicrosil-nisil thermocouples (type N) were developed with the specific intention o f improv mg 
on the lifetime and stability of chromel-alumel thermocouples. They therefore have similar j 
thermoelectric characteristics to the latter but their long-term stability and life are at least •hree 
times better. This allows them to be used in temperatures up to l.lOO’ O Their measurement ■  
sensitivity is 39 цУ/°С and they have a typical measurement uncertainty of ±0.754. A dciaitadj j 
comparison between type К and N devices can be found in Brooks (1985).

Nickellmolyhdenum-nickel-cobalt thermocouples (type Ml have one wire made from a nickeM , 
molybdenum alloy with 18% molybdenum and the other wire made from a nickel-cobalt ■  
alloy with 0.8%  cobalt. They can measure at temperatures up to 1400 C. which is higher I  
than other types of base metal thermocouples. Unfortunately, they arc dam aged in both J  
oxidizing and reducing atmospheres. This means that they are rarely used except lor |x-ctM 1 
applications such as temperature measurement in vacuum furnaces.

Noble metal thermocouples are expensive, but they enjoy high stability and long litc 
when used at high temperatures, although they cannot be used in reducing a t m o s p h e r e s .  V 
Unfortunately, their measurement sensitivity is relatively low. Because o f  this, their u s e  ■ 
is mainly restricted to measuring high temperatures unless the operating e n v i r o n m e n t  

particularly aggressive in low-temperature applications. Various c o m b i n a t i o n s  of the 
platinum and tungsten and the metal alloys of platinum-rhodium, tungsten rhenium an ■  
gold-iron are used.
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^ Щ .Л е гт о с о и р ^  {type B) have one wire made from a platinum-rhodiuni alloy
rh o d iu m  a"*1 lhc °*her wirc madc from a plaiinum-rhodium alloy with 64 rhodium 

« ' i * * ! measuring range is +50to * 1800 C. with a measurement sensitivity of 10 pV/C.

■  therm ocouples ( type R) have one wire made from pure platinum and the other 
^ ^ E r fe  from * platinum-rhodium alloy with 13% rhodium. Their quoted measuring 
wil*  . 0 |0 + 1700°C. with a measurement sensitivity of 10 [iV f С and quoted inaccuracy

of ±0-5*
fhtrmocouples I type S) have one w ire made from pure platinum and the other 

f r o m  a platinum rhodium alios with 104 rhodium They have similar characteristics 
loiyp* R devices, with a quoted measuring range of 0 to + 1750 C. measurement sensitivity 
of 10 (iVAC. and inaccuracy of ±0.5%.

Tungsten thermocouples ttype C) have one wire made from pure tungsten and the other 
wire made from a tungsten/rhenium alloy. Their measurement sensitivity of 20 цУГС is 
double thal of platinum thermocouples, and they can also operate at temperatures up to 
:300°C. Unfortunately, they are damaged in both oxidizing and reducing atmospheres. 
Therefore, their main application is temperature measurement in vacuum furnaces.

( hn inutl-fo ldJiron  therm ocouples have one wire made from chromel and the other wire made 
from «fold/iron alloy which is, in fact, almost pure gold but with a very small iron content 
(typically 0.15%). These are rare, special-purpose thermocouples with a typical measurement 
sensitivity! of 15 цУЛК designed specifically for cryogcnic (very low temperature) applications. 
The lowest temperature measureable is 1.2°K. Several versions are available, which differ 
according to the iron content and consequent differences in the measurement range and 
sensitivity. Because of this variation in iron content, and also because of their rarity, these do 
mu have an international type letter.

14.2.4 Thermocouple Protection

«re delicate devices that must be treated ca re fu lly  i f  the ir specified operating 
are to be maintained. One m ajor source o f error is induced strain in ihe hot 

y k  reduces the e.m .f. output, and precautions are norm ally taken to m inim ize 

c° v e n r ^ t #  *** m oun,ln*! ,t,e thermocouple horizonta lly rather than vertically It is usual to 
the thermocouple w ire w ith  thermal insulation, which also provides mechanical 

ch*nge's° ,j P j j ,0U®*' * * *  *'P ls left exposed i f  possible to  m axim ize the speed o f response to 
ia «г».- ‘ и *  mca4urt-’d temperature However, thermocouples are prone to contam ination

v irie5 fro J n C j*®  environm c,,lv  T h '4 means that t lie ir  e.m.t /temperature characteristic
s h o r n - L tlal P o lish e d  in standard tables C ontam ination also makes them brittle  and 

" •  Леи life.
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ТаЫе 14.1 Common Sh*ath Materials fo r Thermocouple*

M ateria l M axim um  O pera ting  Tem perature  (*C )*

M ild  steel 900
N ickel-chrom ium 900

Fused silica 1000
Special steel 1100

M u llke 1700
Recrystallued a lum ina 18S0

Beryflia V 2300
Magnesia 2400
Zicron ia 2400
Thona 2600

The operating lunprritum quoted assume auditing or neutral atmospheres. For operation m rrduong 
the maximum allowable temperature ts usually reduced

Where they are prone to contamination, thermocouples have to be protected by enclosing th e tJ  
entirely in an insulated sheath. Some common sheath materials and their maximum operating j 
temperatures are shown in Table 14.1. While the thermocouple is a device that has a naturally 
first-order type of step response characteristic, the time constant is usually so small as to 
be negligible when the thermocouple is used unprotected. However, when enclosed in a sheathJ 
the time constant of the combination of thermocouple and sheath is significant The size o f ihel 
thermocouple and hence the diameter required for the sheath have a large effect on the 
importance of this. The time constant of a thermocouple in a l-mm-diameter sheath is onl;
0 .15 s and this has little practical effect in most measurement situations, whereas a larger sh e  

of 6 mm diameter gives a time constant of 3.9 s that cannot be ignored so easily.
2

14.2.5 Thermocouple Manufacture

Thermocouples are manufactured by connecting together two wires of different malerials, ■ 
where each material is produced so as to conform precisely with some defined com  posit ion 
specification. This ensures that its thermoelectric behavior accurately follows that for » hicb' 1 
standard thermocouple tables apply. The connection between the two wires is affected by ■  
welding, soldering, or, in some cases, just by twisting the wire ends together. Welding is the то й  
common technique used generally, with silver soldering being reserved for c o p p e r - c o n s t a i^ H  
devices.

The diameter of wire used to construct thermocouples is usually in the range between 0.4
2 mm. Larger diameters are used where ruggedness and long life are required, a lth o u g h  

these advantages are gained at the expense of increasing the measurement time constant In t ^ B  
case of noble metal thermocouples, the use of large diameter wire incurs a substantia lL 
penalty. Some special applications have a requirement for a very fast response time in t 
measurement of temperature, and in such cases wire diameters as small as 0.1 цт can be UŜ B



Temperature Measurement 361

14.2-6
Thermopile

i l e  js the name given to a temperature-measuring device that consists of several
The thern'° |>pS Connected together in series, such that all the reference junctions are at the 

^^^^Е м п п е га 1иге and all the hot junctions arc exposed to the temperature being measured.
j |(!иГе 14.7. The effect of connecting n thermocouples together in scries is to 

as sh0" ^ jie measurement sensitivity by a factor of n. A ty pical thermopile manufactured by 
inc** . mgpther 25 chromel-constantan thermocouples gives a measurement resolution

of0.00l°C

14 2.7 Dif'tol Thermometer

I t in * 111 nlir ’" arc also used in digital thermometers, of which both simple and intelligent 
i r f j e f x i s t  ( f o r  a description ol the latter, see Set lion 14 12) A simple digital thermometer

• a c o m b in a tio n  ‘>f a thermocouple, a battery-powered, dual-slope digital voltmeter to 
measuie the thermocouple output, and an electronic display. This provides a low noise, 
digital output thal can resolve temperature differences as small as 0.1 C. The accuracy 
achieved is  dependent on the accuracy of the thermocouple element, but reduction of 
m easurem ent inaccuracy to ±0.5% is achievable.

14.2.8 Camtinuoui Thermocouple

The continuous thermocouple is one of a class of devices that detect and respond to heat. 
Other devices in this class include the line-type heat detector and heat-sensitive cable. The 
basic conttniction of all these devices consists of two or more strands of wire separated by 
insulation within a long thin cable. While they sense temperature, they do not in fact provide an 
output meaiurcment of temperature. Their function is to respond to abnormal temperature 
rises and thu- prevent fires, equipment damage, etc.

Figure 14.7
Thermopile.



The advantages of continuous thermocouples become more apparent if  problems with other types 
heat detectors are considered. Insulation in the line-type heat detector and heat-sensitive cable 
consists of plastic or ceramic material with a negative temperature coefficient (i.e., the resistance |a||s 
as the temperature rises). An alarm signal can be generated when the measured resistance falls helo* 
a certain level. Alternatively, in some versions, the insulation is allowed to break down completely ,n 
which case the device acts as a switch. The major limitation of these devices is that the temperature 
change has to be relatively large, typically 50-200еС above ambient temperature, before the dev ice 
responds. Also, it is not generally possible for such devices to give an qutput that indicates that 
an alarm condition is developing before it actually happens, and thus allow preventative action. 
Furthermore, after the device has generated an alarm it usually has to be replaced. This is particularly 
irksome because there is a large variation in the characteristics of detectors coming from different 
batches and so replacement of the device requires extensive onsite recalibration of the system

In contrast, the continuous thermocouple suffers from very few of these problems. It differs 
from other types of heat detectors in that the two strands of wire inside it are a pair o f 
thermocouple materials separated by a special, patented mineral insulation and contained 
within a stainless-steel protective sheath. If any part of the cable is subjected to heat, the 
resistance of the insulation at that point is reduced and a "hot junction" is created between 
the two wires of dissimilar metals. An e.m.f. is generated at this hot junction according to 
normal thermoelectric principles.

The continuous thermocouple can detect temperature rises as small as 1°C above normal. Unlike 
other types of heat detectors, it can also monitor abnormal rates of temperature rise and provide a 
warning of alarm conditions developing before they actually happen. Replacement is only 
necessary if  a great degree of insulation breakdown has been caused by a substantial hot spot at 
some point along the detector's length. Even then, the use of thermocouple materials of standard 
characteristics in the detector means that recalibration is not needed if  it is replaced. Because 
calibration is not affected either by cable length, a replacement cable may be of a different length to 
the one it is replacing. One further advantage of continuous thermocouples over earlier forms 
of heat detectors is that no power supply is needed, thus significantly reducing installation costs.

14.3 Varying Resistance Devices

Varying resistance devices rely on the physical principle o f the variation of resistance with 
temperature. The devices are known as either resistance thermometers or thermistors 
according to whether the material used for their construction is a metal or a semiconductor, 
and both are common measuring devices. The normal method of measuring resistance is 
lo use a d.c. bridge. The excitation voltage of the bridge has to be chosen very carefully 
because, although a high value is desirable for achieving high measurement sensitivity.

1 Normally type E. chrom rl -com untan , or type K. chrome! -alumrl
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" ' " ^ L - a t i n e  effect o f high currents flow ing in the temperature transducer creates an 
the s*11 ^"creasjng the temperature o f the device and so changing the resistance value, 
error I"

Resistance Thermometers (Resistance Temperature Devices)

t h e r m o m e t e r s ,  which are alternatively known as resistance temperature devices. 
jlS E 'th e  principle that the resistance of a metal varies with temperature according to the 

■fifrinnshil'
R = Ro( 1 + a\T  + a^T* + a jJ * + • ■ ■ +  anT "). (14.7)

^ ^ ^ K a tio n  is nonlinear and so is inconvenient for measurement purposes. The equation 
^ ^ K a lin e a r if  all the terms in <i;7° and higher powers o f T are negligible such thal the 
) f t jJ __ -  *nd temperature are related according to

R *s/?o(l + a\T).

This equation is approximately true over a lim ited temperature range for some metals, 
notabl# platinum, copper, and nickel, whose characteristics are summarized in Figure 14 8. 
Platinum has the most linear resistance/temperature characteristic and also has good 
chemical inertness. It if  therefore far more common than copper or nickel thermocouples. 
Its resSmce-temperature relationship is linear w ithin ±0.4% over the temperature range 
between -200 and +40°C. Even at + 1000°C, the quoted inaccuracy figure is only 
±1.2%. Platinum thermometers are made in three forms, as a film  deposited on a ceramic 
substrate, as a coil mounted inside a glass or ceramic probe, or as a coil wound on a 
mandrel, although the last of these are now becoming rare. The nominal resistance at 
() С is H fc a lly  100 or 1000 O. although 200 and 500 f i  versions also exist. Sensitivity is 
0.385 O f С  (100П type) or 3.85 f l / C  (1000 Q type). A high nominal resistance is advantageous 
in iem* of higher measurement sensitivity, and the resistance o f connecting leads has less 
effect <Bmeasurement accuracy. However, cost goes up as Ihe nominal resistance increases.

In addition lo having a less linear characteristic, both nickel and copper are inferior to platinum
*  to trn o f their greater susceptibility to oxidalion and corrosion. This seriously limits Iheir 
«curacy and longevity. However, because platinum is very expensive compared to nickel and 

ttp  latter are used in resistance thermometers w lien cost is important. Another metal. 
*ko  used in resistance thermometers in some circumstances, particularly for high 

■I——Utdrt  me*surements. The working ranges of each o f these four types of resistance 
^ ^ ^ ■ t e r s  are as shown here:

^ H f o m i :  -2 7 0  to +1000 С (although use above 650 С is uncommon) 
p,Copper: -2 0 0  to +260°C 

Nickel: -2 0 0  to +430°C 
“ **»en: -2 7 0  to + 1 100°C
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The advantages of continuous thermocouples become more apparent if  problems with other types l)( 
heat detectors are considered. Insulation in the line-type heat detector and heat-sensitive cable 
consists of plastic or ceramic material with a negative temperature coefficient (i.e., the resistance talk 
as the temperature rises). An alarm signal can be generated when the measured resistance falls below 
a certain level. Alternatively, in some versions, the iasulation is allowed to break down completely ln 
which case the device acts as a switch. The major limitation o f these devices is that the temperature 
change has to be relatively large, typically 50-2 0 0 еС above ambient temperature, before the dev ice 
responds. Also, it is not generally possible for such devices to give an qutput that indicates that 
an alarm condition is developing before it actually happens, and thus allow preventative action 
Furthermore, after the device has generated an alarm it usually has to be replaced. This is particularly 
irksome because there is a large variation in the characteristics o f detectors coming from different 
batches and so replacement of the device requires extensive onsite recalibration of the system

In contrast, the continuous thermocouple suffers from very few of these problems. It differs 
from other types o f heat detectors in that the two strands o f wire inside it are a pair of 
thermocouple materials separated by a special, patented mineral insulation and contained 
within a stainless-steel protective sheath. I f  any part o f the cable is subjected to heat, the 
resistance o f the insulation at that point is reduced and a "hot junction" is created between 
the two wires o f dissimilar metals. An e.m.f. is generated at this hot junction according to 
normal thermoelectric principles.

The continuous thermocouple can delect temperature rises as small as P C  above normal. Unlike 
other types o f heat detectors, it can also monitor abnormal rates of temperature rise and provide a 
warning of alarm conditions developing before they actually happen. Replacement is only 
necessary if  a great degree of insulation breakdown has been caused by a substantial hoi spot at 
some point along the detector's length. Even then, the use o f thermocouple materials of standard 
characteristics in the detector means that recalibration is not needed if  it is replaced. Because 
calibration is not affected either by cable length, a replacement cable may be of a different length to 
the one it is replacing. One further advantage o f continuous thermocouples over earlier forms 
of heal detectors is that no power supply is needed, thus significantly reducing installation costs.

14.3 Varying Resistance Devices

Varying resistance devices rely on the physical principle o f the variation o f resistance with 
temperature. The devices are known as either resistance thermometers or thermistors 
according to whether the material used for their construction is a metal or a s e m ic o n d u c to r ,  

and both are common measuring devices. The normal method o f measuring resistance is 
lo  use a d.c. bridge. The excitation voltage o f the bridge has to be chosen very carefully 
because, although a high value is desirable for achieving high measurement sensitivity.

'  N o rm a lly  type K, chrom el -co m u n ta n . o r type K , chrom el u lum cl
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' " ^ E h e a t in g  effect o f high currents flow ing  in the temperature transducer creates an 
the *el' reasj ng t|,e temperature o f the device and so changing the resistance value, 
error h'

H ffjstancc Thermometers (Resistance Temperature Devices)

t h e r m o m e t e r s ,  which are alternatively known as resistance temperature ilevn es. 
*1е* ' the principle that the resistance o f a metal varies w ith temperature according to the

relationship
R =  Я о (1  +  a\T  +  лзТ*2 4- Л3Т 5 +  • • ■ +  anT” ). (1 4 .7 )

^ ^ ^ L a t i o n  is nonlinear and so is inconvenient for measurement purposes. The equation 
^ ^ K ( | i n e a r  if  all the terms in агТ2 and higher powers o f T are negligible such that the 

| f ( i r .___ gnd temperature are related according to

R *s/?o(l +017").

This aquation is approximately true over a lim ited  temperature range fo r some metals, 
notab^ platinum, copper, and nickel, whose characteristics are summarized in Figure 14.8. 
Platinum has the most linear resistance/temperature characteristic and also has good 
chemical inertness. It is therefore far more common than copper or n ickel thermocouples. 
Its respance-temperaiure relationship is linear w ith in  ±0.4%  over the temperature range 
between -2 0 0  and +40°C. Even at + 1000°C, the quoted inaccuracy figure is only 
±1.2%. Platinum thermometers are made in three forms, as a film  deposited on a ceramic 
substrate, as a coil mounted inside a glass o r ceramic probe, or as a co il wound on a 
mandrel) although the last o f these are now becoming rare. The nominal resistance at 
(I С i*% picallv 100 or 1000 O. although 200 and 50 0 11 versions also exist. Sensitivity is 
0.385 0 /4  (1 0 0 0  type) or 3.85 W C  ( КИИ) О type). A high nominal resistance is advantageous 
in lerms o f higher measurement sensitivity, and the resistance o f connecting leads has lets 
efTect on measuremeni accuracy. However, cost goes up as the nominal resistance increases.

In addition to having a less linear characteristic, both nickel and copper are in ferior to platinum 
>n terms of their greater susceptibility to oxidation and corrosion. This seriously lim its their 
T - m d  longevity However, because platinum is very expensive compared to nickel and 
c<W * ^ * e  latter are used in resistance thermometers when cost is important. Another metal.

“ fso used in resistance thermometers in some circumstances, particularly for high 
W nlure measurements. The working ranges o f each o f these four types o f resistance 

^roxieetei-N are as shown here:

B la t in u m : -2 7 0  to +1000 С (although use above 650 С is uncommon)
P P o ppe r: -200 to +260°C 

Nickel: -200 to +430°C
-2 7 0  to + U 0 0 °C
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Figure 14.8
Typical resistance-cemperature characteristics o f  metals

In the case o f noncorrosive and nonconducting environments, resistance thermometers are 
used without protection. In all other applications, they are protected inside a sheath. As in the case 
of thermocouples, such protection reduces the speed of response o f the system to rapid changes in 
temperature. A typical time constant for a sheathed platinum resistance thermometer is 0.4 
seconds. Moisture buildup within the sheath can also impair measurement accuracy.

The frequency at which a resistance thermometer should be calibrated depends on the 
material it is made from and on the operating environment. Practical experimentation is 
therefore needed to determine the necessary frequency and this must be reviewed i f  the 
operating conditions change.

14.3.2  Therm istors

Thermistors are manufactured from beads o f semiconductor material prepared from oxides of 
the iron group o f metals such as chromium, cobalt, iron, manganese, and nickel. Normally, 
thermistors have a negative temperature coefficient, that is. resistance decreases as t e m p e r a t u r e  

increases, according lo:

R =  R o e ^ 17- ' ™ .  ( ,4 '8)
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lalionship is illustrated in Figure I4.V. However, alternative forms o f heavily doped 
^ ^ L rffto r*  are now available (at greater cost) that have a positive temperature coefficient. 
U l f o r m  o f Equation (I4 .H ) is such that it is not possible to make a linear approximation 

Ш  tu rve over even a small temperature range, and hence the thermistor is very 
^ E g | y  a nonlinear seasor. However, the major advantages o f thermistors are their relatively 

and their small size. This size advantage means that the time constant o f  thermistors 
in sheaths is small, although the size reduction also decreases its heat dissipation 

^ E y ity  and so makes the self-healing effect greater. In consequence, thermistors have 
be operated al generally lower current levels than resistance thermometers and so the 

ement sensitivity is less.

Temperature "C

Figure 14.9
Typical rcsistance-temperature characteristic» of thermistor materials.
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As in the case o f resistance thermometers, some practical experimentation is needed to determine 
the necessary frequency at which a thermistor should be calibrated and this must be review^ 
if  the operating conditions change.

14.4 Semiconductor Devices

Semiconductor devices, consisting o f either diodes or integrated circuit transistors, have only 
been commonly used in industrial applications for a few years, but they were first invented 
several decades ago. They have the advantage of being relatively inexpensive, but one difficulty 
that affects their use is the need to provide an external power supply to the sensor.

Integrated circuit transistors produce an output proportional lo the absolute temperature. 
Different types are configured to give an output in the form o f either a varying current 
(typically 1 pA К) or a varying voltage (typically 10 mV°K). Current forms are normally used 
with a digital voltmeter that detects the current output in terms o f the voltage drop across I 
а 10-КП resistor. Although the devices have a very low cost (typically a few dollars) and 
a better linearity than either thermocouples or resistance thermometers, they only have a 
limited measurement range from -5 0  to +I50°C. Their inaccuracy is typically ±3%, 
which lim its their range o f application. However, they are widely used to monitor pipes 
and cables, where their low cost means that it is feasible to mount multiple sensors along I 
the length o f the pipe/cable to detect hot spots.

In diodes, the forward voltage across the device varies with temperature. Output from a 
typical diode package is in the microamp range. Diodes have a small size, with good output I 
linearity and typical inaccuracy o f only ±0.5%. Silicon diodes cover the temperature range j  
from -5 0  to +200°C and germanium ones from -270 to +40°C.

14.5 Radiation Thermometers

A ll objects emit electromagnetic radiation as a function o f their temperature above absolule /еп> and 
radiation thermometers (also known as radiation pyrometers) measure this radiation in order to I 
calculate the temperature of the object. The total rate of radiation emission per second is given M

E =  КТ*. ( |4 Ч

The power spectral density o f this emission varies with temperature in the manner shown in 
Figure 14.10. The major part o f the frequency spectrum lies within the band o f w a ve len g ths  I  
between 0.3 and 40 pm, which corresponds to visible (0.3-0.72 pm) and infrared (0.72-1000 (U4 
ranges. As the magnitude o f the radiation varies with temperature, measurement ot ihe , 
emission from a body allows the temperature o f the body to be calculated. Choice o f the ^  
method o f measuring the emitted radiation depends on the temperature o f the body A t 0 

temperatures, the peak o f the power spectral density function (F igure 14 .1 0 ) lies in  the
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Figure 14.10

Power spectral density o f  radiated energy emission at various temperatures

'• * * *< •  region, whereas al higher temperatures it moves toward the visible part o f the
Thi» phenomenon is observed as the red glow  that a body begins to  emit as its 

"*P *ra tu ie  is increased beyond 600°C.

j T 8111 Wrsions of radiation thermometers arc capable o f measuring temperatures between 
+ I0 ,0 0 0 °c  w ith measurement inaccuracy as low as ±0.05% in the more expensive 

P -C -b o u g h  ,*lls ° f  accuracy is not obtained when measuring very high temperatures). 
^•••“ У-powered, hand held versions are also available, and these ate particularly

V use. The important advantage that radiation thermometers have over other types
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o f temperature-measuring instruments is that there is no contact with the hot body while 
its temperature is being measured. Thus, the measured system is not disturbed in any way 
Furthermore, there is no possibility o f contamination, which i i  particularly important щ 
food. drug, and many other process industries. They are especially suitable for measuring 
high temperatures beyond the capabilities o f contact instruments such as thermocouples, 
resistance thermometers, and thermistors. They are also capable o f measuring moving bodies 
for instance, the temperature o f steel bars in a rolling m ill. Their use is not as straightforward 
as the discussion so far might have suggested, however, because the radiation from a body 
varies with the composition and surface condition o f the body, as well as with temperature 
This dependence on surface condition is quantified by the em issivity o f the body. The use of 
radiation thermometers is further complicated by absorption and scattering o f the energy 
between the emitting body and the radiation detector. Energy is scattered by atmospheric dust 
and water droplets and is absorbed by carbon dioxide, ozone, and water vapor molecules. 
Therefore, all radiation thermometers have to be calibrated carefully for each particular body 
whose temperature they are required to monitor.

Various types o f radiation thermometers exist, as described next. The optical pyrometer can 
only be used to measure high temperatures, but various types o f radiation pyrometers are 
available that, between them, cover the whole temperature spectrum. Intelligent versions (see 
Section 14.12) also now provide fu ll or partial solutions to many o f the problems described 
later for nonintelligent pyrometers.

14.5.1 O ptica l Pyrom eter

The optical pyrometer, illustrated in Figure 14.11, is designed to measure temperatures where 
the peak radiation emission is in the red part o f the visible spectrum, that is, where the measured I 
body glows a certain shade o f red according to the temperature. This lim its the instrument to I 
measuring temperatures above 600°C. The instrument contains a heated tungsten filament 
within its optical system. The current in the filament is increased until its color is the same as the I 
hot body: under these conditions the filament apparently disappears when viewed against 
the background of the hot body. Temperature measurement is therefore obtained in terms ol the j 
current flowing in the filament. As the brightness o f different materials at any particular 
temperature varies according to the emissivity of the material, the calibration o f the optical I  
pyrometer must be adjusted according to the emissivity o f the target. Manufacturers prov ides 
tables o f standard material emissivities to assist with this.

The inherent measurement inaccuracy of an optical pyrometer is ±5°C  However, in addition to j  
this error, there can be a further operator-induced error o f ±IO°C arising out o f the d if f ic u lt *  
in judging the moment when the filament "just’’ disappears. Measurement accuracy can be 4 
improved somewhat by employing an optical filte r within the instrument that passes a narro 
band o f frequencies of wavelength around 0.65 pm corresponding to the red part ot the visi ” 1



F ig u re  1 4 .1 1
Optical pyrometer.

Varying current

spectrum This also extends the upper temperature measurable from  5000 'С in unfiltered 
instruments up to I0,000°C

TIM instrument cannot be used in automatic temperature control schemes because the eye o f the 
human operator is an essential part o f the measurement system. The reading is also affected 
by fumes in the sight path. Because o f these d ifficu ltie s  and its low  accuracy, hand-held 
radiation pyrometers are rapid ly overtaking the optical pyrometer in popularity, although 
the iK tm m eni is s till w idely used in industry fo r measuring temperatures in furnaces and 
similar1 applications at present.

14.5.2 Radiation Pyrometers

All thepltemative forms o f radiation pyrometers described here have an optical system sim ilar 
•o that ol the optical pyrometer and focus the energy emitted from  the measured body. 
H°w*ver, they differ by om itting the filament and eyepiece and having instead an energy 
detector in the same focal plane as the eyepiece was, as shown in Figure 14 12. This principle 

to measure temperature over a ran>:e from 100 to +  3600 С The radiation detector 
a uiermal detector, which measures the temperature rise in a black body at the focal 
*he optical system, or a photon detector.

detectors respond equally to all wavelengths in the frequency spectrum and consist o f 
reS'4lanc<r 'hcrmomclers. or therm istors Ml ot these typ ica lly  have tim e constant' 

milliseconds because o f the time taken for the black body to heat up and the 
sensor to respond to the temperature change.
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Figure 14.12
Structure o f  a radiation thermometer.

V

Photon detectors respond selectively to a particular band within the fu ll spectrum and are 
usually o f the photoconductive or photovoltaic type. They respond to temperature changes 
much faster than thermal detectors because they involve atomic processes, and typical 
measurement time constants are a few microseconds.

Fiber-optic technology is used frequently in high temperature measurement applications to 
collect the incoming radiation and transmit it to a detector and processing electronics that a 
located remotely. This prevents exposure of the processing electronics to potentially damagin 
high temperature. Fiber-optic cables are also used to apply radiation pyrometer principles i 
very d ifficu lt applications, such as measuring the temperature inside jet engines by collectir 
the radiation from inside the engine and transmitting it outside (see Section 14.9).

The size o f objects measured by a radiation pyrometer is lim ited by the optical resolution, 
which is defined as the ratio o f target size to distance. A good ratio is 1:300. which would alio 
temperature measurement of a l-mm-sized object at a range o f 300 mm. With large distant 
target size ratios, accurate aiming and focusing of the pyrometer at the target are essential li il 
now common to find “ through the lens" viewing provided in pyrometers, using a principle 
similar to SLR camera technology, as focusing and orientating the instrument for visible Ii 
focuses it automatically for infrared light. Alternatively, dual laser beams are sometimes u- 
to ensure that the instrument is aimed correctly toward the target.

Various forms o f electrical output are available from the radiation detector: these are functi 
o f the incident energy on the detector and are therefore functions o f the temperature of the 
measured body. While this therefore makes such instruments o f use in automatic control 
systems, their accuracy is often inferior to optical pyrometers. This reduced accuracy arises f t  
because a radiation pyrometer is sensitive lo a wider band of frequencies than the optical 
instrument and the relationship between emitted energy and temperature is less well d e fr  
Second, the magnitude o f energy emission at low temperatures gets very small, according • 
Equation (14.9), increasing the d ifficu lty o f accurate measurement.

The forms o f radiation pyrometer described here differ mainly in the technique used to meas 
the emitted radiation. They also differ in the range o f energy wavelengths, and hence ihe 
temperature range, which each is designed to measure. One further difference is the maten
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-mjcJ the energy-focusing lens. Outside the visible part o f the spectrum, glass 
jlinost opaque 10 infrared wavelengths, and other lens materials such as arsenic

J k *  used

-  '  (unchopped) radiation pyrometers

B .  banil  radiation pyrometer finds w ide application in industry and has a measurement 
,h it  varies from ±0.05% o f fu ll scale in the best instrum ents to ±0.5% in ihe least 
H o w e v e r ,  their accuracy deteriorates s ign ifica n tly  over a period o f tim e, and ane rro i 

i s  common after I - 2  years operation al high temperatures. As its name implies, the 
measures radiation across the whole frequency spectrum and so uses a therm al 

This i onsists o f a blackencd platinum disc to which a thermopile' is bonded. The
of the detector increases until the heat gain from  the incident radiation is balanced 

|T ^ h e a l loss due to convection and radiation. For high temperature measurement, a two 
J g j b  thermopile gives acceptable measurement sensitivity and has a fast time constant o f 
abou t0.1 s- At lower measured temperalures. where the level o f incident radiation is much less, 
thermopiles constructed from a greater number o f  thermocouples must be used to get sufficient 
в т и е т с п ! sensitivity. This increases the measurement time constant to as much as 2 s. 
Standard instruments o f this type are available to measure temperatures between - 2 0  and 
+18004), although much higher temperatures in theory could be measured by this method.

Choppet broad band radiation pyrometers

Concoction of this form o f pyrometer is broadly s im ilar to that shown in Figure 14.12 except 
that a rotary mechanical device is included that periodically interrupts the radiation reaching the 
detector. The voltage output from the thermal detector thus becomes an alternating quantity that 
switche» between two levels. This form  o f a.c. output can be am plified much more readily than 
the d.c output coming from  an unchopped instrument. This is particularly important when 
anipdlcalion i* necessary to achieve an acceptable measurement resolution in situations where 
■1“  level o f incident radiation from the measured body is low. For this reason, this form o f 
instrument i i  the more common when measuring body temperatures associated w ith peak 
• • ■ ta n  in the infrared part o f the frequency spectrum. For such chopped systems, the time 

° f thermopiles is too long. Instead, thermistors are generally used, giving a time 
^ ^ B c 'O . O I  s. Standard instruments o f this type are available to measure temperalures 
j* * * * 11 +20 and + 1 3 0 0 4 '. This form o f pyrometer suffers sim ilar accuracy d rift to 
® el*Pe<l forms. Its life  is also lim ited to about 2 years because o f  motor failures.
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Narrow band radiation pyrometers

Narrow-hand radiation pyrometers are highly stable instrument* that suffer a d rift in 
accuracy that is typically only l°C  in 10 years. They are also less sensitive to emissivjiy 
changes than other forms of radiation pyrometers. They use photodetectors o f either the 
photoconductive or the photovoltaic form whose performance is unaffected by either 
carbon dioxide or water vapor in the path between the target object and the instrument 
A photoconductive detector exhibits a change in resistance as the incident radiation level 
changes, whereas a photovoltaic cell exhibits an induced voltage across its terminals that is a| 
a function o f the incident radiation level. A ll photodetectors are preferentially sensitive to a 
particular narrow band o f wavelengths in the range o f 0 .5 -1.2 pm and all have a form o f out- 
that varies in a highly nonlinear fashion with temperature, and thus a microcomputer inside t 
instrument is highly desirable. Four commonly used materials for photodeleclors are cadmiu 
sulfide, lead sulfide, indium anlimonide, and lead tin telluride. Each of these is sensitive to 
a different band of wavelengths and therefore all find application in measuring the panicul 
temperature ranges corresponding to each o f these bands.

Output from the narrow band radiation pyrometer is normally chopped into an a.c. signal in t 
same manner as used in the chopped broad-band pyrometer. This simplifies amplification o f t 
output signal, which is necessary to achieve an acceptable measurement resolution. The typi 
time constant o f a photon detector is only 5 ps. which allows high chopping frequencies up to 
20 kHz. This gives such instruments an additional advantage in being able to measure fast 
transients in temperature as short as 10 ps.

Two-color pyrometer (ratio pyrometer)

As stated earlier, the emitted radiation-temperature relationship for a body depends on its 
emissivity. This is very d ifficu lt to calculate, and therefore in practice all pyrometers have ю he 
calibrated to the particular body they are measuring. The two-color pyrometer (alternative 
known as a ratio pyrometer) is a system that largely overcomes this problem by using the 
arrangement shown in Figure 14.13. Radiation from the body is split equally into two pa ' 
which are applied to separate narrow-hand filters. Outputs from the filters consist of radiati 
within two narrow bands of wavelengths X| and Л2. Detectors sensitive lo these frequenci 
produce output voltages V, and V2. respectively. The ratio o f these outputs. (V|/V'2). can be; 
shown (see Dixon. 1987) to be a function o f temperature and to be independent o f emissivi 
provided that the two wavelengths, л, and / 2, are close together.

The theoretical basis o f the two-color pyrometer is that output is independent of emissivity 
because emissivities at the two wavelengths /. | and /.2 are equal. This is based on the assunip' i 
that л, and л2 are very close together. In practice, this assumption does not hold and therefc I 
the accuracy o f the two-color pyrometer tends to be relatively poor. However, the in s tru m e n t 4  
still o f great use in conditions where the target is obscured by fumes or dust, which is a com n
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Figure 14.13
Two-color pyrometer system.

problem in the cement and mineral processing industries. Two-color pyrometers typica lly cost
VI - 100% more than other types o f  pyrometers.

Selected waveband pyrom eter

The selected waveband pyrometer is sensitive to one waveband only, for example. 5 ц т. and is 
dedicated to particular, special situations w here other forms of pyrometers are inaccurate. One 
example <|f such a situation is measuring the temperature o f steel billets being heated in a 
furnace. I f  an ordinary radiation pyrometer is aimed through the furnace door at a hot billet, it 
receive! radiation from the furnace walls (by reflection o ff the billet) as well as radiation from 
the billet hselt. If the temperature o f the furnace walls is measured by a thermocouple, a 
correction can be made for the reflected radiation, but variations in transmission losses inside 
the fumaoe through fumes and so on make this correction inaccurate. However, if  a carefully 
chosen selected waveband pyrometer is used, this transmission loss can be minimized and the 
■••«uietneiit accuracy is thereby improved greatly.

14.6 Therm ography (Thermal Imaging)

™ en®ogiaptr, >r thermal imaging, involves scanning an infrared radiation detector across 
ohJ«cl.The information gathered is then processed and an output in the form o f the 

•"PWMure d is tr ib u t io n  across the object is produced. Temperature measurement over the 
-2 0  C up to +  I500 C is possible. Elements o f the system are shown in

detector uses the same principles o f operation as a radiation pyrometer in 
OI- 1temperature o f the point that the instrument is focused on from  a measurement

infrared radiation However, instead o f provid ing a measurement ot the
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Figure 14.14
Thermography (thermal imaging) system

temperature o f a single point at the focal point o f the instrument, the delector is scanned j 
across a body or scene, and thus provides information about temperature distributions. 
Because o f the scanning mode o f operation of the instrument, radiation detectors with a 
very fast response are required, and only photoconductive or photovoltaic sensors are 
suitable. These are sensitive lo the portion of the infrared spectrum between wavelengths с'
2 and 14 ц т.

Simpler versions of thermal imaging instruments consist of hand-held viewers that arc point 
at the object of interest. The output from an array o f infrared detectors is directed onto a mat 
of red light-emitting diodes assembled behind a glass screen, and the output display thus 
consists o f different intensities of red on a black background, with the different intensities 
corresponding lo different temperatures. Measurement resolution is high, with temperature 
differences as small as 0 .1°C being detectable. Such instruments are used in a wide variety of 
applications, such as monitoring product flows through pipe work, detecting insulaiion 
faults, and detecting hot spots in furnace linings, electrical transformers, machines, bcarin 
etc. The number o f applications is extended s till further if  the instrument is carried in • 
helicopter, where uses include scanning electrical transmission lines for faults, searching * ■  
lost or injured people, and detecting the source and spread pattern o f forest tires.

More complex thermal imaging systems comprise a tripod-mounted detector connected to 1  
desktop computer and display system. Multicolor displays are used commonly in such systi 
where up lo 16 different colors represent different bands o f temperature across the meas 
range. The heat distribution across the measured body or scene is thus displayed graphical) "  
contoured set o f colored bands representing the different temperature levels. Such c o lo r  

thermography systems find many applications, such as inspecting electronic circuit board' 
monitoring production processes. There are also medical applications in body scanning
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T h e rm al Expansion Methods

expansion methods make use o f  ihe fact that the dimensions o f all substances, whether 
^ ^ E L u id s . or gases. change with temperature Instruments operating on this physical 

irfe  include the liquid-in-glass thermometer, bimetallic thermometer, and pressure

йИШопн'11''IflCi1,1

14 7 1 Thermometers

_  tgjd-in-glass thermometer is a well-know n temperature-measuring instrument used in a 
wide rantc o f applications. The flu id  used is norm ally either mercury or colored alcohol, which 
,5 cflflMined within a bulb and capillary tube, as shown in Figure 14 15a. As the temperature 
nscs. the fluid expands «long the capillary lube and the meniscus level is read against a 
calibrtted scale etched on the tube. Industrial versions ot the liquid-in-glass thermometer arc

(Й ___ Capillary
tu t»

- —  Scale

Bulb 
оогПаотюд 

Autd

(to)

1Ш  <c>
Tfr. Figure 14.15

expansion devices (a ) liqu id -m -g lass  the rm om ete r, (b )  b im e ta llic  the rm om ete r. 
B S S f and  (c )  pressure th e rm o m e te r
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normally used lo measure temperature in the range between -2 0 0  and +  1000f'C, although 
instruments are available to special order thal can measure temperatures up to 1500'С.

Measurement inaccuracy is typically ±1% of full-scale reading, although an inaccuracy o f only 
±0.15% can be achieved in the best industrial instruments. The major source o f measurement 
error arises from the difficulty of correctly estimating the position of the curved meniscus o f 
the fluid against the scale. In the longer term, additional errors are introduced due to volumetry 
changes in the glass. Such changes occur because o f creep-like processes in the glass, bui 
occur only over a timescale o f years. Annual calibration checks are therefore advisable.

14.7 .2  B im etallic Thermometer

The bimetallic principle is probably more commonly known in connection with its use in 
thermostats. It is based on the fact that if  two strips o f different metals are bonded together, any j 
temperature change w ill cause the strip to bend, as this is the only way in which the differing rates { 
o f change of length of each metal in the bonded strip can be accommodated. In the bimetallic I 
thermostat, this is used as a switch in control applications. I f  the magnitude of bending is 
measured, the bimetallic device becomes a thermometer. For such purposes, the strip is often 
arranged in a spiral or helical configuration, as shown in Figure 14.15b, as this gives a relatively I  
large displacement o f the free end for any given temperature change. The measurement 
sensitivity is increased further by choosing the pair o f materials carefully such that the degree I  
o f bending is maximized, with Invar (a nickel-steel alloy) or brass being used commonly. I

The system used to measure the displacement of the strip must be designed carefully. Very I  
little  resistance must be offered to the end o f the strip, as otherwise the spiral or helix w ill distort I  
and cause a false reading in measurement o f the displacement. The device is normally just I  
used as a temperature indicator, where the end o f the strip is made to turn a pointer that 
moves against a calibrated scale. However, some versions produce an electrical output, using I  
either a linear variable differential transformer or a fiber-optic shutter sensor to transduce ■  
the output displacement.

Bimetallic thermometers are used to measure temperatures between -7 5  and +1500 C.
The inaccuracy o f the best instruments can be as low as ±0.5% but such devices are quite I  
expensive. Many instrument applications do not require this degree o f accuracy in teinpera|lire 
measurements, and in such cases much less expensive bimetallic thermometers with 
substantially inferior accuracy specifications are used.

A ll such devices are liable to suffer changes in characteristics due to c o n ta m in a tio n  o f the I 
metal components exposed to the operating environment. Further changes arc to be expectee 
arising from mechanical damage during use. particularly if  they are mishandled or dropped-l 
As the magnitude of these effects varies with their application, the required calibration in te rva l 
must be determined by practical experimentation.
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* 4 L  3  pressure Thermometers

t »  t h e r m o m e t e r s  ha\e now been superseded b\ o lhcr alternatives in most applications. 
Pf***11 st-|| jemain useful in a few applications such as furnace temperature measurement 

teve| of fumes prevents the use o f optical or radiation pyrometers Examples can 
Wh*n II be found o f their use as temperature sensors in pneumatic control systems The 
***° i element in a pressure thermometer consists o l a stainless-steel bulb containing a 
* * * * *  gas. I f  the fluid were not constrained, temperature rises would cause its volume 

However, because it is constrained in a bulb and cannot evpand. its pressure rises 
ll' Ж  д ,  the pressure thermometer does not strictly belong to the thermal expansion 

instruments but is included because o f the relationship between volume and pressure 
lo  Boyle 's law: PV -  Ю  The change in pressure o f the flu id  is measured by a 

' t a b l e  pressure transducer, such as the Bourdon tube (see Chapter 15) This transducer
■ located remotely from the bulb and is connected to it by a cap illa ry tube as shown in 

14.15c.

Pressure th e r m o m e te r s  can be used to measure temperatures in the range between -250 and 
+200& C, and their typical inaccuracy is ±0.5% of full-scale reading. However, the instrument 
reeon.se has a particularly long time constant.

The Med to protect the pressure-measuring instrument from the environment where the 
tempvature is being measured can require the use of capillary tubes up to 5 m long, and the 
temperature gradient, and hence pressure gradient, along the tube acts as a modifying input that 
can int.* ‘ uce a significant measurement error. Errors also occur in the short term due to 
mechanical damage and in the longer term due to small volumetric changes in the glass
- "mpoeents. The rate o f increase in these errors is mainly use related and therefore the required 
calibration interval must be determined by practical experimentation.

14.8 Quartz Thermometers

The quartz thermometer makes use o f the princ iple that the resonant frequency o f  a material 
*uch Mquan/ is a function o f  temperature, and thus enables temperature changes to be 
® **te d  into frequency changes. The temperature-sensing element consists o f a quart/ 
^^^V ncloscd within a probe (sheath). The probe usually consists o f a stainless-steel

which makes the device physically larger than devices such as thermocouples and 
thermometer The crystal is connected electrically so as to tonn the resonant element 

electronic oscillator. Measurement o f the oscillator tiei|ueix> thereloie a l lo w s  the 
temperature to be calculated.

Ьыпип'-п' linear output characteristic over the temperature range between -U)

B^®°C. with a typical inaccuracy o f ±0.1% . Measurement resolution is typica lly 0. Г  С
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but versions can be obtained with resolutions as small as 0.0003°C. The characterise | 
the instrumenl are generally very stable over long periods o f time and therefore only jnfrt. " ^ L  
calibration is necessary. The frequency change form o f output means thal the device i' "'""V 
insensitive lo  noise. However, it is very expensive and only available from a small n u in h j 
o f manufacturers.

14.9 Fiber-Optic Temperature Sensors

Fiber-optic cables can be used as either intrinsic or extrinsic temperature sensors, as d iscus^ l 
in Chapter 13. although special attention has to be paid to providing a suitable p ro tc c iiv l 
coating when high temperatures are measured. Cost varies from SIOOO to $5000. accordin^B 
type, and the normal temperature range covered is 250 to 3000"С. although special devicZ ' 
can detect down to 100°C and others can detect up to 3600’С. Their main application i l l  
measuring temperatures in hard-to-reach locations, although they are also used when \ яу * 
high measurement accuracy is required. Some laboratory versions have an inaccuracy as low 
as ±0.01%, which is better than a type S thermocouple, although versions used in 
have a more typical inaccuracy o f ±1.0%. ™

While it is often assumed that fiber-optic sensors are intrinsically safe, it has been shown 1 
(Johnson. 1994) that flammable gas may be ignited by the optical power levels available fvot 
some laser diodes. Thus, the power level used with optical fibers must be chosen carefully and 
certification o f intrinsic safety is necessary if  such sensors are to be used in ha/anlous j 
environments.

One type o f intrinsic sensor uses cable where the core and cladding have similar refractive 
indices but different temperature coefficient. Temperature rises cause the refraciive indieaj ■  
become even closer together and losses from the core to increase, thus reducing the qu.mtityrf 
light transmitted. Other types o f intrinsic temperature sensors include the cross talk м-пм». 
phase-modulating sensor, and optical resonator, as described in Chapter 13. Research into 
the use o f distributed temperature sensing using fiber-optic cable has also been reported.^^ 
This can be used to measure things such as the temperature distribution along an ele tn c *  
supply cable. It works by measuring the reflection characteristics of light transmitted dowei 
a fiber-optic cable bonded to the electrical cable. By analyzing back-scattered radiation,# 
table o f temperature versus distance along the cable can be produced, with a measurent^B 
inaccuracy o f only ±0.5°C.

A common form o f extrinsic sensor uses fiber-optic cables to transmit light from a :i "°*® 
targeting lens into a standard radiation pyrometer. This technique can be used with all 
o f radiation pyrometers, including the two-color version, and a particular advantage is ^ ^ H  
this method o f measurement is intrinsically safe. However, it is not possible to measiire^H 
low temperatures because the very small radiation levels that exist at low lemperaiure*



—  Miaied during transmission along the fiber-optic cable. Therefore, the minimum
can be measured is about 50 C. and the light guide for this must not exceed
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length. At temperatures exceeding K XXfC . lengths o f fiber up to 20 m long can

^ H lL e s s fu lly  »  ■ I'gh'
be u * «

m „curate device that uses this technique is known as the Accufibre sensor. This is 
ra ii hi.>h pyrometer that has a black box cavity at the focal point o f the lens system, 

.fo r *  cable is used to transmil radiation from  the black box cavity to a spectrometric 
A _~nnutes the temperature This has a measurement range o f 500 to 2000°C. a^ ^ ^ K i  c o m p u t e s  the temperature. This has a measurement range

,0 -5 .c . and an inaccuracy o f on ly ±0.0023%  o f fu ll scale.

types  o f  devices marketed as extrinsic fiber-optic temperature sensors consist o f a 
tem p era tu re  sensor (e g . a resistance thermometer» connected to .1 tiher optK 

* | l l i  «n th.H tra n sm iss io n  o f  the signal from the measurement point is free o f noise Such 
p fe n n u s t in c lu d e  an electricity supply lo r the electmnic c ircuit needed to convert the sensor 

mtput into l ig h t  v a r ia tio n s  in the cable. Thus, low-voltage power cables must be routed with 

the fil» rep»u с,Ы е- * "d  ,he device ls therefore not intrinsically safe.

14.10 C o lo r  Ind ica tors

The color a t various substances and objects changes as a function o f temperature. One use o f 
this is in the optical pyrometer as discussed earlier. The other mam use o f  color change is in 
special colqr indicators that are widely used in industry' to determine whether objects placed 
in furnaces have reached the required temperature. Such color indicators consist o f  special 
paints or crayon-, tliat are applied to an object before it is placed in a furnace. The color-sensitive 
component w ithin these is some form o f metal salt (usually o f chromium, cobalt, or nickel). 
At a certain temperature, a chemical reaction takes place and a permanent color change occurs 
in the paint or crayon, although this change does not occur instantaneously but only happens 
over a period o f time.

Hence, theeolor change mechanism is complicated by the fact that Ihe time o f exposure as well 
■ M litw p e ra iiiie  is important Such crayons or paints usually have a dual ratine that specifies 
,h*tonperaturv and length o f exposure time required for the color change to occur. I f  the 
!cl^ ^ ^ e r i * e s  above the rated temperature, then the color change w ill occur 111 less than the 

* *Р°*иге ’ itne- This causes little  problem i f  the rate o f temperature rise is slow with 
specified exposure time required fo r color change to occur However, it the 

“ 'temperature is high, the object w ill be s ignificantly above the rated change 
'^ ^ p th e  paint/crayon by the time that the co lor change happens. In addition to 

d«flk I ^  ,cavinp the object 111 Ihe lurnace longer than necessary . this can also cause
^ ^ ^ ^ ^ V | * c e s s  temperature can affect the required m etallurgical properties o f the



Paints and crayons are available to indicate temperatures between 50 and 1250C. a tVn 
exposure time rating is 30 minutes, that is. the color change w ill occur if  the paint/сгау ,,n * 
exposed to the rated temperature for this length of time. They have the advantage o f low '* j 
typically a few dollars per application. However, they adhere strongly to the heated object 
which can cause difficulty if  they have to be cleaned o ff the object later.

Some liquid crystals also change color at a certain temperature. According to the design of 
sensors using such liquid crystals, the color change can either occur gradually during j  
temperature rise o f perhaps 50°C or change abruptly at some specified temperature. The |an J  
kinds o f sensors are able to resolve temperature changes as small as O.I°C and. according J  
type, are used over the temperature range from -2 0  to +  100ЧГ.

14.11 Change o f  State o f  Materials

Temperature-indicating devices known as Seger cones or pyrometric cones are used commoi 
in the ceramics industry. They consist o f a fused oxide and glass material that is formed 
into a cone shape. The tip o f the cone softens and bends over when a particular temperature j 
is reached. Cones are available that indicate temperatures over the range from 600 to +2000“

14.12 Intelligent Temperature-Measuring Instruments

Intelligent temperature transmitter* have now been introduced into the catalogues o f aim 
all instrument manufacturers, and they bring about the usual benefits associated with intellig 
instruments. Such transmitters are separate boxes designed for use with transducers lhai have 
either a d.c. voltage output in the m illivo lt range or an output in the form of a resistance 
change. They are therefore suitable for use in conjunction with thermocouples, themiop 
resistance thermometers, thermistors, and broad band radiation pyrometers. Transmitters i 
have nonvolatile memories where all constants used in correcting output values for modif 
inputs, etc., are stored, thus enabling the instrument to survive power failures without losing such 
information. Other facilities in intelligent transmitters include adjustable damping, noise 
rejection, self-adjustment for zero and sensitivity drifts, and expanded measurement iange. 
These features allow an inaccuracy level o f ±0.05% of fu ll scale to be specified, j

Mention must be made particularly o f intelligent pyrometers, as some versions of these a re l^ H  
to measure the emissivity o f the target body and automatically provide an emissivity-с о п ^ ^ И  
output. This particular development provides an alternative to the Iwo-color pyrometer 
emissivity measurement and calibration for other types of pyrometers pose difficulty .

Digital thermometers (see Section 14.2.7) also exist in intelligent versions, where inclusio 
microprocessor allows a number o f alternative thermocouples and resistance therm o" 
be offered as options for the primary sensor.
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f  in te l l ig e n t  temperature transducers is s ign ificantly more than their nonintelligent 
and justifica tion  purely on the grounds o f the ir superior accuracy is hard to 

C 0 * ^ a ’ f i  (heir expanded measurement range means immediate savings are made in 
f  the re d u c t io n  in the number o f  spare instruments needed to cover a number o f 

* * • *  0 , ranges. Their capability fo r self-diagnosis and self-adjustment means that they 
®e* fM,* i|len tj0„  much less frequently, g iv ing  additional savings in maintenance costs 

' ^ ' ^ n s m i t t e r '  are * ,so lar£c l*  « lf-« a lih ra tin g  in respect o f their signal processing
|thouph appropria te  c a lib ra tio n  rou tin e s  s till have to  be app lied  to  each sensor lha l 

[h e C m itte r i»  connected to.

1 4  13 Choice be tw een  Temperature Transducers

The «Nubility of different instruments in any particular measurement situation depends 
bstantially on whether the medium to be measured is a solid or a flu id. For measuring the 

^ ^ ^ C i r e  of so lids , it is essential that good contact is made between the b<*l> and the transducer 
unless a tadiation thermometer is used. This restricts the range o f suitable transducers to 
tfcMBCouplcs, thermopiles, resistance thermometers, thermistors, semiconductor devices, 
and color indicators. However, flu id  temperatures can be measured by any o f the instruments 
described in this chapter, w ith  the exception o f radiation thermometers.

The mosl commonly used device in industry fo r temperature measurement is the base 
meial krm ocouple This is re la tive ly inexpensive, w ith  prices varying w ide ly  from  a few 
dollar! upward according to the thermocouple type and sheath material used. Typ ical 
inaccuracy is ±0.5%  of fu ll scale over the temperature range o f  -2 5 0  to +1200°C. Noble 
metal htmocouples are much more expensive, but are chem ically inert and can measure 
icmpeetures up to 2300°C w ith  an inaccuracy o f ±0.2%  o f  fu ll scale. Flowever, all types o f 
thermecouples have a low-level output voltage, making them prone to noise and therefore 
unsuitable for measuring small temperature differences.

Resistance thermometers are also in common use w ithin the temperature range o f -270 to 
-o50°C, with a measurement inaccuracy o f ±0.541. W hile lhe\ have a smaller temperature 

r a n g e thermocouples, iliev aie more stable andean measure small temperature differences 
!4 *  phtinum resistance thermometer is generally regarded as offering the best ratio o f price 

^ H * B n a n ie  for measurement in the temperature range o f 200 to -f 500 C. with prices 
SUr*u | from $20.

*  *Ге anolher ге|а,|Ус1У common class o f devices They are small and inexpensive.
^ ^ ^ g P 'c a l  cost of around $5. They cise  a Iasi output response lo  tem perature changes, w ith 

^ ^ B **u n c m c n t sensitivity, but their measurement range is quite lim ited.

devices lm ,  a better linearity than thermocouples and resistance thermometers 
,evcl o f accuracy Thus, they are a viable alternative to these in many applications



Integrated circuit transistor sensors are particularly inexpensive (from $10 each), although 
their accuracy is relatively poor and they have a very limited measurement range (-5 () tl,
+ 150°C). Diode sensors are much more accurate and have a wider temperature range (-27(1 J  
+200°C), although they arc also more expensive (typical costs are anywhere from SS) u> Vk(»)J

A major virtue o f radiation thermometers is their noncontact, noninvasive mode of 
measurement. Costs vary from $300 up to $5000 according to type. Although c a l ib r a iu j  
for the emissivity o f the measured object often poses difficulties, some instrum ent n„  j 
provide automatic calibration. Optical pyrometers are used'to monitor temperatures 
above 600°C in industrial furnaces, etc., but their inaccuracy is typically ±54 Various! 
forms o f radiation pyrometers are used over the temperature range between -2 0  and 
+1МХГС and can give measurement inaccuracies as low as ±0.054. One particular 
merit o f narrow-band radiation pyrometers is their ability to measure fast temperaiure I  
transients o f duration as small as 10 (is. No other instrument can measure transient 
anywhere near as fast as this.

The range o f instruments working on the thermal expansion principle are used mainly as 1 
temperature-indicating devices rather than as components within automatic control schem eJ 
Temperature ranges and costs are: mercury-in-glass thermometers up to +1000 С (cost from a 
few dollars), bimetallic thermometers up to + I500°C (cost $50 to $150), and pressure 
thermometers up to +2000°C (cost $100 to $800). The usual measurement inaccuracy is in ihe 
range o f ±0.5 to ±1.0%. The bimetallic thermometer is more rugged than liquid in-glass 1 
types but less accurate (however, the greater inherent accuracy o f liquid-in-glass types can (mly 
be realized if  the liquid meniscus level is read carefully).

Fiber-optic devices are more expensive than most other forms o f temperature sensors (i  < nng 
up to $6000) but provide a means o f measuring temperature in very inaccessible lo ca tio n » .*  
Inaccuracy varies from ±1% down to ±0.01% in some laboratory versions. Measurement 
range also varies with type, but up to +3600°C is possible.

The quartz thermometer provides very high resolution (0.0003X is possible with special Л  
versions) but is expensive because o f the complex electronics required to analy ze ihe I  
frequency-change form o f output. It only operates over the lim ited temperature range of 
-4 0  to +230°C. but gives a low measurement inaccuracy o f ±0.1% w ith in  this range II i* 
not used commonly because o f its high cost.

Color indicators arc used widely to determine when objects in furnaces have reached the ■  
required temperature. These indicators work well if  the rate o f rise o f temperaiure o f the o b |^ H  
in the furnace is relatively slow but, because temperature indicators only change c o lo r  over 
a period o f time, the object w ill be above the required temperature by the lime lhai the j 
indicator responds i f  the rate o f rise of temperature is large. Cost is low; fo r example, a I 
crayon typically costs $5.
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14.14
C a lib ra tio n  o f  T e m p e ra tu re  T ra n sd u ce rs

f  - ,г1 difficulty in establishing an absolute standard for temperature has already been 
T b *^^-d !ri the ^uoductKXi to this chapter This difficulty is that there is 110 practical way in 

^^ ^B g n v e n ie n i relationship can be established thal relates the temperature of a body to
*  С' . а>игаЫе q u a n tity  expressible in primary standard units. Instead, it is necessary to use 

^  re fe rence c a lib ra t io n  points for letnperalurcs thal are very well defined. These 
ve determined by research and international discussion and are published as the 

; Practical Temperature Scale. They provide fixed, reproducible reference points for
^ ^ ^ fe u re  in the form o f freezing points and triple points of substances where the transition 

liquid, and gaseous states is sharply defined. The fu ll set of defined points is:

Triple point o f hydrogen 
Triple point of neon 
Triple point o f oxygen 
Triple point o f argon 
Triple point o f mercury 
Triple point o f water 
Melting point o f gallium 
Freezing point o f indium 
Freezing point o f tin 
Freezing point o f zinc 
Freezing point of aluminum 
Freezing point of silver 
Freezing point o f gold 
Freezing point of copper

-259.346TC
-24*59394:
-218.7916°C
-189.3442 С
-38.8344°C
+0.0100°C
+29.7646X
+  I56.5985°C
+231.928°C
+4I9.527°C
+660.323“C
+961.78°C
+ I064.18°C

For calfcrating intermediate temperatures, interpolation between fixed points is carried out by 
■>ne of the following reference instruments:

L •
a helium gas thermometer for temperatures below 24.6°K 
a platinum resistance thermometer for temperatures between 13.8’ K and %1.8CC 
a narrow band radiation thermometer for temperatures above +961.8°C

triple point method of defining fixed points involves use of a triple point cell. The cell 
of a sealed cylindrical glass tube filled with a highly pure version of Ihe reference 

(e.g., mercury). This must be al least 99.9494% pure (such thal contamination is less 

^ ----------------------------
^ ^ ^ W * P o m l  o f 1  kubsUiu e 14 I he temperature ал>1 |«Tssure al » h u h  the so lid  liq u id  and (.'as phases o f that 

coexist in  ih em uu b na nm  equ ilib rium  l-iw  exam ple in  1 be case o f » i t e r  ihe single com bina tion  of 
•b d  temperature al w h ich  so lid  ice. I iquu l water and water vapor coexist in  a stable equ ilib rium  is a 

*M .7 J  m ill ib a r ,  and a temperature o f2 7 3 . l6 * K  (0 .0 1 * 0 .



than one pan in one m illion). The cell has a well thal allows insertion of the thetmomeu-г u 
calibrated. It also has a valve that allows the cell to be evacuated down lo the required  ̂
point pressure.
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The freezing point method of denning fixed points involves use o f an ingot o f the referent 
metal (e.g., tin) that is better than 99.99% pure. This is protected against oxidation inside a* 
graphite crucible with a close-fitting lid. It is heated beyond its melting point and allowed t |  
cool. If its temperature is monitored, an arrest period is observed in its cooling curve ai t|K. 1 
freezing point o f the metal. The melting point method is similar but involves heating ihe 
material until it melts (this is only used for materials such as gallium where ihe melting point 
defined more clearly than the freezing point). Electric resistance furnaces are available lo car 
out these procedures. Up lo 1 IO(FC, a measurement uncertainty o f less than tO.VC is 
achievable.

The accuracy of temperature calibration procedures is fundamentally dependent on how 
accurately points on the IPTS can be reproduced. The present lim its are:

l°K  0.3% HOO K 0.001%
10°K 0.1% 1500TC0.02%
1СХГК 0.005% 4000“ К 0.2%
273,I5°K 0.0001% 10.000 К 6.7%

14.14.1 Reference Instrum ents and Special C alibration Equipment

The primary reference standard instrument for calibration at the top o f the calibration chain 
is a helium gas thermometer, a platinum resistance thermometer, or a narrow band radiatia 
thermometer according lo the temperature range of the instrument being calibrated, as espla 
at the end o f the last section. However, at lower levels within the calibration chain, almost му 
instrument from the list o f instrument classes given in Section 14.1 may be used for work 
calibration duties in particular circumstances. Where involved in such duties, o f course, the 
instrument used w ould be one of high accuracy that was reserved solely for calibration dunes. The 
list o f instruments suitable for workplace-level calibration therefore includes mercur m-gta* j 
thermometers, base metal thermocouples (type K). noble metal thermocouples (types B. R. 
and S), platinum resistance thermometers, and radiation pyrometers. However, a subset of ■■ 
is commonly preferred for most calibration operations. Up to 950еC. the platinum r e s i ^ ^ ^ ^
thermometer is often used as a reference standard. Above that temperature, up to «>ut !

1750°C, a type S (platinum/rhodium-platinum) thermocouple is usually em ployed. 
(chromel-alumel) thermocouples are also used as an alternative reference standard lor 
temperature calibration up to 1000’ C.

Although no special types of instruments are needed for temperature calibration, the tern 
of the environment within which one instrument is compared with another has to he con
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This requirt» puiposenlesigneil equipment. и hich is available commercially from i  
o f man» factuterv

_  . ^ , „ „ 1  o f all temperature transducers other than radiation thermometers above a 
h " m ^ 0 t  0f  2trC . a furnace in s is ting  of an electrically healed ceramic tube is сатпюоК 

temperature of 4 *h  a lumace can typically he controlled within lim its of t2  С over 
^  from 20 lo 160СГС.

Ш  2ffC . a stirred water hath is used lo provide a constant reference temperature, and the 
JJequipm ent can. m tart, he used for temperatures up to 100 С Similar stirred liquid harfis 
^ E jfc g  o il or salts I potassium/sodium nitrate mixtures) can be used to prov ide reference 
фВряыигк"- up to ( a r c .

frw tke calibration of radiation thermometers, a radiation source, which approximates as cloiely 
at feasible to the behavior o f a black body, is required. The actual value of the emissivity Ы 
ibe «tune must be measuped by a surface pyrometer. Some form o f optical bench is also 

| ю  that ina f i r m s being calibrated can be held fitm ly and aligned accurately.

est form of radiation source it  a hot plate heated by an electrical element. The 
■are o f such devices can be controlled within lim its o f ±1°C over the range from 0 ю 

650“Cand the typical emiaaivity o f the plate surface it  0.85. Type R noble metal thermocouples 
I in the plate ate normally used at the reference instrument.

A black body cavity provides a heal source with a much better emissivity. This can be
I in various alternative forms according to the temperature range o f the radiation 
ers to be calibrated, although a common feature is a blackened conical cavity with a 
! of about 15°.

For calibrating low-iemperaturc radiation pyrometers (measuring temperatures in the 
>*nge of 20 to 200°C>, the Mack body cavity «s maintained at a constant temperature 
(±0.5*0 by immersing it in a liquid hath The typical emissivity of a cavity heated in this 
**У it  #.995. Water is suitable for the hath in the lemperature range of 20 -90  C. and a 
”|Р Р *вии1 it  suitable for the range of 80 200 ('. W ithin these temperature ranges, a 
■ ^ ta -g la s s  thermometer it  used commonly as the standard reference calibration 

i although a platinum resistance thermometer it  used when better accuracy is

fcnn of black body cavity it  one lined with a refractory material and healed by an 
T**emCT't This gives a typical em iisivity o f 0 998 and is used for calibrating radiation 

at higher temperatures W ithin the range of 2 0 0 -1200C. temperatures caa he 
•■  within lim its o f ± tt5  C, and a type R thermocouple it  generally used as the
■  rumem At the higher range of 600 1600 C, temperatures can he controlled
V 1 i l ’C, and a type В thermocouple (30% rhodium-ptattnum/fi'*



rbodums-platinum) i i  normally used as the reference instrument. As an alternative lo 
thermocouples, radiation thermometers can a lto be used at a standard within ±0.3°С over D* 
temperature range from 400 lo  I250°C.

To provide reference temperatures above 1ЙЯГС. a carbon cavity furnace it  used Thit consist 
o f a graphite tube with a conical radiation cavity at its end. Temperatures up ю 2600е С can he 
maintained with an accuracy o f ±5°C. Narrow-hand radiation thermometers are used as the 
reference standard muniment.

Again, the aforementioned equipment merely provides an environment in which radiation 
thermometers can be calibrated against tonne other reference standard instrumenl. To 
obtain an absolute reference standard o f temperature, a fixed-point, black body furnace is 
used. This has a radiation cavity consisting o f a conical-ended cylinder that contains a 
crucible o f 99.999% pure metal If the temperature o f the metal is monitored at it it  heated 
up at a constant rate, an arrest period it  observed at the melting point of the metal where the 
temperature ceases to rite Inr a shot time interval. Thus the melting point, and hence the 
temperature corresponding to the output reading o f the monitoring instrument at thal instant, is 
defined exactly. Measurement uncertainly is o f toe order o f ±0.3“C. The list of metak. 
and their melting pout*, was presented earlier at toe beginning a f Section 14.14,

la  the calibration o f radiaiioa thermometers, knowledge o f the em is«vity o f the hoi ptaie or 
black body furnace uted as the radiation aoutce is essential. Thit it  measured by tpecial 
types o f surface pyrometer. Such instruments coatain a hemispherical, gold-plated surface 
lhat it  supported on a telescopic arm that allows ii to be pul uuo contact with Ihe hot 
surface. The radiation entitled from a small hole in the hemisphere is independent o f the 
surface emissivity o f the measured body and is expial to lhal which would be emitted by the 
body i f  its emissivity value was 100. This radiation is measured by a thermopile with its 
cold junction at a controlled temperature. A black hemisphere is aho provided with the 
instrumenl. which can be inserted to cover the gold surface. This allows the instrument to 
measure the normal radiation emission from Ihe hot body and so allows the surface 
emissivity to be calculated by comparing the two radiation measurements.

W ithin this list o f special equipment, mention m u* also be made o f standard tungsten strip 
lamps, which are uted for providing constant known temperatures in Ihe calibration of optical 
pyrometers. The various versions of these provide a range o f standard temperature! between 
800 and 2JOO C to aa accuracy o f ± Г С .

1 4 .1 4 .2  С в кы М ч  Fregam cy « f C t / M s  C keckt

the  manner in which toe appropriate frequency for calibration checks is determined fr*  'he 
various temperature-measuring instruments available was discutsed » the instrument review 
presented in Section I4 .I. The simplest inttraments from a calibration point o f view are
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thermometers The only parameter aMe to change withia these is the voiame at 
фс g f* t  used in their consamction. Thin oaly changes very slowly wah time, and hence only 
^fteqaent (e.g.. annual) cab brat ion checks are required.

‘{tie required frequency Гаг calibration o f all other instruments is either (a) dependent on the 
l y p e  o f  operatins environment and the degree o f exposure to it or (b) use related In some cases, 
boiti a t these factors aw relevant.

Resistance thermometers and thermistors me examples o f instruments where the d rift in 
^ ra c te ris tit s depends on the environment they are operated in and on (he degree ot protection 
фсу have from that environment. Devices «ach as gas thermometers and quartz thermometers 
MfTercharacteristics drift, which is largely a function o f how much they are used (or misused!).
* bough in the case at quanz thermometers, any drift it  likely to be small and only infrequent 
calibration checks w ill be required. Any instruments not mentioned so far suffer characteristics 
drift due to both environmental and use-related factors The lit l a t such instruments includes 
bimetallic thermometers, thermocouples, thermopiles and radiation thermometers In (he 
case a t thermocouples and thermopiles, it must he remembered thal error in the required 

I  «Mncteristics is possible even when the instruments are new, as discussed in Section 14 I. 
aad therefore their calibration must be checked before use.

As the factors responsible for characteristics drift vary from application to application, the 
acquired frequency o f calibration checks can only he determined experimentally The 
procedure for doing this is to start by checking the calibration of instruments used in new 

| «pplicatiors at very short intervals o f time and then to progressively lengthen the interval 
between calibration checks until a significant detenoration in instrument characteristics is 
«haerved The required calibration interval is then delined as thal tune interval predicted to 

before the charartenshcs of ihe mstnament have drifted to the hmiu allowable in that 
particular measurement application.

! and reference standard instruments and ancillary equipment must also be calibrated 
illy. An interval a t 2 years is usually recommended between such calibration checki. 

gh monthly checks ate advised for the black body cavity furnaces aaed to provide 
rd reference temperatures in pyrometer calibration. Standard resistance thermometers 

*»d dtetmocouplcs may also need more frequent calibration checks if  the conditions (especially 
■ f  temperature) and frequency o f use demand them.

14-3  Procmdurti fa r C M ra tie *

■■■ilard way o f calibrating temperature 
•ed environ mem together with a standard 

temperature with high emisaivity 
• e  controlled temper*ure must be

transducers is to pat them into a temperature- 
aMrument or to use a radiant heat aoarce a t 

the case o f radiation thermometers la either 
by a standard aMnunent whose criferation
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i t  traceable to reference standards. This i* a suitable method for mod isstruments in the 
calibration chain but is not necessarily appropriate or even possible for process instruments v  
the lower end o f the chain.

In the case o f many process instrument*. Iheir location and mode o f fixing make it difficult or 
sometimes impossible lo  remove them to a laboratory for calibration checks to be earned 
oat. In tiis  event, it it  standard practice lo calibrate them in their normal operational position 
using a reference instrument that is able to widwtand whatever hostile environment may fe 
present. I f  this practice is followed. Й is imperative that the working standard instrument K 
checked regularly lo m u te  that il has not been contaminated.

Such m situ calibration  may also be requited where process instruments have chtractexistKs 
that are sensitive to Ihe environment in which they work so (h * they arc calibrated under 
tbar usual operating conditions and are therefore accurate in normal use. However, ihe 
preferred way o f dealing with this situation is to calibrate them in a laboratory with ambient 
conduions (of pressure, humidity, etc.) set up lo  m irror those of the normal ope ratine 
environment. This alterative avoids having to subject reference calibration instruments ю 
harsh chemical environ meats thal ate commonly associated with manufacturing processes

For instruments ai Ihe lower end o f the calibration chain, thal is. those measuring process 
variables, it it  common practice ю calibrate them against an instrument that is o f the same type 
bat o f higher accuracy aad reserved only for calibration duties. I f  a large number of different 
types o f instruments have to be calibrated, however, this practice leads to the need lo keep a 
large number of different calibration instruments. To avoid this, various reference instruments 
are available that can be used lo calibrate all process instruments within a given temperature 
measurmg range. Examples are the liquid-ia-gUte thermometer (0 lo  +200°C), plalinun 
resistance thermometer (-200  to +№00°C). and type S thermocouple (+600 to +I7S0X). 
The optical pyrometer is alto often used at a reference instrumenl ai this level for the calibrai юп 
o f other types o f radiation thermometers.

For calibrating instruments further up the calibration chain, particular care is needed with regard 
lo bath tie  instruments ttsed and the conditions they are used under, h is difficu lt and expensive to 
meet these conditions and hence this function is subcontracted by most companies lo specialist 
laboratories. The reference instruments uted are Ihe platinum resistance thermometer ia the 
temperaure range o f -200 to +  1000T, Ihe platmuni- platinum/10‘*  rhodium (type S) 
thermocouple in the temperature range o f +1000 lo  +  17S0°C, and a «arrow-hand radix**1 
thermometer at higher temperatures. An exception is optical pyrometers, which a ir calibrated at 
explained in Ihe final paragraph o f this chapter. A particular note of caution must be made whe* 
ptahaaro-rhodium thermocouples are uaed at a standard. These are very prone lo conumm*10* ' 
and if  they need lo be bandfed ai all. this should be done with vary clean hands.



t  ending this chapter, it it  appropriate to mention one or two special points that concern 
IT ^ iih ra iio n  o f thennocoeples The mode o f construction o f thermocouples means that 

characteristics can he incorrect even when they are new. due to faults in either the 
kutnT ‘*IV‘ ' lv ,he ЛегтосоиР|е materials or the construction of the device. Therefore.
—lihrat»*1 checks should be carried out on ail new thermocouple', hefore they arc put into use. 

{.■^procedure for this is lo  immerse both junctions of the thermocouple in an ice hath and 
Its output wilh a high-accuracy digital voltmeter (±5 pV). Any output greater dun 

K p V  would indicate a fault in the thermocouple material and/or its construction. After this check
00 tJrrmocouples whee they are brand new. the subsequent rate Ы  change of thermoelectric 

A ^rtc te n s tics  with time is entirely dependent on the operating environment and the degree 
j f  exposure to it. Particularly relevant factors in the environment are the type and concentration 
at trace metal elements and the temperature (the rate of contamination o f thermocouple 
^ e n a l*  with trace elements of metals is l  function o f temperature). A suitable calibratim 
frequency can therefore oaiy be defined by practical experimentation, and this must be 
feviewed whenever the operating environment and conditions of use change A final word «f 
(•umm when calibrating thermocouples is to ensure that any source o l electrical or magnetic 
fields is excluded, a* these w ill induce erroneous voltagei in the sensor.

Special comments are also relevant regarding calibration of a radiation thermometer. As well 
«■ormal accuracy checks, its long term stability must also he verified by lesiing its output over 
«period that is I hour longer than the manufacturer s specified "warm-up" lime This shows 
■p any in components within the instrume* that are suffering from temperature induced 
Awacleristics d rift. It is also necessary lo calibrate radiation thermometers according lo the 
Miiuance characteristic o f the body whose temperature is being measured and according lo 
Ifce level o f energy losses in the radiation path between the body and measuring instrument. 
Sach emissivity calibration must be carried oul for every separate application that the 
tatnunent 14 used for. using a surface pyrometer.

Really, it should be noted ihal the usual calibration procedure for optical pyrometers is lo 
J k k t Л ет on the filament o f a tungsten strip lamp in which the current is measured accurately. 

№ia method of calibration can hr used at temperatures up to 2300 С Alternatively. they can he 
aMfanted against a standard radiation pyrometer.

14.15 Summary

al the stait o f the chapter revealed that to e  are 10 different physical principles uaed 
as the basil for temperature-measuring devices. During the course of the chapter, we 

*°<*ed at how cadi o f tfcese principles u  exploited in various classes o f temperature 
J I  device».
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We Mined o ff by lookmg at tie  thermoelectric effect and iu  me m thermocouples and 
thermopiles. and also fcc denved device* of digital thermonweni аЫ сойпиош thenaocwip^ 
Thermocouples are the та й  commonly и tod devices for industrial applications o f 1етрет«игг 
measurement However, decile their relatively simple operating concept o f generating ал ошр« 
voltage as a function of (he temperature they are exposed to. proper use o f Aermocouples lequir^ 
an understanding of two thermoelectric laws. T in e  laws were presented and their application 
was explained by several examples. We alto saw how the output o f a thermocouple has to 
be interpreted by thermocouple tables. We weat on to look at the di fie reel types o f thermocouples 
available, which range from > number of inexpensive, base metal types to expensive ones 
baaed on noble metals. We looked al the typscal characteristics o f these and discussed typical 
applications. Moving on. we anted thal thermocouples are quite delicate devices that can suffe, 
from both mechanical damage and chemical damage in certain opening environments. sad 
we discussed ways of avoiding such problems. We also looked briefly at how thermocouple 
ate made.

Our next subject of study concerned resistance thermometers and thermistors, both of Arse 
being devices thal convert a change in temperature into a change in the resistance o f the device. 
We noted that both o f Aese are a lio  very commonly used measuring devices. We looked at the 
theoretical principles o f each o f these and dian ttand the range of materials used in each class of 
device. We alto looked at Am typical device characteristics for each construction material

Next, we looked at semiconductor devices In the form o f diode» and trinest or* and discussed 
their characteristics and mode o f operation. This discussion revealed tu t although these devices 
are lest expensive and more linear than both thermocouples and iriistsooe thermometer- ilea 
typical measurement range is relatively low. This lim its their applicability and means thal they n r 
not used as widely as they wotdd be i f  their measurement range was greater

Moving on. we looked at die class o f devices known as radialioe thermometers (altera* о eh 
known as radiation pyrometers). which exploit the physical principle thal the peak wavelength 
of radiated energy emission from a body varies with temperature. The instrument it  used 
by pointing it at the body to be measured and analyzing the radiation emitted from the body. 
This has the advantage o f being a noncontact mode o f temperature measurement, which “  
highly attractive in the food and drag industries and any other application where contam m aim i 
of the measured quantity has to be avoided. We also observed that different versions of 
radiation thermometers are capable o f meaauring temperatures between -100 and +■ №000 C. 
with aaeasurement inaccuracy as low aa rtOjOWb ш the more expansive versions. Despite the* 
obvious merits, careful calibration o f the instrument to the type o f body being m easured  it 
essenbal. as the characteristics o f radiation thermometers are critically dependent on the 
emissivity o f the measnted body, which varies widely between different materials.

This Mage in the chapter marked the end of dncuaainn o f the four moat commonly used type» 
o f temperature -measuring devices. The teoMiniag techniques all heve niche applications hm «о*

Ш
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,  _  m  "large volume" uses. The first one covered o f these “other techniques”  was
*  —by. Abo known as thermal imaging. this involves scanning an infrared radiation 

across either a single object or a scene containing several objects. The information 
I is then processed and an output i« the form o f the temperaiure distribution ktoss 

is produced It thus differs from other forms o f temperature sensors in providing 
E L ^a lio n  on temperature distribution across an object or scene rather than the temperature at
■ afc-ft»discrete point. Temperature m e a su re m e n t over the range from -  20 С up to + l.VXTC
| t  p o ss ib le

(W next subject of study concerned the liquid-m-glass thermometer, hi metal lie thermometer.
pressure thermometer. These are all usually classed as thermal expansion-baaed device*, 

^bough this is not Mrictly true in the case o f the last one. which is based on the change at 
pessure of a fluid inside a fixed-volume stainless-steel bulb. The characteristics and lyptad 
^plications o f each of these were discussed.

qaaru thermometer then formed the next subject o f study. This uses tie  principle that Ihe 
gaooanl frequency of a material such as quartz changes with temperature. Such devices have 
very high specifications in terms o f linearity, long life, accuracy, and measurement resolution. 
Ijfbnunately. their «datively high coal severely lim its their application.

Moving on. we then looked at fiber-optic temperature sensors. We saw that their main 
^plication is measuring temperatures in hard-to-reach locations, although they are also used 
when very high measurement accuracy ia required.

Next, we discussed color indicators. These consist mainly o f special paints or crayons that 
'■bangr color at a certain temperature. They ate used primarily lo determine when the 
temperature of objects placed in a furnace reach a given temperature. They are relatively 
••«pensive, and different paints and crayons are available lo  indicate temperatures between 50 
•■d I230°C. In addition, certain liquid crystals that change color at a certain temperature 
■ * also used as color indicators These have better measurement resolution than paints and 
enpaos and, while some versions can indicate low temperatures down to -20°C, the highest 
•■perature that they can indicate it  +Ю ТС.

°ur discussion o f the application of different physical principles in temperature 
7™*rm ,vnl brought us to Seger cones. Aim known as pyrometnc cones, these have a conical 

where the lip  melts and bends over ai a particular temperature They arc used commonly 
* *  ce«*mics industry to detect a given temperature is reached in a furnace.

r then continued with a look at intelligent measuring devices These are designed 
various tensors such as thermocouple*, thermopiles, resistance thermometers, 
and broad hand radiation pyrometer*. Intelligence within the device gives them 

««ch at adjustable damping, noise rejecbon. self-adjustment for /его and sensitivity 
^ ^ •« *f-fa a |( diagnosis, self-calibration, reduced maintenance requirement, and an expanded



measurement range, Thete feature» reduce typical measurement inaccuracy down to i-n i к  I  
oT fu ll scale. ‘

T h ii completion o f the discussion on all type* o f intelligent and noniateiligent device» »iuncj  I  
us 10 90 on to consider the mechanisms by which a temperature-measuring device is chosen i<lr 
a particular application. We reviewed the characteristics o f each type o f device in turn and* I  
looked at the sorts o f rircuauunces in which each might be uted.

Out final subject of study in the chapter was that o f calibrating tetnfemare-measuring dr\ l t t i  I  
We noted first o f all tka a fandamental difficulty exi*s in establirinng an absolute standard I  
temperature and that, ia the absence o f such a standard, fixed reference points for temperature I  
were defined in the fotm o f freezing points and triple points o f certain substances We then u ent I  
on to look at the calibration instruments and equipment used in workplace calibration. We also I  
established some guidelines about how the frequency of calibration should he set. Finally, we I  
looked in more detail at the appropriate practical procedures for calibrating various types of I  
tensors.

14.16 Problem»

14.1. Discuts briefly the different physical principles used in temperature-measurinf 
instruments and give examples o f instruments that use each o f these principles

14.2. (a) How are thermocouples manufactured? (b) What are (he maia difference» between 1 
base metal and noble metal thermocouple*? (c) Give six examples o f the materials 1 
used to make base metal and noble metal thermocouples, (d) Specify the internal lorul j 
code letter uied to designate thermocouple* made from each pair o f material» that yon I  
give in your answer to pan (c).

14.3. Explain what each o f the following are in relation to thermocouples: (a) extension 
leads, (b) compensating leads, (c) law o f intemediate metals, and (d) law of 
intermediate temperature.

14.4. What type of base metal thermocouple would you recommend for each of the 
following applications?
<a) measurement o f tnbzero temperatures 
<b) measurement in oxidizing atmosphere*
(c) measurement in reducing atmospheres
<d) where high sensitivity measurement i t  required

14.5. Why do thermocouples need protection from some operating environments and 14 
Ihis protection given? Discuss any differences between bate metal and noble met*1 j  
thermocouple* in Ле need for protection.

14.6. The temperauireofa flu id  iimeaaured by immersing an iron-constaman therm» ' “ P*® | 
in it. The reference junction o f the thermocouple it  maintained at 0°C in an «се
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bath and an oetpul e.m.f. of 5.812 m V is measured. What is the indicated flatd
lemperature'1
The temperalure o fa fluid it measured by immersing a type К  thermocouple in it The 
itfercnce junction of the thermocouple к  maintained al 0 °C  in an ice hath and an 
output e.m.f. of 6435 mV is measured Whal is the indicated fluid temperature? 

К »  The output e.m i from a chromel-alumel thermocouple (type K ). with its reference 
1 junction maintained at 0 °C , is 12.207 mV. What is the measured temperature?
14 9 The output e m J from a nicrosil-ntsil thermocouple (type N i. with its reference 

junction maintained at 0 °C . is 4.21 m V. What is the measured temperature?
H JO  The output C J» J from a chromel-c*mstantan thermocouple whose hot junction is 

immersed in a fluid is measured as 18.25 mV. The reference junction of the 
thermocouple is maintained at 0"C. What is the temperature o f the fluid?

I4.ll-  A copper-conslanun thermocouple is connected to copper-consunian extension 
wires and the reference junction is exposed to a room temperature of 20 C. If the 
output voltage measured is 6.537 tnV. whal is the indicated temperature at the Ын 
junction of tbe Ihermocouple?

14.12. A platinum/10%  rhodium-platinum (type S ) thermocouple is used to measure the 
temperature of a furnace. Output ejn .f.. with the reference junction maintained at 
J0 °C . is 5.975 raV. What is the temperature of the furnace?

14.13 In a particular industrial situation, a aicm sil-nisil thermecouple with mcrosif-nisil 
extension wire* is used to measure the temperature of a fluid. In connecting up this 
measurement system, the instrumemalmn engineer responsible has inadvertently 
interchanged the extension wires from the thermocouple The ends of the extension 
wires are held at a reference lemperaiure of 0 C and the output e m I measured is 21 .0 
naV. If the junction hctw ceil the thermocouple and extension wires is at a temperature 
of 50°C. whal temperature of fluid is indicated and what i» the true fluid temperature ’

14.14. A copper-constantan thermocouple measuring ihe temperature of a hot fluid is 
к connected by mistake with с hromef—constantan extension wires (such thal the two 

constantan wires are connected together and the chrome! extension *ire  is connected 
•o the copper thermocouple wire). If  the actual fluid temperature was 150 C. the

i  junction between ihe thermocouple and extension wires was al 80 C . and the 
1 reference junction was at (1C , calculate the e.m.f measured at the open ends of the 
1 extension wires Whal fluid temperature would be deduced from this measured e.m.f.
1 (assuming thal the error of using the wrong extension wires was noi know*)? 

(H int: Apply the law of intermediate metals for the thermocouple-exiension lead 
junction.)
This question is similar to the Iasi one bul involves a chromel constantan thermocouple 
•adier than a copper-cor sta nun one. In dm  case, an cnguieer installed a ctirorud 
°°nslum aii thermocouple bul uied copper-constantan extension leads ouch that the 
** “  constantan wurs were connected lopether and the copper extension wire was

14.13.
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14.16.

14.17.

connected lo the chromel thermocouple wire). If  the thermocouple was measuring a k j  
fluid whose leal temperature is |50°C. tie  junction between the tiermocoupfe ]
extension leads was at JMFC. and the reference junction was я 0 °C : '**
(a ) Calculate tie  е л . Г .  (voltage) measured at the open ends of the extension ч u

(b ) What fluid temperature would be deduced from this measured e.m.f., assurm 
thal the error in using the incorrect leads was not known?

W hile installing a chromel-constaaun thermocouple to measure the ten^jeraiurr ,,f 
a fluid, it it connected by mistake with oopper-constanUn extension leads (tudi th* 
the two consuntaa wines are connected together and the copper extension win и 
connected lo Ibe chrome I thermocouple wire). If  the fluid temperature was actually j 
250°C and the junction between the thermocouple and extension wires was at 80 c  
what e.m.f. would be measured at the open ends of the extension wires if the rcfm-tic* 
junction is maintained at 0°C ?  What fluid temperature would be deduced from ihi4 
(assuming (hat the connection mistake was not known)?
In connecting extension leads to a chromel-alumel thermocouple, which is measunî  
the temperature of a fluid, a technician connects the leads the wrong way round i sucti 
the chromel externum lead is connected to the alumel thermocouple lead and vice v e r^  
The junction between the thermocouple and extension teeds ш at a temperature of 
I0 0 °C  and the reference junction is maintained at Q°C ia да ice hath. The tedmicii 
measures an output e.m.f. of 12.212 m V at the open end* of the extension leads.
(a) What fluid temperature would be deduced from this measured ejn.f.?
(b) What it tie  true fluid tem perater’’

14.18. A chromel-constantan thermocouple measuring the temperature of a fluid is cot 
by mistake with copper-comtantan extension leads (such that the two consianian wit 
are connected together and the copper extension lead wire it  connected to the < 
thermocouple wirek If  the fluid lemperauie was actually 250"C and the junction 
between the thermocouple and extension leads was at W C , what e.m.f. would be 
measured at the open ends of the extension leads if the reference junction is ma 
at 0°C? What fluid temperature would be deduced from this (assuming that Ihe 
connection error was not known)?

14.19. Extension leads uted to measure the output e.m.f. of an inm-constantan thermos 
measuring the temperature o f a fluid are connected Ihe wrong way round by tn*si 
(such that ihe iron extension lead is connected to the constaaun thermocouple *«*  
and vice vena). The junction between the thermocouple and extension leads ts at 
a temperaiure o f 120еС  and the reference junction it at a room temperature Ы  21^С 
The output e m J. measured at the open ends of the extension leads it 27.390 mV.
(a ) What fluid teoperaluie would be deduced from (hit meaaared ejn .f. attumit 

that the mistake Ы  connecting tke extension leads the wrong way round *»* 
not known about?

(b) What It the trae fluid tem pcratm  ’
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^ E r i K  temperature of a hot fluid it me asured v. uh a copper-coastaolan thermocouple 
hut, by mistake, the *  connected to chrwmel-constantan extension wires (such *iat the 

[  ^ Constantan w" c i " e connected together and the chnomel extension wire is 
|  connected tothe copper ihermocoupk- wire). It the actual fluid temperature was ХМ  C . 
> the junction between the thermocouple and extension wires was at 50 C. and the 
I itference junction was at 0C .  calculate the e.m.f. measured at the open ends of the 
I  extension wires What fluid temper*ure would he deduced from this measured e.m.f. 
К (assuming that the error of using the wrong extension wires was not known)? 

щ a particular industrial situation, a chromel alumel thermocouple wrth chrome!
" • Jum el extension wires is used to measure the temperature of a fluid In connecting up 

( dns m easurem ent system, the instrumentation engineer responsible lias in.ubert.mltx 
В  ntetchanged the extension wires from the thermocouple (such that the chromel 
I  iiermiK-ouple wire is connected u> the alumel extension lr.nl sure, etc * The open ends 
; of the extension lead» are held at a reference temperature of 0 ( and are amnerted to-a 
I  voltmeter, which measures an e.m f. of 18.75 mV. If  the junction between the 
К  thermocouple and extension wires i« at a temperature of 3 8 °C : 
r  (a) What temperature of fluid is indicated?
I  (b) What is the true fluid temperature?

14.22. A copper согыалми thermocouple measuring the temperature of a hot fluid is

ШЬу mistake with iron-coastantan extension wires (such that the Iw * 
twites are connected together and the iron extension wire ts conaected lo the 
irmocouple wire). If  the actual fluid temperature was 20СГС. the juaction 
lie thermocouple and extension wires was at I M FC , and the reference 
rat m 0 °C , calculate the e.m.f. measured at the open ends o f the extension 
at fluid temperature would be deduced from the measured e m f. (assuming 

feu the error of usng the wrong extension wires was not known)?
14.23. In a particular industrial situation, a aicm silm sil thermocouple with nicrosil-nisil 

^extension wires is used to measure the temperature of a fluid. In connec ting up this 
■Measurement system, the instrumentation engineer responsible has inadvertantly

interchanged the extension wires from the thermocouple (such that the nicrosil 
Hfcennocouple wire is connected to the nisil extension lead w ire. etc .). The open ends Ы 

the extension leads are held at a reference temperature of О С' and are connected lo a 
•oltnieter. which measures an e.m.f- o f 17.51 mV. If the junction between the

■  fccrmiKouple and extension wires is at a temperature of I4 0 X :
<a) What temperaiure of fluid it indicated?

U |g  Whal *  «he tn * fluid temperature?
■ (Explain  *hai the follow mg are thermocouple, continuous thermocouple, thermopile.

»  the Im erm mianal P ractica l Temperature Scale?  Why it  It accessary in 
■"Ч^пмиге armor calibration and bow м к  used?



I4.2A. Resistance thermometers and thermistors are both temperature-measuring devices that 
convert the measured temperature into a resistance chaage What are the main 
difference* berween these two type* o f devices in respect o f the materials used in # * ,, 
constructions, their ooct. and their operating characteristics?

14.27. Discuss the main type* of radiation thermometers available. How do they work and 
what are their main applications?

14.21. Name three kinds of temperature-amsuriag devices thM work on the principle of 
thermal expansion Explain how each worts and what its typical characteristics are

14.29. Explain how fiber-optic cables can be used as temperature sensorv
14.30. Discuss the calibration of temperature sensors, mentioning what reference instrument- 

are typically used.
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1S.1 In t r o d u c t io n

We а с  covering ргенаге measurement neu in tfcts chapter hectuse it it required very 
commonly in mott industrial process control systems and is the next-most measured process 
parameter after temperature. We shall tee dial many different types of pressure-tensing and 
pressure measurement systems are available lo satisfy this requirement. However, before 
considering these in detail. *  is important for us lo understand that presume can be quantified hi 

three alternative wayt in lenas of absolute preseur. gauge pressure, or differential pressure 
The formal definitions of ftete are as follows.

Absolute pressure: This is the difference between the pressure of the fluid and the tbsola* 
zero of pressure.
Gunge pressure: This describes the difference between the pres иже of a fluid and 
atmospheric preswre. Absolute and gauge pressures are therefore related by the expression

Absolute pressure = Gauge pressure + Atmospheric pressure.

A typical value of atmospheric pressure is 1.013 bar. However, because atmospheric 
pressure varies with altitude as well as with weather conditions. it is вен a fixed quantity 
Therefore, became gauge pressure is related to atmospheric pressure, it also ii not a fixed 
quantity.
D ifferential pressure: This term it used to describe the difference between two abtoline 
pressure values, tuch as tie pressures at two different points within the same fluid (often 
between the two tides of a flow restrictor in a system measuring volume flow rale).

Pressure is a quantity derived from the fundamental quantities of force and area and It usually 
measured in terms of * e  force acting on a known area. The SI w it of pressure is the Pascal, 
which can alternatively be expressed at Newtons per square meter. The bar. which it equal to 
10.000 Pascal, it a related metric unit that is more suitable for measuring the most typically met 
pressure values. The unit of pounds per square inch is not an SI unit, but it still in widespread 
use, especially in the United State and Canada. Pressures are alto sometimes expressed as 
inches of mercury or inches of water, particularly when measuring blood pressure or pressures 
in gas pipelines. These two measurement units derive from the height of the liquid column m 
manometers, which were a very common method of pressure measurement in the past. The югт 
it a further unit of measurement used particularly lo express low pressures ( I ton *  133.3 
Pascal).

To avoid ambiguity in pretaure measurements. *  is usual lo append oae or more letters in 
pareoAeses after the pressure value to indicate whether it is an abeoline. gauge, or differential 
pressure: (a) or (tbs) indicate» absolute pressure, (g) indicates gauge pressure, and (d) tpecifie» 
differential pressure. Thu*. 2.57 bar (g) means that the pressure it 2ST bar meatured at gauge 
pressure. In the cate of the pounds per square inch unit of pressure measurement, which is  sull
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■m w*|espread use. il it usual to express absolute. gauge, and differential pressure as paa. p4 S- 
pad. respectively.

Absolute pressure measurement), are made for such purposes at aircraft altitude me-asuremeut 
on iaatnimenu known as altimeiert) and whea quantifying atmospheric pressure. Very 
low pressures are alto normally measured at absolute pressure values. Gauge pressure 
pcaiuremi-nis are made by instruments such as those measuring the pressure in vehicle tires 
god those measuring pressure al various pouits in industrial processes. Differential pressure 
ц measured for some purposes in industrial processes, especially as part of some fluid flow 
fate-measuring devices.

1л most applications, typical values of pressure measured range from 1.013 bar (Ле mean 
дашжрЬепс pressure) up to 7000 bar. This is considered to be tbe “normal" pressure range, and 
a large number of pressure sensors are available that can measure pressures in tbs range. 
Measurement requirements outside this ranpe are much leu  common. While some of the 
pressure tensors developed for the “normal*' range can alto measure pressures thal are either 
fewer or higher than ibis, it it preferable to use tpecial instruments that have been specially 
^signed to satisfy such low- and high-pressure measurement requirements. In the cate of low 
pressures, such tpecial instruments are commonly known * i vacuum gauges.

Our ducuskion summarizes the main type* atf pressure tensors in use. This discutsюа is 
concerned primarily only w iti (he measurement of Katie pressure, because Ihe measurement 
of dynamic pressure it a very specialized area that it not of general interest. In general, 
dynamic pressure measurement requires special instruments, although modified versions of 
diaphragm t\ pe tensors can also be used if Леу contain a suitable displacement sensor (usually 
either • piezoelectric crystal or a capacitive element).

15.2 Diaphragms

The diaphragm, shown schematically in Figure I S. I, is one of three types of elastic-element 
pressure transducers Applied pressure causes displacement of the diaphragm and this movement 
is meatved by a displacement transducer. Different versions of diaphragm sensors can aneasure 
both absolute pressurelup to 50 bar) and gauge pressure (up to 2000 bar) according to whether the 
4»»ce on one side of the diaphragm it, respectively, evacuated or open to the atmosphere. A 
fcphrapn can alto be used to measure differential pressure (up to 2.5 bar) by applying the two 
features to the two tides of the diaphragm. The diaphragm can be plastic, metal alloy, ttttnlras 
"'el- or ceramic. Platfic diaphragms are the lean expensive, but metal diaphragms give better 
*ccur*c> Stainlesa tied is normally used In high tetnpetatore or corrosive environments 
Cer» "ic  diaphragms are ictvtai* even to ttrong acids and alkalit and are used when the operate* 
«•vmmment u particularly harsh The name aneroid gauge is sometimes used to describe h n  
»>1* of gauge when Ihe diaphragm la metallic.



Unknown p— ire 

Figure 1S.1
Schematic representation o f a diaphragm pressure senior

The typical magnitude of diaphragm displacement is 0.1 mm. which is well suited to a strain 
gauge type of displacement-measuring transducer, although other forms of displacement 
measurements are alto used la some kinds of diaphragm-based season. If the displacement is 
measured with strain gauges, it Is normal to u e  four strain gauge* arranged in a bridge ciicu i 
configuration. The ouput voltage from the bridge ts a function of toe resistance change d ie to 
the strain in the diaphragm. This arrangement aromatically provides compensation for 
enviroNmental tempenture changes. Older ptessute transducers of to is type used metallic srain 
gauges bonded to a diaphragm typically made of stainless steel. However, apart from 
manufacturing difficulties arising from the problem 0f bonding the gauges, metallic strain 
gauges have a low gaage factor, which means that toe low output from the strain gauge bridge 
has to be amplified by an expensive dc. amplifier. The development of semiconductor 
(pie/oreststi ve) strain gauges provided a solution lo the low-output problem, as they have gauge 
factors apto 100 timet greater than metallic gauges. However, the difficulty of bonding gauges 
to toe diaphragm remained and a new problem emerged regarding the highly nonlinear 
characteristic of the «rain-output relationtoip.

The problem of slrain-gauge bonding was solved with toe emergence of monolithic piezoarsistise 
pressure transducers. These have a typical measurement uncertainly of ±0.5% and we err» 
the most commonly uted type of diaphragm pressiue transducer. The maanjitoic cell consists of a 
diaphragm made of a silicon toeet into which resislon are diffused durir^ the manufacturing 
process. Such pressure transducers can be made very small and are often known as micro iraum  
Also, m addition to avoiding die difficulty with bonding, such monolitoic silken-measuring 
cells have the advantage of being very inexpesuive lo manufacture in large quantities. Ahhough 
the iacoavenience of a nonlinear characteristic tenant*. thit it normally overcome by 
proceseiag the output signal with an active linearization circuit or iacorporattng the cell 
into a microprocessor-baaed intelligent measuring transducer. The later usually provide
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glogiie-inHligK.il conversion and interrupt facilities within a single chip and give a digital 
that U integrated readily into computer coairol scheme» Such instrument» can aba 

-flfer automatic temperature compensation, built-in diagnostic», and sirapke calibration 
ocedurcs These features allow measurement inaccuracy to be reduced down to a value 

^  low as ±0.1% of Wl-tcale reading.

15.3 Capacitive Pressure Sensor

д pfMOtive pressure имог it simply a diaphragm -t > pe device in which diaphragm 
^spUceini-ni it determined by measuring the capacitance change between the diaphragm 
як) « roe La I plate that is ctote to it. Such device* are in common use and are sometimes 
kaown at Baratron хая%п. к is alto possible to fabricate capacitive elements in a silicon 
cfcip and thus form very small m icrounsort. These have t  typical measurement uncertainty
of ± 0 2 * .

15.4 Fiber-Optic Pressure Sensors

Faber-opt к sensors. al«o known as optical pressure sensors, provide an alterative metfmd of 
■euurinj displacements Ю diaphragm and Bourdon tube pressure sensors by optoelectronic 
ок-ans and enable the resulting sensors to have a lower mats and size compared w*h sensors m 
which duplacement is measured by other methods. The shutter sensor described earlier in 
Chapter 13 it one for* of fiber-optic displacement sensor. Another foms is die futon* sens»* 
shown in Figure 15.2 in which light travels from a light source, down an optical fiber, 
reflected Kick from a diaphragm, and then travel* had along a second fiber lo a photodetector. 
There is a characteristic relationship between die light reflected and the distance from the 
fiber ends to the diaphragm, thus making the amount of reflected light dependent on the 
diaphragm displacement aad hence the measured pressure.

□
f l p m t S J

Fotomc senior.
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Аран from the т а н  and lize advantages of fiber-optic displacement sensors. the 
output signal is immune lo electromagnetic noise. However. iBeasurentrni accuracy ,, 
usually inferior lo that provided by alternative displacement icnsors, and ihe choice I  
iad i sensors also incan a con penalty. Thus. sensors using filter optics to measure I  
diaphragm or Bourdoa tube displacement tend U> be limited lo applications where 
their small size, low mass, and immunity lo electromagnetic noise are particularly 
advantageous.

Apart from the limited use with diaphragm and Bounion tube season, fiber-optic cables 
also used in several other ways to measure pressare. A form of fiber-optic pressure sen*), 
known as a microbend srm or is sketched in Figure 13.8a. In this, the refractive indei of J  
fiber (and hence the intensity of light transmitted) varies according to the mechanical 
deformation of the fiber caused by pressure The sensitivity of pressure measurement can J  
optimized by applying pressure via a roller chain such that bending is applied periodically (*■* 
Figure 13.8b). The optima) pilch for the chain varies according to Ihe radius. refractive uvie*;< 
and type of cable involved. Microbend tensora are typically used lo measure the small 
pressure changes generated in Vortex shedding flowmeters. When fiber-optic sensors me ^  
in the flow measurement role, the alternative arrangement shown in Figure 15.3 can he 
used, where a fiber-opoc carte ii merely stretched across the pipe. This often amplifies the 
detection of vortices.

Phase-modulating fiber-optic pressure seniors alao exist. The mode of operation of ihe* » a  
discussed in Chapter 13.

15.5 Bellows

Bellows, illustrated tchematically in Figure 15.4. are another elastic-element type of 1 
pressure sensor that operate on very similar principles to Ihe diaphragm pressure w n « J 
Pressure changes within die bellows, which are typically fabricated as a seamless u ib cfl 
of either metal or metal alloy, produce translational motion of the end of (he bellows 1 
that can be measured by capacitive, inductive (LV D T), or potentlometric transducers. 1 
Different versions cm measure either abtoluie pressure <yp to 2.5 bar) or gauge p ress* i 
(ap to 150 bar). Double-bellows versions also exist that are designed to measure 
differential pressures of up lo 30 bar.

Bellows have a typical measurement uncertainly of only ± 0 3 », but have а relaltvely I  
high manufacturing cost and are prone U> failure Their principle attribute in Ihe pas* J 
has been their greater measurement sensitivity compared with diaphragm sensors 
However, advance* in electronic! mean that ihe bigh-tcmllivily requvemem can и^иаЧГ 
he satisfied now by dsaphragm type devices, and usage of bellows is therefore fall*"*- I
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15 6 iourdon Tube
|v
У *  •■b* •• dso m  elastic element lype of pressure transducer b u relatively 

n- Ж * * *  14 “ *«d oneraooly fuf measuring the g mge pte»»un-.»( Unh m ^ iu v ал! liquid 
of a tpeiu tly shaped piece Ы oval section. fleiiM e, metal tube t lu  it lued it
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one end aad free to move ai die other end. When pressure is applied ai die open, fixed end of thr 
tabe. die oval cpom section becomes more circular. In consequence, there is displacement of a* 
free ead of the tube. Tbs displacement is measured by some form of displacement tramdutr, 
which is commonly • potentiometer or LVDT. Capacitive and optical sensors are also 
sometimes used to measure the displacement.

The three common shapes of Bourdon tubes are shown in Figure 15.5. The maximum possible 
deflection of the free end of the tube it  proportional lo the angle subtended by the arc through 
which the tube it bent. Far а С-type tube, the aiaximum value for this arc is aomewfcit 
less dwn 360°. Where greater measurement sensitivity and resolution are required, spiral mid 
helical lubes are used. These both give much greater deflection at the free end for • given 
applied pressure. However, this increased measurement performance it only gained at tfe 
expense of a substantial increase in manufacturing difficulty and cost compared with C-type 
tabes aad it also associated with a large decrease in the maximum pressure that can be 
measured. Spiral and helical types are sometiaiet provided with a routing pointer that 
moves against a scale to give a visual indication of the measured pressure.

С-type tubes are available for measuring pressures up to 6000 1мг. A typical С-type tube of 
25 mm radius has a maximum displacemeat travel of 4 mm, giviag a moderate level Ы  
measurement resolution. Measurement inaccuracy it typically quoted at ± 1% of full-scale

X
<а)С4иа

(Ы Sptrd lyp*

/

n p r t lS S
Three form* of a Bourdon tube

Unknown
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A-flcOK» Similar accuracy is available from helical and spiral types, bul while (he 
^ ^ r ttn cni resolution is higher, (he n u u n u i pressure measurable is only TOO bar

« Ik  esjstrncr of one potentially major source of error in Bourdon tube picsaire measarancaM 
до iwt been widely documented. and few manufacturer, of Bourdon lubes make any attempt ю 

USer. of their products appropriately. The proNrm it concerned wiUi the relationship 
heiween tie fluid being measured and the fluid used for calibration. The pointer of Bourdoa 
pbes it normally set at zero during manufacture, using air as the calibration medium. However, 
if a Afferent fluid, especially a liquid, is subsequently used with a Bourdon tube, (he fluid in the 
pbe will cause a nonzero deflection according to its weight compared with air. resulting ia a 
reading error of up to 6%. This can be avoided by calibrating the Bourdon tube with the flaid k> 

nKasured instead of with air. assuming of course that the utei is aware of the problem. 
Aheim tivfl). correction can be made according to the calculated weight of the fluid in Ле tube.
I  irforturuu-1 у. difficulties arise with both of these solutions if air is trapped in the tube, as * is  
will prevent the lube beiag filled completely by (he fluid. Then, the amount of fluid actually in 
ihe Mbe. and its weight, wiM be unknown.

In conclusion, therefore. Bourdon tubes only have guaranteed accuracy limits when measuring 
маеом pressures. Their uae for accurate measurement of liquid pressures poses great 
Afficuliy unless the gauge can be toully filled with liquid during both calibration and 
gMMuremrnt. a condition that it very difficult to fulfill practically.

15.7 M anometers

Manometers are passive lattmments thal give a visual indication of pressure values. Various 
types exist.

1S.7.1 UTube Maeemeter

The U-tube manometer, shown in Figure 15.6a, is the most common form of manometer. 
Applied pressure causes a displacement of bquid inside the U-shaped glass tube, and output 
pressure reading P is wade by observing the difference, h. between the level of liquid in tfie two 
halves of the tube A and в . according to the equation P  = hpg. where p is the specific gravity of 
*e  ffcad If an unknown pressure is applied to side A, and side В is open to the atmosphere, the 
ou^xu reading is gauge pressure. Alternatively, if side в  of Ihe lube is sealed and evacuated, the 
Мфш reading is absolute pressure. The U-tube manometer also measures the differential 
Pleasure. < />, -p ,), according lo tbe expretsnn </>, -p j)-h p g . if  two unknown pressures p, 
Md ̂  are applied, iwpectivety. to lidci A and В  of the tube.

А ц м  readings from U-take manometers ate «abject lo atror. principally because it ia very 
dtfboait ia> judge exactly where the meniscus levels of the liquid are Ы the two halves of the
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15 6
Three form» o f manometer (a ) U tube, (b ) well type, and <c) «dined type.

uAe. In absolute press** measurement, an additional error occurs because it is impossible ю 
totally evacuate the dosed end of the tube.

U-tufce manometers mt typically used to measure gauge and differential pressures up lo about
2 btt. The type of liquid used in the instrument depends on the pressure and characteristics of 
the fluid being measured. Water is an inexpensive and convenient choice, but it evaporates 
easily and is difficult lo see. Nevertheless, it is used extensively, with the major obstacles lo ib 
use hetng overcome by using colored water and by regularly topping up the tube to couateraci 
evaporation. However, water is definitely not used when measuring the pressure of fluids that 
react with or dissolve in water. Water is also unsuitable when high pressure measurements ate 
required In such circumstances, liquids suck as aniline, carbon tetrachloride, bromofomi 
mercury, or transformer oil are used instead.

15 .Л * W tU-Typt кк тш тШ г  (C3i>»nr /ИmmtmeU r)

The well-type or cistern manometer, shown in Figure 15.6b, is sntilar lo a I '-tube лмполк«с< 
bat one-half of the tube is Made very large so that it forms a well. The change in the levd of *e  
well as the measured pseisare varies is negligible. Therefore, the liquid level in only m t Itrfr



to be eeasurcd, makfv the instrument much easier to use than the U-tube manometer 
^ „ w n  ptetture. P i. »  applied to port Л and II port 0 it open to the atmosphere. the 

= hp. It migfct appear that the instrument would give belter-r  pressure is given by p, ■■
r  ____ _ accuracy than the U-tube manometer because the need to subtract two liquid level
l\^ ^ rm en is in order to arrive at the pretsure value is avoided However, this benefit is 

K ^ M fe d  by errors that an v due lo typical cvoaa-aectional urea variation! in  the gluts used 
mtt<- the lube. Such variations do not affect die accuracy of Ibe U-tube manometer to 

extent.

15.7.3 Inclin 'd (Draft Gauge)

The inclined manometer or draft gauge shown r> Figure 15.6c it a variation on tbe well-type 
^nometer in which one leg of the lube it indeed to mcreate measurement sensitivity. 
However, similar comment* to thoie given earlier apply about accuracy.

15.8 Resonant Wire Devices

A typical retonani wire device it shown schematically in Figure 15.7. Wire is stretched acmes 
a dumber containing fluid at unknown proeare subjected to a magnetic field. The wire 
jesooates al its natural frequency according to its tension, which varies with pressure Thus

115.7
R tto n are  w w  drvicc
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pressure is calculated by Measuring the frequency of vibration of the wire. Such frequency 
measurement is normally earned out by electronics integrated ш*о the ceil Such devices arc 
highly accurate, with a typical inaccuracy figure being ±0.2% full-scale leading. They aw abo 
particularly insensitive lo ambsenl condition changes and can measure pressures between 
$ mhar and 2 bar.

15.9 Electronic Pressure Gauges
v

This section is included because many instrumert manufacturers' catalogues have a tectum 
entitled “electronic pressure gauges.”  However, in reality, electronic pressure gauges are 
merely special forms of the pressure gauges described earlier in which electronic technique-, 
are applied to improve performance A ll of the folowing commonly appear in instruaiem 
catalogue* under the headmg “electronic pressure gauges."

Piezoresistive pressure transducer: This diaphragm-type tensor uses piezoresistive stram 
gauges to measure diaphragm displacement.
Piezoelectric pressure transducer: Thii diaphragm-type senior uses a piezoelectric crystal 
to measure diaphragm displacement.
Magnetic pressure transduc er: This clam of diaphragm-type device measures diaphragm 
displacement magnetically using inductive. variable reluctaace. or eddy current tensor* 
Capactive pressure transduter This diaphragm-type sensor meaiures variation ia 
capacitance between the diaphragm and a fixed metal plate dose to it.
Fiber-optic pressure sensor: Known alternatively as an optical pressure sensor, this uses a 
fiber-optic sensor to measure the displacement of either a diaphragm or a Bourdon tube 
pressure sensor.
Patentiometric pressure sensor: This is a device where the translational motion of a 
bellows-ty pe pressure sensor is connected to the sliding element a i aa electrical 
potentiometer
Resonant pressure transducer: This is • form of resonant wire presaure-measuring device 
in which the pressure-induced frequency change is measured by electronics integrated into 
the device.

15.10 Special Measurement Devices for Low Pressures

The term vacuum gauge it applied commonly to describe any pressure tensor designed to 
measure pressures in the vacuum range (pressures less than atmosphere; pressure. i-e.. belo»
1-013 bar). Many «penal versions of Ihe types of pressure transducers described earlier have 
been developed for measurement in the vacuura gauge. The typical a r in u a  pressure 
meawreable by these special forma of "normal" pressure-mcatunag mammons are 10 mb» 
(Boudoa tubes). 0.1 mbar (manometer* and bellows-type instruments), and 0.001 mhar



■ i.A ie n is i However, id  addition lo thete special versions of normal instrument*, a 
—efcar«f other device* have been specifically developed for measurement of pressures below 
^Bospbcnc pressure. Tbeee special device* include the thermocouple gauge, the Pirani 

■ y tie thermistor fauge. the McLeod gauge, and the ionization gauge, and they a*e 
covered m more detail neu. Unfortunately, all of these specialized instrument» are quite 
eipemivf

1 5 .10.1 Tbrmoemtp/e Gatgr

Tbe trrnnKouple gauge is one of a group of gaaget working on the thermal conductivity 
principle At low pretsarc. the kinematic theory of gases predicts a linear relationship between 
pressure and thermal conductivity. Thus measurement of thermal conductivity gives aa 
y A m rn  nf pressure. Figure 15.8 shows a sketch of a thermocouple gauge. Operation of the 

depends on the thermal conduction of beat between a thin hot metal strip in the center and 
fte cold outer surface of a glass lube llhat is normally at room temperature). The metal strip is 
iKated by passing a current through it and it* temperature is measured by a thermocouple. 
The temperature measwed depends on the thermal conductivity of the gas m the tube and henoe 
on ita pressure A source of error in this instrument is the fact that heal it also transferred 
by radUtion as well as conduction. This error is of a constant magnitude, independent of 
pressure Hence, it can be measured, and tbns correction can be made for iL However, it it 
usually more convenient to design for low radiation loss by choosing a heated element with low 
emissivity Thermocouple gauges are typically used to measure pressures in the range
I0 4 mbar up lo I mhar.

Tbcrmorauptr gsugt.
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15.10.2 Thermistor Gauge

Thi* is identical in iu mode of operation to a thermocouple gauge except that a thentustor
ii used to measure the temperature of ihe metal strip rather than a thermocouple. Il ii 
commonly marketed under the name electronic vacuum gauge in a fotra that includes л 
digital light-emitting diode display and switchable output ranges.

15.10.3 Piram Gauge

A typical form of Piraai gauge is shown in figure 15.9a. This is similar U> a thermocouple gauge 
but has a heated elemeat that consist* of four coiled tungsten wires connected in parallel. Two 
identical lubes are normally used, connected in a bridge circuit, at shown in Figure 15.9b. 
with one containing the gas at unknown pressure and the other evacuated to a very low 
paetsare. Current is passed through the tungsten element, which attaas a certain temperuiut- 
accordmg to the thermal conductivity of the gaa. The resistance of tie  element changes with 
temperature and causes an imbalance of the measurement bridge. Thus, the Pi rani gauge 
avoids tie use of a thermocouple to measure temperature (as in Ihe thermocouple gauge) by 
effectively using a retistaace thermometer as the heated element- Suck gauges cover tbe 
pressure range 10'J k> I mhar.

IS . 10.4 McLeod G0*&

figure 15.10a shows the general form of a McLeod gauge in which low-pressure fluid is 
compressed to a higher pressure that is then read by manometer techniques. In essence, the 
gauge can he visualized as a U-tube manometer that is sealed al one end and where the bottom

ftgen 15.*
(a) Pirani gauyt and (b) Wheatstone bridpt circuit used to measure output.

R nuureM * 4*1

Flp r* 15.10
Other low-pweu* gauges: (a ) McLeod gauge and (b ) iontraoon gauge

of 0* U can be blocked *  will. To operate the gaage. the piston is first withdrawn. This cautes 
* e  level of mercury '*  (be lower pan of d r gauge to fall below die level of junction I  
between Ле two tubes mailed Y and Z in Ae gauge. Fluid at unknown pressure P . it  the* 
introduced via ihe tube marked Z, from where it also flows into the tube of cross-sectional area 
A aiarked Y. Next, the piuon is pushed in. moving the mercury level up to block junctioa I. 
Al Ihe stage where J it just blocked, the fluid in lube Y  it al pressure P. and is contained in a 
blown volume. V*. Rather movement of the piston compresses the fluid in tube Y  and this 
process continues until the mercury level in tube Z  teaches а лея» mark. Measurement of 
Ihe height (A) above the mercury column in tube Y then allows calculation of the compressed 
volume of the fluid. K«, asVr=hA.
Then, by Boyle’a law:

Also, applying the normal manometer equation. Pr=PK+hpg, where p it the mass density 
of mercury the pressure. Pm can be calculated at

P  * * * * *  (13.1)
Г'  V.-Ak

Coetpressed volume V', it often very atuch m ailer than the original volume, in whkfc 
osa liquation (15.1 > approximate! to

/.„ = * * £  far А* « V .  <««>



Although the smallest inaccuracy achievable with McLeod gauges is ± 1%. this if Mill heu,, 
than that achievable with most other gauges available for measuring pressures in this ran^r 
Therefare. the McLeod gauge is often used as a standard again* which other gauges »e 
calibrated. The minimum pressure normally measurable it 10” ' mbar. afehnugh lower pressure» 
can be measured if pressure-dividing techniques are applied.

IS. 10.5 Ionization С iutgr

The ionization gauge is a special type of instrument used for measuring very low pressures a 
the range 10~10 lo I nihar. Normally, they are oely used in laboratory conditions because U*,r 
calibration is very sensitive to the composition of the gases in which they operate, and use of a 
mass spectrometer is often necessary to detetmine the gas composition around them. They exiu 
in two forms known as a hot cathode and a cold cathode. The hot cathode form is shown 
schematically in Figure 15.1 Ob. In this, gas of unknown pressure is introduced into a glass 
vessel containing free elections discharged from a heated filament, at diown in Figure 15.1 Ob. 
Gas pressure is deterauned by measuring the current flowing between an anode and a cathode 
within the vessel. This current is proportional to the number of was per unit volume, which m 
turn is proportional lo the gas pressure. CoH cathode ionization gauges operate in a similar 
fashion except that the stream of electrons к  produced by a high voltage electrical discharge

15.11 High-Pressure Measurement (Greater than 7000 bar)

Measurement of presaaes above 7000 bar is normally carried out electrically by monnonng 
the change of resistance of wires of special materials. Materials having resistance pressure 
characteristics that are suitably linear and sensitive include manganin and gold-chromium 
alloys. A coil of such wire is enclosed in a sealed, kerosene-filled, flexible bellows, as show n ai 
Figure IS. 11. The unknown pressure is applied to one end of the bellows, which tnuwmit 
pressure to the coil. The magnitude of the applied pressure is then determined by measuring the 
coil resistance. Devices are often named according to the metal used in them, for example. 
тапцамп wire pressure seasor and foid-ckromium wire pressure sensor. Pressures *p lo 
30.000 bar can be measured by devices such as the manganin wire pressure sensor, with a 
typical inaccuracy of ±0.5*.

15.12 IntaRigent Pressure Transducers

Adding microprocessor power to pressure transducers brings about snbeantial iwprovonen*- 
in iheir characteristics Measurement sensitivity improvement, extended measurement range.

ion for hyaem tt and other nonlmearaiev and correction far ambient tem peras 
aad pressure changes are jna some of the facilities offered by inteligcat pressure transducer*
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for example, inaccuracy value* as low at ±0 H  can be achieved with silicon pie/oresistive- 
bridge devices.

laclution of microprocessors has alio enabled the uie of novel techniques of displacement

1 measurement, for example, the optical m eted of displacement ineaturemeat Aown ■ 
f f ip n  15.12. In thit. the motion it trantmuied ю a vane thal progrettively thades one of two 
panolittiic photodiodes exposed to infrared rackattoa The second photodiode acts at a 
icference. enabling the microprocessor lo compute a ratio signal thal it lieearixed and it 

LnUabte as either an analogue or a digital measurement of pretiert The typical meamremeat 
■ м о п с у  it ±0.1%. Vertkas of both diaphragms and Bourdon tubes that use this technique 
■ K  available

15.13 Differential Pressure-Measuring Device*

Differential pressure-measuruig devices have two input ports. One unknown pressure it applied 
to each port, and instrument output it the difference between the two pressures. An alternative 

I*  measure differential prev-ure would be u> measure each pressure with a separate 
instrument and then subtract one reading from the other However, this would produce a far less 

1 eecuiate measurement of the differential pressure because of the well-known proMem Out the 
росе» of subtracting measurements amplifies the inherent inaccuracy in each individual 

I  toeaturement This it a particular problem when measuring differential pressures of low

i
Deferential pressure can be measured by qxcial forms of many of the pressure -measuring 

F device» described earlier Diaphiagm pressure «earnrs. and their pie/oresislrse. piezoelectric. 
I  ••fneic. capacitive, and fiber-optic named variants. are all commonly availaMe in a
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1S.12
tump W of an intelligent ргиш re-measuring incmiMnt.

deferential-pressure-measuring form in whkb Ihe two pressures lobe subtracted are applied ю 
either side of the diaphragm. Double-bellows pressure transducers (including devices known as 
potentiometric pressure transducers) are also used, bul are much lets common than diaphragm 
based sensors. A special form of U-tube manometer is alao sometimes used when a visual 
indication of differential pressure values it required. This has the advantage of being a passive 
instrument thal does not require a power supply and it ia used commonly in liquid flow-rate

15.14 Selection of Pressure Sensors

Choice between the various types of instruments available for 
(1.013-7000 bar) ia umally strongly influenced by the intended 
used commonly when just a visual indication a t pressure level ia

midrange pressures 
Manometers a»c

and dead-wet#*-
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because of Iheir superior accuracy, are ased in calibration procedures of other 
'^^e-m easurm g device*. When an electrical form of output is required, the choice 
U tfiaaly eilher one out of ihe several type* of diaffcngm sensor» t strain gauge, ptc/orcsistrve. 

К йе*о*|ес,г'с- ma8nc<>L'' capacitive, or fiber optic) or. less commonly, a Bourdon labe.
' p^jowviyiw instruments air also sometime* used for this purpose, hut much less frequently 

if very Wgh measurement accuracy is required, the resonant wire device is a popular 
«fcoicc.
|a the ca*e of pressure measurement in the vacuum range (leu than atmospheric pressure. 

I  Le- below 1.013 bar), adaptations of mo*» of the types of pressure transducers described 
earlier can be used. Special forms of Bourdon tubes measure pressure* down to 10 mbar. 
r —«wnrir;-. and bellows-type instruments measure pressures down to 0.1 mbar. aad 
jyphragm» can be designed lo measure pressures down lo 0.001 mbar. However, a number 
gf m ore specialized instruments have also been developed to measure vacuum pressures, 
p  disc asset! in Section I S. 10. These generally give better measurement accuracy and 
easkivit) compared with instruments that are designed primarily for measuring midrange 
pressures This improved accuracy is particularly evident at low pressures Therefore. onK 
die special instrument' described in Section IS. 10 are used lo measure pressures below 
X T ' mbar

Al hi^i pressures (>7000 bar). the only devices ai common use are the manganin wire senstw 
aad similar device* baaed oa alternative alloys to manganin.

For differential pressure measurement, diaphragm lype sensors ate the preferred option. wi<i 
В  4oabk-hel!«u s sensors betag used occasionally. Manometers are also sometimes used to giwe 

vtsaal indication of differential pressure values (especially in liquid flow-rate indicators). 
These are passive malm meats that have the advantage of not needing a power supply.

15. IS  Calibration of Pressure Sensors

Different type* of reference instruments are ased according to the range of the pressure 
■ensuring instrument being calibrated. In the midrange of pressure* from 0 1 mbar to 20 bar. 
L-tube manometers, dead weight gauges, and baroaieters can all be used as reference instruments 
f<* caibration purposes. Tbe vibrating cyliader gauge also provides a very accurate reference 
“ •ndard over pan of <us range. A l high pressure* above 20 bar, a gold-chrome alloy rewstanoe 
"tferemoe instrument it nonaally used. For low pressure* in the rmge of 10'1 lo 1<T* mbar, 

the McLeod gauge aad various forms of micaoraanumetets are used as a pressure-measuring 
,1*fari  A l even lower рташае» below 10' * mfaar. a pressure-dividing technique it used to 
•••Mall calibration. Ha* involves setting up a serie* of orifices of an accurately known ргеамк 
r* * ) and measuring the ирмгеаш pressure wtfb • McLeod gauge or micmmanometer
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The limits of accuracy with which pressure can be measured by presently known techniques lrc 
at foilowt:

I0 “ 7 mbar ± 4 *
10-5 mbar ± 2 *
10-3 mbar ± 1 *
10-* mbar ±0.1*
1 bar ±01)01%
104 bar ±0.1%

IS . 15.1 Reference Calibration Instruments

Dead-wttgfit gauge (pressure balance)

The dead-weight gauge, alto known by the alternative names of piston gauge and pressure 
balance. it shown in schematic form in Figure 15.13. It is a null-reading type of measuring 
instrument in which weights are added to die piston platform until the piston it adjacent to a 
Tuied reference mark, at which time the downward force of the weights on top of the piston is 
balanced by the pressure exerted by the fluid beneath the piston. The fluid pressure is therefore 
calculated in terms of the weight added to the platform and the known area of the piston The 
instrument offers the ability to measure pleasures to a high degree of accuracy and it widely 
uted at a reference instrument against which other pressure-m easuring instruments arc 
calibrated in the midrange of pressures. Unfortunately, its mode of measurement makes it 
inconvenient to use and is therefore rarely used except for calibration duties.

Special precautions ate necessary in Ihe manufacture and use of dead-weight gauges. Friction 
between the piston and the cylinder must be reduced to a very low level, as otherwise a 
significant measurement error would result. Friction reduction it accomplished by designing 
for a small clearance gap between the piston and the cylinder by machining the cylinder to a 
slightly greater diameter than the piston. The piston and cylinder are also designed so that they

Figur* IS . 13
Schem atic representation o f a dead'



be tamed relative to one another, which reduce* friction still further. Unfortunately, as a 
I n tu i t  of tbe «*>*11 gap between the piston and the cylinder, there is a finite flow of fluid past the 

teals. This produce* i  vitcou* (hear force, which pertly balances the dead weight on die 
olarfoon- A theoretical formula exist* for calculating the magnitude of this shear force, 
suggesting (hat exact correction can be made for it. In practice, however, the piston deform» 
under pressure and alters the piston/cylinder gap and so shear force calculation and correction 
c»n only be approximate.

Despite thoe difficulties, the instmment gives a typical measurement inaccuracy of only 
±OX) 14b-1* i* normally used for calibrating pressures in the range of 20 mbar up to 20 bar. 
However, special versions can measure pressures down lo 0.1 mbar or up to 7000 bar.

ll-tube mtnoeneter

In addition to it* use for normal process measurements, the U-tube manometer is also used asa 
reference instrument for calibrating instruments measuring midrange pressures. Although il 
is a deflection rather than null type of instrument, it manages to achieve similar degrees of 
gKasuremcnt accuracy to the dead-weight g»uge because of the error sources noted in the laner. 
The major source of error in U-tube manometers arises out of the difficulty in estimating the 
m eniscus level of the liquid column accurately. There is also a tendency for the liquid level to 
creep up Ihe tube by capillary action, which creates an additional source of error.

U tubes for measuring high pressures become unwieldy because of the long lengths of liquid 
column and tube required. Consequently. U-tube manometers are normally used only for 
calibrating pressures at the lower end of ihe midpressure range.
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The most commonly used type of barometer for calibration duties is the Fortin barometer. This 
it a highly accurate instrument that provides measurement inaccuracy levels of between ± 0.03 
and ±0.001% of full-scale reading depending on the measurement range. To achieve such 
levels of accuracy, the instrument has to be used under very carefully controlled conditions 
"  lighting, temperature, and vertical alignment. It must alio be manufactured lo exacting 
■Mdards and it therefore very expen*ive to buy. Correction* have lo be made lo the outpta 
•■ding according to ambient temperature, local value of gravity, and atmospheric pressure. 
Because of it* expense and difficulties in using it, the barometer is not normally used for 
•■ibration other than a* a primary reference standard al the lop of the calibration chain.

Vibrating cylinder plugt

f t *  vibraling cylinder gauge, shown in Figure 15.14, acts as a reference standard instrument fat 
pressure measurements up lo .4.5 bar. Il coniisLs of a cylinder in which vibrations at 

resonant frequency are excited by a cuirent-carrying coil. The pressure-dependent 
frequency is monitored by a pickup coil, and this frequency measurement is
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Figure 1 S.14
Vibrating cylinder gauge.

converted lo a voltage signal by a microprocessor and signal conditioning circuitry contained 
within the package. By evacuating the space on the outer side of the cylinder, the instrumenl is 
able to measure Ihe absolute pressure of the fluid inside the cylinder. Measurement errors are 
less than 0Л05* over the absolute pressure range up to 3.5 bar.

Cold-chrome alloy resistance instruments

For measuring pressures above 7000 bar. an instrument based on measuring the resistance 
change of a metal coil as the pressure varies is used, and the same type of instrumenl is also used 
for calibration purposes. Such instruments commonly use manganin or gold-chrome alloys for 
the coil. Gold-chrome has a significantly lower temperature coefficient (i.e., its pressure/ 
resistance characteristic is less affected by temperature changes) and is therefore the normal 
choice for calibration instruments, despite its higher cost. An inaccuracy of only ±0.1% is 
achievable in such devices.

McLeod puge

The McLeod gauge, which has already been discussed earlier in Section 15.10. can be used for 
the calibration of instruments designed lo measure low pressures between I0~4 and 0.1 mbar 
(I0 -7 to I0~4 bar).

Ionization ptvge

An ionization gauge is used lo calibrate instruments measuring very low pressures in the range 
10“13 lo I0~3 bar. It has the advantage of having a straight-line relationship between output 
reading and pressure. Unfortunately. ils inherent accuracy is relatively poor, and specific points 
on its output characteristic have to be calibrated against a McLeod gauge.
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Ш и *
Figure 1 S .1 t

Centrifugal micromanometer

■ MknmonomeUn

I  Micromanomcters art instruments thal work on ihe manometer principle but are specially 
designed lo minimize capillary effects and meniscus reading errors. The centrifugal form 
of a nicromanometcr. shown schematically in Figure 15.15, is the most accurate type 
for use as a calibration standard down to pressures of 10*’ mbar. In this, a rotating disc

H" T B v e s  lo amplify a reference pressure, with Ihe speed of rotation being adjusted until Ihe 
amplified pressure just balances the unknown pressure. This null position is delected 
by observing when oil droplets sprayed into a glass chamber cease lo move. Measurement

■  inaccuracy is ± 1%.

Other types of micromanometers also exist, which give similar levels of accuracy, but onls at 
somewhat higher pressure levels. These can be used as calibration standards at pressures up u> 
SO mbar.

15.15.2 Calculating Frequency e f Calibration Cheeks

Son* pressure-measunng instruments are very stable and unlikel) lo suffer drift in characlensucs 
*ith lime. Devices In this class include resoiant wire devices. ioni/alnm gauge*, and high 
Pressure instrum ents (those working on the principle of resistance change with pressure». A i 
forms of manometers are similarly stable, although small errors can develop in these ihfough

■ yolumetnc changes in the glass in the longer term. Therefore, for all these instruments, ooly
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annual calibration checks ait recommended, unless of come something happens to the 
instrument that puts its calibration into question.

However, most instruments used to pressure consist of an elastic element and a diiplacemcni 
transducer that measures its movement. Both of these component parts are mechanical in 
nature. Devices of this type include diaphragms, bellows, and Bourdon tubes. Such instruments 
can suffer changes in characteristics for a number of reasons. One factor is the characteristics of 
the operating environment and the degree to which the instrument is exposed to it. Another 
reason is die amount of mishandling they receive. These parameters are entirely dependent l>n 
the particular application the instrument is used in and the frequency with which it is used and 
exposed lo the operating environment. A suitable calibration frequency can therefore only be 
determined on an experimental basis.

A third class of instrument from the calibration requirements viewpoint is the range of 
devices working on tbe thermal conductivity principle. This range includes the thermocouple 
gauge. Pirani gauge, and thermistor gauge. Such instruments have characteristics that vary 
with the nature of the gas being measured and must therefore be calibrated each time that they 
are used.

15.15.3 Procedures for CeSkretioe

Pressure calibration requires the output reading of the instrument being calibrated to be 
compared with the output reading of a reference standard instrument when the same pressure is 
applied lo both. This necessitates designing a suitable leak proof leal to connect the pressure 
measum* chambers of the two instruments.

The calibration of pressure transducers used for process measurements often has to be earned 
out in situ in order lo avoid serious production delays. Such devices are often remote from the 
nearest calibration laboratory and to transport them there for calibration would take an 
unacceptaHy long time. Because of this, portable reference instruments have been developed 
for calibration at this level in the calibration chain. These use a standard air supply connected to 
an accurate pressure regulator to provide a range of reference pressures. An inaccuracy of 
±0.025% is achieved when calibrating midrange pressures in this manner. Calibration at higher 
levels in the calibration chain must, of course, be carried out in a proper calibration laboratory 
maintained in the correct manner. However, irrespective of where calibration is carried out. 
several special precautions are necessary when calibrating certain types of instrument, as 
described in the following paragraphs.

U-tube manometers must have their vertical alignment set up carefully before use. Patticul.n 
care must also be taken to ensure that there are no temperature gradients across the two 
halves of the lube. Such temperature differences would cause local variations in the specific 
weight of the manometer fluid, resulting in measurement error*. Correction must alio be
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made •** local value * (acceleration due to gravity). These comment* apply similarly to 
0^ к sc of other type* of manometers and micromanometer».

The еччепсс of one potentially major source of error in Bourdon lube pressure measurement 
^  not been widely documented, and few manufacturers of Bourdon lubes make any utten** to 
Wam users of their products appropriately. This problem is concerned with the relationship 
between the fluid being measured and the fluid used for calibration. The pointers of Bourdon 
tubes are normally set at zero during manufacture, using air at the calibration medium. 
However, if a different fluid, especially a liquid, it subsequently used with a Bourdon tube, 
the fluid in the tube will cause a nonzero deflection according lo its weight compared with air. 
resulting in a reading error of up to 6% of full-scale deflection.

This can be avoided by calibrating the Bourdon tube with the fluid to be measured instead of 
with air. Ataematively, correction can be made according lo the calculated weight of the fluid «  
the tube. Unfortunately. difficulties arise with both of these solutions if air is trapped in the tube, 
u  this will prevent the tube being filled completely by the fluid. Then, the amount of fluid 
•dually ia the tube, and its weight, will be unknown. To avoid this problem, at lead one 
manufacturer now provides a bleed facility in the tube, allowing measurement uncertainties of 
less than 0.1% to be achieved.

When using a McLeod gauge, care must be taken to ensure that the measured gas does not 
contain any vapor. This would be condensed during the compression process, causing a 
measurement error. A further recommendation is insertion of a liquid-air cold trap between the 
gauge and the instrument being calibrated to prevent the passage of mercury vapor into the Ians.

15.16 Summary

We started the chapter off by looking at the formal definitions of the three ways in which 
pressure is quantified in terms of absolute, gauge, and differential pressure. We then went oa to 
look at the devices used for measuring pressure in three distinct ranges: normal, midrmge 
Pressures between 1.013 bar (the mean atmospheric pressure) and 7000 bar. low or vacuam 
Pressures below 1.013 bar, and high pressures above 7000 bar.

We saw that a large number of devices are ivailable (or measurements in the "м лп аГ range. 
Of d*se. sensors containing a diaphragm are used most commonly. We looked at the type of 
material used for the diaphragm in diaphragm-based sensors and also examined the different 
w ,y * ln which diaphragm movement can be measured. These different ways of measurmg 
diaphragm displacement give rise lo a number of different names for diaphragm based senvnrv 
*nch as capacitive and fiber-optic (optical) sensors.

Moving on. we examined various other devices used to measure midrange pressures. These 
P * * d * l bellows sensors. Bourdon tubes, several types of manometers, and resonant wire
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sensors. We also looked al the range of devices commonly called electroaic pressure gauges. 
Мшу of these are diaphragm-based sensor» thal use an electronic means of measuring 
diaphragm displacement, with names such as piezoresistive presture sensor, piezoelectric 
pressure sensor, magnetic pressure sensor, and potentiomctric pressure senior.

We then went on lo study the measurement of low pressures. To start wiih. we observed thai 
special forms of instruments used commonly to measure midrange pressures can measure 
pressures below atmospheric pressure instruments (Bourdon tube» down to 10 mbar. bellows, 
type instruments down to 0.1 mbar. manometers down to 0.1 mbar. and diaphragm-bated 
sensors down lo 0.001 mbar). A t well as these special versions of Bourdon tubes, several other 
instruments have been specially developed to measure in the low-pressure range. These include 
thermocouple and thermistor gauges (measure between I0 ” 4 and 1 mbar). the Pirani gauge 
(measures between 10" 5 and I mbar). the McLeod gauge (measures down to 10_l mbar or even 
lower pressures if it is used in conjunction with pressure-dividing techniques), and the 
ionization gauge (measures between 10"10 to 1 mbar).

When we looked al measurement of high pressures, we found that our choice of instrument was 
much more limited. A ll currently available instruments for this pressure range involve moni­
toring the change of resistance in a coil of wire made from special materials. The two most 
common devices of this type are Ihe manganin wire pressure sensor and goltf-chromium wire 
pressure sensor.

The following three sections were devoted to intelligent pressure-measuring devices, instruments 
measuring differential pressure, and some guidance about which type of device to use in partic­
ular circumstances.

Then our final subject of study in the chapter was the means of calibrating pressure-measuring 
devices. We looked at various instruments used for calibration, including tfie dead-weight 
gauge, special forms of the U-tube manometers, barometers, ihe vibrating cylinder gauge, 
gold-chrome alloy resistance instruments, the McLeod gauge. Ihe ionization gauge, and micro- 
manometers. We then considered how Ihe frequency of recalibration should be determined for 
various kinds of pressure-measuring devices. Finally, we looked in more detail al the appro­
priate practical procedures and precautions that should be taken for calibrating different types 
of instruments.

15.17 Problems

15.1. Explain the difference among absolute pressure, gauge pressure, and differential 
pressure. When pressure readings are being written down, what is the mechanism for 
defining whether the value is a gauge, absolute, or differential pressure'1

15.2. Give examples of situations where pressure measurements are normally given as (a) 
absolute pressure, (b) gauge pressure, and (c) differential pressure.
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jj.3. Summarize the main classes of devices used for measuring absolute pressure.
15 .4 . Summarize the main classes of devices used for measuring gauge pressure.
Ij.5. Summarize the main classes of devices used for measuring differential pressure.
15.6. Explain what a diaphragm pressure sensor is What are the different materials awd m 

construction of a diaphragm pressure sensor and what are their relative merits.’
15.7. Strain gauges are used commonly lo measure displacement in a diaphragm prrvsutr 

tensor. What иге the difficulties in bonding a standard strain gauge to the diaphragm 
and how we these difficulties usually solved?

|5.8. What are the advantages in using a monolithic piezoresistive displacement transducer 
with diaphragm pressure sensors?

15.9 What other types of devices apart from strain gauges are used to measure displacement 
in a diaphragm strain gauge? Summarize the main features of each of these alternative 
types of displacement sensors.

15.10. Discuss the mode of operation of fiber-optic pressure sensors. What are their principal 
advantages over other forms of pressure sensors?

15.11. What are bellows pressure sensors? How do they work? Describe some typical 
applications.

15.12. How does a Bourdon lube work? What are the three common shapes of Bourdon tubes 
and what is the typical measurement range of each type?

15.13. Describe the three types of manometers available. What is the typical measurmten 
range of each type?

15.14. What it a resonant wire pressure-measuring device and what is it typically used fcx?
15.15. What is an electronic pressure gauge'.’ Discuss the different types of electronic gauges 

that exist.
15.16. Discuss the range of instruments available for measuring very low pressures (pressures 

below atmospheric pressure).
15.17. How are high pressures (pressures above 7000 bar) normally measured?
15.18. What advantages do intelligent pressure transducers have over their nonintelligenl 

counterparts’
15.19. A differential pressure can he measured by subtracting Ihe readings from two separate 

pressure transducers. What is the problem wuh this? Suggest a better way of measuring 
differential pressures.

*5.20. How are pressure transducers calibrated? How is a suitable frequency of calibration 
determined?

•3.21. Which instruments are used as a reference standard in the calibration of press*rc 
tentors?
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16.1 Introduction

We now move on lo look al flow measurement in this chapter. Flow measurement is concerned 
with quantifying the rate of flow of materials. Such measurement is quite a common requirement 
in the process industries. The material measured may be in a solid liquid, or gaseous state. When 
the material is in a solid stale, flow can only be quantified as ihe mass flow me. this being the 
mass of material that flows in one unit of time. When Ihe material is in a liquid or gaseous state, 
flow can be quantified as either the mass flow rate or Ihe volume flow rale, wuh the latter being 
the volume of material that flow* in one unit of time. Of the two, a flow measurement in terms of 
mass flow rale is preferred if very accurate measurement is required. The greater accuracy of 
mass flow measurement arises from the fact that mass is invariant whereas volume i* a variable 
quantity.

A particular complication in die measurement of flow rate of liquids and gases flowing in 
pipes is the need lo consider whether the flow is laminar or turbulent. Laminar flow is 
characterized by a motion of the fluid being in a direction parallel to Ihe sides of the pipe, and 
it occurs in straight lengths of pipe when the fluid is flowing at a low velocity. However, it 
should be noled thal even laminar flow is not uniform across Ihe cross section of the pipe, with 
ihe velocity being greatest al the center of the pipe and decreasing to zero immediately 
next to the wall of the pipe. In contrast, turbulent flow involves a complex pattern of flow thal 
is not in a uniform direction. Turbulent flow occurs in nonslraighl sections of pipe and also 
occurs in straight sections when the fluid velocity exceeds a critical value. Because of the 
difficulty in measuring turbulent flow, the usual practice is lo restrict flow measurement 
lo places where the flow is laminar, or at least approximately laminar. This can be ach ieved  by 
measuring Ihe flow in ihe center of a long, straight length of pipe if the flow velocity is below  
the critical velocity for turbulent flow. In the case of high mean fluid velocity, il is often 
possible to find somewhere wiihin the flow path where a larger diameter pipe exists and 
therefore the flow velocity is lower.
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16 .2  M»ss Flow Rate

The method used to measure nuu flow rate is determined by whether the measured quantity is 
u  (  solid, liquid, or gaseous state, as different techniques are appropriate for each. The mam 
technique* available for measuring т а и  flow rate are summarized here.

16.2.1 C ***yo r-B*M d  Methods

Conveyor-based methods are appropriate for measuring the flow of solids in the form of 
powders or small granular particles. Such powders and particles are produced commonly by 
crushing or grinding procedures in process industries, and a conveyor ii a very suitable 
means of transporting materials in this form. Transporting materials on a conveyor allows the 
mass flow rate to be calculated in terms of the mass of material on a given length of conveyor 
multiplied by the speed of the conveyor. Figure 16.1 shows a typical measurement system. A 
load cell measures the mass. M. ot material distributed over a length. L . of the conveyor. If the 
conveyor velocity is v, the mass flow rate. Q. is given by

Q = M v/L

As an alternative to weighing flowing material, a nuclear mass-ftow sensor can be used, in 
which a y-ray source is directed at the material being transported along the conveyor. The 
material absorbs some radiation, and the amount of radiation received by a detector on the other 
side of the material indicates the amount of material on the conveyor. This technique has 
obvious safety concerns and is therefore subject to licensing and strict regulation.

16.2.2 Coriolit Flowmeter

A* well at sometimes being known by the alternative name of inertial flowmeter, the Conolk 
flowmeter is often referred to simply as a mass flowmeter because of Us dominance ш the 
mass flowmeter market. However, this assumption that a mass flowmeter always refers to a 
C o n o lis  meter is wrong, as several other types of devices are available lo measure mass flow, 
although it is true to say that they are much less common than Coriolis meters.

M M  
figure 1C.1

Conveyor-based masa-dow-rac* measurement.



Coriolis meter\ are used primarily to measure the mass flow rate of liquids, although they hayc 
also been used successfully in some gas-flow measurement applications. The flowmeter 
consists either of a pair of parallel vibrating tubes or as a single vibrating tube that ii formed lnlo 
a configuration that has two parallel sections. The two vibrating tubes (or the two parallel 
sections of a single tube) deflect according lo the mass flow rate of the measured fluid that is 
flowing inside. Tubes are made of various materials, of which stainless steel is the most 
common. They are also manufactured in different shapes, such as В shaped, D shaped. 11 
shaped, triangular shaped, helix stuped, and straight. These alternative shapes are sketched щ 
Figure 16.2a. and a U-shaped tube ii shown in more detail in Figure 16.2b. The tubes are 
anchored at two points. An electromechanical drive unit, positioned midway between the 
two anchors, excites vibrations in each tube at the tube resonant frequency. Vibrations in 
the two tubes, or the two parallel sections of a single tube, are 180 degrees out of phase.

В 0 U

Straight

(a)

<b)
Figure 16.2

(a ) Coriolis flowmeter shapes; (b ) detail o f U-shaped Coriolis flowmeter.
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т Л  'b »K *y motion of each tube causes forces on the panicles In Ihe flowing fluid. These 
“ft*  "  inj UPe m otion of ihe fluid particles in a direction that is orthogonal ю ihe direction iM 

which produces a Coriolis force. This Coriolis force causes a deflection of Ihe tubes lhal u 
w V ^ p osed on  top of the vibratory motioa The nel deflection of one lube relative lo ihe othet 

^ C v e n b y  d = kfR . where к it t constant, /is the frequency of Ihe lube vibration, and Я is the 
flow rate of the fluid inside the tube. This deflection is measured by a suitable *n«w

C o rio lis m eters give excellent accuracy, with measurement uncertainties of ± 0.2% being 
.^1 They also have low maintenance requirements. However, apart from being expensive 

jS p jc a l cod it $6000). they suffer from a number of operational problems. Failure may occnr 
,  period of use because of mechanical fatigue in the tubes. Tubes are also subject to both 

corrosion caused by chemical interaction with the measured fluid and abrasion caused by 
■articles within the fluid. Diversion of the flowing fluid around the flow meier causes il to suffer 
I  tignificani pressure drop, although this is much lest evident in straight tube designs.

16.2.3 Thermal Mass Flow Measurement

Thermal mass flowmeters are used primarily to measure the flow rate o f gases. The principle of 
operation it to direct the flow ing material past a heated element. The mass flow rale is inferred 
in one of two ways: (a) by measuring the temperature rise in the flowing material or (Ы  by 
measuring ihe heater power required to achieve a constant set temperature in the flowtag 
material In both cases, the specific heal and density of the flowing fluid must be known. 
Typical measurement uncertainty is ± 24. Standard instruments require Ihe measured gas to he 
clean and noncorrosive However, versions made from special alloys can cope with n w t 
aggressive gases. Tiny versions of thermal mass flowmeters have been developed that can 
measure very small flow rates in the range of nanoliten < Hi 4 liters) or microliten (10 * liters) 
per minute.

16.2.4 Joimt Measurement o f Volume Flow Rate and Fluid Density

Before the advent of the Coriolis meter, the usual way of measuring the mass flow rate w e  id  
compute this from separate, simultaneous measurements of the volume flow rate and the (laid 
P*Otity. In many circumstances, this it still the least expensive option, although measurement 
•ccuracy it substantially inferior lo that provided by a Coriolis meter.

16.3 Volume Flow Rate

Volume flow rate it in  appropriate way of quantifying the flow of aN materials thal are in a 
t**eous, liquid, or temiliquid slurry form (where solid particle» are suspended in a liquid ho*}, 
■bough measurement accuracy Is inferior lo  mass flow measurement as noted earlier. 
*^*®rials in these fonns are usually carried in pipes, and various instruments can be used id
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measure the volume flow rate as described later. As noted in the introduction, these all assume 
laminar flow. In addition, flowing liquids arc sometimes carried in an open channel. In which 
case the volume flow rate can be measured by an open channel flowmeter.

16.3.1 D ifferential Pressure (Obstruction-Type) Meters

Differential pressure meters involve the insertion of some device into a fluid-carrying pipe 
that causes an obstruction and creates a pressure difference on either side of the device. Such 
meters are sometimes known at obstmctioa-lype meters or flow restriction meters. Devices 
used to obstruct the flow include the orifice plate. Venturi tuhe.flo**■ nozzle, and D allflo * tube. 
as illustrated in Figure 16.3. When such a restriction is placed in a pipe, the velocity of the fluid 
through the restriction increases and the pressure decreases. The volume flow rate is then 
proportional to the square root of the pressure difference across the obstruction. The manner in 
which this pressure difference is measured is important. Measuring the two pressures with 
different instruments and calculating the difference between the two measurements is not 
satisfactory because of the large measurement error that can arise when the pressure difference 
is small, as explained in Chapter 3. Therefore, the normal procedure is to use a differential 
pressure transducer, which is commonly a diaphragm-type device.

The pilot static lube is another device that measures flow by creating a pressure difference 
within a fluid-carrying pipe. However, in this case, there is negligible obstruction of flow in the 
pipe. The pilot tube is a very thin tube that obstructs only a small part of the flowing fluid 
and thus measures flow at a single point across the cross section of the pipe. This measurement

m f l f

w (b)

- : : : : :

|
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figure 16.3
Obstruction devices: (a) orifice plate, (b) Venturi, (c) flow nojzle, and (d) Oall flow tube
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only equates to average now velocity in Ihe pipe for the cane of uniform flow. Tbe annnbar 
is a type of multiport pilot lube thal measures the average flow across the cross section of 
the pipe by forming the mean value of several local flow measurements across the cross ■cvuon 
of the pipe
A ll applications of this method of flow measurement assume laminar flow by ensuring that the 
flow conditions upstream of the obstruction device are in steady stale: a certain minimam 
length of straight run of pipe ahead of the flow measurement point is specified to achieve itirv 
The minimum lengths required for various pipe diameters are specified in standards tablet. 
However, a useful rule of thumb widely used in process industries is to specify a length of 
10 times the pipe diameter. If physical restrictions make this impossible lo achieve, special 
flow-smoothing vanes can be inserted immediately ahead of the measurement point.

Flow renriction-lype instruments are popular because they have no moving parti and are 
therefore robust, reliable, and eaiy to maintain. However, one significant disadvantage of this 
method is thal the obstruction causes a permanent loss of pressure in Ihe flowing fluid. The 
magnitude and hence importance of this loss depend on the type of obstruction element aaed. 
but where the pressure loss is large, it is sometimes necessary lo recover the lost pressure by an 
auxiliary pump further down die flow line. This class of device is not normally suitable for 
measuring the flow of slurries, as the tappings into the pipe lo measure the differential press** 
are prone 10 blockage, although the Venturi tube can be used to measure the flow of dilute 
•lurries.

Figure 16.4 illustrates approximately the way in which Ihe flow pattern is interrupted when a  
orifice plate is inserted into a pipe. Other obstruction devices also have a similar effect to this, 
although the magnitude of pressure Ion is smaller. Of particular interest is the fact that the 
minimum cross-sectional area of flow occurs not within die obstruction bul at a point down*re*m 
of there. Knowledge of the pattern of pressure variation along the pipe, as shown in Figure 16Л

j/ ^ / / / / / 7 ^ / / / ^  g z z z z z z z z z z z a

*1 p, 
figure 16.4

Profile of flow across orifice plate
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orifice plate

F ig u r*  16.S
Pattern of pressure variation either ude of orifice plate

is also of importance in using this technique of volume-flow-rale measurement. This shows thal 
the point of minimum pressure coincides with the point of minimum cross-section flow a little 
way downstream of the obstruction. Figure I6.S also shows that there is a small rise in 
pressure immediately before the obstruction. It is therefore important not only to position the 
instrument measuring P ; exactly al the point of minimum pressure, but also to measure the 
pressure P , at a point upstream of the point where the pressure starts to rise before the 
obstruction.

In the absence of any heat transfer mechanisms, and assuming frictionless flow of an 
incompressible fluid through the pipe, the theoretical volume flow rate of the fluid. Q. is 
given by

where <41 and P , are Ihe cross-sectional area and pressure of die fluid flow before the obstruction. 
A i and P 2 are the cross-sectional area and pressure of die fluid flow at the narrowest point of the 
flow beyond die obstruction, and p is the fluid density.

Equation (16.1) ii never entirely applicable in practice for two main reasons. First, the flow is 
always impeded by a friction force, which varies according lo the type of fluid and its velocity 
and is quantified by a constant known as the Reynold's number. Second, the ctoas-sectuMul
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^  „ f  the fluid flow ahead of the obstruction device it leu than the diameter of the pipe 
C0tym t ■nd ,he min'mum «oss-sectional area of the fluid after the obstruction is less thei 
the diameter of the obstruction. This latter problem means that neither Л, nor A2 can be 
measured accurately. Fortunately, provided the pipe is smooth and therefore the friction force is 
unall. these two problems can be accounted for adequately by applying a constant called the 
discharge coefficient. This modifies Equation (16.1) lo the following:

where A\ and А 'г are the actual pipe diameters before and at the obstruction and CD m the 
discharge coefficient that corrects for the friction force and the difference between the pipe and 
flow cfou-tection diameters.

Before Equation (16.2) can be evaluated, the discharge coefficient must be calculated. As this 
varies between each measurement situation, it would appear al find sight that the discharge 
coefficient must be determined by practical experimentation in every case. However, provided 
that certain conditions are met. standard tables can be used to obtain the value of the discharge 
coefficient appropriate to the pipe diameter and fluid involved.

One particular problem with all flow restriction devices is that the pressure drop, ( f i  -  P2i  varies 
as the square of the flow rate Q according to Equation ( 16.2). The difficulty of measunng tnu l 
pressure differences accurately has already been noted earlier. In consequence, the technique 
is only suitable for measuring flow rates that ue between 30 and 100% of the maximum flow гак 
that a given device can handle. This means that alternative flow measurement technique 
have to be used in applications where the flow rate can vary over a large range that can drop 
to below 30% of the maximum rue.

The orifice plate is a metal disc with a concentric hole in it. which is inserted into the pipe 
carrying the flowing fluid. Orifice plates are simple, inexpensive, and available in a wide 
range of sizes. In consequence, they account for almost 30% of the instruments used m 
industry for measuring volume flow rate. One limiution of the orifice plate is that «« 

►accuracy ii typically at least ±2% and may approach ±5%. Alio, the permanent pressure 
loss caused in the measured fluid flow is between 50 and 90% of the magnitude of to  
Pressure difference. Other problems with the orifice plate are a gradual change m
•he discharge coefficient over a period of time as the sharp edges of the hole wear away and a 
•endency for any particles in toe flowing fluid lo stick behind the hole, thereby reduaaf «a 
•hameter gradually as the particles build up. The latter problem can be minimized by using »  
orifice plate with an eccentric hole. If this hole is close to the boaom of the pipe, solids »  tor

Orifice plate
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flowing fluid lend to be swept through, and buildup of particles behind the plate i t  minimized 
A very similar problem wises if there we wty bubbles of vapor or gas in the flowing fluid 
when liquid flow is involved. These also lend lo build up behind an orifice plate and distort the 
pattern of flow. This difficulty can be avoided by moulting the orifice plate in a vertical run 
of pipe.

Vnturis and similar dtvicet

A number of obstruction devices are available thal are specially designed to minimize 
pressure loss in the measured fluid. These have various names such as Venturi, flow nozzle, and 
Dali flow lube. They are all much more expensive than an orifice plate but have better 
performance. The smooth internal shape means that they are not prone to solid particles or 
bubbles of gas sticking in the obstruction, as ii likely to happen in an orifice plate. The smooth 
shape also means that they suffer much less wear and, consequently, have a longer life than 
orifice plates. They also require less maintenance and give greater measurement accuracy

Venturi: The Venturi has a precision-engineered lube of a special shape. This offers 
measurement uncertainly of only ± 1%. However, die complex machining required to 
manufacture it means that it is the most expensive of all the obstruction devices discussed 
Permanent pressure loss in the measured system ii 10-13% of the pressure difference 
(/*i - P j) across it.
Dali flow lube: The Dali flow tube consists of two conical reducers inserted into a fluid- 
carrying pipe. It has a very similar internal shape to the Venturi, except that il lacks a throat 
This construction is much easier to manufacture, which gives the Dali flow tube an 
advantage in cost over the Venturi, although the typical measurement inaccuracy is a little 
higher (± 1.5%). Another advantage of the Dali flow tube is its shorter length, which makes 
the engineering task of inserting it into the flow line easier. The Dali tube has one further 
operational advantage in thal the permanent pressure loss imposed on the measured system 
is only about 5% of the measured pressure difference (P \ - P i).
Row nozzle: Thit nozzle is of simpler construction still and is therefore less expensive than 
either a Venturi or a Dali flow tube, but the pressure loss imposed on the flowing fluid is 
30-50% of the measured pressure difference (P t — /*2) across the nozzle.

Pilot static tube

The pilot sialic lube is used mainly for making temporary measurements of flow, although il is 
also used in some indances for permanent flow monitoring. Il measures the local velocity of 
flow w a particular point within a pipe rather than the average flow velocity as measured 
by other types of flowmeters. This may be very useful where there is a requirement to measure 
local flow rates across the cross section of a pipe in ihe case of nonuniform flow. Multiple pitot 
tubes are normally used to do this.
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Figur» 16.6
Pilot tub»

The instrument depends on the principle that a tube placed with ils open end in a stream 
of fluid, as shown in Figure 1ft.ft. w ill bring to rest that part of the fluid that impinges on 
it. and the loss of kinetic energy will be converted to a measurable increase in pressure 
inside the lube. This pressure (/*,). as well as the static pressure of ihe undisturbed free 
«ream of flow (/**), is measured. The flow velocity can then be calculated from the 
formula:

у = Сл/2*(/>, -Ft)-

The constant C. known as the pilot tube coefficient, is a factor that corrects for the fad thal not 
all fluid incident on the end of the tube will be brought to rest, a proportion will slip around л 

\ according lo the design of the tube Having calculaled v, the volume flow rate can then be 
calculated by multiplying v by the cross-sectional area of the flow pipe, A.

Pilot tubes have the advantage that they cause negligible pressure loss in Ihe flow. They are alsn 
I  Inexpensive, and the installation procedure consists of the very simple process of pushing 

them down a small hole drilled in the flow -carrying pipe. Their main tailing is that measiarmrni 
ft Inaccuracy is typically about ±5%, although more expensive versions can reduce inaccuracy 

down to ± 1%. The annuhar is a development of the pilot tube that has multiple sensing pore* 
distributed across the cross section of the pipe and thus provides an approximate measurement Ы 
•he mean flow rale across the pipe.

16.3.2 Variable A na Flowmeters (RoUmeUrs)

*n the variable area flowmeter (which la also sometimes known as a rotameter), the 
differential pressure across a variable aperture is used lo adjust Ihe area of Ihe aperture The 
■penure area is then a measure of Ihe flow rale. The instrument is reliable, inexpensive, and 
u*ed extensively throughout industry, accounting for about 204k of all flowmeters sold 
Normally, because this type of instrument only gives a visual indication of flow rate, ii is *f
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Figure 16.7 
Variable are* flowmeter.

no use in automatic control schemes. However, special versions of variable area flowmeters 
are now available that incorporate fiber optics. In these, a row of fibers detects the position of 
the float by sensing the reflection of light from it. and an electrical signal output can be 
derived from this.

In iu  simplest form, shown in Figure 16.7, the instrument consists of a tapered glass lube 
containing a float that takes up a stable position where its submerged weight is balanced by the 
up thrust due to the differential pressure across it. The position of the float is a measure of the 
effective annular area of the flow passage and hence of die flow rate. The inaccuracy of the leaM 
expensive instruments is typically ±5%, but more expensive versions offer measurement 
inaccuracies as low as ±0.5%.

16.3.3 Positive Displacement Flowmeters

Positive displacement flowmeters account for nearly 10% of the total number of flowmeter 
used in industry and are used in large numbers for metering domestic gas and water consumption 
The lea* expensive instruments have a typical inaccuracy of about ±2%. but the ln*ccerao 
in more expensive ones can be as low aa ±0.5%. These higher quality instruments are ased 
extensively within the oil industry, as such applications can justify the high cost of such 
instruments.



n o s iu ve  displacement meter* operate using mechanical divisions to displace discrete 
o|Unio of fluid successively. While this principle of operation is common, many different 

Г~ "Ггп:'..| arrangements exist for putting the principle into practice However, all versions of 
displacement meter, are low friction, low maintenance, and long life devices, although 

деу do impose a small permanent pressure loss on the flowing fluid. Low friction is especially 
important when measuring gas flows, and meters with special mechanical arrangements to 
„r ijfy  this requirement have been developed.

<jte rotary piston meter is a common type of positive displacement meter used particularly 
for the measurement of domestic water supplies. It consists, as shown in Figure 16.8. of a 
dotted cylindrical piston moving inside a cylindrical working chambcr that has an inlet port 

£ and an outlet port. The piston moves round the chamber such that its outer surface maintains 
contact with the inner surface of the chamber, and. as this happens, the piston slot slides up 
gnd down a fixed division plate in the chamber. At the start of each piston motion cycle, liquid 
it admitted to volume В from the inlet port. The fluid pressure causes the piston to start to 
rotate around the chamber, and. as this happens, liquid in volume С starts to flow out of the 
outlet port, and also liquid starts to flow from the inlet port into volume A. As the p*on 
rotates further, volume В becomcs shut off from the inlet port, while liquid continues lo he 
admitted into A and pushed out of C. When the piston reaches the end point of its motioa 
cycle, the outlet port is opened to volume B. and the liquid that has been transported round 
inside the piston is expelled. After this, the piston pivots about the contact point between the 
top of itt slot and the division plate, and volume A effectively becomes volume С read) lor

Rotary piston form of positive displacement flowmeter.
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the start of the next motion cycle. A peg on top of the piston causes a reciprocating motion of « 
lever attached to it. This it made to operate a counter, and the flow rate it therefore 
determined from the count in unit time multiplied by the quantity (fixed) of liquid transferred 
between inlet and outlet ports for each motion cycle.

The nutating disk meter it another form of positive displacement meter ill which the active 
element it a disc intide a precition-machined chamber. Liquid flowing into the chamber causes 
the ditc to nutate (wobble), and these nutations are translated into a rotary motion by a 
roller cam. Rotations are counted by a pulse transmitter that provides a measurement of the flow 
rate. This form of meier it noted for it* ruggedness and long life. It hat a typical meaturemcni 
accuracy of ±1.0». It i* used commonly for water tupply measurement.

The m al gear meter a yet another form of positive displacement meter that hat two oval­
shaped gear wheels. It it used particularly for measuring the flow rate of high vitcotity fluids It 
can also cope with measuring fluids that have variable vitcotity.

16.3.4 Turbine Meters

A turbine flowmeter consists of a multibiaded wheel mounted in a pipe along an axit parallel to 
the direction of fluid flow in the pipe, at thown in Figure 16.9. The flow of fluid past the 
wheel causes it to rotate at a rate proportional to the volume flow rate of the fluid. This rate of 
rotation hat traditionally been measured by constructing the flowmeter such that il behaves 
at a variable reluctance tachogenerator. This is achieved by fabricating the turbine blades 
from a ferromagnetic material and placing a permanent magnet and coil intide the meter 
houting. A voltage pulse it induced in the coil at each blade on the turbine wheel moves past it.

Turbine flowmeter.



if these pulses are measured by a pulse counter, the pulse frequency and hence now me can 
1̂ . deduced. In recent instruments, fiber optics are also now sometimes used to count the 
rotations by detecting reflections off the tip of the turbine blades.

provided that the turbine wheel is mounted in low-friction bearings, measurement inaccuracy 
c a n  be a* low as ±0.2%. However, turbine flowmelers are less rugged and reliable dun flow 
,c(triction-t>pe Instruments and are affected badly by any particulate matter in the flowing 
fluid. Bearing wear is a particular problem, which also imposes a permanent pressure loss on (hr 
m e a s u r e d  system. Turbine meters are particularly prone to large errors when there is any 
lignificant second phase in the fluid measured. For instance, using a turbine meter calibrated on 
pure liquid lo measure a liquid containing 5% air produces a 90% measurement error. As an 
important application of the turbine meter is in the petrochemical industries, where gnAiil 
m ixtures are common, special procedures are being developed to avoid such large measurement 
error.

Readers may find reference in manufacturers' catalogues to a Wolimann meter. This is a type of 
turbine meter that has helical blades and it used particularly for measuring high flow rates. It is 
also sometimes known as a helix meter.

Turbine meters have a similar cost and market share to positive displacement meters and 
compete for many applications, particularly in the oil industry. Turbine meters are smaller and 
lighter than the latter and are preferred for low-viscosily. high-flow measurements. However, 
positive displacement meters are superior in conditions of high viscosity and low flow me.

16.3.5 Electromagnetic Fiowmeten

gnetic flowmeters, sometimes known just as magnetic flmrmeters. arc limited lo 
measuring the volume flow rate of electrically conductive fluids. A typical measurement 
inaccuracy of around ± 1% is acceptable in many applications, but the instrument is expensive 
both in terms of the initial purchase cost and in running costs, mainly due lo its electricity 
—lampoon. A further reason for its high cost is the need for careful calibration of each 

Instrument individually during manufacture, as there is considerable variation In the properties 
of the magnetic materials used.

P ®  instrument, shown in Figure 16.10, consists of a aalnlrn ilrel cylindrical tube fitted wi#i an 
Insulating liner, which carries the measured fluid. Typical lining materials used are neoprene.

hylcne. and polyurethane. A magnetic field it created In the tube by placing 
gized field coils either side of il. and the voltage induced in the fluid is measared by 

,W|> electrodes inserted into opposite sides of the tube. The ends of these electrodei are inarfly 
®U|b with the inner surface of the cylinder. The electrodes are constructed from a material ihtf в  
•"•fleeted by most types of flowing fluids, such as stainless steel, platinum-iridium alloys.
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Figure 16.10
Electrom agnetic flowmeter.

Haste lloy, titanium, and tantalum. In the case of rarer metals in this list, die electrodes account for 
a significant part of the total instrument coat.

By Faraday's law of electromagnetic induction, the voltage. £, induced across a length. L. of the 
flowing fluid moving at velocity, v, in a magnetic field of flux density, B , ii given by

E  = BLv. (16.3)

where L  ii the distance between the electrodes, which is the diameter of the tube, and Я is a 
known constant. Hence, measurement of voltage £  induced across the electrodes allows 
flow velocity v lo be calculated from Equation (16.3). Having thus calculated v. Il it a simple 
matter lo multiply v by the cross-sectional area of the lube lo obtain a value for the volume 
flow rale. The typical voltage signal measured across ihe electrodes is I mV when the fluid 
flow rate is I m/s.

The internal diameter of electromagnetic flowmeters is normally the same as thal of the 
resl of the flow-carryiag pipe work in the system. Therefore, there is no obstruction lo fluid flow



. gotnequenlly no pressure loss is associated with measurement. Like other forms of 
|I|fir~  the electromagnetic type requires a minimum length of straight pipe work 

lanmediitfely prior to the point of flow measurement in order to guarantee the accuracy of 
>|Cftnfrmcni. although a length equal to five pipe diameters it usually sufficient.

While the flowing fluid must he electrically conductive, the method is of use in many

r eplications and is particularly uaeful for measuring the flow of slurries in which the liquid 
Gfljjleis electrically conductive. Corrosive fluids can be handled, providing a suitable lining 
material is used. Al the present time, electromagnetic flowmeter» account for about 15% of die

■ ■ew flowmeters sold and this total is slowly growing. One operational problem is thal the 
Insulating lining is subject lo damage when abrasive fluids are being handled, which can give 
the instrument a limited life.

|Sew developments in electromagnetic flowmeters are producing instruments that are physically 
«mailer than before. Also, by employing better coil designs, electricity consumption is reduced. 
This means that battery-powered versions are now available commercially. Also, whereas 

I  conventional electromagnetic fkwmelers require a minimum fluid conductivity of 10 (jmho/cm\ 
new versions can cope with fluid conductivities as low as I ртЬо^ш3.

16.3.6 Vertex-Shedding Flowmettrt

The vonex-shedding flowmeter ii used as an alternative lo traditional differential pressure 
meters in many applications. The operating principle of the instrument it based oa the 
natural phenomenon of vortex shedding, created by placing an unstreamlined obstacle 
(known at a bluff body) in a fluid-carrying pipe, as indicated in Kigure 16.11. When fluid 
flows past the obstacle, boundary layers of viscous, slow-moving fluid are formed along

BMtboey

116.11
Vortcx-ihaddmg flowmeter.
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(he outer surface. Becau>e the obstacle is not streamlined, the flow cannot follow the 
contours of the body on the downstream side, and the separate layers become detached and 
roll into eddies or vortices in the low-pressure region behind the obstacle. The shedding 
frequency of iheie alternately shed vortices if proportional to the fluid velocity past the 
body. Various thermal, magnetic, ultrasonic, and capacitive vortex detection techniques 
are employed in different instruments.

Such instruments have no moving parts, operate over a wide flow range, have low power 
consumption, require little maintenance, and have a similar cost lo measurement using an 
orifice plate. They can measure both liquid and gas flows, and a common inaccuracy value 
quoted is ± 1% of full-scale reading, although this can be seriously downgraded in the 
presence of flow disturbances upstream of the measurement point and a straight run of pipe 
before the measurement point of 50 pipe diameters is recommended. Another problem with the 
instrument is its susceptibility to pipe vibrations, although new designs are becoming available 
that have a better immunity to such vibrations.

16.3.7 Ultrasonic flowmeters

The ultrasonic technique of volume flow rate measurement if, like the magnetic flowmeter, a 
noninvasive method. It is not restricted lo conductive fluids, however, and is particularly useful for 
measuring tie flow of conosive fluids and slurries. In addition lo ils high reliability and low 
maintenance requirements, a further advantage of an ultrasonic flowmeter over an electromagnet к  
flowmeter is that the instrument can be clamped extemaly onto existing pipe worit instead of being 
inserted as an integral put of the flow line. At the procedure of breaking into a pipeline to insen a 
flowmeter can be as eipensive at the cod of the flowmeter ittelf. the ultrasonic flowmeter has 
enormous cost advantages. Its clamp-on mode of operation alio has significant safety advantages 
in avoiding the possibility of personnel installing flowmeters coming into contact with hazardous 
fluids, such as poisonous, radioactive, flammable, or explosive ones. Alto, any contamination of 
the fluid being measured (e.g.. food substances and drugs) is avoided. Ultrasonic meters are still 
less common than differential pressure or electromagnetic flowmeters, although usage continues ю  
expand year by year.

Two different types of ultrasonic flowmeter exist that employ distinct technologies—one based oo 
Doppler shift and the odier on transit lime. In the past, the existence of these alternative technologies 
has not always been readily understood and has resulted in ultrasonic technology being rejected 
entirely when one of these two forms hat been found lo be unsatisfactory in a particular application 
This is unfortunate because the two technologies have distinct characteristics and anas o f 
application, wd many titualionaexM where one form it very suitable and the caher it not. To reject 
both, having only tried out one. is therefore a serious mistake. Ultraionic flowmeters have become 
available that combine both Doppler shift and transit tune technologies.



Flow М м м п т щ  443

1 _ ^ си|.г care ha* lo be taken to ensure а ЯаЫе How profile in ultrasonic flowmeter application».
to increase the normal specification of the minimum length of straight pipe run pnor to 

фе p o i n t  o f  measurement, expressed at a number of pipe diameters, from a value of 10 up to 20 cr. 
^  some cates- even 50 diameters. Analysis of the reasons for poor performance in many 
^„ыпее* of ultrasonic flowmeter application has shown failure lo meet this stable flow pmfile 
requirem ent to be a significant factor.

pgppler shift uhntumx flowmeter

The principle of operation of ihe Doppler shift flowmeter it shown in Figure 16.12. A 
fundam ental requirement of these instruments it the presence of scattering elements within 
UK flowing fluid, which deflect the ultraionic energy output from the transmitter such 
that it enters the receiver. These can be provided by tolid particles, gas bubbles, or eddies 
in the flowing fluid. The scattering elements cause a frequency shift between transmitted and 
reflected ultrasonic energy, and measurement of this shift enables fluid velocity to he inferred.

The instrument consists essentially of an ultrasonic trantmitter-receiver pair clamped onto ihr 
outside wall of a fluid-carrying vessel. Ultrasonic energy consists of a tram of short bursts of 
rinusoidal waveforms at a frequency between 0.5 and 20 MHz. This frequency range is described 
ai ultrasonic because it is outside the range of human hearing. The flow velocity. v, is given by

INraaonic tou t*

UHrasonc dtl+ctPf
Fijur* 16.12

Doppler shift ultrasonic flowmeter.
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where/, and/, are the frequencies of the transmitted and received ultrasonic waves, respective^ 
с ii the velocity of soand in the fluid being measured, and в ii the angle that the incident anil 
reflected energy wave* make with the axil of flow in the pipe. Volume flow rale is then ca lcu la ted  
readily by multiplyinf the (matured flow velocity by the cross-sectional area of the fluid- 
canying pipe.

The electronics involved in Doppler shift flowmeters i* relatively simple and therefore 
inexpensive. Ultrasonic transmitter* and receivers are also relatively inexpensive, being bated on 
piezoelectric oscillator technology. Therefore, as all of its components are inexpensive, the 
Doppler shift flowmeter itself is inexpensive. The measurement accuracy obtained depends (>n 
many factors, such as the flow profile: the constancy of pipe wall thickness; the number, sue. and 
spatial distribution of scatterers; and the accuracy with which the speed of sound in the fluid is 
known. Consequently, accurate measurement can only be achieved by the tedious procedure of 
carefully calibrating (be instrument in each particular flow measurement application. Otherwise, 
measurement errors can approach ± 10% of the reading: for this reason. Doppler shift flowmeters 
are often used merely as flow indicators rather than for accurate quantification of (he volume flow 
rate.

Versions are now available that are being fitied inside the flow pipe, flush with its inner surface. 
This overcomes the problem of variable pipe thickness, and an inaccuracy level as small as 
±0.5% is claimed for such devices. Other recent developments are the use of multiple path 
ultrasonic flowmeters that use an array of ultrasonic elements to obtain an average velocity 
measurement. This reduces error due to non uniform flow profiles substantially but there is a 
substantial cost penally involved in such devices.

Transit time ultrasonic flowmeter

A transit time ultrasonic flowmeter is an instrument designed for measuring the volume flow 
rale in clean liquids or gases. It consists of a pair of ultrasonic transducers mounted along an 
axis aligned at angle в with respect to the fluid flow axis, as shown in Figure 16.13.

Bach transducer consists of a transmitter-receiver pair, with the transminer emitting ultrasonu 
energy that travels across to the receiver on the opposite side of the pipe. These ultrasonic 
elements aie normally piezoelectric oscillators of the same type uied in Doppler shift flow m eter' 
Fluid flowing in the pipe causes a time difference between the traasit limes of beams traveling 
upstream and downstream, and measurement of this difference allows the flow velocity to be 
calculated. The typical magnitude of this time difference is 100 its in a total transit time of 100 и», 
and high-precision electronics are therefore needed to measure the difference. There ate three 
distinct ways of measaring the time shift. These are direct measurement, conversion lo a pha*
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Transit time ultrasonic flowmeter.

change, and conversion to a frequency change. The thud of these options is particularly attractive, 
ai il obviates the need to measure the speed of sound in the measured fluid as required by the fire 
two methods Л scheme applying this third option is shown in Figure 16.14. This also mulupieiet 
the transmitting and receiving functions so that only one ultrasonic element is needed in each 
transducer The forward and backward transit times across the pipe, T, and Ты are given by

R g u r. 16.14
Transit time measurement system.
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'  С + VCOf{0) ’ * C-VCO»(0)'

where с it Ihe velocity of sound in the fluid, v it the flow velocity. L it Ihe distance between ihe 
ultrasonic transmitter and receiver, and 0 is the angle of the ultrasonic beam with respect to the 
fluid flow axis.

The time difference. ST. is given by

a t  -  г  т ж  2у* - °°» (е > '
6 T ~ T* T'  c J- v »  cot*(0).

This requires knowledge of с before il can be solved. However, a solution can be found much 
more simply if the receipt of a pulse is used to trigger transmission of the next ultrasonic energy 
pulse. Then, the frequencies of the forward and backward pulse trains are given by

I c-vco *(0 ) „  1 c + v cot(0)
7/------1---- 5 Fh =  Tb ------1----

If the two frequency signals are now multiplied together, the resulting beat frequency 
is given by

« (8 )

e has now been eliminated, and v can be ctlculated from a measurement of &F at

Ш
2 cos(0)'

Thit is often known as the sing-around flo*m eter.

Transit lime flowmeters are of more general use than Doppler shift flowmeters, particularly 
where the pipe diameter involved is large and hence the transit time is consetpiently tufficiently 
large to be measured with reasonable accuracy. It is possible then to reduce the inaccuracy value 
down to ±0.5%. However, the instrument coats more than a Doppler shift flowmeter because of 
the greater complexity of the electronics needed to make accurate transit time m e a s u re m e n t'

Combined Doppler shift/tramit time flowmeters

Recently, tome manufacturers have developed ultrasonic flowmeters that use a combination "• 
Doppler shift and trarnit time. The exact mechanism by which these wort it rarely. If ever 
disclosed, as manufacturers wish to protect details from competitors. However, details of varn>u> 
fomu of combined Doppler shift/transit time measurement techniques are filed in patent oil ice»
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16.3.8 Other Types o f Flowmeters for Measuring Volume Flow Rat*

Gete-tyf*'
Д gale n * «  con*i*ls of a spring-loaded, hinged flap mounted al right angles to the direction of 
nuld now in the fluid-carrying pipe. The flap is connected to a pointer outside the pipe The fluid 
(jow deflects the flap and pointer, and the flow rate is indicated by a graduated scale behind 
цк pointer. The major difficulty with such devices is in preventing leaks at the hinge point.
A variation on this principle is the air vane meter, which measures deflection of the flap by a 
potentiometer inside the pipe. This is used to measure airflow within automotive fuel-injectкп 
tystems. Another similar device is the large! meter. This consists of a circular, disc-shaped flap in 
the pipe. Fluid flow rale is inferred from the force excited on the disc measured by strain gauges 
bonded lo il. This meter is very useful for measuring the flow of dilute slurries but docs not fiad 
wide application elsewhere as il has a relatively high cost. Measurement uncertainly in all of these 
t y p e s  of meters varies between I and 5% according to the cost and design of each instrument.

JH  meter

These come in two forms— a single jel meter and a multiple jet meter. In the first, flow is 
diverted into a single jet. which impinges on the radial vanes of an impeller. The multiple jel 
form diverts the flow into multiple jets arranged al equal angles around an impeller mounted on 
a bori/ontal axis.

A paddle wheel meter is a variation of the single jet meter in which the impeller only projects 
illy into the flowing fluid.

Peheemheel flowmeter

ТЫ* uses a similar mechanical arrangement to the old-fashioned water wheels used for 
Power generation al the time of the industrial revolution. Flowing fluid is directed onto the 
Wde* of the flowmeter wheel by a jet. andjfc^kyiir rate-я determined from the rate of rotation 

wheel This type of.'^.iU-ierTs used lo measure the flow rate of a diverse range of 
■•jnals, including acids, aggressive chemicals, and hot fats at both low and high flow rales 
ЧРИЫ versions can measure very small flow rales down to 3 ml/min.

Laur °°р р 1ег flowmeter

•fcfcmrumeni gives direct measurements of flow velocity for liquids containing suspended 
lowing in a pipe. Light from a laser is focused by an optical system lo a point in the 

fiber-optic cables being used commonly to transmit the light. The movement of 
ц ,,,0 * ctu'e* a Doppler shift of the scattered light and produces a signal in a photodclectur 
Iqj п ,Ге1**е‘* «о the fluid velocity. A very wide range of flow velocities between 10 ц т/s and 

ctn be measured by this technique.



Because sufficient particles for satisfactory operation are normally present naturally in 
most liquid and gaseous fluids, the introduction of artificial particles is nuely needed. The 
technique is advantageous in measuring flow velocity directly rather than inferring il from a 
pressure difference. It also causes no interruption in the flow and. as the instrument can he 
made very small, it can measure velocity in confined areas. One limitation is that it measure ч 
local flow velocity in the vicinity of the focal point of the light beam, whicti can lead to large 
errors in the estimation of mean volume flow rate if the flow profile is not uniform. However, 
this limitation can be used constructively in applications of (he instrument where the flow 
profile across the croas section of a pipe il determined by measuring the velocity at a 
succession of points.

The final comment on this instrument has to be thal although il could potentially be used 
in many applications, it has competition from many other types of instruments thal offer 
similar performance al lower cost. Its main application at the present time is in measuring blood 
flow in medical applications.

Thermal anemometers

Thermal anemometry was first used in a hot-wire anemometer to measure Ihe volume 
flow rale of gases flowing ia pipes. A hot-wire anemometer consists of a piece of thin 
(typical diameter S |un). electrically heated wire (usually tungsten, platinum of a 
platinum-iridium alloy) inserted into Ihe gas flow. The flowing gas has a cooling effect on 
the wire, which reduces ils resistance. Measurement of the resistance change (usually by a 
bridge circuit) allows the volume flow rale of the gas to be calculated. Unfortunately. the 
device is not robust because of the very small diameter of the wire used in ils construction 
However, il has a very fast speed of response, which makes il ал ideal measurement device 
in conditions where the flow velocity it changing. Il is also insensitive lo ihe direction of 
gas flow, making il a very useful measuring device in conditions of turbulent flow. 
Recently, more robust devices have been made by using a thin metal film instead of a wire. 
In this form, the device is known as a hot-ftlm anemometer. Typically, the film is platinum 
and is deposited on a quartz probe of a typical diameter of 0.03 mm. The increased 
robustness means lhal the hot-fllm anemometer is also used to measure Ihe flow rate of 
liquids such as water.

Coriolis meter

While ihe Coriolit meter is intended primarily lo be a mass flow-measuring instrumenl. it can 
also be used lo measure volume flow rale when high measurement accuracy is required 
However, ils high con means dial alternative instruments are normally used for m easuring 
volume flow rale.
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Л я е п  channel flowmeters measure the flow of liquids in open channels and are particular!) 
Levan t to measuring the flow of water in rivers as part of environmental management 

fcmcs The normal procedure is lo build a weir or flume of constant width across the flow and 
m easure the velocity of flow and the height of liquid immediately before the weir or flume 
with an ultrasonic or radar level sensor, as shown in Figure 16.15. The volume flow rale can 
then be calculated from this measured height.

As an alternative to building a weir or Пите, electromagnetic flowmeters up to 180 mm wide nc 
availab le that can he placed across the channel to measure the flow velocity, providing the 
flowing liquid is conductive. If the channel is wider than 180 mm. two or more electromagnetic 
meters can be placed side by side. Apart from measuring the flow velocity in this way, the height 
o f the flowing liquid must also be measured, and the width of the channel must also be Itnown in 
otder Ю calculate the volume flow rale.

As a third alternative, ultrasonic flowmeters are also used to measure flow velocity in 
conjunction with • device to measure the liquid depth.

16.4 Intelligent Flowmeters

A ll the uaual benefit» associated with intelligent instmmeatu are applicable to most types of 
flowmeters. Indeed, all types of mass flowmeters routinely have Intelligence as ao integral part 
of the instrument For volume flow rate measurement, intelligent differential pressurt- 
•easuring instrument' can be used to good effect in conjunction with obstruction-type flow

Wear of fixed height 
and width

Fljur» 16.15
Op«n channel flowmeter
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transducers. One immediate benefit of this in the case of the commonest flow restriction devICc 
the orifice plate, is to extend the lowest flow measurable with acceptable accuracy down to 2(k j 
of the maximum flow value. In positive displacement meters, intelligence allows compensai,,,, 
for thermal expnnsioa of meter components and temperature-induced viscosity changes 
Correction for variations in flow pressure is also provided for. Intelligent electromagnetic 
flowmeters are also available, and these have a self-diagnosis and self-adjustment capability 
The usable instrument range is typically from 3 to 100% of the full-scale reading, and the 
quoted maximum inaccuracy is ±0.3%. It is also normal to include a nonvolatile memory (0 
protect constants used for correcting for modifying inputs and so on against power supply 
failures. Intelligent turbine meters are able to detect their own bearing wear and alio report 
deviations from initial calibration due to blade damage, etc. Some versions also have a 
self-adjustment capability.

The ability to carry out digital signal processing has also led to emergence of the crots-conelaii,«  
ultrasonic flowmeter. This is a variant of the transit time form of ultrasonic flowmeter in which 
a series of ulireaonic signals are injected Into the flowing liquid. The ultrasonic receiver stores the 
echo pattern from each input signal and then cross-correlation techniques are used to produce a map 
of the profile of to  water flow in different layers. Thus, the imminent provides infoimation on the 
profile of the flow rate across the cross section of the pipe rather than just giving a measurement of 
the mean flow rate in the pipe.

The trend is now moving toward total flow computers, whichcan process inputs from almost any 
type of transducer. Such devices allow user input of parameters such as specific gravity, fluid 
density, viscosity, pipe diameters, thermal expansion coefficients, and discharge coefficient' 
Auxiliary inputs from temperature transducers are also catered for. After processing raw flow 
transducer output with this additional data, flow computers are able to produce m easurem ents of 
flow to a very high degree of accuracy.

16.5 Choice between Flowmeters for Particular Applications

The number of releveit factors to be considered when specifying a flowmeter for a particul.it 
application is veiy large. These include tbe temperature and presture of the fluid, il* density, 
viscosity, chemical propenies and abrasiveness, whether it contains panicles, whether it is a 
liquid or gas. etc. This narrows the field to a subset of instruments that are physically capable of 
making the measurement. Next, the required performance factors of accuracy. rangeabiht> 
acceptable pressure drop, output signal characteristics, reU4>ility. and service Ufe must be 
considered. Accuracy requirements vary widely across different applications, with m e a s u re m e n t  

uncertainty of ±3% being acceptable in some and less than ±0.3% being demanded in others 
Finally, economic viability must be assessed which must lake into account not only tbe purchase 
coat, but also reliability, installation difficulties, maintenance requirements, and aervice life.



only a visual indication of flow rale is needed, the variable area meter is popular. Whew 
flow measurement in the form of an electrical signal is required, the choice of available 

I  -яц js very large. The orifice plate is used extremely commonly for such purposes and 
s for almost 50% of instrument* cutrently in use in industry. Other forms of differential

__wurT meters and electromagnetic flowmeters are used in significant numbers. Currently, there
uptrend away from rotating devices, such as turbine meters and positive displacement meters. 
Д1 the same time, usage of ultrasonic and vortex meters is expanding.

16.6 Calibration of Flowmeter*

The first consideration in choosing a suitable way to calibrate flow-measuring instruments ia 
«establish exactly what accuracy level is needed so that the calibration system instituted does not 
cost more than neoetssry. In some cases, such as handling voluaMe fluids or where there are legal 
requirement' as In petrol pumps, high accuracy levels (e.g.. error <0.1%) are necessary and the 
expensive procedures necessary to achieve these levels are justified. However, in other situauens. 
such at in measuring additives to the main stream in a process plant, only low levels of accuracy 
не needed (e.g.. error = 5% it acceptable) and relatively inexpensive calibration procedures are 
wfficienl

The accuracy of flow measurement is affected greatly by the flow conditions and characteristics 
of the flowing fluid. Therefore, wherever possible, process flow-measuring instruments are 
calibrated on-tite in their normal measuring position. This ensures that calibration is performed 
in the actual flow conditions, which are difficult or impossible to reproduce exactly in a 
kboraiorv To ensure the validity of tuch calibration, il It alto normal practice to repeal flow 
calibration checks until the same reading Is obtained in two consecutive tests. However, it 
has been suggested that even these precautions are inadequate and thal statistical procedures are 
■eeded

If oo-site calibration is not feasible or it not accurate enough, the only alternative is lo send the 
fastrument away forctlibration using special equipment provided b> inonunent manufacturers«  
“•ber specialist calibration companies. However, this is usually an expensive option burthen r* re. 
f c  calibration facility does not replicate ihe normal operating conditions of the meter tested, and 
■PPropnate compensation for difference! between calibration conditions and normal use 
•ooditicns must be applied.

P^ e  equipment and procedures uted for calibration depend on whether mass, liquid, or 
•**e°us flows are being measured. Therefore, separate section» are devoted to each of these 
С4ьен •• mutt alto be stressed that all calibration procedures mentioned in the following 
£*j*Braphs in retpect to fluid flow only referto flow sof single phase fluids (i.e.. liquids or gases). 
F * R  a second or third phase is present, calibration is much more difficult and specialist advice 
• °u ld  be sought from the manufacturer of the instrument used for measurement.
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16.6.1 Calibration Equipment and Prtxedum for М ои Flew-Moasurinf Instrument .

Where (he conveyor me (hod it used for measuring (he matt flow of solids in (he form of 
panicles or powders, both mass-measuring and velocity-measuring instruments are involved 
Suitable calibration techniques for each of these are discussed in later chapters.

In the case of Coriolisand thermal mass flowmeters, the usual method of calibrating these while 
in situ in their normal measurement position is to provide a diversion valve after the meter 
During calibration procedures, the valve is opened for a measured time period to allow ю те u| 
the fluid to flow into a container that is subsequently weighed. Alternatively, the meter can be 
removed for calibration using special (ей rigs normally provided by the instrument 
manufacturer.

16.6.2 Calibration Equipment and Procedures for Instruments Measuring 
Volume Flaw Rate o f Liquids

Calibrated tank

Probably the simplest piece of equipment available for calibrating instruments measuring liquid 
flow rales is the calibrated tank. This consists of a cylindrical vea*l. as shown in Figure 16 I ь, 
with conical ends that facilitate draining and cleaning of the lank. A sight rube with a graduated 
scale is placed alongside the final, upper, cylindrical pan of the task, which allows the volume 
of liquid in (he tank to be measured accurately. Flow rate calibration is performed by measuring the 
time taken, starting from an empty tank, for a given volume of liquid to flow into the vessel

Because the calibration procedure starts and ends in zero flow conditions, it is not suitable for 
calibrating instruments affected by flow acceleration and deceleration characteristics. This 
therefore excludes instruments such as differential pressure meters (orifice plate, flow nozzle. 
Venturi. Dali flow tube, pilot (ube). turbine flowmeters, and vortex-shedding flowmeters 
The technique is further limited to the calibration of low-viicoaity liquid flows, although lining 
the lank with an epoxy coating can allow the system to cope with somewhat higher viscosities 
The limiting factor in this case is the drainage characteristics of the tank, which must be 
such that the residue liquid left after draining has an insufficient volume to affect the accurai > 
of the next calibration.

Pipe prorer

The commonest form of pipe prover is the bidirectional type, shown in Figure 16.17, which 
consists of a U-shaped tube of metal of accurately known cross section. The purpose of the 
U bend is to give a la»g flow path within a compact spatial volume. Alternative versions with 
more than one ll bend also exist to cater for situations where an even longer flow path is 
required. Inside the tube is a hollow, inflatable sphere, which is filled with water until it* 
diameter is aboai Vk larger than that of the tube. As such, the sphere forms a seal with (he sides
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of the tube and acts as a piston. The prover is connected into the existing fluid-carrying 
pipe network via tappings either side of • bypass valve. A four-way valve at the start of u* 
U tube allows fluid to be directed in eilher direction around it. Calibration is performed 
diverting flow into Ihe prover and measuring the time taken for the sphere to travel between u „  
detectors in the tube. The detectors are normally of an electromechanical, plunger type

Unidirectional versions of the aforementioned also exist in which fluid only flows in one 
direction around the tube. A special handling valve has to be provided to return the sphere to the 
starting point after each calibration, bul the absence of a four-way flow control valve makes 
such devices significantly less expensive than bidirectional types.

Pipe proven are particularly suited to the calibration of pressure-measuring instruments 
that have a pulse type of output, such as turbine meters. In such cases, the detector switches in 
the tube can be made to gate the instrument's output pulse counter. This enables not only ihe 
basic instrument to be calibrated, but also the ancillary electronics within it at the same lime 
The inaccuracy level of such proven can be as low as ± (M %. This level of accuracy is 
maintained for high fluid viscosity levels and also at very high flow rates. Even higher accuracy 
is provided by an alternative form of prover. which consists o f a long, straight metal tube 
containing a metal piston. However, such devices are more expensive than the other types 
discussed earlier and their large space reqvirements also often cause great difficulties

Compact provtr

The compact prover has an identical operating principle to that of the other pipe ptnvers 
described earlier but occupies a much smaller spatial volume. It is therefore used extensively in 
situations where there is insufficient room to use a larger prover. Many different designs of 
compact prover exist, operating in both unidirectional and bidirectional modes, and one such 
design is shown ia Figure 16.18. Common features of compact proven are an accurately
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jped cylinder containing a metal piston that is driven between two reference marks 
^  (lowing fluid. The instants at which the reference marks are passed are delected by 

i t c h e s ,  of optical form in the case of the version shown in Figure 16.18. Provision has lobe 
made within these instruments for returning the piston back to the starting point after each 
calibration and a hyAaulic system is used commonly for this. Again, measuring the pistoa 
tmverse time is made easier if the switches can be made to gate a pulse train, and therefore 
-ompact ptovers are also most suited lo instruments having a pulse-type output such as turbine 
meters. Measurement uncertainty levels down to ±0.1% are possible.

The main technical difficulty in compact provers is measuring the traverse time, which can be 
as small as 1 second. The pulse count from a turbine meter in this time would typically be 
only about 100. making the possible measurement error 1%. To overcome this problem, 
electronic pulse interpolation techniques have been developed that can count fractions of 
pulses.

Poutivt JhpbKtmtnt meter

j’High-qualii) versions of the positive displacement flowmeter can be used as a reference 
standard in flowmeter calibration. The general principles of these were explained in 
Section 16.3.3. Such devices can give measurement inaccuracy levels down to ±0.2%.

Grevimetnc method

A variation on the principle of measuring the volume of liquid flowing in a given lime is to weigh 
the quantity of fluid flowing in a given time. Арал from its applicability to a wider range of 
instruments, this technique is not limited lo low-viscosity fluids, as any residual fluid in the tank 
before calibration will be detected by the load cells and therefore compensated for. In the 
simplest implementation of this system, fluid is allowed to flow for a measured length of time 
into a tank resting on load cells. As before, the siop-stan mode of fluid flow makes this method 
unsuitable for calibrating differential pressare, turbine, and vortex-shedding flowmeters. It is 
•Iso unsuitable for measuring high flow rates because of the difficulty in bringing the fluidto rest 
These restrictions can be overcome by directing the flowir^ fluid into the tank via diverter 
♦alves. In this alternative, it is important ttitt the timing system be synchronized carefully with 
°peration of the diveiter valves.

У  versions of gravimetric calibration equipment are less robust than volumetric type*, and so 
«-site use is not recommended.

plat»

Щ У '04' line equipped with a certified orifice plate is sometimes used as a reference standard ai 
“ O'* calibration, especially for high flow rates through large-bore pipes. While measurement 

*У is of the order of ± 1% at best, this is adequate for calibrating many flow-measuring 
nts.
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Turbin* meter

Turbine meters are also used as a reference standard for testing flowmeters. Their main 
application, as for orifice plates, is in calibrating high flow m et through large-bare pipes. 
Measurement uncertainty down to ±0.2% is attainable.

16.6.3 Calibration Equipment and Procedures for Instruments Measuring 
Volume Flow Rate o f Cates

Calibration of gaseous flows poses considerable difficulties compared with calibrating liquid 
flows. These problems include the lower density of gases, their compressibility, and difficulty 
in establishing a suitable liquid/air interface as utilized in many liquid flow me*sutcment 
systems.

In consequence, the main methods of calibrating gaseous flows, as described later, are small in 
number. Certain other specialized techniques, including the gravimetric method and the 
pressure - volume-temperature method, aie also available. These provide primary reference 
standards for gaseous flow calibration with measurement uncertainty down to ±0.3%. 
However, the expense of the equipment involved is such that it is usually only available in 
National Standards Laboratories.

Bell firmer

A bell prover consists of a hollow, inverted, metal cylinder suspended over a bath containing light 
oil. as shown In Figure 16.14. The air volume in the cylinder above the oil is connected, via a 
tube and a valve, lo the flowmeter being calibrated. An air flow through the meter it created by 
allowing the cylinder to fall downward into the bath, thus displacing the air contained within it. 
The flow rate, which is measured by timing the rate of fall of the cylinder, can be adjusted by 
changing the value of counterweights attached via a low-friction pulley system to the cylinder 
This is essentially laboratory-only equipment and therefore on-site calibration is not possible

Positive displacement meter

As for liquid flow calibration, positive displacement flowmeters can be used for the ca lib ra t io n  

of gaseous flows with inaccuracy levels down to ±0.2%.

Compact prover

Compact provers of the type used for calibrating liquid flows are unsuitable for applicant to 
gaseous flows. However, special designs of compact proven are being developed for gaseous 
flows, and hence such devices may find application in gaseous flow calibration in toe future
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Figure 16.19
Bell prover.

16.6.4 R eferw ntt Standards

ibiliiy of flow rale calibration to fundamental standards it provided for by reference 
primary standards of the separate quantities that the flow m e it calculated from. Mass

nts are calibrated by comparison with a copy of Ihe international standard kilogram 
Chapter lit), and time in calibrated by reference to a caesium resonator standard. Volume 

lUi are calibrated against standard reference volume» that are themselves calibrated 
ally uting a mass measurement system traceable lo the standard kilogram.

16-7 Summary

Maned this chapter off by observing that flow rate could be measured either as mass flow 
•We or volume flow rate We also observed that the material being measured could be m sobd. 
“ 4“ id, or gaseous form In the case of solids, we quickly lound that this could only he measured 

■ *  terms of the mass flow rate. However, in the case of liquids and gases, we found that we hast
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ihe option o f measuring either mat* flow rate or volume fV)w rate. O f these two alternative, 
we observed that mass flow measurement wa» the more accurate.

Before proceeding to look at flow measurement in detail, we had a brief look at the differences 
between laminar flow and turbulent flow. This taught us that the flow rate waa difficult to 
measure in turbulent flow conditions and even in laminar flow at high velocities. Therefore, as 
far as possible, the measurement was made at a point in the flow where the flow was at leasi 
approximately laminar and the flow velocity was as small as possible.

This allowed us to look at flow-measunag instruments in mote detail. We started with 
mass flow and observed that this could he measured in one o f three ways— conveyог-ЬачЫ 
methods. Coriotis flowmeter, and thermal mass flowmeter. We examined the mode of 
operation o f each o f these and made some comments about their applicability.

Moving or. we then started to look at volume flow rate measurement and worked progress» cly 
through a large number o f different instruments that can be used. First, we looked at obstruct ion 
devices. These are placed ia a fluid-carrying pipe and cause a pressure difference across the 
obstruction that is a function o f the flow rate o f the fluid. Vahous obstruction devices were 
discussed, from the commonly used inexpensive bul less accurate orifice plate to more 
expensive but more accurate devicea such aa the Venturi tube, flow nozzle, and Dali flow tube

After looking at flow obstruction devicea. we looked at a number of other instruments for 
measuring voliune flow rale o f fluids flowing in pipes, inchidiag the variable area flowmeter 
positive displacement flowmeter, turbine flowmeter, electromagnetic flowmeter, vortex- 
shedding flowmeter, and. finally, ultrasonic flowmeters in both transit time and Doppler shift I 
forms. We also looked briefly at several other devices, including gate-type meters, laser 
Doppler flowmeter, and thermal anemometer. Finally, we also had a brief look at measuring I  
flu id flow in open channels and observed three ways o f doing this.

We rounded o ff our discussion o f flow measurement by looking at intelligent device». We 
observed thal these bring the usual benefits associated with intelligent instruments, including j 
improved measurement accuracy and exleaded measurement raage. with facilities for self- j 
diagnosis and self-adjustment also being common. This led oo № some discussion about the 
most appropriate instrument to use in  particular flow measurement situations and application» 
out o f all Ihe instruments covered in the chapter.

We then concluded the chapter by conaidoing the subject o f flowmeter calibration. These 
calibration methods were considered In three parts. First, we looked at the calibration of 
instruments measuring mass flow. Second, we looked al the calibration o f instruments 
measuring the volume flow rate o f liquids. Finally, we looked at the calibration of instrum ent* 

measuring the volume flow rate o f gases.
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16.8 Problem*
16.1- Name and discuss (hrce different kinds o f instrument» used for measuring the nu»s 

flow rale o f substances (mast flowing in unit time).
16.2. Instruments used to measure the volume flow rale o f fluids (volume flowing in uut 

time) can be divided into a number o f different types. Explain what ihese dufTercat 
types are and discuss briefly how instruments in each class work, using sketches of 
instruments as appropriate.

16.3. What is •  Coriolis meter? What is it used for and how does it work?
16.4. Name fourdifferent kinds o f differential pressure meters. Discuss hnefly how each one 

works and explain the main advantages and disadvantages o f each type.
16.5. Explain how each o f the following works and give typical applications: rotameter aid 

rotary piston meter.
16.6. How does an electromagnetic flowmeter work and what is it typically used for?
16.7. Discuss the mode of operation and applications o f each of the following: turbine men* 

and vortex-shedding flowmeter.
16.8. What are the two main types o f ultrasonic flowmeters? Discuss the mod* of operation 

o f each.
16.9. How do each of the following wart and what are they particularly useful fo r gtfe4.vpe 

meter, jet meler. Pelton wheel meter, laser Doppler flowmeter, and thermal anemometer,
16.10. What i t  an open channel flowmeter? Draw a sketch o f one and explain how it worts
16.11. What Instruments, special equipment, and procedures are used in the calibration of 

flowmeters used for measuring the flow o f liquid*?
16.12. What instruments. special equipment, and procedures are used in the calibration M 

flowmeters used for measuring the flow o f gases?
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17.1 Introduction

l * vel WMuremcni i i  required in a wide range o f applications und can wvolve the measurement 
of solids in the form of powders or small particles as well as liquids. While some applications 
,t4u,rt I*»*!* to be measured lo a high degree of accuracy, other applications only need an 
•PProximaic indication of level. A wide variety of instrument» are available to meet these 
differing needs.

such ** dipsticks or float systems are relatively inexpensive Although only 
”  measurement accuracy, they are entirely adequate lor applications anil find

U4e A nun her of higher accuracy devices arc also available for applications ihat 
i.LU >cvcl <lf *ccura‘-> The list <>l dev ices in common us< thai offer good meaauremeni
^ ^ H f b c lu d e t  pressure-measuring devices, capacitive device», ultrasonic devices radar 
A i r>dlalKlfl devices A number of other devnTs used leu  commonly aie also a»ail.hle

B " '  device* mt discussed in more detail in this chapter.
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17.2 Dipsticks

Dipsticks offer * simple means o f measuring the level o f liquids approximately. The o rd jn 
dipstick i i  the least «(pensive device available. This consists o f a metal bar on which a 
scale is etched, as shown in Figure 17.1a. The bar is fixed at a known position in the liqus 
containing vessel. A level measurement is made by removing the instrument from ihe vC4 
and reading o ff how fat up the scale the liquid has wetted. As a human operator is required ■  
remove and read the dipstick, this method can only be used in relatively small and shall 
vessels. One common use is in checking the remaining amount o f beer in an ale cask.

The optical dipstick, illustrated in Figure 17.1 b, is an alternative form that allows a reading i0be 
obtained without removing the dipstick from the vessel and to  Is applicable to larger, dee 
tanks. Light from a source is reflected from a mirror, passes round the chamfered end of 
the dipstick, and enters a light detector after reflection by a second mirror. When the chsmfe 
end comes into contact with liquid, iu  internal reflection properties are altered and light %» 
longer enters the detector. By using a suitable mechanical A ive  system to move the Instru 
up and down and measure its position, the liquid level can be monitored.

17.3 Float Systems
Float systems are simple and inexpensive and provide an alternative way of measuring 
the level o f liquids approximately thal la widely used. The sy«em consists o f a float on ihe 
surface o f the liquid whose position is measured by means o f a suitable transducer. The) haves 
typical measurement inaccuracy o f ±  14b. The system using a potentiometer, shown carl: , 
in Figure 2.2. i t  very common and Is well known for its application to monitoring the level in

h

(a) (b)
Figure 17.1

Dipsticks: (a) simple and (b) optical.
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I fue) так*. An altemalive system. which is used in greater numbers, is called the 
M M *' («■шпк ЯамХе)- Thi* h*s •  “ P* 1°lhe float thal passes round a

■ K T l  v e r t ic a lly  above the float. The other end o f the tape is attached to either a
lah l or a  negative-rate counterspnng The amount of rotation of the pulley, measured 

or a potentiometer, к  then proportional lo the liquid level. These two 
m e ch a n ica l systems of measurement are popular in many applications. h*i the 

mriuireinents o f them are always high.

17.4  P ressu re^^H>r«s»urw-Measunng Devices (Hydrostatic Systems)

Яв-теачиппц devices measure the liquid level to a better accuracy and use the principle «ui
•  torftn - ..... prewure due lo a liquad is directly proportional to its depth and hence to the

level o f iB  surface. Several instruments are available thal use this principle and are widely used ia 
g w l e d u s t n r s  pvttculariy in harsh chemical environments In the case of open-topped ves*eK 
<or covered one* tlwt are vented to the atmosphere), the level can be measured by inserting 

E g g b e  sensor at the bottom o f the vessel, as shown in Figure 17 2a. The liquid level, b. is tbeo 
related to the measured pressure. P, according to h =  P l^g. where i> is the liquid density and r  i*

(a) ft)

Flow o!

M
F igure  1 7 .2

■•tic »y*ems: (») open-topped vessel, (b) sealed vessel, and (c) bubbler unit.
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acceleration due to gravity. One source of error in this method can be imprecise knowledge of the 
liquid density. Thit cm be ■ particular рюЫеш in the cue o f liquid solution» and mixtures 
(especially hydrocarbons), and in some cases only an estimate o f density is available. Even with 
single liquids, the density is subject to variation with temperature, and therefore Kmperatun- 
measurement may be required i f  very accurate level measurements are needed.

Where liquid-containing vessels are totally sealed, the liquid level can be calculated by measuring 
the differential pressite between the юр and the bottom o f the lank, as shown in Figure 17.2b. 
The differential pressure transducer used is normally a standard diaphragm type, although silicon- 
based microsensors are being used in increasing numbers. The liquid level is related to the 
differential pressure measured. iP , according to A =  SPIpg. The same comments as for the case of 
the open vessel apply regarding uncertainly in the value o f p. An additional problem that can 
occur is an accumulation o f liquid on the side o f the differential pressure transducer measuring the 
pressure at the top o f the vessel. This can vise because of temperature fluctuations, which 
allow liquid to alternately vaporize from the liquid surface and then condense in the pressure 
tapping at the lop o f the vessel. The effect o f this on the accuracy o f the differential pressure 
measurement is severe, but the problem is (voided easily by placing a drain pot m the system

A final pressure-related system o f level measurement is the buhblrr unit shown in Figure 17.2c. 
This uses a dip pipe that reaches to the bottom of the tank and is purged free o f liquid by a steady 
flow of gas through it. The rale o f flow ia adjusted until gas bubbles are just seen to emerge 
from the end o f the t»be. The pressure In the lube, measured by a pressure transducer, is then 
equal to the liquid pressure at the bottom of the tank. Ii is important that the gas used is inert 
with respect to the liquid in the vessel. Nitrogen, or sometimes just air. is suitable in most 
cases. Oas consumption is low. and a cylinder of nitrogen may typically last 6 months. This 
method is suitable for measuring the liquid pressure at the bottom of both open and sealed tanks 
It is particularly advantageous in avoiding the large maintenance problem associated with leaks 
at the bottom o f tanks at the site o f pressure tappings required by alternative methods.

Measurement uncertainty varies according to the application and condition o f the measured 
material. A typical value would be ±0.5% of full-scale reading, although ±0.1% can be 
achieved in some circumstances.

17.S Capacitive Devices

Capacitive devices are widely used for measuring the level o f both liquids and solids in 
powdered or granular form. They perform well in many applications, but become inaccurate 
i f  the measured substance i i  prone lo  contamination by agents that change the dielectric 
constant. Ingress o f moisture into powders is one such example of this. They are also suitable 
for use in extreme conditions measuring liquid metals (high temperatures), liquid gases (low 
temperatures), corrosive liquids (acids, etc.). and high-pressure processes. Two versions are
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Figur» 17.3
Capacitive level senior

used according to whether the measured substance is conducting or not. For nonconducting 
substances (less than 0.1 nmho/cm'). two bare-metal capacitor plates m the form of conceninc 
cylinders are immersed in the substance, as shown in Figure 17.3. The substance behaves *> * 
dielectric between the plates according lo Ihe depth o f the substance. For concentric cylinder 
plates o f radius a and b (b >  a), and total height L . the depth of the substance, h. is related to the 
measured capacitance. C, by

С log,(6/a) -  2я<„ 
2nio(c -  1)

(17.1)

where с is the relative permittivity o f the measured substance and i „  is the permittivity o f free 
•P*ce. in the case o f conducting substances, exactly the same measurement techniques are 
*PP>ied. but the capacitor plates are encapsulated in an insulating material. The relationship 
between С and h in Equation (17.1) then has to be modified to allow for Ihe dielectric effect 
° f  the insulator. Measurement uncertainty is typically 1-2%.

17.6 Ultrasonic Level Gauge

Ultrasonic level measurement is one o f a number o f noncontact techniques available. Il is u *d  
Primarily m measure the level o f materials that are either in a highly viscous liquid form or 
*•> M id  (powder or granular) form. The principle o f the ultrasonic level gauge is that eneigy
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from an ultrasonic soiree above the material is reflected back from the material surface into ал 
ultrasonic energy detector, as illustrated in Figure 17.4, Measurement o f the time a t flight 
allows the level o f the material surface to be inferred. In alternative versions (only valid for 
liquids), the ultrasonic source is placed at the bottom o f the vessel containing the liquid, and the 
time o f flight between emission, reflection o ff the liquid surface, and detection back at the 
bottom of the veuel is measured.

Ultrasonic techniques are especially useful in measuring the petition o f the interface between 
two immiscible liquids contained in the same vessel or measuring the sludge or precipitate level 
at the bottom o f a liquid-filled tank, la either case, the method employed is to fix  the ultrasonic 
transmitter-receiver transducer at a known height in the upper liquid, as shown ia Figure 17.5. 
This establishes the level o f the liquid/liquid or liquid/sludge level in absolute terms When 
using ultrasonic instruments, it is essential that proper compensation is made fo* the working 
temperature i f  this differs from the calibration temperature, as the speed o f ultrasound through 
air varies with temperature (see Chapter 13). Ultrasound speed slso has a small wnaitivin 
to humidity, air pressure, and carbon dioxide concentration but these facton are usually 
insignificant. Temperature compensation can be achieved in two ways. First, the operating 
temperature can be measured and an appropriate correction made. Second, and pteferablv, a 
comparison method can be used in which die system is calibrated each time it is used by 
measuring the transit time of ultrasonic energy between two known reference points. This
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second method takes account o f humidity, pressure, and carbon dioxide concentration 
variations as well as providing temperature compensation. With appropriate care, measurement 
uncertainty can be reduced to about ±  1%.

17.7 Radar (Microwave) Sarwors
'-measuring instruments using microwave radar are an alternative technique for 

В  noncontact measurement. Currently, they are still very expenive (rjS5000). but prices ate 
; falling and usage iaexpanding rapidly. They are able to provide successful level measurement 

In applications lhat are otherwise very d ifficult, such as measurement in closed tanks, where 
the liquid is turbulent, and in the presence o f obstructions ami steam condensate. They can 
•Iso be used for detecting the surface o f solids in powder or particulate form. The technique

■  involves directing » constant amplitude, frequency-modulated microwave signal at the liquid
■  iurface. A  receiver measures the phase difference between the reflected signal and the 
|  orig inal signal transmilled directly through air to it. as shown in Figure 17.6. This measuied

»*>«*e difference is linearly proportion*! to the liquid level. The system i t  tira ilw  in principle id 
ultratonic level meaiurement. but hat the important advantage that the transmission time o f radar 
through air i t  atmott totally unaffected by ambient temperature aid pressure fluctuations. 
However, u  the microwave frequency i t  within the band uaed for radio communications, soict 
conditions on amplitude level» have to be satisfied, and the appropriate licenses have to be 
obtained
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Figure 17.6 
R ld i r  level detect Of

17.8 Nucleonic (or Radiometric) Sensor»

NucIconic, sometimes called radiomelric. sensor» are relatively expensive. They use a 
radiation source and detector system located outside a lank in the manner shown in 
Figure 17.7. The noninvasive nature o f this technique in using a source and detector system 
outside the tank is panicularly attractive. The absorption o f both 0 and у ray* varies with 
the amount o f material between the source and the detector, and hence i i  a function o f the 
level o f the material in the tank. Caeaium-137 is a commonly used 7-ray source. The 
radiation level measared by the detector, /. is related to the length o f material in the path. 
x. according to

/ - / . e x p  (-p p x ), (17.2)

where / „  is the intensity o f radiation that would be received by the detector in the absence of any 
material, ^  is the mass absorption coefficient for the measured material, and p it  the mass 
density o f the measured material.

In the arrangement shown in Figure 17.7, radiation follows a diagonal path «стам Ihe 
material, and therefore some trigonometrical manipulation hat Ю be carried out 10 determine 
material level h from t. In some applications, the radiation source can be located in Ihe center 
o f the bottom o f the tank, with the detector vertically above it. Where this It  pouible. the 
relationthip between radiation delected and material level i t  obtained by directly lebetituting 
h in place o f дг in Equation (17.2). Apan from ute with liquid materials at normal
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Figurt 17.7
U sing a ra d ia tio n  source to  measure tfie  level.

temperatures, this method it  used commonly for meaturinf Ihe level o f h o i liquid mouls and 
alto solid materials in a powdered granulir form.

Unfortunately, because o f the obvious dangers associated with uting radiation sources, very 
strict safety regulations have to be satisfied when applying this technique. Very low activity 
radiation sources are used in some systems to overcome safely problems, but the system is then 
sensitive to background radiation and special precautions have to be taken regarding the 
provision o f adequate shielding. Because of the many difficulties in using this technique, it is 
only used in special applications.

17.9 Other Techniques
17.9.1 V ibrating Level Sensor

"The principle o f the vibrating level sensor is illustrated in Figure 17.8. The instrument consists 
of two piezoelectric oscillators fixed to the inside o f a hollow tube that generate flexural 
vibrations in the tube at its resonant frequency. The resonant frequency o f the tube vanes 
accor&ng to the depth o f its immersion in the liquid. A phase-locked loop circuit is used to track 
*Ье*е changes in resaiant frequency and adjust the excitation frequency applied to the tuhe 
ЬУ the piezoelectric oscillators. The liquid level measurement is therefore obtained in terms of 
me output frequency o f the oscillator whea the tube is resonating.
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17.9.2 Lestr Methods

One laser-based method is the reflective level sensor. Thi* sensor uses light from a laser source 
that is reflected o ff the surface o f the measured liquid into a line array o f charge-coupleil 
devices, as shown in Figure 17.9. Only one of these w ill sense light, according to tbe level of the 
liquid. An alternative, laser-based technique operates on the same general principles as the 
radar method described earlier but uses laser-generated pukes o f infrared light directed at the 
liquid surface. This is immune to environmental conditions and cat be used with sealed vessels, 
provided that a glass window is at the top o f the vessel.

17.10 Inteligent Level-Measuring Instruments
Most types o f level gauges are now available in intelligent form. Pressure-measuring devices 
(Section 17.3) are obvious candidates for inclusion within intelligent level-measuring inawmenis 
and versions claiming ±0.03% inaccuracy a»e now on the market. Such instruments can also carry 
out additional functions, such as providing automatic compensation for liquid density variations 
Microprocessors are also used to simplify installation and setup ptocedutes.

17.11 Choice between Different Level Sensors
The first consideration in choosing a level sensor it  whether it i t  * liquid or a solid that is being 
measured. The second consideration i i  the degree o f measurement accuracy required.
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Figure 17.9 
Rcflsctivc level sensor

I f  it is liquids being measured and a relatively low level o f «curacy is acceptable, dipsticks and 
float systems would often be used. O f these, dipsticks require a human operator, whereas float 
systems provide an electrical output that can be recorded or output to an electronic display as 
required.

Where greater measurement accuracy is required in the measurement o f liquid level, a 
number o f different devices can be used. These can be divided into two distinct classes 
according to whether the instrument does or does not raake contact with the material 
whose level is being measured. The advantage o f noncontact devices is that they have 
a higher reliability than contact devices for a number o f reasons. A ll pressure-measuring 
devices (hydrostatic systems) fa ll iato the class o f a device that does make contact 
w>ih the measured liquid and are used quite frequently. However, i f  there is a particular 
"eed for high reliability, noncontact devices such as capacitive, ultrasonic, or radiation 
devices are preferred. O f these, capacitive sensors are used most commonly but are 
unsuitable for applications where the liquid may become coouminated, as this changes its 
dielectric constant and hence the capacitance value. Ultrasonic sensors are less affected by 
WWaminatmn of the measured flu id  but only work well with highly viscous fluid». Radar 
(microwave) and radiation sensors have the best immunity to changes in temperature. 
c°mposition, moisture content, and density o f the measured material and so are prefened
■  many applications. However, both o f these are relatively expensive. Farther guidance on 

can be found in  elsewhere.
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In the case of measuring the level o f solids (which mutt be in powdered or particle form), the 
choice o f instrument is limited to the options o f capacitive, ultraionic, radar (microwave), 
and radiation seniors. As for measuring the level o f liquids, radar and radiation sensors have the 
best immunity to changes in temperature, composition, moisture content, and density of the 
measured material and ю  are preferred in many application!. However, they both have a high 
сом. Either capacitive or ultrasonic devices provide a leu  expensve solution. Capacitive devices 
generally perform beler but become inaccurate i f  the measured material i i  contaminated, in 
which case ultrasonic sensors are preferred out o f these two lew expensive solutions

17.12 Calibration of Level Seniors

The sophistication o f calibration procedures for level sensors depends on the degree of 
accuracy required. I f  the accuracy demands are not loo high and a tank is relatively rfwllovs. 
simple dipstick inserted into a tank w ill suffice to verify the output reading o f aay other form 
of level sensor being used for monitoring the liquid level in the tank. However, this only 
provides one calibration point. Other calibration points caa only be obtained by pulling more 
liquid into the tank or by emptying some liquid from the tank. Such variation o f the liquid 
level may or may not be convenient. However, even i f  it can be done without too much 
disturbance to normal use o f the lank, the reading from the dipstick is o f very limited accuracy 
because o f the ambiguity in determining the exact point o f contact between the dipuick and the 
meniscus o f the liquid.

I f  the dipstick method is not accurate enough or is otherwise unsuitable, an alternative method 
o f calibrating the level is to use a calibration tank that has venical sides and a flat bottom of 
known crou-sectional area. Tanks with circular bottoms and rectangular bottoms are both 
used commonly. With the level sensor in situ, measured quantities o f liquid are emptied into the 
tank. This increases the level o f liquid la the tank in steps, and each step creates a separate 
calibration point. The quantity o f liquid added at each stage o f the calibration process can 
be measured either in terms o f its volume or in terms o f its mass. I f  the volume of each 
quantity o f liquid added is measured, knowledge o f the crou-sectional area o f the tank bottom 
allows the liquid level to be calculated d iitctly. I f  the m au o f each quantity o f liquid added 
is measured, the specific gravity o f the liquid has to be known in order to calculate its volume 
and hence the liquid level. In this case, use o f water u  the calibration liquid is beneficial 
because its specific pavity  is unity and therefore the calculation o f level is simplified

To meuurc added water in terms o f ita volume, calibrated volumetric measures are used. If  a 
I-liter measure i i  used, this h u  a typical inaccuracy o f ±0.1%. Unfortunately, error» in the 
measurement o f each quantity o f water added are cumulative, and therefore the pouible 
error after 10 quantities o f water have been added increaaes 10-fold to ±  1,0%. I f  20 quantites 
are added to create 20 calibration points, the possible error la ±2.0% and so on.
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Better accuracy с м  be obtained in the calibration process i f  the added water i t  measured m 
|ernis o f it* mass. This can be done conveniently by mounting the calibration lank on an 
e le c tro n ic  load cell. The typical inaccuracy o f such a load cell it  ±0.05% o f its full-scale 
itading This mean» that the inaccuracy o f the level measurement when the lank it  fu ll i t  
±0.05% if  the load cell is chosen such thal it is giving its maximum output mass reading when 
ihe tank is full. Because the total mass of water in the lank is measured at each point in the 

|  calibnU'on process, measurement errors art not cumulative. However, errors do increase far 
m uller volumes of water in the tank because measurement uncertainty is expressed as a 

I percentage of the full-scale reading of ibe load cell. Therefore, when the lank is only 10% fall, 
the possible measurement error is ±0.5%. This means thal calibration inaccuracy increases lot 
tmaller quantities o f water in the lank but measurement uncertainly is always less than the case 
where measured volumes o f water are added to the tank even for low levels.

I Wherever possible, liquid used in the calibration lank is wuter. as this avoids the cosi involved 
in using any other liquid and il also makes Ihe calculation ot level simpler w hen the quantities of

i water added to the tank are measured in terms o f their volume. Unfortunately, liquid used in the 
tank often has to be the same as that which the sensor being calibrated normally measures. 
For example, the specific gravity o f the measured liquid i t  crucial to the operation o f both

J hydrostatic systems and capacitive level tensors. Another example it  level measurement using 
a radiation source, as the passage ot radiation through the liquid between the tource and t *  

|  detector is affected by the nature o f the liquid.

17.13 Summary
We have seen that level sensors can be used to measure the position o f the surface within some 
type of container o f both solid materials in the form o f powders and o f liqtuds. We have looked 
M various types o f level sensors, following which we considered how tke various forms o f level 
tensors available could be calibrated.

One very important observation made al Ike start o f our discussion was thal the accuracy 
nquiiements during level measurement vary widely, which has an important effect on the type 
of tensor used in aay given situation and the corresponding calibration requirements. For 
example, i f  the surface level o f a liquid witkin a lank used for cooling purposes in an indusmtl 
Process i t  being monitored, only a very approximate measurement o f level it  needed lo allow a 
Prediction about how long it w ill be before the tank needs refilling. However, i f  the level o f 
•*4uid o f a consumer product within a container is being monitored during the filling  process, 
high accuracy in required in the measurement procett.

Where only approximate measurement» of liquid level are needed, we taw that dipsticks 
Provide a suitable, low-cost method o f measurement, although these require a human operator 

ЭД cannot be used as part o f an automatic level control system. Float systems are also
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relatively low -cost instruments and have an electrical form of output that can be used as pan of 
an automatic level control system, although the accuracy is little better than that o f dipsticks

Our discussion then moved on to sensors that provide greater measurement accuracy. First 
among these were hydrostatic systems. These are widely used in many industries for measuring 
the liquid level, panicularly in harsh chemical environments. Measurement uncertainty is 
usually about ±0.5% o f full-scale reading, although this can be reduced to ±0.1% in the hest 
hydrostatic systems. Because accurate knowledge o f the liquid density is important in the 
operation o f hydrostatic systems, к  nous measurement errors can occur i f  these syrtems are 
used to measure the level o f mixtures of liquids, as the density o f such mixtures is rarely known 
to a sufficient degree o f accuracy.

Moving on to look at capacitive level sensors, we observed that these were widely used 
for measuring Ihe level o f both liquids and solids in powdered or granular form, with a 
typical measurement uncertainty o f 1 -2 *- They are particularly useful for measuring 
the level o f d ifficu lt materials such aa liquid metals (high temperatures), liquid gases 
(low temperatures), and corrosive liquids (acids, etc.). However, they become inaccurate 
i f  the measured substance is prone to contamination by agents that change the dielectric 
constant.

Next on the list o f devices studied was the ultrasonic level tensor. We noted thal this is one of a 
number o f noncontact techniques available. It is used primarily to measure the level of 
materials that ate either in a highly viscous liquid form or in solid (powder or granular) form 
We also observed that it is particularly useful for measuring the position o f the interface 
between two immiscible liquids contained In the same vessel, and also for measuring die sludge 
or precipitate level at the bottom o f a liquid-filled tank. The lowest measurement uncertainly 
achievable is ±  1%. but errors increase I f  the system is not calibrated properly, particularly in 
respect o f the ambient temperature because o f the changes in ultrasound speed that occur when 
the temperature changes.

The discussion then moved on to radar sensors, another noncontact measurement technique 
We saw that this, albeit very expensive, technique provided a method for measuring the level in 
conditions thal are too difficult for most other forms o f level sensors. Such conditions include 
measurement in closed tanks, where the liquid is turbulent, and in the presence o f obstruction-, 
and steam condensate. Like ultrasonic sensors, they can also measure the level o f solids in 
powder or granular form.

We then looked at nucleonic sensors. These provide yet another means o f noncontact level 
measurement thal finds niche applications ia measuring the level o f hot. molten metals and also 
in measuring the level o f powdered or granular solids. However, apart from the high cost of 
nucleonic sensors, it is necessary to adhere to very strict safely regulations when using such



Having then looked briefly at two other leu  common level seniors, namely the vibratmg level 
icfjsor and laser-based sensors, we went oo to make brief comments about intelligent level 
tensors We noted that most o f the typei of level sensors discussed were now available in an 
intelligent form that quoted measurement uncertainty values down to ±0,05%.

The final subject covered in this chapter was that o f level senior calibration. We noted that 
devices such as a simple dipstick could be used to calibrate sensors that were only required to 
provide approximate measurements o f level. However, for more accurate calibration we 
observed that it was usual to use a calibrated tank in which quantities o f liquid were added, 
measured either by weight or by volume, to create a scries of calibration points. We concluded 
that greater accuracy could be achieved in the calibration points if  each quantity o f liquid was 
weighed rather than measured with volumetric measures. We also noted that water was the Iсам 
expensive liquid to u *  in the calibration tank but observed that ii was necessary to use tbe same 
liquid as normally measured for certain sensors.

17.14 Problem»
17.1. Howdodipaticks and float systems work and what are their advantages and disadvantages 

in liquid level measurement?
17.2. Sketch three different kinds o f hydrostatic level measurement systems. Discuss briefly 

the mode o f operation and applications o f each.
17.3. Discuss the mode of operation o f the following, using a sketch to aid your discussion as 

appropriate: capacitive level senior and ultrasonic level sensor.
17.4. What are the merits of microwave and radiometric level sensors? Discuss how each of 

these devices works.
17.5. Whal are the main things to consider when choosing a liquid level sensor for a particular 

application? What types o f devices could you use for an application that required (a) low 
measurement accuracy, (b) high measurement accuracy where contact between the 
sensor and the measured liquid is acceptable, or (c) high measurement accuracy where 
there must not be any contact between the sensor and the measured liquid?

17.6. Discuss the range o f devices able to measure the level o f the surface of solid material in 
powdered form contained witbin •  hopper.

17.7. Whal procedures could you use to calibrate a sensor thal is only required lo provide 
approximate measurements o f liquid level?

17.8. What is the best calibration procedure to use for sensors required to give high accuracy 
in level measurement?
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18.1 Introduction
Mass. force, and torque are covered together within this chapter because they are closely related 
quantities. Mass describes the quantity a t matter thal a body contains. Force is the product of 
mass times acceleration, according to Newton's second law o f notion:

Force =  Mass x  acceleration.

Forces can be implied in either a horizontal or a vertical direction. A force applied in a 
downward, vertical direction gives rise to the term weight, which is defined as the downward 
force exerted by a mass subject to a gravitational force:

Weight =  Mass x ecceleration due to gravity.

The final quantity covered in this chapter, torque, can be regarded as a rotational force. When 
applied to a body, torque causes the body lo  route about its axl* o f rotation. This is analagous to 
the horizontal motion o f a body when a horizontal force is applied to it.

18.2 Mass (Weight) Measurement

The mass o f a body is always quantified in terms o f a measurement o f the weight o f the body, 
this being the downward force exerted by tbe body when il is subject to gravity. Three methods 
are used lo measure this force.

The first method o f measuring the downward force exerted by a mass subject to gravity involves 
the use o f a load cell. The load cell measures the downward force F, and then the mass M is 
calculated from the equation:

н  -  r / t .

where g is acceleration due to gravity.

Because the value o f g varies by small amounts at different points around the earth's surface, ihe value 
o f M can only be calculated exactly i f  the value o f *  is known exactly. Nevertheless, load cells are. in 
fact, the moat common instrument used lo measure mass, especially in industrial applications 
Several different font» of load cells are available. Most load cells m t now electronic, although 
pneumatic and hydraulic types also exist. T h e r types vary in features and accuracy. but all a it easy Ю 
use as they are deflection-type instrument» dial give an output reading without operator intervention

The second method of measuring mas* I* to use a spring balance. This also теам л»  the 
downward force when the measured mas* is subject to gravity. Hence, as in Ihe case o f load 
cells, the mass value can only be calculated exactly i f  the value o f g is known exactly, Like * 
load cell, the spring balance is also a deflection-type instrument and so is easy to use.
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The final method o f measuring mats i t  to use some form of maw balance instrument These 
provide an absolute measurement, as they compare the gravitational force on the mass being 
measured with the gravitational force on a standard mass. Because the same gravitational force 
is applied to both masses, the exact value of *  is immaterial. However, being a null-type 
increment, any form of balance is tedious to use.

The following paragraphs consider these various forms o f mate-measuring instruments in more 

detail

18.2.1 Electronic Load Cell (Electronic Balance)

The electronic loud cell is now the preferred type o f load cell in most applications. Within an 
electronic load cell, the gravitational force on the body being measured is applied to an elastic 
element This deflects according to the magnitude o f the body mass. Mass measurement it  
thereby translated into a displacement measurement task.

The elastic elements used are specially rfuped and designed, tome examples of which are 
shown in Figure 18.1. The design aims are to obtain a linear output relationship between the 
applied force and the measured deflectiott and to make Ihe instrument in tensive  to forces that 
are not applied directly along the sensing axis. Load cellt exist in both compression and tension 
forms. In the compression type, the measured mass i t  placed on top of a platform resting on the 
load cell, which therefore compresses the cell. In the alternative tension type, the mass is hung 
from the load cell, thereby putting the cell into tension.

14  Various types of displacement transducers are used lo measure the deflection of the elastit 
elements O f these, the strain gauge ia used most commonly, at (hit gives the best measurement 
accuracy, with an inaccuracy figure leta then ±0.05% o f full-tcale reading being obtainaMe. 

J  Load cellt. including «rain gauges, are uted lo measure masse*over a very wide range between
0 and 3000 tonne. The measurement capability o f an individual instrument designed to measure 
masses at the bottom end o f this range would typically be 0.1-5 kg, whereas internments 

,, designed lor the top of the range would have a typical measurement span of 10-3000 lonae.

Elastic force trwuducers based on differential transformers (1Л'ПТ) lo measure defections arc 
“ sed to measure masses up lo 25 tonne Apart from having a lower maximum measuring

■  capability, they are a bo inferior to strain gtuge-based instruments in terms of their ± 0 .2»
I  inaccuracy value. Their major advantages are their longevity and almost total lack of mamtenaiKc 

requirements

"The final type o f displacement transducer used in this class o f instrument is the piezoelectric 
device. Such instruments are used to measure masses in the range o f 0 to 1000 tonne PiezoelectK 
Cl>stals replace the tpecially designed elatiic member used normally in (hit class of instrument, 
blowing the device to be physically small. A t discussed previously, each devices can only
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measure dynamically changing force* beciuse the output reading results from an iadaced 
electrical charge whose magnitude leaks away with time. The fact that the elastic dement 
consists o f a piezoelectric crystal means that it is very difficult to design such instrument' to be 
insensitive to forces qiplied at an angle to the sensing axis. Therefore, special precautions have 
to be taken in applyiag these devices. Although such instruments are relatively inexpensive 
their lowest inaccuracy is ±  1% o f full-scale reading and they also have a high temperature 
coefficient.

Electronic load cell* have significant advantages over most other forms o f mass-measuring 
instruments in terms of their relatively low cost, wide measurement range, tolerance of dusty 
and corrosive enviroements, remote measurement capability, tolerance o f shock loading, and 
ease o f installation. However, one particular problem that can affect their performance is the 
phenomenon o f creep. Creep describes the permanent deformation that an elastic element 
undergoes after it has been under load fo r a period o f time. Tbit can lead to significant 
measurement errors in the form o f a bias on all readings i f  the instrument is not re ca lib ra te d
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Top plat* Load cMs

F igure  18 .2
Load cell-based e le c tro n ic  balance.

from time to time. However, careful design and choice o f materials can largely eliminate 
the problem.

Several compression-type load cells are often used together in a form o f instrument known 
as an electronic balance. This is shown schematically in Figure 18.2. Commonly, either 
three or four load cells are used in the balance, with the output mass measurement being formed 
from the sum of the outputs o f each cell. Where appropriate, the upper platform can be replaced 
by a tank for weighing liquids, powders, and so on.

18.2.2 Pneumatic and H ydraulic Load Cells

Pneumatic and hydraulic load cells translate mass measurement into a pressure measurement 
task, although they are now less common than the electronic load cell. A  pneumatic load cell is 
shown schematically in Figure 18.3. Application o f a mass to the cell causes deflection o f a

F igure  18.3
Pneumatic load ceil.



diaphragm acting as a variable restriction in a nozzle-flapper mechanism. The output pressure 
measured in the cell is approximately proportional to the magnitude o f the gravitational force on 
the applied mass. The iastrument requires a flow o f air ai its input o f around 0.25 mJ/h ai a 
pressure o f 4 bar. Standard cells are available lo measure a wide range o f masses. For measunn 
small masses, instruments are available with a full-scale reading o f 25 kg. while instruments with 
a full-scale reading o f 25 tonne are obtainable at the top o f the range. Inaccuracy is typically 
±0.5% o f full scale in pneumatic load cells.

The alternative, hydraulic load cell is shown in Figure 18.4. In this, the gravitational force 
due to the unknown mass is applied, via a diaphragm, to oil contained within an enclosed 
chamber. The corresponding increase in oil pressure is measured by a suitable pressure 
transducer. These instruments are designed for measuring much larger masses than pneumatic 
cells, with a load capacity o f500 tonne being common. Special units can be obtained to measure 
masses as large as 50,000 tonne. In addition lo their much greater measuring range, hydraulic 
load cells are much more accurate than pneumatic cells, with ал inaccuracy figure o f ±0.054 
of fu ll scale being typical. However, in order lo obtain such a level o f accuracy, correction for 
the local value of g (acceleration due lo gravity) is necessary. A measurement resolution of 
0.02% is attainable.

18.2.3  In te lligent Load Cells

Intelligent load cells are formed by adding a microprocessor to a standard cell. This brings no 
improvement in accuracy because the load cell is already a very accurate device. What it does 
produce is an intelligent weighing system thal can compute total cost from the measured 
weight, using stored cost per unit weight information, and provide an output in the form o f a 
digital display. Cost per weight values can be prestored for a large number o f substances, 
making such instruments very flexible in their operation.

Unknown
_______________________  lo ro t ________________

Figure 18.4
H ydraulic load ce ll.



Ы appl'callo,ls where lhe mass o f an object is measured by several load cells used together 
(e g.. load cells located at the comers o f a platform in an electronic balance), the total mass 
ggn be computed more readily i f  the individual cells have a microprocessor providing digital 
ou tpu t. In addition, it is also possible to use significant differences in the relative readings 
between different load cells as a fault detection mechanism in the system.

18.2.4 Mass Balance (W eighing) Instrum ents

Mass balance instruments are based on comparing the gravitational force on the measured mass 
with the gravitational force on another body o f known mass. This principle o f mass measurement 
is known commonly as weighing and is used in instruments such as the beam balance, weigh 
beam, pendulum scale, and electromagnetic balance. Various forms o f mass balance instruments 
ue available, as discussed next.

Beam balance (equa l arm  balance)

In the beam balance, shown in Figure 18.5. standard masses are added to a pan on one side 
o f a pivoted beam until the magnitude o f the gravity force on them balances the magnitude of the 
gravitational force on the unknown mass acting at the other end o f the beam. This equilibrium 
position is indicated by a pointer that moves against a calibrated scale.

Instruments o f this type are capable o f measuring a wide span o f masses. Those at the top end 
of the range can typically measure masses up to 1000 grams, whereas those at the bottom end of 
the range can measure masses o f less than 0.01 gram. Measurement resolution can be as good as 
1 pan in 107 o f the full-scale reading i f  the instrument is designed and manufactured very 
carefully. The lowest measurement inaccuracy value attainable is ±0.002%.

One lenous disadvantage o f this type o f instrument is its lack o f ruggedness. Continuous use 
and the inevitable shock loading that w ill occur from time to time both cause damage to
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Figure 18.5 
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(he knife edges, leading to deterioration in measurement accuracy and measurement resoluti„n 
A  further problem affecting their use in industrial applications is that it takes a relatively 
long time to make each measurement. For these reasons, the beam balance is normally reserved 
as a calibration standard and is not used in day-to-day production environments.

W»*gfi beam

The weigh beam, sketched in two alternative forms in Figure 18.6, operates on similar 
principles to the beam balance but is much more rugged. In the fifst form, standard masses are 
added to balance the unknown mass and fine adjustment is provided by a known mass that is 
moved along a notched, graduated bar until the pointer is brought to the null, balance point. The 
alternative form has two or more graduated bars (three bars shown in Figure 18.6). Each bar

Movable

F igure  18 .6
T w o  a lte rna tive  fo rm s o f  we igh beams.



ggirie* a different standard mass, which is moved to appropriate positions on the notched bar 
IP balance the unknown mass. Versions of these instruments are used to measure masses up to 
50 tonne

Pendulum xa le

The pendulum scale is another instrument that works on the mass balance principle. In one 
a r r a n g e m e n t  shown in Figure 18.7, the unknown mass is put on a platform that is attached 
by steel tapes to a pair o f cams. Downward motion o f the platform, and hence rotation o f 
the cams, under the influence o f the gravitational force on the mass, is opposed by the 
gravitational force acting on two pendulum-type masses attached to the cams. The amount 
of rotation o f the cams when the equilibrium position is reached is determined by the 
deflection o f a pointer against a scale. The shape o f the cams is such that this output 
deflection is linearly proportional to the applied mass. Other mechanical arrangements also 
exist that have the same effect o f producing an output deflection o f a pointer moving 
against a scale. It is also possible to replace the pointer and scale system by a rotational 
displacement transducer that gives an electrical output. Various versions of the instrument 
can measure masses in the range between 1 kg and 500 tonne, with a typical measurement 
inaccuracy o f ±0.1%.
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Figure 18.7
Pendulum scale.



Recently, the instrument lus become much less common because o f its inferior performance 
compared with in stru m en ts based on newer technology such as electronic balances. One 
potential source o f difficulty with the instrument is oscillation o f the weigh platform when mass 
is applied. Where necessary -m instruments measuring larger masses, dashpots are incorporated 
into the cam system to damp out such oscillations. A further possible problem can arise, 
mainly when measuring Urge masses, i f  th e  mass is not placed centrally on the platform This 
can be avoided by designing a second platform to hold the mass, which is hung from the first 
platform by knife edges. This lessens the criticality o f mass placement.

Electromagnetic balance

The electromagnetic balance uses the torque developed by a current-carrying coil suspended in a 
permanent magnetic field to balance the unknown mass against the known gravitational force 
produced on a standard mass, as shown in Figure 18.8. A light source and detector system is used 
to determine the null-bal*** point. The voltage output from the light detector is amplified and 
applied to the coil, thus creating a servosystem where deflection o f the coil in equilibrium 
is proportional to the applied foroe. Its advantages over beam balances, weigh beams, and 
pendulum scales include its smaller size, its insensitivity to environmental changes (modifying 
inputs), and its electrical form of output. Despite these apparent advantages, it is no longer in 
common use because of the development o f other instruments, particularly electronic balances
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18.2.5  Spring Balance

Spring balances provide a method of mass measurement that is both simple and inexpensive. 
The mass is hung on the end of a spring and deflection o f the spring due to the downw ard 
gravitational force on the mass is measured against a scale. Because the characteristics o f the 
spring are very susceptible to environmental changes, measurement accuracy is usually

Electromagnetic balance.
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lelatively poor. However, i f  compensation is made for changes in spring characteristics, then a 
^easureim-m inaccuracy less than ±0.2% is achievable. According to the design o f the 
in s tru m en t, masses between 0.5 kg and 10 tonne can be measured.

18.3 Force Measurement
This section i> concerned with the measurement o f horizontal forces that either stretch or 
compress ihe body that they are applied to according to the direction o f the force with respect to 
ihe body. I f  a force o f magnitude. F , is applied to a body o f mass. M , the body w ill accelerate 
at a rate. A. according to the equation:

The standard unit o f force is the Newton, this being the force that w ill produce an acceleration 
o f I meter per second squared in the direction o f the force when applied to a mass o f I kilogram. 
One way o f measuring an unknown force is therefore to measure acceleration when it is 
applied i o  a body o f known mass. An alternative technique is to measure the variation in the 
resonant frequency o f a vibrating wire as it is tensioned by an applied force. Finally, forms 
of load cells that deform in the horizontal direction when horizontal forces are applied can also 
be used as force sensors. These techniques are discussed next.

18.3.1 Use o f Accelerometers

The technique- o f applying a force to a known mass and measuring the acceleration produced 
can be carried out using any type o f accelerometer. Unfortunately, the method is o f very 
limited practical value because, in most cases, forces are not free entities but are part o f a system 
(from which they cannot be decoupled) in which they are acting on some body that is not 
free lo accelerate. However, the technique can be of use in measuring some transient forces and 
also for calibrating forces produced by thrust motors in space vehicles.

F  =  M A.

18.3.2 V ibrating W ire Sensor

ВЫ* instrument, illustrated in Figure IX,1). consists o f a wire that is kept vibrating at its resonant 
«•quency by a variable-frequency oscillator. The resonant frequency o f a wire under tension is 
given by

M is the mass per unit length of the wire, L is the length o f the wire, and T  is the tension 
V *  to the applied force, F. Thus, measurement o f the output frequency o f the oscillator allows 

force applied to the wire to be calculated.
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Figur* 18.9
Vibrating wire «nsor

18.3.3  Use o f  Load Cells

Special forms o f electronic load cells designed to deflect in the horizontal direction are used lo 
measure horizontal forces applied to them.

18.4 Torque Measurement

Measurement o f applied torques is o f fundamental importance in all rotating bodies to 
ensure that the design o f the rotating element is adequate to prevent failure under shear stresses. 
Torque measurement is also a necessary part o f measuring the power transmitted by rotating 
shafts. The four methods o f measuring torque consist o f (i) measuring the strain produced in a 
rotating body due to an applied torque, ( ii)  an optical method, (iii)  measuring the reaction force 
in cradled shaft bearings, and (iv) using equipment known as the Prony brake. O f these, tlie first 
two should be regarded as "normal" ways of measuring torque at the present time as the latter 
two are no longer in common use.

18.4.1 Measurement o f Induced S tra in

Measuring the strain induced in a shaft due to an applied torque has been the most c o m m o n  

method used for torque measurement in recent years. The method involves bonding lour 
strain gauges onto a shaft as shown in Figure 18 .1 0 . where the strain gauges are a rra n g e d  in  

a d.c. bridge circuit. The output from the bridge circuit is a function o f the strain in the 
shaft and hence o f the torque applied. It is very important that positioning o f the strain



This technique is ideal for measuring the stalled torque in a shaft before rotation commences.
I However, a problem is encountered in the case o f rotating shafts because a suitable method 
then has to be found for making the electrical connections to the strain gauges. One solution 
to this problem found in many commercial instruments is to use a system o f slip rings and 
blushes for this, although this increases the cost o f the instrument s till further.

18.4.2 O ptica l Ton/ye Measurement

Optical techniques lo r torque measurement have become available recently with the development o f 
laser diodes and fiber-optic light transmission systems. One such system is shown in Figure IX 11. 
Two black-and-white striped wheels are mounted at either end o f the rotating shaft and are in 
(lignment when no torque is applied to the shaft. Light from a laser diode light source is directed by a 
pair of fiber-optic cables onto the wheels. The rotation o f the wheels causes pulses o f reflected light. 
Which ace transmitted back to a receiver by a second pair o f fiber-optic cables. Under zero torque 

• o n d i t io n s .  the two pulse trains o f reflected light are in phase with each other. I f  torque is now applied 
•o the shaft, the reflected light is modulated. Measurement by the receiver o f the phase difference 

i the reflected pulse trains therefore allows the magnitude o f torque in the shaft to be 
Med. The cost o f such instruments is relatively low. and an additional advantage in many 
lions is their small physical size.

*8 .4 .3  Reaction Fortes in  Shaft Bearings

system involving torque transmission through a shaft contains both a power source and a 
Р °*е г absorber where the power is dissipated. The magnitude o f the transmitted torque can be 

Pleasured cradling either the pow er source or the power absorber end o f the shaft in bearings, 
then measuring the reaction force. F . and the arm length. L . as shown in Figure 18.12.

to the sha
between i 
Cdculatec 
■pplicalio
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transmitter 

Figure 18.11
Optical torque measurement.

Figure 18.12
Measuring reaction forces in cradled shaft bearings.
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The torque is then calculated as the simple product. FL. Pendulum scales are used very 
contmonly for measuring the reaction force. Inherent errors in the method are bearing friction 
Mid windage torques. This technique is no longer in common use.

18.4.4 Prony Brake

T h e  Prony brake is another torque-measuring system that is now uncommon. It is used to 
measure (he torque in a rotating shaft and consists o f a rope wound round (he shafl, as illustrated 
in Figure 18.13. One end o f the rope is attached to a spring balance and the o(her end carries a 
load in the form o f a standard mass. m. I f  the measured force in the spring balance is F „ then the 
effective force. F „ exerted by the rope on the shaft is given by

Ft =  mg -  F,.

Figure 18.13
A Prony brake.
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I f  the radius o f the shaft is R,  and that o f the rope is R„  then the effective radius. Rr , o f the r, ,|4. 
and drum with respect to the axis o f rotation o f the shaft is given by

R,  = R , + R r .

The torque in the shaft. Г, can then be calculated as

Г =  F J,.

While this is a well-known method of measuring shaft torque. ^ lot o f heat is generated 
because of friction between the rope and shaft, and water cooling is usually necessar\

18.5 Calibration of Mass, Force, and Torque Measuring Sensors

One particular difficulty that arises in the calibration o f mass, force, and torque measuring 
instruments is variability in the value of g (acceleration due to gravity). Apart from instruments 
such as the beam balance and pendulum scale, which directly compare two masses, all other 
instruments have an output reading that depends on the value o f g.

The value o f g is given by Helmert's formula:

g =  980.6 -  2.6cos<£ -  0.000309Л,

where ф is the latitude and h is the altitude in meters.

It can be seen from this formula thal g varies with both latitude and altitude. At the equator 
(cos<)> =  0°), g =  978.0, whereas at the poles (совф =  90°). g =  983.2. In Britain, a working 
value o f 980.7 is normally used for g. and very little error can normally be expected when 
using this value. Where necessary, the exact value o f g can be established by measuring the 
period and length o f a pendulum.

Another difficulty thal arises in calibrating mass, force, and torque sensors is the presence o f an 
upward force generated by the air medium in which the instruments are tested and used 
According to Archimedes' principle, when a body is immersed in a fluid (air in this case), there 
is an upward force proportional to the volume of fluid displaced. Even in pure msss-balance 
instruments, an error is introduced because o f this unless both the body o f unknown mass 
and the standard mass have the same density. This error can be quantified as

_  SG. SG.E rro r =  — —  —— ,
SGj SGm

where SG, is the specific gravity o f air. SG„ is the specific gravity o f the substance being 
measured, and SGm is the specific gravity o f the standard mass.

Fortunately, maximum error due to this upward force (which has the largest magnitude when 
weighing low-density liquids such as petrol) w ill not exceed 0.2%. Therefore, in most
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'  I the error due to a ir buoyancy can be neglected. However, fo r calibrations at the
f  the calibration tree, w here the hieliest levels o f accuracy are demanded, either correction

*  j j j  made for this factor or it must he avoided by carrying out the calibration in vacuum

Е д о к

jg S .1  M a s s  C alibration

primary requirement in mass calibration is maintenance o f a set o f  standard masses 
to the mass sensor being calibrated. Provided that this set o f standard masses is 

E je c te d  from damage, there is little  reason fo r the value o f the masses to change. 
Despite this, values o f  the masses must be checked at prescribed intervals, typ ica lly  
mutually, in  order to maintain the traceability o f  the calibration to reference standards. 
The instrument used to provide this calibration check on standard masses is a beam 
balance, a weigh beam, a pendulum scale, an electromagnetic balance, or a proof 
ring-based load cell.

Beam balance

A beam balance is used for calibrating masses in the range between 10 mg and I kg. The 
measurement resolution and accuracy achieved depend on the quality and sharpness o f the kmto 
edge that the pivot is formed from. For high measurement resolution, fric tion at the pivot must 
be as close to zero as possible, and hence a very sharp and clean knife edge pivot is demanded. 
The two halves o f the beam on either side o f  the pivot are normally o f equal length and are 
Measured from the knife edge. Any bluntness. d in . or corrosion in the pivot can cause these 
two lengths to become unequal, causing consequent measurement errors. S im ilar comments 
■pply about the knife edges on the beam that the two pans are hung from. Ii is also important that 
all knife edges are parallel, as otherwise displacement o f the point o f application o f the force 
over the line o f the knife edge can cause further measurement emirs This last form o f error also 
occurs i f  the mass is not placed centrally on the pan.

Great care is therefore required in the use o f such an instrument, but. provided that it is kept in 
l° ° d  condition, particularly w ith regard to keeping the knife edges sharp and clean, high 

^Measurement accuracy is achievable. Such a good condition can be confirmed by applying 
®*Mbratetl masses to each side o f  the balance. I f  the instrument is then balanced exactly , all 

i* well.

beam

P *  Order to  use it as a calibration standard, a weigh beam has to he manufactured and maintained 
,0 a high standard. However, providing these conditions are met. it can be used as a  standaid lor
calibrjt in masses up to SO tonne.



494 Chapter IS

Pendulum scale

Like the weigh beam, the pendulum scale can only be used for calibration i f  it is manufactured 
to a high standard and maintained properly, with special attention lo the cleanliness and 
lubrication of moving pans. Provided that these conditions are met, il can be used as a 
calibration standard for masses between I kg and 500 tonne.

Electromagnetic balance

Various forms o f electromagnetic balance exist as alternatives lo Ihe three instruments just 
described for calibration duties. A particular advantage of the electromagnetic balance is ils use 
of an optical system to magnify motion around the null point, leading to higher measurement 
accuracy. Consequently, this type o f instrument is often preferred for calibration duties, 
particularly for higher measurement ranges. The actual degree of accuracy achievable depends 
on the magnitude o f the mass being measured. In the range between 100 g and 10 kg. an 
inaccuracy o f ±0.0001% is achievable. Above and below this range, inaccuracy is worse, 
increasing to ±  0.002% measuring 5 tonne and ±0.03% measuring 10 mg.

Proof ring-based load cell

The proof ring-based load cell is used for calibration in the range between 150 kg and 
2000 tonne. When used for calibration, displacement of the proof ring in the instrument is 
measured by either an LVDT or a micrometer. As the relationship between the applied mass/ 
force and the displacement is not a straight-line one. a force/deflection graph has to be used in 
interpret the output. The lowest measurement inaccuracy achievable is ±0.1%.

18.5.2  Force Sensor C alibration

Force sensors are calibrated using special machines that apply a set o f known force values to ihe 
sensor. The machines involved are very large and expensive. For this reason, force sensor 
calibration is normally devolved to either specialist calibration companies or manufacturers of the 
measurement devices being calibrated, who w ill give advice about the frequency of calibration 
necessary to maintain the traceability o f measurements to national reference standards.

18.5.3 C alib ra tion o f Torque M easuring Systems

As for the case o f force sensor calibration, special machines are required for torque m easu rem en t 

system calibration thal can apply accurately known torque values to the system being calibrated 
Such machines are very expensive. It is therefore normal to use the services o f specialist 
calibration companies or to use similar services provided by the manufacturer o f the torque 
measurement system. Again, the company to which the calibration task is assigned w ill give 
advice on the required frequency o f calibration.



18.6 Summary
We have covered (he measurement o f all three quantities— m ass, force, and torque— in this 
t.fMptrr as the three quantities are closely related. We also teamed that weight was another 
plated quantity as this describes the force exerted on a mass subject to gravity.

Mass i i  measured in one o f three distinct ways, using load cell, using a spring balance, or using 
one o f several instruments working on the mass-balance principle. O f these, load cells and 
spring balances are deflection-type instruments, whereas the mass balance is a null-type 
in s tru m e n t This means that a balance is somewhat tedious to use compared with other forms of 
mass-measuring instruments.

In respect o f load cells, we looked first at the electronic load cell, as this is now the type o f load 
cell preferred in most applications where masses between 0.1 kg and 3000 tonne in magnitude 
a t  measured We learned that pneumatic and hydraulic load cells represent somewhat 
older technology that is used much less frequently nowadays. However, special types of 
hydraulic load cells still find a significant number o f applications in measuring large masses, 
where the maximum capability is 50,000 tonne. We noted that variations in the local value 
o ff (the acceleration due to gravity) have some effect on the accuracy of load cells but observed 
that the magnitude o f this error was usually small. Before leaving the subject of load cells, 
we also made some mention o f intelligent load cells.

Looking next at mass balance instruments, we saw that a particular advantage that they had was 
their immunity to variations in the value o f g. We studied the various types o f balance available in 
the form of the beam balance, weigh beam, pendulum scale, and electromagnetic balance.

We then ended the review o f mass-measuring instruments by looking at the spring balance. Our 
conclusion about this was that, while simple and inexpensive, its measurement accuracy is 
usually relatively poor.

Moving on to force measurement, we noted that transient forces could be measured by an
ter. However, static forces were measured either by a vibrating wire sensor or by a 

ial form o f load cell.

in g  next at torque measurement, we saw that the main two current methods for measuring 
*or4ue were to measure the induced strain in a rotating shaft or measure the torque optically. 
Brief mention o f two older techniques was made, in the form o f measuring the reaction 
forces in the bearings supporting a rotating shaft and in using a device called the Prony brake. 
However, we noted that neither o f these is now in common use.

then concluded the chapter by examining the techniques used for calibrating the measuring 
devices covered in the chapter. We noted that calibration o f mass-measuring sensors involved 

use o f a set o f standard masses. As regarding the calibration o f force and torque sensors.
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we saw thal both o f ibex  required Ihe use of special machines thal generate a set o f known force 
or torque values. Because such machines are very expensive, we noted that it was normal to use 
the services o f either specialist calibration companies or the manufacturers o f the measurement 
devices being calibrated.

18.7 Problems
18.1. What is the difference between mass and weight? Discuss briefly the three main 

methods o f measuring the mass o f a body.
18.2. Explain, using a sketch as appropriate, how each o f the following forms o f load cells 

work: (a) electronic, (b) pneumatic, (c) hydraulic, and (d) intelligent.
18.3. Discuss the main characteristics o f Ihe four kinds o f load cells mentioned in Problem

18.2. Which form is most common, and why?
18.4. Discuss briefly the working characteristics o f each o f the following: (a) beam balance

(b) weigh beam, and (c) pendulum scale.
18.5. How does a spring balance work? What are its advantages and disadvantages compare I 

with other forms o f mass-measuring instruments?
18.6. What are the available techniques for measuring force acting in a horizontal direction ’
18.7. Discuss briefly the four main methods used to measure torque.
18.8. Discuss the general principles o f calibrating mass-measuring instruments.
18.9. Which instruments are used as a reference standard in mass calibration? What 

special precautions have to be taken in manufacturing and using such reference 
instruments?
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19.1 Introduction

Movement is an integral pan o f many systems and therefore sensors to measure motion are 
an important tool for engineers. Motion occurs in many forms. Simple movement causes a 
displacement in the body affected by it. although this can lake two alternative forms according to 
whether it is motion in a straight line {translationaldisplacement) or angular motion about an axis 
(rotational displacement). Displacement only describes the fact that a body has moved but does 
not define the speed at which the motion occurs. Speed is defined by the term velocity. As 
for displacement, velocity occurs in two forms— translational velocity describes the speed at 
which a body changes position when moving in a straight line and rotational velocity (sometimes 
called angular velocity) describes the speed at which a body turns about the axis o f rotation 
Finally, it is clear that changes in velocity occur during the motion o f a body. To start with, the 
body is at rest and the velocity is zero. At the start o f motion, there is a change in velocity from 
zero to some nonzero value. The term acceleration is used to describe the rate i t  which the velocity 
changes. As for displacement and velocity, acceleration also comes in two forms— translation,il 
acceleration describes the rate of change of translational velocity and rotational acceleration 
(sometimes called angular acceleration) describes the rate o f change of rotational velocity.

With motion occurring in so many different forms, a review of the various sensors used to measurv 
these different forms o f motion would not fit conveniently within a single chapter. Therefore, 
this chapter only reviews season used for measuring translational motion, with those used for 
measuring rotational motion being deferred to the next chapter. The following sections therefore 
look in turn at the measurement o f translational displacement, velocity, and acceleration.

The subjects o f vibration and shock are also included in final sections o f this chapter. Both 
o f these are related to translational acceleration and therefore properly belong within this 
chapter on translational displacement. Vibrations consist o f linear harmonic motion, and 
measurement o f the accelerations involved in this motion is important in many industrial and 
other environments. Shock is also related to acceleration and characterizes the motion involved 
when a moving body is suddenly brought to rest, often when a falling body hits the floor. This 
normally involves large-magnitude deceleration (negative acceleration).

19.2 Displacement

Translational displacement transducers are instruments that measure the motion o f a body 
in a straight line between two points. Apart from their use as a primary transducer measuring the 
motion o f a body, translational displacement transducers are also widely used as a s e c o n d a r s

4 9 8  Chapter 19
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component in measurement systems, where some other physical quantity, such as pressure, 
force, acceleration, or temperature, is translated into a translational motion by the primary 
m e a s u re m e n t  transducer. Many different types o f translational displacement transducers 
e x is t  and these, along with their relative merits and characteristics, are discussed in 
the following sections o f this chapter. Factors governing the choice o f a suitable type 
o f instrument in any particular measurement situation are considered in the final section 
at the end o f the chapter.

19.2.1 Resistive Potentiom eter

The resistive potentiometer is perhaps the best-known displacement-measuring device. It 
c o n s is ts  of a resistance element with a movable contact as shown in Figure 19.1. A voltage, V„ 
is applied across the two ends A and В o f the resistance element, and an output voltage. V0 . is 
measured between the point o f contact С o f the sliding element and the end o f resistance 
element A. A linear relationship exists between the output voltage. V0. and distance AC. which 
can be expressed by

К  |-л
The body w hose motion is being measured is connected to the sliding clement o f the potentiometer 
so thal translation al motion o f the body causes a motion o f equal magnitude of the slider along 
the resistance element and a corresponding change in the output voltage. Vo-

Three different types o f potentiometers exist, wire wound, carbon film, and plastic film, so 
named according to the material used to construct the resistance element. Wire-wound 
potentiometers consist o f a coil o f resistance wire wound on a nonconducting former. As the slider 
moves along the potentiometer track, it makes contact with successive turns o f the wire coil. 
This limits the resolution of the instrument to the distance from one coil lo the next. Much better

Resistive potentiometer.
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measurement resolution is obtained from potentiometers using either a carbon film  or a 
conducting plastic film  for the resistance element. Theoretically, the resolution o f these is limited 
only by the grain size o f the particles in the film , suggesting thal measuremenl resolutions up 
to 10 4 should be attainable. In practice, resolution is limited by mechanical difficulties m 
constructing the spring system that maintains the slider in contact with the resistance track, 
although these types are still considerably better than wire-wound types.

Operational problems o f potentiometers all occur at the point o f contact between the sliding 
element and (he resistance track. The most common problem is dirt under the slider, which 
increases the resistance and thereby gives a false output voltage reading or, in the worst case, 
causes a total loss o f output. High-speed motion o f the slider can also cause the contact to 
bounce, giving an intermittent output. Friction between the slider and the track can also be j 
problem in some measurement systems where the body whose motion is being measured is 
moved by only a small force o f a similar magnitude to these friction forces.

\The life expectancy o f potentiometers is normally quoted as a number o f reversals, that is. as 
the number of times the slider can be moved backward and forward along the track. The value", 
quoted for wire-wound, carbon film, and plastic film  types are. respectively. 1,5. and 30 million 
In terms o f both life expectancy and measurement resolution, therefore, the carbon and plastic 
film  types are clearly superior, although wire-wound types do have one advantage in respect 
o f their lower temperature coefficient. This means that wire-wound types exhibit much less 
variation in their characteristics in the presence of varying ambient temperature conditions

A typical inaccuracy value that is quoted for translational motion resistive potentiometers is 
±  1% o f full-scale reading. Manufacturers produce potentiometers to cover a large span of 
measurement ranges. At the bottom end o f this span, instruments with a range o f ± 2  mm arc- 
available. while instruments with a range o f ±  I m are produced at the top end.

The resistance o f the instrument measuring the output voltage at the potentiometer slider can 
affect Ihe value o f the output reading, as discussed in Chapter 3. As the slider moves along the 
potentiometer track, the ratio o f the measured resistance lo that o f the measuring instrument 
varies, and thus the linear relationship between the measured displacement and the voltage 
output is distorted as well. This effect is minimized when the potentiometer resistance is small 
relative to that o f the measuring instrument. This is achieved by (1) using a very high 
impedance measuring instrument and (2) keeping the potentiometer resistance as small as 
possible. Unfortunately, the latter is incompatible with achieving high measurement sensitiv ily 
as this requires high potentiometer resistance. A compromise between these two factors is 
therefore necessary. The alternative strategy o f obtaining high measurement sensitivity by 
keeping the potentiometer resistance low and increasing the excitation voltage is not possible in 
practice because o f the power-rating limitation. This restricts the allowable power loss in the 
potentiometer to its heat dissipation capacity.
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m g  process o f choosing the best potentiometer from a range o f instruments that are 
available, taking into account power rating and measurement linearity considerations, is 
i l lu s tra te d  in the following example.

■ E xam p le  19.1

’ The o u tp u t voltage from a translational motion potentiometer o f stroke leng th
0.1 meter is to be measured by an instrument whose resistance is 10 K ll. The m axim um

I  lineasurcmem .:rror, which occurs when the slider is positioned two-thirds o f  the w ay 
a long the element (i.e., when AC — 2AB/3 in figure 19.1), must not exceed 1% o f 
the full-scale reading. The highest possible measurement sensitivity is also required.
A family o f potentiometers having a power rating o f 1 watt per 0.01 meter and resistances 
ranging from 100 to 10 K fl in 100-tl steps are available. Choose the most suitable 
potentiometer from this range and calculate the sensitivity o f measurement that it gives

Translational Motion, Vibration, and Shock Measurement SO I

I Solution
Referring to the labeling used in figure 19.1, let the resistance o f portion AC o f the 
resistance element R, and that o f the whole length AB o f the element be Rr  Also, let 
the resistance o f the measuring instrument be Rm and the output voltage measured 
by it be Vm. When the voltage-measuring instrument is connected to the potentiometer, 
the net resistance across AC is the sum o f two resistances in parallel 
(R, and Rm) given by

R. + K .

Let the excitation voltage applied across the ends AB o f the potentiometer be V and 
the resultant current flowing between A and 8 be I. Then I and V are related by

_  V__________________V___________
|  Яде + Яс» 1 Я*] "f R| ~

Vm can now be calculated as

VR,Rm
IRac

I f  we express the voltage that exists across AC in the absence o f the measuring instrument 
as 1/0, then we can express the error due to the loading effect o f the measuring instrument 
as error =  V0 -  Vm.



From Equation (19.1), V, =  (R,V)/R,. Thus, 

Error =  V ,- V *

, V  я R,«. R,2IR. -  «.)
(, +  R-R, -

(192

Substituting R, -2R J3 into Equation (19.2) to  find the maximum error:
V

Maximum error =
2R ,+9R m

For a maximum error o f 14,

Substituting R„, 10,000 f i  into Equation (19.3) gives R, =  454 ft. The nearest 
resistance values in the range o f  potentiometers available are 400 and 500 f l .  The value of 
400 0  has to  be selected, as this is the only one that gives a maximum measurement 
error o f less than 1%.

The thermal rating o f the potentiometers is quoted as 1 watt/0.01 m, that is, 10 w a tts  fo r  

a total length o f 0.1 m. By Ohm’s law, 
maximum supply voltage

Thus, the measurement sensitivity =  63.25/0.1 V/m =  632.5 V/m.
—  ■

19 .2 .2  Linear Variable D iffe re n tia l Transform er (LV D T)

The linear variable differential transformer, which is commonly known by the abbreviation 
LVDT. consists o f a transformer with a single primary winding and two secondary w indings  

connected in the series-opposing manner shown in Figure I9.2. The object whose translational 
displacement is to be measured is attached physically to the central iron core o f the transforms 
so that all motions o f the body are transferred to the core.

For an excitation voltage V, given by V, =  Vpsin<o>f), the e.m.f.s induced in the secondary 
windings Va and Vh are given by

Parameters Ku and AO, depend on the amount o f coupling between the respective secondary 
and primary windings and hence on the position o f the iron core. With the core in the central 
position. Ka =  Кь. we have Va =  Vi, =  K  sin(oм -ф ).

v/'power x resistance —  v 'T 6 " x 4 0 0  =  6 3 .2 5  Volts

Va =  К „ sin(<uf -  ф) ; V» =  K* sin(<itf -  ф).
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Displacement

F igure  19 .2
L inear variab le  d iffe re n tia l tran s fo rm er

Becausc o f the series opposition mode o f connection of secondary windings. V0 =  V’.  -  and 
hence with the core in the central position. V0 =  0. Suppose now that the core is displaced 
upward (i.e.. toward winding A) by distance x. I f  then Ka =  K , and Kh =  K2 , we have 
V0- ( K t  -  AT2)sin<tof -  ф).

If, altemativ e l\ . the cote were displaced downward from the null position (i.e.. toward winding B) 
by distance v. the values o f K „ and Kh would then be Ka =  ЛГ2 and Kh =  K\, and we would have:

К  =  (Кг -  K i)* in (a i/ -  ф) =  (К | -  ^2)*in(<ui +  [*  -  0 ]).

Thus for equal magnitude displacements +.v and —x of the core away from the central (null) 
position, the magnitude o f the output voltage. is the same in both cases. The only information 
about the direction o f movement o f the core is contained in the phase o f the output voltage, 
which differs between the two cases by 180“ . If, therefore, measurements of core position on 
both sides of the null position arc required, it is necessary to measure the phase as well as 
the magnitude o f the output voltage. The relationship between the magnitude of the output 
voltage and the core position is approximately linear over a reasonable range of movement 
of the core on either side of the null position and is expressed using a constant of proportionality 
С as VamCx.

The only moving part in an LVDT is the central iron core. As the core is only moving in the 
air gap between the windings, there is no friction or wear during operation. For this reason, 
the instrument is a very popular one for measuring linear displacements and has a quoted 
life expectancy o f 200 years. The typical inaccuracy is ±0.5% o f full-scale reading and 
Ш М ш е т е т  resolution is almost infinite. Instruments are available to measure a wide span of 
■easuremcnis from ±  100 ц т  to ±  100 mm. The instrument can be made suitable for operation 

corrosive environments by enclosing the windings within a nonmetallic barrier, which leaves
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(he magnetic flux pa(hs between (he core and windings undisturbed. An epoxy resin is used 
commonly (o encapsulate (he coils for (his purpose. One further operational advantage o f the 
instrumen( is its insensitivity (o mechanical shock and vibration.

Some problems (ha( affect (he accuracy o f (he LVDT are (he presence o f harmonics in (he 
exci(a(ion voltage and s(ray capacitances, both o f which cause a nonzero outpu( o f low 
magni(ude when Ihe core is in the null position. 1( is also impossible in practice (o produce two 
identical secondary windings, and (he small asymme(ry thal invariably exists between (he 
secondary windings adds (o this nonzero null ou(pu(. The magni(ude of (his is always less than 
1% o f Ihe full-scale ou(pu( and. in many measuremem situations, is o f little consequence 
Where necessary, the magnitude o f these effects can be measured by applying known 
displacements (o (he ins(rumen(. Following this, appropriate compensation can be applied to 
subscquenl measurement.

19.2.3  Variable Capacitance Transducers

Like variable induc(ance. (he principle of variable capaci(ance is used in displacement- 
measuring (ransducers in various ways. The three most common forms of variable capacitance 
(ransducers are shown in Figure I9.3. In Figure I9.3a, capacitor plates are formed by two 
concendic. hollow. me(al cylinders. The displacement to be measured is applied to (he inner 
cylinder, which alters (he capacUance. The second form. Figure I9.3b, consists o f two flat, 
parallel, metal plates, one o f which is fixed and one o f which is movable. Displacements to he 
measured are applied to ihe movable plate, and the capacitance changes as (his moves. Both of 
these first (wo forms use air as (he dielecuic medium be(ween (he plates. The final form. 
Figure I9.3c, has (wo fla(. parallel. me(al plates wilh a sheet o f solid dielecuic material 
be(ween (hem. The displacemen( to be measured causes a capacitance change by moving the 
dielectric sheet.

Inaccuracies as low as ±0.01% are possible wilh these inslrumems, wi(h measurement 
resolutions o f I |im. Individual devices can be selected from manufacturers' ranges that 
measure displacements as small as 1 0 " '1 m or as large as I m. The fact that such instrument 
consist only o f two simple conducting plates means (ha( il is possible lo fabricate devices thal 
are toleranl (o a wide range o f env ironm ent hazards, such as extreme temperatures, 
radiation, and corrosive atinospheres. As (here are no con(ac(ing moving parts, (here is no 
friction or wear in operation and (he life  expeciancy quoted is 200 years. The major problem 
wi(h variable capacUance (ransducers is (heir high impedance. This makes (hem very 
susceptible (o noise and means (ha( (he leng(h and position o f connecting cables need (o be 
chosen very carefully. In addition, very high impedance instruments need to be used (o 
measure (he value o f (he capacitance. Because o f these difficulties, use o f (hese devices lends 
lo be lim ited (o (hose few applications where high accuracy and measurement resolution o f 
(he ins(rumen( are required.
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Variable capacitance transducer.

19.2.4 Variable Inductance Transducers

One simple type o f variable inductance transducer was shown earlier in Figure 13.4. This has a 
Jcal measurement range o f 0 -1 0  mm. An alternative form o f variable inductance transducer, 
wn in Figure 19.4a, has a very similar size and physical appearance to the LVDT. but has a 

r-tapped single winding. The two halves o f the winding are connected, as shown in 
f g u u ' 19.4b, to form two arms o f a bridge circuit that is excited with an alternating voltage, 

ith the core in the central position, the output from the bridge is zero. Displacements o f the 
either side o f the null position cause a net output voltage that is approximately proportional
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(•) <Ь)
Figure 19.4

(a )  Variab le  in ductance  transducers; ( b )  co n n e c tio n  in  a bridge c irc u it.

to the displacement for small movements o f the core. Instruments in (his second form are 
available lo cover a wide span o f displacement measurements. At the lower end o f this span, 
instruments with a range o f 0 -2  mm arc available, while al (he (op end, instruments with a 
range o f 0 -5  m can be obtained.

19.2.5  S tra in  Canges

The principles o f strain gauges were covered earlier in Chapter 13. Because o f iheir very small 
range o f measuremenl (typically 0-50 ц т ), strain gauges are normally only used to measure 
displacements within devices such as diaphragm-based pressure sensors rather than as a 
primary sensor in (heir own righ( for direc( displacemen( measuremenl. However, strain gauges 
can be used (о measure larger displacements if  (he range o f displacemen( measuremenl is 
extended by (he scheme illustrated in Figure 19.5. In this, the displacement to be measured is 
applied to a wedge fixed between (wo beams carrying s(rain gauges. As (he wedge is displaced 
downward, (he beams are forced apart and strained, causing an ou(pu( reading on (he strain 
gauges. Using (his me(hod. displacements up to about 50 mm can be measured.

19 .2.6  Piezoelectric Transducers

The piezoelectric transducer is effechvely a force-measuring device used within many 
insuumems designed to measure ei(her force itself or (he force-rcla(ed quantities o f pressure 
and accelerarion. It is included wi(hin this discussion o f linear displacement tra n sd u ce rs  

because its mode o f operation is to generate an e.m.f. proportional to the distance by which
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Figure 1 9 .5
Stra in  gauges m easuring  large d isp lacem ents.

it is compressed. The device is manufactured from a crystal, which can be either a natural 
material, such as quartz, or a synthetic material, such as lithium sulfate. The crystal is

• mechanically s tiff (i.e.. a large force is required to compress it); consequently, piezoelectric 
transducers can only be used to measure the displacement o f mechanical systems that are 
stiff enough themselves to be unaffected by the stiffness o f the crystal. When the crystal is 

| compressed, a charge is generated on the surface that is measured as (he output voltage. 
Unfortunately. as is normal with any induced charge, the charge leaks away over a period o f 
time. Consequently, the output voltage-time characteristic is as shown in Figure 19.6. 
Because o f this characteristic, piezoelectric transducers are not suitable for measuring static 
or slowly varying displacements, even though the time constant o f the charge-decay process 
can be lengthened by adding a shunt capacitor across the device.

As > displacement-measuring device, the piezoelectric transducer has a very high sensitivity, 
■bout 1000 times better than a strain gauge. Its typical inaccuracy is ±  1% of full-scale 
reading and its life expectancy is three m illion reversals.

19.2.7 N o a le  Flapper

nozzle flapper is a displacement transducer that translates displacements into a pressure 
change A secondary prevsure-measuring device is therefore required within the instrument. The 
general form o f a nozzle flapper is shown schematically in Figure 19.7. Fluid at a known supply
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Output
voltage

Figure 19.6
V o lta g e -tim e  characteris tic  o f *  p iezoelectric tran sducer fo llo w in g  step d isp lacem ent

F igure  19 .7  
Nozzle flapp er

pressure, P„  flows through a fixed restriction and then through a variable restriction formed by the 
gap, x. between the end o f the main vessel and the flapper plate. The body whose displacement is 
being measured is connected physically to the flapper plate. The output measurement o f the 
instrument is the pressure. P „ in the chamber shown in Figure 19.7. which is almost proportional 
to x over a limited range o f movement o f the flapper plate. The instrument typically has a first 
order response characteristic. A ir is used very commonly as the working fluid, which gives the
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jpstrunx-nt .1 time constant o f about 0 .1 second. The instrument has extremely high sensitivity hut 
Its range o f measurement is quite small. A typical measurement range is ±0.05 mm with a 
Ugasurcmc-nt resolution of ±0.01 (im. One very common application o f nozzle flappers is 
pgasuring displacements within a load cell, which are typically very small.

19.2.8 O ther Methods o f M easuring Sm all/M edium -Sized Displacements

A p a rt from the methods outlined earlier, several other techniques for measuring small 
ganslatioiul displacements exist, as discussed here. Some o f these involve special instruments 
thal have a very limited sphere o f application, for instance, in measuring machine tool
djfplacemcnis 

Linear inductosyn

A line» inductosyn is an extremely accurate instrument widely used for axis measurement and 
c o n tro l within machine tools. Typical measurement resolution is 2.5 (im. The instrument consists 
o f  two magnetically coupled parts sepurated by an air gap, typically 0.125 mm wide, as shown in 
Figun: 19.8. One part, the track, is attached to the axis along which displacements are to be

jT L n jT jn jn jn J iT J ”1*--

r LJ"LJl s~
'С ус * 
prtch (•)

Figure 19.8
Linear inductosyn.



measured This would generally be the bed o f a machine tool. The other pan. the slider, is 
attached to the body that is to be measured or positioned. This would usually be a cutting tool

The track, which may he several meters long, consists o f a fine metal wire formed into the 
pattern o f a continuous rectangular waveform and deposited onto a glass base. The typical pitch 
(cycle length), s. o f the pattern i i  2 mm. which extends over the fu ll length o f the track. The 
slider is usually about SO mm wide and carries two separate wires formed into continuous 
rectangular waveforms that are displaced with respect to each other by one-quarter o f the cycle 
pitch, that is. by 90 electrical degrees. The wire waveform on the track is excited by an 
applied voltage given by У, =  У' sin(<ijf).

This excitation causes induced voltages in the slider windings. When the slider is positioned in 
the null position such that its first winding is aligned with the winding on the track, the outpui 
voltages on the two slider windings are given by V, = 0  : V2 =  V sin(<uf).

For any other position, slider winding voltages are given by =  V sin(i» /)sin(2 i«/j); V, =  V 
sin(uV) cos(2it.r/.v). where r is displacement o f the slider away from the null position.

Consideration o f these equations for the slider-winding outputs shows that the pattern of 
output voltages repeats every cycle pitch. Therefore, the instrument can only discriminale 
displacements o f the slider within one cycle pitch o f the windings. This means that the typical 
measurement range o f an inductosyn is only 2 mm. This is o f no use in normal applications, 
and therefore an additional displacement transducer with coarser resolution but larger 
measurement range has to be used as well. This coarser measurement is made common 1> 
by translating the linear displacements by suitable gearing into rotary motion, which is then 
measured by a rotational displacement transducer.

One slight problem with the inductosyn is the relatively low level o f electromagnetic coupling 
between the track and slider windings. Compensation for this is made using a high-frequeno 
excitation voltage (5 -1 0  kHz is common).

Translation o f linear displacements into rotary motion

In some applications, it is inconvenient to measure linear displacements directly, either 
because there is insufficient space to mount a suitable transducer or because it i t  inconvenient 
for other reasons. A suitable solution in such cases is to translate the translational motion 
into rotational motion by suitable gearing. Any of the rotational displacement transducers 
discussed in the next chapter can then be applied.

Integration o f output from velocity transducers and accelerometers

I f  velocity transducers or accelerometers already exist in a system, displacement m e a s u re m e n ts  

can be obtained by integration o f the output from these instruments. However, this only 
gives information about the relative position with respect to some arbitrary staning point

510 Chapter 19
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It doe* not yield a measurement o f the absolute position o f a body in space unless all motions 
away fr°m  a fixed starting point are recorded.

I j t t r  in terfe rom eter

standard interferometer has been used for over 100 years for accurate measurement 
0( d is p la ce m e n ts  The laser interferometer i i  a relatively recent development thal uses a 
laser light source instead o f the conventional light source used in a standard interferometer. 
The laser source extends the measurement range o f the instrument by a significant amount 
while maintaining the same measurement resolution found in a standard interferometer. In the 
particular form o f laser interferometer shown in Figure 19.9, a dual-frequency helium-neon 
(He-Ne) laser is used that gives an output pair o f light waves at a nominal frequency o f 
5 x 1014 Hz. The two waves differ in frequency by 2 x 10л Hz and have opposite polarization. 
This dual-frequency output waveform is split into a measurement beam and a reference beam 
by the first beam splitter.

The reference beam is sensed by the polarizer and photodetector. Л, which converts both 
waves in the light to the same polarization. The two waves interfere constructively and 
destructively alternately, producing light-dark flicker at a frequency o f 2 x 10* Hz. This excites 
а 2-МН/ electrical signal in the photodetector.

The measurement beam is separated into the two component frequencies by a polarizing 
beam splitter. Light o f the first frequency, / , ,  is reflected by a fixed reflecting cube into 
a photodetector and polarizer, B. Light o f the second frequency. / 2. is reflected by a 
movable reflecting cube and also enters B. The displacement to be measured is applied 
to the movable cube. W ith the movable cube in the null position, the light waves entering В

Translational Motion, Vibration, and Shock Measurement S 1 1

Figure 19.9
Laser interferometer.
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produce an electrical signal output at a frequency o f 2 MHz. which is the same frequents 
as the reference signal output from A. Any displacement o f the movable cube causes a 
Doppler shift in the frequency. f 2. and changes the output from B. The frequency o f the 
output signal from В varies between 0.5 and 3.5 MHz according to the speed and direction 
o f movement o f the movable cube. Outputs from A and Я are amplified and subtracted 
The resultant signal is fed to a counter whose output indicates the magnitude o f the 
displacement in the movable cube and whose rate o f change indicates the velocity

This technique is used in applications requiring high-accuracy measurement, such as machine- 
tool control. Such systems can measure displacements over ranges o f up to 2 m with an 
inaccuracy o f only a few parts per m illion. They are therefore an attractive alternative to the 
inductosyn. in having both high measurement resolution and a large measurement range within 
one instrument.

Fotonic tensor

The fotonic sensor is one o f many recently developed instruments that make use o f fiber-optic 
techniques. It consists o f a light source, a light detector, a fiber-optic light transmission system, 
and a plate that moves with the body whose displacement is being measured, as shown in 
Figure 19.10. Light from the outward fiber-optic cable travels across the air gap to the plate and 
some o f it is reflected back into the return fiber-optic cable. The amount o f light reflected 
back from the plate is a function o f the air gap length, x, and hence of plate displacement 
Measurement of the intensity of the light carried back along the return cable to the light detector 
allows displacement o f the plate to be calculated. Common applications o f fotonic sensor, arc- 
measuring diaphragm displacements in pressure sensors and measuring the movement of 
bimetallic temperature sensors.

of motion.
4

Optical tiber*

rtn|)l>n<nnnt
Measured

F igure 19 .1 0
Fotonic sensor
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Figur. 19.11
N onconuctiBg optical senior.

Figure 19.11 shows an optical technique used to measure small displacements. The motion to he 
■easured is applied to a vane, whose displacement progressively shades one o f a pair o f 
■anobthn. photodiodes thal are exposed to infrared radiation. A displacement measurement is 
«Gained by comparing the output o f the reference (unshaded) photodiode with that of the 
•kaded ooe The typical range of measuremenl is ±0.5 mm with an inaccuracy o f ± 0 .1 *  o f full 
■cale. Such sensors are used in some intelligent pressure-measuring instruments based on 
Botndon tubes oe diaphragms as described in Chapter 15.

19.2.9 Meaturtment o f Large Displac ements  (Ramp S ee М П )

* * *  final class o f initrameats that has not been mentioned so far conastt af  those designed 
to measure relatively Urge translational displacements These are usually known as range 
*e**a rt and measure the motion o f a body w ith respect lo  some fixed datum point. Most



range censors use an energy source and energy detector, but measurement using a rotary 
potentiometer and a spring-loaded drum provides an alternative metfmd.

Entrgf source/detector-bated roup semen

The fundamental component! in energy sourceAfetector-based range sensors are an eacrgy 
source, an energy detector, and an electronic means o f timing the time o f flight o f the energy 
between the source and the detector. The form o f energy used it  either ultrasonic or bghi 
In some systems, botb the energy source and the detector a n  flie d  an the moving body 
and operation depends an Ike energy being reflected back from the fixed boundary at in 
Figure 19.12a. In  other system, the energy source is attached U> the moving body and the 
energy detector is located within the fixed boundary, as shown in Figure 19.12b.

In ultrasonic systems, the energy is transmitted from the source in high-frequency bunas.
A frequency o f at least 20 kHz is usual, and 40 kHz is common for measuring distance» up ю
5 in. By measuring the time o f flight o f the energy, the distance o f the body from the fixed 
boundary can be calculated, using the fact that the speed o f sound in air is 340 m/s. Because of 
difficulties in measuring the time o f flight with safficient accuracy, ultraconic systems are act

Moving

bod»
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m iu H c  for measuring distances o f le u  than about MO mm. Measurement resolution is limited 
by the wavelength o f the ukrasonic energy and can be improved by operating al higher 
f icq irn c irv  At higher frequencies. however, attenuation o f the magnitude of the u llraunc  
wave at it passes through air becomes significant. Therefore, only low frequencies are suitable 
i f  la rg e  distances are to be measured The lypical inaccuracy o f ultrasonic range finding systems 
i t  ± 0 3%  o f fu ll scale.

Optical range-finding systems generally uae a laser light source The speed o f light in air i t  
ф он 1 x  IO W i. so that light takes only » few nanoseconds to travel a meter. In consequence, 
inch systems are only suitable for measuring very large diipiacemeats where the time o f flight 
i t  king enough to be measured with reasonable accuracy.

Rotary potentiometer end spnnghaded  drum

Another method for measuring large displacements that are beyond the measurement range 
o f common displacement transducers is shown ia Figure 19.13. Tb it consists o f a steel 
wire attached to the body whose displacement i t  being measured: the wire passes roand a 
pulley and on to a spring-loaded drum whose rotation is measured by a rotary potentiometer. 
A  mukiturii potentiometer is usually requited for this to give an adequate measurement 
resokjuon. With this measurement system, i l  i t  possible to reduce measurement uncertainty to 
at hale at ±0.01% of full-scale reading.

R p n  H .1 J
System fo r measunng b y e  displacements.
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19.2.10 Progwaty Saatan

For die take of completeness.* is proper lo conclude this chapter on translational displace mem 
transducers with conuderMion o f proximity sensors. Proximity detectors provide infonnaumi 
on tte  displacement of a body with respect ю  some boundary, but onh insofar at to say 
whether the body is less that or greater than a certain distance away frcm the boundary. The 
output o f a proximity tensor i t  thus binary in nature: the body it .  or к  not. close to the boundary

l ik e  range sensors. proxiaMy detectors nuke uac o f an energy source and detector. The 
detector is a device wfcoce output changes between two states when die magnitude of dte 
incident reflected energy exceeds a certain threshold level. A common form o f proximity sensor 
uses an infrared light-emitting diode (LED) source and a phototransistor. Light triggers the 
transistor into a conducting; state when the LED is within a certain distance from a reflective 
boundary and the reflected light exceeds a threshold level. T b it system is pbyrically small 
occupying a volume o f only a few cubic centimeters. I f  even this small volume U obtrusive, 
then fiber-optic cables can be used to trantmit bgbi from a remotely mounted LED and 
phototransistor. The threshold displacement detected by optical ptoximity sensors can be vaned 
between 0 and 2 m.

Another form o f proximity sensor uaes the principle o f varying inductance Such device» are 
particularly suitable (or operation in aggressive environmental coeditiows and can be aaade 
vibration and shock ir e  slant by vacuum encapsulation technique». The sensor contains a 
high-frequency oscillator whose output is demodulated and fed vin a trigger circuit to an 
amplifier output stage. The oscillator output radiates through the surface o f the sensor and. 
when die sensor surface becomes dote  to an electrically or magnetically conductive boundary. 
tbe output voltage i« reduced because o f interference with the flux paths. At a certain point, the 
output voltage is reduced sufficiently for tbe trigger circuit lo change state and reduce the 
amplifier output to zero. Inductive sensors can be adjusted to change state at diplacements m 
the range o f I to 20 mm.

A third form of proxantty sensor uses the capacitive principle. These can operate in tim ilar 
conditions to inductive types. The threshold level o f displacement delected can be varied 
between 5 and 40 mm.

Fiber-optic proxim ity tetuors also exist where Ae amount o f reflected light varies with the 
proximity o f the Tiber endk to a boundary, as shown earlier in Pigure 13.2c.

19.2.11 С Ьомйф  Trmulatianal  Ш вш паяЛ  Trm idac en

Choice between the various translational motion transducers available for any particular 
application depends maariy on t ie  magnitude o f * e  displacement to be measured, although d * 
operafcng environment is also relevant.
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The requirement to rn e in w  displacement». o f less than 2 mm usually occurs м  p * t  o f mi 
fcstmnieni that i t  measuring some other physical quantity, such as pressure, and seven! 
types o f devices have evolved to fu lf i l l  this task. The LVDT. strain gauges, fotoaic sensor, 
v a r iab le  capacitance transducers, and попсовtacting optical transducer all find application 
in measuring diaphragm or Bourdon tube displacements within pressure transducers, i  /цН 
f t \ \  dteplacements are also very small, which are commonly measured by nozzle flapper 
dev ices.

par Measurements within the range o f 2 mm to  2 m. the number o f suitable instruments grows. 
Both die relatively inexpensive potentiometer and the LVDT. wluch is somewhat mote 
cspencive. are commonly used for such measurements. Variable inductance and variable 
capacitance transducers are also used in sane applications. Additionally, strain gauges 
Measuring the strain in tw>o beams forced apart by a wedge (tee Section 19.2.5) can meastae 
emplacements up to 50 mm. I f  very high measurement resolution is required, either the linear 
fnductntyn or ihe laser interferometer is uted.

Finally, range sensor» are nonnally used i f  Ihe displacement to be measured exceeds 2 meters.

As well a* choosing tensor» according to Ihe magnitude o f displacement to be measined. 
the measurement environment is also sometimes relevant. I f  the environmental operating 
conditions are severe (e g., hot. radioactive or corrosive atmospheres), device» that can be 
protected easily from these conditions mutt be chosen, such as Ihe LVDT. variable inductance, 
and variable capacitance instruments.

19.2.12 Colibratioo o f  Trmalationol Dnptacement Moesurememt Trotaductn

Most translational displacement transducer» measuring displacements up to 50 mm cm  be 
calibrated at the workplace level using standard micrometers to measure a set o f displacements 
and comparing the reading from the displacement transducer being calibrated when *  is reading 
Ihe same set o f displacements. Such micrometers can provide a reference standard w*h an 
•■accuracy o f ±0.003% o f full-scale reading. I f  belter accuracy is required, micrometcr-baxed 
calibrators are available from several manufacturers that reduce the measurement inaccuracy 
down to ±0.001% o f full-scale reading.

fo r  sensors thal measure displacements exceeding; 50 mm (including thoae classified as range 
•ensois). the usual calibration tool is a laser interferometer. This can provide measurement 
■certainty down to ±0.0002% o f full-scale reading. According to which laser interferometer 
■Oddischosen. a measurement range up to «meters is possible. Obviously, laser interferometer, 
■"expesikive devices, wtucb are also physically very large for a model measuring ирю50 meters. 
*»d fcerefcrc calibration services using these are usually devolved to specialist calibration 
rtenpaue* or instrument manufacturers.
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19.3 Velocity
Translational velocity camnot be measured daectly and therefore r»u»t be calculated indirectly 
by other meant at tel out here.

19 .X  1 D iffe re n tia te * o f Displacem ent Measurements

Differentiation o f position measurements obtained from any o f tbe translational displacement 
transducers described ia Section 19.2 can be used lo  produce a translational velocity signal 
Unfortunately, the process o f differentiation always amplifies noise in a measurement system 
Therefore, i f  this method has to be used, a low -noi* instrument sudiasadx.-excitedcarton film 
potentiometer or laser mterfcrometer should be chosen. In ihe c**e o f potentiometers, a.c. 
excitation must be avoided because o f the problem that harmonics in the power supply would 
cause.

19 .3 .2  Integration e f O u tput o f an A t& i eromete r

Where an acceleromeier ia already included within a system, integration o f *s  output cat be 
performed to yield a velocity signal. Tbe proceaa of integration attenuate» rather than amplifies 
measurement noise, and this is dierefore an mactpMe technique in terns o f measurement aonracy

19.3 .3  Conversion ta  R otational Velocity

Conversion front translational to rotational velocity is the final measurement 
technique open to the system designer and ia the one used most commonly. This 
conversion enables any o f the rotational velocity-measuring instruments described in 
Chapter 20 to be applied.

19 .3 .4  C alib ra tion  o f  Velocity Measurement Systems

Because translational velocity is never measured directly, the calibration procedure t*ed 
depends on the system used (or velocity measurement. I f  a velocity measurement is being 
calculated from a displacement or acceleration measurement, the traceability o f sytlem 
calibration requires thal the associated displacement or acceleration tcansducer used i t  
calibrated correctly. The only other measurement technique i t  conversion o f ihe « т а ! * * » * 1 
velocity into rotational velocity, in which erne die system calibration defends on Ihe calibration 
o f the rotational vetocfly transducer used
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19.4 Acceleration

The eely class o f device available for meamring acceleration i t  the acceleroeeter. These are 
available in a wide v*ie (y  o f types and ranges designed ю  meet particular measurement 
(Bjuiirmenis They have a frequency response htfween u ro  and a high value, and have a fonn 
o f output that can be integrated readily to give displacement and velocity measurement]..
Hie fretjuency response o f accelerometer* can be improved by altering the level of dimping m 
fte  inerument. Such adjustment must be done carefully, however, because frequency respome 
Improvements are only achieved at the expense o f degrading tte measurement sensitivity, 
hi addition to their use for general-putpose motion measurement, accelerometers t ie  w iddy 
teed to measure mechanical shocks and vibrations.

Most farms o f accelenmeter consist o f a mass suspended by a spring and damper inside a 
bousuig. as shown in Figure 19.14. The accdetometer is fastened rigidly to fee body undergong 
voelerttion. Any acceleration o f the body causes a force. F ,, on the mat*. Af. given by F . =  M i.

This force is opposed by the restraining effect, F „  o f a spring with spring constant K. and the net 
result i t  that mass i t  displaced by a distance, i .  from its starting position such that F,=*ICx.

la steady state, when the mats inside it  accelerating t t  the same rale at the cate o f * e  
accelerometer =  and to

K x ~ m  or Im (K x)/M . (19.4)

The is die equation of notion  o f a second-order system, and. in the absence o f damping, the 
output o f the accelerometer would consist o f nondecaying oscillations. A damper is therefore 
included within the instrument, which produces a damping force. F *  proportional to Me

Я р ч  19.14
Structure of an aoctlerometcr.
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velocity o f the mass. N  given by F t  ~  Bx. This modi fie» the preview  equation o f motion 
[Equation (19.4)] to the fallow ing:

K x + B * = H x  (19.3)

One important characteristic o f accelerometers is their sensitivity to acceleration* al right 
angle* to the sensing axis (the direction along which the instrument it  designed lo  measure 
acceleration). This is defined as c ro a -se n titi\ity  and is specified in  tom s o f the outpM. 
expressed as a percentage o f full-scale output, when an acceleration o f some specified 
magnaude (e.g., 30g) is applied at 90° lo  (be sensing axis.

H ie  acceleration reading it  obuined from  the instrument by measuremenl o f the displacement 
o f the mass w ith in the accelerometer Many d ifferent displacement-measuring techniques are 
used m the various types o f accelerometen available commercially. D ifferent type» o f 
accelerometers also vary in terms o f the type o f spring element and farm o f damping used

Remxrve potentiometer» are one such displaoemeai-measuring immanent used in accelerometer» 
These are used mainly fo r measuring slowly varying accelerations and low-frequency vibrations 
in  the range o f 0 -5 0 g . The measuremenl rcsolttian obtainable it  about 1 in  400 and typical 
values o f cross-sensitivity are ±  1%. Inaccuracy is about ±  I *  and life  expectancy i t  quoted
■  two m illion  reversal». A typical tize and weight are 125 cm1 and 500 gram.

Strain gauges and pieaoretiaive sensors are also used in  accelerometers for measuring 
accelerations up to 200* These serve a* ihe spring element a t w e ll as measuring mass 
displacement, thus sim plifying the instrum ent's construction Their typical characteristics 
are a resolution o f I in  1000, inaccuracy o f ±  1%. and cross-sensitivity o f 2%. They have 
a major advantage over potentiometer-bated accelerometers in termn o f the ir much smaller 
size and weight (3 cm ' and 25 gram).

Another displacement transducer found in accelerometers is the LVD T. This device can 
measure accelerations ap to 700* w ith a typical inaccuracy o f ±  1% o f b ill scale. They are o f a 
sim ilar physical size lo  potentiometer-bated instruments but are lighter in weight (100 gram).

Accelerometers based on variable-inductance displacement-measuring devices have extremely 
good characteristics and are suitable for measuring accelerations up to 40* Typical specification' 
o f such instruments are inaccuracy ±0.25%  o f f t i l  scale, resolution I in  10.000, and cro&s- 
■ensitivity o f 0.5%. Their physical size and w eigh are sim ilar lo  potenliometer-bated devices 
Instruments w ith an output in the farm o f •  varying capacitance also have sim ilar characteristic'

The other common displacement transducer used in accelerometen is the piezoelectric type 
The major advantage o f using piezoelectric crystals is that they abo ad as the spring and 
damper w ith in  the instrument. In conaequence. * e  device is quite sna il (15 cm ) and low 
m au |50 gram), but Ьесаше o f the nature o f a piezoelectric crystal opeebon. such intMumen*'
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0t  not suitable for measuring constant or dow ly tunc varying accelerations. As the electrical 
fcnpedanct o f a pie/uekctnc crystal is  itse lf high. (he output voltage must be measured 
w ith < very high-impedance instrument to avoid loading effects. Many recent piezoelectric 
crystal-based accelerometers incorporate a high impedance charge am plifier w ith in the 
body o f the instrument. This sim plifies the signal conditioning require meats external to 
the accelerometer but can lead to problems in  certain operational environments because 
these internal electronics are exposed to the same environmental hazards as the rest o f the 
accelerometer. Typical measurement resolution o f th is class o f accelerometer is  0 .1 *  o f 
fu ll scale w ith an inaccuracy o f ±  1%. Individual instruments are available to cover a wide 
range o f measurements from  0.03* fu ll scale up to  1000* fu ll scale. In te lli/tea t accelrroaieiers 
are also now available that give even better performance through inclusion o f proces&iag 
power to  compensate (or environmentally induced errors.

Recently, very small mictosensors have become available fo r measuring acceleration. 
These consist o f a small mass subject to acceleration mounted on a th in silicon nvnrfarane 
Displacements are measured either by pieznresistors deposited on the membrane or by 
etching a variable capacitor plate into the membrane.

Two forms o f fiber-optic-based accelerometers also exist. One form measures the effect on 
ligh t transmission intensity caused by a m a» subject to acceleration resting on a multimode 
fiber. The other form  nseasares the change ia  phase o f light transmitted through a monomode 
fiber that has a mass ab ject to  acceleration resting on it.

19.4.1 Selection o f Accelerometer*

la  choosing between the different types o f accelerometers fo r a particular application, the 
ш ы  o f the instrument is particularly important. This should be very much less than thal o f Ihe 
body whose motion i i  being measured in order to avoid loading effects that affect the ассигкгу 
o f the readings obtained. In this respect, instruments based on strain gauges are best.

19.4.2  C dibm tioH  o f  Accelerom eter!

The primary method o f calibrating accelerometers is to mount them on a table rotating about a 
vertical axis such that the sensing axis o f the accelerometer is painting toward the axis o f 
rou“ °n  o f the table. Acceleration, a. Is then given by

a *  r<2*v)J,

**>*»e r  ia the radius o f rotation measured from the center o f the rotating table to the center o f 
^ ••n rilu o m e te r т а и  and r  is the velocity o f rotation o f the table (in  revolutions per second).

Tramletiomel M u iw ,  Vib r io » , a t*  Shetk M o m w u i t  521
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This obviously requires that die rotational speed o f the table it  measured accurately by a 
calibrated sensor. Provided that this conditio* »  met. various reference acceleration valves ca i 
be generated by changing tbe rotational speed o f the table.

19.5 Vibration

19.S.1 N ature e fV ih ra tm a

Vibrations are encountered very commonly in  die operation o f auchinery and industrial 
plants, and therefore measurement o f the accelerations associated w ith such vibrations is 
extremely important in industrial environments. The peak accelerations involved in such 
vibrations can be 100* o r greater in magnitude, while both the frequency o f oscillation and the 
magnitude o f displacements from  the equilibrium  position in vibrations have a tendency to vary 
randomly. Vibrations norm ally consist o f linear harmonic motion that can be expressed 
mathematically as

X - jr .a ia (m f) . (»9.6)

inhere X is the displacement from  the equilibrium  position at any general point in  tim e. X . is the 
peak displacement from tbe equilibrium  position, and w is the angular frequency o f tbe 
oscillations. By d iffe re n tia te  Equation (19.6) w ith  respect to time, an expression for the 
velocity v o f the vibrating body at any general point in  time is otaained as

v= -< « X „co s(tu r). (19.7)

D ifferentiating Equation (19.7) again w ith respect to  tim e, we obtain an expression for the 
acceleration, a, o f the body at any general point in  time as

я ш -a ? X , cin(w f). (19.8)

Inspection o f Equation (19.8) draws that peak acceleration is given by

V *  =  aSX.. (19.9)

This sqaare law relationship between peak acceleration and oscillation frequency is the reason 
why high values o f acceleration occur during relatively low-frequency oscillations. For 
example, an oscillation at Ю Hz produces peak accelerations o f 2g.

I  Example 19.2

I A pipe carrying a flu id  vibrates at a frequency o f SO Hz w ith displacements o f 8 mm 
I from  the equilibrium  position. Calculate the peak acceleration.
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я  S o lu tio n

From Equation (19.9), =  шгХ . =  (2 xS O f х (0.008) =  789.6m /t1.

Using the fact that standard acceleration due to  gravity, g, is 9.81m/»2, this 
answer can be expressed alternatively as s t ^  =  789.6/9.81 =  80.5g.

—  ■

19.5.2  V ib ra tio * M n m ra n o it

|t is apparent that the intensity o f vibration can be measured in  terms o f displacement, 
velocity, o r acceleration. Acceleration it  dea rly  the best parameter to  measure at high 
frequencies. However, because displacements are large at low frequencies accordmg id  
Equation (19.9), it would seem that measuring either displacement o r velocity would be 
best at low frequencies. The amplitude o f vibratioos can be measured by various forms Ы  
Jbplacenu-nt transducers. Fiber-optic-hated devices are particularly attractive and can p 'tc  
Measurement resolution as high as 1 щп. Unfortunately, there are considerable practical 
d ifficulties in mounting and calibrating di«placement and velocity transducers and tterefore 
they a»* rarely used. Because o f this, vibration it  usually measured by accelerometers at 
Л  frequencies The mast common type o f transducer used is the piexoacceleroraeter. which 
has typical inaccuracy levels o f ± 2%.

The frequency response o f accelerometers it  particularly important in  vibration measurement m 
view o f the inherently high-frequency characteristics o f the measurement situation. The 
bandwidth o f both potentiometer-based accelerometers and accelerometer» using variable 
inductance type displacement transducers only goes up to 23 Hz. Accelerometers thal include 
«•Лет the LVD T or strain gauges can mcaiere frequencies up to 150 Hz, and the latest 
*sm m iems using piew resnlive strain gauge* have band widths up to 2 kHz. F inally, inclusion 

pieaoelectric crystal displacement transducers yields an instrument w ith a bandwidth thal can 
be a t high as 7 ItHz.

When measuring vibration, consideration mue be given to the fact that attaching an accelerometer 
to ihe vibrating body w ill sign ificantly affect the vibration characteristic! i f  the body has a 
tm all mass. The effect o f such “ loading" o f the measured system can be quantified by the 
fo llow ing equation:

•*»«e a, is the acceleration of the body w ith accelerometer attached. ub is the acceleration 
° f  «he bod) without the accelerometer, m . is the mass o f the accelerometer, and is the 
* * » t o f the body. Such considerations emphasize the advantage o f piezoaccderonKters for 
■ farm ing vibration, as these have a lower mass than other forms o f acceleronMen and to  
«“ « rihw e  least Ю this system-loading effect-
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Vibration m euurenw it system

As w ell as an accelerometer. a vibration measurement system requires other elements to 
translate the accelerometer output into a recorded signal, at shown in  Figure 19.15. The 
three other necessary elements are a signal conditioning element, a signal analyzer, aad 
a signal recorder. The signal-conditioning element am plifies Ibe relatively weak oMput 
signal from  the accelerometer and also transforms the high output impedance o f the 
accelerometer to a lower impedance value. The signal analyzer then converts the signal 
into tbe form  required fa r output. The output parameter may he displacement, velocity, 
or acceleration, and this may be expres«d as peak value, r.m.s. value, or average 
absolute value. The fm al dement o f the measurement system я  the signal recorder.
A ll elements o f the measurement system, especially the signal recorder, must be dioscn 
very carefully to  avoid distortion o f the vibration waveform. The bandwidth should be 
such that it  is at lea« a factor o f 10 better than the bandwidth o f the vibration frequenc y 

components at both ends. Thus its lowed frequency lim it should be less than or equal 
lo  0.1 tin e s  the fundamental frequency o f vibratioa and its  upper frequency lim it should he 
greater than or equal to  10 times the highest significant vibration frequency componeM

I f  the frequency o f vibration has to be known, the stroboscope is a tunable instrument ю  
measure this. I f  the stioboscope is made Uduect kgfct pulses al the body at the same fmpiency 
as die vibration, the body w ill apparently Uop vdvating.
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19.5.3  C alib ra tion o f V ibration Sensors

Calibration o f the accelerometer used w ithin a vibration measurement system i t  normally 
earned out by mounting tbe accelerometer in  a back-to-back configuration w ith a reference- 
calibrated accelerometer on an electromecharucally excited vibrating table.

19.6 Shock

Shock describes a type o f no tion  where a m oving body it  brought suddenly to rest. often 
because o f a collision. This is very common ia  induaria l situations, and usually involves a body 
being dropped and hitung the floor. Shocks characteristically involve large-magnitude 
decelerations (e.g.. 500*) that last fo ra  very short ume (e.g.. 5 ms). An instrument having a very 
high frequency response is required foe shock measurement, and. fo r dus reason, piezoelectric 
crystal-based accelerometers are commonly used. Again, other elements for analyzing and 
peconSng the signal are required as shown in  Figure I9.lf>  and described in the last section 
A storage oscilloscope is a suitable instrument fo r recording the output signal, as this allows 
time duration as well as acceleration levels in  the shock to be measured. Alternatively, i f  a 
permanent record it  required, the screen o f a standard oscilloscope can be photographed.

■ Example 19.3

A body is dropped from  a height o f 10 m and suffers a shock when it hits the ground. If 
the duration o f the shock is 5 ms, calculate the magnitude o f the shock in terms o f g.

Shock raaam roncnt
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11 Solution

The equation o f motion for a body falling under gravity gives the following expression to 
terminal velocity, r.

'  ”  \ '* P ,

where x  is the height through which the body foils. Having calculated v, the average 
deceleration during the collision can be calculated as *  =  v /t, where t  is the time duratio I 
o f the shock. Substituting the appropriate numerical values into these expressions:

v =  v /(2  x * - * t  x 10) =  14.0m/s ; t  =  14.0/0.005 -  2801m/» =  286,;

— ■

19.6.1 C alibration o f  Shetk Sensors

Calibration o f the accderomeier used w ithin а Д оек sensor is carried out frequently using a 
pneumatic shock exciter. This device consists o f a piston w ith in a circu lar tube. High-pres* 
mr is applied to one face o f th e  piston, but it does m i  move in itia lly  because it is held at the 
o f the tube by a mechanical latching mechanism. When the latch is  «leased, the piston 
accelerates at a high rate until h is brought to rest by a padded anvil at * e  «her end o f the 
The accelerometer being calibrated and a calibrated reference accelerometer are both nmun 
on the anvil. By varying the characteristic! o f the padding, the deceleration level and 
magnitude o f the shock produced on the anvil can be varied.

19.7 Summary

This chapter has been concerned w ith  the measurement o f transitiona l (in  a straight line) 
motion. This can take tie  form  o f displacement, velocity (rate o f change o f displacement». «r 
acceleration (rate o f change o f velocity. We have looked at sensors fo r measuring each o f thee 
and. in  tie  case o f acceleration, we have a lto studied vibration and shock measurement, as ta *  
o f these involve acceleration measurement

Our study o f displacement tensors started w ith the resistive potentiometer, where we le 
that potentiometers come m three different forms: wire wound, carbon film , and plastic f il 
We then moved on lo  look at the linear variable differentia l transformer, variable capacit 
and variable inductance sensors. We noted that strain gauges w e* used to measure very « Ч  
displacements (typ ica lly  up to 50 щп in magnitude). We also noted that f o r c e - m e a s u r i n g  

piezoelectric sensor* could a lto  be regarded as displacement seniors, as their mode o f op 
is to generate ane.m.f. that is proportional lo  the distance by which ll «compressed by the a 
force. We also discussed the nozzle flapper, which measures displacements by converting 
into a pressure change. We tie n  moved on to summarize some other techniques for me**
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yw i m edium -si/fd displai ements, including translating linear motion into nxattotal 
integrating iIk  output from  velocity and acceleration sensors, and uang specialist 
aach as the linear indactosyn, later interferometer, fotonic sensor, and noncontarting

■  ^  aensor. Moving the diicussion onto  tbe measurement o f relatively lat*e di^accmeaLs. 
J^noted that this could he achieved by several device» commonly called range sensor, We aim  
deluded some mention o f proxim ity sensor», a» the»e belong properly w ith in ihe classification 

B ^p U ce m e n i sensors, although they are a special case in thal their binary form o f output 
L o c a t e s  whether the tensor is. or is mu. w ithin some threshold distance o f a boundary 
jfc ia lly. before leaving ihe aibject o f displacement measurement, we looked at the techniques 
md  i*  calibrate them.

discussion o f translational velocity measurement introduced us to the fact that th it cannot 
b§**asured directly. We then went on 10 Uk*. al the only three ways to measure it. these herng 
jlfc tc rtia tio n  o f positKin measurements, integration o f the output o f an accelerometer, and 
^aversion from translational to rotational velocity. F inally, we considered how measurements 
obtained via each o f tbe techniques could be calibrated.

la  ttv  case o f acceleration measure men l. we observed thal th it could only be measured by 
tame form o f accelerometer. We noted thal attributes such at frequency response and cross 
M M itivity were important as w ell at measurement accuracy in accelerometers We discovered 
that almost all accelerometers work on the principle that a m att inside them displaces when 
■bject 10 acceleration Accelerometers d iffe r mainly in (he technique uted lo  measure this 
Kuaduplacement. and we looked in turn at devices that use (he resistive potentiometer, strain 
gauge, piezorenstive tensor. LVD T, variable inductance sensor, and variable capacitance 
teaser; m pective ly. We then looked at the one exception to (he rule (ha( accelerometers conum 
a moving mass. T h it is the piezoelectric accelerometer. F inally, we looked at the primary 
■ethod o f calibrating accelerometers using a routing table.

We fern concluded the chapter by looking at vibration and shock measurement Both o f these 
evo*v*  accelerations, a id  therefore both need an accelerometer to quantify their magiutude 
■ ■ Ih e  with vibration, we noted that this was a common phenomenon, especially in  industnal 
••■ io n s  We teamed (hat vibration consist! o f a laiear harmonic in which the peak acceleration 

100* and where the oscillation frequency and peak amplitude can vary ramloinl) 
^a r ,j 'hat (he amplitude o f vibration could be calculated from a measurement o f the peak 

•ion, and we went on to look al the suitability o f various forms o f accelerometers for 
eat.

^B fc-w econsidered  shock nv-.i surcmenl Dus rrveak-.l that very large inagnaude Jeicletalions 
^ ^ ^ • • v e d  in (be ptrnoram on o f ihock. wbach |уркаВу occun when a fa lling body hat the

*  « e itio n  occars between two solid objects. A high-frequency response n  particularly 
in shock measurement, and the moa tuaaHe device to measure this i t  a p ienxfectric
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19.8 Problem#

19.1. Discuis the аюйе o f operation and characteristics o f а кпеаг motion potentiumei
19.2. What is an LVDT? How does il  w o t?
19.3. Explain how dK fallow ing two inMnunents woik and discuss «tear main open*mg 

characteristic* and uses: (a) variable capacitance transducer and (b) variable induct^** 
transducer.

19.4. Sketch a linear uaductosyn. How doe* it  work? What are ka main сЬагааегшкл >
19.5. What i* a laser interferometer and what are its principal characteristics? Explain ho* „  

works w ith the aid o f a sketch.
19.6. What are range sensors? Describe two main types o f ranee sensors
19.7. Discus* the mam types o f proxim ity sensors available, meatxmng particularly the* 

su itab ility for operation in harsh envronrnenis.
19.1. What are the main considerations in  choosing a translational motion transducer 

fo r a particular application? G ive examples o f ю те  types o f translational ггиякг 
transducers and the application* that they are suitable for.

19.9. Discuss the usual calibration procedure* fo r translational motion transducers
19.10. What are the main ways o f measuring translational velocities? How are such 

measurement* calibrated?
19.11. What are the principles o f operation o f a linear motion accelenoeeter ’ What featuie* 

would you expect to  tee in  a high-quality accelerometer'
19.12. What type* o f displacement sensors are used w ith in accelerometers? What arc the I 

relative merit* o f these alternative displacement sensors0
19.13. W rite down a mathematical equation that describe* the phenomenon o f vihruxm 

Explain briefly dte three main way* o f mcaauring v ib rtto a .
19.14. When an accelerometer i t  attached to  a vibrating body, it  ha* a loading effect that J 

alters the characterittici o f the vibration. W rite down a mathematical equation * i*  1 
describe* thu loading e ffe c t How сам *» • loading effect he Minimized?
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20.1 In trod uctio n

H ie different forms of motion have already bee* explained in (fee introduction w  the I* *  
chapter. In thal introdactioa. it was explained (feal motion occurred in two forms. The» 
translational motion, which describee Ihe movement o f a body along a angle tx u , and 
rotational motion, which describes the motion o f a body about a single axis. Because the 
number o f sensors involved in  motion measurement is quite large, the review o f them is iiM 
in to two chapters. The last chapter described translational motion tensors and now this cha 
describes rotational taotioa seasors. Again, as for translational motion, rotational motion ш  
occur in  the form o f d»ftacernent. ve locity.or acceleration, which arc considered separably Щ 
the fo llow ing sections.

20.2 R ota tiona l D isplacem ent

Rotational displacement transducers measure the angular motion o f a body about some ro ta te  
axis. They are important not only for measuring the rotation o f bodies such as shafts, but also *  
a part o f systems thal measure translational displacement by convening the translational ш ц щ  
to a rotary form . The various devices available fo r measuring rotational displacement' же | 
presented here, and arguments fo r choosing a particular form in any given measurement 
satiation are considered at the end o f the chapter.

20 .2 .1 Circular end Helical Potentiometer!

The circu la r potentiometer is the least expensive device available fo r measuring rotational 
displacements It wotfcs on almost exactly Ihe same principles as the translational motion 
potentiometer except that tie  track is bent round into a circular shape. The measurement 
o f individual devices varies from  0-10° lo  0-348° depending on whedier the track forms a 
fa ll circle or only рал o f a cade. Where a greater measurement range than 0-360° is required. a 
helica l potentiometer is used. The helical potentiometer accommodates m ultiple turns of 
the track by form ing Ihe track in to a helix shape, and some devices are аЫе lo  measure up ю (Л 
fa ll revolutions. Unfortunately, the greater mechanical complexity o f a helical potentiometer 
makes the device significantly more expensive than a circular potentiometer The Iwo forms I 
o f devices are shown in Figure 20.1.

Both kinds o f devices give a linear relationship between the measated quantity and the outp* 
reading because Ihe output voltage measured at die sliding contact is proportional to the 
angular displacement a t Ihe slider from  its «tartiag position. However, as w ith linear 
potentiometers, a ll rotational potentiometers can give performance problems if  d irt on th f u* *  
causes lots o f contact They also have a lim ited Me because o f wear between sliding strftce». 
The typical inaccuracy o f to t  clast o t d* vices vanet from  i l *  o f M l te a k f o r  circular 
potentiometers down in  1 *002%  o f fu ll scale fa r the ben helical potentiometers
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f la s  I k *  4>eciaJ form o f differential transformer that measures rotational rathe* than чпЫмиша! 
0 Minn T f*  method o f construction and conorctioe o f the winding* u  exactly ihe same as for the 
|тем  variable differential transformer. e»ce|« that a specially shaped core in used thal varies 
tm  natual inductance between the windings as it rotates, as shown m Figure 20.1 Like its linear 

i. ihe im iruaKnt suffers no wear in operation and therefore has a very long We w ilh 
*n o ti no maintenance requirements It car ako be modified for operation in harsh environments 
ty  eadosmg the wlndiags tastde a protective enclosure. However, apart horn the d ifficu lty  
afavovfci^ wme asymmetry between the «condary winding*, great care ha» to he taken m th e * 
taMumem to machine the core to exactly ihe right shape In consequence, the inaccuracy cannot 
he (educed below ±  I * ,  and even this level o f acciracy is only obuaied for limitedexcianaoos uf 
fee core ±A0F away from tbe null position. For angular displacements o f ±60°. the typcal

Rotary m ot,o r potentiometers: (a ) circular and (b ) helical.

Rotary differentia l transformer
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inaccuracy rises to ±  W . and the instalment i t  unsuaable tor measuring dmpUcemenU р т л п  
(has (hit.

20.2.3 Increm ental SJtaft Emoden

Incremental shaft encoder» are one o f a claw o f encoder device» dial give an output in digaai 
form . They measure tbe instantaneous angular position o f a shaft relative to tome arbitral\ 
datum point, but are маЫе to give any indication about the absolute position o f a shaft I V  
principle o f operation i t  to  generate pulse» at the thaft whose displacement is being measured 
rotates. These pulses ace counted and total angular rotation i t  inferred from tie  pulse count The 
pulse» are generated eithet by optical or by magnetic means and are detected by tuiiaMe 
seniors O f the two, the optical system i t  considerably less expenuve and therefore much more 
common Such instruments ate very convenient fa r computer control applications, as the 
measurement is already in the required dig ita l form and therefore the analogue-(o-digiuJ signal 
conversion process m juired fo r an analogue sensor is avoided.

An example o f an optical incremental thaft encoder is shown ia Figure 20.3. It can be seen 
that the instrument consists o f a pair o f discs, one o f which is fixed and one o f which 
rotates w ith  the body whose angular displacement i< being measured. Each disc it  basically 
opaque but has a pattern o f  windows cut in to  it. Tbe fixed d itc  has only one window and 
the ligh t source it  aligned w ith thic so that the ligh t thines through a ll the lim e. The second 
disc ha» two tracks o f  windows cut in to  it that arc spaced equidistam ly around the dec. at

" P « « J
O ptica l m c ra m m u l r fu f t  encoder
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ibown in  Figure 20.4. Two ligh t detector» a rt positioned beyond the second disc to  lkat 
one n  aligned w ith each track o f windows. As the second disc rotates, ligh t alternately 
enters and does not cater the detectors, as windows and then opaque regions o f the disc 
pas* in  front o f them. Theae pulses o f light are fed to a counter, w ith the fin a l count after 
Motion has ceased corresponding to the angular position o f the moving body relative to the 
Marling position. The prim ary inform ation about the magnitude o f rotation is obtained by 
the detector aligned w ith die outer track o f windows. However, the pulse count obtained 
from th is gives no inform ation about the d irection o f rotation The accessary direction 
(■formation is provided by die second, laner track o f windows, which have an angular 
dbptacemcm w ith respect lo  the outer set o f window s o f h a lf a window width. Pulses from  
the detector aligned w ith die ianer track o f windows therefore lag or lead the pnaiary set o f 
palses according to the direction o f rotation.

The maximum measurement resolution obtainable is lim ited by the amnber o f windows th a  
м п  be machined onto a disc The maximum number o f windows per track fo r a 150-mm- 

trie r  disc Is 5000. w h id t gives a basic angalar measurement reietm ian o f I in  5000. By 
■“ Mg more sophisticated cacaks dia l increment the count on both the risaig and * e  fa lling 
•dgesot die pulses thraagh die outer track o f windows, it is possible to double the resolution kva 
М м  вм ял >f | |n IOjOOOl A i  the expense o f even greater complexity in the counting circu it. It is
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also possible lo  include pubes from  the inner track o f window» ia  the count, so giving a 
maximum measurement resolution o f I in 20j000.

Optical incremental to f t  encoders are a popular instrument for measuring relative angukv 
displacements and are very reliable. Problems o f noise in  the sy«em giving false corns 
can sometimes cause d ifficu lties, although # iis can usually be elim inated by squaring the 
output from  the light detectors. Such instruments are found in many applications where 
rotational motion has to be measured. Incremental shaft encoders are also used commonly ai 
circumstances where a translational displacement has been transformed to a rotational one 
by suitable gearing. Oae example o f th it practice is in  measuring the kanslational motions 
in  numerically controlled th ilin g  machines. Typical gearing uted fo r this would give one 
revolution per m illim eter o f translational displacement. By using an incremental shaft mender 
w ith 1000 windows per track in such an airangement. a measurement resolution o f 1 pm is 
obtained.

2 0 .2 .4  Coded One S haft Encoders

Unlike the incremental shaft encoder that gives a d ig ita l output in the form o f pulses thal have to 
be counted, the digital shaft encoder has an output in the form o f a binary number o f aeveral 
d ig it* that provides an absolute measurement o f shaft position. D ig ita l encoders provide high 
accuracy and re liab ility . They are particularly useful fo r computer control applications, bia 
have a significantly higher cost than incremental encoders. Three different forms exut. using 
optical, electrical, and magnetic energy tyaems. respectively.

Optical digital shaft encoder

The optical d ig ita l shall encoder i t  the least expensive form  o f encoder available and is the one 
used most commonly, h  is found in a variety o f applications; one where it is particularly popular 
is in measuring the pocrtioo o f rotational joints in  robot manipulators. Tbe instrument is sim ilar 
in  physical appearance to  the incremental shaft encoder. I i has a pm  o f discs (one movable and 
one Gxed) w ilh  a light source on one side and light detectors on ihe other side, as show n n  
Figure 20.5. The fixed disc has a single window, and die principal way in  which the device 
drffcrs from the incremental shaft encoder is in  the design o f the wmdows on the movable disc, 
as shown in  Figure 20.6. These are cm in four or more tracks instead of tw o and are arranged «> 
sectors as w ell as tracks- An energy detector is aligned w ith each track, and these give an output 
of “ I "  when energy is detected and an output o f t T  otherwise The measurement r e t o t u tu w  

obtainable depends oa the number o f u«cki used. Fora four-track version, the reaolutlon is I in 
16. w ith progressively higher measurement resolution being attained as the n u m b e r  o f tracks is 
increased. These binary outputs from  the de*e<ctors are combined together to  give a binary 
number of several d ig**. The number o f digits corrapondi to the number of track* on the disc, 
which, in  the example drawn in  Figure 20.6, is four. The pattern of windows in each sector is cut
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Window arrangement for coded disc «haft encoder.

* c h  tfia i as that particular sector pane* across * e  window in the fixed diac. the four energy 
detector outputs combine lo  give a unique binary number. in  the binary-coded example sfcown
*  lig u rc  20.6, the biaary number output increments by one «a each aector in Ae rotating d ie  
H»*e» in  luru асгом the window ш the flxad dhc. Tbus the output fmaa senior I is 0001, from 
M cior 2 i*  0010, from sector 3 is 0011, etc.



W hile A it arrangement is perfectly adequate in theory. serious problems can arise in practice 
dae lo  the manufacturing d ifficu lty  involved in machining the wmdows a t the movable disc 
such that the edges o f ihe wiadows in  cadi track are aligned exactly w itfi each other A a y  
misalignment means that, as the disc turns acm e the boundary bet wee» one lector and the aeu. 
the outputs from  each track w ill switch at slighdy different instants o f tune, and therefore thr 
btnary number output w ill be incorrect over small angular range* corresponding to the sector 
boundaries. The w onl error can occur al the boundary between sectors 7 and 8. where the 
output is tw itch ing from 0111 to 1000. I f  die energy senior corresponding to the first d ig it 

tid ies before the others, then the output w ill be 1111 fo r a very smaB angular range o f 
movement, indicating dial vector IS is aligned w itfi the fixed d iic  rather than sector 7 or 8. Thr. 
represents an error o f 100% in the indicated angalar position.

la  practice, there are two ways thal are used to overcome this d ifficu lty . Both o f these solutions 
involve an alteration lo  the manner in which windows are machiaed on the movable disc, as 
shown in Figure 20.7. The fust method adds an extra outer track on the disc, known as an 
amtiamhiguity track, which consists o f small windows thal span a small aagu lar range on either 
ode o f each sector boundary o f the main track system. When energy teasers associated with 
das extra track sense energy, this is used to signify that the disc it  digaed on a sector boundary 
and the output is unreliable. The second method i t  somewhat simpler and lets expensive 
because il avoids the expeate o f machining die extra antiambtguily track. It does this by usinp 
a special code, koowa a t the C ray code, to cut die tracks in  each sector on the movable d itk  
The Gray code i t  a special binary representation where only one binary d ig it changes m 
moving from  one decna l number representation to the next, that is. from  one sector to the next 
in  the d ig ita l shaft encoder. The code is illustrated in  Table 20.1.
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ТаЫо 20.1 ТЫ  Cray Coda

— Cteomal N u« i» r Ш те ^С м Л , Graf Cads
’ 0 0000 oooo

1 0001 0001
2 0010 0011
3 ООН 0010
4 0100 0110
S o io t 0111
6 0110 0101
7 « I lf 0100
> 1000 1100
9 1001 1101
10 1010 1111
11 1011 1110
12 1100 1*10
13 11W 1*11
14 1110 1001
13 1111 1000

Ь is possible 10 manufacture optical d ig it*! «haft encoders w ith up to 21 tracks, which gives a 
■Kanrement resolution o f 1 part in  l ( f  (about I second o f arc). Unfortunately, a high coal is 
involved in  the special photolithography techniques used to cut the windows in order to achieve 
nach a measurement resolution. and very high-quality mounts and beahags are needed Hence, 
aach devices are very expensive.

GeatwtMg feUctnctl) S pud shaft encoder

The contai ting d ig ita l shaft encoder consists o f only one disc, which rotates w ith the body 
whose displacement is bemg measured. The te c  has conducting and nonconducting 
segment-, instead o f the transparent and opaque areas found on the movable disc n f the 
optical form  o f instntmeai. but these are arranged in  an identical pattern o f sectors and 
hacks. The disc is charged to a low  potential by an electrical brush in  contact w ith one side 
o f the disc, and a set o f brushes on the other side o f the disc measures the potential in  each 
hack. The output o f each detector brush is interpreted as a binary value o f "1 " or "O" 
according to whether the track in that particular segment i i  conducting or not and hence 
whether a voltage is sensed or not. As for tie  case o f the optical form  o f instrument, these 
ontpuis are combined together to give a m u itib it binary number. Contacting d ig ita l shaft 
•co d e rs  have a sim ilar con to the equivalent optical instruments and have operational 
advantages in sever* environmental conditions o f high temperature or mechanical shock. 
They suffer from  the natal problem o f output am biguity at the sector boundaries but 
*•>  proNem la overcome by the same methods used in optical instruments.
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А  venous problem ia the application o f contacting d ig ita l shaft encoders arises from the,, 
ate o f brashes. These introduce fric tio n  into «he measurement tysleaa. and the com biaau*, 
o f d irt a id  brush wear causes contact problems. Consequently, problems o f intermitu-m 
output can occur, and such instruments generally have lim ited re lia b ility  and a high 
maintenance coal. Measurement resolution is  also lim ited because o f the lower lim it on thr 
m inimum physical size o f Ihe contact brushes. The maximum number o f tracks possible is 
10, which lim its  the resolution to I pari ia  1000. Thus, contacting d ig ita l shaft encoders 
are norm ally only used where the environmental conditions lie  too severe fo r optical 
instnunents.

Magnetic digital shaft encoder

Magaetic d ig ita l shaft encoders consist o f a siagle rotatable disc, as in  Ihe contacting 
form  o f encoder discussed m the previous section. The pattern o f sectors and tracks 
consists o f magnetically conducting and nonconducting segments, and the sensors aligned 
w ith each track consist o f small toroidal magnets. Each o f these sensors has a co il wound 
on it  thal has a high or low  voltage induced in  it  according to tbe magnetic fie ld  close lo it. 
This fie ld  is dependeri oa the magnetic conductivity o f that segment o f ihe disc closest hi 
Ihe toroid.

These instrument* have no moving pans in contact and therefore have a sim ilar reliability lo 
optical devices. Their m ajor advantage over optical equivalents ia an ab ility  to operate m very 
harsh environmental conditions. Unfortunately, the process o f nunufacluring and accurately 
aligning the toroidal magnet sensors required makes such instruments very expensive. Their use 
is therefore lim ited to a few applications wbeie both high measnremeM resolution and also 
operation in harsh envronmems are requited.

2 0 .2 .5  The Resolver

The resolver, also known as a tynchro-re to lvtr. is an electromechanical device that gives an 
analogue output by transformer action. Physically, resolvers resemble a small a.c. motor and 
have a diameter ranging from 10 lo  100 mm. They are frictionlesa aad reliable in  operation 
because they have no contacting moving surfaces: consequently, they have a long life . Tbe best 
devices give measurement sesolutions o f 0.1%.

Resolvers have two stator windings, which are mounted at right angles lo  one another, and a 
rotor, which can have either one or tw o windings. As the angular position o f the rotor changes, 
the омры  voltage changes. The sim pler coafiguntion o f a resolve» w ith  only one winding <* * 
rotor is illustrated in  Figure 20.X. This exiris in  Iwo separate forms (bat are dirtm guiahrd 
acconhag lo  whether Use output voltage changes in  amplitude or changes и  phase aa the к * *  
rotates relative to Ihe slator winding
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Schematic rcprc icnucion  o f  resolver windings

Veiyinfc amplitude output resohrtr

The staler o f this type o f resolver it  excited w ith a single-phase sinusoidal voltage o f frequency 
m, where the amplitudes in the two windings aae given by

V, =  Vsin(/») ;  V tm V e o ^ f).

when: V =  V.sindo/).

The effect o f this is to give a fie ld  al an angle o f ( fi +  я/2) relative lo  stator winding 1.

Suppose that the angle o f the rotor winding relative lo  thal o f the stator w inding is given by 0. 
Then ihe magnetic coupling between the windings is a maximum fo r 0 *= (/l +  ii/2 ) and a 
aunimiun tor =  The rotor output voluge is o f fixed frequency and varying amplitude 
given by

V . - K V . m ( f i -  в)  »m(wr).

Jbiaeelauon>.hip between shaft angle position and output voltage «  nonlinear, but approximate 
*ие* * У  »  obtained for small angular motions where 15".

•■elhgenl versions o f M s type o f resolver are available that use a iracroprocessor to  process 
***e and cosine outputs. This can improve # ir  Measurement resolution to 2 minutes o f a ir.
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Varying phase output reroh-er

This is a less common form  o f resolver that is only used in a few applications. The tu io r 
windings are enetted w ith a two-phase sinusoidal voltage o f frequency •». and tbe instantaneous 
voltage amplitudes in Ae two windings are given by

Vi «  V ,nn(tur) : V j *  V .tanfu* +  я /2 ) *  V.coa(tur).

The act output voltage in  tbe rotor w inding is the sum o f the voltages induced due to each stator 
winding. This is given by

V , — IV , sin(tur) cos(fl) +  ffV , cos(<ut)cot(a/2 -  9)
=  K V ,{sin((uf)cot(0) +  cos(ott) sin(0)]
=  IV , sin (tot +  в)

This represents a linear relationship between shaft angle and the phase shift o f the rotor output 
relative lo  the stator excitation voltage. The accuracy o f shaft rotation measurement depends on 
the accuracy w ith which the phase sh ift can be measured. This can be improved by increasing 
ihe excitation frequency, (a. and it is possible to reduce inaccuracy down to ±0.1% . However, 
increasing the excitation frequency also increases magnetizing losses. Consequently, a 
compromise excitation frequency o f about 400 Hz i t  used.

2 0 .2 .6  The SyHchr*

Like tfie resolver, the synchro is a motor-Ute. electromechanical device w ith an analogue 
output. Арал from  haviag three stalor windings instead o f two, the instrument i t  sim ilar hi 
appearance and operation to the resolver and hat the same range o f physical dimensions The 
rotor esually has a dumbbell shape and. like  the resolver, can have either one or two 
windings.

Synchros have been in use fo r many yean fo r the measurement o f angular positions, 
especially in m ilita ry  Jfipbcations, and achieve sim ilar levels o f accuracy and measurement 
resolution to d ig ita l encoders. One common application ia axis measurement in  machine 
tools, where the translational m otion o f the tool is translated into a rotational displacement by 
suitable gearing. Synchro* are tolerant to high temperatures, high hum idity, shock, and 
vibration and are therefore suitable fo r operation in  such harsh environmental conditions 
Some maintenance proMeos are associated w ith  the slip ring and brush system used to supply 
power to the rotor. However, the only major soaroe o f error in  the instrument is a s y a m v ir s  

in  the w indings, and a reduction o f measurement inaccuracy down I»  ±0.5%  i t  easily 
achievable.

Figure 20.9 rftow * the simpler form  o f a tyachro w ith a m tglc m a r w inding. I f  an t c  
excitation voltage is appfeed lo  the rntor via d ip  rings and brushes, th is id s  up a certain pattern
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Schematic representation o f synchro windings.

o f fluxes and induced voltages in the stator windings by transformer action. For a rotor 
excitation voltage. V'„ given by

V, *  V sm(«iO 

the voltages induced in the three stator windings are

V| *  V sia(tur) sin (ft) ; V j =  V *in(w r) sin(/J +  2 */3 ) :

V j *  V si«(<ur) sin(P -  2 */3 )

where JJ U the angle between the rotor and stator windings.

I f  the rotor is turned at constant velocity through one fu ll revolution, the voltage waveform 
•fo ce d  in each stator winding is as shown и  Figure 20.10. This has the form o f a camer- 
arodubied waveform, in  which the earner frequency correspond* lo  the exciunon frequency, «a. 
I* follows that if  the rotor is stopped at any particular angle. (J\ the peakmvpoak amplitude 
ы  the stator voluge n  a function o f 0 \ I f  therefore the nalor winding voltage is measured, 
(w e ia lls a* its root-meab«|uared I r m i. l vatae. thr. indicate* the augratude o f the rotor rotation 
■way from the m ill poatio*. The direction o f rota ion is determined by the phase difference 
between the Stator vokapea. which i*  indicated by their relative instantaneous tnagniudes.
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Прям 2 0 .1 0  Ч
Synchro tu to r  vo lagc  waveform

Although a single synchro i t  able to meature an angular displacement by itte lf, it is much more 
common to find a pair o f them used fo r this purpose. When used in pairs, one member o f the pair 
i t  known as the synchro transmitter and the other as the synchro transformer, and the two set sol 
tu to r windings are connected together, a i diowa ia  Figure 20.11. Each synchro i t  o f the form 
shown in Figure 20.9. but the rotor o f the transformer is fixed for duplacement-measuniiy 
applications. A sinusoidal e natation voltage is applied to the rotor o f the transm itter, setting up 
a pattern o f fluxes and induced voltages in the transmitter stator windings. These volupes a ir 
transmitted to the transformer stator windings, where a sim ilar flax pattern is established 1 his 
in turn causes a sinusoidal voltage to be induced in the fixed tram foim er rotor winding. For an 
excitation voltage. V tin(<M). applied to the transmitter rotor, the voltage measured in the 
transformer rotor i t  given by

V . -  У й |(< л )*и (0 ), 

where 0 is the relative angle between the two rotor windings.

Apait from  their use at a displacement transducer. such synchro pairs are commonly used ю 
transmit angular displacement inform ation over some distance, for instance, to  transmit gym 
compass measurements in an aircraft to  remote meters. They are also used fo r load petitioning. 
allow ing a load connected to the transformer rotor shaft to be controlled remotely by turmng the

П р п Ш 1
Synchro tranwmtur-srantformcr pair.



y s rm tie r rotor. For й с «  applications. the transformer rotor it  fiee lo  route, and и is also 
jiia p e d  to prevent otcillaM ry motions. In tbe «amplest arrangement. a common sinusoidal 
^c ita tio n  voltage is applied lo  both rotors. I f  tbe transmitter rotor is turned, this causes an 

in the magnetic flux patterns and results in  a torque on the transformer rotor that 
leni % to bring il into line w ith the transmitter rotor. This torque is typ ica lly small for small 
^placem ent v  so this lechaique is only useful i f  the load torque on the transformer shaft is 
very small in  other circumstances, it  ia necessary to incorporate the synchro pair w ith in 
« gervomechamsm, where the output voltage induced in  the transformer rotor w inding is 
u p lifte d  and applied to a servomotor thal drives the transformer rotor shaft u n til it  is aligned 
with ihe transm itter shaft.

20.2 .7  The In d u c t** Potentiom eter

The induction potentiometer belongs lo  the tame class o f instruments as resolvers and synchros. 
It otJy has one rotor w inding and one stator w inding, but otherwise ii is o f sim ilar s i»  and 
фреагшке to other device* in this dass o f electromechanical, angular position measuring 
Mstnunrnt v A single-phase sinusoidal excitation is applied to the rotor windntg. which causes 
m  output voltage in the stator w inding through the mutual inductance linking tbe two windings. 
The magnitude o f th it rtdaoed stator voltage varies w ith rotation o f the rotor. The variation o f 
*e  output w ith rotation is naturally sinusoidal i f  tbe coils are wound w ch that their fie ld  is 
concentrated at one point, and only small excursions can be made away from the null position if  
tbe output relationship is to  remain approximately linear. However, i f  Ihe rotor and Oator 
windings are distributed around the circumference in  a special way, an approximately linear 
relationship for angular displacements o f up to ±90° can be obtained.

20.2.8 The Rotary Inductosyn

This indrument is sim ilar in  operation to the linear inductosyn. except that it measures notary 
displacements and has tracks that are arranged radially on tw o circular discs, as shown in 
Figure 20.12. Typical diameters o f the instrument vary between 73 and 300 mm. The larger 
versions give a measurement resolution o f up to 0.0? second o f arc. However, like its linear 
equivalent, the rotary inductosyn has a very small measurement range. Therefore, a lower 
resolution, rotary displacement transducer w itfi a larger measurement range must be used in 
conjunction w ith I t

20.2.9 Cyraicmpei

°y»o*capes measure both absolute angular displacement and absolute angular velocity. 
ta h l recently, the mechanical, spinning-wheel gyroscope had a dominant position in  the 
■ ■ rke tp l* i However, th is position is now being challenged by optical gyroscopes.
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120.12 
Rouiy inductosyn.

Mechanical proscopts

Mechanical gyroscopes consist essentially o f a large, motor-driven wheel whose angular 
momentum is such that the axis o f rotation tends 10 remain fixed ia  space, thus acting as a 
reference point. The gyro frame is attached to the body whose motion is to be measured. The 
output is measured in terms o f tfte angle between the frame and the axis o f the spinning wheel 
Two different forms o f mechanical gyroscopes are used fo r measuring angular displacement 
the free gyro and the w e-ioiegrating gyro. A th ird  type o f mechanical gyroscope, the rale gyro, 
measures angular velocity and is described in  Section 20.3.

The f r r r  gyroscope it  illustrated in Figure 20.13. This measures the absolute angular rotation 
about two perpendicular axes o f the body lo  which its frame is attached. Two alternative 
methods o f driving the wheel are used in different versions o f the instrument One o f these is to 
«•close the wheel in stator-like coils that we excited w ith a sinusoidal voltage. A voluge is 
applied to the wheel via slip rings at both ends o f the spindle carrying the wheel. The wheel 
behaves as a rotor, and motion is produced by motor action. The other, less common, method in 
lo  fix  vanes on the wheel, which is then driven by directing a jet o f air onto the vanes

The free gyroscope car measure angular displacements o f up to  10° w ith a high accuracy. 
greater angular displacements, interaction between the measure meets oo the two perpendicniai 
axes starts lo  cause a serious loss o f accuracy. The physical size o f the coils in the motor-achon 
driven system a lio  lim its tbe measurement range to 10°. For these reasons, this type of 
gyroscope is only suitable fo r measuring rolauooal displacements o f up to 10°. A  farther 
operational problem o f free gyroscopes is tbe presence o f angular d rift (precession I due to 
bearing fric tio n  torque. The. has a typical magnitude o f 0.3° per rniaate and means tbat the 
instrument can only be used over short tin e  intervals o f say 5 m inaan. This lim e dnsatton 
can he extended if  the angular momentum o f * e  spinning wheel i t  increased.
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F igure 2 0 .1 3
Free gyroscope

A major application o f (he free gyroscope is in  inertial navigation systems. Only two free 
iyros mounted along orthogonal axes are needed to monitor motions in three dimensions 
because each instrument measures displacement about two axes. The lim ited angular range o f 
Measurement is not usually a problem in inch applications, as control action prevents the 
•лог in the direction o f motion about any axis ever exceeding one or two degrees. However. 
Precession is a much greater problem, and. fo r this reason, the rate-integrating gyro is used 
“ uch more commonly

nue-intexraiinit gyrotcope. or im rfirahn/t gyro as it is commonly known, is illusM ed
■  figun- 20.14. It measures angular displacements about a single axis only, and therefore 
**lree inMnimenu are required m a typical inertial navigation system. The major advantage
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F igure 2 0 .1 4
f l iu - in tc p a t in g  gyroscope

o f the instrument over the free gyro it  the almost to u l absence o f precession, w ith typical 
specifications quoting drifts o f only 0.0l°/hour. The instrument has a first-order type of 
response given by

(20.1) 
вt *D  +  Г

where K = H lfi. г =  Ml ft. в, is the input angle. 0o is the output angle. D is the D operator. H is 
the angular momentum. Af is the moment o f inertia o f the system about the measured*!'1 
axis, and 0 is the damping coefficient.

Inspection o f Equation (20.1) shows that to obtain a high value o f measurement sen iitiv ity . K. a 
high value o f H and a low value o f p are required. A large H is normally obtained by driving the 
wheel w ith a hysteresis-type motor rrvo lviag at high speeds o f up to 24,000 rpm. However 
damping coefficient p can only be reduced so far because a small value o f 0 results in * large 
value fo r the system time constant, t .  and an unacceptably low speed o f system response 
Therefore, the value o f f) has lo  be chosen as a compromise between these constraints
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In addition lo  their use as a fixed reference in  inertial guidance systems, integrating gyros ate 
also used commonly w ithin aircraft autopilot systems and in m ilitary applications such as 
stabilising weapon systems in tanks.

Optkol grmcopn
Optical gyroscopes are a relatively recent development and come in two forms— ring laser 
gyroscope and fiber-optic gyroscope.

The ring laser gyroscope consists o f a glass ceramic chamber containing a helium-neoa gas 
mixture ia which two laser beams are generated by a single anodeAwin cathode system, as 
shown in Figure 20.IS. Three m inors, supported by the ceramic Mock and mounted in a 
triangular arrangement, direct the pair o f laser beams around the cavity in opposite directions. 
Any rotation o f the ring affects the coherence o f the two beams, raising the frequency o f one and 
lowering the frequency o f the other. The clockwise and anticlockwise beams are directed imoa 
photodetector that measures the beat frequency according to the frequency difference, which 
is proportional to the angle o f rotation. The advantages o f the ring laser gyroscope over 
traditional, mechanical gyroscopes are considerable. The measurement accuracy obtained is 
substantially better than that afforded by mechanical gyros in I  sim ilar price range. The device 
is also considerably smaller physically, which is o f considerable benefit in many applications.

The fiber-optic gyroscope measures angular velocity and is described in Section 20.3.

Laser gam

Figure  20.1 S
Ring laser gyroscope.
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20.2.10 Choke between Rotation*! Displacement Trantducen

Choice between the various rotational displacement transducers that m ight be used in 
any particular measurement situation depends firs t o f a ll on whether absolute measurement 
o f angular position is required or whether the measurement o f rotation relative to some 
arbitrary starting poiat is acceptable. Other factors affecting Ihe choice between instruments 
are the required measurement range, resolution o f the transducer, and measuremenl accuracy 
afforded. • у

Where only measuremenl o f relative angular position is required, the incremental encoder 
is a very suitable instrument. The best commercial instruments o f this type can measure 
rotations lo  a resolution o f I part in 20.000 o f a fu ll revolution, and the measurement range is 
an in fin ite  number o f revolutions. Instruments w ith such a high measurement resolution 
are very expensive, but much less expensive versions are available according to what 
lower level o f measurement resolution is acceptable.

A ll Ihe other instruments preseated in this chapter provide an absolute measuremenl of 
angular position. The required measurement range it  a dominant factor in the choice between 
these. I f  this exceeds one fu ll revolution, then the only instrument available it  the helical 
potentiometer. Such devicet can measure rotations o f up lo  60 fu ll turns, but are expensive 
because ihe procedure involved in manufacturing a helical resistance element to a reasonable 
standard o f accuracy is d ifficu lt.

For measurements o f less than one fu ll revolution, the range o f available instruments widens 
The least expensive one available is the circular potentiometer, but much better measurement 
accuracy and resolution are obtained from  coded-disc encoders. The least expensive o f these 
is the optical form , but certain operating environments necessitate the use o f the alternative 
contacting (electrical) and magnetic versions. A ll types o f coded disc encoders are very 
reliable and are particularly attractive in computer control schemes, as the output is in digital 
form . A  varying phase output resolver i t  yet another instrument thal can measure angular 
displacements up to one fu ll revolution in magnitude. Unfortunately, this instrument is 
expensive because o f the complicated electronics incorporated to measure the phase variation 
and conven il lo  a varying amplitude output signal, and hence it  is no longer in common use

An even greater range o f instruments becomes available as the required measurement range is 
reduced further. T he * include the synchro (±90°). ihe varying amplitude output re so lv e r 
(±90°), the induction potentiometer (±90°). and the differentia l transformer (±40°). A ll these 
instruments have a high re liab ility  and a long service life .

F ina lly, tw o further instruments arc available fo r satisfying special measurement 
requirements— the rotary inductosyn and the gyroscope. The rotary inductosyn is used in 
applications where very high measurement resolution is required, although the m e a s u r e m e n l
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range afforded i> extremely small and a coarser resolution inurnment must be used in parallel 
w ith it to extend the measurement range. Gyroscopes, in both mechanical and optical forms, a ir 
used to measure small angular displacements up to ±  10° in magnitude in inen iri navigation 
systems and sim ilar applications

20 .2 .11  C alibration o f R otational D isplacemen t Transduceri

The coded disc shaft encoder is normally used for the calibration o f rotary potentiometers 
and differential transformers. A typical model provides a reference standard with a measurement 
uncertainty o f ±0.1%  o f the full-scale reading. I f  greater accuracy is required, for example, 
in  calibrating encoders o f lesser accuracy, encoders with measurement uncertainty dowa to 
±0j00014b o f the full-scale reading can be obtained and used as a reference standard, although 
these have a very high associated coat.

20.3 R otational Velocity

The main application o f rotatioaa! velocity transducers is in speed control systems. They also 
provide the usual means o f measuring translational velocities, which are transformed into 
rotational motions for measurement purposes by suitable gearing. Many different instrument* 
and techniques are available for measuring rotational velocity as presented here.

20.3.1  D ig ita l Tachometers

D igital tachometers or. to give them their proper title , d ig ita l tachometric generators are 
usually noncontact instruments that sense the passage o f equally spaced marks on the surface o f
•  routing disk or shaft. Measurement resolution is governed by the number o f marks around the 
circumference Various types o f sensors are used, such as optical, inductive, and magnetic oeev 
As each mart, is sensed, a pulse is generated and input to an electronic pulse counter. Usually, 
velocity if  calculated in terms o f the pulse count in unit time, which o f course only yields 
information about the mean velocity. I f  the velocity is changing, instantaneous velocity caa he 
calculated at each instant o f time that an output pulse occurs, using the scheme show* n  
Figure 20.16. In this circuit, each pulse from the transducer initiates the transfer o f a tram o f 
clock pulses from  a I -MHz clock into a counter. Control logic resets the counter and updates the 
digital output value after receipt o f each transducer pulse. The measurement resolution o f this 
system is highest when the speed o f roution is low.

Optical leasing

D ig ita l tachometers with optical sensors arc often known aa optical tachometers. Optical 
Pulses can be generated by one o f the two alternative photoelectric techniques illustrated in 
Figure 20.17. In the scheme shown in  Figure 20.17a, pulses are produced as windows in  a



Figure 20.16
Scheme used to  measure instantaneous angular velocities

(a ) (b)

Figure 20.17
Photoelectric pulse generation technique*
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dotted disc pass in sequence between a light source and a detector. The alternative scheme, 
shown in  Figure 20.17b, has both a ligh t source and a detector mounted on the same side a t а 
reflective disc that has black sectors painted onto it at regular angular intervals. Light amucei 
are normally either laser* or light-em itting diodes, w ith photodiodes and phototransiston being 
used us detectors. Optical tachometers yield better accuracy than other forms o f digital 
tachometers. However, they are less reliable than other forms because dust and d irt can block 
light paths

Inductive tensing

Variable reluctance velocity transducers, also known as induction tachometers, are a form  
o f d ig ita l tachometer that use inductive sensing. They are widely used in the automotive 
industry w ith in antiskid devices, antilock braking systems, and traction control. One 
relatively simple and inexpensive form  o f this type o f device was described earlier in 
Section 13.4 (Figure 13.2). A more sophisticated version, shown in  Figure 20.18. has a 
rotating disc constructed from  a bonded fiber material into which soft iron poles are 
inserted at regular intervals around its periphery. The sensor consists o f a permanent 
magnet w ith a shaped pole piece, which carries a wound co il. The distance between the 
pickup and the outer perimeter o f the disc is typ ica lly 0.5 mm. As the disc rotates, the soft 
iron inserts on the disc move in  turn past the pickup unit. As each iron insert moves tow ed 
the pole piece, the reluctance o f the magnetic c ircu it increases and hence the flux in the 
pole piece also increases. Sim ilarly , the flux in the pole piece decreases as each iron insert 
moves away from  the sensor. The changing magnetic flux inside the pickup co il causes a 
voltage to be induced in the co il whose magnitude is proportional to the rate o f change 
o f flux. This voltage is positive while the flu x  is increasing and negative while it  is

— -*---- ‘ГЮОГ WnMI

Variable reluctance transducer
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decreasing. Thu*, the output i i  ■ sequence o f pocitive and negative pulses whose frequency 
is proportional to the rotational velocity o f the disc. The maximum angular velocity th»i 
the instalment can measure is lim ited lo  about 10.000 r.p.m . because o f the fin ite  width or 
the induced pulse*. А» the velocity increases, the distance between pulse* is reduced; at a 
certain velocity, the pulses start to overt*). A t this point, the pulse counter ceases to he 
able lo  distinguish separate pulses. The optical tachometer has significant advantages m 
this respect, as the pulse w idth is much narrower, allow ing measurement o f highei 
velocities. к

A  simpler and less expensive form o f variable reluctance transducer also exists thal uses ■ 
ferromagnetic gear wheel in place o f a fiber disc. The motion o f the lip  o f each gear tooth 
toward and away from the pickup unit causes a sim ilar variation in  the flux pattern to that 
produced by iron inserts in  the fiber disc. However, pulses produced by Ihese means are less 
sharp and. consequently, the maximum angular velocity measurable is lower.

Magnetic (Hall-effect) tenting

The rotating element in HaU-effect or magnetostrictive tachometers has a very simple design 
in the form  o f a toothed metal gear wheel. The sensor is a solid-state. Hall-effect device that is 
placed between the gear wheel and a permanent magnet. When an inlertooth gap on the gear 
wheel i*  adjacent to the sensor, the fu ll magnetic fie ld  from  the magnet passes through it 
Later, as a tooth approaches the sensor, the tooth diverts some o f the magnetic fie ld , and so the 
fie ld  through the sensor is reduced. This causes the sensor lo  produce aa output voltage 
proportional to Ihe rotational speed o f Ihe gear wheel.

20.3.2 Stroboscopic Methods

The stroboscopic technique o f rotational velocity measurement operates on a sim ilar physical 
principle to dig ita l tachometers except thal the pulses involved consist o f flashes o f light 
generated electronically and whose frequency is adjustable so that it can be matched with the 
frequency o f occurrence o f some feature on the rotating body being measured. This feature can 
either be some naturally occurring one. such as gear teeth or (pokes o f a wheel, or be an 
a rtific ia lly  created pattern o f black and while stripes. In either case, the rotating body appears 
stationary when frequencies o f the ligh t pulses and body features are in synchronism. Flashing 
rales available in commercial stroboscopes vary from 110 up lo  150.000 per minuie according 
lo  the range o f velocity measurement required, and typical measurement inaccuracy i*  ±  ,г< 
o f the reading. The instrument is usually in the form o f a hand-held device that is pointed 
toward the routing body.

It must be noted that measurement o f the flashing пне at which the rotating body appear' 
stationary does not automatically indicate the rotational velocity, because synchronism al*° 
occurs when the flashing rale is some integral submultiple o f the rotational speed. The practical



-ocedurc followed it  therefore lo  adjust the flashing rate until synchronism is obtained M 
lhe largest flashing rate possible. ff|. The flashing rate is then decreased carefully u n ti 
,ynchronisni i*  again achieved at the next lower flashing rale. R,. The rotational velocity is then 
given by

_ * ! * ! _
* ,  -  R i

20.3-3 Analogue Tachometers

Analogue tachometer» are less accurate than digital tachometers but are nevertheless s till used 
luccessfully in many applications. Various forms exist.

The d.c. tachometer has an output approximately proportional lo  its speed o f rotation. Its bask 
structure is identical to that found in a standard d.c. generator used for producing power and it  
shown in Figure :<> 14. Both permanent magnet types and separately excited fie ld  types are 
used. However, certain aspects o f the design are optimized to improve iu  accuracy a t •

: J measuring instrument. One significant design modification is to reduce the weight of 
die rotor by constructing the windings on a hollow fiberglass shell. The effect o f this i*  lo  
minimize any loading effect o f the instrument on the system being measured. The dx. outpe 
voltage from the instrument is o f a relatively high magnitude, giving a high measureanent 
sensitivity that is typically 5 volts per 1000 r.p.m. The direction o f rotation is determined by the 
polarity o f the output voltage. A common range o f measurement is 0 -6000 r.p.m. M aiim aja 
aonlineanty is usually about ±  1% o f the full-scale reading. One problem w ith these itevices 
that can cause d ifficu lties under some circumstances is the presence o f an a.c. ripple in lhe 
output signal. The magnitude o f this can be up to 2%  o f the output d.c. level.

Hgura 20.1»
A d.c. tachometer



F ig u r*  20.2*
An 1 C tachometcr.

The ax. tachometer has an output approximately proportional to rotational tpeed like the 
d.c. tachogenerator. Its mechanical structure takes the form  o f a two-phase induction motor, 
w ith two stator windings and (usually) a drag-cup rotor, as shown in  Figure 20.20. One o f the 
stator windings it  excited w ith an a.c. voltage, and the measurement signal is taken from the 
output voltage induced in the second winding. The magnitude o f this output voltage is zero 
when Ihe rotor is stationary, and otherwise is proportional to Ihe angular velocity o f the rotor 
The direction o f rotation is determined by the phase o f the output voltage, which switches 
by 180° as the direction reverses. Therefore, both the phase and the magnitude o f the output 
voltage have to be measured. A  typical range o f measuremenl is 0 -4000 r.p jn ., w ith an 
inaccuracy o f ±0.0541 o f full-scale reading. Less expensive versions w ith a squirrel cage rotor 
also exist, but measurement inaccuracy in these is typ ically ±0.25% .

The drag-cup tachometer, also known as an eddy-current tachometer, has a central spindle carrying 
a permanent magnet thal rotates inside a nonmagnetic drag cup consisting o f a cylindrical sleeve of 
electrically conductive material, a t shown in  Figure 20.21. As the spindle and magnet route, 
voltage is induced thal causes circulating eddy currents in the cup. These currents interact with 
the magnetic fie ld  from the permanent magnet and produce a torque. In response, the drag cup 
turns until the induced torque is balanced by the torque due to the retraining springs connected to 
the с|ф. When equilibrium is reached, angular displacement o f ihe cup is proportional lo  ihe 
rotational velocity o f die central spindle. The instrument has a typical measuremenl limccuracs 
o f ±0.5%  and it  used commonly in  Ihe qjeedometers o f motor vehicles and a lto at a tpeed 
indicator for aeroengines. It it  capable o f measuring velocities up ю 15,000 r.p.m.

Analogue output forms o f the variable reluctance velocity transducer (tee Section 20.3.1) also 
e x it! in which output voluge pulses an  converted into an analogue, varying-amplitude. d.c. 
voltage by meant o f a frequency-to-vohage converter circuit. However, the meaturemeni 
accuracy is inferior to dig ita l output forms.
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Figure 20.21
Drag-сир tachometer

20 .3 .4  The Rate Gyroscope

The rate gyro, illustrated in  Figure 20.22. has an almost identical construction to the rate- 
integrating gyro (Figure 20.14) and differs only by including a spring system that acts as »  
additional restraint on the rotational motion o f the frame. The instrument measures the atMoluse 
angular velocity o f a body and is w idely used for generating stabilizing signals w ithin vehicle 

.navigation systems. The typical measurement resolution given by the instrument is 0.01 Vs. 
and rotation rales up to 50°/s can be measured. The angular velocity, a, o f the body is related 
to the angular deflection o f the gyroscope, в, by the equation:

■  a (D ) ~  M P  +  pD +  K ' ( i °  ‘ !

where / /  ia the angular momertum o f the «pinning wheel. M  i i  the moment o f inertia o f the 
system, p is the viscous damping coefficient. К  is the spring constant, and D is the D opera».

This relationship (Equation <20.2)] Is a second-order differential equation, and we m u* 
consequently expect Ле device to have a response typical o f second-order instruments, as 
discussed in Chapter 1. Therefore, the instrument must be designed carefully so that the oulpe



Figur» 20.22 
R u t gyro »c opt

response it  neither oscillatory nor too tlo w  in reaching a final reading. To assist in the design 
process, it i t  useful to re-express Equation (20.2) in  the follow ing fonn:

; ' ° ' - 5^ П д а = Т Т -  120)1

where IC =H IK . m =  у /к Щ . and (  ж .

The static acnsitivity o f the instniment, К . it  made at large a* possible by using a high-ipetM 
motor to ф т  the wheel and so make H high. Reducing the spring constant К  further improves 
the sentifivity, but this cannot be reduced too far at il makes the resonant frequency ш o f the
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in s t ru m e n t  too small. The value o f 0 i i  usually chosen such thal Ihe damping ratio 1; is a t doae 
to  0 .7  at possible.

2 0 .3 .5  Fiber-Optic Gyroscope

This is a relatively new instrument that makes use o f fiber-optic technology. Incident lig k l 
from a source it  separated by a beam splitter into a pair o f beams, a and />, as shown in 
Figure 20.23. These travel in opposite directions around an fiber-optic co il (which may he 
several hundred meters long) aad emerge from the co il as beams marked ct and V. The 
beams <j‘ and h‘ are directed by the beam splitter into an interferometer. Any motion o f the 
coil causes a phase shift between a ' and b \ which is detected by the interferometer.

20 .3 .6  D iffe ren tia tion  o f Angular Displacement Measurements

Angular velocity measure me nts can be obtained by differentiating the output signal from 
angular displacement transducers. Unfortunately, the process o f differentiation amplifies aoy 
noise in the measurement signal, and therefore this technique has been used only rarely in 
the past. However, the technique has become more feasible w ith the advent o f intelligent 
inttruments. For example, using an intelligent instrument to differentiate and process the out pel 
from a resolver can produce a velocity measurement w ith a maximum inaccuracy o f 11% .

пшлчхяшш
figure 20.23

Fibtr-optic gyroscope
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20.3.7 Integration f f  Output from an Accelerometer

In measurement systems that already contain an angular acceleration transducer, it i t  possible 
to obtain a velocity measurement by integrating the acceleration measurement signal.
This produces a signal o f acceptable quality, as the process o f integration attenuates any 
measurement noise. However, the method is o f lim ited value in many measurement 
situations because the measurement obtained is the avenge velocity over a period o f time rather 
than a profile o f the instantaneous velocities as motion takes place along a particular path.

20.3.8 Choice between Rotational Velocity Transducer*

Choice between different rotational velocity transducers is influenced stroagly by whether 
an analogue or dig ita l form o f output is required. D igital output instruments are now widely 
used and a choice has to be made among the variable reluctance transducer, devices using 
electronic light pulse-counting methods, and the stroboscope. The first two o f these are used 
to measure angular speeds up to about 10.000 r.p.m. and the last one can measure speeds up 
to 25.000 r.p.m.

Probably the most common form o f analogue output device used is the dx . tachometer. This 
is a relatively simple device that measures speeds up to about 5000 r.p.m. w ith a maximum 
inaccuracy o f ± 1%. Where better accuracy is required w ith in a sim ilar range o f «peed 
measurement, ax. tachometers are used. The squirrel cage rotor type has an inaccuracy o f 
only ±0.25% . and drag-cup rotor types can have inaccuracies as low as ±0.05% .

The drag-cup tachometer also has an analogue output, but has a typical inaccuracy o f ±5% . 
However, it is inexpensive and therefore suitable for use in vehicle speedometers where an 
inaccuracy o f ±5%  is normally acceptable.

20.3.9 Calibration o f Rotational Velocity Transducers

The main device used as a calibration standard fo r rotational velocity transducers is 
a stroboscope. Provided the flash frequency o f the reference stroboscope is calibrated 
property, it is possible to provide velocity measurements where the inaccuracy it  
less than ±0.1% .

20.4 R otational Acceleration

Rotational accelerometers woifc on very sim ilar principles to translational motion 
accelerometers. They consist o f a rotatable mass moanted inside a housing attached to 
the accelerating, rotating body. Rotation o f the mass is opposed by a torsional spring
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and damping. Any acceleration o f the (touting causes a torque. JO. on the mass. This torque »  
opposed by a backward torque due to the torsional spring and in  equilibrium :

JO =  КО and hence: в  =  кв/J .

A damper is usually included in  the system to avoid undying oscillations in the instrunen. 
This adds an additional backward torque. Вв. to the system and the equation o f motion becomes

J6 =  B8 +  Кв.

D ifferent manufacturers produce accelerometers that measure the angular displacement o f the 
mass w ithin the accelerometer in different ways. However, к  should be noted that the nambcr 
o f manufacturer! producing rotational accelerometers is substantially less than the number 
manufacturing translational motion accelerometers because the requirement to measure 
rotational acceleration occurs much lest frequently than requirements to measure translational 
acceleration

20.4.1 Calibration o f Rotational Aecelerometert

This is normally carried out by comparison w ith a reference ttandard rotational accelerometer. 
The task is usually delegated to specialist calibration companies or accelerometer manufacturers 
because o f the relatively small number o f applications for rotational accelerometen and Ihe 
corresponding shortage o f personnel having Ihe necessary calibration tkilU .

20.5 Summary

Having discussed tensors fo r measuring translational motion in the previous chapter, «his 
chapter has been concerned w ith the measurement o f the three aspects— displacement, 
velocity, and acceleration— o f rotational motion. Starting w ith sensors fo r measuring rotation 
displacement, we firs t discussed circular and helical potentiometers. Next we considered 
the m erits o f the rotational d ifferentia l transformer, incremental shaft encoder, coded disc 
shaft encoder, resolver, synchro, induction potentiometer, rotary inductosyn, and both free 
and rate-integrating gyroscopes.

Moving an to «he measurement o f rotational velocity, we find explored «he various farms 
o f digital lachomelers available. Discussion then moved on to stroboicopic methods, followed by 
a review o f analogue tachometers, which we noted were lew accurate than digital tachc*nc*m 
but s till in  fa irly widespread use. Next, we covered the two forms o f gyroscopes that measure 
rotational velocity—m e gyro and fiber-optic gyro. Finally, we found that a velocity теамгааем 
could be obtained by differentiating an angular displacement measurement or by integrating 
an acceleration measurement. However, we noted that while Ihe latter is acceptable Ьесаме tfc  
process o f integration attenuates any measurement noise, the differentiation technique it  not
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used unless done within an intelligent instrument that can deal with the noise amplification 
that is inherent when measurements are obtained via differentiation.

Our final subject in the chapter was the measurement o f rotational acceleration. We noted that 
rotational accelerometers worked on very sim ilar principles to their translational motion 
counterparts, while observing that the requirement o f measure rotational acceleration did not 
commonly arise.

20.6 Problems

20.1. Using simple sketches to support your explanation, explain the mode o f operation and 
characteristics o f the follow ing devices: circular potentiometer, helical potentiometer 
and rotary differential transformer.

20.2. Sketch an incremental shaft encoder. Explain whai it measures and how it woiks. Whai 
special design features can be implemented to increase the measurement resolution of 
a disc o f a given diameter?

20.3. What is a coded disc shaft encoder? How does its output d iffe r from that o f an 
incremental ihaft encoder? What are the main type» o f coded disc shaft encoder,?

20.4. Discuss the mode o f operation o f an optical coded disc shaft encoder, illustrating your 
discussion by means o f a sketch.

20.5. Whai is the main consequence o f any misalignment o f the windows in an optical coded 
disc shaft encoder? Describe two ways in which the problem caused by window 
misalignment can be overcome.

20.6. Explain what a resolver is in  Ihe context o f rotational position measurement. Discuss 
the two alternative forms o f resolvers that exist.

20.7. How does a lynchro work? Illustrate your explanation w ith a simple sketch.
20.8. What is •  gyroscope? Discuss the characteristics and mode o f operation o f three kinds 

o f gyroscopes that caa measure angular position.
20.9. Explain Ihe mode o f construction *>d characteristic* o f each o f ihe follow ing: digital 

tachometer, optical tachometer, induction tachometer, and Hall-effect tachometer
20.10. D i*cu*i the characteristics o f droboscopic methods o f measuring rotational velocity
20.11. What are the main types o f analogue tachometers available? Diacua* the main 

characteristics o f each.
20.11 How does a rale gyroscope work? What is its main application?
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Imperial-Metric-SI Conversion Tables

Length

SI units: mm. m. km 
Imperial unit*: in. ft. m ile

m m m km to ft m b
mm 1 10"* Ю -* 0.039 3701 3.281 x 1 0 * _
m 1000 1 10** 39 3701 3 280 84 6 214 x 10 *
km 104 10* 1 39 370.1 3280 84 0 621 371
in 25.4 00254 - 1 0 083 333 -
ft 3041 0.3048 3 04* x 10 * 12 1 1 894 x 10“ *

mile - 1609 34 1 609 34 63 360 5280 1

Area

SI units: mm2, m2. km2 
Imperial units: in2, ft2, m ite2

ш п Г - to .’ '  i , ' 1 ? m * '

mmJ 1 10"* - I.SSOx 1 0 * 1.07® x 1 0 ^ -
mJ 10* 1 1 0 * 1550 10764
kmJ _ 10* 1 - 1076 x 107 0 3*61
to1 645 16 6 452 X 10 * - 1 6 944 x 10 * -
e 92 903 0 092 90 — 144 1 -

fnilc ̂ - 2.590 x 10* 2.590 - 2.788 x 10' 1

361



SI units: mm4, m4 
Imperial units: in4, ft4

Second Moment of Area

mm4 n.4 I .4
mm' 1 io - ’ * 2.4023 x 10"* 1.139 x 10 ,0
m4 to’ * 1 2.4025 x 10* 115 86
m4 416 2)1 4 1623 x IO " ' 1 4.8225 x 10 *
* 4 8.631 x 10’ 8.631 x 10‘ * 20 736 1

Volume

SI units: m m \ m '
Metric units: m l. I
Imperial units: In1, f t 1. UK gallon

1ШЯ* ml 1 m* V UN Сайол
mm’ 1 10 '* 10"* IO-* 6.10 x 10'* _
ml 10* 1 10** 10 * 0.061 024 3.S3 X 10-* 2.2 x 10 '4
1 10* 10* 1 10-* 61 024 0 035 32 0.22

m* 10* 10* 10* 1 61 024 35.31 220
» * 16 387 16.39 00164 1.64 x 10 s 1 5.79 x 1 0 '4 3.61 x 10**
ft* - 3.83 x 104 28.32 0 028 32 1728 1 6 229

UK gallon 4546 4 546 4.55 x IO"* 277.4 0 1605 1

Non: A M t n l  или 1 US pUon -  0 8327 UK gallon

Density

SI unit: kg/m1 
Metric unit: g/cm1 
Imperial anils: lb /ft’ , lb /in ’

kg/m* g/cw* '  */U *
kg/m* 1 IO-1 0 062 428 3 60S x 10'*
g/cm* 1000 1 •2.428 0 036 127
lb /ft’ 16.019 0.016 019 1 5.787 x 10 '4
lb/in* 27 680 27 680 1728 1
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Mass

SI unit»: g. kg. t 
Imperial units: lb. cwt. ton

* % i ft on*

I 1 10 * io - ‘ 2.205 x 10-* 1.960 x 10"^ 9.842 x 11 *

4 10* 1 10"* 2 204 62 0.019 684 9 842 x 10 *
t 10* to* 1 2204 62 19.6841 0 984 207
lb 453.592 0.453 59 4 536 x 10 4 1 8 929 x 10 '* 4 464 x 10 *

cwt SO 802.3 50(023 0 050 802 112 1 005
ton 1.016 x 10* 1016.05 1.01605 2240 2* 1

Force

SI units: N. kN 
M etric unit: kg,
Imperial units: pdi (poundal). lb,. UK toni

N 1 * kN __** ___ ft* UK a *

N 1 0 1020 Ю -* 7 233 0.2240 1.004 x 10U

kt l 9.807 1 9 807 x 10 '* 70 93 2.2046 9 842 x 10 *
kN 1000 102 0 1 7233 2248 0 1004
pdl 0 1383 0.0141 1 383 x 10 * 1 0.0311 1 388 x 10 1
lb, 4 448 04536 4 448 x 10 * 32.174 1 4 464 x 10 4

UK ton, 9964 1016 9 964 72 070 2240 1

Кои Additional unit: 1 dym •  10'*N -  7.233 » 10'* pdl.

Torque (M om ent o f Force)

SI unit: N m 
M etric unit: kgr m 
Imperial uniU: pdi ft, lb , ft

N m ka,m * * h
N m 1 0 1020 23.73 0.7370
kg,m 9.807 1 232.7 7233
pdl ft 0 042 14 4 297 x 10‘ * 1 0.031 08
lb, ft 1.356 0.1383 32.17 1
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Inertia

SI unit: N n r  
Imperial unit: lb , ft2

1 lb , ft2 =  0.4132 N m2 
1 N m2 -  2.420 lb , ft2

' V 4
Pressure

SI units: mhar. bur. N/m2 (pascal) 
Imperial units: lb /in2, in Hg. aim

mbar bar N / - *  ■ fc/fc,* ■ ■< Hg um

mbar 1 10-» 100 0 014 SO 0 029 53 9 869 x 10‘ 4
bar 1000 1 10* 14.50 29 53 0 9869

N /m ‘ 0.01 10-* 1 1 4 5 0 x1 0 “ * 2 953 x 10"4 9.869 * 10 ‘
lb /in ' 68.95 0 068 95 6895 1 2 036 0.061 05
in Hg 3386 0.033 86 3386 0.4912 1 0.033 42
atm 1013 1.013 1.013 x 10* 14.70 29 92 1

A dditiona l Conversion Factors

I inch water =  0.073 56 in Hg =  2.491 mbar 
I ton  =  1.333 mbar 
I pascal =  1 N/m2

Energy, W ork, Heat

SI unit: J
M etric units: kg, m. kW h 
Imperial units: ft lb,, cal, Btu

) • » « kW h f t * Ы f t»

J 1 0 1020 2.778 x 10 * 07378 0 2381 (.478 » 1 0 "
kg/ m 9 8066 1 2 724 x 10 * 7.2JS 2 342 9.2*4 x 10 ’
kW h 3 600 x 10* 367 098 1 2 655 x 10* 859 845 8412.1
ft lb, 1 3558 0 1383 3 766 x 10~' 1 0.3238 1.28S x Ю ’
cal 4.1868 04270 1 163x10 * 3 0880 1 3 968 * 10 ’
Bcu 1055.1 107 59 2 931 x 1 0 '4 778.17 252.00 1
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A dditiona l Conversion Factors

I therm = IO* Btu — I.OSS I x  10* J 
1 therm »e =  4.186 x  10  ̂J 
1 hp h =  0.7457 kW h *  2.6845 x  IO6 J 
1 ft pdl =  0.042 14 J 
1 erg =  10 1 J

Power

SI units: W . kW 
Imperial units: HP. ft lbt/s

w kW HP M W *
w 1 IO "* 1.341 x 10"* 0.735 *4
kW 10s 1 1.341 02 735.64
HP 745.7 0.7457 1 548.57

ftltH /i 1.359 35 1.359 x IO '* 1.823 x 10 '* 1

Velocity

SI units: nun/s. m/s 
M etric unit: km/h 
Imperial units: ft/ i,  m ile/h

m m / t Ш/( hm/h * / •
n m / i 1 10 '* 3 J  x I O '5 3.281 x IO  * 2.237 x 10 *
m/» 1000 1 3 6 3 280 84 2.236 *4

km/h 277.778 0.277 778 1 0.911 344 0 621 371
ft/» 304.8 0 3048 1.097 28 1 0 681 818

mtle/h 447 04 0.447 04 1.609 344 1 466 67 1



Acceleration

SI unit: m/s2 
Other metric unit: cnV«2 
Imperial unit: A/s2 
Other unit: g

« - / • * " * *  к « ' Л
m/»1 1 100 3.281 0.102
eW *' 0.01 I 0.0328 0 001 02
k / i‘ 0 3048 30 48 1 1

-  * 981 981 32.2 1 1

Mass Flow Rate

SI unit: g/s
M etric uniu: kg/h. tonne/d 
Imperial units: Ib /t, Ib/h. ton/d

« /. У to n m /d ** /• b /h tM /d

I / » 1 3.6 0 086 40 2.205 *  1 0 * 7.937 0.085 03
kg/h 0.2778 1 0 024 00 6.124 x 10"* 2 205 0.023 62

tonne/d 11.57 41.67 1 . 0.025 51 91 86 0.9842
•b/i 453.6 1633 39.19 1 3600 3857
Ib/h 0 12*0 04536 0.010 89 2 788 *  10"* 1 0.010 71

con/d 11.76 42.34 1.016 0.025 93 93.33 1

Volum e Flow Rate

SI unit: m ’/s 
M etric units: l/h, ml/s 
Imperial units: gal/h, ft3/», ft %

l/h f d / t HI*/» * * / •
l/h 1 0.2778 2778 x 10"’ 02200 9.810 x 10~* 0 035 316

ml/» 3.6 1 1 0 * 0 7919 3 532 x 10"* 0 127 14
m*/» 3.6 x 10* 10* 1 7.91* x 10* 3541 1.271 x 10s
gal/H 4 546 1 263 1 J63 x 10-* 1 4 460 x 10 * 0.160 56
if/» 1.019 x 10* 2 832 x 10* 0 028 32 2 242 x 10* 1 3600
It*/h 28.316 78653 7 865 x 10~* 62282 2.778 x 10 * 1
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S p e c ific  Energy (H eat per U n it Volum e)

SI units: J /m \ ld /m \ MJAm’
Im pe ria l units: k c » I/m \ B tu /ft’ . therm/UK gal

) / - ' И / - ’ M l/ " * * h e l / m * •ш /ft*

j/m ’ 1 «0 * io - ‘ 1 3 8 8 x1 0 "* 2 684 x1 0  * -
4/m * 1000 1 10-* 0 2388 002684 -
MJ/m' 10* 1000 1 238.8 2684 4 309 x 10 ’
kcal/m’ 4 ie ; 4.187 4.187 x 10~* 1 0.1124 1 804 x 10 ’
Btu/ft’ J 726 x 10* 37 26 003726 8 899 1 1 60S x 10 *

tharm/UK gal - - 2.521 x 10* 5.S4J x 10* 6.229 x 10* 1

Dynamic V iscosity

SI unit: N Vm2
Metric unit: cP (centipoiie). P (poise) [ I  P =  100 g/m s) 
Imperial unit: lb „,/ft h

■ b ^ fth P cP Na/M *

Ib ^ f th 1 4.133 x 10 * 0.4134 4 .134 x 10 ‘
p 241.9 1 100 0.1

cP 2.419 0.01 1 10-*
N i/m * 2419 10 1000 1

Non Addaional unit: 1 рака! Mcond m 1 N  i/m’

Kinem atic Viscosity

SI unit: m2/*
Metric unit: cSt (cendstokes). St (stokes) 
Imperial anil: ftJ/s

ft1/» m*/» <St *

f t ' / . 1 0 0929 9.29 x 10* 929
m2/» 10.764 1 10* 10*
cSc 1.0764 x 10 * 10“ * 1 0.01
St 1.0764 x 10 '* 10"* 100 1
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Thevenin's Theorem

Thevenm's theorem it  extremely useful in (he analytic o f complex electrical c ircu it!. It лмс% 
that any network that has two K ce ttib lc  terminals. A  and B. can be replaced, as far a t it t  
external behavior i t  concerned, by a tingle e.m.f. acting in tenet w ith a tingle retuuaoe 
between A and B. The tingle equivalent e.m.f. i t  that e.m.f. measured across A and В whea 
the c ircu it external to the netw oti it  disconnected. The ting le equivalent retittance it  the 
ictittance o f the network when a ll current and voltage sources w ithin it are reduced to m o . 
To calculate th it internal resistance o f the network, a ll current sources w ithin it  are treated at 
open circuits and all voltage sources at short c iicu itt. The proof o f Thevenin't theorem caa he 
found in S killing (1967).

Figure A2.1 shows part o f a network consisting o f a voltage source and four resistances As far 
a t its behavior external to terminals A and В it  concerned, th it can be regarded as a tingle 
voltage source. V „ and a single retistance. R,- Applying Thevenin's theorem. R, i t  found f i t *  Ы 
a ll by treating V | as a short circuit, as shown in  Figure A2.2. T h it it  simply two rewtl ancev K, 
and (# 2 +  R* +  Rt). in parallel. The equivalent retittance. R„ i t  thus given by

R{(R2 + R *+ R i)
'  =  # | + * j + * 4 + * j '

A

В

F igurt A2.1

569
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A

figure A2.2

where V, ic the voltage drop across AB. To calculate this, it i t  necessary to carry out an 
intermediate step o f working out the current flow ing. /. Referring to Figure A2.1, this is 
given by

/ - _____ * _____ .
R i  + Ri +  R* +  R}

Now. V, can be calculated from

K, = / ( * , + * 4 + * j )

^  V i  + Rt  +  Rj) 
R i + Л 1 + Л < + Я )

The network o f Figure A2.1 has thus been reduced to the simpler network shown in
Figure A2.3.

Let us now proceed to the typical network problem o f calculating the current flow ing in 
resistor Ry o f Figure A2.4. Ry can be regarded as an euemal circu it or load on the rest o f the

■Л ЛЛ г

T V ,

figura А2.Э
В
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network consisting o f Vx. R,, Иг, Rt . and Ry u  shown in Figure A2.5. This network o f Vt .R ,. 
Rt . Rt . and Ri it  that shown in Figure A2.6. This can be rearranged lo  the network shown 
in Figure A 2 .I, which is equivalent to Ihe single voltage source and resistance. V, and R „ 
calculated earlier. The whole circu it is then equivaleat to that shown in Figure A2.7, « id  die 
current flow ing through R i can be written as

. ____ V j_

A

Network of V,. Ry 
Ъ  Я4. агхЗЯ,

Figure A2 .S

Fifurt A2.6

§
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Я.

50 V ~ 200 Q

F i fu r *  A 2 . I

Thevenin's theorem can be applied succeisively to solve ladder networks o f the form  shown in 
Figure A2.8. Suppose in this network that it is required to calculate the current flow ing in 
branch XY.

The firs t step is to imagine two terminals. A and B. in the circu it and regard the network to the 
right o f AB as a load on the circu it to the left o f AB. The circu it to the left o f AB can be 
reduced to a single equivalent voltage source. £ « . and resistance, Нал. by Thevenin's theorem 
I f  the 50-V source is replaced by its zero internal resistance (i.e., by a short circu it), then К  ли is 
given by

I 2000+100I I
Ras ~  100 +  2000 200.000 '

Hence.

Л «  =  95.240.

When AB is open circuit, the current flow ing round the loop to fte  le ft o f AB i i  given by

1 100 +  2000
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ма

Hence. £ « . the open circu it voltage «cross AB . is given by

E *t =» /  x 2000 =  47.62 votes.

We can now replace the circu it shown in Figure A2.8 by the simpler equivalert arcuit Aown m 
Figure A2.9.

The next stage is to spply an identical procedure to find an equivalent drew onsisting a t 
voltage source E \g  and resistance RA f for the net w ort to the left o f points A and B’ in
Figure A2.9:

1 I  I _  1 1 1245.24
Л лг =  Лда +  150 +  1000 245.24 1000 245.240

Hence.

Е м г ■

RA,  -  196.94 f t  

1000
Rug +  150 +  1000

x =  38.24 volts.

The circu it can now be represented in the yet simpler form shown in Figure A2.I0. Proceeding 
as before to find an equivalent voltage source and resistance. Ел- r  and ft г г . for the 
circu it to the le ft o f A " and B" in  Figure A 2.I0 :

Едг ~ no

figure  Л2.10



I____ I 1 500 +  446 94
* а-г  Нл'г +  250 + 500 _  223.470

Hence.

R r r  - 2 3 5  99Q 

500
£ v r  =  >»;., + 2 5 0 + 5 0 0 =  20 19 W" 1

The circu it has now been reduced to (he form shown in  Figure A2.11, Where the current through 
branch XY can be calculated simply as

# 20 19
"  R r r  +  300+  200 ^  735.99

FiguraA2.11

Reference
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Thermocouple Tables

Type E: chromel-constantan
Type I: iron-consUnUm
Type K: chromel-ulumel
Type N: n ic ro til-a u il
Type S: piitinum /10%  rhodium-platinum
Type T: copper-con мал un

T jf J 1 > p .K T̂ N _ T y fS O r '

-2 7 0 - 9  834 -6.458 -4.345
-260 -9.795 -6.441 -4.336
-250 -9.719 -6.404 -4.313
-240 -9.604 -6.344 -4.277 -6.105
-230 -9.456 -6.262 -4.227 -6003
-220 -9.274 -6.158 -4.162 —5.891
-210 -9.063 -8.096 -6.035 -4.083 -*.753
-200 -8.824 -7.890 -5.891 -3.990 -5 6 0 3
-190 -8.561 -7.659 -* .7 3 0 -3.864 -*.4 38
-180 -8.273 -7.402 -S .SSO -3.766 -* J 6 1
-1 70 -7.963 -7.122 -S.354 -3.634 -*.070
-1 60 -7 *3 1 -*.821 —5.141 -3 .4*1 -4.865
-1 50 -7.279 -6.499 -4.912 -3.336 -4.646
-140 -6.907 -6.159 -4.669 -3.170 -4.419

'  -1 30 - 6  516 -*.801 -4.410 - 2  994 -4.177
-120 -< 1 0 7 -5.426 -4.138 -2 8 0 7 -3.923
-110 - 5  680 - 5  036 -3 .8 *2 -2.612 -3.656
-100 -5.237 -4.632 -3.SS3 -2.407 —3.378
-9 0 -4.777 -4 .21 * -3.242 -2.193 -3.069
-80 -4.381 -3.785 -2.920 -1.972 -2.786
-7 9 -3.111 -3.344 -2 * 8 6 -1.744 -2 .47*
-6 0 -3.386 -2.892 -2.243 -1.509 - 2 . 1 * 2
-5 0 -2.787 —2.431 - 1  889 -1.268 -0.236 —1.619
-4 0 -1 .2*4 -1.960 -1 .J27 —14)23 -0.194 -1.475
-3 0 -1.709 -1.461 -1 .1 *6 -0.772 -0 .1 *0 -1.111
-2 0 -1.1*1 -0.995 -0.777 -0  518 -0.103 -0.757
-1 0 -0.5*1 -0.501 - 0  392 -0 2 6 0 -0 .0*3 -0.363

i

5/a
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578 А р р п 4 и З

T - t - C С) т у » * T jf J Jr r * * * • " Г* * Г
960 73.350 55 553 39.703 34.702 9.126
970 74.104 56.154 40 096 35.089 9.240
980 74.857 56 753 40.488 35.474 9.355
990 75.608 97.349 40 879 35.862 9.470
1000 76.357 57.942 41 269 36.248 9.585
1010 58.533 41.657 36 633 9 700
1020 59.121 42.045 37.018 9.816
1030 59.708 42.432 37.402 v.9.932
1040 60.293 42.817 37.786 10.048
10S0 60.877 43.202 38.169 10.165
1060 61.458 43.585 38.552 10.282
1070 62.040 43 968 38.934 10.400
1080 62.619 44.349 39 315 10.517
1090 63.199 44.729 39 696 10 635
1100 63.777 45 108 40 076 10.754
1110 64.355 45 486 40 456 10.872
1120 64.933 45.863 40.835 10.991
1130 65.510 46.238 41.213 11.110
1140 66.087 46.612 41590 11.229
1150 66 664 46.985 41.966 11.348
1160 •7.240 47.356 42.342 11.467
1170 67.815 47.726 42.717 11.587
1180 68.389 48.095 43.091 11.707
1190 68 963 48.462 43.464 11.827
1200 69.336 48.828 43 836 11.947
1210 49.192 44.207 12.067
1220 49.555 44.577 12.188
1230 49.916 44.947 12.308
1240 50.276 45.315 12.429
12S0 50 633 45.662 12.550
1260 50.990 46.048 12.671
1270 51.344 46 413 12.792
1280 51.697 46.777 12.913
1290 52.049 47 140 13.034
1300 52.398 47.502 13.155
1310 52.747 13.276
1320 53.093 13.397
1330 53.438 13.519
1340 53.782 13.640
1350 54.125 13.761
1360 54.467 13.883
1370 54.807 14.004
1380 14.125
1390 14.247
1400 14.368
1410 14.489
1420 14.610
1430 14.731
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w e e _ T fP -J T r r * T y r.N T y f% T j f T
1440 14852
1450 14.973
1460 15.094
1470 15.215
1450 15.336
1490 15.456
1500 15.576
1510 15.697
1520 15.017
1530 15.937
1540 16.057
1550 10.176
1560 16 296
1570 16.415
1550 16.534
1590 16.653
1600 16 771
1610 16.090
1620 17.000
1630 17.125
1640 17 243
1650 17.360

| 1660 17.477
1670 17.594
16S0 17.711
1690 17(26

j 1700 17.942
I 1710 10.056

1720 10.170
1730 10.2(2
1740 10.394

i 1750 10 504
1760 18.612





Index

Note: Page number» followed by/indicate figure* sod I indicate tablet.

Abaolute e ira i 
error in difference. W  
error in product. 91 
error In quotient. 9 | 
error in mm. 89-90 
■умет component error*. *9 

Absolute permittivity, capacitive 
device*. 31»

Abtolule pretturr 
definition. 398 
diaphragm sensor*. 399 

A.C. bridge circuit 
capacitance meatuiraieni.

229-230 
characteristic», 220-226 
deflection-lype. 224-226. 224/ 
inductance measurement. 229 
Maxwell bridge, 222-224. 222 f 
null-type impedance bridge. 221 
Wien bridge. 213-236 

Л.С. carrier, measurement signal 
electrical trantmiuion. 
248-249 

Acceleraird lifetime testing.
reliability quantification. 
296

Acock™ toil 
accelerometer calibration.

32I -322 
accelerometer scledion. 521 
calibrated lank, 4J2 
«pacitive lemon. 318 
definition. 498 
example calculation». 522 
fiber-optic accelerometer. 330

force meaurement. 487 
meaaureewnt. 319-522 
microaenaon. 340 
Newton'•  tecond law. 478 
pieaoelectiK transducer». 322 
thock mornurement, 323-326 
simple accelerometer. 328 
vibratioa neasurement. 323 

Acceleration due to gravity 
hytbaulic toad cell. 482 
hyiboatatic syrtem*. 463-464 
man/tiHcertorque sensor 

calibration. 492 
mau measurement, 478 
U-tabe Miometers. 420-421 

Accelerometer» 
calibration. 521-522 
data recorder». 191 
force meaaurement. 487 
intrinak fiber-optic sensor. 328 
op-amp*. 144
output tategration. 518. 558 
■electio*. 521 
«nature. Я У  
witk velocity transducer*.

310-911 
vibratioa laeasuremem. 323 

Accufibr* seasor. fiber-optic
temperature senior». 379 

Accuracy, и t  a lso Inaccuracy 
accelerometer. 318. 521.527 
anatofw/ikgital muniment*. 

19—16
anabfae ncten. 165. 169-170 
analogue inultimeler. 169 
apox balancing. 219-220

bananeten. 417 
beam balance. 483-484. 493 
Bourdon tube. 404-405 
bridge circuit*. 211-212.

220-221.226-227 
calibrated tank. 452 
calibration. 104,109 
cepecititfKC traraduccrK 304 
coded disc shaft encoders. 534 
corioii* meter*. 429, 459 
n  customer requirement*. I l l  
data presentation. 191,192-1*3 
data recorder*. I f  I 
dead-weight gaigc. 416 
diaphragm*. 399 
digital cowMerAimen. 232-233 
digital meten. 162-163 
DVM. 164
eloctromagneuc balance. 4M 
and error analy*u. 218-219 
flowmeter*. 440-441. 444.44k

449-430.431 
gyroscope*. 344, 347 
hydrostatic systems, 463-464 
iniuument characteristic*. 17-18.

К
insuument design. 48 
intuumem selection. 7 
intelligent device*. 274 
M iiiation gauge. 418 
levri mea*uremeni. 470 
levet sen*»»*. 470.472 
load call*. 479.482 
LVDT.304
manometer. 406-407, 417 
mae* measurement. 478

581
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Accuracy (Continued) 
measuring instrument 

application*. 9-10 
measuring instrument «lection. 7 
micromanomcter*. 419 
microaenaan. M l 
moving coil meter. 165-166 
moving won meter, 161 
null- n . deflection-type 

instrument*. 14 
nuuting Ш  meter. 431 
optical sensors. 326. 549-551 
oscilloscopes. 172-173.

177-178, 234 
p iencvtia ire season. ИЗ 
pipe prover. 454 
positive displacement meter.

435
v«. precision. 18. IV  
pressure mcasuremctn. 402.

414-413.416.463-464 
pyromoten. 36*-3*9. 370, 

372-373 
range anuon. 336-337.514-515 
reference instruments. )84 
reference standards 101-109 
resolver. 540 
rotational displaceweni 

transducer. 54», 549 
rotational velocity transducer. 

558
semiconductor drvices. 381-382 
smart sensors, 277 
smart transminen. 279 
spring balance. 486-487 
standard instruments. 104 
synchro. 540 
tachometers. 553 
lemperature measurement. 378.

381. 384. 388 
thermocouple tables. 354 
thermometers. 361. 363.

367-368. 389 
and tolerance. 20 
translational measurement

transducer calibrabon. 517 
variable reluctance velocity 

transducer. 554 
Venturis type devices. *34 
volume flow rate. 429-430

volume flow rate-fluid density 
meaaarement. 429 

Wheatstone bridge. 226-227 
working standards. 107 

t£ . current transformer.
measurement. 231 

I f  tachomcrr 
basic characteristics. 554 
csampie. 55V  

Active filters 
low-pass flie r. I4QT 
with ap-anps. 139-141 

Active tnsttumenu 
analogue filters. 136 
v i. paaslve. 12-14 
petrol-tank level indicator. 13.

IV
Actuators 

digital fleMbuset. 286 
intelligent devices. 280 
intrinsic safety. 307-308 
local area network*. 283 
parallel data bus. 282-283 
pneumatic transmission. 250 
ring/but network*. 285 
safety system design. 313 
star netwuAs. 285 

Address has 
base computer elements. 269 
computer operation. 270 
№  interface. 270-271 
microcomputer elements. 267 f 

Address decoding 
hardware scheme. ТГ2/
VO  interface. 271-272 
N AND gate. 27T f 

Air current*, and ultrasound wave*.
333-334 

Air path optical sensors 
basic characteristics. 325-326 
light detectors. 325-326 
light sources, 325 

Air vane meter, flow measurement. 
447

Alarms, safely system design. 313 
Akomas. moving coil meter, 166 
Aliasing, analogue filters. 136 
Aliuco. moving coil aieier, 166 
AM. are Amplitude modulation 

(AM)

Amplifier/attenuator unit 
digital phoaphor oaciUotcope.

178
digital storage oscilloscopes.

177-178 
electronic counterAimer, 236 

Amplifiers 
digital sampling oscilloscope,

179
ptias*-locked loop. 233-234 
safety syaem desiga. 309-310 

Amplitude modulation (AM). 
248-249

Analog signal processing. op-amps.
144-145. 14V 

Analogue filters 
active filters with Hf-amps

139-m i . i«qr
breadboard. 141. I4 | /  
digital filten. 145-191. 14V.

I47r, 14V. 14V 
electronic components. 142-143 
«ample data. 146-147 
filter with memuey. 146 
higher-otdor digital fillers.

1 5 0 -1 5 1 ,15QT.
input averaging Slier. 145-146.

147/ 
op-amps. 14У
passive fillet». 137-139, 137/.

1 3 V  
purpose. 136-145 

Analogue inamimenti (general) 
n .  digital. 15-16 
a* indicating instniaienl*. lh 

Analogue meters 
clamp-on meter*. 168-169. 16V 
v>. digital. 162-163 
example. I6 y  
high-frequency signal

measaremeal. 169-170, 
ITQf

moving coil meter. 165- 166.
16V. 170 

moving iron meter. 167-168, 
167/. 171 

multimeter. 169, 16V 
nonstandard waveform output 

calculations. 170-171 
overview. 165-171
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Analogue multimeters 
characteristics. 169 
circuitry. 169/ 
resistance measurement. 229 

Analogue oacilkwcoprs 
channel. 174-17} 
controls. 17У 
differential input, 175 
display position control 176 
overview. 173—176 
single-erxfc<d inpul. 17) 
time Ьам c ircu it 176 
vertical senaitivity control. 176 

Analogue tachometers 
basic characteristics. 553-554 
exampk. 55У. 53V  555/ 

Aaalogue-to-digual (АД» 
convener 

analogue m uni геем interface». 
15-16

data acquisition. 116-117 
dig ita l phosphor oacdtacope. 

17*
dig ita l sampling oacillcscope. 

179
digita l Stonge oacdloacopes.

177-171 
incremental shaft encoders. 532 
pressure measurement 40СМ01 

Analogue transmitters, smart

278-279 
Aneroid gauge, definition. 399 
Angular acceleration 

definition. 498
transducer output integration. 

558
Angular velocity 

a.c. tachometer. 554 
angular displacement 

differcntation, 557 
differentiation. 557 
fiber-optic gyroscopes. 547 
(yroacopes. М3 
inductive sensing. 551-552 
■tachanical gyroacopes, 544 
rate gyroscope, 555 

Annuhar. differential preieurc 
meters. 430-431 

ANSI. LAN standards. 283

Antiambiguity track, optical digital 
shaft encoders. 536 

Apes balancing 
bridge circuits. 219-220
d.c bridge. 2*2/ 
esampk. 220f 
esampk calculations. 219 

Archimedes' pnncipk. and mass/ 
faeceAorque sensor 
calibtation. 492 

Arithm etic uait. CPU. 267 
ARMA m odtl. see Autoregressive 

moviag average (ARMA)

Bathroom scak. aa indicating 
16

system applications. 9-10 
Automatic pwcess control systems, 

measefemem system 
applications. 9 

Autoregrraalre moving average
(ARMA) model. LabVIEW. 
130

A vailability, re liability
quantification. 294

В

Backlash, gears, dead space. 26 
Band-stop file rs , systematic error 

reduction. 51 
Bandwidth 

dig ita l sampling oscilloscope.
179

graphical representation. 173/ 
Bar. pressure measurement. 398 
Baralron gauges, pressure

Barometers, calibration. 415. 417

definition. 295 
cu m pk. 29У

calibration. 493
esampk. 48У
mass measurement. 48.3-484

Anenuatioa 
current loop transmission. 247 
electrical transmission. 246 
fiber-optic transmission. 250.255 
LA N t, 283 
paaaive filters. 137 
ultrasound waves. 334. 33V.

335-336.514-515 
Automatic control systems 

microcomputers. 15-16 
signal-output instniments. 16 
si gas! utilization. 7 

Automatic feedback control

calibration frequency. 420 
differential pressure

esampk. 40V
high-pressure moasuremeat. 412.

<13/
pressure measurement. 402 
pressure sensor selection. 

«14-415 
Bell prover 

esample, 457/
vdunw flow  rate calibration. 456 

Bell-shaped distributions, ire

41
Bessel correction factor, 

calculation. 58-59 
Bessel filte r. LabVIEW. ISO-151 
Beta rays, radiarnevic sensors. 46Я 
Bias, ape Zero d rift 
Bias errors, are Systematic errom 
Bidirectional pipe prover 

rum ple . 45V
volume flow  m e calibration. 

452-454 
Bimetallic thermometer 

basic characteristics. 376 
calibration frequency. 387 
esample. 37y
temperature transducer «electa».

382
Black body cavity, temperature 

tnm ducer calibration. 3(3 
B luff body, vonea-shsddlag 

flow meters. 441-442 
Bode plot 

active fille rs. 141 
example. 13V 
paaaive filte n . 137, 139
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Bourdon lu te  
basic characteristics. 403-409 
basic form*. 40V  
calibration frequency. 420 
calibration procedure*. 421 
pressure sensor vlecticn.

414-413 
Boyle's law. McLeod gauge. 411 
Breadboard 

«am ple. 141/ 
implementation. 141 

Bridge c ircu it! 
ax. bridge*. 220-226. 229-230 
ape* balancing. 219-220. 22QT 
commercial. 226
d.c. bridge apes balancing. 24V
d.c. bridge it u «lance. 226-227 
deflection-type a.c bridge.

224-226. 22V 
deflection-type dc. bridge.

210-218.211/ 
error analysis. 218-220 
example calculation. 211-212.

217. 217/
Hays bridge. 24V 
linearisation. 21V 
Mas well bridge. 222-224. 22V 
measuring inurnment current

draw. 2IS—2IS 
null-type impedance bridge. 221.

m
overview. 208-226 
Q factor calculation. 223 
resistance measurement. 226-229 
T tevea in 'i theorem. 21V 
variable conversion element*. 4-6 
variable induclaace traasducers.

50V
Wheatsione bridge. 208-210.

20V. 211-212.21»
Wien bridge. 235-236.23V 

Broad-hand radiation pyrometer* 
basic characteristics. 371 
intelligent temperature

transmitters. 300 
Bubbler unit, level measurement.

46V. 464 
Bus networks 

basic characteristics, 283 
LANs. 28V

Buttetwurth digital filte r. Matlak 
solution, 138-159 

Bunerwor* fille r 
block diagram. 151/ 
desicn. I W  
LahVIEW, 150-151

Cabliag errors, as systematic error 
■owe*. 41 

Calibrated tank 
«am ple. 45V
volatile flaw  rale measurement. 

412
Calibration 

sccelerometer*. 521-522 
te ncnU n .  417 
basic principles. 104-105 
team М аке. 493 
dead-wetgkl gauge. 416-417.

«IV
document*ion. 110-113. I IV  
electromapietic balance. 494 
environmental input error*. 

46-47
environment control. 105-107 
flow  maasarement reference 

standards. 457 
flowmeten. 451-457 
force measurement sensors.

492-494 
frequency requirement*. 104 
frequency for temperature 

transducer*. 386-387 
goM-chmne alloy resistance 

insmanenu. 418 
instrument component wear. 47 
and UMtaunem re liab ility . 30) 
ionuatton gauge. 418 
level leasers. 472-473 
mass flow  instruments. 452 
mass measurement icnaor*.

492-494 
McLeod gsuge. 418 
measurement system 

applications, V 
m icwianem eters. 419.41V  
null- vs. defied ion-type 

instruments. 14

overall systematic error 
calculation. 54-55 

pendulum scale. 494 
pressure instrument frequent. ) .

419-420
pressure inurnment procedure*,.

420-421
pressure reference inauamem*.

416-419 
pressure sensors. 415-421 
proof ring-based load call. 494 
resistance thermometer*. 364 
rotational acceleaoroeterv 559 
rotational displacement

transducers. 549 
rotational velocity transducers. 

558
shock senaors. 526 
smart sensor*. 277 
smart transmitters, 279-280 
systematic error qaaMiflcaiion.

53-54
systematic error reduction. 48 
as systematic error source. 41 
temperature refemwe 

instruments. 384-386 
temperature transducer 

procedures. 387-319 
temperature transducer*.

383-389 
torque measurement и т о г* .

492-494 
translational meaaunment 

transducer*. 317 
U-tube manometer. 417 
velocity measurement systems. 

518
vibrating cylinder gnags.

417-418 
vibration sensors. 325 
volume Dow rale for gases

te ll prover. 456 .437/ 
compact prover, «56 
overview. 456 
positive displacement 

flowmeters. 456 
volume flow  rata for iK fu d i 

calibrated tank. 4 5 2 .45V  
compact prover. 454-455.

45V
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gravimetric method. <55 
orifice plMe. 455 
pipe prover. 452-454. 453/ 
positive diipt«corner» meter. 

455
lutfcine meter. 456 

weigh beams. 49)
Calibration certificate 

basic information. 107 
and traceabiUty. 112-113 

Calibration chain 
instrumentation. 107-110. 109/ 
micrometer*. 116. I IV  

Cam. rev counter. 15 
Capacitance measurement basics 

approiimalc method. 2)0f  
basic considerations, 229-230 

Capacitive devices 
basic characteristics. 318-319 
example. 465/ 
level measurement. 464-465 
level aetuor «election. 471 
proxim ity tensors. 516 

O pacttive pressure мпал 
bask characteristics 401. 408 
differential preuure

measurement. 413-414 
senior tc lection. 414-415 

Capacitive ukrasanic elements.
basic charactenstlcs. 333 

Capacitor plates 
acceleration. 521 
capacitive devicw. 464-465 
capacitive lensoat. 318 
variable capacitance tnm iduccri. 

504 
Capactlon 

active filter». 13» 
analogue filter». 136. 142-143 
capacitance measurement. 230 
Maxwell bridge. 222 
passive filter», 137 
piemefcctnc transducer».

506-507 
Wien bridge. 236 

Carbon cavity furnace, for 
calibration. 386 

Carbon film  potenlioweter».
displacement measurement. 
499-300

Cate uatcment. Lab VIEW .
123-124. 12V 

Case structure. LabVIEW. 124-125. 
12У

Cathode ray eacilloscope. overview.
173-176

Cathode ray lube, components. 174, 
17V

c.d.f., ate em ulative diunbution 
function (c.d.f.)

Central processing unit (CPU) 
basic elements. 267 
computer I/O interface. 270-271 
computer program operation.

270
Caranic plate capacitor, example.

I«V
Channel, analogue oscilloscope.

174-175
Charge-coupled devicw. reflective 

level к т о г . 470 
Chart recorder*

circular. 119. 18V 
e sample. 18V 
hawed-«укл . 188 
meaaurement data. 185-190 
m ultipoinl unp. 188 
paperless. 189-190 
pen «пр. 187-188. 18V 
vtdeograpbic. 190 

Chebyihev filte r. LabVIEW, 
IS0-I51 

Chi-aqMMad distribution 
example. TV
Gaaaslaa dutnbution. 78. 80 
Oaaasiaa distribution goodness o f 

fH .77 
random errors, 71-75 
values labfc. 73r 

Chopped radiation pyrometers.
basic chacacteriatic*. 371 

Chrorael aliunel thermocouples 
(TypeK) 

for calihraaon. 384 
chm ctaridics. 358 

Chrorael-carMaiiian thermocouples 
(Type E). characteristics.
354

Cbrotnel-goklAron thermocouples, 
characteristics. 359 4

C ircuit construction. 141-142 
Circular chart recoader 

example. 18V 
measurement data. 189 

C iro lv  potentiometer» 
example. 531/ 
rotational displacement. 530 

Cistern tmnometCT 
basic characteristics. 406-407 
example. 40V 

Clamp-on meter»
о vow iew, 168-169
schematic. 16V 

Cleaving, fiber-optic cables. 253 
Closed-loop control system.

element».
Coded diac shaft encoders 

basic characteristics. 534-531 
contacting digital type. 537-538 
example. 3 3 y  
magnetic d igital type. 538 
optical digital type. 534-537.

53V
window arrangement. 535/

Color indicators 
temperature measuremera.

379-380 
temperature transducer selactaav 

382
Compact pmvar 

example. 45V
volume flow  rate calibrate* fee 

gases. 456 
volume flow  rate тоаммопеш. 

454-455 
Compensating leads.

thermocouple», 352 
Complex systems 

parallel сотропем re liability. 
299

re liab ility  calculations. 299 
re liability failure pattern». 296 
re liability laws. 298-299 
series солцюпс т  rrliahthuei. 

298-299

116-117 
Campaler monitor displays.

measurement signal». 185
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Computer, b u m . 266-2*9.
see also D igital compulation 

Conditional statement. L *V IE W  
cue structure. 124-125 

Conducting substances. capacitive 
devices. 464-465 

Conductors. see alsu Semiconductor 
device! 

clamp-on meter. 16ft-IW  
current loop transmission. 247 
current trau fom er. 231 
fiber-optic transmission. 250 
Hall-effecl sensors. 321 
LAN ., 283-284 
safety systems. 30* 
varying voltage tnnun iluon i.

246
Confidence teats. by least-squares 

regression. 200-201 
Contact devicas. lovH sensor 

lelection. 471 
Contacting digital >НаЛ ««coder, 

basic characteristics,
537-538 

Contention protocol, bua aetwort.
285

Continuous thermocouple!.
characteristics, 361-362 

Control bua 
basic computer elements. 269 
data transfer control. 273 
microcomputer siemens. 267/ 
program execution. 270 

CoatrolNct. d ig ita l fle ldbu  
protocols. 286 

Controls. LabVIEW V I 118 
Conveyor-baaed method»

«am ple. 427/ 
flow  measurement. 427 

Copper conductors. LANs. 283-284 
Copper-conauman thermocouples 

(Type T). characteristics.
358

C onolit flowmeter 
basic charactenstica. 477-429. 

448
calibration. 452 
examples. 42V 

Comer frequency, low-pass fille r. 
139

Correlatioa coefficient, graphical 
data representation. 201 

Correlatioa tests, graphical data
repreaittatiun. 201-202. ЛЦГ 

Corrosive liquids, level
mcasarcment. 464—465

Coat
active VI. paaaive mstrunients. 14 
fibor-opuc temperature sensota,

378
vis inteHigeni load cells. 482 
tntclligenl temperature 

traastkiccn. 381 
measuring instrument selection. 8 
PC-baaed oscilloscope. 180 
pountiometnc recorder. 186-187 
radiatioa thermometers. 382 

CPU. tee Central processing unit 
(СИЛ

Crayons. и  eolor indicators. 379 
Creep, electronic load celh.

480-481 
Cross-correlation ultrasonic 

flowrseters. intelligent 
flowmeters. 450 

Croae-aaaaMvity. accelerometers.
5 » . 527 

Croaa-talk s«aaor. basic
characteriatics. 329-330 

Cryogenic leak detection, intrinsic 
fiber-optic seniors. 329 

C um uM v* distribution function 
(c-d-f.). 63

Current 
analogue isultim eier. 169 
baaic aquation. 44 
circuit bridges. 210-211.225 
clamp-on meters. 168-169 
dig ita l dais recorders. 190-191 
digital meters. 162 
efcctrtcal transmission. 246 
electromagnetic bslsnce. 486 
fiber-optic transmission. 252 
HaU-efhct sensors. 321 
unuatM n gauge. 412 
light daMctors. 325 
magnmic «rnsors. 319 
meaauranwnt. 230-232 
meaauremmt instrument draw. 

215-218

measuring instrument effect.
215-218 

moviag co il meter. 165-166. 170 
moving Infrared spsctraacopy 

(IR I studies on rnetrr 171 
moving iron meter. 167 
op-amps. |39 
opposing inputs. 49 
optical sensors. 330 
Pirani gauge. 410 
pneumatic transmission. 250 
pyrometers. 368. 3W f. 389 
reference calibration M nim enu 

417-418 
resistance measurement. 227. 

228
safety system design. 312 
semiconductor d«vic«s. 366 
«rain gauges. 324 
tachometers. 554 
thermistors. 365 
thermocouple gsagc. 4 ffi 
varying resistance devices.

362-163 
Wheatstone bridge. 209 

Current gain, transistor cakulstiom . 
70

Current law. K irchoff, 138 
Current loop interface 

example. 247/
measurement signal tmvmission. 

247-248
Current-to-voltage convenor. 24V 
Current transformers 

current measuretaeol. 231 
example. 231/

Curve fitting  
graphical data presentation. 194 
least-tquares regtession. 200-201

Pall flow  tube 
bask charactenstics. 434 
difrerential presaure meters. 430 
example. 43V 

Pampers 
accelerometer, 519, 520-521 
rate gyroscope, 55V 
rate-integrating gyroscope. 54bf 
rotational accelerometers. 559



V

Damping nun , second-order 
inurnment. 32 

DAQ. u r  Data acqurstuue (DAQ) 
DA(J card 

breadboard. 141 
Lab VIEW . 117. 127 
Lab VIEW function generation.

127-128 
LabVffiW  V I. 119 

DasyLab. data acquisition. 133 
Dau acquisition (DAQ) 

analogue lo-dig«al to n n iw n t.
116-117 

computer-baaed. 116-117 
LabVIEW . 117.117/. 125-127, 

12*
■oftware tool deacriputm.

132-133 
Dau buu 

frequency distributions. 60-63 
Gaussian distribution clrr-squared 

■Ml. 80-11 
Dau but 

baaic computer element*. 267/.
269 

LANs. 283
parallel data but. 282-383 
pro f tarn execution. 270 

Dau flow  program. Lab VIEW V I. 
119

Datalogger*. measurement data. 190 
th ru  outlier*, le t Rogue tktla point* 
Data presentation 

baaic consideration*. H I-202 
graph curve filin g . 194 
graphical. 192-202. 19V 
regression techniques, 194-195 
tabular formal. 191-192. 192/ 

Data recording 
chan recorder*. I8S-I40. 18V 

187/
circular chan recorder. 189. 189/ 
digital data recorder*. 190-191 
heated-stylus chart recorder. 188 
ink je u , 190 
laser printer*. 190 
multipoint strip chart recorder. 188 
paperle** chan recorder. 189-190 
pen strip chart recorder, 187-188.

18V

recording. 185-191 
recording instrument*. 190-191 
vtdeographtc recorder. 190 

Dau nnafer control 
computer I/O interface. 273 
intelligent device

communication. 280-281 
D C. bridge circuit 

ape* balancing. 2 4 y  
ile flection-type, 210-218. 21 \ f
null-type. J08-210 
resistance measurement. 226-227 
«rain gauge*. 324 

D.C. tachometer 
baaic duracteristks. 553 
«am ple. 553/ 
transducer selection. 558 

D.C. transformer, measurement.
2)1

Dead space. ** instrument static 
characteristic, 26. 27/

Dead weight gauge 
calibration. 415.416-417 
as deflection-type instrument. 14 
«am ple. 14/, 41V 

Deflection-type a.c bridge 
characterMks, 224-226 
«am ple. 22V 
inductance calculation. 226 
voltage calculations, 225 

Deflection-type d.c bridge 
character! tie s . 210-218 
«am ple. 211/

Deflectioo-type instruments 
as analogic. 15
dead-waigkt pressure gauge. IV  
VI. null-type. 14-15 

Deflector plates, analogue 
oscilloscope. 174 

Degrees o f freedom 
chi-square* distribution. 71 
Cuassiaa distribution ctu-squaed 

teat. 79 
hollow caang bounds 

cakubnona. 88 
Deviation, м г alto Standard 

deviation 
random error calculations. 67 
random error single measurement 

estimalian. 69

M e* 597

Diaphragm pressure sensors 
calibration frequency. 420 
differential pressure

example. V ttf  
fiber-opocs. 402 
pressure measurement. 3 9 9 -ttl 
sensor selection, 414-415 

Dielectric constant, capacmve 
sensor*. 318-319 

D ifferential input, analyse 
oscilloacaptja, 175 

D ifferential pressure 
definition. 39g 
diaphragm sensors, 399 
and flow  rate. 275 

Differential pressure meters 
basic characteristics. 430-435 
device charactenaucs. 413-4Ы 
device selection, 415 
intelligent flowmeter*. 449-450 
orifice plate. 431/, 43y.

433-434 
p ilo t static tube. 434-435.43V  
Ventura type devicea. 434 

D ifferential transformers.
t f t  alto Linear variable 
differential transformer 
(LVDT): Rotational 
differential transfearners 

calibration 549 
inductance principl*, 320 
iniuum cni ie faction. M l 

Diffuse optical telemetry, 
definition. 257 

D igital chan recorder, measurement 
dau. 119-190 

D igital computation 
address decoding. 271-272. 

W
basic computer f k f f cw f.

266-269 
beak microcomputer elements.

267/
bask operation. 269-270 
computet operation. 260-270 
dau transfer control. 273 
I/O interface. 270-273 
ur measurement systems. 

273-274
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Digital computation [CunHnuttf] 
memory. 26V
program elocution. 269-270 
programming. 2*9-270 

D igital counterAlmer 
basic system. 213/ 
frequency тгам ггттгш  232-233 
phase measurrrnen. 236-237,237/ 

D igital data recorden. measurement 
dau. 190-191 

Digital m codefi, eurinaic
ft her-optic т и п  332 

Digital fieldbut 
baaic characteristics. 2*5-287 
intelligent device

comtnumcstian, 211 
D igital niter* 

basic um iideratioru. 145-151 
Butterwonh design. 15V. 151/ 
diagram. 14t f  
example. 14V 
example data. 147/ 
higher-ordet. 150-151 
LabVIEW impicmcntaaon. 14*/ 

D igital instnm enti (general!
**. analogue. 15-1* 
rev counter tia n p lc . I 5/

D igital meten 
dual-dope integration DVM. 164. 

I*V
overview. 162-164
potent iometnc dig ita l voltmeter.

1*3-164 
voltage-lo-frequency conversion 

dig ita l voltmeter. 164 
voltage-to-time conversion 

dig ita l voltmeter. 163 
D igital mode. НЛКТ. 282 
D igital multvneien 

definition. 1*2 
resistance measurement 229 

D igital phosphor oscilloscopes 
component». 17V 
overview. 17*

D igital sampling oaclKoacope.
overview, 179 

D igital storage om lloacofei 
component». \ТЦ  
measurement data. 190 
overview, 177-17*

Digital lachometen 
angular velocity meaauremeni.

ssqr
haste charKteristics. 549-552 
Indectivt sensing. 531-352.351/  
magnetic sensing. 552 
optical ter*m g. 549-551 
photoelectric pulse generation 

techniques, 55QT 
D igital thermometen 

intelligent veniont, 3*0 
thermocouples. 361 

D igital transmission 
protocol». 2*0
telephone transmission. 2*1/ 

D igital voltmeter (DVM ) 
curtent measurement. 230-231 
defWiitlan. 1*2
dual-slope integration. 164. I 6V  
potentiometnc. 163-1*4 
resistance measurement. 22* i 
vollnga-to-frequency convenion. 

164
voltage-to-time convenion. 163 

Diodes, m  d*> Light-entitling 
diode» (LED) 

air p a* of*leal season. 325 
fiberop tic caNes. 253 
optical torque measurement. 489 
semiconductor devices. 3*6 
temperatuie sensor. 3*6. 374.

37*. 381-3*2 
DIP package, op-ampa. 14V 
Drpstfck»

«ample», 462/ 
level ■waauretnent. 462 
level e w  calibration, 472 
level waaor «election. 471 

Directed optical telemetry.
definition. 257 

Directionality 
ultrasound as range senior. 336 
ultrasound wavelength-

frequm cy-directionallty.
315. J35r 

ultrasound waves. 334 
Discharge coefficient. volume flow  

m e. 433 
Ппр1тмисп1 meiuurrmcni 

acceleration. 519-522

baaic considerations. 448-517 
differentiation. 51* 
displacement definition. 498 
energy юитое/dotoctor-based 

tinge senion. 514*515 
fotonic sensor. 512.5 iy  
large displacements. 513-515 
laaer interferometer. Я 1-512.511/ 
linear inductosyn. 309-510. 504/ 
linear-io-rotary translation 110 
linear variable drffenntia)

transformer. 503/, >05-506 
noncontacting optical sensor.

513. 51У  
nozzle flapper. 507-509, 508/ 
piezoelectric tranaducen.

506-507. 50V 
potentiometer selection. 501 
proxim ity sensors. 516 
range senson. 513—315 .5 IV  
resistive potentiometer, 499-502. 

49V
rotary potentiometer and spring 

loaded drum. 51*. 51V 
shock. 525-526. 52V 
small/medrum-sized

displacement». 309-513 
strain gauges. 306. 507/ 
transducer calibration. 317 
transducer selection, 516-517 
variable capacitance transducers 

504, 505/ 
variable inductance tranaducen.

505-506. 50V 
velocity

transducer-accelerometer 
output Integration. 510-511 

vibration. 522-525, 52V  
Displacement tenaon 

capactive. 31* 
inductive. 31V 

Displacement transducers 
accelerometen. 520 
electronic load cell, 479 
hysteraais. 25-26 
piezoelectric tranadacen as. 322 
rotational, t t t  Rotations!

displacement Iraaaducers 
translational, see Translational 

displacement transducers
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D itplay memory module, digital 
storage oscilloscopes.
177-17*

Display position control, analogue 
oscilloscope*. 176 

Distributed control systeta. 
intelligent device 
communication. 2Ю 

Disturbance. tee System 
disturbance 

Documentation 
calibration. 110-113 
instrument ireord sheet». 11 7f 

Doppler effect
laaer Doppler flowmeter. 447-44* 
laser interlerometer. 911-312 
overview. ЗЗУ 
and ultrasound transmission, 

ЗЗЯ-ЗЭ9
Doppler ih ift ultrasonic flowmeten 

basic characteristics. 443-444 
example. 443/ 
w ith transit time flowmeter.

446
Draft gauge, bask characteristics.

407
Drag-cup tachometer. 354 555/, 

55*
D rift

and calibration. 4* 
sensitivity d rift. 22,14-25. 41 
aa systematic error sourer, 41 
zero d rift. 22 .2У. 24.15 
rero d rift coefficient, 2 ). 24 

Dual-slope integration digital 
voltmeter 

characteristics, 164 
output-time reUttonship. \bAf 

Durability, meatunng iasaument 
selection. *

DVM. see D igital vodmaer (DVM ) 
Dynamic im m inent characteristics 

calibration issue. 33-34 
environmental input errors.

46-47
first-order instrument. 28-31. 29f 
overview, 26-33 
aecond-order instrument. 31-33.

ЗУ
rero-order instrument. 28. 2Hf

Eddy cu ira ii sensors. 320-321.
.W .4 0 8  

Eddy-currant tachometer. 554.555/, 
558

ElaatK elements, load cells. 474,
m f

Electrical digital shaft encoder, 
baatc characieriatics. 
537-538 

E lectrical meter signal displays. 
1*4

Electrical aotse. aa random error 
sourer. 41 

Electrical traasmission 
w it* ax. carrier. 248-249 
bask considerations. 246-249 
current loop interface. 247-24*. 

i*T f
frequency -to- voltage convertor. 

24ЧГ
aa varying voltages. 246 
volM g(-lo-fm |uency convertor. 

249f 
Electric cim ats 

meaaunmtnt error cakulationa.
45

•yawn «aturbance. 43-46. 4 У  
Electromagnrtic balance 

calibration. 494 
example. 48V 
mass measurement. 486 

Electromagnrtic field», fiber-optic 
traasnutxson. 250 

Electromagnetic flowmeten 
bask characteristics. 439-441 
exampte. **0f
intelligent flowm eten. 449-450 
opea ctlanael flowm eten. 449 

Electromagnrtic noise 
fiber-optic pressure season. 402 
o p tkd  wlieless telemetry. 257 
ultrasonic measurement syatama.

337
Electromotive forces fe rn f.). 

ihemsxouples. 349.
351-352. 35y 

Electronic ataplifler. as signal 
processing element. 6

Electronic balance 
load cell-baaad. 481/ 
mass measurement. 479-481 

Electronic aenponontx. retiabdm 
failure parierns. 295. J93f 

Electnmic counter, lev counter. IS 
Electronic load c e ll mats

Electronic ohmmetcn. resistance 
measurement, 22* 

Electronic oscillators, qu trtr 
iheimonwten. 377 

Electronic output displays 
character formats. 184/ 
measureaient signals. 114-1*5 

Electronic pressure gauges, basic_a_-----ana
C n W p C lv n H lf  a, 4^»»

Electronic vacuum gauge, haste 
characteristics. 410 

Embedded software, intelkgera 
inainimcnta. 274-175 

is c f .  thermocouples. 34».
351-352. 35У 

Em iurvity, and radiation
thermoraeten, 367—36* 

Employee duties, safety systems.
307

Employer (hjaes. safety systems. 307 
Encoders 

coded disc shaft. 534-53*. 53ЦГ 
contacting digital shaft. 537-53* 
incremental tfia *. 532-534.53if. 

» V
magnetk digital shaft. 53* 
optical dig ita l shaft. 534-537 

Energy soumMctectar-haaed nags 
sensors, 514-515 

Environmental condilioa errors 
intellgent inauunenls. 274-775 
ovesall systanUc errot 

calculation. 54-55 
systematic error quantifksnne, 

53
EnvironiMntal inputs 

high-gala feedback. 49-51 
and laatruaneM design. 4*
intelligent inammatita. 52 
opposing inputs method. 4* 
as systematic etror source. 41. 

46-47
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Environment control, calibration.
105-107 

Equal arm balance 
«am ple. 483/ 
mass measurement. 483-484 

Error analysis. bridge circuit. 
218-220 

Error frequency disinflation. 
Gius&ian diuhbvtioni,
6Э-64

Error seeding. «oftware re liability.
30)

Elhernet 
bus network. 28)
Foundation Fieldbus. 216-287 
point *to-point telemetry. 2)7 

Example calculations 
apex balancing. 21V 
brau rod Due valance and 

standard deviation. 74 
bridge circuit. 211-312.217.217/ 
bridge circuit sensitivity. 217 
calibration errer calculations. ) )  
complex system re liability. 299 
deflection-type ax. bridge. 225.

226
electric circuit meatwemenl 

errors. 45 
error in difference. 90 
error in quotient. 91 
error in sian. 89-90 
Gaussian distribution clu-squared 

test. 78. 80 
hollow casing bounds. 17 
inductance. 226 
instrument sensitivity. 21 
к and t. 198
Icasl-squaros regression. 197 
length dau histograma. 60 
mass value. 70 
Maxwell bridge. 22) 
measurement system re liability. 

299
moving co il mem. 170 
moving iron meter. 171 
multiple measurement M ai error. 

92
overall systematic error 

calculation. 5) 
peak acceleration. 522

platinum resistance thermometer 
measarement sensitivty, 21 

potenttotmter sensitivity. 501 
presauie gsuge inaccuracy. 18 
protection system re liability. 111.

312 
Q factor. 223
random error deviation. 67 
reliability quantification. 297.298 
resistor tolerance. 20 
rogue dau point calculations. 8) 
sensitivity d rift. 25 
shock. 525
software re liability. 305 
standard deviation and variance. 

59
thermocouples. 354, 355, 356 
thermocouple tables. 3)5 
tranaitior current gain. 70 
Wheautorv bridge. 218 
/его d rift, 25 <
m o  drift/sensitivity d rift. 25 
taro drift/«ero d rift coefficient,

14
/его-order instruments. 30 

Excitation frequency 
amplitude modulation. 248-249 
capacitance measurement. 230 
frequency measurement. 232 
inductance measurement. 229 
varying phase output resolver. 

540
vibrating level sensor. 469 

Extended 4-h>-20-mA current 
interface protocol, 
measarement signal 
iraasitHssion. 247-248 

Extension leads, thermocouples.
3JO-J5I. 35V  

External triggering, analogue 
oscdlescope. 176 

Extnnaic fiher-optic sensors 
basic characteristics. 331-332 
temperature measurement. 378

F
Failure patterns, re liab ility .

2*5-296 
Faraday's law. electromagnetic 

(low teeters, 440

Farads (F). capacitance
measurement. 229-230 

Fault detection, smart tn tw n itte rv  
280

Fiber-optic cables 
cross section. 23 У  
examples. 2 )1 /
fiber optics principles. 2 )l-2 )3  
fotonic sensor, 512 
LANs. 281-284 
light transmission. 2 )) / 
measurement signal tmvmission,

250-256 
m ultiplexing schemes. 256 
optical sensors. 317, 324-326 
as signal transmission element, 6 
transmission chatacterinicv 

254-256 
Fiber-optic gyroscopes 

basic characteristics. )47. 5)7 
example. ) )7 /

Fiber-optic pressure tensors 
basic characteristics, 401-402. 

40M
differential pressure

measuremeat. 413-414 
example. 401/. 403/ 
sensor selection. 414-41) 

Fiber-optic proxim ity itn s n ,
displacement measurement, 
516

Fiber-optic receiver fiberoptic 
cables. 2)3 

Fiber-optic sensors 
accelerometers. 521 
basic characteristics, 126-332 
distributed senates, 332 
extrinsic sensors. 331-132 
intrinsic sensors. 326-331 
temperature transducer selection. 

382
Fiber-optic technology, radiation 

pyrometers. 370 
Fiber-optic tempersture sensors, 

baaic chancttriak*. 
378-379 

Fiber-optk transmitter 
alignment examples, 23V 
purpose. 2)2
transmission chataoteridics. 2)4
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Fieldbua, see D igital fie lA us 
Filter w ith memory, characteristics. 

146
F iller node. UbVIEW . 148-151 
F ilien

analogue. see Aoak»gu* A lien 
band м ор filte rv  51 
Beuel fille r. 150-151 
Bulterworth dtgaal fille r.

158-159 
Buuerworth fille r. 150-151.13QT.

15V
Chebyshev fille t. 150-151 
d ig iu l. see D igital fiken  
input averaging. 145-146. 147. 

147/
LabVIEW IIR . ISO 
low-paaa. see Low-рааа filte n  
moving average. 146. 148-150 
with op-amps, 1)9-141 
paaaive. 137-139,137/ 
signal filtering. 51 
simple solution. 156-158 

Finite impulse гмрипм (FIR).
UbVIEW  implementation.
141-150 

F in  dctectiuo/prevennm 
continuous thermocouple. 361 
thermal imag mg. 374 

Firat-onler differential eqeation.
Bode plot. 138 

First-order msmiment 
characteristics, 38-31, W  
systematic emirs. 41 

Fined points, temperature reference.
348 

Float systems 
level meaauremant. 462-463 
level sensor selection. 471 

Float-and-tape gauge, level
measurement. 462-463 

Flow measurement 
calibration refer»not standards. 

457
conveyor-baaed tnothtxk. 427. 

427/
CorioUs flowmeter. 427-429.

42V. 448 
differential pressure maters.

430-435

Doppler slaft w ith transit time 
flowmeter. 446 

Doppler shift ultrasonic
flowmeters, 443-444. 4 4 y  

clectrumagnetic flowmeters.
439-441.44<y 

flowmeter calibration, 451-457 
flowmeter selection. 450-451 
gata-type meter. 447 
intelligent flowm eten. 449-450 
je t meter. 447 
laaer Doppler flowmeter.

447-448 
mass flow  instrument ca lib ra tu i. 

452
masa flow  rate. 427-429
obaDuctioa devices. 43V
opea ctianael flowm eten. 449,

44ЦГ
orifice plate. 433-434 
orifice plate «am ple. 431/. 43У  
overview. 426
Pelton wheel flowmeter. 447 
p ilo t static tube. 434-435.43У  
positive displacement

flowmeten. 436-438. 417/ 
thermal anemometers, 448 
thermal mass. 429 
transit Urns ultrasonic flowmeter.

444-446,44У  
turbine a *e rv  438-439.418/ 
ultrasonic flowmeten. 442-446 
variable area flowmeten.

435-436.43У  
Veatuns type devices. 434 
volame fk w  rate. 429-449 
volume flow  rate calibration for

bell prover. 456.457/ 
compact prover. 456 
overview. 456 
positive displacement 

flowmeten. 456 
volame flow  rate calibration lor 

Iii|uich. 452-456 
calibrated lank. 452. 45У  
compact prover. 454-455.4 5 y  
gravimetric method. 455 
orifice plate. 455 
pipe prcwer. 452-454. 4 5 y

positive displacement 
flowmeten. 455 

turbine mctcn. 456 
volume flow  rate-fluid density 

measurement. 429 
vortes-shedding flowmeters* 

441-442.44)/
Flow nozzle 

haste characteristics. 434 
differential pressure meters. 4)0 
«am ple. 4X y 

Flow mie. intelligent instruments. 
275

Fluid density, measurement with 
volume flow  rate. 429 

Fluorescence-modulating season.
baatc characteristics. 330 

Plus density 
electromagnetic flowm eten.

440
moving co il meter. I6 V I6 6  

FM. set Frequency modulation 
<FM)

Focus control, analogue 
oartUoacope. 174 

Force measurement 
accelerometers, 487 
Ьаак aquation 478, 487-488 
load calls. 488 
sensor catibratioa. 492-494 
vibrating wire sensor. 487.48t f  

For loep, LakVIKW . 123-124 
Futonic senson 

basic characteristics. 401 
definiUon. 327-328 
displacement measure теш , 512 
«am ple. 401/. SI V  

Foundation Flaldbua, digital 
fie ld bus protocols. 286 

4-to-20-mA current loop intarfac* 
meaaumatent signal tmnamissitm.

247
sm ut transmitten. 278 

Free gyroscope 
bask characirnmca. 544 
«am ple. 54y 

Frearing points, IFTS kstlng. 313 
Frequency distributions 

cakulationa. 62 
dev M ans curve. 6ф
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Frequency distributions (Continent) 
random error uatioka ! analysis. 

«0-63
standard Gnuuian tables. 65-66 

Frequency n w u m o M  
basic considerations. 2)2-236 
digital counicr/tvncrv 132-233, 

23У
Im jo u f pattern*. X iif  
oscilloscope. 134-135 
phase-locked loop. 133-234.2M f 
ultrasound wavebngth-

frequency-directunality.
335. 333/

Wien bridge. 235-236.23V 
Frequency modulation (PM) 

measurement signal electrical 
transmits**. 249 

radio transmission. 25V 
Frequency-to-voltage convertor.

«am ple. 244f 
Friction fo rm  

hysteresis. 25-20 
volume now rate. 431-433 

Functional errors, error in product. 
91

G
Gain, active niters w ith of-amps.

140-141 
Gain-bandwidlh product,

computers in measurement 
systems, 273 

Galvanometer. Wheatstone bridge. 
208

Galvanometnc chan n a ttie r.
e sample. 18V 

Gamma rays 
nuclear sensors. 340 
radiometric sensors. 468 

Gas thermometer 
for calibration. 384 
calibration frequency. 387 

Gale-type meter, (tow
measurement. 447 

Gauge factor, strata gauge*. 323 
Gauge pressure 

definition. 398 
diaphragm lenaurs. 399

Gausatan ditanbutiont 
chi-squared dtstnhuuon. 71. 71. 

80
goodness of fit. 76-82. 77/ 
hollow caring bound* 

calculations. 87-88 
manufacturing tolerance. 70-71 
random e n rn . 63-65 
standard error o f the mean. 68 
studM  I A ttribution. 84 

Gear mu, backlash and dead space. 
16

Gold-chrome alloy resistance 
instruments, pressure 
calibration. 418 

Gold chromium w in  pressure 
sensor, high-pressure 
measarement. 411 

Goodness e f fit. Gaussian
distributions. 76-81. 77/ 

Graded tndes cable, defin ition. 
2)6

Graduated weigh beam 
esample. 484/ 
mass tnaaairetnent. 484-485 

Graphical data analysis techniques 
example. 193/
frequency distnbutions. 60-63 

Graptecal data presentation 
baste considerations. 191-101 
curve liv ing. 194 
linear least-squares regression.

196-199 
regression technique*. 194-198 

Graphical data repretenutton 
correlation tests. 201-202, 20V 
curve flriiag  confidence lesu. 

200-201 
polynaniri least-squares 

regression. 199-200 
quadratic least-squares 

regnw on. 199 
G nprilcri programming language.

UbVIEW . 118-121 
O ravliM ric method. volume (low 

rate measurement. 455 
O ravlintaa farce

and maas/kxce/torque sensor 
calibration. 491 

mass measurement. 478

Gray code, optical d ig ita l shaft 
encoders. 536. 5371 

Gyroscopes 
bask characteristic*. 543-547 
fiber-optic. 547.557.557/ 
free. 544. 54V 
integrating. 545-546. 54V 
mechanicaL 544-547, 545/. 54V 
optical. 547, 54I f  
rate. 555*537, 53V 
rate-integrating, 545-546. 54V 
ring later. 547, 547/

H *ll-effect sensors. 311, 31V  
Mali-effect tachometer, basic 

characteristics. 551 
Harmonics, passive fU tm . 137 
HART, sm  Highway A4dre*saMe 

Remote Transducer (HART> 
Hay* bridge, «am pk. 14V 
ncaupnonri 

null-type impedance bridge. I l l  
Wien bridge. 13V 1M  

fleated-stylus chart recorder.

Heat-senariive cable, basic 
contraction  361 

Helical potemiomeien 
esample. 53I f  
rotational displacenent. 530 

Helix meter, definition. 439 
Helmert’s formula, and maas/force/ 

torque sensor calibration.
492

Henry <H>, inductance

High-frequency vokage signals, 
analogue meters. 169-170. 
I7qf

High-gain feedback 
systematic em ir induction. 49-51 
voltage-measuring Inatrtment

jqr
High-pressure measuremeat 

bask considerations. 412 
example. 4 iy
instmment calibration frequenc ) . 

419-420
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I — -—I in........icvei mcakurrmcni. w  *w j 
sensor calibration. 41S 
tensor selection. 413 

Highway Addressable Renolo 
Transducer (HART). 2KI 

Histograms 
example. 6 \ f
frequency thstribuiioei. 60-6 ].

ь у
Gaussian distribution goodness of

f i t  76
rogue dau poinu calculations. 8 ] 

H ot-ftlm  anemometer. Bo» 
measurement. 4411 

Hoi junction, dwnaoconptei. ISO 
Hot-wire anemometer. #ow 

measurement, 441 
Human-induced systematic error.

introduction. 41 
Hybrid chart recorder. i»e*surement 

data. 117 
Hybrid mode. HART. Ш  
Hydraulic load celb 

example. 48V 
mass measurement. 411-482 

Hydrostatic system» 
examples. 46V 
level measurement. 463-464 

Hysteresis, as irutmmeet static 
characteristic. 23- 26. 2bf

Ю. see Integrated arcuate (Ю  
E C . tee International 

Electrotechnical 
Commission <|BO 

IEEE, see Institute o f Electronics 
and Electrical Engineers 
(IEEE)

UR. see Infinite impulse lesponse 
(UR) niter 

Impedance 
ax. bridge*. 220-221 
analogue filters, 136 
analogue enters. 163 
current tnuufonaert. 231 
deflection-type s.c bridge. 223 
deflection-type dc. bridge. 

210-211 
dig ita l meters, 162-163

inductance measurement. 207.
224.129 

Maxwell bridge calculation. 223 
measurement system computers.

274
meaaunng instrument current 

draw. 213 
null-type impedance bridge. 221.

n v
oscilloscopes. 172 
pteaoelactric crystal. 320-321 
p ic jodacltk  transducers, 322 
Q factor calculation. 223 
resistive potentiometer. 300 
variable capacitance transducers. 

304
vibration measurement. 324 
W heautorr bridge. 209 

Imperial system o f unit», at
measurement unit*. 2-3 

Inaccaracy. же also Accuracy: 
Measurement uncertainty 

accelerometer. 328. 320 
aX. tachometer. 334 
analogue meters. I6S 
angular displacement 

meassrement 
differentiation. 537 

barometers. 417 
beam balaace. 483 
Bourdon tabe. 404-405 
bridge d ro iit. 218,226-227 
callbnalon chain. 110. I Ity  
calibration error calculations, 33 
dend-waigkt gauge. 417 
diaphragm». 400-401 
dig ita l ctnatterA inters, 232-233 
dig ita l taeers, 162-163 
DVM. 164
electromagnetic balance. 494 
float syatems. 462-463 
flowmeters. 436.439. 442. 444.

446. 449-450. 436 
goM-dunae alloy resistance 

instruments. 4 |8  
instrument static characteristic!. 

17-11
intelligent instnimenta. 273 
level tenaor calibration. 472 
load cells. 479. 481-4*2. 494

LVDT. 503-504 
McLeod gauge». 412 
noncontacting optical м ай . 513 
olenmeter. 221 
orifice plate, 43Э-434 
oaclUoacopes, 172 
paperless chan recorder. It9 -I9 l>  
pendulum acak. 445 
piemelectric transducers. 507 
pipe prover, 434 
pitot static lube. 435 
potentiometers. 500. 530 
potentutnetric recorder. 186-1*7 
pressure measurement. 412-413. 

4)0
pressure transducer recahfcntm  

S3
pyrometers. 36»-369. 371 
radiotelemrtry, 259 
range season. SM-SIS 
resolver. 340
resonant wire device*. 407-44» 
rnational differential

transformer. 331-332 
rotational velocity tnasducrr.

331
■«nicanductor d tv icw . 366 
spring balance. 486-4*7 
stroboacopk methods. 332 
synchro. S40 
tachometer. 334 
temperature sea tors. 37*. 3*0. 

311
thermocouples. 35* 
thermometers. 361, 363.

367-36*. 376. 377-37* 
translational inotturcnwM

tranaducar calibration. 317 
larbine meters. 439 
Ventant type device». 434 
vibration measurement. 523 
voltmeter. 163.22* 
vfdtmetcr-ammcter method. 227 

Inches o f mercury, prrssvfr

Inches o f water, pressure 
measurement, 39*

Inclined manometer 
bask characteristic». 407 
example. 406f
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Incremental iha ft encode» 
b u k  characteriaic». 532-534 
example, 53V 
window arrangcaieni. 0 3 / 

Indicating inatiunenta 
analogue ineierv 165-171. 165/ 
analogue multimeter. 169. 16V  
analogue oacilloacapea. 173-176.

17V. 17V
clamp-on meten, 161-169. 16V 
dig ita l meten. 162-164 
d igital phosphor oscilloscope,

178
digital um pling oacillaacope.

179
digital storage oaciMoacope».

177-17*. 177/ 
dual-alope integration DVM. 164.

16V
high-frequency signal

mrawircmettt. 169-170.
1*У

moving co il meter. 165-166.16V 
moving iron meter. 167-168. 

167/
noruundard waveform meter 

output calculations.
170-171 

oscilloacopea. 172-1*0 
PC-bated OKllloacope. 1X0 
potentlometnc digital voltmeter.

163-164 
v i. ugnal output im m inent*. 16 
voltage-to-frequency canventon 

d ig ita l voltmeter. 164 
voltage-to-time coaveruon 

d ig ita l voltmeter. 163 
Indicaton. U bVIEW  V I. 11* 
Induced mraia. torque imaurement.

4*8-489 
Inductance 

ax. bridge». 220-221 
ax. earner tranngaiuioa 24» 244 
bridge circuits. 20* 
deflecuan-type ax. bodge.

224-225. 226 
eddy currant кпаоп. 320-321 
example cakulatioa», 226 
induction potentiometer. 543 
magnetic « т о п . 319

Maxwell Ividge. 222 
meaturaownt. 229. 22V 
пмепмеаалп. 341 
moving iron meter. 167 
null-type teipedancc bridge. 221 
proxim ity lem on. 516 
rotational differential

transformer, 531-532 
translational measurement 

traaaducer selactioa. 517 
Induckoa potentiometer, basic 

characteristics. 543 
Indue«oa tachometrn. 551-552.

M V
Inducave w o n . 319-320. 31V 
Indue ion  

analogue A lien. 136 
deflection-type ax. bridge.

224-225 
inductance meaaurement. 22V 
null-type inpedance bridge.

221
Inetlia l flow  meter, basic 

characteristics, 427 
Inenlal navigation lysiema. free 

gyruacopea. 545
tNET-iWPLUS. data acquiaitlon. 

133
Infin ite impulse mpooae (HR) 

filte r. U bVIEW . 150 
Infrared radiation detector.

thermography. 373 
Ink jm . meaiurcment data. 190 
Input iventgtng Alter 

bauc cxauideratioaa. 145-146 
example data. 147. 147/

Inpul-output (VO) interface 
addreaa decoding. 271-272 
baac computer elementa.

26*-269 
bauc function. 270-273 
data tram ftr control. 273 
inH iligent device

communication. 2*1-282 
In aitu calibration, temperature 

traaaduccra. 388 
Inuallalion practice, lafety systems,

308
Instantaneous angular velocity.

meaaarement icheme. 55V

kiuamaaeou» failure rale. reliabihtv 
quantification, 297 

Institute o f Electronic» and
Electrical Eagmeen (IEEI i 

IEC60488. intelligent device 
parallel data baa. 2*2-283 

IEEE 1451. Intel*gen device

Instrument baaica 
active aad paaaive imuamentt.

12-14
analogue v i. d ig ita l. 15-16 
calibration. 104-10» 
component wear aa e m r  sourer 

47 
coat. 8 
definition. 4
deaiga conaideraaoaa. 3-8 
de»iga and lysieaiack «nor 

reduction. 48 
dynamic charactariallci 

calibration iaaaea. 33-34 
Am-order in ttn a on t. 28-31,

2V
overview. 26-33 
second-order instrument.

3I-3J. 3V 
мго-order instrument. 2*. 28/ 

indicating n . sigaal-oulput. 16 
inatrument claaaas, 12-16 
null- v i deflectiun-type. 14-15 
parameten. 7 
rev counter exarapie, 13/ 
•election. 7-8 
■marl v i. nonamart. I t  
static сЬагалслтс! 

accurary and iaaccuncy.
17-1*

accuracy n .  paeciaiotv IV  
calibration iaaaea. 33-34 
dead apace. 26. 27/ 
hytteretia. 25-26. 2V  
linearity, 20
meaaurement sem uivilv

21-22 
output charactahatk, 21/ 
overview, 17-26 
precis*». repeatability.

reproducibility. 18-19 
range/ipan. 20



resolution. 22 
■eoaitivity to diuurbsnce.

22-23.2 У  
thrrdw ld. 22 
tolerance. 20 

Instrument sensitivity, aeio-order 
instrument. 28 

Integrated circuits (1C) 
and microsenaors, 340-341 
semiconductor devices. 366 
temperature transducer selection.

3*1-382 
transistor current gain 

caicuUtitm t, 70 
Integrating gyroscope 

beuc charactenitics. 345-546 
example. S4V 

Intelligent device*. tee alto D igital 
computalio* 

bus networks, 283 
communication. 280-217 
digital fieldbuses. 283-287 
intelligent instruments. 274-276 
VO interface. 281-282 
LA N t. 283-283.28V 
overview, 263-266 
parallel data bus. 282-283 
ring netwceti. 283 
Milan « п и п , 276-177 

accuracy. 277 
calibration, 277 
fault telf-diagaoett. 177 
nonlineanty. 277 

■mart transmitter*. 278-280 
advantage». 279 
■elf-calibration. 279-280

• <elf-diagnosis and faalt 
detection. 280 

tratumtner ош риисш . 
278-279 

star networks. 283 
type., 274-2*0 
varying amplitude output 

resolver. 530 
Intelligent flowmeter», bauc

characteristKi, 449-430 
In iclltgciu lnitnim snts 

a. Intelligent devices. 274-276 
level measurement. 470 
systematic error reduction. 32

Intelligent load cells, mass
measarement. 4*2-483 

Intelligent pressure transducers 
baaic characteristics. 412-413 
example. 41V 

Intelligent pyrometers, baaic 
characteristics. 380 

Intelligent temperature-measuring 
tnatrunenta. basic 
characteristics. 380-381 

Intelligent traum itters. tee Small 
traaaninen 

Intensity control, analogue 
oscilloscope. 174 

Intemity*raodulating fiber-optic 
lemon

baaic characteristic». 327-32* 
example. 328/

In terim , digital fieldbus protocols. 
286

Interferometers
displacement measurement, 

311-312 
example. 311/

Internal triggering. analogue 
oacilleacope. 176 

Internallonel Electrotechnical 
Cteniaisaion (IEC)

I EC6048*. intelligent device 
parallel dau bus. 282-283 

IE C 6 II3 *.d ig ita l ПеИЬше». 286 
IEC61308. safety lyuem i,

30* X »
International Practical Temperature 

Scale (IPTS) 
reference temperature, 348 
temperatuK transducer 

calibration. 383 
Intrinsic Abet-optK aenaofs 

bask characteristics. 326-331 
example. 327/
tem pera*!* measurement. 378 

iMrinaic safely safety systems.
307-J08 

I/O  ca rt. LabVIEW. 117 
lon im lan  |g t|e  

basic characteristics. 412 
calibration frequency. 419-420 
example. 41 \ f  
reference calibration. 418

M *m 595

IPTS. tee International Practical 
Temperature Scale (IT S ) 

Iron-constantan thrrmoc cables 
(Type iX  characierstficv
338 

ISO 9000 
calibration documentation. I l l  
calibration procedure», 106-107 
traceability. 109 

ISQ/IEC 17023. standards 
validation. 10*

let meier, tow  measurement. 44?

KudtafTa current bw. Bade pint.
138

UbVIEW 
data acquisition 

addmorVsubtracuoa VI. IIV  
case stiwcture. 124-123. 12V.

u v
contrail palette. 12V 
defmiitim. 115-116.117-118 
function generation. 127-121. 

W
functions palette. 12V 
graphical programming. 

118-121 
kigK operation. 121-122.

12V
loops. 123-124. 12V 
M  BNC-2l20co«*dor block.

127. 127/ 
proceaa. 111/. 125-127
screenshot. 118/
thermometer VI, 12V 
tools palette. 120-121. 121/ 
typical setup, 12V 
VI overview. 118 

signal pniceaeing 
active fillers with op-amps.

139-141.14V 
analogue filter». 136-143, 

146-147 
Bode plot. 13V 
breadboard. 141. 14V
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Lab VIEW  (Continued)
circuit building. 141-142 
digital filter». 145-151. 14V.

1471. 14V. 149/ 
electronic components.

142-143 
filte r w ith memory. 146 
higher-order d if iu l M ien.

150-151. I5QT 151/ 
implementation. 148-150 
input averaging flUer.

145-146. 147/ 
op-amps. 144-145.144f, 145f  
pauive filter». 137-1)9 .137/ 
rcsiston. I4 y . 143/ 
simple flher calculations.

156-15* 
ttn ic lu m  subpalcua. I49 f 

Laminar now. definition, 426 
LAN. see Local area network 

(LAN)
Laplace transform. Bode plot. 13*.

139
Large displacement naeaiaremem 

energy source/detector-based 
range tensors. 514-515 

range senior». 513-515.514/ 
roury potentiometer and spring- 

loaded drum. 515.515/ 
Laaer diode» 

air path optical aeruor». 325 
optical torque meaturement. 489 

Laaer Doppler flowmeter, basic 
characteristic». 447-448 

Laser interferometer 
displacement measurement.

511-512 
«am ple. 5 I |/

Laaer methods, level measurement. 
470

Laser printer», measurement dau. 
190

Law o f intermediate metals.
thermocouples. 352-353 

Law o f intermediate temperatures.
definition. 354-357 

Lead connections, aa systematic 
error source. 47-41 

Leasi-aquaret regression 
curve fittin g . 200-201

exampte calculation». 197 
graphical dau presentation. 

196-200 
LED. see Light-em itting diode* 

(LED)
Legislation, «rfety systems. 307 
Level measurement 

capacitive device». 464-465.4tkSf 
dipsticks. 462. 4 6 ^  
float syticns. 462-463 
hytkoatatic systems. 46V 
intelligent instruments. 470 
laaer methods. 470 
nucleonic sensors. 468-469,

46*f
pressure-measuring device».

463-464 
radar sensors. 467, 46V  
reflective level sensor. 47 \ f  
sensor calibration. 472-473 
sensor selection. (170-472 
ultrasonic level gauge. 465-467, 

46V
vibrating level sensor. 469.47QT 

Level o f significance, chi-squared 
distribution. 71-72. 73 

Light detect до 
air p a* Optical sensor». 325-326 
incremental shaft encoder*.

512-533 
Light-owning diode» (LED) 

air pa * ep ica l sensors. 325 
fiber-optic cables. 252 
intrinsic fiber optic sensors. 331 
proxim ity tensor». 516 
thermography. J74 

Light sourcei 
air p a* optical tettaon. 325 
cod'd disc shaft encoder. 53V 
dipstick». 46V 
electromagnetic balance. 486.

48V
« trina ic  «neon.. JJ2
fiber-optic pressure sensors. 401 
fiber-optic transm iller. 252 
fotonk и т о г. 512 
incremental shaft encoders.

5Э2-533.53V 
intrinsic fiber-optic sensor». 327/ 
laaer interferometer. 511

optical digital s ta ll encoder.
534-535 

optical scissors. 324. 325. 32V.
549-551 

optical torque measurement, 
489

Optical wire lets telemetry. 257 
phase modulation. 330 
photoelectric pube generation.

ssqr
range sensors, 515 

linear duplaccmrnu
linear inductosyn, 510 
LVDT. 503-504 
into rotary motion. 510

509-510 
example. 50V

Linearity 
deflection-type 1c. bridge.

214-215 
deflection-type instruments. 14 
as instrument static characteristic. 

20
null-type instru itvn tt. I*  
quarti thermometer, 391 
resistive potentiometer. 501-502 
semiconductor dovicea, 366.

381-382 
thermocouples, 349-350 
varying amplitude outpat 

resolver. 539 
Linear leatt-aquarot regression

graphical dau presentation 
196-200 

Lutear variable dilferential 
transformer (LVDT) 

accelerometer», 520 
bellows. 402
bim etallic thermometer. 376 
Bourdon lube. 403-404 
dau recorder», 191 
diaplacement measurem ent.

505-506 
elaatic force tranaducers. 479 
electronic load call. 479 
example. 50V 
hysteresis, 25-26 
proof ring-based load cell. 494



V

translational measurement 
transducer »lec1kn , 517 

vibration measurement. 523 
Line triggering, analogue 

otcilloacopt. 176 
Line-lype heal detector. bask 

construction. 361 
Liquid cryatal display, digital 

storage oscilloscopes.
177-178

Liquid crystals. aa color ladkators. 
3*0

Liquid genes, level measurement.
464-465 

Liquid-in-glaaa iheimnt ter 
basic characteristics. 375-376 
calibration procedures. 388 
«am ple. 375/ 
as indicating instrument. 16 
ax primary aenaor. 4 
temperature transducer «election. 

3*2 
Liquid levala 

calibration. 472 
capacitive m uon . 318-319 
dipsticks, 462 
Пои systems. 462-463 
level sensor selection. 471 
pressure-measuring devices.

463-464 
radar sensors. 467 
ultrasonic transtkicers. 332 
U-tube manometer. 417 
vibrating level tensor. 169 
well-type manometer. 406-407

Liquid/liquid interlace, ulm sonk
• level gauge. 4 6 6 ^ *7 .467/ 

Liquid metak. level amendment.
464-465 

Liquid/precipitate eilerfoce.
ultrasonic level gauge. 
466-467 

Liaajous patterns 
example!. 23V 
oscilloscopes. 234-235 

Load cells 
calibration. 494 
definition. 47* 
elastic elements. 48V 
electronic balance baaed on. 4*1 /

force meaaurement. 4 ** 
mass measurement. 479-481 

Local ares network (LAN) 
bus networks. 285 
d ig ila l lieldbunes. 285 
intelligent device

coramunkMion. 281, 
2*3-285 

netwotfc pictocols. 28V 
ring networks. 285 
slar networks, 285 

Logk operations. LabVIEW.
IJ I-I22 .12У 

Logic unit. CPU. 267 
Look-up laM r. smart sensor 

calibration. 277
l /knpj

LshVII'.W . 123-124. 12V 
phase-locked. 233-234. 23V.

469
Low-pass fille rs 

active. I4QT 
Botfc plot. 13V 
Bunerworti design. 151 
example. 137/ 
function. 137 
op-ampa. I4 y
systematic error reduction. 51 

Low-pressure devices 
bask considerations. 408-412 
calibration. 415 
ioniuMon gauge. 411/412 
McLeod gauge. 410-412.41 \ f  
Ptram gauge. 410.41V  
selection. «15 
them iitlor gauge. 410 
theimocotgile gauge. 409. 40V 

LVDT. i f t  Linear variable
d ide itn tia l transformer 
(LVUT)

M
Magnetk digital shaft encoder.

baak characteriatica, 538 
Magnetic field 

drag-cup tachometer. 554 
electram apietk balance. 486 
electnanafietk flowmeters.

4J9~*0.44V
extfiiM k № er-optk sensors. 331

597

Hall-effecl sensors. 321. 321/. 
552

intrinsic fiber-optic senaorv DO 
lead connections. 47-48 
magnetic digital shaft mender.

538
measurement system e lonen*.

6
microacnaors. 340. 342 
moving co il meter. 16V I «6 
opposing input method. 49 
resonant w in  devices. 407-408 
temperature transducer 

calibration. 389 
Magnetic flowmeters 

bask character! sue s. 4.19 
exampk. 44qr 

Magnetk pressure transducer 
bask charactenstics. 408 
differential pressure

measurement. 413-414 
tensor selection. 414-415 

Magnetk sensors, baak
characteristics. 311-321 

Magnetoresistors, rmcrosenaon.
342

Magnetostrklive tachometers. banc 
characteriittcs, 552 

Magnetotransiators. micraaanaorv
342

Mauuainatality. measuring
instrument selection. 8 

Manganin wire pressure sensor.
high-pressure measure meat. 
412 

Manometers 
bask fora». 40V 
calibration 415 
definition. 405-407 
inclined type. 407 
presatire measurement, 398 
presaure aenaor telection.

414-415 
U-tube. 405-406 
well-type manometers. 406-407 

Manufacturing tolerance», 
distribution. 70-71 

Mass balance instruments 
baak characteristics. 483-486 
beam balance. 483-484. 4 *y
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Маш balance inurements 
(Continued> 

electromagnetic balance. 486.
416f

mau measurement. 479 
pendulum Kale. 415-416. 4*5/ 
weigh beam. 4 *4 -4 *5 .4*4/

M au definition. 478 
M au flowmeter* 

baaic characteristics. 427 
calibration. 432
intelligent Ik n M n .  449-450 

M au flow  rate
baaic cauiderationa. 427-429 
conveyor-baaed av*ho<h, 427. 

427/
CoriolU flowmeter, 427-429. 

42V
thermal m au flow measurement. 

429
volume flow  rate-fluid denaity 

measurement. 429 
M au meaaumnenl 

beam М аксе. 48) 4*4. 483/.
493

deflniliona. 478-4*7 
electromagnetic balance. 4*6.

4*V . 494 
electronic load cell. 479-4*1.

4*qr. 4 * |/ 
hydraulic load cella. 4 *l-4 *2 . 

4 *y
intelligent load cell». 412-4*3 
m au balance instrument*.

4*3-486 
pendulum acait. 485-4*6. 4*5/.

494
pneumatic load cella. 411-4*2. 

4 *1 /
proof ring-baaed load c*U. 494 
aeraar calibration. 492-494 
spnng balance. 4*6-487 
weigh beam. 4*4-415.4*4/. 493 
weight equation. 47*

Mau value calculation. 70 
Mailab. Butterwonh filte r detign.

158-159 
Maximum input hyttw eaii. 

instrument Malic 
characteristics. 25

Maximum output hysteresis, 
inatrument viatic 
characteristics. 25 

Maxwell bridge 
charauerKiev. 222-224 
example. 222/ 
example calculation. 223 

McLeod gauge 
baaic characteriaticx. 410-412 
calibration. 415.421 
example. 411/ 
reference calibration. 41*

Mean time between failure» 
(MTBF) 

re liab ility principles. 293 
re liab ility quantification. 294.

297
software re liability. 302 

Mean time to failure (M TTF). 293 
Mean tin *  to repair (MTTR). 294 
Mean time to replace (MTTR). 294 
Mean value* 

definition. 57
digital stallage oacilloacopei. 17* 
Gauuiaa d tfrih u tk *. 63-64 
Gauuiaa diatnbution chi-aquand 

leal. 71, 81 
linear leasl-»quare* regression. 

197
ptio l untie tube. 430-431 
random » iw  statistical analyu*. 

56-5*
and aanded deviation. 5* 
standard eiror o f mean, 68,93-94

Measurement eirorv
and calibration. 104-105 
electric d icu it calculationa. 45 
random. И» Random error* 
souicea. 40
*y*emnt*c, see Systematic error* 

Mca*etemenl Houndry. data 
acquiution. 132 

Meaaanmenl procee 
historical background. I 
*y*lem 4l**ubance f ro m . 42-46 

Meaaanmenl *y*tem basic* 
applications. 9-10 
cloaed-knf control system 

elem ent. 9f  
computer addition* to. 273-274

design. 3-8 
elements. 4-7. t f  
error*, ire  Measurement error* 
loading error quantification. 54 
primary senior, 4 
signal processing elements. & 
signal Iransmiuton element. 6 
signal utilization. 7 
variable ccnvereion element*. 

4 -4
Measurement unccitaiflty, 

set aho Inaccuracy 
baaic conuderatMiu. 40-42 
level te iuur calibration. 473 
preuure-meaauring 4erkes.

464
random error umeaAreatment

55-56
random error aaUMKal analysis 

chi-squared distnbution.
7 I-7S .7V .7J» 

frequency dianibutinm . 60-63.
6y

Gauaaian diuribultan goodness 
of fit. 76-82.77/

Gaussian distribution*. 6)-65. 
6V

histogram example, 61/ 
manufacturing tolerance 

distribution. 70-71 
mean/median values, 56-5* 
rogue data points. *2 -* ) 
single measurement «nor 

estimation. <9-70 
standard deviation and 

variance. 58-60 
standnrd error o f the mean

68-69 
standnrd Gnussian tables.

65-6*. 661 
student I distribution. *3 -*8 . 

*5/. 85/. *V . *7 / 
smart sensor fault aelf-diagnosi*. 

277
systematic error aggregation 

basic considerations. *8-92 
error in difference. 90 
error in product. 90-91 
error in quotient. 91 
error in  sum. 89-90
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m ultiple measurement total 
error, 92 

system component», 89-41 
systematk error quantification 

basic considerations. 52-55 
individual com ponrits. 53-54 
overall error calculation. 54-53 

systematic error reduction 
basic contidemtiaas. 48-52 
calibration. 48 
high-gain feedback. 49-51 
initrum ent design. 41 
tm ellitent uum itrw n*. 52 
opposing inputs. 49 
output reading manual 

correction. 51-52 
signal filtering. 51 

systematic error sources 
electric circuit measurement.

43-46. 43/ 
environmental inputs. 46-47 
instrument coaiponcat wear.

47
lead connections. 47-48 
sources. 42-48 
system disturbance from 

measurement. 42-46 
systematic-random error effect. 

88
Measurement units 

early units. 2-3 
pressure measurement. 398 
SI derived units. 5»
SI fundamental units. 4f 
standard in it deCnitlor». 3/ 

Mechanical gyroscopes 
basic characteristics. 544-547 
mechanical gyroscopes, 54V 

Mechanic si nucmsensors, bask 
function. 341 

Median values 
bask equation. 57 
random error statlMcal analysis. 

56-58
Medium displacement metsurement 

bask consideration*. 509-513 
fotonic sensor. 512, J lV  
laser interferometer. 511-512. 

511/
linear inductosyn. 509-510. 509/

Iinear-lo-rotary translation. 510 
noncontacang optical sensor.

ЯЗ. Л У  
velocity trsnsducer-

■rcelerometer output 
integration. 510-511 

Memory, haac computer elements.
267. 368/

Memory address 
computer memory. 267-268 
computer program operation. 

270
Mercury-ia-flass thermometer

for calibration. 384
aa primary sensor. 4 
system disturbance. 42 
tem per**!* transducer selection. 

382
M etal-foil gauges, rt. wim-type.

123-124. 323/
Metric system, as measurement 

uaita. 2-3 
Microaccclefometat 

bask function. 341 
esample. M l/

Mkrnbeod sensor, pressure 
meaaarement. 402 

Mkrocomputen 
automatic control systems. 15-16 
baak elements. 266-267. 26Tf 
definition. 269 

MicromanomMen 
calibration. 415. 419 
centrifugal type. 419 f 

Micrometers 
calibration chain. 110. IIQT 
proof nag-based load cell. 4<*4 

Microprocessor-based protection 
tysietns 

re liabiilty calculations. 312 
safety system design. 310 

Microprocessors 
computer frogram operation.

269-270 
CPU a*. 2*7 
definition. 269
digital phtvphor oscilloscope,

178
intelligent level-measuring 

inttnanents, 470

intelligent pressure tramducets.
412-413 

potent tometnc chart rceorderv
1(7

smatt innnunem i. 16 
M kraen ton

accrlerometers. 521
baaic characteristics. 340-342 
capacitive pressure sensor. 401 
esample. 341/
pressure measurement. 400-401 

Microwave sensors, level 
measarement. 467 

M iiltvoltm etcr 
analogue mechanism. 4Щ 
opposing inputs method. 49 

Modem. LAN protocols. 184 
M odifying Inputs, are

Environmental lapuu 
Monitoring functions, measurement 

system application*. *  
Monolithic pteaoMtistive p tru a r 

transducers, basic 
characteristics. 400-401 

Mononuxic i -аЫоа
fiber optic, 252
intrinuc sensors. 326-327.330 

Monoa-sensing noule flapper, 
pneumatic tranamtasion.
250

Moving average filte r 
definition. 146 
UbVIEW  implementation. 

148-150 
Moving co il meter 

characteristics, 165-166 
eutapte calculation». 170 
mechanist*. 16 

Moving iron meter 
eiam pk calculations, 171 
mechanist*. 167/ 
ovetview. 167-168 

MTBF. see Mean time between 
failures (MTBF)

MTTF. we Mean time to failure 
(MTTF)

MTTR. are Mean lime lo repair 
(М П » )

Multimode саЫе*. А Ь ег-ф к. 252. 
254
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M ultiplexing 
fiber-optic signal transmission.

251
fiber-optic transmission. 256 

M ultipoint strip chan recorder.
measurement data. 188 

M ultivariable transmitters. tee 
Smart transmitters

NANDgate. address decoding. 271, 
27У

Narrow-hard radiation pyrometers 
bask characteristics. 372 
Гог calibration. 384 

National Bureau o f Standards 
calibration standard». 110 
standards ralidalioa. I0R 

National Instrument BNC-2120 
connector Ыоск 

characteristics, 177 
«am ple. 127/

National Physical Laboratory 
calibration standards. 110 
Standards validation. MR 

National reference sumdatds 
calibration chain. 10* 
calibration tnceability. 112-113 
force sensor calibration. 494 

National standards organiution.
standards validatioi. 108 

Negative errors 
curve fittin g . 194 
random errors. 41. 56 

Newton’s laws, force equation.
478

Newtoas per square inch, pressure 
measurement, 398 

Nickel/Molybdenum 
nickel-cobalt 
thermocouples (Type M). 
characiensucs. 351 

N icroail-m eil thermocouples (Type 
N), characteristics. 358 

Noble metal theiroocoupks. 
characiensucs. 351

Nodes
intelligent devices. 280-281 
U bVIEW  implementation. 148 
U bVIEW  V I. 119. 12ЧГ. 122

paaaive filters. 138 
nng/bus networks. 285 
star networks, 285 

Noiae
fcC. carrier transmission. 248 
accelerometer. 518. 558 
active filters. 140-141 
analogue A lien. 136 
anatofue meters. 165 
angular displacement 

tneaaarement 
differentiation. 557 

Bunerwotdi filte r design. 158 
from computers. 274 
current ta p  transmission. 247 
digital thermometers. 361 
digital transmissions. 260 
displacement measurement 

differentiation. 518 
electrical n m m iu ion . 246 
electronic coualerAimcr. 236 
extrinsic fiber-optic sensors.

331-332 
ЛЬег-aptic pressure icnsors, 402 
fiber-optic temperature sensors. 

37*
fiber-optic transmission. 250,253 
incsetneatai shaft encoder*. 534 
UbVIEW  filte rs. 150-151 
LANs. 283
lead connection. 47-48 
meaaurement system elements. 6 
microsensors. 341 
op-amps. 145 
optical «ettaors. 324 
optical witeless telemetry. 257 
oacilloaoofes. 172 
paaaive file rs . 137 
PC-baaed oscilloscopes. 180 
pneumatic transmission. 250 
quart? theimometers. 377-37* 
random e tron. 41 
signal ftltenng. 51 
iemperatuK transducer selection. 

M l
ultrasonic measurement systems.

337-138 
variable сфасНапсе tranaducers. 

504
varying village transmission. 246

voltage-to-frequency convenion 
DVM. 164 

Noiae rejection 
ax. earner transmission. 249 
dual-slope integration digilal 

voltmeter. 164 
intelligent temperature-

measuring instruments. 380 
voltage-to-frequency conversion 

dig ita l volm etcr. 164 
voltage-to-time conversion 

dig ita l vokraeter. 163 
Noiae signal generators. UbVIEW . 

148
Nonconducting suhatancet.

capacitive devices. 464-465 
Noncontact devlcev level sensor 

selection. 471 
Noncontacting optical senior 

displacement moaaurement. 513 
example. 513/ 
translational meaaurement 

transducer telectioe. 517 
Nonconlactlng ultraaoruc tensor.

chan reconbn. 186-187 
Noncontact techniques 

digital tachometers, 549 
level sensor selection. 471 
radar sensors. 467 
radiation thermometers. 382. 

390
ultrasonic level gauge. 465-466. 

474
Nonlinearity 

analogue tachometers. 553 
deflection-type 4 c . bridge. 212. 

213
as instrument sialic characteristic 

20
smalt aenaor meaawwnrnts. 277 

Nonamart inatnimeau. i t  aman. 16 
Normal d istribu tion. U f  Gaussian 

diatributiona 
Normal probability plot 

example. 77/
Gauaaian distribution goodness of 

fit. 76 
Notched weigh beam 

example. 48V 
maaa meaaurement. 4*4-485
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Nozzle (Upper 
displacement measurement.

507-509 
« u n p le . 50V
pneumatic load cell». 411-482 
pneumatic transmission 250 
translational measurement 

transducer select**. 517 
Nuclear т а и -flow  tensor. basic 

ctiaracteristks, 427 
Nuclear sensors, baaic

characteristics, VtO 
Nuc Iconic к и т .  levd

measurement. 4*8-469 
Null-type (U . bridfe 

characteristic!, 208-210 
»*. deflection-type. 211-212 

Null-type impedance bridge 
characteristic!, 221 
esample. 221/

Null-type instruments 
for calibration, 104 
vs. deflection-type, 14-15 
as indicating insammert*. 16 

Numerical Indicators, UbVIEW  
V I. 118-119 

Numeric control!. UbVIEW  VI.
118-119 

Nutating d isk m eter, flew  
m easurem ent. 438 

N-versm n program m ing, toftware 
reliability . 306

О

Obstruction devicea 
examples. 4.КУ 
with intelligent flowmeters.

449-450 
orifice plate. 431/. 43V 433-434 
p ilo t static tube. 434-435.435/ 
Venturis type, 434 
volume flow  rate. 430-435 

Offset removal, op-aaaps. 145/ 
Obmmeter 

example. 22V
resistance measurement. 228-229 

Ohm's law
bridge circuit. 216, 217 
voltmeter ammeter resntance 

measurement, 227

Op-amps, are Operational
amplifiers (Op-amps)

Open channel flowmeters 
basic characteristics. 449 
example. 449f  

Open-topped vessel, level
measurement. 463-464. 
4 *У

Operational amplifiers (Op-amps) 
active Akers. 139-141 
anaing sigaal processing.

144-145 
analogue Alters. 13*. 143 
example. 14V 
offset removal and low-pau 

filtering. 145/
Opposing inputs method, systematic 

error reduction. 49 
Optical digital shaft encoder 

bask characteristics. 554-537 
example. 53V  

Optical dipstick 
example. 46V  
level measurement. 462 

Optical gyroscopes
bask characteristics. 547 
esample. 547/

O ptkal incremental shaft encoder 
bask characteristics. 532-53) 
example. 53V  

O ptkal pyrometer 
bask characteristics. 368-369 
calibration procedures. 389 
color indicators. 379 
example. 369f 

O ptkal resolsiion. radiation 
pyrometer. 370 

O ptkal senaors 
air pa * type. 325-326 
basic characteristics. 324-332 
distributed fiber-optic sensors.

3)2
extriaak fiber-optic sensors.

3 )1 -0 2  
fiber opttc type. 326-332 
intonate fiber-optic tensors.

326-331.327/ 
operating principles. 325/ 

O ptkal iadtoneters. bask
chvacteristks. 549-551

O ptkal torque, measurement. 489. 
49V

Optical w ireleu telemetry 
mode*. 257
V». ntdiotelemetty. 258 

Ordinary dipatkk 
example. 46у  
levd пкчииггтеш . 46]

O rifice plate 
basic characteristics. 43.V-4X 

455
differential pressure meters. 400 
example. 43V 
flow  acros. 431/ 
pressure variation pattern. 43V 
system ebuurtxnee. 42 

Oscillation 
accelerometers, 519-530 
tnsuumem basks. 12 
pendulum к а к . 486 
p iem lectric sensors, 352 
rounonal acceleration, 559 
teccnd-arder instrum ent. 32-55 
signal flkering. 51 
synchro. 542-543 
vihraung cylinder gauge.

4)7-418 
vibrations. 522 

Oscillator am plifier, resonant w in  
device. 407/

Oscillators 
d igital counter/ите г tystetn.

232-233,23У. 23V
electronic couMentimer. 257 
pieroelectric. 444-446.4*9.4ЯЦГ 
proxim ity sensors. 516 
quasi/ thesmometers. 377 
VCO, 233-2)4. 23V 
vibrating kve l sensor. 4W 
vibrating wire sensor. 487.48V 

Oscilloscopes 
analogue. 173-176 
bandwidth. 17V 
controls, 17У 
digital phcaphor. 178 
digital sampling, 179 
digital notate oactVoaonpc*.

IT 7-I78 . 177/ 
frequency measurement.

234-235
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OaciUoacope* (Canlimied) 
measurement ugrud duplay. IK4 
overview. 172-180 
PC-baaed. ISO
phaae measurement. 237-231 
Wien bridge. 235-236 

Oval gear meter, flow  meaauremenl. 
438

P
Painta. ы  color inckcMora, 379 
Paperle** chan recorder,

measurement dau. 189-190 
Parallax-induced lysteraaoc error.

introduction. 41 
Parallel component» 

and redundancy. 301 
re liability. 299 

Parallel data but 
intelligent devicei. 212-283 
LAN ., 283 

Paacal. preaaure meaauretaent. 398 
Pauive fille r* 

baaic conaideratkma. 137-139 
example. 137/

Paaxive iM tm m enti 
vj. active. 12-14 
analogue filterx, 136 
hyxtetecit. 25-2* 
xx indicating instrument». 16 
preaaure gauge exampta. IV  

p d f-. ire Probebthty density 
function (p .d .f)

Pellon wheel flowaaetcr. kaaic 
characteriatac*. 447 

Pendulum wale 
calibration. 494 
example. 485/ 
nuuu meaaurement. 485-486 

Pen u rip  chan recorder,
measurement d a*. 187-188 

Performance characlerutkx. и *  
Dynamic inairuweni 
characteriatka; S utk 
instrument chanctm atici 

Penodk notae, aigaal filienng. 51 
Perm ittivity. capacitive device».

318.465 
Peraonal computer-baaed

oacilloacope. oveniew. 180

Perturbeuoru. random erron a*. 
41.54

Petrol-lank level indicator 
aa active iaxtnunent. 13 
example. IV  

Phaae-tockcd loop 
example. 234/ 
frequency measurement.

233-234 
vibrating level aenaor. 469 

Phaae measurement 
baxic conxiderationx. 236-238 
electronic counterAimcr.

216-237. 237/ 
oacilloacope. 237-238 
phaaa-eenative detector. 238 
X -Y  plotter, 237.

23V
Phaae motkiUtion. inrina ic fiher- 

opttc aenaora. 330 
Phaae-*on6tive detector 

phaae-locked loop. 233-234 
phaae mea*urement, 238 

Photocell» 
air path optical aeaaora, 325 
extrinak fiberoptic aenaora. 

331-332 
Photocondachve device» 

air parti optK-al aenaora. 323 
nanow-baad radiation 

pytoraetera, 372 
Photocondactore. light detector*. 

323
Photodiode* 

air parti optical аеааоп. 325 
fiber-optic receiver. 253 
intelligent pressure nnaducen.

413,41V
mictoaeaaen. 342 
noncontacang optical aenaor.

313.ЯУ 
optical aeming. 349-551 

Photoelectric pulae generation.
lacM quca, 53Qf 

Photo* delectora. radiation 
pyrataetera. 370 

Photnaeatatnt*. a ir palh optical

Photothenaal effect, extrioaic fiber­
optic lenaora. 332

niototranaiitor* 
sir path optical aenaora. 325-326 
fiber-optic саЫеа. 253 
optical «ruing. 549-531 
proxim ity ten ion . 316 

Photovoltaic device* 
air path n p if il w n ion . 323 
narrow-hand radiation 

pyrometer*. 372 
Pkzoeiectrk cryatal 

accelerometer», 520-521 
electronic load cell. 479-480 
ultraxonic tranaducerx, 332 

Piezoelectric oacillMar*. vibrating 
level tenaor. 469 

Piezoelectric prr»»ure transducer 
baaic characlenttica, 408 
differential pressure

measuremeat. 413-414 
aernor lelection, 414-413 

Piezoelectric aenaon 
baaic characlenttica, 324 
extrinak fiber-optic aenaor»

332
Piezoelectric tranaducera 

beak characteriatka, 322-323
diaplacemem meaaurement.

306-307 
voltage-time charaoariatic.

50tf
Piezoreaiaive pressure Biaaducer» 

baak characteriatka. 400-401. 
408

differential pretaure

sensor ae lection. 414-415 
Piezoteaiaive aenaora.

accelcrometers. 320 
Piezoreaiaton. accelcrattoe 

meaaaremeat. S2I 
riN  diode*, fiber-optk caWe*. 253 
Pipe prover 

example. 43V  
volume flow  rate crftbraiion. 

432-454 
Plrani gauge 

baaic charactenaoca. 418 
calibration frequency, 420 
example. 41Q/

Pi «on gauge, caltbratioa. 416-417
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Pilot tin  it lube 
beak characteristic*. 4)4-43) 
differential pressure meters.

430-431 
example. 4 3 )/

Plant rrlla b ility . definitine. 309 
Plastic film  potent lonxHers.

displacement а ш к т к т .  
499-300 

Platinum bar. at meaaurement 
unit. 2

Platinum -indium  alloy, aandanl 
bar. 2

Platinum resistance thermometer 
(PUT)

extrinak fiber-optic sensor*.
331-332 

linearity. 213 
measurement sensitivity 

calculation. 21 
temperature transducer selection. 

3*1
Platinum thermocouples 

for calibration. 384 
Type B. 339 
Type R. 339 
Type S. 3)9 

P-net. digital fieldbus protocols, 
2*6

Pneumatic load cells 
euunple. 4 *1 / 
n u u  measurement. 411-4*2 

Pneumatic transmission.
measurement signals, baaic 
consideratiuna. 2)0 

Pointer, indicating inauwecnts. 16 
Point-to-point optical telemetry.

definition. 2)7 
Polarization 

fiber-optic sensors. 343 
fiber-op lk transmitter, 2)2 
intrinsic fiber-oplk setaon. 326. 

330
laser interferometer, M l 

Polishing, fiber-optic c * * s . 2)3 
M ym eric filn u , plesnelartrk  

transducers, 322 
Polynomial leaat-aquatea

regression, graphical dau 
presentation. 199-200

Potitive displacement flowmeters 
baak characteristics. 436-43».

4)3 
example. 437/
volame flow rate calibration. 4)6 

Poaitive errors 
curve filin g . 194 
random «non. 41.36 

Potentiometer pressure sensor 
beak characteristics, 40* 
differential pressure

tneaaarement. 413-414 
Potentiometers 

bridge circuit apex balancing. 219 
c a t*»  fill* . 499-500 
circular. 330.33 ( / 
data recorders, 403-404 
float syeetns. 462-463 
helkaL 33». ) 3 |/ 
tndactson type. 343 
plastic flit» . 499-300 
resistive, 499-)02. 494/. 320 
rotary. 513
rotational displacement, 330.

33 V
servo-driven. 163-164. 1*6-117, 

1*7/
wire-wound. 499-300 
aa wro-order instrument. 2* 

Potenuomeinc d ig ila l voltmeter.
characteristics. 163-164 

Poienuometnc recorder.
meaaarement data. 186-1*7 

Pounds per square inch, pressure 
meaaarement. 39*

Power spectral density, radiation 
thermometers. 366-367. 
367/

Procession, mechanical gyroscopes.
344 

Preciuoa 
vj. accuracy. IV  
as immanent static charactertstk.

I * - H
P recis»  errors, trr  Random errors 
Pressure halawe. calibration.

416-417 
Preset** gauge 

aa analogic instrument. 15 
current measure meet. 230-231

as deflection-type inatramraL 
14

electronic, 40* 
hysteresis. 25-26 
inaccuracy calculation. I*  
paaaive example. IV  
re rodn ft. 23 

Pressure measurement 
barometer reference calibration.

417
bask definitions. 39*- 399 
bellows. 402, 403f  
Bourdon tabe. 403-405.40V 
calibration frequency. 419 4 3 t 
calibration procedures. 420-421 
capacitive pressure senur. 401 
dead-weight gauge re fe r***

calibration. 416-417.41V
diaphragms. .199-401.40qf 
differeanal pressure-moasunrg 

devices. 413-414 
electronic pressure gauge*. 40* 
fiber-optic praaaure senaorv 

401-402. 40V 
goU-chnwie alloy resistance 

inatnanenta. 4 |*  
h ig h -p nsa a re .4 U .4 iy  
inclined manometer, 407 
intelligent pressure tranaduceas.

412-413.41V 
ionuation gauge. 4 11/. 412.41* 
and level measurement, 463-464 
low-presaure, 40ft—4 12 
manometer*. 405-407,40V 
McLeod gauge. 410-412.41V. 

41*
mtctutnanatnefaii. 419,41V  
Plrani gauge. 410,41V  
reference calibration instrument*.

4)6-419 
reaoatant wire device*. 407-40*. 

407/
aenaor caMbration. 415-421 
aenaor aalectioo. 414-415 
thermistor gasige. 410 
имппасоф к gaage. 409. 40V 
units. 398
U-tube nusnometer reference 

calibration. 417 
U-tube laanometen. 405-406
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Preuure measurement {CeniinnetD 
v ih n lin f cylinder gauge 

reference calibration.
417-418. 41V 

welNype manometer*. 406-407 
Preuure thermometer 

basic characteristic*. Э77 
example. 37у  
pneumatic transmiMion. 290 

Primary reference standenb 
barometer*. 417 
calibration chain. 104f 
definition. 108-109 
main iiutrum enti. 384 
national standards orgaai/ations. 

110
temperenire теааигеаиш. 348 
volume flow  rata calibration. 4S6 

Primary icnaor 
digital thermometers. ЗЮ 
intelligent inurumenu. 274-275 
as measuring system element. 4 
self-calibration. 279-280 
strain gauge*. 506 

Probabilistic terms 
random errors, 41 
re liab ility . 293 
re liability quanltficattoa.

296-298 
standard errors. 68 

Probability curve 
definition. 62-63 
random error estimation. 69 
student t distribution. 84 

Probability density function (p .d .f).
62-63

Profibus. digital fiaidbua protocols. 
286

Programmable tranaminef*. smart 
transminer comparisons. 
278-279 

Programming langeage*
U bVIEW . 118-121 
software re liability. 306 

Prony brake 
«am ple. 491/ 
hysteresis, 2S-26 
torque measurement. 441-492 

Proof ring-baaed load ce ll 
calibration, 494

Protective sheath, thermocouple*.
357

Proxim ity season, displacement 
measarement. 516 

PRT. tee Platinum resistance 
thermometer (PRT)

Pulse code modulation, digital
traastaiuion protocols. 260 

Pyrometer* 
intelligent. 380
optical. 368-369. 364/. 379, Э89 
radiation, ire  Radiation 

pyrometers
ratio. 172-373 
selected waveband, 173 
two-color, 372-373. 373/ 

Pyrometnc cones, definition. 380

Q
0  factor 

calculation. 223
null-type laipedance bridge. 221 

Quadratic least-squares regression. 
gtapHcal data presentation. 
199

Quaru thermometer* 
baaic chartcteriatica. 377-378 
calibration frequency. 387 
temperature transducer selection. 

382

R
Radar sensor* 

example. 468/ 
level measurement, 467 
level sensor selection. 471 

Radial magnetic fie ld, moving coil 
meter. 165-166 

Radiaaon pyrometers 
bask characteristics. 369-373 
broad-hand. 371 
calibration. 385 
chopped. 371
fiber-optic temperature sensors

178-179 
narrow-bead. 172 
selected waveband. 171 
two-color. 372-373, 373/ 

Radiation thermometer* 
baaic characteristic*. 366-373

baaic structure, J7Qf 
calibration. 385 
calibration frequency. 387 
calibration procedure*. 389 
optical pyrometer. 368-169,369/ 
radiation pyrometer*. 369-373 
temperature transducer telection. 

382
Radiometric sensor* 

level measurement. 468-469 
level sensor selection. 471 
radiation source. 46t f  

Radiotelemetry 
w ilh FM/FM system. 258/ 
measurement signal trarnmissmo. 

245. 249. 2 »
Radio wireless transmisaiun. see 

Radiotelemctry 
RAM. see Random acceu memory 

(RAM)
Random acceu memory (RAM). 

268
Random errors 

chi-aquarnd distribution. 7 I-7J. 
7У.73Г

curve fittin g  confidence teats. 200 
definition. 41
frequency diatribtttiona, 60-63. 

6У
Gaussian distribution goodneu o f 

fit. 76-82, 77/
Gaussian distributions. 63-65 
histogram example. 61/ 
manufactunng tolerance 

distribution. 70-71 
mean/median value a. 56-58 
rogue data point*. 82-81 
single measurement estimation.

69-70 
smart sensor*. 277 
source* and treaaaient. 55-56 
standard deviation Mid rariance. 

58-60
standard error o f 8и taean. 68-69 
standard Gausaiaa curve. 65/ 
standard Gauasiaa tabk*. 65-68. 

66r
student I distribution. 83-88.8 y .

85r, »bf. 87/ 
w ith systematic error*. 18
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Range characteristic. defiaition. 20 
Range senson 

energy source/detector-based.
S 1 4 -5 I5  

example. 51V
large displacement meaauremenl.

513—313 
ultrasound as. 336-3)7 

Rate gyroscope 
basic characteristics. 353-337 
example. 33V 

Rate-integrating gyroscope 
basic characteristics. 343-346 
esample. 34V 

Ratio pyrometers, baste
characteristics. )7 i-)7 )  

Read-only memory (ROM) 
basic function. 268 
computer program opotaiion. 

269-270 
Redundancy 

intelligent devicw. 210 
and re liab ility. 301-30]. 301/ 

Reference Instruments, primary 
types. 384-316 

Reference junction 
nonzero temperature. 334-337 
thermocouples, 330 

Reference sundank 
barometers. 417 
in calibration. 103 
calibration chain, 10», 104f 
calibration environment control. 

106
calibration traceability, 112-113 
definition. 107, 108-1 «9 
flow  measurement calibration.

437
force sensor calibration. 494 
main instruments. 314 
mass calibration. 493 
national standards organizations. 

110
orifice plate. 433 
positive displacement taeter,

433
pressure measurement

calibration. 420 
pressure sensor calibration. 413 
reference instruments. 584

rotational accelerometer 
calibntion. 338-359 

rotational displacement
transducer calibration. 349 

tempenhne measurement. 348, 
386

temperature measurement 
calibntion. 387-388 

tranalational measurement
transducer calibntion. 317 

turbine meter. 436 
vibrating cylinder gauge.

417-418 
volume flow  rate calibration. 436 

Reflective level sensor 
«am ple. 471/ 
level meaairement. 470 

Refractive index 
fiber-optic cables. 231-232. 234 
intimate fiber-optic senaon.

3 Г - Й *
Registers 

computer program operation. 270 
CPU. J67 

Regression techniques 
curve filin g  confidence tests, 

200-101 
«am ple emulations, 197 
graphical data presentation.

1*4-193 
linear leaat-squares regression.

196-199 
polynonud least-squares 

regreaion. 199-200 
quadratic Irau-iquares 

regre»ion. 199 
R eliability. i t  alto Safety systems 

baa a; principles. 293-298 
bathtub cuve. 293 
calculations. 299 
and calibration. 301 
complex system calculations.

299
complex systems. 298-299 
definition. 293-306 
failure patterns. 293-296. 29V 
improvement. 300-302. 301/ 
and inslniment calibration. 301 
and instrument protection. 300 
and instrument selection. 300

meaauremenl system 
calculations. 299 

meaaurement system
improvement. .300-300,
30 If

parallel components. 299 
probabilistic quantification.

296-298 
probability calculation, 297.

298
protection system calculations.

311,312 
quasi-absolute quantifies*юа.

293-293 
and redundancy. 301-302 
series components. 291-299 
software. 302-306 
standby systems, 312 

Reluctance 
magnetic sensors, 319.408 
variable reluctance m a n . 120k 

33V.SJ» 
variable reluctance

tachnogenentnr. 408-439 
variable reluctance velocity 

tranaducen. 232, 331-352. 
331/. 334 

Repeatability 
as instrument static chaaacsenaac.

18-19 
smart in n  sm itten. 279 

Reproducihiity. s i autrutaent static 
characteristic. 18-19 

Resistance 
analogue multimeter. 169 
apes balancing. 219-220 
basic conaidentiens. 226-229 
deflection-type dc. bridge. 2Ю 
wkh DVM. 228 
electric circuit daturbaace. 

43-44
error in sum calculations. 90
lead connections. 47
w *h ohniueter. 228-229.22V 
opposing Inputs method. 49 
•Iran  gauges. 324 
TM veain's theorem. 213-216 
tolerance calcalatlon. 20 
voltmeter ammeter method. 227 
Wheatstone bridge. 20»



606 Imlm

Resistance-subatiiauan method. 
227

Resistance-temperaturc
characteristics, themistors.
365/

Resistance temperature device 
(RTD)

b u ic characteristics. № -364 
computer-based data acquiiilion. 

116
Resistance thermometers 

basic characteristics. 363-364 
for calibration. 384 
calibration frequency. 3(7 
calibration procedural. 388 
dau rccorderv 191 
extrtnak fiber-optic sensors. 331 
fiber-optic lemperalure sensory 

379
intelligent lemperalure 

transmitters. 300 
linearity. 213
metal characteristic*. 363. 36 
resixtive sensor s. 319 
lemperalure transducer selection. 

3*1
Resistive potentiometer 

accelerometen. 320 
displacement measurement.

499-502 
example. 499f  
potentiometer selection. 501

Resixtive u n io n , bu ic  
characteristics, 3 I f

Resistors 
acceleration measurement. 521 
active filters. 139 
analogue filters. 136. 142-143 
apex («lancing. 219 
capacitance measurement, 230 
ceramic plate type. 143f 
color-coding scheme. I*V  
current transformers, 232 
diaphragms. 400-401 
electric circuit measunmenix. 43 
example calculations. №-90 
cxamplei. 143» 
frequency modulation. 249 
magnetoresistors. .342 
Maxwell bridge. 222

measunag instrument current 
draw, 215 

op-amps. 144 
passive filters. 137 
photatvsisnrs. 325 
semiconductor devices. 366 
shuating resistor. 166. 169 
tolerance. 20 
Wheatstone bridge. 20* 

Resolution 
acceleroateters. 520 
active N . passive instruments.

11-14
beam balance. 483. 493 
Bourdon tebe. 404 
chopped broad band radiation 

pyrometers. 371 
color indicators. 391 
computer monitor displays. 185 
contacting dig ita l shaft encoder.

5)8
digita l dau recorder!. 191 
digital tachometers. 549 
eddy current sensors. 320-321 
feedback control system. 0-10 
fiber-optic temperature sensors.

379
incremental shaft encoders.

53)-J34 
and inurnment con. 8 
im m inent selection. 7 
as instrument static characteristic. 

22
in rina lc sensors, 329 
UbVIEW  V I. 127-12* 
laser interferometer. 511 
I inoar indtctosyn. 509-510 
load cells. 482 
LVDT. 503-504 
magnetic digital shaft encoder

5)8
nanow-baad radiation 

pyrometer!. 372 
nozzle flapper. 507-509 
optical d is ta l shaft encoder.

5M -J35. 537 
potent lometenc recorder.

116-187 
quartz thermometers. 377-37*. 

3(2.391

radiation pyrometer. 370 
range tensors. 514-515 
rale gyroacope, 555 
resistive potentiometer. 499-500.

520 
resolver. 53*
resonant wire pressure tensor.

407-40*. 407/. 414-415. 
419-120 

rotary induetosyn. 543 
rotary potentiometer. 515 
rotational displacement

transducer sclactioa. 548 
signal processing elements. 6 
synchro. 540 
system disturbance. 42 
thermography. 374 
thermopile. )6 I 
translational measurement 

transducer sclactioa. 517 
ultrasonic ranging ty«em.

336-3)7 
variable capacitaace transducers. 

504
varying amplitude output 

resolver. 53* 
vibration measurement. 523 

Resolvers 
basic characteristic!, 538-540 
varying amplitude ouipet type. 

539
varying phase output resolver. 540 
windings schematic, 5 tty  

Resonant frequency 
coriohs flowmeter. 42Н42Ч 
force measurement. 4*7 
mkroaenson. M l 
quartz thermometers. 377. )9 I 
rate gyroscope, 556-J57 
ultrasonic transducers. 333 
vibrating cylinder gauge.

417-418 
vibrating level aenaor. 469 
vibrating wire aeasur. 4|7 

Resonant pressure transducer, basic 
characteristics, 40*

Resonant wire devices 
basic characteristics. 407-408 
calibration frequency. 419-420 
example. 407/



V

ln d *x  вот

Rev counter 
as dig ita l instrument. 15 
example. IV  

Reynold'» number, volume now 
rale. 432-4»

Ring laaer gyroscope 
basic characteristics. 547 
example. 547/

Ring netsvorts 
bask characteristics. 2*5 
LANs. IM f  

Rise lime 
d ig ita l storage oscilloscopes.

17*
oscilloscopes. |73 

Risk analysis 
SIL determination. 309 

r m .  i f f  Root-tnean-sqaared
(r.m .t.)

Rogue data points, random error 
statistical analysis, 82-83. 
93-94

ROM. see Read-only memory 
(ROM)

Root-mean-squared (r.m.a.) 
moving iron meter. 168 
synchro, S4I 

Root-sum-squares method, overall 
systematic error calculation.
54-55 

Rotamelers 
basic characteristics. 435-436 
example, 43V  

Rotary inductosyn
basic characteristics. М3
example, 54V

Rotary motion
from linear dltpfecemcats.

510
linear inductosyn, 510 
nutating disk meter. 431 

Rotary piston meter 
example, 437/
How measurement. 437-438 

Rotary potentiometers 
examples. 531/
large displacement measurement.

515
Rotational acceleration, definition. 

498

Rotational accelerometers 
basic characteristics. 558-559 
calibration 559 

Rotational differential transformers 
baaic characteristics. 531-532 
data recorders. 191 
example. $31/ 
hysteresis. 25-26 

Rotational displacement transducers 
basic characteristics. 530-549 
calibration. 549
circular potentiometers. 530, S31/ 
coded disc shaft encoders, 

534-53*. 53V  
contacting dig ita l shaft encoder.

537-53* 
diffctenual transformers. 531/ 
displacement definition. 49* 
gyroscope*. 543-547 
helical puennometers. 530, 531/ 
in cm a n u l shaft encoders.

532-534. 53У, 53У 
induction potentiometer. 543 
magnetic digital shaft encoder.

538
mechanical gyroscopes. 544-J47, 

54V, 54V  
optical d ip  tal shaft encoder.

5J4-J37, 53V  
optical gyioscopes. 547, 547/ 
resdver. 538-540. 53V 
rotary Inductosyn. 543. 54V 
synchro. 540-543. 541/, 54 V  
transducer selection. 548-549 
va ry it* amplitude out(*it type.

539
varying phase output resolver.

540
Rotational motion transducers.

overview. 530 
Rotational velocity 

definition. 49* 
froei translational. 518 

Rotational velocity transducers 
accelerometer output integration. 

558
analogue tachometers. 553-534.

55У, 55V . 55 V  
angular velocity measurement 

differentiation. 557

basic characteristics. 549-55* 
calibration. 55* 
d igital tachometers, 549-532 
fiber-optic gyroscope, 357, 557/ 
induction tachometers. 551-332. 

$11/
magpetostnctive tachometers.

532
optical tachometers. 549-551 
rate gyroscope. 535-537. 55V  
stroboscopic methods. 332-533 
transducer selection. 55*

RS232 protocol 
digital stoaage oscilloscopes. 171 
LANs. 283 
star networks, 285 

RTD, i f f  Resistance lemperaruir 
device (RTD)

Safety integrity, definition. 309 
Safely integrity level (S IL). 309 
Safety systems, r r f  «/so Reliability 

actuators and alarms, .113 
basic constdeneions. 301-309 
bask elements. 3IQT 
design. 309-313 
IEC6150*. 308-309 
installation practice. 3 0  
Intrinsic safety. 307-308 
legislation. 307-313 
re liab ility calculation*. 311. М2 
Standby system. 311-312. 31V 
two-out-of-three rating system. 

310-311. 3IQT 
Scale factor d rift, i f f  Senaulvity 

drift
Sealed vessel, level meaaetancm.

46 V . 464 
Secondary reference standards 

calibration chain. 10У 
definition. 107, MW-109 

Second-order instrument 
characteristics. 31-33 
rale gyroscope, 533-556 
response characteristics. 33/ 

Seger cones, definition. 3*0 
Selected waveband pyrometers, 

bask characteristics. 373
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Self-calibration 
unart и н ш . 277 
smart transmitters. 279-280 
system re liability improvement.

301
Self-diagnosis

intelligent flowmeters, 449-450 
intelligent instruaients. 276. 381 
smart sensor faults. 277 
smart senson, 276 
smart transrmtten. 279.200 

Semiconductor devicw 
temperature measurement. 366 
temperature transducer selection. 

3*1-382 
Semiconductor materials 

ткггоаегшф. 340 
piezorwistive m s o ti, 324 
strain gauge*. 323-324 

Semiconductor strain gauges.
definition. 324 

Sensitivity
accelerometers. 519.320 
analogue oacilloacope. 176 
analogue tachometers. 553 
bellows. 402
bim etallic thermometers. 376 
Bourdon tube. 404 
bridge circuit calculation. 217 
clamp-on meters. 168-169 
deflection-type Ac. bridge. 213. 

213
to disturbance. 22-23 
electromagnetic balance. 486 
«am ple calculations, 21 
fiber-optic receiver. 233 
firat-order instrument. 29 
fluorescence-modulating senson. 

330
high-gain feedback. 31 
inclined manometer. 407 
instrument design. 48 
instrument selection. 7 
as instrument static characteristic.

21-2]
intelligent pressure tranducen.

412-413 
intelligent temperature -

measuring instruments. 380
LVDT, 303-504

measurement system elements. 6 
micTOieasen. 341 
moving ca ll meter. 165-166 
nomle flapper. 507-309 
oscilloscope*. 172-173 
pteaoelectric transducers, 307 
potentiometer calculation*. 501 
prosaure measurement. 402 
pressure sensor selection. 413 
radiation pyrometers. 371 
range seaanr, 336-337 
rue gyroecope. 536-337 
rate-integrating gymtcope. 346 
rw iative potentiometer. 300 
second-order instrument. 32 
thermistors. 363. 381 
thermocouple*. 338 
thermopile. 361
ultrasonic level gauge. 466-447 
varying resistance devicw,

362-363 
zero-order instrument. 28 

Sensiavny dnft 
calculation. 25 
definition. 22.24-23 
environmental input error*.

46-47 
«am ple. 23f  
«am ple calculation. 23 
smart tran am tiers. 279 
sytlemnllc errors. 41 

Sensiavny to  disturbance 
«am ple effects. 2 y  
as instrument static characteristic.

22-23
Scnaor technologies 

air patli optical senson. 325-326 
capacitive senson. 318-319 
disatbuted fiber-optic senaor*.

332
extrinak fiber-optic senson.

331-332 
fibcr-opuc senson. 326-332 
HaU-efTect senson. 321. 321/ 
intrinsic fiber-optic senson.

326-J3 I. 327/ 
magnetic amson. 319-321 
m icrowasnn. 340-342. 341/ 
nuclenr senson. 340 
optical te n o n . 324-332. 32У

piezoelectric sensor*. 324 
piezoelectric transducers.

322-323 
resistive senson. 319 
strain gauges. 323-324.323/ 
ultrasonic measurement system 

noise. 337-338 
ultrasonic transducer*. 332-339.

з з у
ultrasound and Doppler effect.

ЗЭ8-339. 339f 
ultrasound as range sensor.

336-337 
ultrasound iransnusaion speed.

333-334.3331 
ultrasound wave attenuation.

333-336 
ultrasound wave dimcuonality.

334. ЗЗУ 
ultrasound

wavelength-frequency - 
directionality. 333.333/ 

Series components, re liability.
298-299 

Servo-driven potenaoaietcr 
bask system. 187/ 
characteristic*. 163-164 
measurement data, 186-187

7 x  3 dot matrix, meaaarpnem 
signal display. ||4 . 1И4/ 

Seven-segment character format, 
measurement signal display. 
184. I8 y  

Shaft bearings, to n y*

49QT
Shielding, measurement signal 

electrical tranamiaaon.
246

Shift register. LabVffiW . 124 
Shock

example calculation*. 323 
measurement. 323-326. S25f 
sensor calibration, 326 

Shunting resistor 
analogue multimeter. It9  
moving coil metnr, 166 

Slde-by-iide call*, clectroeic output 
displays. 184-183 

Sight tube, calibrated tank. 432



Sigma-delta technique.
rmcroscmors. 341 

Signal am plification, meaaurement 
signal electrical 
transmission. 246 

Signal display
basic considerations. IK4-I85 
character format*. 184f  
computer monitors. 185 
electronic output. 184-183 

Signal filtering, systematic error 
reduction. 5 1 

Signal-output instruments, vs.
indicating instruments. 16 

Signal presentation unit, measuring 
system elements. 7 

Signal processing 
w ith LabVIEW 

active filters w ith op-ampv 
139-141. I4QT 

analogue fille n . 136-145.
146-147 

Bode plot. 13V 
circuit building. 141-142 
dig ita l filters. 145-151. \4bf.

I47f, 14V. 144*/ 
electronic components.

142-143 
filte r w ith memory. 146 
higher-order d ig ila l filters.

150-151. I5QT. I5 |/  
implementation. 148-150 
input averaging filte r.

145-146. 147/ 
op-amps. 144-145. I44f. 143/ 
passive filters. 137-139. 137/

. resistors. \42f, 143/ 
simple filte r calculations.

156-158 
structures subpalette. I49 f 

measuring system elements. 6 
Signal recording 

chart recorders. 185-190. 18V. 
187/

circular chan recorder. 189. 189f  
dau acquisition. 116-117 
data measurement. 185-191 
dig ita l dau recorders. 190-191 
heated-st у I us chart recorder. 188 
ink jet/laster printers. 190

instrument types. 190 
LabVIEW function generation.

127-128 
m ultipoint strip chart recorder. 

188
paperless chart recorder. 189-190 
pen stnp chart recorder. 187-188.

18V
videographic recorder. 190 

Signal-recording unit, measuring 
system elements. 7 

Signal transmission 
basic considerations. 245-246 
digital transmission protocol. 260 
electrical transmission 

with a.c. carrier. 248-249 
basic considerations. 246-249 
current loop interface.

247-248. 247/ 
frequency-to-voltage 

convertor. 249f 
as varying voltages. 246 
voltage-to-frequency 

convertor. 249f 
fiber-optic. 250-256

alignment examples. 25V 
cable стой section. 25У 
cables and transducers. 251/ 
fiber optics principles.

251-253 
light transmission. 253/ 
multiplexing schemes. 256 
transmission characteristics. 

254-256 
measuring system element. 6 
optical wireless telemetry, 257 
pneumatic transmission. 250 
radiotelemetry, 25V 
telephone transmission. 261/

SIL, see Safety integrity level (S IL) 
Sing-around flowmeter, definition.

446
Single-ended input, analogue 

oscilloscopes. 175 
Single mode cables, fiber-optic.

252. 254 
SI units, see also Standard units 

definitions. 3 
derived. 51 
fundamental. 4/

Index 609

Small displacement measurement 
baaic considerations. 509-513 
fotomc sensor. 512. 5 iy  
laser interferometer. 511-512.

w
linear inductosyn. 509-510. 

504/
linear-to-rotary translation. 510 
noncontacting optical sensor.

513. 51V
velocity transducer -

accelerometer output 
integration. 510-511 

Smart microsensor, definition. 341 
Smart v.%. nonsmart instrument v 

16
Smart sensors 

accuracy. 277 
calibration capability. 277 
fault self-diagnosis, 277 
as intelligent devicea. 276-277 
nonlinearity. 277 

Smart transmitters 
advantages. 279 
fault detection. 280 
as intelligent devices. 278-280 
self-calibration. 279-280 
self-diagnosis. 280 
transmitter comparisons.

278-279 
Snell's law. fiber-optic light 

transmission. 254 
Software reliability 

basic considerations. 302-306 
example calculations, 305 
improvement. 306 
quantification. 302-306 

Solar cells, definition. 325 
Solid levels 

capacitive devices. 464-465 
level sensor selection. 470. 472 
ultrasonic level gauge. 465-466 

Span, as instrument static 
characteristic. 20 

Spectral content, passive filters, 137 
Spectral lamps, national standards 

organizations. 110 
Spring balance 

ma&s measurement. 478.486-487 
Prony brake. 491-492
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Spring-loaded dram, large
displacement measurement.
SIS

Spring* 
hysteresis. 25-26 
null- vs. deflection-type 

instruments. 14 
Standard bar. as early measurement 

unit. 2 
Standard deviation 

brass rod calculation, 74 
calculation. 59 
definition. 58
Gaussian distribution chi-squared 

lest. 81
random error statistical analysis.

58-60 
rogue data points. 82 
standard error o f the mean. 68 
student t distribution. 84 

Standard error o f the mean, random 
errors. 68-69 

Standard Gaussian curve 
example. 65/ 
random errors. 64-65 

Standard Gaussian tables 
error function table. 66/ 
random errors. 65-68 

Standard instruments.
see also Calibration 

accuracy. 104 
calibration certificate. 107 
calibration chain. 10 

Standard units, see also SI units 
definitions. 3/
SI units. 3 

Standards laboratories, instrument 
calibration chain. 107. 10^ 

Standby system 
re liab ility calculations. 312 
safety system design. 311-312.

ЗП/
Star networks 

basic characteristics. 285 
LANs. 284f  

Static instrument characteristics 
accurary and inaccuracy. 17-18 
accurary vs. precision. 19f  
calibration issues. 33—34 
dead space. 26. 27/

environmental input errors.
46-47 

hysteresis. 25-26. 2tsf 
linearity. 20
measurement sensitivity. 21-22 
output characteristic. 21/ 
overview. 17-26 
precision, repeatability.

reproducibility. 18-19 
range/span. 20 
resolution. 22
sensitivity to disturbance. 22-2S.

2У
threshold. 22 
tolerance. 20 

Static sensitivity
first-order instrument. 29 
rate gyroscope. 556-557 
second-order instrument, 32 

Statistical analysis, random errors 
chi-squared distribution. 71-75.

?У. 73/ 
frequency distributions. 60-63. 

O f
Gaussian distribution goodness o f 

fit. 76-82. 77/
Gaussian distributions. 63-65 
histogram esample. 61/ 
manufacturing tolerance 

distribution. 70-71 
mean/median values. 56-58 
rogue dau points. 82-83 
single measurement estimation.

69-70
standard deviation and variance. 

58-60
standard error o f the mean. 68-69 
standard Gaussian curve. 6i f  
standard Gaussian tables. 65-68. 

66/

student t distribution. 83-88. 83/. 
85/. Щ . 87/

Step index cables, definition. 256 
Strain data 

graphica presentation. 193/ 
tabular presentation. 191, 192/ 

Strain gauge bridges 
data recorders. 191 
pressure sensor selection. 

414-415

Strain gauges
accelerometers. 520 
basic characteristics. 323-324 
data recorders. 191 
diaphragm pressure sensor.

400
displacement measurement. 506.

507/ 
examples. 323 / 
and instrument design. 48 
as primary sensor. 4 
torque measurement. 489f  

Stress data
graphica presentation. 193/ 
tabular presentation. 191. 192/ 

Strip chart recorders 
example. I8 ty  
measurement data. 187-188 

Stroboscopic methods, rotational 
velocity transducers. 
552-553 

Student t distribution 
area. 87/ 
definition. 83-84 
example curve. 85/ 
random error analysis. 83-88 
values table. 85/

Sturgis rale
frequency distnbutions. 60-63 
Gaussian distribution chi-squared 

test. 78
Synchro-resolver, see Resolvers 
Synchros 

basic characteristics. 540-543 
stator voltage waveform. 5 4 y  
transmitter transformer pair. 

54У
windings schematic. 541 /  

Systematic errors 
aggregation 

basic considerations. 88-92 
error in difference. 90 
error in product. 90-91 
error in quotient. 91 
error in sum, 89-90 
multiple measurement total 

error. 92 
with random errors. 88 
separate measurement system 

components. 84-91



quantification 
basic consideration», 52-53 
individual component». 53-54 
overall error calculation, 34-55 

reduction 
basic considerations. 48-52 
calibration. 48 
high-gain feedback. 49-51 
instrument design. 48 
intelligent instruments. 52 
opposing inputs. 49 
output reading manual 

correction. 51-52 
signal filtering. 51 

sources 
definition. 41 
disturbance from 

measurement. 42-46 
environmental input». 46-47 
muniment component wear. 47 
lead connections. 47-48 
overview. 42-48 

System disturbance 
electrical circuits. 43-46. O f  
error quantification. 54 
output wading manual correction. 

51-52
as systematic error source. 41. 

42-46
Sv Hemes Internationale» d'unites.

«V  SI unit»

Tabular dau presentation 
basic considerations. 191-192 
example. 192»

Tachometers 
a.c tachometer. 554. 554f  
analogue. 553-554. 55У  554/.

35У
d.c. tachometer. 553. 55У, 558 
d ig ita l. 549-552. 5S0f. 551/ 
drag-cup. 554. 555/, 558 
Hall-effect. 552 
induction type. 551-552. 55 ( / 
magnelostrictive. 552 
optical. 549-551 

Tank gauge 
level measurement. 462-463 
level sensor calibration. 472

Target meter, (low measurement.
447

Telecommunications Industry 
Association/Electronic 
Industries Alliance (Т1А/ 
EIA). 283 

Telemetry 
optical wireless. 257 
radiotelemetry. 258-259. 25V  

Telephone transmission, example. 
261/

Temperature coefficient 
connecting leads. 47 
continuous thermocouple. 362 
fiber-optic temperature sensors.

378
gold-chrome alloy resistance 

instrument». 418 
instrument design considerations.

48
intrinsic sensors. 329 
method o f opposing inputs. 49 
piezoelectric device. 479-480 
resistive potentiometer. 500 
strain gauges. 323-324 
thermistors. 364-365 

Temperature compensation, 
ultrasonic level gauge. 
466-467 

Temperature control systems, 
measurement system 
applications. 9-10 

Temperature measurement 
basic considerations. 348-349 
bim etallic thermometer. 376 
broad band radiation pyrometers. 

371
calibration considerations.

383-389
calibration frequency. 386-387 
calibration procedures. 387-389 
calibration reference inatruments.

384-386
chopped radiation pyrometers.

371
color indicators. 379-380 
continuous thermocouples.

361-362 
fiber-optic temperature sensors.

378-379

Index 611

intelligent Icmperature-
meaiunng muniments.
380-381 

liqu id-in-glau thermometers.
375-376 

material» Mate changes. 380 
narrow band radiation 

pyrometers. 372 
optical pyrometer. 368-369. 369f 
pressure thermometers. 377 
quaru thermometers. 377-378 
radiation pyrometers. 369-373 
radiation thermometers.

366-373. 37QT 
resistance thermometers.

363-364 
selected waveband pyrometers. 

373
semiconductor devices. 366 
thermal expansion method».

375-377. 37У 
thermistor». 364-366 
thermocouples 

basic characteristics. 349-362 
compensating leads. 352 
definition. 349-362 
dig ita l thermometers. 361 
e.m.f. junctions. 351-352,35-У 
e.m.f.-temperature 

relationship. 349 
example. 351/ 
example calculations. 354.

355, 356 
extension leads. 350-351. 351/ 
law o f intermediate metal».

352-353 
manufacture. 360 
manufactunng materials.

349-350. З.ЧУ 
nonzero reference junction 

temperature. 354-357 
protection. 359-360 
sheath materials. 360r 
thermopile. 361. 361/ 
types, 357-359 

thermocouple tables. 354. 355 
thermography. 373-374. 374(  
transducer selection. 381-382 
two-color pyrometers. 372-373. 

37У
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Temperature measurement 
{Continued) 

varying resistance devices.
362-366 

Terminal. LabVIEW V I. 119 
Thermal anemometers. По* 

measurement. 44*
Thermal detectors, radiation 

pyrometers. 369 
Thermal expansion devices 

bask concept. 375-377 
examples. 37?
Iiquid-in-glass thermometers.

373-376 
pressure thermomcteni. 377

• temperature transducer selection. 
3*2

Thermal expansion methods.
bim etallic thermometer, 376 

Thermal imaging, tee 
Thermography 

Thermal mass flow  measurement 
bask considerations. 429 
instrument calibration. 432 

Thermistor gauge
calibration frequency. 420 
low pressure measurement. 410 

Thermistors
bask characteristics. 364-366 
calibration frequency. 387 
dau recorders. 191 
intelligent temperature 

transmitters. 3*0 
resistance temperature 

characteristics. 363/ 
resistive sensors. 319 
temperature transducer selection. 

3*1
Thermocouple gauge 

calibration frequency. 420 
example. 409/
low pressure measurement. 409 

Thermocouples
bask characteristks, 349-362 
for calibration, 3*4 
calibration frequency. 3*7 
calibration procedures. 3*9 
compensating leads. 352 
continuous. 361-362 
data recorders. 191

definition. 349-362 
digital thermometers. 361 
e.m .f junctions. 351-352. 35У
e.m.f-temperature relationship. 

349
example. 351/
example calculations. 354. 355,

356
extension leads. 350-351. 351/ 
as firs l ordcr instrument. 29 
intelligent temperature 

transmitters. 3*0 
law o f intermediate metals.

352-353 
manufacture. 360 
manufacturing materials.

349-350. 35Qf 
nonzero reference junction 

temperature. 354-357 
as primary sensor. 4 
protection. 359-360 
sheath materials. 360r 
temperature transducer selection. 

3*1
thermopile. 361. 361/ 
types. 357-359 

Thermocouple tables 
definition. 354 
example calculations, 355 

Thermoelectric effect sensors, tee 
Thermocouples 

Thermography
bask system. 374/ 
overview, 373-374 

Thermometers 
bim etallic. 37y. 376, 3*2. 3*7 
for calibration. 3*4 
dig ita l. 361. 3*0 
gas. 3*4, 3*7 
lead connections. 47 
Iiquid-in-glass. 4, 16. 375-376.

37y, 3*2. 3** 
measurement senaitivity 

calculation. 21 
mercury-in-glass. 4.42. 3*2. 3*4 
platinum resistance (PRT). 21.

213.331-332.3*1 
pressure. 250. 375/, 377 
at primary sensor. 4 
quartz. 377-37*. 3*2. 3*7

radiation, tee Radiation 
thermometers 

resistance, tee Resistance 
theimometcrs 

system disturbance. 42 
Thermopile 

calibration frequency. 3*7 
definition. 361 
example. 361/ 
intelligent temperature 

transmitters. 3*0 
Theveran's theorem 

bridge circuit. 21 t f  
electric circuit disturbance.

4 3 .4 У  
measuring instrument current 

draw. 215 
Threshold

electronk counterAimer. 236 
as instrument static characteristic. 

22
LabVIEW logic operations. 

121-122 
proxim ity sensors. 516 
rogue dau points c alculations. *2. 

*3
safety system design. 309 
ultrasound range sensor. 336-337 
vollage-lo-frequency convenor. 

249f
TTA/EIA. te r Telecommunications 

Industry Association/ 
Electronk Industries 
Alliance (T1A/E1A)

Time base circuit, analogue 
oscilloscopes. 176 

Time/div tw itch, analogue 
oscilloscope. 176 

Tolerance 
apex balancing. 219-220 
bridge circuit error analysis.

218-219 
electronk load cells, 4 *0 -4 * I 
error analysis. 21*—219 
error in sum calculations. 89-90 
IEC6I50*. 309
as instrument s u lk  characteristic .

20
manufacturing tolerance 

distribution. 70-71



V

re liab ility. 293 
resistors. 143/

Toniuc measurement 
baaic considerations. 4**~492 
high-gitn feedback. 49-91 
induced strain. 4ХК 4КЧ, 4*9/ 
optical torque. 4*9. 49Of 
Prony brake. 491-492. 491/ 
senior calibration. 492-494 
shaft bearing reaction forces. 

4*9-491. 49Qf 
Ton. pressure measurement. 39* 
Touch ictecro. measurement data 

display 1*5 
Traceability 

calibration. 107-110 
calibration documentation.

112-113 
calibration environment control. 

106
definition. 109 
flow  rate calibration. 457 
force sensor calibration. 494 
mass calibration. 493 
velocity measurement lystem 

calibration. 51*
Trade regulation, meaauremenl 

system applications. 9 
Training procedures, calibration 

documentation. 112-113 
Transducers 

calibration error calculations. 53 
displacement. 25-26. 322, 479. 

520
fiber optics principles. 25 V  
HART. 2*1 
hysteresis. 25-26 
intelligent pressure. 412-413, 

414/
magnetic pressure. 40*. 413-415 
as measuring system element. 

4-6
m onolithic piezoresistive 

pressure. 400-401 
piezoelectric. 322-323. 506-507. 

50*/
piezoelectric pressure. 40*.

413-415 
piezoresistive pressure. 400-401, 

40*. 413-415

resonant pressure. 40* 
rogue data point calculations. *3 
rotational displacement, ire  

Rotational displacement 
transduce» 

rotational motion. 530 
translational displacement, i n  

Translational displacement 
transducers 

ultrasonic. 332-339, 333/ 
variable capacitance. 504. 505/ 
variable inductance. 505-506, 

50^
variable inductance

displacement. 25-26, 520, 
523

van able reluctance velocity.
551-552. 551/. 554 

velocity, 510-511 
zero-order instrument 

calculations. 30 
Transformers 

*x . current. 231 
clamp-on meter. 16*- 169 
current transformers. 231,

231/
tic . transformer, 231 
differential. 320. 548. 549 
hysteresis. 25-26 
LVDT. see Linear variable 

differential transformer 
(LVDT) 

rotational differential. 25-26. 
191.531-532. 531/ 

Transistors 
analogue fille rs. 136 
current gain calculations. 70 
magnetotransision. 342 
phototransisturs. 253. 325-326.

516. 549-551 
semiconductor devices. 366.

3* 1-3*2 
Transit time ultrasonic flowmeter 

basic characteristics. 444-446 
with Doppler shift flowmeter,

446 
example. 445/  
fu ll system letup. 445f  

Translational acceleration, 
definition. 49*

Index 613

Translational displacement 
measurement 

displacement definition. 49* 
transducer calibration. 517 
tranaducer selection. 516-517 

Translational displacement 
transducers 

basic characteristics. 4 9*-5 l7  
energy wutce/detector-based 

range sensors. 514-515 
fotonk sensor. 512. 51 Tf 
large displacement measurement.

513-515 
laser interferometer, 511-512,5 Ц / 
linear inductosyn. 509-510. 504f 
linear-lo-rotary translation. 510 
linear variable differential 

transformer, 505-5(16 
noncontacting optical sensor, 

513.513/ 
nozzle dapper. 507-509. 50Ц/ 
piezoelectric transducers.

506-507.50*/ 
potentiometer selection. 501 
proxim ity sensors, 516 
range seniors. 513-515. 514/ 
resistive potentiometer. 499-502. 

499/
rotary potentiometer and ipnng 

loaded dram. 515. 51V 
smallAnedium-sized

measurement methods.
509-513 

strain gauges. 506, 507/ 
variable capacitance transducers 

504, 505/ 
variable inductance transducers.

505-506. SOty 
velocity

t/ansducer-accelenimeler 
output integration. 510-511 

Translational velocity 
accelerometer output integration. 

51*
basic considerations. 51* 
definition. 49* 
displacement measurement 

differentiation. 51* 
into rotational velocity. 51* 
system calibration. 51*



614 /ж4*дг

ultra son к  transducer», 333-334 
ultrasound. 333/

Transmitters
analogue vs. smart. 271-279 
fiber-optic. 252. 254. 254f  
intelligent temperature. '80 
programmable. 278-279 
u  signal processing dement. 6 
smart, 278-280 

Trigger level tw itch, analogue 
oscilloscope. 176 

Tngger «lope switch. analogue 
oscillaicopc. 176 

Triple puinti. 1П S lu lu * . 585 
True variance

bran rod calculation. 74 
bnct calculation. 75 

Tungsten-filament lamps. air path 
optical sensor». 525 

Tungsten thermocouples (Type CX 
characteristics. 559 

Turbine fiowmeien
banc characteristics. 438-439,456 
example. 438/

Turbulent fiow 
definition. 426 
thermal anemometer», 448 

Two-color pyrometer»
bask characteristic». J72-373 
example. 37i f  

Two-out-of-three voting system 
re liability calculation». 311 
safety system de«ign. 310-311. 

3IQT

Ultrasonic flowmeters 
basic characteristks, 442-446 
Doppler ih ifl w ith tran»il time 

flowmeter. 446 
Doppler shift type. 443-444,443/ 
intelligent flowmeter». 450 
open channel flowmeter». 449 
transit time type. 444-446. 445/ 

Ultrasonic level gauge 
example. Abbf 
interface positions. 467/ 
level measurement. 465-467 
level wnsor selection. 471

Ultrasonic receivers. piemekctnc 
transducers. 322 

(fltrascaic sensor
energy actirce/detociot-baaed 

range m uon , 514-515 
potenuometnc recorder.

186-187 
Ultraaonic transducer»

baaic characteristics, 332-339 
example. 333f 
noise effects. 337-338 

Ultrasound waves 
after emission. 337/ 
attenuation. 335-336 
directionality. 334, 33V  
and Doppler effect, 338-339. 

3 3 *
as range sensor. 336-337 
transmission speed. 333-334. 

333r
wavelength frequency

directionality. 335. 335/ 
Unchopped radiation pyrometers, 

bask characteristics. 371 
Undamped natural frequency.

second-order instrument.
32

User interface. LabVIEW V I. 118 
U-tube manometers

baak characteristics, 405-406 
calibration. 415.417 
calibration procedures. 420-421 
differential pressure

measurement. 413-414 
example. 406f 
McLeod gauge aa. 410-411

V
Vacuum gauge 

definition. 399 
electronic. 410 
low pressure measurement. 

408-409 
Vacuum pressure

low pressure measurement.
408-409 

pressure sensor selection. 415 
Variable area flowmeters

basic characteristics, 435-436
example. 43V

Variable capacitance transducers 
displacement measurement. 504 
examples. 505/

Variable conversion elements 
a.c bridge». 220-226 
bridge circuits. 208-226. 214/.

21V. 217/ 
bridge resistance. 226-229 
capacitance measurement.

229-230. 23QT 
commercial bridges. 226 
cunent measurement. 230-232. 

231/
d.c bridge resistance. 226-227 
deflection-type ax. bridge.

224-226. 22V
deflection type dx. bridge. 

210-218.211/ 
digital counter/tuner. 232-233. 

23У
DVM-twsed resistance 

measurement. 228 
electronic counterAimer.

236-237. 237/ 
frequency measurement.

232-236 
inductance measurement. 229.

22ty
Maxwell bridge. 222-224. 22V 
measuring instrument current 

draw. 215-218 
as measuring system elements, 

4-6
null-type impedance bridge. 221, 

22V
ohmmeter based resistance 

measurement. 228-229,
22V

oscillosope. 237-238 
phase-locked loop. 233-234.23V  
phase measurement. 236-238 
phase-seiuitive detector. 238 
resistancc-aubstitulion resistance 

measurement. 227 
voltmeter-ammeter resistance 

measurement, 227. 227/ 
Wheatstone bridge. 208-210. 

20ty. 218 
Wien bridge. 235-236. 23V 
Х -У  plotter, 237. 23V

J



Variable inductance displacement 
transducer 

accelerometers. 520 
hysteresis. 25-26 
vibration measurement, 523 

Variable inductance tranaducers 
displacement measurement.

505-506 
example. 506f 

Variable reluctance n u m . 320.
32ЧГ. 558 

Variable reluctance
tac'hnogeneratnr. 438-439 

Variable reluctance velocity 
transducers 

analogue output formx. 554 
baaic characteristics. 551-552 
example. 551/ 
frequency measurement, 232 

Variable resistance boxes. Maxwell 
bridge. 222 

Variable shutter sensor 
basic characteristics. 324 
example. 324f 

Variance 
brass rod calculation. 74 
brick calculation. 75 
calculation. 59 
chi-squared distribution. 71 
definition. 58
random error statistical analysis.

58-60
Varying amplitude output m olver.

baaic characteristics. 539 
Varying inductance, proxim ity 

sensors. 516 
Vary mg phase output resolver. basic 

characterixticx. 540 
Varying resistance devices 

overview. 362-366 
resistance thermometers.

363-364 
VCO. I r r  Voltage-controlled 

oscillator (VCO)
Velocity measurement 

accelerometer output integration. 
518

basic- considerations. 518 
displacement differentiation. 518 
system calibration. 518

translational into rotational 
velocity. 518 

velocity definition. 498 
Velocity transducers, w ilh

accelerometer output.
510-511 

Venturi lube 
basic characteristics. 434 
differential pressure meters. 430 
example. 43<y 

Vertical sensitivity control.
analogue oscilloscopes. 176 

V I. jr r  V irtual instruments (V I).
LabVIEW 

Vibrating cylinder gauge 
calibration. 417-418 
example. U * f  

Vibrating level sensor 
example. 47Of 
level measurement. 469 

Vibrating wue sensor 
example. 488/ 
force measurement. 487 

Vibration 
bask concept. 522-523 
measurement. 523-524. 524f 
sensor calibration. 525 
signal filte ring . 51 

Videographic- recorder.
measurement data. 190 

V irtual chan recorder, measurement 
data. 189-190 

Virtual instruments (V I). LabVIEW 
addition and subtraction V I. 114f 
case structure. 124-125. 125/ 
controls palette. 12i f  
data acquisition. 125-127 
function generation. 127-128. 

I * *
functions palette. 12V 
graphical programming. 118-121 
logic operations. 121-122. 123/ 
loops. 125-124. 12V 
overview. 118 
screenshot, 118/ 
thermometer example. 128f 
toolx palette. 120-121. 121/ 

Voltage 
accelerometers. 520-521 
active filters. 140-141

Imdex 615

analogue meters. 169-170 
analogue multimeter. 169 
apex balancing. 219 
BNC-2120 connector block. 127 
bridge circuit». 4 -6. 208. 210.

212.217. 225. 226-227 
capacitance measurement. 230 
clamp-on meters. 168-169 
commercial bridges. 226 
computers in measurement 

systems. 273 
current loop transmission. 247 
current measurement. 230-231 
dau recorders, 190-191 
diaphragms. 400 
d ig iu l meters. 162 
digital multimeters. 164 
dig ita l shaft encoder. 537. 538 
dig ita l transmissions. 260 
displacement sensor calculation. 

197
electrical transmission. 246 
electric circuits. 43-44. 43/ 
electromagnetic balance. 486.

4Щ  
fiber optics. 253 
float-type petrol tank level. 13 
flowmeters. 439-440. 440/ 
gyroscopes. 544 
Hal I-effect sensors. 321. 321/.

552
high-frequency signals. 170/ 
high-gain feedback. 49-51. SQf 
inductance measurement. 229 
inductive sensing. 551-552 
ionization gauge. 412 
U bVIEW . 121-122. 125 
linear inductosyn. 510 
LVDT.502
magnetic sensors. 319-320 
measurement error calculations. 

45
measurement signal display. 184 
measurement signal electrical 

transmission. 246 
moving coil meter. 166 
moving iron meter. 167 
nuclear sensors. 340 
ohmmeters. 228 
op-amps. 145
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Voltage (Continued) 
opposing input*, 49 
optical sensors, 330. 331-332 
oscilloscopes. 172. 173. 177-178 
phase measurement. 237. 237f  
photovoltaic device*. 325 
piezoelectric transducers. 322.

506-507. 50V
pneumatic transmission. 250 
potentiometers. 499. 530. 543 
proxim ity sensors. 516 
pyrometers, 371. 372 
radiotelemmetry. 259 
regression calculation*. 197 
resistance-substitution method. 

227
resolver. 538. 539. 540 
rogue data point*. 82 
safety systems. 308 
semiconductor devices. 366 
smart sensor calibration. 277 
strain gauge*. 324 
synchro. 540-541. 542f 
tachometer*. 553 
temperature measurement. 379.

380. 381.389 
thermocouples. 350 
transmission a*. 246 
transmission w ith a.c. carrier. 248 
turbine meter*. 438-439 
ultrasonic transducers. 332 
variable inductance transducer*.

505-506 
varying resistance device*.

362-363 
vibrating cylinder gauge.

417-418 
Wheatstone bridge. 208.211-212 
zero-order instrument. 28 

Voltage-control led oscillator 
(VCO). 233-234. 234/ 

Voltage to-current convenor, 
current loop interface.
247/

Voltage-io-frequency conversion 
digital voltmeter, 
characteristics. 164 

Voltage-to-frequency convenor 
example. 249/ 
radiotelemetry. 259

Voltage-measuring mstrumeat 
example. 5QT
with high-gain feedback. 50/

Vullage-to-time conversion digital 
voltmeter, characterise ics.
163

Voltmeter-ammeter method.
resistance measurement. 
227.227/

Voltmeters. %er alio D igital 
voltmeter (DVM ) 

analogue multimeter, 169. 169/ 
damp-on meter*. 168-169. 16V 
current measurement. 230-231 
High-frequency signal

measurement. 169-170 
moving coil meter. 165-166.166/ 
moving iron meter. 167-168.

167/
Wien bridge. 235-236 

Volts/div control, analogue 
oscilloscope. 176 

Volume flow  rate 
basic equation. 432 
calibration for gases 

bell prover. 456. 457/ 
compact prover. 456 
overview. 456 
positive displacement 

flowmeter*. 456 
calibration for liquids 

calibrated tank. 452. 453/ 
compact prover. 454-455.454/ 
gravimetric method. 455 
orifice plate, 455 
pipe prover, 452-454. 453/ 
positive displacement 

flowmeters. 455 
turbine meters, 456 

Coriolis meter. 448 
differential pressure meters.

430-435 
Doppler shift w ith transit time 

flowmeter. 446 
Doppler shift ultrasonic

flowmeters. 443-444, 443/ 
electromagnetic flowmeters.

439-441.44QT 
gate-type meter. 447 
instrument calibration. 452-456

intelligent flowmeter*. 449-450 
je t meter. 447
laser Doppler flowmeter. 447-448 
measurement. 429-449 
measurement w ith flu id  den&ity, 

429
obstruction device*. 43С/ 
open channel flowmeter*. 449. 

449/
orifice plate.. 431/. 43If. 433-434 
Pelton wheel flowmeter. 447 
pitot static tube. 434-435. 43У  
positive displacement

flowmeter*. 436-438. 437/ 
thermal anemometers, 448 
transit time ultrasonic flowmeter.

444-446. 445/ 
turbine meters. 438-439. 43Ц/ 
ultrasonic flowmeter*. 442-446 
variable area flowmeter*.

435-436. 4 3 ^
Venturis type devices. 434 
vortex-shedding flowmeter*. 

441-442.441/
Vortex-shedding flowmeters 

basic characteristics. 441-442 
example. 441/
fiber-optic pressure sensor*. 402. 

403/

w
Wavelength 

fiber-optic cable. 251-252 
intrinsic sensors. 330 
microsensors, 342 
narrow-band radiation 

pyrometers. 372 
optical pyrometer, 368-369 
optical wireless telemetry. 257 
primary reference standards.

108-109 
radiation pyrometers. 370-371 
radiation thermometer*. 366-367 
radio telemetry. 259 
range sensor*. 514-515 
standard meter measurement. 2 
thermal detectors. 369 
thermography. 373-374 
two-color pyrometer. 372 
ultrasonic ranging system. 336



ultrasound transmission. 339 
ultrasound

wavelength-frequency- 
directionality. 335. 335f 

Wavelength division multiplexing.
bask scheme. 256 

Weigh beams 
calibration. 493 
example. 4Н4/ 
mass measurement. 4*4~4*3 

Weighing insmunenis 
basic characteristics. 4*3-4*6 
beam balance. 483-4*4. 483/ 
electromagnetic balance. 486, 

486/
pendulum scale, 485-486. 485/ 
weigh beam. 484-4*5. 4 *4 / 

Weight definition. 47*
Weight measurement, u r  Mass 

measurement 
Weights, dead weight pressure 

gauge. 14 
Well-type manometen 

basic characteristics, 406-407 
example. 40f f

Wheatstone bridge 
characteristics. 208-210 
error analysis. 218-219 
example. 209/
example calculation. 211-212. 

21*
measurement accuracy.

226-227 
Pirani gauge. 410/

W hile loop. LabVIEW. 123-124 
Wien bridge 

example. 236/ 
frequency measurement.

235-236 
WinWedge. dau acquisition.

133
Wire-type gauges. « . m etal-foil 

type. 323-324. 323/ 
Wire-wound potentiometers.

displacement measurement. 
499-500 

Wolimann meter, bask 
characteristics. 439 

Working standard instruments 
definition. 107

national standards organizations. 
110

W oridFlP. digital fieldbus 
protocols. 2*6

X
X -Y  plotter, phase measurement.

237. 23i f

z

Z-distribution. u r  Standard 
Gaussian curve

Zero d rift 
calculation. 24. 25 
definition. 22 
disturbance effects. 23/ 
example cakulations. 25

Zero d rift coefficient 
calculation. 24 
definition. 23

Zero junction electromotive forces, 
thermocouples. 352

Zero-order instrument 
calculations. 30 
characteristics. 2*. 2 */
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resolution. 22 
sensitivity Ю disturbance.

22-25. 2У  
threshold. 22 
lotenncc. 20 

Instrument sensitivity. zero-older 
instrument. 2d 

Integrated circuits (Ю  
and microsensor*. 340-341 
semiconducti» devices. 366 
lempenlure transducer selection.

3*1-382 
transistor current gain 

calculations. 70 
Integrating gyroscope 

basic characteristics. MS-346 
«am ple. S4bf 

Intelligent devices. ie r also D ig iu l 
computation 

bus networks. 283 
communication, 280-287 
digital fieldbuscs. 285-287 
intelligent instruments. 274-276 
I/O interface. 281-282 
LANs. 283-285. 284/ 
overview, 265-266 
parallel data bus. 282-283 
ring nelwotks. 285 
smart sensors. 276-277 

accuracy. 277 
calibration. 277 
fault self-diagnosis. 277 
nonlmeanly. 277 

smatl transmitters. 278-280 
advantages. 279 
self-calibration. 279-280 
self-diagnosis and fault 

detection. 280 
transmitter comparisons. 

278-279 
star networks. 285 
types. 274-280 
varying amplitude output 

resolver. 539 
Intelligent flowmeters, basic

characteristics. 449-450 
Intelligent instruments 

as intelligent devices. 274-276 
level measurement. 470 
systematic error reduction. 52

Intelligent load cells, mass
measureaient, 482-483 

Intelligent pressure transducers 
basic characteristics. 412-413 
example. 41Ц  

Intelligent pyrometers, bask 
characteristics. 380 

Intelligent temperature measunng 
instruments, bask 
characteristks. 380-381 

Intelligent transmitters, srr Smart

Intensity control, analogue 
oscilloscope. 174 

Intensity-modulating fiber-optic 
sensors

basic characteristics. 327-328 
«am ple. 32V 

Interbus. d ig ita l fieldbus protocols. 
286

Interferometers
displacement measurement.

511-512 
«am ple. 511/

Internal triggering, analogue 
oscilloscope. 176 

International Electrotechnkal 
Commission (IEC) 

1EC60488. intelligent device 
parallel data bus. 282-283 

IE C 6I158. digital fieldbuses. 286 
IEC61508. safety systems.

308-309
International Practkal Temperature 

Scale (IPTS) 
reference temperature. 348 
temperature transducer 

calibration. 383 
Intrinsic fiber-optic sensors 

bask characteristics. 326-331 
example. 327/
temperature measurement. 378 

Intrinsk safety, safety systems.
307-308 

I/O  card. LabVIEW . 117 
Ionization gauge 

bask characteristics. 412 
calibration frequency. 419-420 
example. 411/ 
reference calibration. 418

IPTS, see International Practkal 
Temperature Scale (IPTS I 

Iron constantan thermocouples 
(Type I) , characteristks.
358 

ISO 9000
calibration documentation. 111 
calibration procedures. 106-107 
traceability. 109 

ISO/IEC 17025. standards 
validation. 108

le t meter, flow  measurement. 447

К
KtrchofTs current law. Bode plot.

138

L
LabVIEW 

dau acquisition
addition/subtraction V I. 119f  
case structure. 124-125. 125/,

12 bf
controls palette. 122/ 
definition. 115-116, 117-118 
function generation. 127-128.

124f
functions palette. 123/ 
graphical programming.

118-121 
logic operations. 121-122.

123/
loops. 123-124. 124/
N1 BNC-2120 connector Mock

127. 127/ 
process. 117/, 125-127 
screenshot. 118/ 
thermometer V I. 12 
tools palette. 120-121, 121/ 
typkal setup. 12V 
V I overview, 118 

signal processing 
active filters w ith op-amps.

139-141. I4<y 
analogue filters, 136-145,

146-147 
Bode plot. 13V 
breadboard. 141. 141/
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Lab VIEW (Continued)
circuit building. 141-142 
d ig iu l filtc n . 143-131. \*bf. 

147», 14V. НЧ/
electronic components.

142-143 
fille r w ith memory. 146 
higher-order digital filte n , 

130-131. 150/. 13V 
implementation. 148-150 
input averaging filte r.

145-146. 147/ 
op-ampa. 144-145. 144/. 145/ 
passive filters. 137-139. 137/ 
resiston, 142/. 143/ 
simple fille r calculations.

136-151 
structures subpalette. 149/ 

Laminar flow , definition. 426 
LAN. nee Local area netwotk 

(LAN)
Laplace transform. Bode plot. 138.

139
Large displacement measurement 

energy source/detector-based 
range senson. 314-315 

range sensors, 513-515, 514/ 
roury potentiometer and spring- 

loaded drum. 515. 51 i f  
Laser diodes 

air path optical senson. 325 
optical torque measurement. 489 

Later Doppler flowmeter, basic 
characteristics. 447-448 

Laser interferometer 
displacement measurement.

.311-312 
example. 511/

Laser methods, level measurement.
470

Laser printers, measurement data.
190

Law o f intermediate metals.
thermocouples. 352-353 

Law o f intermediate temperatures 
definition. 354-357 

Lead connections, as systematic 
error source. 47-48 

Least-iquares regression 
curve fitting . 200-201

example calculations. 197 
graphical dau presentation.

196-200 
LED. tee Light-em itting diodes

(LED)
Legislation, safety systems. 307 
Level measurement 

capacitive devices. 464-465.465/ 
dipsticks. 462. 46V  
float systems. 462-463 
hydrostatic systems, 463f  
intelligent instruments, 470 
laser methods. 470 
nucleonic senson. 468-469.

469/
pressure-measuring devices.

463-464 
radar senson. 467. 468f  
reflective level sensor. 471/ 
sensor calibration. 472-473 
sensor selection. 470-472 
ultrasonic level gauge. 465-467. 

46^
vibrating level sensor. 469. 47Of 

Level o f significance, chi-squated
distribution. 71-72. 73 

Light detectors 
a ir path optical senson. 325-326 
incremenul shaft encoders.

532-533 
Light-em itting diodes (LED) 

air path optical sensors, 325 
fiber-optic cables. 232 
intrinsic fiber-optic senson. 331 
proxim ity senson. 516 
thermography. 374 

Light sources 
air path optical senson. 325 
coded disc shaft encoder. 53V 
dipsticks. 46У
electromagnetic balance, 486. 

48V
extrinsic senson. 332 
fiber-optic pressure senson. 401 
fiber-optic transmitter. 252 
fotomc sensor, 512 
incremental shaft encoders.

332-333, 53V 
intrinsic fiber-optic senson. 327/ 
laser interferometer. 511

optical d ig iu l shaft encoder.
534-535 

optical senson. 324, 325, 325/.
549-551 

optical torque measurement. 
489

optical wireless telemetry. 237 
phase modulation. 330 
photoelectric pulse generation.

33QT 
range sensors, 515 

Linear displacements 
linear inductosyn. 510 
LVDT. 503-504 
into roury motion. 510 

Linear inductosyn 
displacement measurement.

509-510 
example. 509f 

Linearity 
deflection-type d.c. bridge.

214-215 
deflection-type instruments. 14 
as instrument static characteristic, 

20
null-type instruments. 14 
quart/ thermometer, 391 
resistive potentiometer. 501-502 
semiconductor devices, 366.

381-382 
thermocouples. 349-350 
varying amplitude output 

resolver. 539 
Linear least-squares regression.

graphical dau presentation. 
196-200 

Linear variable differential 
transformer (LVDT) 

accelerometers, 520 
bellows. 402
bim etallic thermometer. 376 
Bourdon tube. 403-404 
data recorders, 191

ф1505-506 
elastic force transducers. 479 
electronic load cell, 479 
example. 503/ 
hysteresis. 25-26 
proof ring-based load cell. 494
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translatioaal measurement 
transducer selection. 317 

vibration measurement. S23 
Line triggering, analogue 

oscilloscope. 176 
Line-type heat detector, basic 

construction. 361 
Liquid crystal display, digital 

storage oscilloscopes. 
177—178

Liquid crystals, as color indicator*.
380

Liquid gases, level measurement.
464-465 

Liquid-in-glass thermometer 
basic characteristics. 375-376 
calibration procedures. ЗП  
example. 375/ 
as indicating instrument. 16 
as primary sensor, 4 
temperature transducer selection. 

382 
Liquid levels 

calibration. 472 
capacitive sensors. 318-319 
dipsticks. 462 
float systems. 462-463 
level sensor selection. 471 
pressure-measuring devices.

463-464 
radar sensors. 467 
ultrasonic transducers. 332 
U-tube manometer. 417 
vibrating level sensor. 469 
well-type manometer. 406-407

Liquid/liquid interface, ultrasonic 
level gauge. 466-467. 467/ 

Liquid metals, level measurement.
464-465 

Liquid/precipitate interface.
ultrasonic level gauge. 
466-467 

Lisajous patterns 
examples. 235/ 
oscilloscopes. 234-235 

Load cells 
calibration. 494 
definition. 478 
elastic elements. 4ЖУ 
electronic balance based on, 481/

force measurement. 488 
mass measurement. 479-481 

Local area network (LAN) 
bus networks. 285 
digital ficldbuscs. 285 
intelligent device

communication. 281, 
283-285 

network protocols. 28V 
ring networks. 285 
star networks. 285 

Logic operations. LabVIEW.
121-122. 12У 

Logic unit. CPU. 267 
Look-up table, smart sensor 

calibration. 277
Loops

LabVIEW. 123-124. 124/ 
phase-locked. 233-234. 234f. 

469
Low-pass fille r, 

active. 14Of 
Bode plot. 138f 
Bullerworth design. 131 
example. 137/ 
function. 137 
op-amps. I4 y
systematic error reduction. 51 

l*ow-pmsure devices 
basic considerations. 408 412 
calibration. 415 
ionization gauge. 411/. 412 
McLeod gauge. 410-412.411/  
Pinint gauge. 410.4IQT 
selection. 415 
thetm islor gauge. 410 
thermocouple gauge. 409. 409f 

I.VDT. see Linear variable
differential transformer 
(LVDT)

M
Magnetic dig ita l shaft encoder.

bask characteristics. 538 
Magnetic field 

drag-cup tachometer. 554 
electromagnetic balance. 486 
electromagnetic flowmeters.

439-440. 44QT 
extrinsic fiber-optic sensors. 331

Hall-effect sensors. 321, 321/. 
552

intrinsic fiber-optic sensors. 330 
lead connections. 47-4* 
magnetic dig ita l «haft encoder. 

53®
measurement system elements

6
microsetuors. 340. 342 
moving co il meter. 165-166 
opposing input method. 49 
lesonani wire devices. 407-408 
temperature transducer 

calibration. 389 
Magnetic flowmeters 

basic characteristics. 439 
example. 440f 

Magnetic pressure transducer 
bask characteristics. 408 
differential pressure

measurement. 413-414 
sensor selection. 414-415 

Magnetic sensors, bask
characteristics. 319-321 

Magnetoresistors, microsensors 
342

Magnetostnctive tachometers, basic 
characteristics. 552 

Magnetotransiston. microsensorv
342

M aintainability, measuring
instrument selection. 8 

Mangamn wire pressure sensor.
high-pressure measurement 
412 

Manometers 
bask forms. 4Obf 
calibration. 415 
definition. 405-407 
inclined type, 407 
pressure measurement. 398 
pressure sensor selection, 

414-415 
U-tube. 405-406 
well-type manometers. 406-407 

Manufacturing tolerances.
distribution. 70-71 

Mass balance instruments 
bask characteristics. 483-486 
beam balance, 483-4*4. 483/
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Mau balance instruments 
(Continued) 

electromagnetic balance. 486.
•W

mass measurement. 479 
pendulum scale. 4X5 -4H6, 485/ 
weigh beam. 4*4-485. 484/ 

Mass definition. 478 
Мам flowmeters 

basic characteristics, 427 
calibration. 452
intelligent flowmeters. 449-450 

Mass flow  rate
basic considerations. 427-429 
conveyor-based methods. 427. 

427/
Coriolis flowmeter. 427-429, 

42V
thermal mass flow measurement. 

429
volume flow  rate-fluid density 

measurement. 429 
Mass measurement 

beam balance. 483-484. 483/.
493

definitions. 478-487 
electromagnetic balance. 486.

48^.494 
electronic load cell, 479-481, 

48Qf. 481/ 
hydraulic load cells. 481-482. 

4S2f
intelligent load cells. 482-483 
mass balance instruments.

483-486 
pendulum scale, 485-486. 485/.

. 494
pneumatic load cells. 481-482. 

481/
proof ring-based load cell. 494 
aensor calibration. 492-494 
spring balance. 486-487 
weigh beam. 484-485. 484/. 493 
weight equation. 478 

Mass value calculation. 70 
Matlab. Butter* onh filte r design.

158-159 
Maximum input hysteresis, 

instrument static 
characteristics, 25

Maximum output hysteresis, 
instrument static 
characteristics. 25 

Maxwell bridge 
characteristics. 222-224 
example. 22У  
example calculation. 223 

McLeod gauge 
basic characteristics. 410-412 
calibration. 415. 421 
example. 411/ 
reference calibration. 418 

Mean time between failures 
(MTBF) 

re liab ility  principles, 293 
re liability quantification. 294, 

297
software re liab ility . 302 

Mean time to failure (MTTF). 293 
Mean time to repair (MTTR). 294 
Mean time to replace (MTTR), 294 
Mean values 

definition. 57
digital storage oscilloscopes. 178 
Gaussian distribution. 63-64 
Gaussian distribution chi-squared 

test. 71,81 
linear least-squares regression. 

197
pilot static tube. 430-431 
random error statistical analysis.

56-58
and standard deviation. 58 
standard error o f mean. 68.93-94 

Measurement errors 
and calibration. 104-105 
electric circuit calculations, 45 
random, see Random errors 
sources. 40
systematic, see Systematic errors 

Measurement Foundry, dau 
acquisition. 132 

Measurement process 
historical background. I 
system disturbance from. 42-46 

Measurement system basics 
applications. 9-10 
closed-loop control system 

elements. 9f  
computer additions to, 273-274

design. 3-8 
elements. 4 -7. bf 
errors, see Measurement errors 
loading error quantification. 54 
primary sensor. 4 
signal processing elements. 6 
signal transmission element. 6 
signal utilization. 7 
variable conversion elements. 

4-6
Measurement uncertainty. 

see also Inaccuracy 
basic considerations. 40-42 
level sensor calibration. 473 
pressure-measuring devices. 

464
random error sources/treatment.

55-56
random error statistical analysis 

chi-squared distribution.
71-75. 7 y . 731 

frequency distributions. 60-63. 
6У

Gaussian distribution goodness
o f fit. 76-82.77/

Gaussian distributions. 63-65. 
65/

histogram example. 61/ 
manufacturing tolerance 

distribution. 70-71 
mean/median values. 56-58 
rogue dau poinu. 82-83 
single measurement error 

estimation. 69-70 
standard deviation and 

variance. 58-60 
standard error o f the mean.

68-69
standard Gaussian tables.

65-68. 66/ 
student t distribution. 83-88. 

85/. 85/. 8 #  87f  
small sensor fault self-diagnosis. 

277
systematic error aggregation 

basic considerations. 88-92 
error in difference. 90 
error in product. 90-91 
error in quotient. 91 
error in sum. 89-90

§
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multiple measurement tou l 
error, 92 

system components. R9-91 
systematic error qaanulicaiion 

basic considerations, 52-55 
mdtvidaal components. 53-54 
overall error calculation. 54-55 

systematic error reduction 
basic considerations, 48-52 
calibration. 48 
high-gam feedback. 49-51 
instrument design. 48 
intelligent instraments. 52 
opposing inputs. 49 
output reading manual 

correction. 51-52 
signal filtering. 51 

systematic error sources 
electric circuit measurement.

43-46.4У 
environmental inputs. 46-47 
instrument component wear.

47
lead connections. 47-48 
sources. 42-48 
system disturbance from 

measurement 42-46 
systematic-random error effect. 

88
Measurement units 

early units. 2-3 
pressure measurement. 398 
SI derived units. 51 
SI fundamental units. 41 
standard unit definitions. 31 

Mechanical gyroscopes 
basic characteristics, 544-547 
mechanical gyroscopes. 545/ 

Mechanical microaensors. basic 
function. 341 

Median values 
basic equation. 57 
random error statistical analysis.

56-58
Medium displacement measurement 

basic considerations. 509-513 
fotonic sensor. 512, 51У 
laser interferometer, 511-512, 

511/
linear inductosyn. 509-510. 509f

I incar-to-rotary translation. 510 
noncontactmg optical sensor.

513. 51У 
velocity transducer

accelerometer output 
integration. 510-511 

Memory, basic computer elements.
267.26Hf 

Memory address 
computer memory, 267-268 
computer program operation.

270
Mercury-in-glass thermometer 

for calibration. 384 
as primary sensor. 4 
system disturbance. 42 
temperature transducer selection. 

382
M eul-fo il gauges, v j.  wire-type,

323-324. 32У 
Metric system, as measurement 

units, 2-3 
Microaccelerometer 

bask function. 341 
example. 341/

Microbend sensor, pressure 
measurement. 402 

Microcomputers
automatic control systems, 15-16 
basic elements. 266-267, 267/ 
definition. 269 

Micromanometers 
calibration. 415.419 
centrigugal type. 419 f 

Micrometers 
calibration chain, 110. 1 IQf  
proof nng-baaed load cell, 494 

Microprocessor-based protection 
systems 

re liability calculations, 312 
safety system design. 310 

Microprocessors 
computer program operation.

269-270 
CPU as. 267 
definition. 269
digital phosphor oscilloscope. 

178
intelligent level-measuring 

instruments. 470

intelligent pressure transducers.
412-413 

potentiometnc chart recorders.
187

smart instruments. 16 
Microsensors

accelerometers. 521 
basic characteristics. 340-342 
capacitive pressure sensor, 401 
example. 341/
pressure measurement. 400-401 

Microwave sensors, level 
measurement. 467 

M illivoltm eter
analogue mechanism. 49f  
opposing inputs method. 49 

Modem. LAN protocols. 284 
M odifying inputs, see

Environmental inputs 
Monitoring functions, measurement 

system applications. 9 
M onolithic piezoresistive pressure 

transducers, basic 
characteristics. 400-401 

Monomode cables 
fiber optic. 252
intrinsic sensors, 326-327, 330 

Motion-sensing noz/le flapper, 
pneumatic transmission.
250

Moving average filte r 
definition. 146 
LabVIEW implementation. 

148-150 
Moving co il meter 

characteristics. 165-166 
example calculations. 170 
mechanism. I66f 

Moving iron meter 
example calculations, 171 
mechanism, 167/ 
overview. 167-168 

MTBF. see Mean time between 
failures (MTBF)

MTTF. see Mean time to failure 
(MTTF)

MTTR. see Mean time lo  repair 
(MTTR)

Multimode cables, fiber-optic, 252, 
254



600 Index

Multiplexing
fiber-optic signal transmission. 

231
fiber-optic transmission, 256 

M ultipoint strip chart recorder.
measurement data. IKK 

M ultivariable transmitten, set 
Smart transmitters

N
NAND gate, address decoding. 271. 

27 V
Narrow band radiation pyrometers 

basic characteristics. 372 
for calibration. 384 

National Bureau o f Standards 
calibration standards. 110 
standards validation, I OK 

National Instrument BNC-2120 
connector block 

characteristics. 127 
example. 127/

National Physical Laboratory 
calibration standards. 110 
standards validation. 108 

National reference standards 
calibration chain. 109 
calibration traceability. 112-113 
force sensor calibration. 494 

National standards organization.
standards validation. 108 

Negative errors 
curve fitting . 194 
random errors. 41. 56 

Newton’s laws, force equation.
478

Newtons per square inch, pressure 
measurement. 398 

Nickel/Molybdenum- 
nickel-cobalt 
thermocouples (Type M). 
characteristics. 358 

N icrosil-n isil thermocouples (Type 
N). characteristics. 358 

Noble metal thermocouples, 
characteristics. 358

Nodes
intelligent devices. 280-281 
LabVIEW implementation. 148 
U bVIEW  VI. 119. I2QT. 122

passive filters. 138 
ring/bus networks. 285 
star networks. 285 

Noise
a.c. earner transmission. 248 
accelerometer. 518, 558 
active filters. 140-141 
analogue filters. 136 
analogue meters. 165 
angular displacement 

measurement 
differentiation. 557 

Butterworth filte r design. 158 
from computers. 274 
cunent loop transmission. 247 
digital thermometers. 361 
digital transmissions. 260 
displacement measurement 

differentiation. 518 
electrical transmission. 246 
electronic counterAimer. 236 
extrinsic fiber-optic sensors.

331-332 
fiber-optic pressure sensors, 402 
fiber-optic temperature sensors. 

379
fiber-optic transmission. 250,253 
incremental shaft encoders. 534 
UbVIEW  filters. 150-151 
LANs. 283
lead connection. 47-48 
measurement system elements. 6 
microsensors, 341 
op-amps. 145 
optical sensors. 324 
optical wireless telemetry. 257 
oscilloscopes. 172 
passive fille rs. 137 
PC-based oscilloscopes. IK0 
pneumatic transmission. 250 
quartz thermometers. 377-378 
random errors. 41 
signal filtering. 5 1 
temperature transducer selection.

381
ultrasonic measurement systems.

337-338 
variable capacitance transducers. 

504
varying voltage transmission. 246

voltage-to-frequency conversion 
DVM. 164 

Noise rejection 
a.c. carrier transmission. 249 
dual-slope integration digital 

voltmeter. 164 
intelligent temperature-

measuring instruments. 380 
voltage-to-frequency conversion 

digital voltmeter. 164 
voltage-to-time conversion 

digital voltmeter, 163 
Noise signal generators. LabVIEW. 

148
Nonconducting substances.

capacitive devices. 464-465 
Noncontact devices, level sensor 

selection. 471 
Noncontacting optical sensor 

displacement measurement. 513 
example, 5 iy  
translational measurement 

transducer selection. 517 
Noncontacting ultrasonic sensor.

chart recorders. 186-187 
Noncontact techniques 

digital tachometers. 549 
level sensor selection. 471 
radar sensors, 467 
radiation thermometers. 382. 

390
ultrasonic level gauge. 465-466. 

474 
Nonlinearity 

analogue tachometers. 553 
deflection-type d.c. bridge. 212, 

213
as instrument static characteristic. 

20
smart sensor measurements, 277 

Nonsmart instruments, vs smart. 16 
Normal distributions, set Gaussian 

distributions 
Normal probability plot 

example. 77/
Ctaussian distribution goodness o f 

fit, 76 
Notched weigh beam 

example. AMf 
mass measurement. 484-485
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Nozzle flapper
displacement measurement,

507-509 
example. 508/
pneumatic load cells, 481 -482 
pneumatic transmission. 250 
translational measurement 

transducer selection. 517 
Nuclear mass-flow sensor, basic 

characteristics. 427 
Nuclear sensors, baaic

characteristics. 340 
NucIconic sensors, level

measurement. 468-469 
Null-type d.c. bridge 

characteristics. 208-210 
vs. deflection-type. 211-212 

Null-type impedance bridge 
characteristics. 221 
example. 221/

Null-type instruments 
for calibration. 104 
vs. deflection-type. 14-15 
as indicating instruments. 16 

Numerical indicators. LabVIEW 
VI. 118-119 

Numeric controls, LabVIEW VI.
118-119 

Nutating disk meter, flow 
measurement. 438 

N-version programming, software 
re liab ility . 306

О
Obstruction devices 

examples. 43Qf 
with intelligent flowmeters.

449-450 
onfice plate. 431/. 4 3 #  433-434 
pitot static tube. 434-435. 43У  
Venturis type. 434 
volume flow  rale. 430—435 

Offset removal, op-amps. 14V 
Ohmmeter 

example. 228/
resistance measurement. 228-229 

Ohm’s law
bridge circuit. 216. 217 
voltmeter -ammeter resistance 

measurement. 227

Op-amps, see Operational
amplifiers (Op-amps)

Open channel flowmeters 
basic characteristics. 449 
example, 449/

Open-topped vessel, level
measurement. 463-464, 
463/

Operational amplifiers (Op-amps) 
active niters. 139-141 
analog signal processing,

144-145 
analogue filters, 136, 143 
example. 144f  
offset removal and low-pass 

filtering, 145/
Opposing inputs method, systematic 

error reduction, 49 
Optical digital shaft encoder 

basic characteristics. 534-537 
example, 53^f 

Optical dipstick 
example. 462f  
level measurement. 462 

Optical gyroscopes 
basic characteristics. 547 
example. 547/

Optical incremental shaft encoder 
basic characteristics. 532-533 
example. 532f 

Optical pyrometer 
basic characteristics. 368-369 
calibration procedures. 389 
color indicators. 379 
example, 369 f 

Optical resolution, radiation 
pyrometer. 370 

Optical sensors
air path type. 325-326 
basic characteristics. 324-332 
distributed fiber-optic sensors. 

332
extrinsic fiber-optic sensors.

331-332 
fiber optic type. 326-332 
intrinsic fiber-optic sensors.

326-331, 327/ 
operating principles. 32V 

Optical tachometers, basic
characteristics. 549-551

Optical torque, measurement. 4KV 
49QT

Optical wireless telemetry 
modes, 257 
v i. radiotelemetry, 258 

Ordinary dipstick 
example. 462/ 
level measurement. 462 

O rifice plate
basic characteristics. 433-434 

455
differential pressure meters. 430 
example. 43<y 
flow acros. 431/ 
pressure variation pattern. 4 3y 
system disturbance. 42 

Oscillation 
accelerometers. 519-520 
instrument basics. 12 
pendulum scale. 486 
piezoelectric sensors, 332 
rotational acceleration. 559 
second-order instruments. 32—33 
signal filtering. 51 
synchro, 542-543 
vibrating cylinder gauge.

417-418 
vibrations. 522 

Oscillator am plifier, resonant wire 
device. 407/

Oscillators 
digital counterAimer system.

232-233. 23У, 237/ 
electronic counterAimer. 237 
piezoelectric, 444^46. 469.47Of 
proxim ity sensors. 516 
quartz thermometers. 377 
VCO. 233-234. 234/ 
vibrating level sensor. 469 
vibrating wire sensor. 487. 4НЯ/ 

Oscilloscopes 
analogue. 173-176 
bandwidth. 173/  
controls. 175/ 
d igital phosphor. 178 
d igital sampling. 179 
d igital storage oscilloscopes.

177-178. 177/ 
frequency measurement.

234-235
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«„men, signal display, IS4 

■ * w . 172-1*0 

. -»7- 23*
I  W *n I»**»'-

Ov.1 j.« r meter. По» nwasuirmcm. 
43#

pen,» as color indicator*. 379 
■ te rrie r chert recorder,

inca.survпк*nt data. 184 190 
par*I Li \-induced syslemalic error.

introduction. 41 
p^alle l component

and redundant у  301 
^ T f^ ia b il i iv .  299 

paralU I vt.ua bus
intelligent devices. 282-283 
LANs. 283

Pascal pressure measurement 198 
ftssne 1‘ liers

ba.su considerations. 137-139 
•a m p le .  1 <7/

Pawivi instruments 
v it  active. 12-14 
■M logue f illers. 136 
fcjreteresis. 25 -26  
as indicating instruments. 16 
pmsuie gauge example. I.У  

P -d.fl see Probability density 
К  function (p.d.f.)

IVItuo wheel flowmeter, basic 
Д  Characteristics. 447 

Pendulum scale 
«M iration. 494 
«am ple. 48y 
* « •  measurement. 485-486 

atrip chart recorder. 
^ ■ M e a s u re m e n t data. IK? |xs
«rfom unce  characteristics. set 

I  dynamic instrument
■  Characteristics: Static 

instrument characteristics
J » * *  noise. signal filtering. M 

m i) ,  capacitive devices 
^ ■ 3 1 8 . 4 6 5

computer-based
■  0eci1 W o p c .  overs le *  I H( l

Perturbations, random errors as. 
41.56

Petrol-tank level indicator 
es active instrument. 13 
example. I У  

Phase* locked loop 
example. 234/ 
frequency measurement.

233-234 
vibrating level sensor. 469 

Phase measurement 
basic considerations. 236-238 
electronic counterAimer.

236-237, 237/ 
oscilloscope. 237-238 
phase-sensitive detector. 238 
X -Y  plotter. 237.

23V
Phase modulation, intrinsic fiber­

optic sensors, 330 
Phase-sensitive detector 

phase-locked loop. 233-234 
phase measurement. 238 

Photocells 
air peth optical sensors. 325 
extrinsic fiber-optic sensors. 

331-332 
Photoconductive devices 

sir path optical sensors. 325 
nairow-band radiation 

pyrometers. 372 
Photoconductors, light detectors. 

325
Photodiodes 

air path opticel sensors. 325 
fiber-optic receiver, 253 
intelligent pressure transducers.

413,41V  
microsensors. 342 
noncontacting opticel sensor.

513,51У  
optical sensing. 549-551 

Photoelectric pulse generation.
techniques. 55Qf 

Photon detectors, rsdietion 
pyrometers. 370 

Photoresisiors. air peth opticel 
sensors. 325 

Photothermel effect, extrinsic fiber­
optic sensors, 332

Phototransistor* 
air path optical sensors. 325-326 
fiber-optic cables. 253 
opticel sensing. 54Ф-551 
proxim ity sensors. 516 

Photovoltaic devices 
sir path optical sensors. 325 
narrow-band redielion 

pyrometers. 372 
Piezoelectric crystal 

accelerometers. 520-521 
electronic load cell. 479-480 
ultrasonic transducers. 332 

Piezoelectric oscillators, vibrating 
level sensor. 469 

Piezoelectric pressure transducer 
basic characteristics. 408 
differential pressure

measurement. 413-414 
sensor selection. 414-415 

Piezoelectric sensors 
basic characteristics. 324 
extrinsic fiber-optic sensors.

332
Piezoelectric transducers 

basic characteristics. 322-323 
displecement measurement.

506-507 
volt age-time characteristic.

m
Piezoresistive pressure transducers 

basic characteristics. 400-401,
408

differential pressure
measurement. 413-414 

sensor selection, 414-415 
Piezoresistive sensors.

accelerometers. 520 
Piezoresistors, ecceleration 

measurement. 521 
PIN diodes, fiber-optic cebiev 253 
Pipe prover 

exemple. 453/
volume flow  rate calibration. 

452-454 
Pirani geuge 

basic cheracteristics. 410 
celibretion frequency. 420 
exemple. 4 1 Of 

Piston geuge. celibretion. 416-417
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Pilot static tube 
bauc characteristics. 434-435 
dilferential pressure meters.

430-431 
example. 4 3 y  

Plant re liability, definition. 304 
Plastic film  potentiometers.

displacement measurement. 
499-500 

Platinum bat. as measurement 
unit. 2

Platinum iridium  alloy, standard 
bat. 2

Platinum resistance thermometer 
(PRT)

extrinsic fiber-optic tensors.
331-332 

linearity. 213

calculation. 21 
temperature transducer selection,

381
Platinum thermocouples 

for calibntion. 384 
Type B. 359 
Type R. 359 
TypeS. 359 

P-net, digital fieldbus protocols, 
286

Pneumatic load cells 
example. 48 If 
mats measurement. 481-482 

Pneumatic transmission.
measurement signals, basic 
constderalioi». 250 

Pointer, indicating instruments. 16 
Point-to-potnt optical telemetry, 

definition. 257 
Polarization 

fiber-optic sensors. 343 
fiber-optic transmitter. 252 
intrinsic fiber-optic sensors. 326, 

330
laaer interferometer. 511 

Polishing, fiber-optic cablet. 253 
Polymeric film s, piezoelectric 

transducers. 322 
Polynomial least tquares

regression, graphical data 
presentation. 199-200

Positive displacement fiowmeters 
batic characteristics, 436-438.

455 
example. 43Tf
volune По* tale calibntion. 456 

Posl 11 ve errors 
curve fittin g . 194 
random errors. 41. 56 

Potentiometer pressure tensor 
bask characteristics. 408 
differential pressure

measurement, 413-414 
Potentiometers

bridge circuit apex balancing. 219 
carbon film . 499-500 
circular. 530. 531/ 
data recorders. 403-404 
float systems. 462-463 
helical. 530. 531/ 
induction type. 543 
plastic film , 499-500 
resistive. 499-502. 499f. 520 
rotary. 515
rotational displacement. 530. 

531/
■crvo-driven. 163-164. 186-1*7. 

1Г7/
wire wound. 499-500 
as /cro-order instrument. 28 

Potentiomctnc dig ita l voltmefer.
characteristics. 163-164 

Potentiometric recorder.
measurement data. 186-187 

Pounds per square inch, pressure 
measurement. 398 

Power spectral density, radiation 
thermometers. 366-367. 
367/

Precession, mechanical gyroscopes.
544 

Precision 
vs. accuracy, 19f  
as instrument static characteristic. 

18-19
Precision errors, set Random errors 
Pressure balance, calibration.

416-417 
Pressure gauge 

as analogue instrument. 15 
current measurement, 230-231

as deflection-type instrument.
14

electronic. 408 
hysteresis, 25-26 
inaccuracy calculation. 18 
passive example. I У  
zero d rift. 23 

Pressure measurement 
barometer reference calibration.

417
basic definitions. 398-399 
bellows. 402. 40.y 
Bourdon lube. 403-405. 404f  
calibration frequency. 419-420 
calibration procedures. 420-421 
capacitive pressure sensor. 401 
dead-weight gauge reference

calibration. 416-417.41^ 
diaphragms. 399-401. 40QT 
differential pressure-measuring 

devices. 413-414 
electronic pressure gauges. 408 
fiber-optic pressure sensors.

401-402, 403/ 
gold-chrome alloy resistance 

instruments. 418 
high-pressure. 412. 4 iy  
inclined manometer. 407 
intelligent pressure transducers.

412-413, 414/” 
ionization gauge. 41 [ f .  412. 418 
and level measurement. 463-464 
low-pressure. 408-412 
manometers. 405-407. 40V 
McLeod gauge. 410-412. 411/.

418
micromanometers. 419. 419f  
Pirani gauge. 410. 4 iq r 
reference calibration instruments,

416-419 
resonant wire devices. 407-408. 

407/
sensor calibration. 415-421 
sensor selection. 414-415 
thermistor gauge. 410 
thermocouple gauge. 409. 409/ 
units. 398
U-tube manometer reference 

calibration. 417 
U-tube manometers. 405-406



604  ImUx

Pressure measurement (Continued) 
vibrating cylinder gauge 

reference calibration.
417-418. 41 %f 

well-type manometers. 406-407 
Pressure thermometer 

basic characteristics. 377 
example. 375f  
pneumatic transmission. 250 

Primary reference standards 
barometers. 417 
calibration chain. 109f 
definition. I OR-109 
main instruments. 384 
national standards organizations. 

110
temperature measurement. 348 
volume flow  rate calibration. 456 

Primary sensor 
dig ita l thermometers. 380 
intelligent instruments. 274-275 
as measuring system element. 4 
self-calibration. 279-280 
strain gauges. 506 

Probabilistic terms 
random errors. 41 
re liab ility . 293 
re liab ility  quantification.

296-298 
standard errors. 68 

Probability curve 
definition. 62-63 
random error estimation. 69 
student t distribution. 84 

Probability density function (p.d.f.K 
62-63

ProfibOs. digital fieldbus protocols.
286

Programmable transmitters, smart 
transmitter comparisons. 
278-279 

Programming languages 
U bVIEW . 118-121 
software re liability. 306 

Prony brake 
example. 491/ 
hysteresis. 25-26 
torque measurement. 491-492 

Proof ring-based load cell, 
calibration. 494

Protective sheath, thermocouples.
357

Proxim ity sensors, displacement

PRT. see Platinum resistance 
thermometer (PRT)

Pulse code modulation, digital
transmission protocols. 260 

Pyrometers 
intelligent. 380
optical. 368-369. 369f. 379. 389 
radiation, see Radiation 

pyrometers 
m to. 372-373 
«elected waveband. 373 
««►color. 372-373. 3 7 y  

Pynm etrk cone», definition. .380

Q
Q factor 

calculation. 223
null-type impedance bridge. 221 

Quadratic least-squares regression, 
graphical data presentation. 
199

Quartz thermometers 
basic characteristics. 377-378 
calibration frequency. 387 
temperature transducer selection.

382

Radar sensors 
example. 468/ 
level measurement. 467 
level sensor selection. 471 

Radial magnetic fie ld , moving coil 
meter, 165-166 

Radiation pyrometers 
basic characteristics, 369-373 
broad-band. 371 
calibration. 385 
chopped, 371
fiber-optic temperature sensors.

378-379 
narrow band. 372 
selected waveband. 373 
two-color. 372-373. 373/ 

Radiation thermometers 
basic characteristics, 366-373

basic structure. 37Of 
calibration. 385 
calibration frequency. 387 
calibration procedures. 389 
optical pyrometer. 368-369. 369  ̂
radiation pyrometers. 369-373 
temperature transducer selection.

382
Radiometric sensors

level measurement. 468-469 
level sensor selection. 471 
radiation source. 469f  

Radiotelemetry
with FM/FM system. 258/ 
measurement signal transmission. 

245. 249. 253 
Radio wireless transmission, see 

Radiotelemetry 
RAM. see Random access memory 

(RAM)
Random access memory (RAM). 

268
Random errors 

chi-squared distribution. 71-75. 
7У. 73/

curve fitting  confidence tests. 200 
definition. 41
frequency distributions. 60-63,

Gaussian distribution goodness o f 
fit, 76-82. 77/

Gaussian distributions. 63-65 
histogram example. 61/ 
manufacturing tolerance 

distribution. 70-71 
mean/median values. 56-58 
rogue data points. 82-83 
single measurement estimation.

69-70 
smart sensors. 277 
sources and treatment. 55-56 
standard deviation and variance. 

58-60
standard error o f the mean. 68-69 
standard Gaussian curve. 65/ 
standard Gaussian tables. 65-68. 

66/

student t distribution. 83-88. 83/, 
85/, Щ . 87f  

with systematic errors. 88
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Range characteristic, definition. 20 
Range lensors 

energy source/detector-based.
314-3IS 

example. 31V
large displacement measurement.

513-315 
ultrasound as. 336-337 

Rale gyroscope 
basic characteristics. 555-557 
example. 55V 

Rate-integrating gyroscope 
baaic characteristics. 545-546 
example. 54V 

Ratio pyiuneten. basic
characteristics. 372-373 

Read-only memory (ROM) 
basic function. 268 
computet program operation. 

269-270 
Redundancy 

intelligent devices. 2*0 
and re liab ility . 301-302. 301/ 

Reference instruments, primary 
types. 384-3*6 

Reference junction 
nonzero temperature. 354-357 
thermocouples, 350 

Reference standards 
barometers. 417 
in calibration. 103 
calibration chain. 109. 109f 
calibration environment control. 

106
calibration Iraceabtlity. 112-113 
definition. 107. 108-109 
По» measurement calibration.

457
force sensor calibration. 494 
main instruments. 384 
mass calibration. 493 
national standards organizations. 

110
orifice plate. 455 
positive displacement meter.

455
pressure measurement 

calibration. 420 
pressure sensor calibration. 415 
reference instruments. 384

rotatunal accelerometer 
calibration. 558-559 

rotational displacement
transducer calibration. 549 

temperature measuretaent. 348.

calibration. 387-388 
translational measurement

transducer calibration. 517 
turbine meter. 456 
vibnting cylinder gauge.

417-418 
volume flow  rate calibration. 456 

Reflective level sensor 
example. 47 If  
level measurement. 470 

Refractive index 
fiber-optic cables. 251-252. 254 
intrinsic fiber-optic senson.

327-32*
Registers 

computer program operation. 270 
CPU. 267 

Regression techniques 
curve fitting  confidence tests. 

200-201 
example calculations. 197 
graphical dau preacnutton.

194-195 
linear least-squares regression.

196-199 
polynomial lean-squares 

regression. 199-200 
quadratic leasl-squares 

regression. 199 
R eliability, see alio Safety systems 

basic principles, 293-298 
bathtub curve. 295 
calculations. 299 
and calibration. 301 
complex system calculations.

299
complex systems. 298-299 
definition. 29J-306 
failure patterns. 295-296. 29i f  
improvement. 300-302. 301/ 
and instrument calibration. 301 
and instrument protection. 300 
and instrument selection. 300

calculations. 299 
measurrawm system

improvement. 300-302. 
301/

parallel components. 299 
probabilistic quantification.

296-298 
probability calculation. 297,

29#
protection system calculations.

311.312 
quasi-absolute quantification.

293-295 
and redundancy. 301-302 
■cries components. 298-299 
software. 302-306 
standby systems. 312 

Reluctance 
magnetic sensors. 319. 408 
variable reluctance sensors. 320.

32V. 558 
variable reluctance

uchnogcneralor. 438-439 
variable reluctance velocity 

transducers. 232. 551-552. 
551/. 554 

Repeatability 
as instrument s u lk  characteristic.

18-19 
smart transmitters. 279 

Reproducibiity. as instrument static 
characteristic. 18-19 

Resistance
analogue multimeter. 169 
apex balancing. 219-220 
basic considerations. 226-229 
deflection-type dx. bridge. 210 
w ith DVM. 22* 
electric circuit disturbance. 

4J-44
error in sum calculations. 90 
lead connections. 47 
with ohmmeier. 228-229. 228/ 
opposing inputs method. 49 
strain gauges. 324 
TMvenin's theorem. 215-216 
tolerance calculation. 20 
voltmeter-ammcter method. 227 
Wheatstone bridge. 208
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Resistance -substitution method,
227

Resistance temperalurr
characteristics, thermistors.
m

Resistance temperature device 
(RTD)

basic characteristics. 363-364 
computer-based data acquisition. 

116
Resistance thermometers

basic characteristics. 363-364 
for calibration, 384 
calibration frequency. 387 
calibration procedures. 388 
data recorders. 191 
extrinsic fiber optic sensors. 331 
fiber-optic temperature sensors. 

379
intelligent temperature 

transmitters. 380 
linearity. 213
metal characteristics. 363. 364/ 
resistive sensors. 319 
temperature transducer selection.

381
Resistive potentiometer 

accelerometers. 520 
displacement measurement.

499-502 
example. 499f 
potentiometer selection. 501

Resistive sensors, basic
charactenstics. 319

Resistors
acceleration measurement. 521 
active filters. 139 
analogue filters, 136. 142-143 
apex balancing. 219 
capacitance measurement. 230 
ceramic plate type. I4 y  
color-coding scheme. I4 y  
current transformers. 232 
diaphragms. 400-401 
electric circuit measurements. 43 
example calculations. 89-90 
examples. 143/ 
frequency modulation. 249 
magnetoresistors. .342 
Maxwell bndge. 222

measuring instrument current 
draw. 215 

op-amps. 144 
passive filters. 137 
photoresistors, 325 
semiconductor devices. 366 
shunting resistor. 166. 169 
tolerance. 20 
Wheatstone bndge. 208 

Resolution 
accelerometers. 520 
active vs. passive instruments.

13-14
beam balance. 483. 493 
Bourdon tube. 404 
chopped broad band radiation 

pyrometers. 371 
color indicators. 391 
computer monitor displays, 185 
contacting dig ita l shaft encoder.

538
digital data recorders. 191 
digital tachometers. 549 
eddy current sensors. 320-321 
feedback control system. 9-10 
fiber-optic temperature sensors.

379
incremental shaft encoders.

535-534 
and instrument cost. 8 
instrument selection. 7 
as instrument static characteristic. 

22
intrinsic sensors. 329 
UbVIEW  V I. 127-128 
laser interferometer. 511 
linear inductosyn. 509-510 
load cells. 482 
LVDT, 503-504 
magnetic digital shaft encoder.

538
narrow band radiation 

pyrometers. 372 
nozzle flapper. 507-509 
optical dig ita l shaft encoder.

534-535. 537 
potentiometeric recorder.

186-187 
quartz thermometers. 377-378, 

382. 391

radiation pyrometer. 370 
range sensors. 514-515 
rale gyroscope. 555 
resistive potentiometer. 499-500.

520 
resolver. 538
resonant wire pressure sensor.

407-408. 407/. 414-415, 
419-420 

rotary inductosyn. 543 
rotary potentiometer. 515 
rotational displacement

transducer selection. 548 
signal processing elements. 6 
synchro. 540 
system disturbance. 42 
thermography, 374 
thermopile. 361 
translational measurement 

transducer selection. 517 
ultrasonic ranging system.

336-337 
variable capacitance transducers. 

504
varying amplitude output 

resolver. 539 
vibration measurement. 523 

Resolvers
basic characteristics. 538-540 
varying amplitude output type,

539
varying phase output resolver. 540 
windings schematic. 539f 

Resonant frequency
coriolis flowmeter. 428-429 
force measurement. 487 
microsensors. 341 
quartz thermometers. 377. 391 
rate gyroscope, 556-557 
ultrasonic transducers. 333 
vibrating cylinder gauge.

417-418 
vibrating level sensor. 469 
vibrating wire sensor. 487 

Resonant pressure transducer, basic 
characteristics. 408 

Resonant wire devices 
basic charactenstics. 407-408 
calibration frequency. 419-420 
example. 407/
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Rev counter 
Ю d ig iu l instrument. 15 
example. i y  

Reynold's number, volume flow 
rate. 432-433 

K in* laser gyroscope 
has к  characteristics. 547 
example. 547/

Ring networks 
basic characteristics. 285 
LANs. 1Щ  

Rise time 
d ig ita l storage oscilloscope*. 

17*
oscilloscopes. 173 

Risk analysis
SIL determination. 309 

r.m.1.. see Rootmesnsquared
(M U .)

Rogue data points, random error 
statistical analysis. 82-83. 
93-94

ROM. see Read-only memory 
(ROM)

RocK-mean-squared (r.m.s.) 
moving iron meter. 168 
synchro. 541 

Root-sum-squares method, overall 
systematic error calculation.
54-55 

Rotameters 
basic characteristics. 435-436 
example, 4 3#

Rotary inductosyn 
bask characteristics. 543 
example. 544f  

Rotary motion 
from linear displacements.

510
linear inductosyn. 510 
nutating disk meter, 438 

Rotary piston meter 
example. 437/ 
flow  measurement. 437-438 

Rotary potentiometers 
examples. 53|/
large displacement measurement.

515
Rotational acceleration, definition. 

498

Rotational accelerometers 
basic characteristics. 558-559 
calibration. 559 

Rotational differential transformers 
basic characteristics. 531-532 
dau recorders. 191 
example, 531/ 
hystcresiv 25-26 

Rotational displacement transducer! 
bask characteristics. 530-549 
calibration. 549
circular potentiometers. 530,531/ 
coded disc shaft encoders.

534-53*. 53У  
contacting digital shaft encoder.

537-538 
differential transformers. 53 \ f  
displacement definition. 498 
gyroscopes. 543-547 
helical potentiometers, 530. 5 3 (/ 
incremental riia ft encoders.

532-534, 53У. 53У 
induction potentiometer. 543 
magnetic digital shaft encoder.

53*
mechanical gyroacopes. 544-547.

545/. 54# 
optkal d ig ita l shaft encoder.

534-537. 5 3#  
optical gyroscopes. 547. 547/ 
resolver. 538-540. 539f 
rotary inductosyn. 543, 544/ 
synchro, 540-543,541/. 54V  
transducer selection. 548-549 
varying amplitude output type.

539
varying phase output resolver.

540
Rotational motion transducers.

overview. 530 
Rotational velocity 

definition. 498 
from translational. 518 

Rotational velocity transducers 
accelerometer output integration.

551
analogue tachometers. 553-554,

553/, 554/, 555/ 
angular velocity measurement

differentiation. 557

bask characteristics. 549-558 
calibration. 558 
digital tachometer*. 549-552 
fiber-optk gyroscope. 557, 557/ 
induction tachometers. 531-532. 

551/
oiagnetostnctive tachometers.

552
optkal tachometers. 549-551 
гак gyroscope. 555-557. 55# 
stroboscopic methods. 552-553 
transducer selection. 558 

RS232 protocol
d igital storage oscilloscopes. 178
LANs. 2*3 
star networks. 285 

RTD. see Resistance temperature 
devke (RTD)

S
Safety integrity, definition. 309 
Safety integrity level (S IL). 309 
Safety systems, see also Reliability 

actuators and alarms. 313 
basic considerations. 308-309 
baste elements. 31 Of 
design. 309-313 
IEC6I508. 308-309 
installation practice. 308 
intrinsic safety. 307-308 
legislation. 307-313 
reliability cakulattotu. 311. 312 
standby system. 311-312. 311/ 
iwo-out-of-three voting system.

310-311 .3iqr
Scale factor d rift, see Sensitivity 

d rift
Sealed vessel, level measurement.

46У, 464 
Secondary reference standards 

calibration chain. 109f 
definition. 107. 108-109 

Second-order instrument 
characteristks. 31-33 
rate gyroscope. 555-556 
response characteristks. 3 3f 

Seger cones, definition. 380 
Selected waveband pyrometers, 

basic characteristks. 373
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Self-calibration 
smart sensors. 277 
smart transmitters, 274-280 
system re liab ility improvement. 

Э01
Self diagnosis

intelligent flowmeters. 449-450 
intelligent instruments. 276. 381 
smart sensor faults. 277 
smart sensors. 276 
smart transmitters. 279. 280 

Semiconductor devices
temperature measurement. 366 
temperature transducer selection.

381-382 
Semiconductor materials 

microsensors. 340 
piezoresist i ve sensors. 324 
strain gauges. 323-324 

Semiconductor strain gauges.
definition. 324 

Sensitivity
accelerometers. 519. 520 
analogue oscilloscope, 176 
analogue tachometers. 553 
bellows. 402
bim etallic thermometers. 376 
Bourdon tube. 404 
bridge circuit calculation. 217 
clamp-on meters. 168-169 
deflection-type d.c. bridge. 213. 

215
lo disturbance, 22-25 
electromagnetic balance. 486 
example calculations. 21 
fiber-optic receiver. 253 
first-order instrument. 29 
fluorescence-modulating sensors. 

330
high-gain feedback. 51 
inclined manometer. 407 
instrument design. 48 
instrument selection, 7 
as instrument static characteristic,

21-22
intelligent pressure transducers.

412-413 
intelligent temperature-

measuring instruments, 380 
LVDT, 503-504

measurement system elements. 6 
microsensors. 341 
moving coil meter, 165-166 
nozzle flapper. 507-509 
oscilloscopes. 172-173 
piezoelectric transducers. 507 
potentiometer calculations. 501 
pressure measurement. 402 
pressure sensor selection. 415 
radiation pyrometers. 371 
range sensor. 336-337 
rale gyroscope. 556-557 
rate-integrating gyroscope. 546 
resistive potentiometer. 500 
second-order instrument, 32 
thermistors. 365. 381 
thermocouples. 358 
thermopile. 361
ultrasonic level gauge. 466-467 
varying resistance devices,

362-363 
zero-order instrument. 28 

Sensitivity d rift 
calculation. 25 
definition. 22. 24-25 
environmental input errors.

46-47 
example. 23/ 
example calculation. 25 
smart transmitters. 279 
systematic errors. 41 

Sensitivity to disturbance 
example effect.*. 23/ 
as instrument static characteristic.

22-25 
Sensor technologies 

air path optical sensors. 325-326 
capacitive sensors. 318-319 
distributed fiber-optic sensors. 

332
extrinsic fiberop tic sensors, 

331-332 
fiber-optic sensors. 326-332 
Hall-effect sensors. 321. 321/ 
intrinsic fiber-optic sensors.

326-331. 327/ 
magnetic sensors. 319-321 
microsensors. 340-342. 341/ 
nuclear sensors. 340 
optical sensors. 324-332, 325/

piezoelectric sensors, 324 
piezoelectric transducers.

322-323 
resistive sensors. 319 
strain gauges. 323-324. 323/ 
ultrasonic measurement system 

noise. 337-338 
ultrasonic transducers. 332-339,

з з у
ultrasound and Doppler effect.

338-339, 339f 
ultrasound as range sensor.

336-337 
ultrasound transmission speed.

333-334, 333# 
ultrasound wave ancnuation.

335-336 
ultrasound wave directionality.

334, 334/ 
ultrasound

wavelength frequency 
directionality. 335, 335/ 

Series components, re liability.
298-299 

Servo-driven potentiometer 
basic system, 187/ 
characteristics. 163-164 
measurement data. 186-187

7 x 5 dot matrix, measurement 
signal display, 184, 184/  

Seven-segment character format.
measurement signal display. 
184, 184/

Shaft bearings, torque
measurement. 489-491,
49Qf

Shielding, measurement signal 
electrical transmission.
246

Shift register, UbVIEW . 124 
Shock

example calculations. 525 
measurement. 525-526. 525/ 
sensor calibration. 526 

Shunting resistor
analogue multimeter. 169 
moving co il meter. 166 

Side-by-side cells, electronic output 
displays. 184-185 

Sight tube, calibrated tank. 452
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Sigma-delta technique.
microscnsors. 341 

Signal am plification, measurement 
signal electrical 
transmission. 246 

Signal display 
basic considerations. 184-185 
character format*. 184f  
computer monitors. 185 
electronic output. 184-185 

Signal filtenng. systematic em ir 
reduction. 51 

Signal-output instruments, vs.
indicating instruments. 16 

Signal presentation unit, measuring 
system elements. 7 

Signal processing 
w ith Lab VIEW 

active filters with op-amps.
139-141. I4QT 

analogue filters. 136-145.
146-147 

Bode plot. 13У 
circuit building. 141-142 
digital filters. 145-151. 146/.

147/. 141y. \49f 
electronic components.

142-143 
filte r w ith memory. 146 
higher-order digital filters.

150-151. I5Qf. 151/ 
implementation, 148-150 
input averaging filte r.

145-146. 147/ 
op-amps. 144-145. 144/. 143/ 
passive fille rs. 137-139. 137/ 
resistors. 142/. 143/ 
simple filte r calculations, 

156-158 
structures subpalette. \A9f 

measuring system elements. 6 
Signal recording 

chan recorders. 185-190. 18bf, 
187/

circular chart recorder. 189, I89 f 
data acquisition. 116-117 
data measurement. 185-191 
digital data recorders. 190-191 
heated-stylus chart recorder. 188 
ink jet/laster printers. 190

instrument types, 190
Lab VIEW function generation.

127-128 
multiptnnt stnp chart recorder.

188
paperless chart recorder. 189-190 
pen strip chan recorder. 187-188. 

18V
videographic recorder. 190 

Signal-recording unit, measunng 
system elements. 7

basic considerations. 245-246 
digital transmission protocol. 260 
electrical transmission 

with a.c. carrier. 248-249 
basic considerations. 246-249 
current loop interface.

247-248, 247/ 
frequency-ю- voltage 

convenor. 249f  
as varying voltages. 246 
voitage-to-frequency 

convertor. 249f 
fiber-optic, 250-256 

alignment examples, 25Af 
cable cross section. 257/ 
cables and transducers, 251/ 
fiber optics principles.

251-253 
light transmission, 255/ 
multiplexing schemes. 256 
transmission characteristics, 

254-256 
measuring system element. 6 
optical wireless telemetry. 257 
pneumatic transmission. 250 
radiotelemetry. 25V 
telephone transmission. 261/

SIL. see Safety integrity level (SIL) 
Sing-around flowmeter, definition.

446 '
Single-ended input, analogue 

oscilloscopes. 175 
Single mode cables, fiber-optic, 

252.254 
SI units, see also Standard units 

definitions. 3 
derived. 5/ 
fundamental. 4/

Small displacement measurement 
considerations. 504 313 

toumic sensor, 512. S ly  
laser interferometer M1-SI2 

511/
linear inductosyn. 509-41 о 

50V
linear-to-rotary translation. Mo 
noncontacting optical sensor 

. 513. S ly  
velocity transducer

accelerometer output 
integration. 510-511 

Smart micmsensor. definition. 34| 
Smart vs погашал instruments 

16
Smart sensors 

accuracy. 277 
calibration capability. 277 
fault self-diagnosis. 277 
as intelligent devices. 276-277 
nonlineahty. 277 

Smart transmitters 
advantages. 279 
fault detection. 280 
as intelligent devices. 278-280 
self-calibration. 279-280 
self-diagnosis. 280 
transmitter comparisons.

278-279 
Snell's law. fiber-optic light 

transmission, 254 
Software re liability 

basic considerations. 4)2-3*16 
example calculations. 305 
improvement. 306 
quantification. 302-306 

Solar cells, definition. 325 
Solid levels 

capacitive devices. 464-465 
level sensor selection. 470. 472 
ultrasonic level gauge. 465-466 

Span, as instrument static 
characteristic. 20

Spectral content, passive filters, 137
Spectral lamps, national standards

organizations. 110 
Spring balance j

mass measurement. 478.
Prony brake. 491-192



.-loaded dmm. large
displacement measurement.

5U

25-26Spring*
hy«s*«s
„ „ 11. « . deflection-type 

instrument s 14 
Sundard bar. as early measurement 

m il. 2 
j  deviation 
rod calculation. 74 

calculation. 59 
definition. 58
Gaussian distribution chi-squated 

test. HI
random error statistical analysis.

5S-60 
rogue data points. 82 
standard error o f the mean, 68 
itudenl l  distribution. K4

error o f the mean, random 
errors. 6К-Л9 
d Gaussian curve 
pie. 6У
ii errors. 64-65 

rd Gaussian tables 
arror function 1аЫе. 66» 

errors. 65-68

r  alto Calibration 
104

ana certificate. 107 
tKMl chain. \<Ttf 
units, see alto SI units

_____  /lions, i t
si; units. i 

Standards laboratones. inslmmcnl 
I  calibration chain. 1117. 11 w/ 

Sundbv system 
« •a b ility  calculations. 4 2  
“ *е>У system design. I l l  312.

S1V
StareKworls

b“ K characteristics. 285 
LANs. 284f

^ ■ b s t r u m r n i charactenstics 
•■"»>'> and inaccuracy. 17 Is 
* * ? " ' '  "  precision. 14/ 
T ” * ’ 1" 1' issues. 1J- U

26. 27/

environmental input error*,
46-47 

hysteresis. 25-26. 26/  
linearity, 20
measurement sensitivity. 21-22 
output characteristic. 21/ 
overview, 17-26 
precision, repeatability.

reproducibility, 18-19 
range/span. 20 
resolution. 22
sensitivity to disturbance, 22-25.

2У 
threshold. 22 
tolerance. 20 

Static lensitivity 
first-order instrument. 29 
rate gyroscope. 556-557 
secood-order instrument. 32 

Statistical analysis, random errors 
chi-squared distribution. 71-75.

72f, 73/ 
frequency distributions. 60-63. 

6У
Gaussian distribution goodness o f 

fit, 76-82. 77/
Gaussian distributions. 65-65 
histogram example. 61/ 
manufacturing tolerance 

distribution. 70-71 
mean/median values. 56-58 
rogue data points, 82-83 
single measurement estimation.

64-70
standard deviation and variance. 

58-60
standard error o f the mean. 68-69 
standard Gaussian curve. 65f  
standard Gaussian tables. 65-68. 

66/

student t distribution. 83-88. 85/. 
85/. 8 #  87/

Step index cables, definition. 256 
Strain data 

graphica presentation. 193/ 
tabular presentation. 191, 192/ 

Strain gauge bridges 
dau recorders. 191 
pressure sensor selection.

414-415

Strain gauges 
accelerometers. 520 
basic characteristics. 323-324 
data recorders, 191 
diaphragm pressure sensor.

400
displacement measurement. 506, 

507/ 
examples. 323/ 
and instrument design. 48 
as primary sensor. 4 
torque measurement. 489f  

Stress dau 
graphica presenution. 193/ 
tabular presentation. 191. 192/ 

Strip chart recorders 
example. 188/ 
measurement data. 187-188 

Stroboscopic methods. roUtionaJ 
velocity transducers.
552-553 

Student t distribution 
area. 86/. 87f  
definition. 83-84 
example curve, 85/ 
random error analysis. 83-88 
values table. 85/

Sturgis rule 
frequency distributions. 60-63 
Gaussian distribution chi-squared 

test. 78
Synchro-resolver, see Resolvers 
Synchros

basic characteristics. 540-543 
sutor voluge waveform. 54У  
transmitter transformer pair. 

54У
windings schematic. 541/ 

Systematic errors 
aggregation

basic considerations. 88-92 
error in difference. 90 
error in product. 90-91 
error in quotient. 91 
error in sum. 89-90 
m ultiple measurement total 

error. 92 
with random errors, 88 
separate measurement system 

components. 84-91
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quantification
basic considerations. 52-53 
individual components. 55-54 
overall error calculation. 54-55 

reduction 
basic considerations. 48-52 
calibration. 48 
high gain feedback. 49-51 
instrument design. 48 
intelligent instruments. 52 
opposing inputs. 49 
output reading manual 

correction. 51-52 
signal filtering. 51 

sources 
definition. 41 
disturbance from 

measurement. 42-46 
environmental inputs. 46-47 
instrument component wear. 47 
lead connections, 47-48 
overview. 42-48 

System disturbance 
electrical circuits. 45-46, 43/ 
error quantification. 54 
output reading manual correction. 

51-52
as systematic error source. 41. 

42-46
Systemes Internationales d unites. 

see SI units

Tabular dau presentation 
baaic considerations. 191-192 
example. 192/

Tachometers 
a.c. tachometer. 554. 554/ 
analogue. 553-554. 553/. 554/.

555/
<tc. tachometer. 553. 553/. 558 
d ig ita l. 549-552. 550/. 551/ 
drag-cup. 554. 5 5 #  558 
Hall-effect. 552 
induction type. 551-552, 551/ 
magnetostrictive. 552 
optical. 549-551 

Tank gauge
level measurement. 462-463 
level sensor calibration. 472

Target meter, flow  measurement.
447

Telecommunications Industry 
Assoc lation/Elcctronic 
Industries Alliance (Т1А/
E l A ). 283 

Telemetry 
optical wireless. 237 
radiotelemetry. 238-259. 25Н/ 

Telephone transmission, example. 
261/

Temperature coefficient 
connecting leads. 47 
continuous thermocouple. 362 
fiber-optic temperature sensors. 

378
gold-chrome alloy resistance 

instruments. 418 
instrument design considerations.

48
intrinsic sensors. 329 
method o f opposing inputs. 49 
piezoelectric device. 479-480 
resistive potentiometer. 500 
strain gauges. 323-324 
thermistors. 364-365 

Temperature compensation, 
ultrasonic level gauge. 
466-467 

Temperature control systems, 
measurement system 
applications. 9-10 

Temperature measurement 
basic considerations. 348-349 
bim etallic thermometer. 376 
broad band radiation pyrometers. 

371
calibration considerations.

383-389
calibration frequency. 386-387 
calibration procedures. 387-389 
calibration reference instruments.

384-386
chopped radiation pyrometers. 

371
color indicators. 379-380 
continuous thermocouples.

361-362 
fiber-optic temperature sensors.

378-379

intelligent temperature
measuring instruments.
380-381 

Iiquid-in-glass thermometers.
375-376 

materials state changes. 380 
narrow band radiation 

pyrometers. 372 
optical pyrometer, 368-369. 369f 
pressure thermometers. 377 
quartz thermometers. 377-378 
radiation pyrometers. 369-373 
radiation thermometers.

366-373. 37QT 
resistance thermometers.

363-364 
selected waveband pyrometers. 

373
semiconductor devices. 366 
thermal expansion methods.

373-377. 37У  
thermistors. 364-366 
thermocouples 

basic characteristics. 349-362 
compensating leads. 352 
definition. 349-362 
digital thermometers. 361
e.m.f. junctions. 351-352,353/
e.m. f.-temperature 

relationship. 349 
example. 351/ 
example calculations. 354,

355. 356 
extension leads. 350-351.351/ 
law o f intermediate metals.

352-353 
manufacture. 360 
manufacturing materials.

349-350. 35QT 
nonzero reference junction 

temperature. 354-357 
protection. 359-360 
sheath materials. 360r 
thermopile. 361. 361/ 
types. 357-359 

thermocouple tables. 354. 355 
thermography. 373-374. 314/ 
transducer selection. 381-382 
two-color pyrometers. 372-373. 

313/
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Temperature measurement 
{Continued) 

varying resistance devices.
362-366 

Terminal. LabVlEW V I. 119 
Thermal anemometers, flow 

measurement. 44#
Thermal detector*, radiation 

pyrometers. 369 
Thermal expansion devices 

basic concept. 375-377 
examples. 375/ 
liquid-in-glass thermometers.

375-376 
pressure thermometers. 377 
temperature transducer selection.

382
Thermal expansion methods.

bim etallic thermometer. 376 
Thermal imaging, see 

Thermography 
Thermal mass flow  measurement 

basic considerations. 429 
instrument calibration. 452 

Thermistor gauge
calibration frequency, 420 
low pressure measurement. 410 

Thermistors
basic characteristics. 364-366 
calibration frequency. 387 
data recorders. 191 
intelligent temperature 

transmitters, 380 
resistance-temperature 

characteristics. 365/ 
resistive sensors. 319 
temperature transducer selection. 

381
Thermocouple gauge 

calibration frequency. 420 
example. M19f
low pressure measurement. 409 

Thermocouples
basic characteristics. 349-362 
for calibration. 384 
calibration frequency. 387 
calibration procedures. 389 
compensating leads. 352 
continuous. 361-362 
data recorders. 191

definition. 349-362 
digital thermometers. 361
e.m.f. junctions. 351-352. 353/
e.m.f.Hemperature relationship,

349 
example. 351/
example calculations. 354, 355. 

356
extension leads. 350-351. 351/ 
as first-order instrument. 29 
intelligent temperature 

transmitters. 380 
law o f intermediate metalv 

352-353 
manufacture. 360 
manufacturing materials.

349-350, 35QT 
nonzero reference junction 

temperature. 354-357 
as primary sensor. 4 
protection. 359-360 
sheath materials. 360r 
temperature transducer selection.

381
thermopile. 361. 361/ 
types. 357-359 

Thermocouple tables 
definition. 354 
example calculations. 355 

Thermoelectric effect sensors, tee 
Thermocouples 

Thermography 
basic system. 374/ 
overview, 373-374 

Thermometers
bim etallic. 373/. 376. 382. 387 
for calibration. 384 
dig ita l. 361, 380 
gas. 384. 387 
lead connections. 47 
liquid-in-glass. 4. 16, 375-376, 

37y . 382, 388 
measurement sensitivity 

calculation. 21 
mercury-in-glass. 4 .42. 382. 384 
platinum resistance (PRT). 21, 

213, 331-332, 381 
pressure. 250, 375/. 377 
as primary sensor. 4 
quartz. 377-378. 382. 387

radiation, see Radiation 
thermometers 

resistance, see Resistance 
thermometers 

system disturbance. 42 
Thermopile 

calibration frequency. 387 
definition. 361 
example. 361/ 
intelligent temperature 

transmitters. 380 
TW venin's theorem 

bridge circuit. 21 bf 
electric circuit disturbance.

43. 4 У  
measuring instrument current 

draw. 215 
Threshold

electronic counterAimer. 236 
as instrument static characteristic. 

22
LabVlEW logic operations. 

121-122 
proxim ity sensors. 516 
rogue dau points calculations. 82. 

83
safety system design, 309 
ultrasound range sensor. 336-337 
voltage-to-frequency convertor. 

249f
TIA /E IA . see Telecommunications 

Industry Association/ 
Electronic Industries 
Alliance (TIA /E IA )

Tune base circuit, analogue 
oscilloscopes. 176 

Time/div switch, analogue 
oscilloscope. 176 

Tolerance
apex balancing. 219-220 
bridge circuit error analysis.

218-219 
electronic load cells. 480-481 
error analysis. 218-219 
error in sum calculations. 89-90 
1EC61508. 309
as instrument static characteristic.

20
manufacturing tolerance 

distribution. 70-71

t



re liability. 293 
resistor*. 143/

Torque measurement
buic considerations. 488-492 
high-gain feedback. 49-31 
induced «rain. 488-489. 4891 
apica l kirquc. 489. 49V 
Prony brake. 491-492. 491/ 
neiuor calibration. 492-494 
shaft bearing reaction forces. 

489-491. 49QT 
Totr. pressure measurement. 398 
Touch icreens. measurement dau 

display. 183 
Traceabiliiy 

calibration. 107-110 
calibration documentation.

112-113 
calibration environment control. 

106
definition. 109 
flow  rale calibration. 437 
force sensor calibration. 494 
mass calibration. 493 
velocity measurement system 

calibration. 318 
Trade regulation, measurement 

system applications. 9 
Training procedures, calibration 

documentation. 112-113 
Transducers

calibration error calculations. 53 
displacement. 25-26, 322,479, 

520
fiber Optics principles. 251/ 
HART. 281 
hysteresis. 25-26 
intelligent pressure. 412-413, 

41V
magnetic pressure. 408. 413-415 
as measuring system element. 

4-6
m onolithic piezoresistive 

pressure. 400-401 
piezoelectric. 322-323.506-507. 

50#
piezoelectric pressure. 408,

413-415 
psezoresiitive pressure. 400-401. 

408.413-415

resonant pressure. 408 
rogue data point calculations. 83 
rotational displacement, ire  

Rotational displacement 
transducers 

rotational motion, 530 
translational displacement, set 

Translational displacement 
transducers 

ultrasonic. 332-339. 333\f 
variable capacitance. 304. 50V 
variable inductance. 505-506.

50V
variable inductance

displacement. 25-26, 520. 
523

variable reluctance velocity.
551-552. 55 |/. 554 

velocity. 510-511 
rem -order instrument 

calculations. 30 
Transformers 

>jC. current. 231 
clamp-on meter. 168-169 
current transformers. 231.

231/
d.c. transformer. 231 
d iffe rentia l, 320. 548. 549 
hysteresis. 25-26 
LV D T, s tr  Linear variable 

differential transformer 
(LVDT) 

rotational differential. 25-26. 
191. 531-532.531/ 

T ransition
analogue fille rs. 136 
current gain calculations. 70 
magnelotransisiors. 342 
phntotiansision. 233. 325-326.

516. 549-551 
semiconductor devices, 366.

381-382
T ransit time ultrasonic flowmeter 

basic characteristics. 444-446 
w ith  Doppler shift flowmeter.

446 
esample. 445/ 
fu ll system setup. 44V 

Translational acceleration, 
definition. 498

displacement definition. 49X 
transducer calibration. 517 
transducer selection. 516-517 

Translational displacement 
transducers 

basic characteristics. 498-517 
energy aouice/delector-bascd 

, range sensors. 514-513 
fotonic sensor. 512, 5 iy  
large displacement measureme nt 

313-515 
laser interferometer. 511-512.511/ 
linear inductosyn. 509-510. 50ч/ 
hnear-lo roury translation 310 
linear variable differential 

transformer. 505-506 
noncontacting optical sensor.

513. 31V 
nozzle flapper. 507-509, 508/ 
piezoelectric transducers.

506-507. 50V
potentiometer selection. 501 
proxim ity sensors. 516 
range sensors. 513-515. 51V 
resistive potentiometer. 499-502, 

49V
roury potentiometer and spring 

loaded drum, 515, 515/ 
small/mediumsi/csl

measurement methods.
309-513 

strain gauges. 506. 507/ 
variable capacitance transducers.

504.50V
variable inductance transducers. 1 

505-506. 50V 
velocity

transducer -accelerometer 
output integration. 510-511 I 

Translational velocity
accelerometer output integration, 1 

518
basic considerations. 518 
definition. 498
displacement measurement 

differentiation. 518 
into rotational velocity. 51* 
system calibration. 518

Translational displacement
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№ »duccrs. 333-334 
ultrasound. 333/

Tw»m«Kr'  „ „  ,,, .
„u lr .-u r  M. sman, 278-279 
£ ! , ! * * .  252. 254. 25V 
.„tr ll.g e " ' « Р ^ 3* ПI programmable. 278-279
as signal processing element, 6 
m a t. 278-280 

i  Trigger level switch, analogue 
oscilloscope. 176 

Trigger slope switch. analogue 
oscilloscope. 176 

Triple point*. IPTS listing. 383
B vue  variance

brass rod calculation. 74 
"I bnck calculation. 75 
■ L^u a -fila m e nt lamps, air path 

optical sensors. 325 
^Itoig*en thermocouples (Type C).

characteristics. 359 
Turbine flowmeters

l^ u r characteristics. 438 434. 456
I example. 438/

TWtHiloni flow 
j |  definition. 426

thermal anemometers. 448 
_ -color pyrometers 

basic characteristics. 372-373 
mple. 373/

^ k o -o u t-o f three voting system 
Itlia b ilii) calculations. 311 
Mfety system design. 310 -311.
I зну

u
U tnso im  flowmeters

basic characteristics. 442 446 
Ih p file r shift w ith transit time 

flowmeter, 446 
t o  shift type, 443-444,44.3/ 
*fent flowmeiers. 450 

4 * * t  channel flowmeters. 44V 
•« is it  “ ™e type, 444 446. 445/ 

Wtonnnic level gauge 
“ ample 4щ  

■ • " fa te  positions 467/
* * « l meaaurement. 4Л5 467 
* vel sensor selt-Liion 14

Ultrasonic receiver», piezoelectric 
transducers. 322 

Ultrasonic sensor
energy sourve/deteclor-ba.sed 

range sensors. 514-515 
potentkxnetric recorder.

186-187 
Ultrasonic transducers

baaic characteristics. 332-339 
example. 333/  
noise effects, 337-338 

Ultrasound waves 
after emission. 337f  
attenuation. 335-336 
directionality. 334, 334/ 
and Doppler effect, 338-339.

339f
as range sensor. 336-337 
transmission speed. 3.33-334. 

333»
wavelength-frequency-

directionality. 335, 335» 
Unchopped radiation pyrometers.

baste characteristics, 371 
Undamped natural frequency,

second-order instrument.
32

User interface. U bVIEW  V I. 118 
U-tube manometers

basic characteristics. 405-406 
calibration. 415,417 
calibration procedures. 420-421 
differential pressure

measurement. 413-414 
example. 406/
McLeod gauge as. 410-411

Vacuum gauge 
definition. 399 
electronic. 410 
low pressure measurement.

408-409 
Vacuum pressure 

low pressure measurement.
408-409 

pressure sensor selection. 415 
Variable area flowmeters

basic characteristics. 435-436 
example, 43V

Variable capacitance transducers 
displacement measurement. 504 
examples. 505/

Variable conversion elements 
a.c. bridges. 220-226 
bridge circuits. 208-226. 214/.

21 i f . 217/
bridge resistance. 226-229 
capacitance measurement.

229-230. 23QT 
commercial bridges. 226 
current measurement. 230-232. 

231/
d.c bridge resistance. 226-227 
deflection-type a.c. bridge.

224-226, 224f  
deflection-type d.c. bridge. 

210-218,211/ 
d ig ila l counterAimer. 232-233. 

23У
DVM-based resistance 

measurement. 228 
electronic counter/timer,

236-237. 237/ 
frequency measurement.

232-236 
inductance measurement. 229.

229 f
Maxwell bridge. 222-224. 222f 
measuring instrument current 

draw. 215-218 
as measuring system elements. 

4-6
null-type impedance bridge. 221, 

221/
ohmmeter-based resistance 

measurement. 228-229.
22

oscillosope. 237-238 
phase-locked loop. 233-234.234/ 
phase measurement. 236-238 
phase-sensitive detector. 238 
resistance-subRtttuUon resistance 

measurement. 227 
voltmeter -ammeter resistance 

measurement. 227. 227f  
Wheatstone bridge. 208-210.

209/. 218 
Wien bridge. 235-236. 23bf 
X -Y  plotter. 237, 238/
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Variable inductance displacement 
transducer 

accelerometers. 520 
hysteresis. 25-26 
vibration measurement. 52} 

Vanable inductance transducers 
displacement measurement.

505-506 
eum ple. 50V  

Vanable reluctance sensors. 320.
32QT. 558 

Variable reluctance
tachnogenerator. 438-439 

Variable reluctance velocity 
transducers 

analogue output forms. 554 
basic characteristics. 551-552 
example. 55\ f  
frequency measurement. 232 

Vanable resistance boxes. Maxwell 
bridge. 222 

Vanable shutter senior 
basic characteristics, 329 
example. 324/

Variance 
brass rod calculation. 74 
brick calculation. 75 
calculation. 59 
chi-squared distribution. 71 
definition. 58
random error statistical analysis.

58-60
Varying amplitude output resolver.

bask characteristics. 539 
Varying inductance, proxim ity 

sensors. 516 
Varying phase output resolver, bask 

characteristics. 540 
Vaiying resistance devices 

overview. 362-366 
resistance theimometen.

363-364 
VCO, set Voltage-controlled 

oscillator (VCO)
Velocity measurement 

accelerometer output integration. 
518

bask considerations. 518 
displacement differentiation. 518 
system calibration. 518

translational alto rotational 
velocity. 518 

velocity definition. 498 
Velocity tranadacers. with

accelerometer output.
510-511

Ventun tube 
basic charactenslics. 434 
differential pressure meierv 4JO 
example. 43Of 

Vertical sensitivity control.
analogue oacilloarapes. 176 

V I, set V irtual aistraments (V I), 
LabVlEW 

Vibrating cylinder gauge 
calibration. 417-418 
example. 418f  

Vibrating level sensor 
example. 47Of 
level measurement. 469 

Vibrating wire sensor 
example. 4 8 y

Vibration 
basic concept. 522-523 
measurement. 523-524. 52V 
sensor calibration. 525 
signal filte ring , 51 

V ideographic recorder.
measurement data. 190 

Virtual chan recorder, measurement 
data. 189-190 

V irtual instruments (V I). LabVlEW 
addition and subtraction V I. I \4f 
case structure. 124-125. 12У 
controls palette. 12V 
data acquisition. 125-127 
function generation. 127-128.

129 f
functions palette. 123/ 
graphical programming, lllt-1 2 1  
logk operations. 121-122. 12У 
loops. 123-124. 12V 
overview. 118 
screenshot. I IV  
thermometer example. 12V 
tools palette. 120-121. 12^ 

Voltage 
accelerotneten, 520-521 
active filte rs. 140-141

analogue meters. 169-170 
analogue multimeter. 169 
apex balancing. 219 
BNC-2120 connector Ыоск. 127 
bridge с ran ts. 4-6, 208. 210,

212.217. 225. 226-227 
capacitance measurement. 230 
clamp-on meters, 168-169 
commercial bridges. 226 
computers m measurement

systems. 273 
cunent loop transmission. 247 
current measurement. 230-231 
dau recorders. 190-191 
diaphragms. 400 
d ig iu l meters. 162 
d ig iu l multimeters. 164 
digital shaft encoder. 537. 538 
d ig iu l transmissions. 260 
displacement sensor calculation.

197
electrical transmission. 246 
electric circuits. 43-44, 4i f  
electromagnetic balance. 486.

48 V
fiber optics, 253 
float-type petrol lank level. 13 
flowmeters. 439-440, 44Of 
gyroscopes. 544 
Hall-efTect sensors. 321. 321/.

552
high-frequency signals. 17V 
high-gain feedback. 49-51. 5Of 
inductance measurement. 229 
inductive sensing. 551-552 
ionization gauge, 412 
LabVlEW, 121-122. 125 
linear inductosyn. 510 
LVDT. 502
magnetic senson. 319-320 
measurement enor calculations.

45
measurement signal display. 184 
measurement signal electrical

transmission. 246 
moving co il meter. 166 
moving iron meter. 167 
nuclear seniors. 340 
uhmmeters. 228 
op-amps. 145
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Voltage (Continued) 
opposing inputs. 49 
optical sensor*. 330. 331-332 
oscilloscopes. 172. 173. 177-178 
phase measurement, 237, 237/ 
photovoltaic devices. 323 
piezoelectric transducers. 322.

506-507. 508/ 
pneumatic transmission. 250 
potentiometers. 499. 530. 543 
proxim ity sensors. 516 
pyrometers. 371. 372 
radiotelemmetry. 259 
regression calculations. 197 
resistance-Mjbstitution method.

227
revolver. 538. 539. 540 
rogue data points. 82 
safety systems. 308 
semiconductor devices. 366 
smart sensor calibration. 277 
strain gauges. 324 
synchro. 540-541. 5 4 ^ 
tachometers. 553 
temperature measurement. 379, 

380. 381, 389 
thermocouples. 350 
transmission as. 246 
transmission with a.c. carrier. 248 
turbine meters. 438-439 
ultrasonic transducers. 332 
variable inductance transducers.

505-506 
varying resistance devices.

362-363 
vibrating cylinder gauge.

.  . 417-418 
Wheatstone bridge. 20Я. 211-212 
zero-order instrument. 28 

Voltage-controlled oscillator 
(VCO). 233-234. 23Af 

Voltage-to-current convertor, 
current loop interface.
247/

Voltage-to-frequency conversion 
digital voltmeter, 
characteristics. 164 

Voltage-to-frequency convertor 
example. 249f 
radiotelcmetry. 259

Voltage-measuring instrument 
example. 5Qf
with high-gain feedback. SOf 

Voltage-to-time conversion digital 
voltmeter, characteristics, 
163

Voltmeter-ammeter method.
resistance measurement, 
227.227/

Voltmeters, see also D igital 
voltmeter (DVM ) 

analogue multimeter. 169. 169f 
clamp-on meters. 168-169, 168/ 
current measurement. 230-231 
high-frequency signal

measurement. 169-170 
moving co il meter. 163-166. \fibf 
moving iron meter. 167-168. 

167/
Wien bridge. 235-236 

Volts/div control, analogue 
oscilloscope. 176 

Volume flow  rate 
basic equation. 432 
calibration for gases 

bell prover. 456, 457/ 
compact prover. 456 
overview. 456 
positive displacement 

flowmeters. 456 
calibration for liquids 

calibrated tank. 452. 45У  
compact prover. 454-455.454f  
gravimetric method. 455 
orifice plate, 455 
pipe prover. 452-454, 453/ 
positive displacement 

flowmeters. 455 
turbine meters. 456 

Coriolis meter. 448 
differential pressure meters.

430-435 
Doppler shift w ith transit time 

flowmeter. 446 
Doppler shift ultrasonic

flowmeters. 443-444, 443/ 
electromagnetic flowmeters.

439-441. 44QT 
gate-type meter. 447 
instrument calibration. 452-456

intelligent flowmeters. 449-450 
je t meter. 447
laser Doppler flowmeter. 447-448 
measurement, 429-449 
measurement w ith flu id  density. 

429
obstruction devices, 43<y 
open channel flowmeters, 449, 

449/
orifice plate. 431/. 4 3 #  433-434 
Felton wheel flowmeter. 447 
pitot static tube. 434-435. 43У 
positive displacement

flowmeters. 436-438. 437/ 
thermal anemometers. 448 
transit time ultrasonic flowmeter.

444-446. 44У  
turbine meters, 438-439, 438f  
ultrasonic flowmeters. 442-446 
variable area flowmeters, 

435-436. AMsf 
Venturis type devices. 434 
vortex-shedding flowmeters. 

441-442.441/
Vortex-shedding flowmeters 

basic characteristics. 441-442 
example. 441/
fiber-optic pressure sensors. 402. 

403/

w
Wavelength 

fiber-optic cable. 251-252 
intrinsic sensors. 330

narrow-band radiation 
pyrometers. 372 

optical pyrometer. 368-369 
optical wireless telemetry. 257 
primary reference standards.

108-109 
radiation pyrometers. 370-371 
radiation thermometers. 366-367 
radio telemetry. 259 
range sensors. 514-515 
standard meter measurement. 2 
thermal detectors. 369 
thermography. 373-374 
two-color pyrometer. 372 
ultrasonic ranging system. 336
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ultrasound transmission. 339 
ultrasound

wavelength-frequency- 
duectionality. 335. 335# 

Wavelength division multiplexing.
basic scheme. 256 

Weigh beams 
calibration. 493 
example. 484/ 
mass measurement. 484-485 

Weighing instruments
basic characteristics. 483-486 
beam balance. 483-484. 48V 
electromagnetic balance. 486. 

48tf
pendulum scale. 485-486. 485/ 
weigh beam. 484-485. 4К4Г 

Weight definition. 478 
Weight measurement, tee Mass 

measurement 
Weights, dead weight pressure 

gauge. 14 
Well-type manometers 

basic characteristics. 406-407 
example. 40^

Wheatstone bndge 
characteristics, 208-210 
error analysis. 218-219 
example. 20ф
example calculation. 211-212. 

218
measurement accuracy, 

226-227 
Pi rani gauge. 41Qf 

While loop. LabVlEW. 123-124 
Wien bndge 

example. 23<? 
frequency measurement. 

235-236 
Win Wedge, dau acquisition.

133
Wire-type gauges, vj. metal foil 

type. 323-324. 323/
Wire-wound potentiometers.

displacement measuremen 
499-500 

Woltmann meter, basic
characteristics. 439 

Working standard instruments 
definition. 107

national standards organizations. 
110

WorldHP. digiul fieldbus 
protocols. 286

X
X-Y plotter, phase measurement.

237, 2Щ

Z
/  distribution, see Standard 

Gaussian curve
Zero dnfl 

calculation. 24. 25 
definition. 22 
disturbance effects. 23f 
example calculations. 25

Zero drift coefficient 
calculation. 24 
definition. 23

Zero junction electromotive forces, 
thermocouples. 352

Zero-order instrument 
calculations. 30 
characteristics. 28. 28Д

ar.


