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UACTb |
PNINHECKUME OCHOBbI MEXAHUWKW

FMTABA |
KMHEMATUNKA TOYKWU

§ 1. MartepranbHass Touka. CuCTeMbl OTcYeTa

OThen MexaHuKMW, W3y4alLlnii ABMKEHUE MaTepuanbHbIX
Ten B MNPOCTPAHCTBE W BpemMeHu 6e3 pacCMOTPeHWA Bbl3bliBatO-
WMX 3TO ABUXEeHUe B3aUMOLENCTBUIA, HOCUT Ha3BaHWe KUHE -
MaTUKN.

[Buxyueeca Teno obnagaeT onpefeneHHbIMU pasmepaMmy —
MPOTAXXEHHOCTbIO B NpocTpaHcTBe. Camo ABMXKEHME TakXe Mpo-
MCXOAUT B KaKOW-TO 4acTh MNPOCTPaHCTBa, pasMep KOTOPOi
Mbl Ha30BeM MacwTabom pABUXeHMUA. Tak, Hanpumep,
Hawa 3emns npegctaBnseT coboil wap, AuameTp KOTOPOro
*/712 000 kM. Ob6pauiascb Bokpyr CosiHua, 3emMns LBUXETCH
Mo MNoYTW KPyrosoi opbuTe, gnameTp KOTopoi (macwTab fgBu-
XeHnsa) D»300 OOO0Q0 kM. lMpu TakoM OrpoMHOM MacluTabe
OBVXKeHUs, Korga MPOTSYKEHHOCTb CamMOro 3eMHOro Lapa
N NpouCXopsLLMe B HEM NPOLLeCChl MPaKTUYECKN He CKa3biBalTCH
Ka XapaKTepe ero fBUXeHMWs no opbuTe, 1 3eMI0 MOXHO B 3TOM
[OBWXXEHUN paccmaTpuMBaTb KAK MaTepuabHY O TOUKY.
Boobue, MaTepnanbHOA TOYKOW Mbl 6yaem HasbiBaTb Teo, pas-
Mepbl KOTOPOro npeHebpe kMo Masbl N0 CPaBHEHUI0 C MacllTa-
6amun aBU>KEHUS.,

MoHATMe MmaTepuanbHOW TOYKM ecTb Hay4yHas abcerT-
pakuwusa. Boga 3aTo noHATWe, Mbl abcTparupyemcs (oTBne-
Kaemcs) OT BCEX HECYLWECTBEHHbIX [N [aHHOT0 [BUXEHUSA
CBOICTB Tefla, Kak, Hampumep, ero pasMepoB, CTPOEHUS, U3Me-
HEHWIA BHYTPEHHEro COCTOSIHMA, He TOBOPA YXe O MeHee cylie-
CTBEHHbIX €ro xapakrtepuctukax. Cnegyet ykasaTb, YTo BoobLe,
BBOASA abCTpakTHble MOHATMA, B HayKe OTBJIeKalTCA OT BCeX
CBOWCTB Tef, HECYLLECTBEHHbIX A1 pacCMaTpMBaeMoro fBfeHUS,
ynpouias, Takum obpasom, 3ajavy WU KOHUEHTPUPYS BHUMaHue
Ha Tex CBOWCTBax Tef, KOTOpble NPefonpefensatoT XapakTep
M3y4yaeMoro sBMEHWUS.



BBefeHHOe MOHATME MaTepuanbHOl TOYKM OKa3blBaeTcs no-
Ne3HbIM W NpU PacCcMOTPeHWW MPOTSHKEHHbIX Ten. Hanpumep,
npu CyTOYHOM BpallleHWM 3eMAn BOKPYr CBOeil ocuM MacliTab
OBMXXEHUS 0Ka3blBaeTCsH CPaBHWMbIM C pasMepoM Tena, 1 3emsto
B 3TOM [ABMWXEHWW Y)XKe Henb3f paccMaTpuBaTb Kak matepuanb-
Hyl0 TOYKy. OAHaKO B 3TOM C/ly4ae Mbl MOXEM MbICNEHHO pac-
UneHUTb 3eM/K0 Ha OTAeflbHble 4acTu, pasMepbl KOTOPbIX Masbl
MO CPaBHEHMIO C MaclwTabammn X ABVXKEHUSA, T. €. Ha OTAeNbHble
mMaTepuanbHble TOUKU. 3HAA ABVXKEHWe BCEX 3TUX MaTepuanbHbIX
TOYEK, Mbl TEM CaMbIM Oyfem 3HaTb W BVKEHWE BCe UX COBO-
KYMHOCTW, T. €. 3eMHOr0 LWapa, pacCMaTpMBaeMoro B KauyecTBe
CUCTeMbl MaTepuanbHbIX TOYeK.

N3yuaa 6onee nofpo6HO BHYTPEHHME CBOMCTBA KOHKPETHbIX
Tes, Mbl MOXeM MNPUIATW K NOHATWUIO TBEPLOro Tena Kak CUCTeMb
>KECTKO CBA3AHHbIX Me>XKAy C000i MaTepuanbHbIX TOYeK; ynpy-
roro Tena Kak CUCTEMbl TOYEK, CMOCOBHbLIX K HeBOMbLWMUM OTHO-
CATENbHbIM CMELLEHUAM; ra3a Kak CUCTeMbl HECBA3AHHbIX, CBO-
604HO [BMOKYLLIUXCA MaTepunanbHbiX Touek. Bce 3TM MNoOHATUSA
TakXke ABNATCA NPUOAVDKEHUAMM K [eACTBUTENbHOCTM, ab-
cTpakumaMmu. C NOMOLLbIO TakMX abCcTpakuMii MOXHO W3YUnTb,
Hanpumep, fAaBfeHWe rasa Ha CTeHKM cocyfa, B KOTOPOM OH
3aK/0YeH, HO HeNb3s 06BbACHUTb, MNOYEMY paCKafieHHbI ras
cBeTMTCA. [na oTBeTa Ha nocnefHuii BOMPOC NpuUAETCH OTKa-
3aTbCA OT NpeAcTaBfeHWs O TOM, YTO atOM rasa ecTb mMaTepu-
anbHas To4yka, W BbIATM 3a npegenbl o0bnacTu ABAEHWUR, M3y-
YaeMbIX B MeXaHUKe.

Takum 06pasom, [ABMXKEHWE B MeXaHuKe paccmaTpuBaeTcs
Kak nepemelleHne 0TAeNbHbIX MATepPUanbHbIX TOYEK UNN CUCTEM
MaTepuanbHblX TOYEK B MPOCTPAHCTBE C TEYEHNEM BPEMEHMN.

Haweli nepBoil 3ajavein sABAAETCA W3y4YeHMWE KUHEMaTude-
CKUX XapaKTepUCTUK [ABWKEHUS OfHON MaTepuanbHOW TOUKM.
Kak MOXHO KO/MYeCTBEHHO 0XapaKTepn3oBaTb MNOJIOXKEHWUEe TOY-
KW B MpocTpaHcTee?

Onpefenatb MONOXEHMWE TOUYKM «NO OTHOLUIEHUHD K MYCTOMY
MPOCTPaHCTBY» HEBO3MOXHO M (PU3MyYeckn 6GeccCMblC-
NeHHO. MOXHO onpegenaTb MonoXxeHue n060ro Tena, B TOM
ynucne M MaTepuanbHOW TOUKW, UL NO OTHOLIEHMIO K APYromy,
NMPOU3BO/IbHO BbIGPAaHHOMY MaTepuanbHOMY Teny, Ha3blBaeMoMy
TenomMm oTcyeTa. BbibpaHHOe Takum 06pa3om Teno yCnos-
HO CUMTAeTCd HenopBMXXHbIM. CBA3bIBag C 3TUM Te/NoM
NPOW3BOMIbHYIO CUCTEMY KOOPAWUHAT, Mbl MOAYYUM CUCTEMY
oTcuYeTa MONOXKEHWUA MaTepuanbHOW TOUKM.

Ha puc. 11 um3obpaxeHa npocTeiwas NpAMOyronbHas cu-
cTema KoopguHat OXYZ. MonoxeHne To4kn M B 3TOIR cucteme
XapakTepusyeTcs Tpems KOOpAuHaTamu, KoTopble 0603HaueHbl
yepes x — abcuucca, y — opauHaTa M z — anniukKara TOYKK



M(X,y, r). 9T Tpu OTpe3Ka ABAAKTCA MPOeKLMAMU paguyca-
HekTOopa OM — 1, NpoBefeHHOro 13 Hayana KOOpAWHAT B TOUKY
M (r). BmecTo KoopAWHaT X, Y, Z PagUyC-BEKTOP T MOXHO Xapak-
Tepn3oBaTb B MPOCTPAHCTBE W MHaye, Hanpumep 3ajaBas ero
L/VHY T W 4Ba yrna: v Mexay pagnycom-BeKTOpOM I u ocbio OZ
n ¢ mMexay npoekumeir r Ha nnockocTb XY u ocbto OX, Kak 3To
MoKasaHo Ha 4yepTexe. Bo Bcex cny4vasx npu pasnnyHoMm Bbibope
CUCTEM OTCYETa PaguyC-BEKTOP T U MOMIOXKEHWE TOYKW B MPO-
CTPaHCTBE XapaKTepu3ylTCA KOMMYECTBEHHO TPEMSA 4ucnamu,
KOTOpblE MOTYT MEHATbCA He3aBUCMMO APYr OT Apyra.

JT0 ABNAETCA MaTemMaTUYEeCKUM OTPaKeHMeM TOoro ¢akra,
YTO MPOCTPAHCTBO TpeXMepHO. [MOCKONbKY TPU BENYWHBI,

XapakKTepusyioLime NnosioXXeHne TOUKW B NPOCTPAHCTBE, B3aUMHO
He3aBMCWMbI, FOBOPAT, 4YTO MaTepuanbHas Todyka o6najaeT
rpems cTeneHsMu cBO6OAbI.

Ecnu maTepuranbHasi TOUKa [ABUXKETCS, TO €e MOJIOXKEHMe
B MPOCTPAHCTBE C TEYEHWEM BPEMEHU MEHsieTcs, T. €. paguyc-
BEKTOP T WKW, YTO TO XK€, TPWU BEAUYUHBI X, Y U T SABASAKOTCS
(YHKLUUSAMU BPEMEHU:

r=r (/), (1.1)
nmoéo v

x=x(0, )

=) | e

COBOKYMHOCTb MOCNeA0BaTe/IbHbIX MONOXKEHUNA, 3aHUMAaeMbIX
TOYKON M B mpouecce ee ABWKEHUS, 06pa3yeT B MPOCTPaHCTBE
JIMHWIO, Ha3blBaeMYH) TpPpaeKTOpPUEN [BUKYLEACA TOYKN.
11a puc. 1.2 wn3obpaxeH OTPe30K TpaekTopuu. B Kakoii-To
MOMEHT BpeMeHM J1 Touka M 3aHMMaeT Ha TPaeKTOpPUM MOI0XKe-
Hve Mi, xapakTepusyemoe pajuycom-sekTopom OMi=ri.
B crnegytowwnini MOMeHT /I, cnycTs MPOMEXYTOK BpemeHu [/=
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= s2—1\, Touka M 3aHMMaeT Ha TPaeKTOPUU HOBOE NOJSIOXKEHUE,
M2, xapaktepusyemoe pagumycom-sektopom OMu=IT. [yra
M\M2=ks npu 3ToM npeacTaBnsier cob6oii NyTb, NPOAAEHHbIV
TOuykoii M 3a Bpemsa At.

BekTop MUWr— /Ir, NpoBefeHHbI U3 HayanbHOrO MOM0Xe-
HUA M\ B KOHeYHOe MonoXeHUe M2, Ha3biBaeTCA BEKTOPOM nepe-
MelLeHns Toukn M 3a Bpems At. Mpu NpAMONUHEAHOM [BUXe-
HUM abcontoTHas BelMUMHA BEKTOpa nepemelleHus |Arj paBHa
nytn As. B obLem cfiyyae, Kak 3TO BUAHO U3 pUCYHKa, |Ar| n As
He COBMAajaloT, HO pasnuve Mexpay HUMKM TeM MeHbllUe, Yem
MeHblle Ar. O4eBMAHO, YTO MPW NPOW3BOALHOM KPUBOJSIMHEAHOM
OBVXEHUMN paBeHCTBO |Ar|=As cobnwpgaetca nuwb B npegene
oS 6eCKOHEYHO Manoro NPOMeXxyTka BpemMeHW, T. e. Korga
Or-~0:

lim— =1 (1.3)
JIr-O |r|
M3 puc. 1.2 BugHo, 4to
l2=n 4-Ar,
nnm
Ar= r2—n, (1.4)

T. €. BEKTOpP MNepeMelleHNs paBeH TFeoMEeTPMYECKO pasHOoCTK
pafuyCcoB-BEKTOPOB KOHEYHOro M HayasbHOr0 MOMOXKEHUA TOUKM;
3TOT BEKTOP MpejcTaBnseT coboi npupalieHne pafunyca-BeKTo-
pa ” XapakTepusyeT W3MeHeHWEe MOM0XeHUd Touyku M B npo-
CTpaHcTBe 3a Bpemsa At.

§ 2. CKOpOCTb M YCKOPEHWE MPOU3BOSIbHO ABVKYLLEACH TOUKU

TpaekTopus W nepeMeleHne SBASIOTCA /Wb YUCTO reo-
METPUYECKUMMN XapaKTepUCTUKAMMW ABWXEHUS. [1Ba pasfMuHbIX
LBWKEHUS, AN KOTOPbIX OLHO U TO )Xe nepemelieHue Ar co-
BEPLUMIOCL 33 pPasHble MPOMEXYTKM BPEMEHM, TeoMeTpPUYecKu
O[MHAKOBbI, HO KWHEMATWYEeCKW COBEPLUEHHO pPa3NUYHbl. 3ITO
pasnume XapakTepusyeTcs Pas/IMUHOW GbICTPOTON W3MEHEHMS
MONMOXEHWUS TOYKMW, OMpefeNsiemMoil OTHOLIEHUEM

ir=VcP (2.1)

BekTop v(p HasblBaeTcsi CpefHeNn CKOPOCTbLH ABU-
XeHna Touykum 3a Bpems At. Ero uyucneHHoe 3HauyeHue

|[v,p|=-" ecTb CKOpPOCTb TakKOro pPaBHOMEpPHOro W MpAMoNu-



neiiHoro ABUXEHUA,(NPU KOTOPOM TOY-
ki M nepewsa 6bl "3 MONOXKEHUA M\
W nonoxenne M2 3a TOT e MPOMeXy-
Tok BpemeHu At, 3a KOTOpPbIA MPOM30-
wno ee UCTUHHOE KPWBO/MHEHOE [BU-
xeHue no gyre M'My. (puc. 1.3). Bek-
rop vcp, Kak 1 Bektop [r, HanpasneH
no cekyuieidi M\M2.

Mepexopa K npegeny gna 6ecko-
HEYHO Ma/loro MpPOMeXyTKa BpemeHu
(\/->-0), Mbl nonyyMMm BeKTOp M C-
TUHHONW, WM MIHOBEHHOMW CKOpPOCTM B TOU-
Ke Mu1:

v=lim vcp= lim— —471-. (2.2)

MocKonbKy ceKylias B npejene cobnagaeT ¢ KacaTe/lbHOW,
ro BEKTOP CKOPOCTW V HampaBfieH MO KacaTe/llbHOW K TpaeKTo-
pun. Torga cornacHo (1.3)

vI|= y= lim
A/-vO JV 0/-0 bl d
I. e. BeJIN4MHA CKOPOCTM V YMNCNEHHO paBHa Mpegeny OTHOLWEHUS
ANVHBL NMYTU K NMPOMEXYTKY BPeMeHW, KaK B C/y4yae Mnpamosu-
HeliHoro ABWXeHUs. B abconwoTHol cucteme egmHuy, CIrC cko-
pocTb M3MepseTcss B CM/ceK. B TeXHU4Yeckoil n MexgyHapogHOl
cucteme eanHUL, CW ckopocTb v u3mepsetca B M/Cek.

Mpn NpAMONNHENHOM ABWXEHUWN 6bICTPOTA U3MEHEHWS BENU-
UMHbI CKOPOCTU V XapaKTepusyeTcd YCKOpPeHWeMm W, T. e
N3MEeHeHVEM BEIMYUHBI CKOPOCTU 3a efWHULY BPeMeHun.”

B ob6wem cnyyae npou3BONbHOIO KPWBOMMHERHOrO [BUMXKe-
HUS BEKTOP CKOPOCTU V MOXeT MEHATLCA W MO BeIMYMHE U Mo
Hanpas/fieHnto. BblCTpoTa WM3MEHEHMs BEKTOpa CKOPOCTWU TorAa
6yseT XapaKTepu3oBaTbCA HEKOTOPbIM BEKTOPOM YCKOPEHUA W.
Ons panbHeiwero 6yaeT LenecoobpasHO pacyneHUTb BEKTOP W
Ha fBe COCTaBiAlOLWMe, XapakTepusylwmue B OTLENbHOCTU
6bICTPOTY WU3MEHEHUA CKOPOCTW MO BefMYUHe U BbICTPOTY U3Me-
HeHuWs ee M0 HamnpasieHuto.

Ha puc. 1.4 n3o6paxeH OTPe30K TPaeKTopun Mexpny ABYMS
cocefHMMN BECKOHEYHO 6/1M3KMMK Touykamm Mi n Ab. CkopocTu
M aTux TOYKAX Vi M Vo HanpaBfieHbl MO KacaTe/bHbIM K Tpaek-
Topuv 1 OT/IMYAKOTCA APYr OT Apyra Mo BeIUYMHE U MO Hanpas-
nenuto. [lepeHeceM BeKTOp Vo MapanfiesibHO camomy cebe B
Touky Mi, KakK 3TO nokasaHo Ha puc. 1.4. CoegnHMM Temnepb
KOHel, BEKTOpA Vi C KOHLOM MepeHeceHHOro BekTopa V2 BEKTOPOM
Av N3 uepTexa BUAHO, 4TO

Av—\2 —vi, (2.4)
7
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Puc. 14

T. €. BeKTOop Av eCTb reoMeTpuyeckoe MpupalieHue BeKTopa V
3a Bpema A/. OTHoweHune

= we (2.5)

SBNAETCH BEKTOPOM CpPeAHEro YCKOPEeHWUSs 3a BpeMms
A/, a npegen 3TOro OTHOWEHUS 6yfeT BEKTOPOM U CTUHHO -
ro, WIM MTHOBEHHOTO YCKOpPEeHUSN

w= _lim wcp= Ilim = (2.6)
b—A, At"O di
npyv MPOW3BOSMILHOM [BWXXEHUU TOUKU M.

Ha oTpeske M\B, u3o6paxalowem MepeHeceHHbI B TOYKY
Afi BEKTOP V2, OTIOXUM 0TpPe30K M\C, YMCNEHHO paBHbIl A/NHE
BEKTOpa Vi, W coeguMHUM nNpsMoOi Touky A (KoHey BekTopa Vi)
c Toukoli C. W3 puc. 1.4 BMAHO, 4YTO BEKTOpP Av MOXeT ObiTb
npefctaB/fieH KakK reoMeTpuyeckas CyMma [BYX BeKTOPOB:

Av=AVK=Av,,. (2.7)

BekTop AVKYMCNeHHO XapaKTepusyeT u3-
MEHeHMWEe BEeNIMYMHB CKOpOCTU 3a Bpemsa At

|[Avk| = U2— v\= A v. (2.8)
Ecnn BefnumHa CKOPOCTU V BO BPEMSA [ABMXKEHUA HE MeHfeTcH,
T0 An=0 n AvK=0.

BekTtop Av, XxXapakTepusyer M3IMEHEHNE
HanpaB/fieHMA BeKTOpAa CKOPOCTWU 3a BpewMSH
At. /13 uepTexa BMAHO, YTO OH Hanpas/jeH B CTOPOHY BOrHYTOCTU
KpuBOi. Ecnm ¢ TeyeHMeM BPEMEHM HampaBieHWe [ABMKEHUS
HE MeHsieTcsA, TO BekTopbl Vi M V2 HanpaBieHbl BAOMb OAHON K
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Toin e npamoii u Av,=0. MoacTtaenas (2.7) B (2.6), nony-
yaem:

w = lim lim-"-=w K+ w,,. (2.9)
\t-~0 M*o
Mpu A/->0 yron Aa npu BepwuHe paBHOGeApPEHHOro Tpe-
yronbHuka M\AC CcTpeMuUTCA K HYNHO WU HanpaBfieHUs BEKTOPOB
Vb n AvK cTpemaTca K HanpaefneHuto BekTopa Vi. [Moatomy
BEKTOp
. av
wke lim (2.10)
Al-o a
TaKXe Hanpas/eH BAO/b BEKTOPa Vi, T. €. N0 KacaTenbHON K Tpa-
eKTopuu. YucneHHoe 3HayeHWe 3TOro BeKTOpa cornacHo (2.8)
paBHO

—_ H Al —

W= A

T. €. XapakTepusyeT ObICTPOTY W3MEHEHWA BeNVYUHbI CKOPOCTU

npyv ABMXKEHWUU. ITOT BEKTOP HA3blBAETCA KAaCATENIbHbLIM,
WM TaHTeHLUMWAaIbHBIM YCKOpPEHUEM.

[na onpegeneHvs BeNMYMHbLI WM HanpasneHWs BTOPOro BEK-
Topa w, Oydem cuuTaTb NPOMEXYTOK BpemMeHU A/ 6eCKOHEYHO
ManbiM. Torga Toukum ayru tpaektopuu M|AF2 n BekTOpbl Vi 1 v2
OyayT nexatb MNPakTMYecKM B OLHON MAOCKOCTM (Ha3biBaemoi
conpuKacallLeiica NNOCKOCTbIO K KpuBOW). [ns ynpouweHus
JanbHelllero BbIBOAA OrpaHMUYMMCS 34ecb CliyyaeM MAO0CKO -
ro [BWXEHWA, MPU KOTOPOM BCE TOYKM TPAaeKTOpuUM nexaT B
ofHoli nnockocTu. BocctaBum B Toukax Mi m M2 nepneHguky-
NApbl K KacaTenbHbIM — HOPMann K KpUBOM — [0 UX Mepeceye-

Hua B Touke O. Manaa gyra As=iMiAf2 6ypeT Torga npaktu-
YeCKN OTPe3KOM OKPYXHOCTW C LEHTPOM B Touyke O M pagnycom
[?9*OM,gaOM2 (2.12)

Yron mexgy nuHuamm OM\ n OM2 Takxe paBeH Aa (yrfibl co
B3aVMHOMEePNeHANKYNApPHbIMU CTOpOHammn). BennumHa R cBA3a-
Ha ¢ Aa 04Y4eBMAHLIM COOTHOLLEHWEM

a (2.13)

B cnyyae npoun3BObHOI MPOCTPAHCTBEHHOW KpMBOI BennumHa R
1 nonoxeHue To4kn O onpefenaoTca M3 NpefensHOro COOTHO-
LUeHuns

[?= 1lim *; (2.14)



R HOCMT Ha3BaHWe pafjuyca KPUBM3HbLI TPAEKTOPUU.
BenuuuHa, o6paTHas paguycy KpUBW3HBI,

K=+= Ilim " (2.15)
*  As-»0OAs
Ha3blBaeTCA COOTBETCTBEHHO KPWBMW3HOW TpaekTopum B
LaHHOW TO4yke. s OKPYXHOCTM R m K MOCTOAHHbI BO BCEX
TOoukax. B cnyuvae npsamoil nuHum yron Jla mexay Hanpase-
HUAMW TPAeKTOPUM B COCEAHMX TOYKAX TOXAEeCTBEHHO paBeH
HYN0 WU, CrnefoBaTeNibHO, KpuBM3Ha K Takxe paBHa Hynmwo. |
MpoBoasa Ha puc. 1.4 oTpes3ok nepemelteHuns [Ar, coefunHsio-
WHIA Toukn M| 1 M2, Mbl nonyuymm ABa paBHOGEAPEHHbIX Tpe-
yronsHuka OMiM?. n M\AC, nogo6HbIX apyr apyry. M3 nponop-
LIMOHANIBHOCTN CXOLCTBEHHbLIX CTOPOH MOXHO MOAYYUTb, YTO

8Y.I=-IAT (2.16)
OTCI'O,D'a MOXHO BbIYHUC/NNTb BEINYUHY WUCKOMOIo BeEKTOpa

. 1Ay It "
AI/'TO At At R (2.17)

rge B OKOHYaTe/lbHOM BbIPaXXeHUU Mbl ONYCTUM WHAEKC 1 BBuAY
NMPOMN3BOMLHOCTU BblGOpa Ha4afbHON TOUKM.

B npegene yron [la npu BepliuHe paBHOGefpeHHOro Tpe-
yronoHuka M\VAC cTpemMuTCcs K HYM0, a Yribl Mpy OCHOBaHMAX
cTpemarca K 90°.

CneposatensHo, [y, B npefene neprneHAnKynsapeH K Vi u Bek-
TOp W, MeprneHAUKYNAPeH K BEKTOPY CKOPOCTM W HampasieH no
HOpPManu K LEeHTPY KpuBW3HbI O KpuBOi. MMO3TOMY BEKTOP W,
HOCUT Ha3BaHMe HOPManbHOTo yckopeHus. Cornac-
HO (2.17) BeNMYMHA HOPMA/IbHOTO YCKOPEHUSA YMUC/IEHHO paBHa
OTHOLLEHMIO KBajpara CKOPOCTM K pafuycy KpWUBU3HLI Tpaek-
TOpUM B JaHHOI Touyke. MOXHO A0KasaTb, YTO 3TW COOTHOLUE-
Hus ana W, ocTaloTca cnpaseisvBbiMM U B 06LWEM ciy4yae Mpo-
N3BOJIbHOW MPOCTPAHCTBEHHON KPUBOIA.

Puc. 15. Puc. 16.
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KacatenbHoe M HopManbHOoe yckopeHua (puc. 1.5) B3a-
WUMHO-NEPNeHANKYNAPHbI, U X TFEeOMETPUYEecKas CyMMa paBHa

w=wkrw,, (2.18)
T. €. BEKTOP MO/HOFO YCKOPEHWS paBeH MO MOAY/H0

w = W' (219)

B cucteme CI'C yckopeHue usmepseTcd B cu!cek2, a B cucrteme
CN — B m/cek2

B cnyuyae paBHOMEpPHOro KPWBOJWHEWHOrO LBUXXEHWUA BEIU-
UMHa CKOPOCTM MOCTOSIHHA: y=const, KacaTefbHOe YCKOpeHue
pPaBHO HY/MO U MOMIHOE YCKOpPeHWe paBHO HOPMAalbHOMY:

wke0 nw=w,,. (2.20)

Ona n306paxkeHHOro Ha puc. 1.6 npumepa paBHOMEPHOTO
BpalleHWs MaTepuanbHOM TOUKM MO OKPYXHOCTWU MOCTOSHHOFO
2

pagnyca R BennunHa HOPMa/lbHOro YCKOPEHUA W,,—TQ oCTa-

eTCs MOCTOSIHHOMW, a BEKTOP W, HampaB/ieH BCe BPEMS K LEHTPY
OKPYXXHOCTW. M03TOMYy W,, Ha3blBalOT TaKXe L eHTpPOoOCTpe-
MWUTENbHBIM YCKOPEHUEM.

B cnyvyae HepaBHOMEPHOrO, HO MPSIMOSIMHENHOIO [BUXEHWS

KPUBU3HA TPaeKTopumn K_Aﬁ paBHa Hynwo, /?=00, HOpPManbHOe

/ v V2 \
ycKopeHune " EH= = 2= B OTCYTCTBYeT W MNOJIHOE YyCKope-

HME paBHO KacCaTe/lbHOMY:

w,—0 nw=wkK (2.21)

HanpaBneHne 3TOro BeKTOpa OCTAeTCs MOCTOSIHHbIM — BCE
BpeMs BAO/b MPSMOi, MO KOTOPOM fABUMXKETCS Touka (puc. 1.7).
Henn npv 3Tom oCTaeTcs NMOCTOSHHOW U BeNMYMHA W, TO ABUXKE-
HUE Ha3blBaeTCs PABHOYCKOPEHHbIM. W3 LWKONLHOIO
Kypca (u3VMKW M3BECTHO, YTO B 3TOM C/ly4ae 3aBUCMMOCTb MyTW
OT BpEMEHW BblpaXkaeTcs (opmynoli

5=50+ "+ -/~ (2.22)

a CKOpOCTb PacTeT JINHENHO CO BPEMEHEeM:
v=vo-{-vt. (2.23)
B cnyuyae paBHOMEpPHOro W NPAMOANHENHOTO ABUXXEHUA CKO-



POCTb HEW3IMEHHa W NOo BeNU-

4MHe WM N0 HanpasJ/lIEHUIO: 0 uy > H

v=const, a o06e cocTaBns0- 1., Lo *U

uiMe YCKOpeHMss U camo YCKO- 3

peHue OTCYTCTBYIOT: Puc. 1.7.
w=w,=wk0. (2.24)

B obuwem cnyyae HepaBHOMEPHOIO KPWMBOJIMHEAHOTO ABUXKe-
HUSA BEKTOP YCKOpeHus w 1 0be ero coctasnswowmne wkKu w,, oT-
NNYHBI OT HYyNSA.

U, cos*

Puc. 18.

B 3akioyeHne paccMOTPUM [ABUXKeHUe Tena, OGPOLIEHHOTO
noj YrnoM a K ropu30oHTY C HEeKOTOPO HayanbHOW CKOPOCTbHO
Yo (puc. 1.8). YckopeHMe 3eMHOro MPUTSXEHUA MOCTOAHHO MO
BE/IMYMHE W MO HanpasfeHUo (OHO HANpaBNeHO BepTUKAaNbHO
BHM3). lM0O3TOMY MO/SIHOE YCKOPeHWe Tena BO BPEMSA [ABUXKEHUA
0CTaeTCA MOCTOAHHbIM:

W= g=const. (2.25)

OfHaKo, KakK BUAHO W3 YepTeXa, Pacy/ieHeHWe W Ha HOpMasb-
HOE W KacaTe/lbHOE YCKOpPEHWEe B KaXAol TOUKE TPaeKTopuu
pasnuuyHo. Tak, Hanpumep, B BepxXHeli TOUKe TPAeKTOpPUS ropu-
30HTaNlbHA W MEpNeHAVKYNspHA K BeKTopy w. CrefoBaTesnbHo,
B 3TOM TOYKe CYLLECTBYET TONbKO HOPMasbHOE YCKOpPEeHuWe

W,= g u
(Paxsg2
g=— o’ (2.26)

M3 3TOro COOTHOLIEHMS MOXHO OMPefeNuTb Paguyc KpPUBU3HBI
B BEpLIMHE TPaeKTOpuu.



rNABAI
3AKOHbI AMHAMUWKN

§ 3. 3aKOHbl HblOTOHA

Pazfen MexaHVWKW, W3y4valoWUin ABUXKEHWE MaTepuanbHbIX
Te/l COBMECTHO C PU3NYECKMMMU MPUYMHAMU, BbI3bIBAKOLLUMU 3TO
ABUXeHWe, HasblBaeTCs LUWHaAMMWKON. OCHOBHble NpeacTas-
NeHUs N KONNYECTBEHHbIE 3aKOHOMEPHOCTM AWHAMUKWA BO3HUKIM
M pasBuBalTCA Ha 6ase
MHOrOBeKOBOrO  YenoBeye-

CKOro onbiTa: HabnwgeHui

3a ABUXKEHWNEM 3EMHbIX U He-

6eCHbIX Ten, MNpPOWU3BOACT-

BEHHOIN MpakTuKu ob6lecTsa

M CcneumanbHO MNOCTaBNEH-

HbIX 3KCMEPUMeHTOB. Benun-

KA UTanbAHCKUA  PuU3nK

Fanuneo Manuneid aKkcnepMMeHTanbHO YCTaHOBWMA TaK Ha3blBae-
Mbli 3aKOH WHepuwuun. OH NokKasan, 4yto MpuM OTCYTCTBMM
COMPOTMBAEHUA Tefo Noj AeACTBMEM MOCTOAHHON cunbl 6yaet
LBAratbCa pPaBHOYCKOPEHHO, WM YCTaHOBW/, 4YTO YCKOPEHWE W
TSKENOro Tena, LABUXYLLErocad no rnagkoi HakNOHHOW noc-
KOCTW, 06paTHO NPOMNOPLMOHANLHO A/IMHE 3TON NIOCKOCTH / npu
nocTosHHON ee BbicoTe /1 (puc. 1.9).' OTclofga BbITEKAET, 4TO
B Npefjene LBWXeHWe Tena no rnagko ropuM3oHTanbHOM MAOCKO-
cTn 6e3 conpoTuBieHUa 6yaeT Npoucxoiutb 6e3 BCAKOro YCKO-
peHus, T. e. PaBHOMEPHO W MPSAMOSUHERHO. pu 3ToM

w=0 un v=const. (3.1)

3710 nonoxeHuwe [anunes 6bIN0 NOATBEPXKAEHO BCEMU [oO-
cnefyloWMMN ONbITAMU W COCTaBNAET COAepXaHue TakK Hasbl-
BaEMOro nNepBOro OCHOBHOMNO 3akKoOHa fAWHa-
MUKW
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MaTepuanbHas TOHKa (Teno), LOCTATOYHO yAaneHHas oOT
BCEX ApYyrux Ten (T. e. He B3auMMOLENCTBYyWLWAA C HUMM),
OyfeT CcoXpaHATb CBOe COCTOSHWE MNOKOA WU PaBHOMEPHOro
M NPAMONMHENHOTO [ABM>KeHWA. lMpu 3TOM NOKOWR cnegyet
paccmatpuBaTb NMWb KaK 4YacTHbIA Ccnyyail paBHOMEPHOrO W
NPAMONNHENOr0 ABUXeHUsA, Korga v=const=0.

3TOT 3aKOH OJMHaKOBO CNpaBej/MB KakK And [ABMKEHUS
FMraHTCKUX He6ecHbIX Ten, Tak W ANA [ABUXEHUA Menbyaillumx
NbIAMHOK. CBONCTBO MaTepuasibHbIX Ten COXPaHATb COCTOAHWE
PaBHOMEPHOrO _ U MNPAMONWHEAHOI0 ABMXXEHWUA  Ha3blBaeTCH
MHepuuEeW.

PaBHOMEpHOe ¥ NPAMOAUHeHOe ABMXKEHWEe Tena Mnpu OTCyT-
CTBMM BHELIHUX BO3AelCTBUIi Ha3biBaeTCad ABUXEHMWeM Mo
MHepLUWN.

CnepyeT OTMeTUTb, YTO MNpeAcCTaBNeHWe O [ABWKEHWW MO
MHEpLMMN ABNSeTCS HayuHon abcTpakuyuei. Habnogats gBuxke-
HWEe N0 WHEPLUM B YUCTOM BUAE HEBO3MOXHO, TaK KakK HUKakoe
TeN0 He MOXET 6biTb M30IMPOBAHO OT BO3AEWCTBUSA APYrUX Ten,
Kak Obl faneko OT HEero 3Tu Tefla HW Haxoaunucb. BeepeHue
3TOi abCcTpakuMy NO3BONAET CBA3aTh YCKOPEHWe MaTepuanbHbIX
Ten ¢ AeNCTBUAMMU, OKa3blBAEMbIMU HA HUX APYTUMU Tenamu.

V3MeHeHna COCTOAHMA ABMXKEHWSA MaTepuanbHbIX Ten, T. €.
YCKOPEHUS, BbI3blBalOTCA cMnamMmu. OCTAHOBMMCH Ha aHanuse
3TOr0 BaXKHEWLEero MOHATHA.

Bbiwe Mbl yXe oTMeyanu, 4YTO WHepuuanbHoe [ABUXEHUE,
T. €. BUXeHue 6e3 YCKOpeHWid, BO3MOXHO Mpu OTCYTCTBUU Ka-
KOro 6bl TO HW OblJ1I0 B3aMMOAENCTBUA MEXAY [ABVKYLLUMCS
TeNoOM W gpyrumu Tenamu[_Bcakoe M3MeHeHWe COCTOSHUA ABM-
>KeHns, noboe ycKopeHue ecTb pesynbTaT AeWCTBUA Ha ABUXKY-
eecs TeNo CO CTOPOHbI APYrux Ten~\

Ecnu nop peiictBreM Tena A maTepuanibHaf TOYKa MCMbIThbI-
BaeT YCKOPeHWe, TO Mbl FOBOPUM, YTO Ha 3Ty TOYKY AeicTByeT
CO CTOpOHbI Tena J1 cuna F.

B obuwem cnydae cuny F Mbl onpegensieM Kak (PuUanyeckyro
BE/IMUMHY, XapaKTepusylolwy [eiAcTBUe, OKas3blBaeMoe OLHUM
TE/OM Ha Apyroe. OTa BEKTOpHas Be/WYMHA onpegenseTcs yuc-

NeHHON BennuuMHOW uam mogynem |F|=F,
Hanpas/eHWeM B MPOCTPaHCTBE U TO Y -
KO NPpUNOXEHNS.

Ecnn Ha mMaTepuanbHylo TOUKY AeicT-
BYIOT gBe cunbl F| n F2, To ux geiicteue
3KBUBANEHTHO [EliCTBMIO OJHOW CUMbI

F': Fl + Fl!
nosy4yaeMoi M3 M3BECTHOrO TPeyrofibHUKa
Puc. 1.10. cun (puc. 1.10).

14
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PHe. 1.11

Ecan Kk matepuanbHO TOUKe MPUAOXeHbl Tpu cunbl Fi, B>
H F3, TO OHM cKnafbiBalOTCA NO TOMY Xe Mpasuny:

F,+ F2= F',
Fi+ F2+F3=F '+ F3=F",

Kak 3To MOKa3aHo Ha puc. 1.11, a n 6.

AHanornyHo MnocTynatT, KOrga Ha TOYKy AeicTByeT m cun.
CymmapHoe WX [JeiCTBME 3KBUBANEHTHO [eWCTBUIO OfHOIiA
paBHOLeMCTBYlUWEN, ABNAKLWENACA TeoMeTPUYECKOi
CYMMOI 3afaHHbIX CUA:

F=F|-|-F2+ —f‘Fn= ,"r F-, (3.2)

Kak nokasaHo Ha puc. 1.12, Ha KOTOPOM MNPUIOXKEHHbIe K TOUYKe
BEKTOPbI CUN M306paXKeHbl TOHKUMWU CTpeskamMu, a MX paBHO-
LeicTBytoWas — XUPHON CTPENKOIA.

OvHamnyeckoe nposiBNeHWe CUbl COCTOMT B TOM, 4TO MNOA
LencTeneM cunbl MaTepuanbHOe Tefo MUCMbITbIBaeT YCKOPEHME.
CTaTuyeckoe feicTBMe CUMbl NPUBOAUT K TOMY, 4TO ynpyrue
Tena (MPYXXWHbI) MOA LeACTBMEM CUA AeOPMUPYIOTCH, rasbl —
cKumarTea U T. 4.

KonuuecTBeHHOE M3MEpPEHUE CUSbl W YCTAHOBMIEHWE eAWHULbI
CUNbI MOXET ObITb AAHO NULIb B CBA3M C APYrUMM, CBA3AHHbLIMU
C CW/IOA BeNMYMHAMW; K 3TOMY BOMPOCY Mbl BEPHEMCS HUMXKe.

OnbIT NOKa3blBaeT, 4TO
nog AencTBMEM OfHOW 1
TOM e Cuibl pasfinyHble
Tena MCNbITbIBAlOT HEOAMNHA-

KOBble YCKOpEeHUA, T. €. U3-
MEeHEeHWe UX MHepuuanbHOro
OBVOKEHUA  pa3nnyHo. Mel
roBOpUM, 4TO  pasnmyHa
WHepumnsa aTux Ten.
®un3nYecKol BENNUYUHON,
XapaKTepu3ytoLein unHepT-
HOCTb MaTepuanbHOro Tena,
ABNISAETCA ero macca. Puc. 1.12.
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HblOTOH onpefenun maccy Kak KONM4eCcTBO BeLeCcTBa, CO-
fLep>Kallerocs B Tene. TO onpefefieHNe MacCbl HeNb3s CUMTATH
CTPOrUM 1 ucuepnbiBalowWwmmM. Kak napyrve usnyeckune noHATHA,
MOHATME MAacCCbl PACKPbIBAETCHA MWL MPU U3YUYEHUU BCEX ee
CBOWCTB W MNpOsABNEHWIA, KOTOpble OyAyT pacCMOTpPEHbl Aanee.
OnpegeneHnem HbHOTOHA MOXHO MO0/Mb30BaTbCA, MOHWMAsA ero
B TOM CMbIC/le, YTO Macca [ABYX OfMHAKOBbIX W OAWNHAKOBO [LBU-
XyWimxca Ten BABOe 60/blue mMaccbl 0gHoro Tena. B pgeicteu-
TENIbHOCTU K& Macca OfLHOro WM TOr0o e Tefa MOXeT, KakK Mbl
YBUAUM fanblue, MeHATbCA NPU ABUMXKEHUW.

OTMeTMM cpasy >e, 4yTO Macca XapakKTepusyeT He TO/bKO
NHepuMi0 MaTepuanbHOro Tena, HO U ero rpaBuMTaLUOH-
Hble CBOWCTBA: CuUna MNPUTS>KEHWS, WCMbIThbIBAEMAs [aHHbIM
TeNoM CO CTOPOHbI Apyroro fena, NnponopuuoHanbHa nx maccam.
[Janee Mbl yBMAMM, 4TO Macca TakXe Onpegenset MoJHbIA
3anac aHeprum matepuansHoro Tena (8 9).

BennumHy maccbl onpefenaiT Mo pasfiMyHbIM ee npossie-
HUAM (MHepLMKW, TATOTEHUID) NyTeM CPaBHEHUS C Maccoli Kakoro-
HMOyab 3TaNOHHOTO Tena, MNPOM3BOMLHO MPUHATON 3a
eanHuuy. 3a eauHuuy Maccel B cucteme CIC npuHuMmaroT
1/1000 maccbl MeXAyHapo4HOro nnaTUHOUPUAMEBOro 3TasioHa,
xpaHsaweroca B [lapuxke. 3Ta efuMHMLA C TOYHOCTbO [0
~ 0,003 % paBHa macce 1 cM3 AMCTUANMPOBAHHON BOAbl Npu
4°C n B 6,02-102! pa3 60/bllie MacCbl HEMOABUXHOIO NPOTOHA
(appa aTtoma Bogopofga). EauHuMueli maccbl B CUCTEME efuHML,
CW cnyxut macca camoro artanoHa 1 /cr=1000 r.

lMoHATME MacChl MO3BOMAET HaM Tenepb HECKONbKO YTOUYHUTb
faHHoe Hamu B § 1 onpegeneHue matepuanbHOW Touku. MaTe-
pUanbHOW TOYKOM Ha3blBAeTCA Teno, Npu WU3YYEHUU ABUIKEHUS
KOTOPOro MO>KHO OTB/EYLCA OT BCEX €r0 CBOMCTB, KPOME Macchl.
Kaxpas matepuanbHas TouKa, CNefoBaTeflbHO, XapakTepusyeT-
CS BE/MYMHOWN CBOE Mmacchl T.

O606was pe3ynbTaTbl ONLITOB [anunes no nageHWo TsHxe-
NbIX TeN, acTPpoOHOMMYEeCKMe 3akoHbl Kensepa o0 ABMXEHUM nna-
HeT, AaHHble COOGCTBEHHbIX WCCMEAOBaHUA u T. M., HbHTOH
copmynupoBan BTOPOW OCHOBHOMN 3aKOH AgWHa-
MUKW, KONUYECTBEHHO CBA3bIBAKOWMNIA W3MEHEHWNE [ABWMKEHUSA
MaTepuanbHOro Tefa € CuiaMu, Bbi3bIBAOLWMMM 3TO U3MEHEHME
LBVKEHNS.

Mpw peincTBuMn cun LBUKEHME Tena nepectaet ObiTb PaBHO-
MEPHBIM U MNPAMOMIMHERHBIM W MOABASETCS YycKopeHune w. Ha-
npaB/fieHWe ero coBnafaeT C HampaBfeHWEM [AeACTBUS CUbI.

ConocTaBnas LelicTBME Pas3/IMUYHbIX CUN HA O4HO U TO Xe Teso
JAHHOM Maccbl T, Mbl y6eXxaaemcs B TOM, YTO BE/IMYMHA BO3HU-
KaloLLero yCKOpeHus npsamMo MponopuuOHanbHa BenYuHE Aeid-
cTBytowWei cunbl. CrnepoBatensHO,
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w ~F npym m=const. (3.3)

Mpy feiAcTBMM OfHOW W TOW >Ke CWbl Ha pasfuyHble Tena
YCKOPEHUA 3TUX Ten 0Ka3blBatoTCA pasnyHbiMKU. Yem 6onblue
mMacca Tena T, TeM 6o0fblie ero MHepTHOCTb W TeM MeHbLUee
YCKOpeHWe W noj [LelCTBMEM fAaHHONW cunibl F OHO nonyuaer.
OnbIT NOKa3blBaeT, 4To

+ "y /r=const, (3.4)

T. €. YCKOPEHUe, Noay4yaemoe TefoM Noj AeiACTBUEM [aHHOW Cusbl,
06paTHO NpONOpLUOHANbHO BenWYUHe ero maccbl. COOTHOLIe-
Hue (3.4) nokasbiBaeT, YTO Macca Tefna [IM ABASETCA KOAMYeCT-
BEHHOW Mepoii ero uHepTHocTu. O6begnHAs (3.3) wn (3.4),
nony4yaem, 4To

W — F~mw. (3.5)

BBOAS COOTBETCTBYIOLWMNIA KOIWPULMEHT MPONOPLUOHANBHOCTH K,
Mbl MOXEM 3anucaTb COOTHOLWeHue (3.5) B BUAe

F=/jmw. (3.6)

BE/IMYMHA K 3aBUCWUT OT BblbOpa CUCTEMbI €AUHUL, U3MEpPeHus
Maccbl, YCKOPEHUSA W cunbl. B usmke npuHATO BbIOMpaTL eau-
HULY cunbl Tak, 4tobbl k= |-, Torga ypaBHeHue (3.6) NpUHK-
MaeT Buj

-Tw (3.7)

YpaBHeHue (3.7) npefcTaBnseT MareMaTW4eckyt 3anucb BTO-
pOro OCHOBHOTO 3aKOHa AWHAMUKMW:

BekTop cunbl, [AeiCTBYOLWeA Ha MaTepuanbHyr TOuKy,
UMCNEHHO paBeH MPOU3BEAEHUI0 MACCbl TOYKM HA BEKTOP YCKO-
peHusi, BOZHMKAKLWEro npu AeAcCTBUM 3TOW CUMbI.

Mpu ykasaHHOM Bbli6Ope Ko3duumeHTa NPONOPLUOHASb-
HOCTM K= 1 efMHULbI U3MEPEHUA CU/bl, MACCbl W YCKOPEHMUS He
ABNAIOTCA He3aBUCUMbIMU. EfUHUUBI U3MEPEeHWA YCKOpeHUs
UIKKE NPUHATO BbIGMpPaTb He MNPOM3BOMBLHO, & BblpaXkaTb WX
yepes efuHULbLI AANHBLI (NYTU) W BPeMeHU — (U3NYECKNE BeNn-
YMHBI, KOTOPbIMW B COOTBETCTBUM C hopmynamm (2.6) un (2.2)
onpegenserca yckopeHue. Takum obpasom, B dopmyny (3.7)
BXOAAT 4YeTblpe (M3nyecknme BeNUUMHbI — CMAA, Macca, NyTb U
BpeMs,— U3MepseMble CBOUMU €4MHULAMMN, U 3TV eANHULbI OKa-
NbIBAOTCA CBA3AHHBLIMW APYr C APYrOM OAHWM YpPaBHEHUEM.
HavHuubl n3MepeHus nbbIX TPeX M3 HWX MOryT 6biTb onpefe-
NeHbl NMPOW3BOMIbHO, & OCTAaBLLAACA’ YeTeeBT»A eAuHNLA, onpeje-
NIAeTCA 4Yepes y>Ke BBEeLEeHHbIe. %BHMOTi%



Yale BCEro B KayecTBe OCHOBHbIX eAWHWL, BBOAAT eAVHULbI
O/IVHbI, BPEMEHW W Mmaccbl. Tak, ecim mMaccy BblpaxaTb B T,
a YCKOpeHue B CM/CeK2 TO CUly HaZo WU3MepATb B AuHax. [AuHa
(auH) ecTb eguHuua cunbl B cucteme CIC u npepacTasnseT
coboii Takyk cuiy, KoTopas macce B 1T coobuaeT ycKopeHue
1cm/cekl B cucteme egnHuy, CU macca msmepseTcs B Kr, YCKO-
peHve — B M/CeK2 a cumna — B HbHOTOHaX. HbOTOH («)
ecTb Takasa cuna, KoTopaa macce B 1 Kr coobuiaeT YCKOpeHue
1 m/cek2 Jlerko BuAeTb, 4TO

1 H==1SSAL. = 100Qs-I0OO™ = [05rAM = [()5 AuH
CeKT cekl cekl

B TexHW4Yeckoil cucteme eAUHUL, B Ka4yeCTBE OCHOBHbIX
BblOMpalOT eAnHWLbI O/IMHbI, BPEMEHM U CWUbl. EguHuua macchl
OyfeT Mpu 3TOM Y>K€ He OCHOBHON, a MPOM3BOLHON eANHMLEN.
B 3Toli cucteme eAuMHWLEA [L/UHbI ABASETCA METP, €AUHULEN
BPEMEHWN — CEKYHfAa, efuHuuein cunbl — cuna Beca 1 kI, T. e
Takas cwuna, KoTopas Macce B 1 Kr coobuwaeT YCKOpeHue
9,81 m/cek2 CnepoBaTtefbHO,

1 klF=9,81 «=9,81 -105 guH,
nnu
1H=0,102 «KI.

EgnHuuein maccel B 3TO cucTeme 6yaeT Takad macca, KOTo-
pas nop pfeicteuem eamHUYHOW cunbl (I KI)  wucnbiTbiBaeT
efMHUYHOe yckopeHue (1 m/cek?), T. e.

1 TexH. ed. maccbl (TemM)—-—-'-ek- =9,81 kr,
M

nnn

| kr=0,102 Tem.

CnepyeTt OTMeTWTb, YTO MNepBblli U BTOPOW OCHOBHbIE 3aKOHbI
OUHAMUKN He SBNAIOTCH HEe3aBUCUMbIMUW: MEPBbIA €CTb YaCTHbIN
cnyyaii BToporo. [eiicTBUTeNbHO, €CNM Ha MaTepuanbHYyr TOUKY
He fgeicTByeT cuna, T. e. ecnm F=0, TO M3 BTOPOro 3akoHa (3.7)
crnegyeT, yto

mw=0,
WAKn, B CMAY TOTO, YTO M OT/IMYHO OT Hy”NS,

w = 0.

N _=
dt
HO paBeHCTBO HY/IHO0 YCKOPeHMs 03HayaeT, 4YTO MpupalleHue
CKOpPOCTM AV paBHO HYy/0, T. €. YTO CKOPOCTb OCTaeTcs MOCTO-
AHHO.
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0o cux nop ™Mbl paccmaTpuBanm @ W _ 7

QWb OAHY CTOPOHY B3aMMOJeNCTBUA " % % *
MeXay Tenamu: BAUAHWE APYrux Ten

Ha XapakTep [ABMXKEHWS [AaHHOr0 Bbl- f f
JeneHHoro Tena (matepuanbHOR TOu- 6 > >mm—

Kn). Takoe BAMAHME He MOXeT 6bITb T ‘

OfJHOCTOPOHHUM, B3auMOfelicTBuNe LON-

XHO ObITb, MO CyTW Aena, 060HAHbLIM.

3TOT (PakT oTpaxaeTcd TPeTbUM 3aKOHOM LUHaAMUKM,
C(hOPMYNMUPOBAaHHbIM N8 cly4vas B3auMOLENCTBUA [BYX MaTe-
puanbHbIX ToYek (puc. 1.13):

Nenn maTepnanbHas Touka MK WUCMbITbIBAET CO CTOPOHbI
mMaTepuanbHON TOukM mi cuny, paBHylo Fi2, TO mi uChbITbI-
BaeT CO CTOPOHbI M2 cuny Fi.i, paBHyl N0 BefWYMHE U MPOTU-
BOMONO>KHYIO N0 HanpasneHuto Fi.y.

F21== — F|.2- (3.8)

3T cunbl OelCTBYIOT BCerga BAOMb MPSAMONM, NPOXOAALLel
yepes TOUKM T\ M T 2, KaK MOKa3aHo Ha yeptexe. Puc. 1.13, a
OTHOCKTCA K Cnyvato, KOrja cuibl B3auMOAEeNCTBUA Mexay Tou-
Kamu SIBAAKOTCA cunamy oTTankmBaHusa. Ha puc. 1.13, 6 u3o-
O6paXkeH cny4vail NpuUTSHKEHWUA.

B cnyvae npou3BOonbHO 60/IbLLIOrO0 MHOXeCTBa TOYeK B3a-
MMOJeiNCcTBe B TaKOW CUCTEME COFNacHO TPeTbeMy 3aKOHY
OWHAMWUKKN CBOAMTCS K MapHOMY B3aUMOLENCTBUIO MeXAy Nto6bl-
MU OBYMS TOYKaMW. ITO O3HayaeT, YTO CWfa, WUCMbITbiBaeMas,
Hanpumep,- MaTepuanbHON TOYKOW //13 CMCTEMbI, CKNafblBaeTcs
hi cun, geicTByrOWMX CO CTOPOHbI TOoyekK mi, mz2, TA TS ..

F3=Fi,3+ F2.3+ Fa3+

Mpu 3tom, Hanpumep, cuna Fi3 onpegenseTcsa TONbKO Xapak-
TEPOM B3aMMOAENCTBMA TOYeK Tr U T\ U OT APYyrux TouekK
He 3aBUCUT.

Yacto ynoTpebnaTca COKpaweHHble (hOpMyIMpPOBKU Tpe-
iuto 3akoHa [JWHaMWKW. «[elCTBUE PpaBHO MPOTHBOAENCT-
HUIO» — W el N0J06HbIE, B KOTOPLIX HE MOAYEPKUBAETCA BaXKHOE
06CTOATENLCTBO: CUAbl AEACTBUS U NMPOTUBOAEACTBUA NPUIO>KeE-
nt'i BCcerga K pasanyHbIM Tenam M No3TOMYy HWKOrga He ypaBHO-
BeLWMBAOT Apyr Apyra. Ecav 3anomHuTbL 37O nocnefHee 06-
CTOATENbCTBO, BbITEKAaKOLLEe M3 TOYHOW (POPMYNMPOBKN TPETLENO
«MKOHA OWHaMWKW, TO HWUKOFA4a HE BO3HWKHET BOMpoca O TOM,
noyemy, Hanmpumep, nowafb ABWXKET Tenery Bnepes, XOTA MX
MUNMHbIe LeliCTBUA APYT Ha Apyra W paBHbl.
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Korga 4enoBek WaeT no 3emne, TO CuUna, ¢ KOTOPOW OH OT-
TaNKMBaeT 3eM/Il0 Has3af, paBHa MO BEAMYMHE W HanpaBieHa
0bpaTHO TOW cuie, C KOTOPOW 3eMAs OTTanKMBaeT YenoBeKa
Bnepes. Mpu paBeHCTBe 3TUX CWA, OfHAKO, COTNacHO BTOPOMY
3aKOHY AMHaMWKK, BO3HMKaKLMe YCKOpPeHWUs 06paTHO nponop-
UMOHaNbHbI MaccaMm, W 3emfl0 6narofaps ee O4YeHb 60/bLUION
CPaBHMTE/NbHO C Ye/IOBEKOM MacCe MOXHO CUMTaTb NMPaKTUYecKu
HemnoABMXXHOIA.

8 4. 3aKOH COXpaHeHUs N M3MEeHeHUS KO/M4YecTBa
ABMXKeHNA (MMNynbca). PeakTUBHOE ABUXEHWE

BTopoit 3akoH HbioTOHa (3.7) MO3BONSIET HATM YCKOPEHUe
OBVKYLLENCA TOUKM B KaXKAbliA LaHHbIA MOMEHT BpemeHW. Ha
npakTUKe Yalle BCEro Heo6X0AMMO HaliTU M3MEHEHMWe ABUXeHUS
Tena 3a KakKoW-HMbyAb OMpefefieHHbI MPOMEXYTOK BPEMEHMU.
Ona peweHus 3Tol 3afayn cnefoBano 6bl MPUMEHATH BTOPON
3aKOH AMHaMMKM 6eCYMCIEHHOEe YNCNo pa3, BO BCe MPOMEXYTOY-
Hble MOMeHTbl BpeMeHW. [1o3ToMy LenecoobpasHo npefBapu-
TeNbHO Npeobpa3oBaTb OCHOBHbIE 3aKOHbl AMHAMWKWA W BbIBECTU
M3 HWX PSS CNeAcTBWiA, MNO3BOAAIOLWMX HAXOAUTb KOHeuHble
cKOpocTW Ten cpasy, 6e3 BblUMCNEHWS YCKOpPeHWi M CKOpocTeit
BO BCEX MPOMEXYTOUHbIX TOUKax. lMepBbiM TakMM MNPaKTUYECKM
Ba)XXHbIM CNEefCTBMEM W3 OCHOBHbIX 3aKOHOB [MHaMUKN ABNAETCA
TaK Ha3blBaeMblili 3aKOH KO/NMuyecTBa [ABUXEHMUNS
(4acTo BMeCTO TepMMHA «KOJMYECTBO ABUXEHUSA» HbIHE MpUMe-
HAETCA TEPMUH «UMNynbe»). Wcnonb3ya (2.6), nepenuiiem
BTOPOI 3akoH HbloToHa (3.7) B BMAE

F=m-lim 4f". (4.1)
N0

PacCMOTPUM KOHEYHBIA, HO Masblii MPOMEXYTOK BpemMeHu At,
B TEYEHME KOTOPOro AeiCTByHOWas Ha MaTepuanbHYH TOUKY
cuna F He ycrneBaeT 3aMeTHO W3MEHWUTBLCA HW MO BEINYMHE,
HW NO HanpaBfeHUto. 3ameHss Torga B (4.1) BeNMUMHbI F n w
NX CPpeSHUMUN 3HAYEHUSAMU 38 NMPOMEXYTOK BpeMeHMN At, nonyyum:

Fop=m -y -. (4.2)

[ ns nocTosiHHOW Ccunbl (F=const W w=—=const) cpepHue

3HaueHus Fo M wep=-|"- B TOYHOCTM pPaBHbl WX MIHOBEHHbIM

3HaveHuam F n w B Kaxgom npomexyTtke O B cnyuae nepe-
MEHHOW CUMibl 3TO PaBeHCTBO 6yfeT BbIMOMAHATLCA TeM TOYHee,
yem MeHblle uHTepBan N
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O603Ha4YMM CKOpPOCTb MaTepu-
a/lbHOW TOYKM B Hayane MPOMexXyT-
Ka At yepe3 Vi, a B KOHLe Hero—
yepes Vo (puc. 1.14). torga Av=
=V2—vi, n n3 (4.2) vmeem:

FopAt=m (v2—vi)=
=m\i—muvi. (4.3)

Bektop FcpeA/, coBnagawolwuin no

HanpaBfeHWIO C CUO F@ M YMNCNEHHO paBHbIA MPOM3BELEHUIO
BekTOpa cwnbl Fg Ha npomexyTok BpemeHu A/, B TeyeHue
KOTOPOro OHa [AelicTBOBana, Ha3blBAaeTCA 3/TEMEHTAPHbLIM
MMOYNbCOM CUNBbI.

Bektop T\, paBHbli MpoM3BeAEHMIO MacCbl T MaTepuanb-
HON TOYKM Ha BEKTOP CKOPOCTW ee ABVMKEHWUA V, Ha3biBaeTcs
BEKTOPOM KOnNMyecTBa fABUXeHUA Toukn. Cros-
Was B MNpaBOi 4acTu paBeHcTBa (4.3) pasHocTb mvz—T\\
npeacTaBnseT coboi npupaleHne BeKTOpa KO/MYecTBa ABUXKe-
Hus 3a Bpems At. O603Havas 370 npupalwieHue 4vepes A(mv),

MosyynM MaTeMaTUYeCKyr (OPMY/MPOBKY 3aKOHA W3MEHEHWS
KOMIMYECTBA [BUXKEHUS:

Puc. 1.14.

FQA/=A(mv). (4.4)

dneMeHTapHbIl MMNAYNbC CUNbl, AeACTBOBaBLWWA Ha MaTepu-
aNbHY TOYKY B TEYEHVe NPOME>KYTKa BpemeHn At, paBeH nsme-
HEHMIO ee KOJMYecTBa [ABMIKEHUS 3@ TOT >KE MNPOME>XKYTOK
BPEMEHMN.

B cnyyae nepemMeHHOR cunbl, gelicTBYHOWEli B TeyeHne fAo-

CTaTOYHO 60NLLIOFO MPOMEXYTKa BPEMEHU, nocnefHuii cnegyet
pasbuTb Ha [OCTATOYHO Masfble 3/1eMEHTapHble UHTepBanbl A*
rak, 4tobbl Ha KaX[OM WHTepBasie MOXHO OblI0 3aMEHUTL CUy
ee CPeAHMM 3HAYeHWEM B 3TOM MHTepBane F* [MepeHymepoBas
Hee  MoOC/nefoBaTe/bHble
NONOXKEHUS ABUXYLLElCS
TOYKM Ha ee TpPaekTopuu
Tak, Kak 37O MOKasaHo
Ha puc. 1.15, npumeHum
paBeHcTBO (4.4) nocne-
[0BaTeNbHO K KaXaomy
nHTepsany. [lnga nepsoro
nHTepsana Al/i=/i—/o
NoNyUYnM:

FiA/i=mvi —mvo.

AHanornyHo, gna BTOPO-
ro uHtepsana Ate= t2—t\ Puc. 1.15.
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F2A/2=/HV2 — mvi
U onsa BCEX MOCneayoLnx
F3A/3— mv.i-m v 2,

FkAtk=m\k—mvk-i,

?nAtn— m \n— m \n-\.

Cnoxum Bce 3TU paBeHCTBa. Torpga MPOMEXYTOYHbIE 3HAYEHNA
BEKTOpPa KoOo/n4yecTtea [ABWXEHUA MNOMapHO COKpPaTATCA, U Mbl
nonyvynm:

Fl| N/l + F2Al2+ ...+ FFAtk-j- ...+ F,At,,=mvn— mwxj. (4.5)

feomeTpuyeckas cymma

k=n
2 FkAtk

3/eMeHTapHbIX UMNynbCoB cuibl FKAtk HasbiBaeTCS MO HbIM
MMMNYNbCOM TepPeMeEHHON cunbl 3a Bpemsa t,—to. Mpu BBe-
[EeHHbIX 0003HAUYEHUAX

K=

2  FkAtk=mvn—m\Q, (4.6)

k—

T. €. MOMHbIA UMMYNbC MEPEMEHHON CWAbl pPaBeH MOAHOMY W3-
MEHEHMNIO KOAMYECTBA [BMIKEHWUA 3a BCE BpPeMA [eACTBUA CUMbI.
3aKOH M3MEHEHNWSA KONMYecTBa ABUXEHMNS

(4.6) nosBonsieT MO HayanbHOW CKOpocTU VO M M3BECTHOMY
MOHOMY WMMMY/bCY CU/Ibl HAXOAWTb Cpasdy KOHEYHYK CKOPOCTb
V,, 063 BbIYMCMEHNS BCEX MNPOMEXYTOYHbIX CKOpPOCTER V*
BbluncneHne noaHOroO MMNynbca

k=n

2 FkAtk
B o6wem cnyyae MpPOW3BOMIbHLIX CUN NpeacTaBfseT coboi fo-
BOJIbHO C/IOXKHYIO 3ajavy, peluaemyrd MeTofaMu WHTerpaabHOro
ncuncneHnsa. B npocTeiiweM cnydyae NOCTOSHHOW CWIbI

2 FAI*=F2 A*= F(k —/o). (4.7)
K K

Ecnn cuna F nmeet BO Bce BpeEMA ABUXEHMNA OAHO U TO Xe
HanpaB/lieHNE N MEHAETCA TOJ/IbKO MO CBOE BENNYUHE, TO ansa
BblYNCNEHNA MNONTHOITO MMNysnbCa reoMeTpmnyeckaa cymma MOXKET

6bITb 3ameHeHa anrebpanyeckoii % FkAtk- B atom cnydvae wuc-



KMMbIA UMOYAbC MOXHO

BbIYNCAUTL Fpanyeckm.

1loc?poum rpaduk name-

HEHUA BENUYMHbI Cunbl F

M 3aBMCMMOCTM OT Bpe-

mMeHn t (puc. 1.16).

Paszobbem ocb abcuucc

Ha yKa3aHHble Bbllle Ma-

Nble MHTepBanbl. Ha uWH-

TepBane A/* nposeaem

NMYHKTUPOM FOPU30HTasb-

HYI0 MpAMYH C OpAWHa-

TOW, paBHOI cpeaHemy

3HauyeHuo BEWUMHbI cunbl Fk B 3TOM wuHTepBane. Torga nno-
wanb 3alITPUXOBAHHOW Ha PUCYHKe MOMIOCKM

FkMk (48>

YNCNIEHHO paBHa 3/1IEMEHTAPHOMY WMNY/NbLCY CUNbl, U NOMHbINA
nMmnynbC 6y,qu YNCNEHHO paBeEH CyMMe I'II'IOIJ.I,&,EI,EVI BCEX
3NIEMEHTAPHbLIX MOOCOK. YMeHblaa BeINYUHBI MHTEPBaNoB

W yBENMYMBAS UX 4YUCAO M, B npegene (mpw N nN-*~00)
MOYYMM, YTO WUCKOMBIW MOMHbIA UMNY/bC CUSbI
2 FbAtk (4.9)

UMCMEHHO paBeH MJowWaamn, 3aKIOUYEHHOW Ha HalleM PUCYHKe
mexay Kpusoit F((), ocbio abcuucc U ABYMS OpAUHaTaMu,
BOCCTaB/IEHHbIMU B HayalbHOW WM KOHEYHOl TO4YKax WMHTepBana
fo 1 [,. N3mepsas yKasaHHYl MNa0wWadb, Mbl MonyyYaem BO3MOX-
HOCTb rpafuyeckM BbIYUCIUTL BENYMHY TMOMHOTO WUMMYybca
cUnbl.

Ecnu cuna F MeHseTcA He TOMbKO MO BefuW4uHe, HO U NO
HanpaBNeHWI0, TO BEKTOP MMMNynbCa CWUMbl ClefyeT pasnoXuTb
Ha COCTaBAAOLIME MO TPeM KOOPAWHATHbIM OCAM W MPOU3BECTYU
yKasaHHOe rpajuyeckoe BblUMCIEHME AN KaXA0A U3 Tpex

coctaBnfawoWmMx BekTopa 2 F,A4, a 3aTeM reoMeTpUYECKM
K

CNOXWUTb 3TU TPU CYMMbI.

3aKOH W3MEHEHWUA KONMYEeCTBa [BUXEHUA ABNAETCA Herno-
CpeACTBEHHbIM CNefCTBMEeM BTOPOro 3akoHa HbitoToHa. Mcnosb-
3ys Hapsagy C HMM W TPeTuil 3aKOH AuHamukm (3.8), MOXHO
MoMyynTb TaK Ha3blBaemblli 3aKOH COXPaHeHUA KO-
NnyecTBa [ABUXEHMNA.

[na atoro paccmoTpuM [Be B3aMMOAEACTBYHOLIME MaTepu-
anbHble TOYKM ¢ MaccaMu T\ 1 T?. O603HAYMM CKOPOCTU ABU-
XKEHNSA 3TUX TOYeK B AaHHbIi MOMEHT BPEMEHM COOTBETCTBEHHO
yepe3 vi n Ve (puc. 1.17). Ecnv nepBas M3 3TUX TOYEK AelicTBYeT

23



___m fu Ha BTOpYI C cunioi Fiz, TO
BTOpas W3 HWUX, COrNacHo
TpeTbeMy 3aKOHY AWHAMUKMK,
[eiicTBYeT Ha MepBYyH C CU-
noin F2ji= —Fi.2. Mop peii-
CTBMEM 3TUX CWUA 3a NpoMe-

Puc. 117 XYTOK BpeMeHn At CKOpoCTy
TOUeK MonyyarT npupaweHus Avi n AV2 1 UxX Konu4vectsa ABU-
XXEHUS W3MEHAKTCA COOTBETCTBEHHO Ha BenuuuHbl A (T\\\)
n A (T2Yr). NMpruMeHas 3aKOH U3MEHEHWS KOMYecTBa [ABUXeHUS
(4.4) K BBMXKEHUIO KaX[OW TOYKM B OTAENbHOCTM, Mbl MOXEM
Hanucarb:

F2iA/=A(MiVi), F|,2A/=A(m2M)- (4.10)

CknajbiBas 3TM [Ba paBeHCTBA W y4WUTbiBafdA, 4To Fi2= —F2.1»
nonyyaem:
0=A(/7iiVi)-)-A(M2V2)=A(miVi+ W2\2). (4.11)

PaccmatpuBaemble [Be MaTepuabHble TOYKW, B3aMMOfeii-
CTBYIOLLME TONMBKO APYr C Apyrom, o6pasyloT CUCTEMY, WU30MU-
POBaHHYIO OT [eWCTBMS BCEX OCTalbHbIX Ten.

FeomeTpuyeckas cymma KO/iMYecTBa ABUXEHUA 00enx Touek
T|Y|-|-/T12Y> Ha3blBaeTcd KONMUYECTBOM [ABUXEHUSA
cuctembl. N3 (4.10) n (4.11) cnepyet, 4YTO 3a Bpems ABU-
XEHUS KONUYECTBO ABMXKEHMA KaXAoW TOYKM B OTAENbHOCTM
MOXET MEHATbCH, HO KO/IMYECTBO ABMXKEHWA CUCTEMbl OCTaeTcs
MOCTOAHHbIM:

/MM -1- m2V2=COnst. (4.12)

AHanornyHbiM 06pasoM MOXET ObiTb BblBeEH 3aKOH CO-
XPaHeHUs KONUYecTBa ABWXXEHWUA LN CUCTEMbI, COCTOAWLeA u3
n60oro ynucna mMarepuanbHbIX TOYEK MK Tesl, B3auMOencTByo-
WMX TOMbKO MeXAy coboii. B n30AMpoBaHHON cucTeme MaTe-
puanbHbIX Ten KOAMYECTBO [BU>KEHUS BCEA CUCTEMbl B LeAOM
OCTaeTCsA HEU3MEHHbIM:

(4.13)

rge /n, — macchbl OTAENbHbIX TOYEK CUCTEMbI, & Y, — WX CKOPOCTU
B Nt060/i MOMEHT BpPEMEHMN.

Mbl BUAMM, UYTO NPU MEXaHWYECKOM [BVKEHUU YBENUYEHMWE
KONUYecTBa [BMXXEHUS OAHOr0 Tefa PaBHO YMEHbLUEHWIO KOMu-
yecTBa ABMXXEHUSA BCEX OCTaNbHbIX B3aWMOAENCTBOBABLUNX C HAM
Ten. BsaumopeiicTBytoWwne Tena 06MeHWBAKOTCA KOAMYECTBaMU
LBVKEHUSA; KOMMYECTBO [BVMKEHUS NepeHoCcUTCs OT OfHOro Tena
K gpyromy. CKoOpocTb nepefayu 3TOW BeAUUYUHbI OT OFHOrO
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B3aMMOJEWCTBYIOLLEro Tena K APYromy OnpefensieT BeuUYUHy
CUNbl B3aMMogencTeua. Ans Kax[oro u3 Ten B COOTBETCTBUU
C (4.4) ™Mbl MOXeM 3anucaTb, 4TO

Aj2vI=F . (4.14)
Al

[JelicTBe 3aKOHa COXpPaHEHWs KO/MYECTBA [ABUXEHUS Mbl
MOCTOSHHO HabnwjgaemM B MOBCEAHEBHOW >XW3HU. Ecnu nopgka
npucTaeT HOCOM K Gepery, a naccaxup HaxoAuTCA Ha KOpMe,
TO KOrga naccaXxwup HayHeT uATW NO N0fKe CO CKOPOCTbIO Vi
K 6epery, nogka noay4nuT CKOPOCTb V2 B 06PaTHOM HanpaB/ieHWM
M oTnnbiBeT oT Gepera (puc. 1.18). Korpga 3a cueT Ageiicteus
MOPOXOBbIX [a30B B CTBOJe OPYAWA MPOUCXOAWUT BbICTPEN, TO

KO/INYEeCTBO [BV>XXEeHUs BbifleTalolero cHapsffga mivi pasHO
Mo Be/MYMHE W 06PaTHO MO 3HaKy KOMMYECTBY ABMXEHMA 2
OTKaTblBalOLWerocs Hasajg opyaus.

[na ymeHblleHMs OTKaTa opyaus HeobXo4uMO YBENMYMBATb
ero maccy mi no cpaBHeHUIO C Maccoil cHapaga T\. B atom
OTHOLLUEHWUN 3HAYUTENbHLIM MNpeuMyllecTBOM o06n1ajaloT peak-
TWBHblE CHapsAAbl. B pakeTe unn peakTUBHOM cHapsafe Npoucxo-
OWT NOCTENEeHHOe CropaHWe MOpPOX0BOro 3apAaja W UCTeYeHue
ropsaymMx MopoxoBbIX rasoB Ha3aj 4epe3 COOTBETCTBYHOLME OT-
BepcTusa (410 3bl). PaccmatpuBas pakeTy M BbiTeKawuine us3
Hee rasbl KakK efWHYI0 MeXaHWYecKylo CUCTEMY, Mbl MOXEM
MPUMEHNTb K He 3aKOH COXPaHeHWs KOMWYecTBa ABUXKEHWUSA.
Tak Kak BbITeKawolw e raspl 061a4ar0T KONNMYECTBOM ABUXEHUS,
Hanpas/ieHHbIM Ha3afj, TO OCHOBHAaf 4acCTb pakeTbl nonyyaet
OBWXeHue Breped. Takum 06pa3oM, BCHO OTfadvy Npu BbiCTpene
pakeTbl BOCMPUHUMAIOT BbITEKAIOLIME rasbl, U AN 3anycka peak-
TMBHOTO CHapsga 60/1bWOro Kannbpa BMeCTO MaCCMBHOIO CTBO/IA
[0CTaTOYHO MPOCTON W Nerkoi HanpasnAloLLel pambl.

MpUHLUMN pPeakTUBHOIO [ABMXKEHUS HblHe LWWUPOKO MNMPUMEHSA-
eTcsa ANA MonetoB. MbICNb O BO3MOXHOCTU TaKOro MPUMEHEHUSA
pPeakTMBHOIO ABIKeHWA 6blna BhepBble BbiCKaszaHa B 1881
Ka3HEHHbIM LAPCKUM MNPaBUTENIbCTBOM W3BECTHLIM PEBOIOLUO-
HepoM Kwubanbumyem.
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[anbHelillee pa3BuMTUE 3Ta MbICAb MNOAyynna B paboTax
«MnuoHepa 3Be3gHbIX pgopor» K- 3. LiMonkosckoro.

CoBpeMeHHbIe peaKTUBHbIe caMosieTbl yXe LOCTUTN CKOopocC-
T/ noneta nopsagka 2000 KM/4, T. . CBEPX3BYKOBbIX CKOpOCTEN.
C nomowblo pakeT 3anycKalTCHd WCKYCCTBEHHbIE CMYTHUKM
3eManm n Kocmuyeckue kKopabnu.

8 5. PaboTa cun U KUHETMYecKas 3Heprus

3a 6ecKOHEYHO Masblii NPOMEXYTOK BpemeHu At maTepwu-
anbHas Touyka M npoigeT anemMeHTapHbI NyTb AS N0 TpaekTopuu
M MepemMecTUTCA B MPOCTPaHCTBE Ha BenuyuHy [Ar. Ha 3Tom
yyacTKe Ha TOYKY MOXeT [elicTBOBaTb
cuna F, HanpaBfneHHas MOf HeKOTo-
pbiM YrOM a K nepemeweHuto [Ar
(puc. 1.19).
CkanspHoe npou3BefeHve BeKTopa
CUMbl HAa BEKTOP MepeMelLeHns Hasbl-
BaeTCA 3/eMeHTapHoli pab6oToil
cunbl F Ha 6eCKOHEYHO ManoM nepe-
meLleHun Ar:

AA = F mfr*. (5.1)

CkansipHoe npousBefeHNe [BYX BEKTO-
POB PaBHO MPOW3BEAEHMUI0 aGCOMOTHBIX 3HAUYEHUI 3TUX BEKTOPOB
Ha KOCMHYC Yria Mexay HUMW, W

O N =/r|Ar|co5 a. (5.2)
Ecnn yron a — octpelii, T0 cos a>0»un paboTa, coBepluaemas
CUNOM MpW MepeMeLleHMn TOUKKM, nonoxutenbHa. Mpu a=-p-,

Korga cuna nepneHaunkyndapHa K nNepemMeweHno, Ccos -2-=0;

Takasa cuna paboTbl He coBepliaet. Ecnu yron a — Tynoi, To
cuna JeicTsyeT nNpOTMB  HamnpasneHus nepemelieHuns  Ar,
cos acO wu paboTa cu/bl OTpuLaTenbHa.

Bbipaxenunsa (5.1) u (5.2) MOXHO nepenucaTb B BUAE

AA—F cos a 14ar]=/mAar|, (5.3)

rae a ecTb Npoekuua cunbl F Ha HanpaBneHue nepe-
MeweHns. B npegene (npu A/->-0) BenvumMHa nepemMeLleHus
|Ar| cornacHo (1.3) cTpemuTcsi K OTpe3Ky Ayru As, NpoifeH-
HOMY [ABUWXYLLecA TOYKOA, a HanpaBneHue nepemeuieHus Ar

*

pa6oTbl (KaK A1si OCTaNbHbIX BEAMYMH), @ YKasblBaeT NWb Ha ManocTb afe-
MeHTapHOl pa6oThl.
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cTpemuTca K HanpaBNeHWIO KacaTenbHOW K Tpaektopuu. [lo-
nomy BblpaxeHue (5.3) MOXHO nepenucaTb B BuAe

AA=FKas. (5.4)

PacknagbiBasd, Kak rnokasaHo Ha puc. 1.19, Bektop cuibl na
[lBe B3aMMHO MeprneHANKYNApHbIe COCTaBNstoLLLmMe:

F=FKt F,, (5.5)

Mbl BUAMM, YTO B npegene BekTop FKHanpaBneH no KacaTenbHOW,
a BekTop F,, — COOTBETCTBEHHO MO HOpMann K Tpaektopuu. U3
NMPUBELEHHOTO Bbllle onpedeneHns paboTbl cnefyeT, YTo ee CO-
BepLlaeT NMMWb KacaTefnbHaa cocTaBnawowas cunsl FK a paboTa
HOpManbLHOW cocTaBnfaweli F,, paBHa Hy/o.

W3 onpegeneHns paboTbl (5.2) MOXHO YCTaHOBUTL efUHULbI
ce usMmepeHus. B cucteme CIC eamHuua paboTel 1 apr=
= 1auu-lcm= 1r-cm'2cekl B cucteme CU egmHmua paboThbl
1 pxoynb (cfoc) — 1 Hel m = 10s <?bH-102 cm— 107 apr. Hako-
Hel, B TEXHWYECKOW cucTeMe efuMHUL, — efuMHMLa paboThbl
1kFm=\ k'ml n=9,81 mK

PaboTa, coBepwaemas B efuMHULY BPEMEHMW, Ha3biBaeTCH
MOLWHOCTbLIO:

N =% -. (5.6)

EanHuua mowHoctn B cucteme CU — 1BatT (BT) — 14>K/cek—
= 107 apr/cek.

Mepeiligem Tenmepb K OMpefeneHMt0 HOBOW BaXHOW (usmye-
CKOM BeMNYMHbl — KM HETUYEeCKOW 3Heprum mMmare-
prvanbHOl TOYKMW.

Mo BTOpoMy 3akoHy HblooTOoHa F=mw. CnegosartenbHo,
Bxogswas B BblpaxeHue (5.4) KacaTenbHasd cocTaBaswoLas
CU/bl paBHa MO BENYUHE

FA=mwk—m -jj-, (5.7)

roe cornacHo (2.11) wk=~y -—- KacaTeNbHOe YCKOpeHue.
MoacTtasnas (5.7) B (5.4), nonyyaem ANS 3N1EMeHTapHON paboThbl
BblpaXKeHne
AA=m— -As=m-~--Av=mvV-Av. (5.8)
M M

PaccMOTpUM Tenepb KOHEYHbIA TMPOMEXYTOK BPEMEHM /.
MycTb B Hauyaje 3TOT0 MHTEpBana MaTepuasbHas ToukKa Haxo-
Aunacb B NOMOXEHUW M, ¥ ABMranacb CO CKOpPOCTbD , a B
KOHLE 3TOro WMHTepBasa MepemMecTuniacb B APYroe MoOXeHWe
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Kak BugHo u3 (5.13), KumMeTuyeckas aHeprua martepuasb-
HOM TOUKW (Tena) 3aBMCWUT TONbKO OT ee MacCbl T W BENUYMHbI
ckopocTn v. OT MONOXEHWA MaTepuanbHOl TOYKM B MPOCTPaH-
CTBE KWMHETMYECKaA 3Heprus He 3aBUCUT.

8 6. lMoTeHUManbHaa 3sHeprunsa. 3akKoH COXpaHeHUs
M MpeBpaLLeHns 3Heprum

B paccmoTpeHHOM Bbilwe cnyyae pa6borta cunel F, npuno-
XXEHHOW K mMaTepuanbHOW TO4YKe, 3aTpaymBanacb Ha W3MEHeHue
KWHETUYECKOW 3Heprum [fBuxyuweics Toukn. OfHaKo Kpome
KWHETUYECKON 3HEPrun — 3HEPrMnM  ABVMKEHUA — CyLlecTByeT
elle OAMH BUL MeXaHWYecKOin 3Heprum, 06yCNOBMEHHbIW B3auM-
HbIM pacnofioXeHuem Ten, AeACTBYHOLWMX APYr Ha Apyra. JTa
3Heprmua HOCWUT Ha3BaHWe NOTEeHLUWaNbHOW 3Heprumn.

Cwuna F, npuioXeHHasa K matepuanbHoi Touke Af, sBnsetcs
BCerfja pesynbTaTOM BO3[ENCTBMA Ha 3Ty TOUKY APYrux OKpy-
Xawwumx ee Ten. B 3aBUCMMOCTM OT PacnonoXeHUs Toukn M
OTHOCUTENbHO BO3AEMCTBYIOLMX Ha Hee Ten 3Ta cuia MOXeT
6bITb pa3nuyHa. B aTom cnydyae Mbl FOBOPUM O NONe cwun,
C034aBaeMblX AaHHbIMW Tenamu. Tak, Hanpumep, cufia 3eMHOro
NPUTSXKEHNA, [eNCTBYOLWAsA Ha MaTepuanbHYl TOUKY C Mae-
CO T, Ha pasHbIX PAacCTOAHMAX OT 3eM/IM PasfiniHa W No BeNn-
YMHe 1 MO HanpasfieHMM BOKPYr 3eMHOro Llapa umeeTcs mnone
CUN TATOTEeHUS, AeACTBYOWMX Ha TOUKy M. AHaNOrMyHbll Xa-
pakTep HOCWUT MONe 3NeKTPUYECKUX CWUA MPU B3anMOLENCTBMM
ANEKTPUYECKMN 3aPAXKEHHbIX Ten.

MomecTUM maTepuanbHyto TOYKy M B cuioBoe none u 06o0-
3Ha4YMM ee paguyc-BeKTOp Yepe3 r. B faHHOM MOMOXeHUU Ha
Touky M 6yget fgeiicTtBoBaTb onpegeneHHas cuna F (puc. 1.21).
UTob6bl TOuKka M He Hauana fBuratbca M He npuobpena KuHe-
TUYECKON 3Hepruu, ypaBHOBECUM 3TY CUY BHELIHei No OTHO-
LEHNIO K cucTeme cuioi F', paBHOI el nNo BenuuuMHe n obpart-
HOW MO HampaB/iIEHNIO:

F'= —F. (6.1)

UTtob6bl BCA cuCTeMa, cocTosLlas
M3 TOYKM M © BO3AENCTBYHOLWUX
Ha Hee Te/l (He NOKasaHHbLIX Ha pu-
CYHKe), oOcTaBanaCb HEW3MEHHOW,
KO BCeM OCTa/ibHbIM Tefam Takxe
HY>XHO MPWIOXNTb COOTBETCTBYIO-
WMe BHEWHNEe CuMbl, ypaBHOBELW K-
BalLWMe VX B3aMMOLENCTBMA.
MpesnonoXxum Tenepb, 4To cuna
Puc. 1.21. F' He B TOYHOCTM ypaBHOBeLUMBaeT
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cuny F, HO OoTnMyaeTcs OT nocnefHelt Ha 6GEeCKOHEYHO Manyto
BennunHy AF'. Torga Touka M HauyHeT GeCKOHEYHO Me[NEHHO
ABuUratbcs B HanpasneHun AF' n 3a [OCTATOYHO 60NbLIONA
NPOMEXYTOK BpEMEHW MNepeMecTuTcs Ha BenuuuHy [Ar. Cko-
poOCTb MNepemelleHUs Touku M 6yfeT npu 3ToOM 6GECKOHEYHO
Mana u MOXET NpakTUYeCKW cuMTaTbCA PaBHOW Hynwo. B cooT-
BETCTBMM C 3TUM MOXHO CYMTATb PaBHOW HYJIHO N KMHETUYECKYIO
3HEpPruo MatepuanbHOW TOUKMU.

B npouecce nepemeweHWs MaTepuanbHON Toukm Ha Ar
BHeWHAA cuna F' coBepluaeT paboty

Al4'=F"*]r, (6.2)

X0TA MaTepuanbHas Touka M He npumobpeTeT HUKAKOW KWHETU-
yeckoi 3Hepruu 7°. OUYeBMAHO, YTO B pe3ynbTaTe COBEPLUEHHON
paboTbl MPOM3OLLIO YBENMYEHWNE KAKOW-TO APYroi hopMbl aHep-
rum, 3aBUCALLER OT U3MEHEHUA MONOXKEHWSA TOYKM M B CWUI0BOM
none.

3TOT HOBbIA BUA 3HepPrun, ONpefenstoWwmniica He CKOPOCTbIO
TOUYKM, HO €e MONIOKEHMEM B CWU/I0BOM MOMe, U ecTb MOTeHLM-
anbHas aHeprua.

O603HaumMmMm 4epe3 AU M3MEHEHWE NOTEHUMANbHOW 3HEPrum
npu MepeMeLieHMn TOYKM B CUA0BOM none Ha [Ar. V3meHeHue
noTeHuManbHoW aHeprum AU MOXeT 6biTb ONpeaesieHo no Benu-
YynHe paboTbl, NMPOM3BELEHHON BHELHWMMW CUAaMu Npu nepeme-
WweHun Ha Ar:

AU=AA'= F'Ar. (6.3)
Mockonbky F'= —F, T0
Ayt= F'efir= —F-[ir= —[/], (6.4)

raoe OA ecTb paboTa, coBepliaemMas BHYTPEHHUMWU CUaMu Cu-
CTEMbl Ha TOM e nepemMelieHun Ar. Ncnonb3yd COOTHOLIEHME
(6.4), Mbl MOXEM AN ONpefeneHns U3MeHeHWUs NOTEHLMabHOM
3Heprum AU, He npuberas K BHELIHEA cuae, HanucaTb Hemno-
CPefiCTBEHHO, YTO

AA— —AU. (6.5)

Takum obpasom, paboTa, cosepwaemas cunamu F, feiicTBylo-
WUMW Ha MaTepuanbHyld TOYKY Mpu ee MNepeMeleHnn, pasHa
M3MEHEHUIO €€ MOTEHLMANbHOW 3HepPrumn, 3aBmcsuLeid OT pacnono-
XXEHUA TOUKM B CMIOBOM MoOJe.

PaBeHCTBO 3TO cfeayeT MNOHMMaTb anrebpauyecku. Ecnu
pa6ota cun nonoxutenbHa (A /1>0), TO noTeHuManbHas
aHeprua ymeHbwaetca (L4 £/<0). Ecnm xe pabota cun otpu-
uatenbHa (A4/1<0), To noTeHuwanbHas 3Heprus BoO3pacTaeT
(—AEY<0, T. e. AU>0).
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Ons BbluucneHus paboTbl JI| M MpU CMELLeHUM TOYKM Ha
KOHe4YHoe paccTosHue oT r=I[ go r=rL BCS ee TpaeKTopus
pa3buBaeTcs Ha OTAeNbHble GECKOHEUHO Masible MepeMelleHus
[r,, Ha KaXfoM U3 KOTOpbIX cuay F, MOXHO cumMTaTb NpakTu-
UECKM MOCTOSIHHOW MO Be/MUMHE W HanpaeneHuto. CknagbiBas
afeMeHTapHble paboTel JA Ha KaXAOM W3 TakMX Y4acTKOB,
MOXHO OMpefennTb MOMHYK pa6oTy

/4, 4= 201 ,= 2 FAr,
| 1
[TonHOe M3MeHeHune I'IOTeHLI,VIa!'IbHOVI 3Heprun

24 Ui= U li-U |
1

OyfAeT paBHO Ppa3HOCTU MOTEHUWaNbHbIX 3HEPTWii B KOHEYHOI
(0u) w HavanbHO (U[) Toukax TpaekTopuu. YuutbiBad (6.5),
Mbl MOJly4aeM OKOHYaTe/lbHO, YTO

Un-U t= -A {M. (6.6)

MpuBeaeHHbIR BbIBOS paBeHCTBa (6.6) HyXAaeTcs B HEKOTO-
pbIX JOMOMHEHUSX W Or0BOpPKax.

Bo-nepBbix, He AN8 BCAKUX CU B3aWMOLENCTBUA MOXHO
onpefennTb MOTEeHUManbHyt 3Hepruto. M3 (6.6) cnepyet, uTo
noTeHLManbHas 3Heprus B KaXAOW TOUKe MMeeT BMOMHE onpe-
[eneHHoe 3HauyeHue, Wb ecan paborta A\ L OyaeT oAuHako-
BO BAONMb NHOOOI TPaeKTOpPUM, COEAMHAIOLLEN HavyalbHYH TOY-
Ky | C KOHeuHoil Toukoii . Ecnn e BenuuuHa padotbl A\ U
3aBUCUT He TONbKO OT MONOXEHWA Haya/ibHOM U KOHEYHO
TOYEK, & 1 OT (hOpPMbl NYTW WM CKOPOCTU Mepexofa, TO BeNYMHbI
(, » Un B (6.6) cTaHOBATCA HeonmpefenMMbIMK, W Takoe Mone
He o6nagaeT OMpeAeneHHON MOTEHLManbHON 3Heprue.

Kak Mbl yBMAWM HWXe, NOMe TAXKECTU W 3NeKTpoCTaTu-
yeckme nons obnagatoT NOTEHUMaNbHOW 3Hepruein. B npoTmBo-
MONOXHOCTb 3TOMY MPW HaMYMN CUA TPEHUA WAN MArHUTHbIX
B3aMMOJENCTBUIA CW/bl 3aBUCAT He TOAbKO OT B3aMMHOr0O pac-
MONOXEHWA, HO U OT CKOPOCTU ABUXEHUSA B3aUMOAEWCTBYHOLLNX
Ten, U Takoe none He obnagaet onpegeneHHbIMU 3HAYEHUSMM
NOTEHLMANbHOW 3HEpPruu.

BTopoe 3aMeyaHue CBA3aHO C TeM, YTO MO TPETbEMY 3aKOHY
avHamukn (3.8) Hapsgy ¢ cunoii F, geiicTByroLieil Ha TOUKy M,
nocnegHAs AeAcTByeT Ha OKpyXawuime Tena € CYMMapHON
cunoi —F. Ecnm octaBuTb TOYKY M HenoaBMXKHON, a Bce
B3aUMOLENCTBYIOWMNE C Heil Tena MepemMecTUTb B MNPOTMBOMO-
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NOXXHOM HanpaBneHuu Ha BennuuMHy —/Ar, To 6yAeT coBeplieHa
Ta e camas paboTa

(—F)M—Ar)= F+Ar=An

M NOTEHUMaNbHaA 3HEPTUA U3SMEHUTCA Ha Ty XK€ CaMyK BE/INYUNHY

av = - An.

Takum 06pa3oM, M3MeHeHMe noTeHuManbHoOl 3aHeprun &U
3aBUCUT OT OTHOCWUTE/IbHOTO M3MEHEHUs B3aMMHOTO pacnosioxe-
HMS B3aMMOZeNCTBYOWMUX Ten. CnefoBaTeNbHO, NOTeHLMaNbHas
3Heprus U 0THOCMTCA He TONbKO K TOUKe M, HO 1 KO BCeid cucteme
MW npefAcTaBnsieT coboli 3Heprmw B3auMMOfencTBUSA
Ten. B 4acTHOCTM, ecnu Mbl paccMaTpuBaeM MOTeHUManbHYyo
3Hepruio KaMHs, NMOAHATOr0 Ha HEKOTOPYI BbICOTY Hafj 3eMHOl
MOBEPXHOCTbID, TO MOTEHUMWanbHas 3HEPrus CWUa 3eMHOro npu-
TSXKEHUSA eCTb 3Heprusa B3aumogercTBus KamHa u 3emaun. CeA-
3bIBadA, KakK 06bI4HO, cucTemy oTcyeTa C 3emnei, Mbl bygem
npegnonaratb 3eMK0 HEMOABWXXHOW W YCMIOBHO TOBOPUTL O
MOTEHLMaNbHON 3HEPrMm MNOLHATOrO0 KamHsA (M0 OTHOLWEHWIO K
3emrne).

HakoHel, cnepyeT ykasaTb, yuto Qopmyna (6.6) He paeT
MO/IHOFO OnpeAeneHUs BeMYMHbI MOTEHUWaNbHON 3Heprun B
KaX[0W TOYKe, a onpefensieT NWb W3MEHEHWE MOTEHLMWANbHOWA
3Hepruyv nNpu nepexoge M3 OAHON TOYUKW B APYTYIO.

AGCONOTHasA e BEeIMYMHA MocTaeTcs 3aBUCALLER OT Bbl6o-
pa Hayana oTcyeTa MOTEHUWaNbHOW 3HEPrUW, T- €- TOW TOYKM,
B KOTOPOI NOTeHUManbHas 3HepPrua ycnoBHO mofaraeTcs paBHOM
Hynto. O6bIYHO 3a Hayano oTcyeTa BbIOMPAKOT TaKOe MONOXKEHME,
npu KOTOPOM B3aMMOLEWCTBME MPaKTUYECKU OTCYTCTBYET, Ha-
nNpvMep Korga B3auMOAeincTBytolme Tefla 6eCKOHeYHO yhaneHbl
ApYr OT Agpyra.

Ecnn M3MeHUTb Havyano oTcyeTa, TO 3HAYEHUS MOTEHLManb-
HO 3HEpPrMyM BO BCEX TOYKaxX W3MEHATCA Ha OfHY U Ty Xe
MOCTOSAHHYH BenuunHy C, T. e.

Uu=u(()+C (6.7)
PasHocTu >xe aHepruit Uu— U\ npu 3TOM OCTalOTCA HEU3MeH-
HbIMW, TaK KakK Npy BblYMTaHWW MPOU3BOSIbHAA MocTosiHHaa C,
BXxoAdAwas ofuHakoso B |/y n B U,, cokpaliaercs.

Mpu OBUXEHWM MaTepuasnbHOW TOYKM C Maccoi T B CW/IO-
BOM Mone 6yayT U3MEHATbCS W ee KUHEeTMYecKasd, M ee MOTeH-
umanbHas aHeprum. Kak 6blo HalijeHO B MNpefblgylieM napa-
rpage (cm. (5.15)), Ans anemMeHTapHOro nepemeleHns n3ame-
HEHMEe KWHETWMYECKOW 3HEeprum paBHO

(6.8)
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CornacHo topmyne (6.5) M3MeHeHMe MOTEHLMANbHOW 3HEPrum
npy TOM e MepemMelleHnn paBHO

AU=-AA. (6.9)
CknafbliBas BblpaxeHus (6.8) un (6.9), nonyuum:

(6.10)

Ho ecnv npupalieHue Kakoi-nnb0 BENYMHBI PABHO HYNIO,
TO 3TO 3HAYWT, YTO caMa BE/IMYMHA SBASETCS MOCTOSHHOIA:

-f U— E = const. (6.11)

BennunHa E, paBHas CymMMe KWHETWYECKONW WM NOTeHuuanb-
HO 3HEepruii, HasblBaeTcCd NONHON 3Heprumen marepu-
anbHoOM Touku. MonydveHHasa dopmyna (6.11) asnsetrca mate-
MaTMYeCKUM  BbIP@XXEHMWEM 3aK0OHa coXxpaHeHWuH
3HEPTrUMN B MEXaHUKe.

Mpu ABMXEeHWW Tena NPOUCXOLMT HenpepbiBHOE NpeBpalye-
HMEe KWHETWYECKON ero 3Heprum B MOTEHLMAaNbHY M 06paTHO
B 3KBMBase THbIX KO/MIMYECTBAX, TAK YTO MOJSIHAA 3Heprusa Tena
OCTaeTcs HeusMeHHOW. CnefoBaTeNnbHO, Kak yKasbiBaeT JHrefbC,
3TOT 3aKOH HE eCcTb MPOCTO 3aKOH KO/IMYEeCTBEHHOr0 COXpPaHeHus
3Heprnn, a 3aKOH COXpaHeHWA W npeBpawWweHmnsn
JHEPruu, BbIPKAOWMA N KAYECTBEHHYI CTOPOHY B3auM-
HOro MpeBpaLLeHns pasanyHbiX (OPM LBUXEHUA APYr B Apyra.
[BUXeHVe MaTePUN HEYHUUTOXMMO, HO (DOPMbI 3TOTO ABUXEHMUS
MHOroo6pasHbl 1 MOCTOAHHO MNEPexXoasT APYr B Apyra.

B pganbHeiwmnx pasgenax QU3MKM Mbl MO3HAKOMUMCS C 4pY-
rmmu  opmaMmn  ABMXXEHUS — TenjaoBON, 3M1eKTPOMarHUTHOM,
BHYTPUALEPHO — U C XapakTepusyrwWwmumn ux Gopmamm aHep-
rmn. Kak nokasblBaeT Becb OMbIT HayKu, 3aKOH COXPaHeHWs U
npeBpaLlleHns 3HepPrum sanseTcsd O4HWM M3 OCHOBHbIX 3aKOHOB
npuposbl.

Bo3Bpalwasncb K MexaHWKe, Mbl AO/DKHbI faTb DOPMYIMpPOB-
Ky 3aKOHa COXpPaHeHWs 3Heprum Ans CUCTEMbl MHOTMX MaTe-
pUanbHbIX TOYEK:

MonHas 3Heprus M301MPOBAHHOW CUCTEMbl MaTepuanbHbIX
TOYeK, paBHad CYMMe KWHETMWYECKUX 3HEpPruil To4veK W NOTeH-
LManbHON 3HepruM ux B3aWMOAENCTBUA, eCTb BeNMYMHA MOCTO-
AHHAA :

£ =2 me 2 £A,*=const. (6.12)
i i.h

3pecb m,— macca i-il TO4Ykmn, u, — ee ckopocTb, Ui, *— noTeH-
LManbHas 3Heprus B3aMMoOAeincTBMS i-ii U K-H TOuYek.
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Henn B cucTeme nepemMeljaeTcss NuMWb OfHa M3 TO4ek, TO,
MOCKO/bKY W3MEHEHWe MOTEHLUWANIbHON 3HEepruyM CBA3aHO NNLWb
< ee [IBUXXEHWEM, 3Ty MNOTEHLMANbHYI 3HEPTU0 NPUNUCHIBAKOT
ei N 3aKOH COXpaHeHus 3sHeprum umeeT Bug (6.11).

f 7. MoTeHUManbHasi 3Heprus TAFOTEHNS U YNpYrux aeopmaymii

Bbluncnnm BefIMUUHY MOTEHLMAaNLHON 3Heprum B ABYX NpoO-
CTEMLWNX, HO BaXHbIX ANS faNbHEALWero cnyvyasax — Ana TAro-
reHus 1 4na ynpyrux gedopmMauuii.

HblOTOH yCTaHOBUM 3aKOH BCEMUPHOTO TATOTEHWA, M3y4yas
WXOHbl BUXeHUA HebecHbIX Ten. COrnacHo 3TOMY 3aKOHY
mMaTepuanbHble TOYKM C Maccamu M u T, Haxogawmecs Ha
paccToOsHUWM T ApYyr OT Apyra, NPUTATMBaKOTCA € cunoli F, paBHOM
no BeNYMHE

(7.1)

34ecb K — rpaBuTaymMoHHaa MNOCTOAHHaA, WNN NMOCTOAHHAaA TA-
rOTEHUA:

X= 6,67 «10_M M*/Kr-cek2 (7.2)

3eMna He SIBNSETCS «MaTepuanbHOW TOYKOW» ANns Ten, pac-
MOMOXEHHbIX Ha ee MOBepPXHOCTU. Ho, Kak MoKasbiBaeT Teopus,
cuna, C KOTopoi 3emns NpUTArMBaeT Tena, PacnofioXeHHble
MHe ee, YNCNIEHHO B TOYHOCTM paBHa Cuie, KOTOPYHO co3gaBana Obl
maTtepuanbHas To4ka ¢ maccoii M, paBHOIi macce 3emMu, u pac-
NONOXEeHHasa B LeHTpe 3eMnun. B cOOTBETCTBMM C 3aKOHOM TAro-
TEHWS Ha MaTepuanbHyl TOYKY C Maccoii T CO CTOPOHbl 3emu
byfeT AenicTBoBaTb Cuna TSHKECTU, paBHas

PTHeyc”p-, (7.3)

rae /?2 — pacctosHue OT TOUKM M [0 ueHTpa 3emnu. Mpu manbix
nepemeLteHunsx (Mopsgka HecKONbKMX KUMIOMETPOB OT MOBepX-
HOCTU 3eMKn) W3MEHEHUAMM R MOXXHO npeHebpeyb, cumtas R
NMOCTOSHHOI BENMYMHON, paBHOI pagunycy 3emnmn (/?3=6370 Km).
Torpa (7.3) MOXHO nepenucaTb Tak:

Fmm—-~~ -m=g-m, (7.4)
Iie K MMeeT CMbIC/T YCKOPeHWs, C KOTOPbIM ABMXYTCA NOA Aeun-

(THHEM cwnbl TSXECTW BCe MaTepuanbHble Tefia y MOBEPXHOCTU
K'MAK. YucneHHoe 3HaYeHWe ITOr0 YCKOpPeHWs CBOOGOAHOro

najeHns paBHO MPUMEPHO
M 5% M‘/c?k%
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(B cuny HecgepuyHOCTM 3emManm un ee
BpallLeHNA BefMYMHA g HEeCKOSIbKO MeHSA-
€TCA C M3MeHeHMeM reorpanyeckon Lin-
pOTbl, HA YeM Mbl 3fleCb OCTaHaB/MNBATb-
cA He byjaem).

Mpu nepemelieHMn maccbl T C OfHOi
BbICOTbl Ha APYryw cuna TAXecTu Co-
Bepwaet paboTy. CrnefoBaTenbHO, MeHS-
eTcAd NoTeHUWanbHas 3HEpPrns CUCTEMBI
3emng — macca T. OO6bIYHO nNpU 3TOM
roBOPAT O MOTEHLMANbHON 3Hepruu Tena
T, O4HAKO cnegyeT MOMHUTb, YTO 3[eCh,
Kak u B flobom [pyrom cnydae, MoOTeH-
LmanbHas 3Heprus ecTb 3HEpPrus B3ammo-
LecTBMA 3eMAN U MaTepuaibHON TOUKM
maccbl T.

Bbluncimm Tenepb ee 3HavyeHWe ANS NepemMelleHUMin T Nulb
B6/1M3N NOBEPXHOCTM 3eM/M, TaK YTO BbiCOTa MOAbEMA HUYTOX-
Ha MO cpaBHeHUO Cc paguycom 3emnn. B 3Ttom cnydyae cuny
TAroTeHNa FTaK gelicTByOWY Ha T CO CTOPOHbI 3eM/M, MOXHO
cunTaTh NOCTOAHHOW (He 3aBMCALLEA OT BbICOTbI) W HampaBs/eH-
HO K LeHTpy 3emnu.

HanpaBum ocb OZ BepTMKanbHO BBepX. B Takoi cucteme
oTcyeTa cuna Tsxectn FMHW Oyger UMMeTb COCTaBAAKOLWLYIO
TO/IbKO No ocu OZ, KOTOpYto Mbl 0603HaUUM yepes Fz (puc. 1.22).
HanoMHuM eLlle pas, YTO 3aTa cu/ia MNOCTOAHHA, T. €. He 3aBUCUT
oT z. o BennumHe oHa paBHa

F,.= -mg. (7.5)

MogHUMEM TOUKY T C BbICOTbI Z\ Ha BbICOTY Mpu 3ToM cuna
TSKECTU CcoBepWNUT paboTy

Al 2=FZ(Z22—z\)= —nig-(z2—z[) = mgz\ —mgz2
(7.6)
O603Ha4MM MOTEHLUANbHYI0 3HEPTMIO TOUKM T Ha BbicoTe 2\
yepes U], a Ha BbicOTe IT — 4epes Torpga cornacHo (6.6)
A\, 2= — (U2— U\)= U\— U2 (7.7)
n3 (7.6) un (7.7) cnepyeT, uTO
U\ — U2=mgz\ — mgZ2. (7.8)

OpHo ypaBHeHue (7.8) He MoO3BONIAET onpeaenuTb 0b6e BXO-
[AAllnve B Hero HensBeCTHble BennuuHbl U\ 1 U2. MoaTomy Hapsagy
C NPOCTEWLWNM peLleHneM

Ul=magz\\ /7Qx
U2=mgz2 > noey
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<M ypaBHeHVe fonycKaeT ele 6ecUMcNeHHOe MHOXECTBO peLle-
HWIA
D\= mgzi -f C,) I7 ,ny
U2= mgz2+ cJ

"l invarowmxca ot peweHnsa (7.9) 3HavyeHMeM MPOU3BOJSILHON
HI TCAvHon C.

I;IK Kak zi n r2 Moryt 6bITb NHO6bIMU, TO MOTEHLUMaNbHAsA
HU'prus nona Tsaxxectn O (r) Ha 3agaHHON BbICOTe Z Haf YypoOB-
Hem tomam cornacHo (7.10) BbipaxaeTtca o6ueli hopmynoi-

U(z)=mgz + C (7.11)

HeonpeneneHHOCTb YUC/IEHHOTO 3HAYeHWS MOTEHLMANbHOWA
Weprun CcBA3aHa, KakK yXe OTMeyanocb Bblle, C TEM, 4YTO CO-
in HoweHve (6.6) onpegenseTr NuWb Pa3HOCTb MOTEHLMANbHbIX
Xepruii B ABYX MONOXEHUAX, HO He YKa3blBaeT, B KAaKOM M3 HUX
OH», paBHa Hynw. Tem caMbiM Bbl60p Hayana OTCYeTa OKasbl-
HWEeTCS MPOM3BOMbHbLIM. EcCAM Mbl yCNOBMMCA OTCUMTHIBATH MO-
TEHUMaNbHYI0 3HEPTrU0 OT YPOBHA 3eM/IA, T €. MOJIOKUM, 4TO
npm r=0 n U(0)=0, To nponsBonbHas noctosHHas C B ypas-
HeHun (7 .11) TakXe 06paTUTCA B HY/b.

Bbluncnum Tenepb MOTEHLMANLHYIO 3HEPTUIO B Clyyae ynpy-
rMx gedopmaunii. PaccMoTpMM Teno Maccbl T, MNOABELLUEHHOE
Ha MNpyXWHe, macca KOTOPOi NpeHebpexxmmo mana Mo CpaBHe-
HUO ¢ T. Ocb OX HanpaBuWM B[LO/Ib OCU MPYXWUHbI, KakK MoKa-
liliio Ha puc. 1.23. OTcyeT nepemelleHuii 6ygem BecTW OT MOMO-
XXeHua paBHoBecusi Tena. CMeCcTM Teno W3 NOJIOXKEHUA PaBHO-
BECMSl Ha HEKOTOPOe pacCTOofHMe, KaK 3TO MOKa3aHO NMYHKTUPOM.
11pn 3TOM NPY>XWUHA PacTAHETCA Ha BEMYUHY JT U B Heli BO3HUK-
HeM ynpyras cuna Py ctpemsuwascs Bo3BpaTuTb rpys B Moso-
XeHue paBHoBecus- Mpu HebonbwKX fedopMauunsax, No 3aKOHy
l'yka, npoekumsa 3Toli cuibl Ha ocb OX paBHa

Fx= —Kkx, (7.12)

| o ynpyras cuna npamo nNponopuuoHanbHa cMme-
WEeHNO W HanpaBneHa B 06paTHYW CTOPOHY (3HaK
MuHyc). TMpu x>0 (pactaxeHue) FXJO, a npu
* 0 (cxkatue) Fx*>0. KoagpduuueHT nponopuuo-
HanbHOCTU K [AuH/cm, H/M wnm KIT/MM) Ha3bliBaeTcs
XeCTKOCTbI MNPYXWHbB W MOKasblBaeT,
KMKYHO CWUMlY HAA0 MNPWIOXUTb, 4TOObl pacTAHYTb
(Mnn cxaTb) MPYXWHY Ha eauHuuy anvHel (F=k
npu x=—1). Coobwmum rpysy [AOMNOAHUTENbHOE
6ecKOHEYHO Manoe cmeweHne Ax. Mpu 3aTom cuna
ynpyroctn cosepwunt paboty AA=FXeAX 1 NOTeH-
LnanbHas 3Heprusa rpysa W3MEeHUTCH Ha BeNUYUHY
\/1=—AA Torpga cornacHo (7.12)
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NU=—AA=—FxeAx=—(—kx)mAx=kx mAx. (7.13)

ByneMm pactarmeaTb MPYXWUHY W3 MOJIOXKEHWUA PaBHOBeCUA
(x=0) [0 Kakoro-tTo KOHeYHOro cmelleHus X. Pa3buBas BecCb
NyTb Ha 6GECKOHEYHO Manble yyacTku AX u ucrnonb3ya (7.13),
HallleM W3MeHeHMEe MOTEeHLManbHON 3HEepruu

U(x)-U(0)=tkx-Ax. (7.14)
(o]

UT06bl M36aBUTLCA OT HEOMpenesIeHHOW NOCTOAHHOWN B Bbipa-
XeHUn ANA NOoTeHUManbHOW 3aHepruu, Bbibepem Hayano oTcyeTta
B NOJIOXXeHUN paBHOBecusd, T. e. nonoxum {j(0)=0. And BbluK-
CMeHWsA CyMMbl, CTOsAWeEN B npaBoii 4acTu paBeHcTBa (7.14),
NpUMeHNM ONATb rpaduyecknini metogd. Ha puc. 1.24 no ocm
abcumcc OTNOXWMM CMeleHne X, a No OCuM ophuHaT — abco-
NIOTHOE 3HauveHue ynpyroi cunbl |[F\=kx. W3 yepTexa BUAHO,

4YTO WCKOMaaA CyMMa paBHa naowaan 3allTPUXOBAHHOIO Tpe-
YyronbHuka, T. €.

i"kx- Ax=-"-kx mx=JF\ ox, (7.15)

roe uvepes ]F| = - °~H*x 0603Ha4YeHO cpegHee 3Ha4yeHUe ynpyro

cunbl Ha ydactke ot 0 go x. U3 (7.14) wun (7.15) nonydvaem
OKOHYaTeNbHO

U (x)= -7 (7.16)

BennunHa U ecTb 3aHeprua B3aMMHOIO PacnofioXXeHus 4vac-
Teli MPYXWHbl — NOTeHUManbHas 3Heprus [AetopMUPOBaHHON
NPY>XWHbI.

B nepsom npumepe cuna TKeCTU 6blla MNOCTOAHHON, U
NoTeHUMaNnbHas aHeprus pocna nNpsMo NPonopLMoHanbHO Nepsoit

cTeneHn BbICOTbl z. Bo BTO-
pOM >Xe npuMepe Mbl BCTpe-
YyaemMcs C NpoCTelWnM cayya-
eM MepemMeHHOl Cunbl, Korga
cuna ynpyroctu pactet npsamo
NPOMNOpPLUOHaNbLHO MEPBON cTe-
neHn cmeleHna. B aTom cnyyae
noTeHLManbHaa 3Heprua muame-
HseTca ObiCTpee, YeM cuna, u
pacTeT NpPsAMO MPONOPLUOHaNb-
HO KBagpaTy CMeLleHus.

Puc. 1.24. BbipaxeHue (7.16) cum-
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MITPUYHO OTHOCUTENIbHO 3Haka cMeuieHus. [pu pacTsKeHUn
H3N CXKaTuM MNPYXWHbl MOTEHUMANbHaA 3Heprusa gepopMauuu
HN (pacTaeT MO OAHOMY M TOMY >Xe 3aKOHY.

Henn mbl BbiBEfieM Tpy3, CBSi3aHHbLIA C MPYXWHON, U3 mono-
XKEHUS paBHOBecusi, TO OH 6yaeT ABuraTbcsi. B cuny 3akoHa
COXPaHeHWs 3HepruyM nNpu ABMXKEHUM rpy3a (NpuM OTCYTCTBUM
rPeHns) cymma KMHETUYECKON U MOTEHUMaNbHOI 3HEPTniA rpysa
OyfneT cOXpaHATbCS:

E= TM2 L- |l_*2*L:con5t. (7-17)

Korga rpys npoxofuT yepe3 nonoXxeHue paBHoBecus (x=0),
rro NoTeHUManbHasa 3HEPTUS MUHUMaNbHA W paBHa HyM, a Ku-
HrTMYeckas — MaKCMManbHa W paBHa NOMHON aHeprum E. Yepes
NoMoXeHUs paBHOBeCUS Tpy3 OyaeT MPOXoAuTb C MakKCUMaib-
HO CKOPOCTbIO.

B MOMeHTbI OCTaHOBOK rpy3a (M=0) ¥ WU3MEHeHWS Hamnpas-
NeHNst ABUXEHMSA Tpy3a Ha ob6paTHOe ero KMHeTuyeckas 3Hep-
MMM MUHUMaNbHA W paBHA HYMO, a MOTeHUManbHas — MaKcu-
Ma/fbHa W paBHa MOMHON 3Heprun £. CnefoBaTeNbHO, B MOMEHTbI
OCTaHOBOK rpy3a ero cMelleHuMe X Mo abConoTHON BeanyuHe
O6yfLeT MakCUMasbHbIM.

§ 8. LleHTpanbHbI yaap Liapos

B npegbiaywux naparpadax Mbl MNO3HAKOMUAUCL C ABYMS
Ha)XHbIMN 3aKOHaMW MeXaHWUKWN. 3aKOHOM COXpPaHeHWA Konunye-
I lHa [OBUXEHWS U 3aKOHOM COXpaHeHua 3sHeprun. Pasbepem
KOHKPEeTHbI/i NpuMep, KOTOPbIA MOKaXeT, KaK MOXHO MO0/b30-
BaTbCA 3TUMU 3aKOHaMW COXPaHEHUA ONA pelweHnAa HEKOTOPbIX
MPaKTUYECKN BaXHbIX 3afad.

PaccmoTpum ypaap ABYX LapoB, LEHTPbl KOTOPbLIX ABUXYTCS
BAOMb OfHOW npamoi (puc. 1.25). Lapbl ABMXKYTCA APYr ApYyry
HaBCTpeYy Wau ABWKYLLUIACA no3afgu wap mi JOroHseT nepep-
HUA Wwap m-i. B o6omx cnyvasx, yuymTbiBas 3Haku CKOpOCTeNd,
BbIMOMHAETCSA COOTHOLUEHNE V\> v 2 |_|pl/l 3TOM B HEKOTOpr|7I
MOMEHT BPEMEHU MpOu30WAeT yAap LapoB, HasbiBAEMbI (Npu
YKa3aHHbIX YCNnoBumAax AnAa UEHT- T
POB LIAPOB) LEHTPAa/ibHbIM AR v, N
yaapom. ~\Yy —*

PaCCMOTpI/IM CHa4yana wpea- a>
NHanpoBaHHbIA cnyyan a6 co - T, an
NOTHO ynpyroro ypgapa, Ne > Q V*
MpU KOTOPOM He BO3HMWKaeT Ten-
na, T- e. coxpaHsieTcss BCA Mexa- 9
Huyeckas aHeprusa CUCTEMBI. Puc. 1.25.
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B gaHHOM cnyyae 3Ta 3Heprus ckKiafblBaeTcd TONbKO U3 KWHe-
TUYECKMUX 3HEPruii WapoB, a noTeHUManbHas 3HEpPrus paBHa
Hyn (CTPOro roeops, 3a WCK/OYEHUEM KOPOTKOrO MOMeHTa
COMPUKOCHOBEHUA LWapoB, KOrga OHW AeOpMUPYHOTCA; HO 3TO,
KaK Mbl YBUAWM [anblle, HECYLeCTBEHHO).

[na peweHus 3afaym 0 CTONKHOBEHWW LIAPOB Heo6X0AMMO,
Ka3anocb Obl, 3HaTb, KakMe CU/ibl BO3SHWKAOT MpWU CTONKHOBEHUU
N Kak 3TW CU/bl U3MEHAIOTCA CO BPEMEHEM, YTO BECbMa CNOXHO
OfHakKo NOCTaB/IEHHYIO 3ajayy MOXHO pewuTb, He npuberas
HernocpeAcTBeHHO K YPaBHEHUAM AMHAMUKW U HE BHOCA HUKaKUX
NpeanoioXKeHUn 0 xapakTepe CWJ/, BO3HMKalOLWWX B Mpouecce
camoro ygapa. 9T0 MOXHO cfe-
natb, MCNOMb3YA 3aKOHbl COXpa-
HeHus.

O603Ha4YMM CKOPOCTM LUAPOB,
MMeroWwmMx maccel m\ v T2, [0
yaapa dvepes W\ u u2, a nocne
yaapa — yepe3 n\ M M2 COOTBET-
CTBeHHO (puc. 1.26). Kak T\ un

H Ty, Tak 1 V\ 1 y2 3afaHbl. Tpe-

Puc. 1.26. byeTca Hailtn n| n «r-

Tak Kak yfgap UeHTpabHblii

M ABUXEHUe OAHOMEpPHOe, TO B AafbHeileM CMMBO/bI BEKTOPOB

OMyLLEeHbl M BCe TEOMETPUYECKME CYMMbl 3aMeHeHbl anrebpawu-

yeckmmu. py 3TOM NONMOXWUTENIbHOE 3HAYeHMe CKopocTu bypneT

NPUNNCLIBATLCA ABWXXEHWUIO BMpaBo, OTpuuaTenbHOoe — ABUXe-
HUIO BJIEBO.

B npumeHeHUM K paccmaTpuMBaemoi 3afjauve 3aKOH cOXpaHe-
HWS KONMYecTBa ABUXEHUS UMeeT BU[

TIY| + miV2=m\U\ + /n2s2, 8-1

T. €. KO/INYECTBO ABUXEHNA CUCTEMbI OO CTONNKHOBEHNA OOJI)KHO
ObITb PaBHO KONW4YyecTBy ABWXEHWUA CUCTEMbl MOCAE CTO/IKHOBE-
HNA.

AHaNornyHo, 3akoH COXpaHEHNA 3HEPIrMKN [OaeT-

MepeHoCA uneHbl, OTHOCAWMECA K T\, BNeBo, a K/HT " BNpaso
M cokpawas (8.2) Ha 2, nonyyaem BmecTo (8.2) u (8.1) ypaBHe-
HUA
Ti(Vf—u) = m2(u2 — vl), (8.3)
mi(ut —u\) = m2(u2—v?2. (8.4)
Pa3gennBs MOYNEHHO MepBOe W3 3TUX YpaBHEHW/ Ha BTOpOE,
nonyvaem;
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V[+ W=«2 + V2 (8.5)
O0rHo60Xaafcb, TakuM 06pa3om, OT KBaApaTOB B YpPaBHEHMWSAX.
Pewas coBmecTHO ypaBHeHus (8.4) u (8.5), nerko Haxoguwm;

Ul (MM —m2) Y\—\ﬁ?IZVZ

(M2— mUOVi + 2rtiw\ (8.6)

m2+ ml

[na aHanusa nonyyeHHoro pesynbtata pas3bepem HeCKO/b-
KO MPaKTUYECKM BaXHbIX 4YacTHbIX Cly4yaes, NpeAcTaBiAoLWUX
MHTepec ANA fanbHeliwnxX pasgenos Kypca (MonekynapHas
hr3mnka).

u 2=

Puc. 127 Puc. 1.28.

1 CoypapeHue ofuHaKoBbIX LWapoB. Torga T\= T2, ”
«1= 02, a W*=V\ (8.7)

11py ynpyrom LeHTpanbHOM yfjape ABYX Ten O4MHAKOBON Macchbl
nocnefHue npocTto O6MeHWMBAKOTCA CKopocTAMW. Ecnn, B yacT-
HOCTW, 4O yjapa BTopoi wap (puc. 1.27) Bucen HEMNOABVKHO
[n2=0), TO Mocne ygapa OCTaHOBUTCA nepBblA wap (bli=0),
a BTOpOi 6yAeT ABMraTbCA C TOW )K€ CKOPOCTbIO U B TOM >Ke
HanpaBneHUW, B KOTOPOM [BMUrancs nepsblli Wwap [0 ypapa
(«2= yr).

2. Y[pap wapa 0 MacCUMBHYIO CTeHKY (Hanpumep, yaap Mone-
Kynbl rasa 0 CTEHKY UWIMHAPA WX O MOBEPXHOCTb MOPLUHSA).
B atom cnyuae tfic»/m  (puc. 1.28), n Ha ocHoBaHuUM (8.6)
nonyyYnM npubAvXKeHHO

non:—wW+ 2y2
8.8
W« Y2+ Q-I--I-V[ « B2
m2
Kak BuaHo u3 (8.8), CKOpOCTb MacCMBHOrO Tena nocne ygapa
MeHseTCS He3HauuTenbHo. B pe3ynbTaTe yfapa CTeHKe nepepa-
eTCA 3HauuTeNnbHaa JONA KONMYecTBa [ABMKEHUA--
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m22 —"l2lb= 2T|Y|,
HO CpaBHUTENbHO HebOMblas YacTb 3HEPruyM ygapsalLLerocs
wapa. Ecnm cTeHka 6blna  nepBOHayvalibHO  HEMOABMXXHOM
(n2=0), TO ynpyro yaapuBlIMIACA O Hee LWapuMK Masoi macchl
OTCKOYMT 06paTHO MPAKTUYECKMN C TOIN e ckopocTbio (M\« —u|)
N 3Hepruein.

Mpn ypape 0 [ABUXYLLYKCA CTEHKY MPOUCXOAUT 0OMeH
3Heprueii Tem 60MbLINIA, YeM 60MbLUE CKOPOCTb €€ ABVKEHUA V2.
Korga MmacCuBHbIi MOpPLWeHb ABVMXKETCA HAaBCTPeuy nerkomy
Wwapuky (Hanpumep, Npu CXaTuu rasa B LuUANHApe), TO ur<0
n cornacHo (8.8)

CnepoBaTesnibHO, LWapuMK OTCKakuBaeT Hasaj € 6onbwumu Mo
BE/IMYMHE CKOPOCTbI0O U KMHETUYECKOW 3Hepruei, yem OH uMen
[0 CTONKHOBEHMUSA.

Ecnn ypapslowmninca wapuk AOTrOHAeT YXOAAWMWMA OT HEro
nopweHs (Npu pacwunpeHun rasa B uunauHge), 10 or>0 wn
cornacHo (8.8) )«i|= t>i—2i<CU|. B aTtom cnyvyae wapuk oOT-
CKakuBaeT Has3aj CO CKOPOCTbIO W 3Heprveil MeHbLUMMU, YeM
L0 CTONKHOBEHUS; MNpU yhape 4acTb KWHETUYECKOW 3Hepruu
lWapnka nepefaetcs MOPLUHIO.

Mpu ypape B 3aBUCUMMOCTW OT CBOWCTB BeLLECTBa, W3 KO-
TOpPOro COCTOAT LWapbl (Mefb, CTanb, CNIOHOBAsA KOCTb), 60nbLUas
WA MeHblUas 4acTb 3Hepruu nepeifer B Tenno. Teno npu
3TOM WuCNbiTaeT HeobpaTuMyto (NNacTUYeCKy) Aedopmauuto.

KpaliHum cnyvaem 3TOro nofoXeHus sasnsetcs abco -
NITHO Heynpyruih ypgap (puc. 1.29). lMNpn Takom
yaape lWapbl AeOpMUPYIOTCA, M BO3HUKAKOLWME MeXAY HUMU
cunbl B3aumogencTeus 6yayT TOPMO3UTbL yAapsloLWnincs wap u
YCKOPATb yAapseMblil 40 Tex Mmop, Noka CKOpOCTM 060MX LIapoB
He CpaBHAKTCA. B 3TOT MOMEHT cCyMMapHas KMHeTuYeckas aHep-
rms 060MX LApPOB YMEHbLIMUTCH MO CPaBHEHWIO C MepBOHauasb-
HbIM €e 3Ha4YeHWeM [0 yjapa, Tak Kak 4acTb ee OyaeT 3aTpayveHa
Ha MpeojofieHWe CONPOTUBAEHUIA W nNepeifeT B pasnyHble
npyrue ¢opmbl 3Heprum (Tenno, 3HePruo naacTuyeckux pedop-
mMauuii n T. 4.).

Mpu nonHoOM OTCYTCTBUM YyN-
pyrmx getopmaunin npouecc yaa-
pa Ha 23TOM 3aKaHuuBaeTcH,
B3aMMOJeiNCcTBMEe WapoB npekpa-

) waetca, u oba wapa 6yayT npo-

fif /% [OMKaTb ABUraThCA [Janee COB-
MECTHO C OAHOI M TOW Xe CKO-

pocTbio u. lnsa onpepeneHns cKo-

Puc. 1.29. pocTn nocne ypgapa LOCTaTOYHO
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/Toro YypaBHeHWS, [aBaeMoOro 3aKOHOM COXpPaHeHus KO/n-
yecTtBa ABUXEHUA:

MW ¢ fomu, (8.9)

0TKyfaa

n= T+ Tk, (8.10)

Jlerko BbIYMCANTL MOTEPHD CUCTEMOI MeXaHWYEeCKOW 3Hepruu
/', nepewegwen B Tenio v gpyrue ¢opmsl aHeprun. OHa paBHa
pasHOCTM 3Hepruii 4o ¥ nocne ygapa:

m,t)? m2d% (T\+ mj)nl (8 11V
- 2 ' 2 2 ‘

lloacTaBnsAa crofa 3HadyeHve n u3 (8.10), nerko Haxogum:

<8 |2 >

Ecnn ypapsemoe Teno 6biI0 MepBOHa4yasbHO HEMOABUXHO
(y2=0), 10

T

8.13
IN1+2 d ( )
L 8.14

mi+mj 2 ( )

Korga HenogBwKHOe Teno WMMeeT O4YeHb 6O0/bLIYK Maccy
(ma”mi), 1O i 1 NoYTM BCA KMHETUYEeCKass 3Heprus ypa-

paloLwweroca Tena npu ygape nepexoguT B Apyrve ¢OopMbl 3Hep-
rmm. 1o3ToMy B Ky3HMLAX [efatdT MAaCCUBHble HAKOBa/lbHW,
4yTo6bl 60/bLIAA YACTb KMHETUYECKON 3Hepruyu MonoTa 3aTpayu-
Mblnacb Ha HeobpaTumyk gedopmaunio nokoBku. Haob6opor,
npu 3abuBaHWM TrBO34eN wnu ceai LenecoobpasHO uUmeTb 60/b-
wyio Maccy MonoTa TaK Kak Torga i N npak-
rmyeckn BCA 3HEPrMA yphapa 3aTpayuMBaeTcs Ha NpeofofieHue
COMPOTWB/IEHUS CTEHbl UAN TPYHTA, & He Ha OCTATOYHY Aedop-
Mauuio y4apseMoro Tena.

ABCONOTHO ynpyruii M abCoMOTHO Heynpyruin ypapbl fB-
nsaTes UAeanbHbIMU MpefenbHbIMU cnydaamu. Mpu coygapeHun
peanbHbix TeN BCErfa WMEKT MeCcTO W YNpyrue, u ocTaTOYHble
getopmaumm, M noatomy ypap OyaeT 4aCTUYHO HeYynpyrum.
Mpu abCcoNTHO ynpyrom yjgape cornacHo (8.5)

b, — bP= — (1, — K2, (8.15)
I €. OTHOCWUTe/ibHas CKOPOCTb LIAPOB NOC/Me yjapa paBHa Mo
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BE/IMYMHE M HanpaBfieHa MPOTWBOMOMIOXHO WX OTHOCUTE/IbHOM
ckopocTu [0 ypapa. [pu abCconOTHO Heynpyrom ygape 3Ta
OTHOCMTENbHAA CKOPOCTb MOCAe yAapa paBHa HyM0, TakK Kak
M\=u2=u. [puM YaCTUYHO Heynpyrom ygape OTHOCWTENbHas
CKOPOCTb MOcfie yjapa paBHa HEKOTOPOA [0/e OTHOCUTE/IbHOM
CKOpOCTM [0 yAapa:

M —U2=—e-(ui—o02), (8.16)

roe € (O Me”l) ecTb Tak HasblBaeMblli KO3 pULMEHT
BOCCTAHOB/NEHNA OTHOCWUTENbHOW CKOPOCTH
npun ypape. [pu ygape cranbHbiXx wapos e€=0,56, AnA
lWapoB M3 cnoHoBoi koctn €=0,89, Ana CcBMHUA e 6/M3KO K
Hyto

Cnepytouine pasfenbl MeXaHUKW, C KOTOPbIMW HaM MPeacTouT
MO3HAKOMWUTLCS, OCHOBaHbl Ha MPUMEHEHWW K Pas/IMYyHbIM YacT-
HbIM BOMpocam (BpaLliaTesibHOE ABWXXEHME, MeXaHUKa >XUAKUX
M ra3oob6pasHbiX Cped) PacCMOTPEHHbIX BbIlEe 06LWMX 3aKOHOB
MeXaHUKW. [03TOMy paHblue, YeM NepeiTn K HUM, Mbl 06CYAUM
rpaHnubl MPUMEHUMOCTU 3TUX 3aKOHOB.

8§09 rpaHI/ILI,bI NMPUMEHNMOCTUN 3aKOHOB KNacCNUYecKon MexaHUKU

Tpy BbILIEN3NOXEHHBIX 3aKOHA AMHAMUKM 0606Lat0T Yenose-
YECKM ONbIT U3YUYeHUS ABMXKEHUS OOMbLINX — M aKpP OCKO -
MMUyeckKnxXx («KMUKPOC» MO-TPEYECKM — MaNleHbKUA, a «MakK-
poc»— 60MbLWOA) Ten MNpU He CAWWKOM 60MbLIMX CKOPOCTSX
ABVKeHUSA. MHOrouncneHHble CNeAcTBUS U KOHKPETHbIE BbIBOAbI
M3 3TUX 3aKOHOB HEW3MEHHO MNOATBEPXAANTCA Ha MpaKTuKe
(pacueT ABMXEHUA MallWH, CHapsAfoB, HebecHbIX Ten, obnagako-
WKUX CKOPOCTAMM B LECATKM KUNOMETPOB B CEKYHAY U T. A.).

B uenom mexaHuKa HeObICTPbIX MaKpOCKOMMYEeCKUX [BUXKe-
HWA, 6asupylowasca Ha CBOMX 3aKOHax W pacnonararwLas
CBOMMMW MeTOfaMW, WMeeT CTPOWHYI, 3aKOHYEHHYH (HopMy W
HOCWUT Ha3BaHWe KNacCCUYECKOW MeXaHWUKWU.

LLnpoknii oxBaT ONbITHOFO MaTepuana, OTCyTCTBUE MPOTUBO-
peunii ¢ HabMOAEHWAMU TNPUBEIM  MHOTUX MCCnegoBaTenei
XIX BeKka K JIOXXHON MbiciM 06 abCOMOTHOM MPaBUILHOCTW U
YHUBEPCAIbHOCTU KNacCUUYEeCKON MexXaHUKW.

OpHako B KoHLe XIX n Havyane XX BEKOB 6blIM 06HAPYXEHbI
SIBJIEHNsl, KOTOpble 0Ka3anoCb HEBO3MOXHbIM MOHATb B paMKax
3aKOHOB K/laCCUYEeCKON MexaHWKW. B cBA3M € 3TMUM Havanochb
M3yyeHWe [ABVMKEHWUA W B3aMMOAENCTBUA MUKPOCKOMUYECKUX
4yacTuL, mMaTepunm — aTOMOB W 31eKTpoHOB. LLlnpokoe passutue
3NEKTPOTEXHUKU [AaNn0 BO3MOXHOCTb (hM3MKaM Pa3roHATb 3aps-
YKEHHbI€ 3/IEKTPOHbI B CU/bHbLIX 3/1IEKTPUYECKMX MONAX A0 OYeHb
601bLINX CKOPOCTEN, BO MHOIO pa3 NpeBbICUBLINX WM CKOPOCTU MO-
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irla cHapAfoB Ha 3emne, U HabngaeMble CKOPOCTU [BUXEHUS
HebecHbix Ten. Mi3yyeHue CTpoeHWA aTOMOB NOKa3ano, YTO BHYT-
pvi NOCNefHUX 3N1eKTPOHbI TakKXXe ABVXXYTCHA C OFPOMHbIMU CKOPO-
CTAMU NOpALKa LECATKOB U COTEH TbICAY KWUIOMETPOB B CEKYHAY.

K Hauany XX Beka CTafio 04YeBUAHbLIM, YTO 3aKOHbI Knaccu-
UECKOM MeXaHWKW SABAAKTCA NWWb NPUOGAMKEHMEM K AelCTBM-
H 1bKOCTV, He oTpaxawLwum Uenoro paga HoOBbIX, paHee Heus-
wurtnwx ABAEHWA. [N yCTaHOBNEHWA rpaHuWL, MPUMEHMMOCTU
ihkohob KMacCM4eckoi MexaHWKW paccMOTPWM BKpaTLe HEKOTO-
pble HOBble (haKTbl, YCTaHOB/IeHHble 3a nocnegHue 50—60 ner.

B knaccumyeckoii MexaHuKe NMPUHMMANoCb, YT0 Macca Te -
la T, XapakTepusyrouias KOIMYeCTBO MaTepuu, 3akKn4yeHHoe
W rene, ero WHepuuio U TATOTEHMe, eCTb HeW3MeHHasd
nenu 4ymH a (ra=const). B koHue XIX Beka 6bl10 3Kcne-
PUMEHTAIbHO YCTaHOB/IEHO, YTO Macca ObICTPO ABUXYLLerocs
MIOKTPOHA T TMpPEeBbIWAET Maccy MOKOAWErocsd 3/eKTpoHa TO
M BO3pacTaeT CO CKOPOCTbIO ABMXKEHWUA v MO 3aKOHY

T= (9.2)

luc c= 3- DD cm/cek=3-10® M/ceK — CKOpPOCTb pacnpocTpa-
HEHUA CBeTa B BaKyyMe.

dopmyna (9.1) okasanacb CnpaBefMBO/ He TOAbKO AN
LCKTPOHa, HO W ANA APYrUX maTepuanbHbliX yactuy. OHa paet
KpuTepuiA A4NS OUEHKW rpaHuL, NPUMEHUMOCTM KNacCuyecKow
MeXaHUKU.

MycTtb v paBHo 300 km/cek, T. e. —=0,001. Torpga macca

numxyuierocs Tena T 6yaeT npesbillatb Maccy NOKOS TO
ucero Ha 0,5-10~6 TomIMpu 3TOi CKopocTM Macca 1 kr yBenu-
untcs Bcero Ha 0,5 mr. CnepoBartenbHO, MpY CKOPOCTAX, Manbix
H/A CPaBHEHWIO CO CKOPOCTbIO CBeTa (a Takumu 6yayT CKopocTu
naxe B HECKO/bKO COTEH KW/OMETPOB B CEKYHAY), WCTUHHadA
macca Tefna T TMPakKTUYeCKM He OTAMyaeTcsd OT €ro Mmaccol
Mokos TO W MOXET CYMTATbCA MOCTOAHHON. IOTO 3HAYUT, 4TO
Npu TakMx CKOPOCTAX 3aKOHbI K/1aCCUYECKOW MexaHUKK ocTaroTcs
t BbICOKOW CTemneHbl TOYHOCTW CNpaBefUBbIMU, U UMU MOXHO
MO/Ib30BaTbCA 41 pacyeTa ABMXKEHUS OObIYHbIX MalWMWH N Mexa-
HWU3MOB, MnofieTa CHapAfoB W ABMXKEHUS HebBeCHbIX Ten.
TakuMm o06pasom, ycnosue

(9.2)
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faeT KOMMYECTBEHHYIO OLEHKY CKOpPOCTE [ABWKEHWM, ANs KOTO-
pbiX elle MPUMEHUMbI 3aKOHbl K/1aCCMYECKON MexaHUKM.

OTKa3 OT OfHOr0 M3 OCHOBHbIX MOJIOXEHWIA KnacCMyecKoi
MexaHukn (m=const) npuBen K HEOOXOLMMOCTU KPUTMYECKOTrO
aHanusa v psga Apyrux ee oCcHOB. Takoi NepecMOTP OCHOBHbIX
npeAcTaBfeHniA O NPOCTPAHCTBE U BpemMeHM Obin Mpon3BefeH
B 1905 r. A. DNHWTERHOM, CO3faBLUIMM HOBYI TEOpUID, Ha3BaH-
HYlO UM Teopueih OTHOCUTENbHOCTHU.

B aToii Teopum BbipaxeHue (9.1) BbITeKaeT Kak crneAcTaue
€e OCHOBHbIX MOCTY/IaTOB.

MpoaHanu3npyem nNpuyMHY BO3pacTaHWA MacCbl ABMXKYLLe-
roca tena. Mpu ManbiX CKOPOCTAX fABUXeHUs y -C ¢, u dopmyny
(9.1) moxHO npeob6pa3oBaTb C NOMOLWbID 6MHOMa HbHOTOHA:

T=TI (- £)~"/*=THIl ¢ [- 1)+ s

mov2
= 1°-1— (9.3

(uneHbl psAga, cogepxauime (v/c) B 4eTBepTOl M 60Mee BbICOKNX
CTEeNeHsAX, OTOPOLUEHbI BBUAY WX ManocTtu).

Takum 06pa3oM, yBelM4YeHWe MacCbl CBA3AHO C TeM, YTO
TEN0 npuobpesio KMHETUYECKYHo 3Hepruto. lMpupaleHne macchl
T— TO=AT NpAMO NPONOPLUNOHANBHO KMHETUYECKOW IHEPTUN:

AT =T, mnm T=c2-AT. 9.4
c

YcTaHOBEHHasA, TaKum 06pa3om, B3anmocBasb (9.4) mMe>kay
Maccoii W 3Heprueil sABAAeTCA COBEPLUEHHO YHWBEPCANbHOMW,
T. €. NPUMEHNMOIA K N06bIM Maccam M hopmMam 3HEpPrum — KuHe-
TUYECKON W NOTeHLManbHOM. Tak, Hanpumep, ecaun ABe 4acTulbl
C Maccamu MoKOS mMi. O M mi. 0 Npu CONVDKEHUU APYT C APYrom
Ha HEKOTOPOE paccTOosHWe B3aMMOAENCTBYIOT TaK, YTO UX NOTEH-
LUnanbHasa 3Heprus paBHa U, To macca Bceit cuctembl M 6ygeT
paBHa

M= T\ o+ T20+-"re 9.5

Mpu B3aMMHOM OTTa/ikmBaHuMM 4dacTtuy V> 0 n gobaBka K mac-

caMm nokosa U/c2 nonoxutenoHa. pu B3aMMHOM MNPUTSKEHUN

yactny U<.0O 1 Macca CUCTeMbl MeHbLUe CYyMMbl Macc COCTaB-

nalwmnx ee Heesammopgelicteyowmux (U = 0) vactuu,.
YMHOXaa (9.3) Ha c2, nonyymm:

TCc2=ToOoC'2-\-T—Ea-\-T=E.
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PaBeHCTBO

B—Tc2 (9.6)

npeAcTaBnaeT coboii KONMYECTBEHHYIO (DOPMYIUPOBKY 3 a K O -
Ha B3aMMOCBA3M (nponopunMoHanbHOCTHN)
MaccCbl W 3HEepruu, CNpaBesanBoro Ans n6bIX Ten.
BennunHa
£o= T0C2 (9.7)

T b 3HEpPrus, BHYTPEHHe npucylias 4vacTuue, U Ha3blBaeTCH
COBCTBEHHON aHepruein, uM «3Heprued no-
KO f» vactmubl. Knaccuyeckas MexaHuWKa 3Ty BeUYUHY £0 He
yunTbiBana BOBCE, CYMTAdA, UTO Npu M =0 3Heprus nokoswerocs
Tena paBHa Hyfo.

ConocTtaBnsaa cooTHoweHusa (9.1), (9.6) un (9.7), Mbl BUAUM,
4yTO Npy 60MbLWIMNX CKOPOCTAX TOYHOE BbIPaXEHWe ANA KUHETU-
YeCKOW 3Hepruu ABUMXYLLErocs Tena,

T= £ —E0— thoc2e¢/—TL _ (9.8)

i
MMEEeT [0BONbHO CNOXHbIA BWA W NUWbL B NPeAeNbHOM Chyuae
CKOPOCTEA, ManblX M0 CPaBHEHWIO CO CKOPOCTbIO CBeTa, nepe-

XOAUT B Knaccuuyeckyr opmyny T = mob)i
2
M3 (9.1) n (9.8) cnepyeT, 4TO HM OQHO TENO C Maccoii NOKos
MO, OT/MYHOW OT HYNA, HE MOXKET LOCTWUIHYyTb CKOPOCTU CBETA.

Mpu mn-*-c crofwee B 3HameHaTesie BblpaXeHue y 1—

CTPEMUTCA K HY/0, a C/efjoBaTeqlbHO, Macca Tefa m W €ro
xeprua E (n T) cTpemaTcs K 6eckoHeyHocTW. WHbIMM cnoBa-
MW, ONA LOBefeHWA CKOPOCTM Takoro Tena A0 CKOPOCTM CBeTa
«My noTpe6oBanoch 6bl COO6WUTL GECKOHEUYHO 60/bLIYI0 KUHe-
TUYECKYH 3HEprui.

MoapobHee 0 TeOpUM OTHOCUTENBHOCTW, €e OCHOBHbIX NOMO-
XeHuAX W BbiBOgax OyAeT CKa3aHO B TpeTbeM TOMe Kypca
(r W rn. VI, Tam xe (1. I ra. XIHI) 6yayT ykasaHbl
rpaHnLbl MPMMEHMMOCTU K1acCMYEeCcKOW MexaHWKu, 06yC/ioBJIeH-
Hble BO/IHOBON MNPMPOAOIA 3/EMEHTapHbIX YacTul,.
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FNABA 1l

BPALLEHVE TBEPAOIO TEJIA BOKPYT
HEMOABWMXXHOW OCWU

8§ 10. KnHemaTuKa BpallaTe/IbHOro [ABMKEHUSA

Haunbonee o6wwme cnyyam BpaLlaTeNbHOr0 [ABUXEHUA —
BpaLleHne cBOGOAHOrO Tena WM Tena, 3aKpPeneHHOro B OfHOM
TOYKe,— BecbMa C/I0XHbl W AeTafbHO paccMaTpuBalTCA B Kyp-

cax TEOpPeTMYeCcKol MeXaHUKM.

o Ona ycraHOBNeHUA  OCHOBHbIX
3aKOHOMEpHOCTel Bpalw,aTeNnbHO-
ro [ABVWKEHWS Mbl PaccMOTpUM
3fecb nNpocTellumii cnyyain Bpa-
WeHUa TBepAOro Tefa BOKPYr
HenoABMXHOW ocHu.

Hasosem abconwTHO
TBEPLAbIM Tenom Takoe
TeNno, paccTosHue Mexay ABYMS
No6bIMM  TOYUKAMU  KOTOPOro BO
Bpems [BWXEHWS OCTaeTcs He-
MU3MeHHbIM. (34ecb Mbl  ONATH
BBOAWM abCTpakuuio, no3Bonfto-
WY OTBMEYbCA OT HecyLleCcTBeH-
HbIX LN paccMaTpuMBaeMoro AB-
neHus fetaneil — manbix gedop-
Mauuii peanbHbIX TBEPAbIX Ten).

PaccMoTpum abCoOMOTHO TBepAoe Teno C 3aKpensjeHHow
ocbto O'O, m3obpaxeHHoe Ha puc. 1.30. Bbibepem ans onpepe-
NEHHOCTM MONOXMWTENbHOE HanpaBfieHWe 3Tol ocu OT Touku O
K Touke O, T. €. BHU3, KaK 3TO MOKAa3aHO Ha PUCYHKe CTPeSiKOi.
MpoBegem 4epes 3Ty ocCb ABe naockoctn: Q u P. HenogsukHas
nnockocTb Q 6ydeT ABfATbCA TenomM oTcyeTa. lMoABMXK-
Hasa e NJoCKOCTb P ckpensieHa € TenoM W BpaLiLaeTcs BMeCTe
C HMM. MTHOBEHHOE MOMOXKEHWEe 3TOM NNOCKOCTU OyaeT xapak-
TEpPM30BaThCA BEIMYMHOM [BYIPaHHOro yrna oy KOTOpbl OHa
COCTaBnsfeT C HENOABWXHOW MNOCKOCTbIO Q. 3ajgaHue ofHOro
yncna —yrna MnNoBOpPOTa (@ B 3TOM C/y4yae LENIUKOM
onpegenser pacnonoxeHue (OpueHTauuto) Tena; Teno, Bpawar-
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recs BOKPYr HENOABVXHOIW OCW, MMeeT AUWb OAHY CTe-
neHb CBOOGOALI.

YcnoBuMca npy 3ToOM Yrof ¢ CYUTATb NONOXKUTENbHbLIM, €Cu
npalleHve MpPouCXoAMT NO Hanpas/eHWI0 NpaBoro BWHTa OTHO-
rutensHo ocm O'O. WHbIMW cnoBamu, Npu HabnAwAeHUU BAOMb
ocu CBepxy yron ¢ oTcuMTbiBaeTca MO 4yacoBoi cTpenke. MMpwu
KpalleHMN Ha HECKOJIbKO 060pOTOB yron ¢ OKaXeTcs KpaTHbIM
/n. Mpu BpaweHun B 06paTHOM HanpasneHUn yron o 6yger
OTpULATENbHBIM.

W3meHeHVe yrna noBopoTa CO BpEMeHEM

o= (0 (t0.1)
LHUCUT OT XapaKTepa BpaliaTeNbHOro ABWXeHua Tena; (10.1)
Ha3blBaeTCHd ypaBHEHVIEM BpamaTeanoro ,CLBI/I-
XeHnmda Tena.

Mpwu BpalweHUy BCEro TBEPAOro Tena B LE/OM OTAefibHble ero
TOUYKN [OBUXKYTCH MO OKPYXHOCTAM, LEeHTPbl KOTOPbIX fieXaT Ha
ocy BpauieHus. [eiAcTBMTENbHO, PacCMOTPUM MPOU3BOSbHYIO
rouky M (pmc. 1.31), HaxopfAwWyrCsa Ha PacCTOAHUU T OT OCK
npaweHns. Ana abcontoTHO TBEPLOro Tena 3TO paccTosHUe
O6yfeT ocTaBaTbCA HeW3MEHHbIM BO BCE BPEMA [BVKEHUA U
royka M 6ypaeT ABMraTbCs MO OKPYXHOCTU MOCTOAHHOINO paguyca

r=const (K0.2)

( uenTpom Ha ocu BpaweHns O'O. Ona pasHbiX TOYEK Bpallato-
wetcs Tena BefMYMHA T MOXeT OblTb PasnU4YHON.
KunHematnyeckne XapakTepUCTUKM PasMYHbIX ABMXKYLLUXCA
rouyek (MyTb, CKOPOCTb, YCKOPEHMWE) CBA3aHbl APYT C APYFOM U C
KUHEMATUYECKUMM XapaKTepUCTUKaMMW ABUXEHUS BCero Tena B
uenom. PaccmMoTpuM MpoM3BOMbHYH TOUKY M, nexalyio B no-
[ABVWKHOW nfiockocTv P. Yron moBopoTa Bcero Tena ¢ v nyTb S,
NPOMAEHHbIA Touko M, 6ygem OTCUMTbIBaTb OT HEMOABWKHOWA
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NAOCKOCTM Q, KaK YKa3blBajioCb Bbllle, MO 4acOBOW CTpefke
(pmc. 1.32). Ecnu ¢ mM3MepAaTb B pajmaHax, TO S U  CBA3aHbI
M3BECTHbIM PABEHCTBOM

s=r-q>. (10.3)
3a npomexyTok BpemeHu A( Teno MoBepHeTca Ha yron AP

M Touka M npoigeT nyTb
As=r-Atp. (K0.4)

Pasgenue obe yactu paseHcTBa (10.4) Ha A/ 1 mepexofs K npe
feny, nonyymm:

lim —=n -limA~, (10.5)
A—oM

At-+0At
BennumHa lim \jr=v npejcTaBnAeT CcornacHo (2.3) ab-
n-.0

COMIIOTHYH BE/IMYMHY NIMHENHOW CKOPOCTU [BMXXEHUS TOUKM M.
Mo aHanorMm c 3TUM BeAMYMHA

%= lim =
N0 At dt (106)
XapakTepusytowas 6bICTPOTY W3MEHEHUs yraa noBopoTa, Hasbl-
BaeTCH yrﬂOBOI\/’I CKOpPpOCTbH BpaweHNMHd Tena.
YrnoBas CKOpoOCTb M3MepsieTCA B pafuaHax B CEKYHAY, a B Tex-
HUKE — B 060pOTax B MUHYTY:

1 06/MNH— =-* ML .
Ltl)_(!) ceK 30 cek

M3 (10.5) u (10.6) cnepyert, uTO
n=r-un>, (K0.7)
Mpy HepaBHOMEPHOM BpPALEHWMN BENWYMHA <O MEHSEeTCA CO
BPEMEHEM M 3a NPOMEXYTOK BpeMeHW A/ nonyvaeT npupawe-

Hue AL npmn 3Tom NNHeHas CKOpPOCTb I'IpOI/I3BO]'IbHOI7I TOYykn M
TaKXXe€e nony4dyaet YUCMIEHHOE MNpupalieHne Av, paBHOE

Av—A(r ew)=r *AT (10.8)
(Tak Kak r gns no6oii (hMKCUPOBAHHON TOYKM €CTb BeNYUHA

nocTosaHHas). Pasgenus 06e 4yacTM 3TOro paBeHCTBa Ha At u
nepexo4s K rnpegeny, nofyyum:

lim /= n-lim 10.9
n"o At (10.9)
CornacHo (2.11) H»% -= <K Ha3blBaeTCA KacaTe/lbHbIM,

UMM NNHEAHbIM YCKOPEHNEM ,EI.BI/I)KyLLI,EVICFI TOYKW.
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[Mo aHasnorum ¢ aTUM BeNUYMHa

e= H LAl at (10.10)
KHpaKTepusyrowas ObICTPOTY M3MEHEHUS BO BPEMEHMW YTI/I0BOIA
CKOPOCTW, Ha3blBaeTCd YTrNOBbLIM YCKOPEHWEM BCero
npawatroueroca tena. B cucremax eguHuy Crc n CU yrnosoe
yCcKOpeHne unsmepseTcs B pap/cek2. W3 ypaBHeHuid (10.9) wu
(10.10) cnegpyeTt, 4TO

wker-z. (10.11)
PaseHcTBa (10.3), (10.7) m (10.11) nokasbiBaKwT, 4YTO /K-
HCWHble BeNMYMHbI (S, V, WK), XapaKTepuayruiue ABUMKEHUE
OTAeNbHOM TOUYKM M, NonyyvarTcs U3 COOTBETCTBEHHbLIX YIN0BbIX
BeMMUMH ((, to, e), xapakTepusyrlLWwnX ABUXEHME BCero Tena
KakK Lenoro, nNpocTbiM YMHOXEHWEM Ha pafguyc BpalieHus r.
Mpwn BpawaTenbHOM ABMXKEHWM TOUKM M ee CKOPOCTb V Ha-
npasneHa no KacaTenbHOW K TPaekTOpPUM M HENpepbiBHO MeHseT
CBOe HanpasneHue. BbICTpOTa W3MEHEHWA HanpaBieHUs CKo-

pOCTU XapaKTepusyeTcs HOpMasbHbIM ycKopeHuem wH CornacHo
(2.17)

(10.12)

rak Kak pagumyc KpuBM3HbI TpaekTopum TOukM M ocTaeTcsa no-
CTOAHHBIM (R = ).

Ha nepBblii B3rnaf HopManbHOe YCKOpeHWe TOYeK TBEPAOro
Tena yb6biBaeT 06paTHO MPONOPUMOHA/ILHO PAcCTOAHMIO A0 OCU
npaweHns. OfHako He Hafo 3abbiBaTb, YTO MO Mepe yAaneHus
OT ocM Vv Takxe Bo3pactaeT. Moactasnsa (10.7) B (10.12),
noyuYnm:

toHE w 2./\ (10.13)

lak Kak W ofWHaKoBa ANA BCEX TOYEK Tena, To, crefoBaTesb-
HO, LeHTPOCTPEMUTENbHOE YCKOPEeHWe pacTeT C yAaneHuem oT
ocn. Ytobbl 3acTaBUTb Bpaw,atbCA C TOW d>Xe CaMOW YyrnoBsoii
CKOPOCTbO 60/ee yfaneHHble OT OCM TOYKM MaxOBMKa, Heo6Xo-
OVMO CO06LWNTL UM BOMbLUEE LEeHTPOCTPEMUTENbHOE YCKOpPeHMe
N NPUNOXUTb ANS 3TOr0 60MbLIYIO LLEeHTPOCTPEMUTENbHYIO CUNY.
Mo TpeTbeMy 3aKOHY AMHAMWKW 3TW TOYKM OyAyT AelicTBOBaTb
W» yoepXusalLwme Mx CBA3M (CNULbl MaxoBMKa) C Takoin e
Mo HelWuMHe L eHTPO6EeXHOW CuNol, BeNNYMHA KOTO-
poii, kak cnegyeT m3 (10.13), npsMo nponopuuoHanbHa paguycy
npawieHns 1 KBagparty Yr/n0BOW CKOpPOCTHU.

CornacHo (2.18) u (2.19) BekTOp MNOSIHOMO YCKOPEHWUS TOUY-
KM M paseH

w= wk+ w,, (10.14)
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a ero BennymHa

W= wl+wl— /1 5-(-rY —r- (JIrtw4. |

(10.15)

Mpn paBHOMEPHOM BpaLleHUn TBepAoro Tena 1
e—O0O, (o=const u =d 0-(-w/. (10.16)

Mpn paBHOYCKOPEHHOM BpaLLeHUn a
e=const, ii)=0)0+ e/ n p=dO0-]-coord— . (10.17)

§ 11. AnHammKa BpaLleHus

UTo6bl TBEpAOe TeNo C 3aKpenaeHHOW OCbi NPMBECTU BO
BpaliaTesbHOe [BWXXeHWE, Heo6X0A4MMO XOTA Obl B OfHON W3
€ro ToYeK MPUNOXUTb BHELIHIOW cuny F, He NpoXoAsaLLlyto uepes
OCb BpalleHWa W He MapaniefbHyl eid. PaccmMoTpum npocTei-
WwniA cnydai, korga cuna F nexuT B MNAOCKOCTWU, NepneHguKy-
NAPHOA K ocu BpaweHusa. MNpu 3TOM BpauiatenbHOe [felicTBue
cunbl F onpegenseTcs He TOMbKO BEAMYMHON cuibl F, HO M
paccTosHMEM ee NIMHUWN AeACTBMA OT OCM BpaLLeHWs, TaK Hasbl-
BaeMbiM nae4yomM p. 1o M3BecTHOMY MpaBuay pblyara fgei-
CTBWe cuibl F MOXHO ypaBHOBECUTb AeiicTBMEM cunbl F', Bpa-
Ljatollein Teno B NMPOTMBOMOJIOXKHOM HanpasneHun (puc. 1.33),
€CNM BbINOMHEHO YychiiBne

F-p=F'-p". (11.1)
I'Ipomsse,qume BEMYUHBI CUNbl Ha Mnevyo

[\
M=F-p—F-r-sinu=r-F*‘S\n(r, F)= r-FK (11.2)
HOCUT HasBaHWe BpalWaTenNnbHOro MOMeHTa, Wwwm
MOMEHTa CWUNbl OTHOCWUTENbHO OCWM Bpale-
Hua. 3pecb, Kak BWAHO U3
yepTexa, I ecTb paccTosfHue
OT TOYKM MPUNOXKEHUA CUNbI
[0 ocu BpalleHuda, a [
= /r-sin (T~ F) — npoekyus'
CU/bl Ha HanpaefieHMe Kaca-
TeNIbHOW K TpPaeKTopumn LBUXe-
HWUS TOUKM ee MPUOXKEHUS.
Yron a—(r,'>) W MOMeHT
CU/ibl UMetT 3Hak. Ecnu cuna
Bpawaet Teno0 MO 4acoBoi
cTpenke (NpaBblii BUHT MO OT-
Puc. 133. HoweHuo K ocn O'0), TO Mbl
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INlyjem cumTaTb ee MOMEHT MOJIOXUTENbHBLIM, €C/IM e OHa Bpa-
WaeT Teno NPOTMB 4acOBOW CTPeNKU — OTpuLaTe/lbHbIM *.

B yacTHOM cnyuyae, korga a=0, TMHUS GEACTBMA CUbI Nepe-
cekaeT ocb W J14=0. Takad cunia OyfLeT ypaBHOBeLINBATHCS
[HMKUMAMU nogwunHukos (cm. puc. 1.30) u He BbI3OBET BpaLye-
HUS

Ona cun F n F', n3o6paxeHHbIXx Ha puc. 1.33, MOMEHTHI
OTHOCWUTENIbHO OCU COOTBETCTBEHHO PAaBHbI

M=F'P, j
n I (11.3)
M l: F l_pl. )
lorpa ycnosme paBHoBecua (11.1) npuHMMaeT BUf
M+M'=F-p—F'-p'=0. (11.4)
WHbIMM cnoBamu, fAelicTBylowine Ha Teno cmnael F un F
He BblI3blBaT BpalWeHMWsa, eCcAUM WUX MOMEHTHSI
M un M B3auMHO ypaBHOBewwWwBakwTCH, T. €
paBHbI MO BEMYMHE U O0BpaTHbLI MO 3HaKYy.
1-civ Ha Teno, 3akpenfieHHOe Ha OcW, AeiCcTBYeT HecKObKo
cun F|, Fz, Fa, To cymmapHoe ux felicTBue OyfeT 3KBUBaA-

NEeHTHO [felcTBUIO 0fHOro MomeHTa M, paBHOro anrebpaunue-
tko/i CymMMe MOMEHTOB BCeX [EWCTBYHOLWMUX CU:

M= 2M,= 2 r\-Fi'sm a,. (11.5)
I-1 -1

Mepeiifem Tenepb K BbIBOAY YPaBHEHWA [BWXXEHWA Tena,
MMEIOLLEro 3aKpensieHHY B MPOCTPAHCTBE OCb BpalweHud. [ns
MOIro MbIC/NEHHO p3306b6M TENO Ha COBOKYMHOCTb OTAE/IbHbIX

TOYeK C maccamum T\, T2 T, .. Kaxpas u3 3atux ToYek
HaxXoAWTCA Ha pacCTOfAHWW OT OCU BpPALLEHMA, PaBHOM COOT-
HeTCTBEHHO T\, n, n, ... Ha Touky c uHgekcom i (/=1, 2,

s/ ) [geicTByeT B AaHHbIA MOMEHT HekoTopasi cuna F, KoTopas
npefacTaBnseT Co60 pPaBHOAENCTBYHOLLYH BCEX MPUIOXKEHHbIX
K MO TOYKe BHELIHWX W BHYTPEHHWX CUA,

Fl= p?HCWH _j_ pBHYTp (n .6)

BHewHWe cuibl 06bIYHO MPUIOXKEHbl NWlb B HEKOTOPbIX
OnNpefdeneHHbIX TOYKax Tena, W [ONS BCEX OCTaNbHbIX TOUEK
I..=0. BHYTpPeHHMe >e Cu/lbl B3aUMOJENCTBUSA, YAEPXKU-
HMIOLMEe TOUKU TBEPAOro Tena Ha OnpefeNeHHbIX pacCTOAHUAX

apyr- oT apyra, NpuUaoXeHbl K Ka>|<,q0|7| TO4YKE Bpawakulwerocs
Tena.

*

MOMEHT Cubl eCcTb BEKTOP. PaCCManI/IBaeMbIVI Hamn 30eCb MOMEHT
FHNbl OTHOCUTENIbHO OCW €CTb MNPOEKLUUsA 3TOro BEeKTOpa Ha OCb BpalleHUA.
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Mo BTOPOMY 3aKOHY [AMHAMWKM YCKOPEHWE [AHHON TOUKM
CBSI3aHO C CM/OW COOTHOLLEHMEM

Ff=m,*w,. n.7)

Touka Tena ¢ Maccoil /M, ABMXXETCA N0 OKPYXHOCTW paguyca f,.
Cnpoeuupyem BekTopbl F, n w, (11.7) Ha HanpaBneHue Kaca-
TENbHOW K TpaekTopmm Touku. Torga, yuuTbiBad (10.11),
Haingem:

Fitk= m i'W iiK— m,r,z. (11.8)

YMHOXUB 06e 4acTu 3TOr0 paBeHCTBA Ha I, W MOACTaBUB U
(11.2), nonyuum:

M ,=T1,nle, (11.9)

rae M, ecTb MOMEHT AEACTBYHOLLEA Ha JaHHYH TOYKY Tena CWfbl
F, oTHOCMTenbHO ocu BpauieHus. lMockonbkKy cornacHo (11.6)
cuna F, eCTb reoMeTpnyeckas cymma ABYX CW, TO MO MpaBuaam
BEKTOPHOI0 UCYMCNEHNS €6 MOMEHT PaBeH anrebpanyeckoii cym-
Me MOMEHTOB BHELUHEA W BHYTPEHHeR cua, AeNCTBYHOLWMX Ha
i-10 TOUKY,

N1=m®mH+ M“yp. (11.10)
Torga
A “ + MIylp=nuyrrr. (nm)

YpaBHeHna (11.11) cnpaBefnuBbl ANA KaX[o TOYKM Tena.
MpocyMmMupyem 3TW ypaBHeHUS LA BCEX TOYeK BpaljaloLLero-
ca Tena:

2I M Hup+ 2 M*wyip=e 2 rn/f. (11.12)
1 |

Mo TpeTbeMy 3aKOHY AMHAMWKW KaXX[Aoi BHYTPEHHel cune
B CMCTEMe BCEerfa COOTBETCTBYET CWfia, paBHas el Mo BenNYMHe
M 06paTHO HamnpaB/fieHHas MO TOW >Xe MNpAMON. MOMEHTbI 3TUX
CWA MonapHO paBHbI MO BeIMYMHE 1 06paTHbI MO 3HaKy. Mo3aTomy
O4YEeBMAHO, YTO anrebpanmyeckas cCyMmMa MOMEHTOB BCEX BHYTPEH-
HUX CUN paBHa Hy/Ho:

2M ?2HT=0. (11.13)
|

Anre6panyeckyrd CyMMY MOMEHTOB BCEX BHELIHUX CuWf, peli-

CTBYKOLIMX HAa TeNo, Ha30BEM MNONHBIM MOMEHTOM

BHEWHMWX CUN 1 0603HAYNM

M BHCWH= 2 M ?2Kkwwn. (11.14)
i
B npaByt 4acTb ypaBHeHusa (11.12) BXOAMT CymMMma

/2« 1?2=1, (11.15)



KoTOpas HOCUT Ha3BaHMEe MOMeHTa WHepuuun Tena
OTHOCWTENIbHO 3a4aHHON ocu BpaueHus. MOMEeHT UWHepuuu
icna | uncneHHo paBeH CymMe NpOW3BefieHWi A Macc BCEX €ro
TOYeK Ha KBafpaThbl UX paccTOAHMIA A0 Ocu BpalieHus. Bennuum-
Ha MOMEHTa MHEPLUMN 3aBUCUT He TO/IbKO OT MacChbl BCero tena
H ee pacnpefeneHnsa B Tene, HO TakKXe OT ero opueHTauum orT-
HOCUTe/IbHO OCU BpalleHus.

Mpun BBefeHHbIX 0603HaYeHUAX ypaBHeHue (11.12) npuHuUMa-
eT BUA:

M BHcuw, = ! e

(11.16)

YpaBHeHue (11.16) no3BonseT HaWTW YrnoBOe YCKOPeHUe
HpalatoLLeroca Tena € no U3BeCTHOMY MOMEHTY BHELHUX Cuf
H BblpaXaeT BTOPOW 3aKOH AWHaAaMWUKW ANA Bpa-
WaTenNnbHOTro [ABUXeHMUA. OTO ypaBHEHME aHanornyHo
NTOPOMY 3aKOHY AWHamMukn (3.7) AN8 MNOCTynaTenbHOro ABW-
XeHunsd:

F—m-w.

ConocTtasnas (11.16) wu (3.7), Mbl BUAWM, 4TO MpW BpaLla-
TEbHOM [JBVXXEHUW pOJib CU/bl UrpaeT MOMEHT cuibl M, ponb
YCKOPEHUs UrpaeT YrioBOe YCKOPeHWe e, a pojib Maccbl urpaet
MOMEHT WHepuun /. TocnegHWii xapakTepusyeT WHepUMIo Tena
npu BpaLwiaTeflbHOM [ABMXEHUU: YeM 60fblie /, TeM MeHbLUee
Yr70BOE YCKOpeHWe € NOoMyuYuT Teno noj AeiicTBMEM [aHHOTO
MOMEHTa BHEWHUX cun M" elH

1fcrm paccmaTpuBaeMoe Teno npefctaBnseT coboii 06pyd
Maccbl T, TO/IWMHA KOTOPOro Masa MO CPaBHEHWIO C pajuy-
COM R, TO MOMEHT ero WHepuuMn OTHOCWUTENLHO OCW, NMPOX0oaA-
eM 4Yepe3 LeHTP M NepneHAWKYNSpPHOW K Ma0CKoCcTM 06pyua,
paBseH

/06p:_2"vf: Sm ’\—R2-2m:mR-.
1 | |

Lns Ten 6onee CNOXHOW (GOpMbl CYyMMMWpPOBaHWE BbipaxKe-
HuM (11.15) npou3BoAUTCA METOLaMWU WHTErpanbHoOro mcuucne-
Hua. [ak, Hanpumep, ANA CMNJOWHOMO AWUCKa WX CMJIOLWHOro
LMANHAPA MOMEHT MHEpPUUN OTHOCUTENbHO OCY LMANHApPa paBeH

/luHn="-1/?2.

MOMEHT WHepuuM TOHKOFO LMAMHApa (CTepXHs) BbICOTOW h
OTHOCWTE/NILHO OCU, MPOXOAsLLEeil Yepe3 ero LEeHTP W MepreHAau-
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KYNSIPHO K CTEPXXHIO, paBeH

/cT=]2 mfl2*

[ns peweHus npakTMyeckux 3agay [AWHAMUKW BpaliaTesib-
HOFO [ABV)KEHWA MOXHO MOMYYMTb PSS BaXKHbIX CHefCTBUIA U»
OCHOBHOro ypasHeHua (11.16). Wcnonb3ysa onpegeneHue
(10.10), nepenuwem (11.16) B BMAE

NTawe/--"?-, (11.17)

roe m LK — cpefHee 3Ha4YeHUEe MOMEHTa BHELIHMX cun 3a 6ec-
KOHEYHO Masblii MPOMEXYTOK BpeMeHU At. YMHOXMM 06e yactu
paBeHcTBa Ha At. Torga

nnn

Mpg"ewl'-A(=A (/-co).
(N 18)

[na BbIACHEHUA (U3nNYecKo-

ro CcMbiCfla Benu4YuHbl /bl Bep-

Puc. 1.34. Hemcsi K pacCMOTPeHUI0 ABUXKe-

HUA OTAeNIbHbIX TOYEK BpaLlialo-

weroca Tena. Kaxpas u3 3TUX TOYEK C MACCOM mi ABUXKETCH

Mo OKPYXHOCTW MOCTOAHHOro paguyca r, (puc. 1.34). Ee cko-

pOCTb B [aHHbIi MOMEHT BPEMEHW V, W BEKTOP KO/M4YecTBa

OBWKEeHMA mV, nepneHanMKynsapHbl K 3TOMY paguycy. Takum

obpa3om, paguyc r, ABAAETCA MJEYOM MO OTHOLIEHUIO K mv, U

Mbl MOXeM (aHanorM4yHo MOMEHTY CU/bl) BBECTU MOHATUE
MOMEeHTa KOofmyecTBa ABUXEHWUA TOYUYKM

Li—miVin (1119

Kak npou3BefleHNA BEeNUYMHBLI BEKTOpPa KOJINYeCTBa [ABUMXKEHUA
Ha ero nneyo OTHOCMTENbHO OCU BpaLLeHUs.

Anrebpanyeckass CymMMa MOMEHTOB KO/MM4YeCTBa [BUXEHUS
BCEX TOYEK Bpallarolierocsd TBEpPAOro Tefa HOCUT Ha3BaHue
MOMeHTa KonuyecTBa [ABUXeHWS Tena O0T-
HocuTenbHo OCWU:

L— L (11,20)
|

MoacTtasnsaa B (11.20) BbipaxeHnue gna L, usz (11.19) u ncnonb-
3ya (10.7), nonydyaem, 4to

L—2 Tvr,=2 tiwp—yY 2 mfj—ii), @121
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T €. Be/MyMHa /to ecTb MOMEHT KO/MWYecTBa [BMXKeHUs Bpa-
watoweroca tena. Croswee B neBoii yactn paseHcTBa (11 18)
npon3BeLeHne MOMEHTa CU/ Ha BPeMS ero LeliCTBMSA Ha3blBaeTCs
MMNYNbCOM MOMEHTA BHEWHWUX CUJM. YpaBHeHue
(11.18) BbipaxkaeT TaK Ha3biBaeMbli 3aKOH MOMEHTa
KOnmyecTBa [ABUXeHUA: VIMNYyIbC MOMEHTA BHEWHUX
cwun, LeNCTBYIOLWMX Ha BpalialoLieecs Teno, paseH WM3MEHEHUH
€ro MOMEHTAa KO/MYecTBa [BUXKEHUSA.

Ecnn BHewHMe cunbl OTCYTCTBYIOT (3aMKHYyTas CUCTeMa)
WM TaKOBbl, YTO UX CYMMApHbIA MOMEHT paBeH Hyno (M BHUH=

0), To (11.18) npuHMMaeT BWUA TaK Ha3blBaeMOro 3akKoOHa

COXpPaHeHMA MOMEeHTa KOofumyecTBa [LBUXE-
HUA

/o)—const. (1122)

Hanpumep, 3emns BpaliaeTca BOKPYr CBOeil OCK, COBepLuas
ofMH o06opoT 3a 24 vaca. Ha 3emn0 [eicTByeT BHELIHSASA
CuNa — CyMMapHas cuna NpUTSXKEHUA OTAENbHbIX €e TOoYeK K
ConHuy. 3Ta pesynbTUMpylOWas cuaa MpunoXeHa K UeHTpy
Nlemnn n npoxoauT u4epe3 ocb BpauwleHus (puc. 1.35). [neuo
M MOMEHT 3TON CWAbl, CNefOBaTeNbHO, PaBHbI HYSHO.

Mo3ToMy MOMEHT Kofnu4ecTBa ABMXEHMA 3emMauM ocTaeTcs
MOCTOSHHbIM. Ecnu 6bl MOMEHT WHepuMU 3emMau He MeHsAnCs
(/—const), TO oTcloga cnefoBano 6bl MOCTOAHCTBO Yr/10BOWA
CKopocTW BpauweHus 3emMnm (u>=const) W NPOAO/IKUTENLHOCTM
CyTOK. [MpakTW4yecku BCNeACTBUE HEMPEPLIBHOTO MafeHUs Ha
3em/1l0 METEOPUTOB Macca W MOMEHT MHepuuu 3eMan MeasieHHO
BO3pacTalT M yraoBas CKOPOCTb €e, B CUNY YKa3aHHOW U gpyrux
MPUYMH, YMEHbLIAETCA TaK, 4YTO MPOAO/KUTENbHOCTL CYTOK
BO3pacTaeT npumepHo Ha 0,57 cek 3a crtonertue. [lo3Tomy B

Puc. 1.36.
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cucteme CU eauHuMua BpemMeHW — CeKyHAa oOnpegensaetrcd w3
NPOAOMKNTENLHOCTM 60/ee YCTOWYMBOrO npouecca — obpatye-
Hua 3emnun Bokpyr CosfHua.

3aKOH COXpaHeHMs MOMEHTA KOMMYecTBa LBUXEHUA WUCMNOJib-
3yeTca LMpPKOBbIMWU apTucTamu. Hanpumep, akpobart, nepesopa-
YuBasACb, HakNoOHAeTCA W crmbaet KoneHw. lMpu 3TOM MOMEHT
€ro vHepuuun ybbiBaeT, a yrnosas CKOpPOCTb BpalleHUs COOTBET-
CTBEHHO YBe/MYMBAETCA. n

B fLeMOHCTpaLMOHHOM OMNbITe Ha fleKumax no (uU3nMKe 3Kc-
NepyMeHTaTop CTaHOBUTCA Ha TOPU3OHTANIbHYIO  «CKaMbiO
JKYKOBCKOro», KOTOpas MOXeT Bpalw,aTrbCAd OTHOCUTE/NbHO Bep-
TWKaNbHOM OCM C ManbiM TpeHuem. OH 6GepeT BenocunegHoe
Koneco, 6bICTPO Bpaljallleecs BOKPYr BepTUKanbHOW ocwK,
Hanpumep, Mo 4yacoBoi ctpenke (puc. 1.36, a). Ecnm oH pesko
nepesopaynMBaeT KoO/eco, Kak 3aTo U3obpaxeHo Ha puc. 1.36, 6,
TO 3HAaK MOMEHTa KO/MYecTBa [ABWXEHWUS Koneca /KooK M3MEeHS-
eTcs Ha o0bpaTHbIn (—/kooK). MOCKONbKY MOBOPOT KOjeca COBEp-
WaeTca MoA AeiACTBMEM BHYTPEHHWUX CWA, TO MOMHbIA MOMEHT
KONMYecTBa ABUXEHUSA CUCTeMbl fo/KeH no (11.22) ocTtaBaTtbCs
MOCTOAHHbIM. [lelicTBMe 3aKOHa COXpPaHeHUs MOMeHTa Konuue-
CTBa [BMXXeHMs NposABNAETCA B TOM, YTO BCA cucCTema (4eno-
BeK— CKaMb$fl) HauyMHaeT BpalaTbCA B TY XE& CTOPOHY, B KOTO-
Pyl MepBOHa4yanbHO BpaLLanocb KOJeco.

3aKOH COXpaHeHMs MOMeHTa KO/MMYecTBa [BWXXeHUSA BbIMON-
HAeTcA M B 60/ee CMOXHOM C/yyae Tefla C He3aKpenaeHHOol
ocblo. Ecnn TBEppoe Teno Bpaw,aetca ¢ 60AbWIMM  MOMEHTOM
KO/INYECTBA LBUXEHNSA OTHOCMTENIbHO OCKM, COBMNAaAatoLLeil C OCblo
reoMeTpUYecKoin CUMMETPMM Tena, TO A1 3aMeTHOr0 M3MeHeHUs
OpUeHTauUMn ocx BpaLLeHUs B NPOCTPaHCTBE OKAa3biBAETCH He06-
XOAWMbIM MPUKNAAbIBATb OYeHb 60bLUNE BHELIHWE CUIbl.

3T0 CBOWCTBO BpaLLaTeNbHOr0 LBUXEHMUSA LUMPOKO NMPUMEHS-
€TCA B pas/IMYHbIX BOMYKAX, OT MAaMEHbKON WUrpyLIeYHON oMbl
[0 6ONbLWNX COBPEMEHHLIX TUPOCKOMOB, ocnabnawowmx
Kauky Kopabns.

KuHeTuueckas aHeprus spaliatouierocd Tena npeacTasnseT
coboii anre6panyeckyld CyMMY KUHETMUYECKUX 3HEpruii oTheNb-
HbIX €ro TOueK, T. €.

EKHH=4-2 nrhl=~-X minti>2=
(11.23)
-4S/»V ?4r.
PaboTa BHELIHel Cuibl NpW BpaLLeHuw
AA=Fi, Kk As=Fi, K NnA<p=MiAy, (11.24)
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| e. paBHa NMpPOW3BEAEHMI0O MOMEHTA CWUAbl Ha Yron noBopoTa
tona. 3Ta paboTa 3aTpaymMBaeTCA Ha YBE/IMYEHWNE KUHETUYECKON
3HEpPruyM Bpaljatolerocs Tena

aa= 1AL -JA7 (11.25)

B cnyvae, ecnn Teno [BMXETCA NOCTynaTenbHO CO CKO-
POCTbiO V 1 OAHOBPEMEHHO BpallaeTcs BOKPYr HEKOTOPO ocu
C YrNOBOW CKOPOCTbIO CO, TO MNOJIHAs KWHETMYECcKas 3Heprus
ero BMXeHWUs paBHa

(11.26)
N3 paccmoTpeHns (11.26) ™Mbl elwe pa3 ybexpaemcs, 4To
MOMEHT WMHepuuu Npu BpalLaTeNbHOM [LBWKEHUW WUrpaeT Takyio

)K€ po/ib, Kak Macca MaTepuanbHOoi TOYKW MpW MOCTynaTeb-
HOM ee ABWXEHUMN.
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FMTABA 1V

n OBVWXEHWE XNAKOCTU
IJ  (3NIEMEHTbHI FTUAPO W A3POAVHAMUKN)

8 12. YpaBHeHue [l. BepHynnu

PaccMOTpUM NpPYMEHEHWE OCHOBHbIX 3aKOHOB [WHaMWKW K
npocTeAWnmM cnyyaam ABUM*eHWUS XUAKOCTW. [log NOHATUEM
XWLKOCTb B HacTosuwem naparpade mbl 6ygem 06befuHATH
M COBCTBEHHO >makocTu (BOAy, CNMPT, PTYTb W Apyrue Tena
B XXWAKOM arperaTHOM COCTOAHWM), U rasbl.'O6WmmM ans obomx
CNyyYaeB ABMIAETCA TO, YTO B OT/IMYME OT TBEPAOro Tefa OTAefb-
Hble 4acTuubl XWAKOCTM MOryT nepemMewiarscsd ApYyr OTHOCU-
TeNbHO ApYyra, U XWAKOCTb, MOMeLleHHas B Kakoih-nnbo cocyg,
3ano/iHAeT ero M NpuHUMaeT opmy cocypa.

OrpaHnynmca nNpocTeinM Ccnyvyaem [LBUXKEHUS XUAKOCTH,
KOrfa BbIMOMHAKTCA CNeaytoLlmne Tpu YCnosus.

1 )XunpkocTb HecXwumaema, T €. TJOTHOCTb
g (Kr/m3) oTAeNbHbIX ABMXYLWMXCA 31EMEHTOB 06beMa >Xupi-
KOCTW OCTaeTCqd BO BCE BPEMS [BWXEHWUS MOCTOAHHOMN.

Lnsa xugkocTtein nogobHoe nNpubAMKEHME BMOJSHE €CTECTBEH-
HO, TaK KaK WX CXXMMAEMOCTb OYeHb HeBeNvKa. Hanpumep, gns
YBENVYEHUA MIOTHOCTU XXUAKOW BOAbI, HaxofsAwerhcs npu KoMm-
HaTHON Temnepatype Ha 1 % HeoOXOAUMO NPUNOXWUTbL AaB-
neHne okono 200 aTm. MNpy Takom faBneHUW CTPYs BOAbI, Bblfe-
Talolwas u3 pesepsyapa B atMocepy, 6yAeT UMeTb HayasibHYH0
ckopocTb nopsagka 200 m/cek.

B NpoTMBOMONOXHOCTb XUAKOCTAM rasbl CXXUMaKTCA J1erko,
M UX MAOTHOCTb NPAMO MpPONopuUuOHanbHa AaBneHuto. bnaro-
Japs MaJioMy 3HauyeHWo NJOTHOCTWM AN MPUBELEHUA ras3a B
OBWXeHWe [0CTATOYHO OYeHb Manoro W3MeHeHWs [aBleHus,
a clnefoBaTenibHO, U NAOTHOCTM rasa. Hanpumep, uTob6bl BO3AYyX
NPOXOAMN Yepe3 BEHTUNATOP CO CKOPOCTbio 10M/cek, LOCTATOUHO
C03/aTb pa3pexeHue nopagka 1Mm pTyTHOro ctonba, T. €. NOYTK
10 3 aTm. CnepoBatenbHO, W NNOTHOCTb BO3fAyXa MpW TakuUxX
CKOPOCTSIX M3MEHWUTCA BCero nuwb Ha 10 3 OT CBOE BeNNYMHBI,
T e. Ha 0,1 %.
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Teopua 1 ONbIT MNOKa3biBaT, YTO CKMMAEMOCTbIO XUAKOCTU
WM ra3a MOXHO npeHebperaTtb ¥ C JOCTATOYHONM CTENEHbID TOY-
HOCTW NOMNb30BAaTbCSA MOHSATUEM HECKMMAEMON XXMAKOCTU Mpw
YC/IOBWW, YTO CKOPOCTU WX [ABUXEHUS Masnbl MO CPAaBHEHWIO CO
CKOpOCTbIO pacnpocTpaHeHus 3ByKa. CKOpPOCTb 3ByKa B BO3f4yXe
((,,,=333 m/cekx. 1200 kM/4. MM0O3TOMY O6bLIYHO MPU W3YYEeHUN
COMPOTUBNEHUS BO3AyXa ABMXEHMIO Ten (aBToMo6MAs, noespa
WM NErkoro camoseTa, 4BUMXYLLErocs co CKOPocTbio 200 KM/u)
MOXHO CUMTaTb BO34YyX MPaKTUYeCKM HecxKuMmaembiM. OpfHaKo
NS COBPEMEHHbIX PeaKTUBHbLIX CaMONETOB, CKOPOCTU KOTOPbIX
JOCTUTalOT W MPEeBbIWAT CKOPOCTb 3BYKa, MpeHebperaTb CXW-
MaeMOCTbI0 BO34yXa YXe Henb3s.

Takum 06pa3omM, Mbl MPUXOAUM K BbIBOAY, YTO MOHATME
«HEC)KMMaEeMOCTM» XapaKTeEPU3yeT He CTONbKO CBOICTBA Camoli
XWUAKOCTU MpW OTCYTCTBUM ABMXKEHUS, CKOJIbKO CBOWCTBA AaH-
HOro ABWMXeHMA. W XMAKOCTW, U rasbl Npu ABVIKEHUU MNpPaKTu-
YECKM HEeCXKMUMaeMbl, Korga

YpasHx N "3B- (12.1)

2. KnpgkocTb mMpeanbHa, T.e OTAe/bHbIE 3N1EMEHTbI
XWULKOCTU [ABWXKYTCSH [APYr OTHOCUTeNbHO gapyra 6e3 TpeHus.
CnpaBefnnmBoCTb MOAOGHOTO MpeHeOpeXKeHNs TPEeHMEM Takxe
3aBUCUT OT XapaKTepa M3y4yaeMoro ABuxeHusa. Mpu LBUXEHUN
peanbHOl XWAKOCTU WAW ra3a BHYTPWM Hee BCerja BO3HUKAOT
CUnbl BA3KOCTU. Mbl 6yaeM HasblBaTb >XWAKOCTb WAeanbHOM
TOrga, Korja Bo BPEMS €e ABVMXXEHUS MOXHO npeHebpeyb cuiamm
BHYTPEHHEro TPEHMsA MO CPaBHEHWIO C APYrUMU Cunamu, feii-
CTBYHOLLMMUN B XMAKOCTU (CUNaMU TAXECTW, AABNEHUA U T. N.).
B aTux cnyyasx noTepu aHepruv LBUXEHUSA HA TPEHWUE W Nepexof
B TEMN0 He3HaYMTeNbHbl Y MOXHO MPUMEHATbL 3aKOH COXPaHeHMUs
3HEpPruM B YMCTO MexaHumdeckoii (opme (6.11).

3. ABMXeHNe XUAKOCTM yCTaHOBUBLIEECSH.
Henn BHeLWHWEe CWAbl, Bbi3blBalOLIME ABMXKEHME XUAKOCTU, He
3aBUCAT OT BPEMEHM, TO Yepe3 HeKOTOpOe Bpems Mocne Havana
OBVWKEHWA B O>KMAKOCTM YCTaHOBWUTCA BMOMHE OMNpejeneHHoe
pacnpegeneHue ckopocTeil. Mpu 3TOM CKOPOCTb ABUXEHMUSA KaX-
[ON 4acTuubl XUAKOCTM MOXET W3MEHATbCA OT TOUKM K TOUKe
BAO/b ee TpaekTopuu. OfHAKO B KaXAOW AaHHON TO4uke npo-
CTPaHCTBa CKOPOCTU ABUXEHMSA BCeX MOCNeA0BATENIbHO MPOX0Aa-
WMX Yepe3 Hee 4acTuL, XWAKOCTU OyayT OAMHAKOBbIMMW. Takoe
OBVDKEHME XWUAKOCTU B JaHHON OrpaHWYeHHOW 4acTu MpoCTpaH-
CTBa W HasblBaeTCA YCTaHOBMBLUMMCH.

B 1738 r. [. bepHynnu BbiBefl 0YEHb BaXXHOE COOTHOLLEHMne
4N YCTAHOBUBLUErOCA [BWXKEHUA WAeaNbHON HECXKMUMAaEMOiA
XUAKOCTKW, HOCsLLee Ha3BaHWe ypaBHeHUA bepHynnu.
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[na BbiBOfa 3TOr0 YpaBHEHUA PacCMOTPUM KUAKOCTb,
ABUXYLLYytOCA No Tpy6e nepemMeHHoro ceveHusa (puc. 1.37).
XungkocTb BTeKaeT cfieBa B ceyeHue / nnowagbto S\, Haxopna-
Weeca Ha BbicOoTe I\ Hafj ypoBHeM 3em/in. CKOPOCTb BTeKaloLwWwmx
YyacTul, XXUAKOCTU NEpPneHiUKYNApHa K CeyeHuto Tpybbl U paB-
Ha i>i, jaBneHune B XUAKOCTU Npu BXode B Tpyby paBHO p\.

Uepe3 ceyeHne 2 nnouiafblo ST, HaxoAflleecqd Ha BbiCcOTe
22 Haj YPOBHEM 3EM/U, XMWAKOCTb BbITEKAET M3 TPyObl CO CKO-
pocTblo V2\ faB/ieHNe B XUAKOCTU Ha BblXoge U3 Tpy6bl paBHO p2
XXungkocTb TeyeT yepe3 Tpyby noA AeACTBMEM pasHOCTW Npuso-
KEHHbIX W3BHE AaBNeHUA p\ —p21nn pasHoCTM ypoBHen r\ —22,
npuBoAsALWeEn K ruapocra-
TUYeCKOMY [laBNeHUI0 CO-
OTBETCTBYHOLLEr0 CcTO/16a
XWUOKOCTU, WM TOro MU
4pYyroro BMecTe.

3a 6eckoHeyHO Ma-
NbIA  MPOMEXYTOK Bpe-
MeHU At yepes ceuyeHue /
BTEKAeT mMacca XULKOCTU
AT, 3anonHawowas uu-
NVMHOPUK € naowagbio
OCHOBaHuA Si U BbICOTON
VIAt  (3alITPMXOBaHHbII
Ha puc. 1.37). 3a TOT Xe
NPOMEXYTOK BPEMEHM Ye-
pe3 ceyeHue 2 BbITeYeT
TakKkas >Xe mMacca
XUAKOoCTU AT, 3anofHABWaAA UWMIWHLPUK C NOWagblo
OCHOBaHMA SO W BbICOTON V2At (TakXe 3alTpPUXOBaHHbIN Ha
puc. 1.37). 3HayeHne AT MOXHO HaNTW, YMHOXWB BEANYUHY
K&XAO0ro U3 3TUX 3NeMeHTapHbIX O06BLEMOB Ha MMOTHOCTb XWUJ-
koctn Q Torga nonyyum:

PHc. 1.37.

Am=QS\V\At = QSiV2At. (12.2)

Cokpawaa obe yactu ypaBHeHns (12.2) Ha gAt, Mbl Nonyyaem,
4TO A1 HECXKUMaemoWl XWAKOCTM Ha OCHOBaHMMW 3aKOHa coxpa-
HEHWS BellecTBa Bcerfja BbIMOJIHAETCA MNPOCTOE COOTHOLUEHUE
MeXAy BEINYMHON CeYeHWS W CKOPOCTbIO TEUEHUS >KUAKOCTM:

S|0i =S 2%, wm — . (12.3)

MHave roBopsi, 06beMbl BTEKAILLEA W BbITEKAKOWER 3a efnHULY
BPEMEHU >KNAKOCTU PaBHbI.

Mpu nepemelieHUN MacChbl XMAKOCTM AT no TpyGe Cusbl
BHELLHEro JaBneHus coBepwatT paboTy. MMonHas cuna fasne-
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HWH, JEeACTBYHOWasn Ha NieBOE CevyeHue, paBHa piSi. 3Ta cuna
nepemecTuna maccy Xuakoctm AT Ha pacctosHue V\At. 3a To Xe
NMpcMms B NPaBOM CEYEHMM TaKas >Ke Mmacca XUAKOCTU AT Mepe-
MecTufiacb Ha paccTosHue w2t n cosepwwuna paboTy NpoOTUB
cunbl faeneHua P2S:z.

MonHasa pabota AJ1 cun faBfieHWUA NMpU TakKoOM MepemMeLleHunm
paBHa

AJl= p 1S|U|A*—P2S2LbA/.

JTa paboTa 3aTpayeHa Ha yBeNMYEHWE KUHETUYECKOWN 3Hep-
I 3neMeHTa XUAKOCTU C Macco AT, CKOPOCTb KOTOPOro n3me-
HUMacb OT Ui Ha BXOAE A0 Y2 Ha BbIXOAe, U Ha U3MEHEHMe MOTEeH-
UMasibHON 3Heprum 3TOro afieMeHTa B NOJIE TAXECTU MpU Nepexome
C YPOBHA 2| Ha ypoBeHb z% CrefoBaTefbHO,

p\S\V\At — p2S2u2A/ — Y —+ (12)
+ Am-gzz — Am-gzi.

P.usgenvm o6e yacTu paBeHcTBa Ha 06bem AV =S\V\At. Torga,
uves B BUAy, 4TO cornacHo (12.2)

Am Am S:UAl __
A AV Siv/At SiViAt

nonyynm:
Pl—Pr=~—~+QgZ2— Qg (12.5)

MepeHeceM 3[leCb BCE Y/EHbl YpPaBHEHUS, COOTBETCTBYIOLLME
XWUIKOCTM B ceueHWM /, B NEBYID 4YaCTb, a COOTBETCTBYlOLINE
XWOKOCTU B CEYEeHUM 2 — B NpaBylo 4YacTb. Torga

p\+"j-+ Qg2\=pi+-"j-+QgZ2. (12.6)

MOCKONbKY ceueHust / 1 2 MOTYT GbiTb Bbi6GpaHbl MPOWU3BOSb-
2
HO, TO, C/lef0BaTe/IbHO, CyMMa p Qgz ocTaeTcs Hewns-

MEHHOI/ B NOGOM ceyeHun Tpyobl K

(12.7)

YpaBHeHne (12.7) Ha3biBaeTCHd YypaBHeHUWEeM bepHynau u
BblpaXKaeT 3aKOH COXpPaHeHWA 3Heprumuum npum yc-
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TAaHOBUBLWEMCSH OBUXEHUHN HecCXuUMaeMoHii
MaoeanbHOW >XUAKOCTMW. ITO ypaBHeHWe CMpaBeanvBoO
Ans no6oro ABMXYLLEerocs o6bemMa XWAKOCTM BAONb TPaeKTo-
pUM ero ABMIKEHWSA, Ha3biBaEMON NMHUENW TokKa.

BennunHa qv2/2 npepctaBnsier CcobOW yAeNbHYK KUHETW-
YECKYH 3HEPTUio, T- €. KMHETUYECKYIO 3HEPTUI0 eANHULbI 06bemMa
ABVOKYLelica )Xugkoctn (g>k/m3). BennunHa Qgz ecTb yaenbHas
noTeHuManbHas 3Heprus B none TsXecTu. COOTBETCTBEHHO
3TOMY, MMelwWas Ty e pasMepHOCTb BeauumHa p (H/mM2==
= [>K/M3) npeacTasnder cobON yAeNbHYK NOTeHUWalbHYIO
3Hepruo cun fasfeHWUa B XUAKOCTH.

Mpy ABUXXEHUU 371eMEHTApPHOro 06bemMa XMAKOCTM NMPOUCXO-
OUT HenpepbIBHbIA Nepexoj ero 3Heprum n3 ofHol opMbl B Apy-
ryl0, HO MOJiHAas 3HEeprus 3Toro obbema OCTAETCA HEU3MEHHOWA.

Puc. 1.38.

Tak Kak Bce 4fieHbl ypaBHeHus (.12.7) uMeroT pasMepHOCTb
[laBneHunsa, To 3TO ypaBHEHME 4YacTo popMynupyrT nHade. [laB-
NIeHUe p Ha3blBalOT CTaTMUYECKUM HAMOpPOM, BEIUYUHY
Qgz— ITMApPaBNMNYECKUM HanopoMm, a BEeINYUHY
qvd42 — CKOPOCTHbLIM, WM AUWHAMWUYEeCKWUM, Ha-
nopom. Torga u3 (12.7) cnegyeT, YTp MNONHbIA Hanop B ABW-
DKYLLENCA >KUAKOCTU, CKNaAblBaOLWMIACA N3 CTaTU4ecKoro, rng-
paBnMYecKOro U CKOPOCTHOrO HAaMopoB, OCTAETCA NOCTOSAHHbIM.
MpuBefem 418 NOSACHEHUSA ABa npumepa.

Ha puc. 1.38 n3obpaxeHa CxeMa BOAOCTPYNHOro Hacoca.
MoTok BoAbl M3 BOAOMNPOBOAA TeyeT No TPYOKe C MECTHBIM CYy>XKe-
Huem. B y3KOM CeYeHUM CKOPOCTb XWUAKOCTWU pe3Ko BO3pacTaet
W YBENMYMBAETCA CKOPOCTHOW Hamop qvi/2. lMpu 3Tom no ypas-
HeHWIO BepHynnn B Cy)XXeHHOM CeyeHWW nafjaeT CTaTUYECKUi
Hanop v faBfieHWe p3 CTAHOBUTCA HIMXKe aTMocdepHoro. Moatomy
yepe3 OTBOAHYI TPYyOGKY B 3TO CeYeHWe 3acacbiBaeTCA BO34YX
M3 OTKaumaemoro cocyga A. T[lpoiiga CyXeHHOe CceyeHue,
CTpys BOAbl C BO34YXOM BHOBb pacliMpseTcd, ee CKOPOCTb
najaeT, a AaBneHue BO3pacTaeT [0 aTMOC(EpPHOro Ha BbIxXone
13 Hacoca. Takoil HacoC OYeHb MPOCT NO KOHCTPYKLUM M MOXET
co3/aBaTbh 3HAUUTE/IbHOE pa3pexeHune, NOHUXas AaBfeHne B OT-
Kaymsaemom cocyge go ~ 10"3 aTm.
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Pa6otamn [,. BepHynnu n ero coBpeMeHHWKa diinepa 6bin
bITOXXEHbl OCHOBbI HAayKW O ABVDKEHUMW >XWAKOCTEN, BblipocLuei
M HacTofillee BPEMA B CaMOCTOATE/IbHYH HaykKy U4 po -
IvHa Mmnky. LUnpoKoe npakTUYECKOe MPUMEHEHME TUAPOLU-
Hamuka nonyumna B KoHue XIX u Hayane XX BeKOB B pe3y/ib-
Tate pabotr H. E. )Xykosckoro u C. A. Yannbiruta.

XKyKOBCKUM ¥ YannbirMHbIM 6bla cO3faHa TakXe HoBas
Hayka — a3apoguMHaMWKa —YUYEHMEe O 3aKOHAX ABUXKEHUSA
rasos u teopusa noneta. B. WN. JleHnH HasbiBan H- E. )KyKoB-
CKOro OTLOM pyCcCKOil aBuaumu. XXyKOBCKOMY MepBOMY YAanocb
00BACHNTL MEXaHU3M MNOLbLEMHOW CW/bl, CO34aBaemMOil KpblIOM
asponnaHa npu AsumxeHun. Ha puc. 1.39 un3obpaxeH paspes

Puc. 1.39.

NPYMepPHOro Npogunsa Kpbiia. MyHKTMPOM MOKa3aHbl IMHUK TOKa
BCTPEYHOro TeuyeHUs Bo3gyxa. Kak BUAHO W3 pPUCYHKa, Hap
BEPXHeli 4YacCTbl0 Kpblflia NPOUCXOAMT CrylleHWe 3TUX JIMHUIA 1
yBeNYeHNe OTHOCUTENbHOW CKOPOCTWM BO3A4YyLWHOro notoka. Co-
rnacHo ypaBHeHUWIO bepHynnu faBneHve B MOTOKe Haf KpbljoM
CTaHeT MeHblle, YeM MNOJ KPbIOM, W 3a CYeT 3TOM PasHOCTW
[aBneHnii BO3HMKaeT nogbeMHasa cuna F, yaepxuBarowas neta-
WMA camoneT B BO3JyXe.

Ha ocHoBe 3ToOli KauyecTBeHHON kapTuHbl H. E. XXyKoBcKuii
paspaboTan KOAM4YecTBEHHble METOAbl pacuyeTa Be/iMYMHbl NOAb-
eMHOV cubl ANA pasnuyHbliX npoguneit Kpbina. Co3gaHHble UM
NPounn, HblHe Ha3biBaeMble NpopunamMmum X YKOBCKO -
ro, MO3BOMWAM MPOEKTMPOBaTb KPblbA™* HauBbIFOA4HeLWwen
thopMbl.

Kak yxe yKa3biBasocb Bbllle, NpU CKOPOCTAX MOfeTa coBpe-
MEHHbIX CKOPOCTHBIX CaMO/IeTOB BO3[YyX YXe Hefb3d cuuTaThb
HECXKMMAEMOW XUAKOCTbIO. MeTofbl yyeTa C)KMMaeMOCTU BO3AY-
Xa 6bin paspaboTtaHbl C. A, UanaeirmHbim ewe B 1903 r., Korga
ckopocTu nosieta He npesbiwany 30—40 km/4. Ha ocHoBe 3TuUX
MeTO[0B PacCYMTHLIBAIOTCA MOAbEMHAs Cufia W COMPOTUBIIEHME
KPbIbEB MPU COBPEMEHHbIX CKOPOCTAX MOJeTa.
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YUACTb I

OCHOBbI MONIEKY/TAPHON ®U3UNKWN
N TEPMOAVNHAMUNKN

FMTABA v

OCHOBHBbIE MPEACTABJIEHUA
MONEKYNAPHO-KUHETUYECKOWN TEOPUM

8 13. BsegeHune. OnbITHOe 060CHOBaHMWE
MO/IEKYNISPHO-KUHETUYECKON Teopun

MHorve TBepAble W XWAKME Tena, Takue, Hanpumep, Kak
CTeKNo, BOAA, MPeLCTaBNATCA HaM COBEPLUEHHO OLHOPOAHLIMY.
OHW HenpoHMLAaeMbl, MOYTU HeC)KUMaeMbl. OTCYTCTBUE BUAUMBIX
HEOAHOPOAHOCTEW, MOp MeXAy uYacTuuamy BeliecTBa NpUBOAWUT
K 06MaHUYMBOMY MpeACTaB/EHMIO O TOM, YTO 3TW, & MOXET 6bITb,
M BCe TBEPAble N XUAKME TeNa, CNAOWb 3an0HAKT 3aHUMAeMYH0
MMM 4YacTb MNPOCTPAHCTBA, YTO WX BELECTBO pacrnpefeneHo B
3TOM MNPOCTPAHCTBE HEMpPepbIBHO.

lasbl B 3TOM CMbIC/le 3aBEAOMO OT/MYAKTCA OT TBEpPAbIX
Ten. OHM MOryT CXWMATbCA M CMNOCOOHbI 3amONHATL 0600
NPefoCTaBNEHHbIA A4NA HUX 06beEM. ITO 06CTOATENLCTBO 3acTaB-
NnAeT gyMaTtb, YTO rasbl COCTOAT M3 Ma/blXx 060CO6MEHHbIX ApYrT
0T fpyra uactuy. B TO e Bpems nepexofbl Tea M3 OFHOrO
arperaTHOro COCTOSIHUS B Apyroe, HanpuMep ucnapeHue BOAbl,
NPMBOAAT K pacnpocTpaHeHWto MOJOOHbIX MpeAcTaBfeHUi U Ha
Xuakvne n TBepAble Tena.

Ewe 3af0nro go Hawein apbl, B Nepuog pacuBeta gpPeBHUX
KY/bTYP BO3HWK/IO YYEHUE O MEeNbYAMLLINX YacTULax, U3 KOTOPbIX
MOCTPOEHO N060e BewecTBO.

OpfHa 13 gpeBHENHAMIACKUX (MNOCOCKMX LIKOA yynna, 4To
BEYHble YaCTW BCEMEHHON COCTOAT M3 YeTbIPeX 31eMEeHTOB: BOAbI,
3eMAKn, OTHA M BO34yXa. YacTWUYKM 3TUX 3/1EMEHTOB BEYHbl W He-
COTBOPMMbI, OHU HEMPOTSXKEHHbI, U B TO XXe BPeMS WX PasHo-
pofHas npupofa COCTaBAfeT MPUYUHY MPOTSXKEHHOCTU BO3HWU-
KawwWmnx COeAMHEHNIA 3TUX YaCTUYEK.

OpesHerpeyeckue unocogbl AHakcarop u [1eMoKpuT cumTa-
AN, 4TO N0b6oe BewecTBO COCTOUT U3 MefibYalllnX HeaenumblX
yacTuy—aToOMOB (aroM — rpeyeckoe C/MOBO, O3Havatouiee
«HeAeNnMblii»). Pa3Hoo6pa3ue BewwecTs, NMEKOLLUXCA B NPMPOAE,
00bACHAETCA He pa3HoobpasMeM pas3NUYHbIX COPTOB aTOMOB,
HO pazHoobpasuemM pasnyHbIX COEAUHEHMNA 3TUX aTOMOB (Tenepb
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Mbl Ha3blBaeM TaKMe COeAMHEHUs MonekKkynamu). ATOMbI
HEBUAMMbI 1 HEOBHAPYXXUMbl B OTAENbHOCTU TONbLKO BCNeACTBME
CBOEl 4Ype3BblyaiiHOi ManocTu. VIMEHHO B cuily 3TOF0 OrpOMHas
COBOKYMHOCTb aTOMOB, 06pasytowas TBepa0e UK XnKoe Teno,
BHYWAeT HaM MNpeACTaBNEHWE O HernpepbIBHOCTM 3TUX Tefl.
JIrombl HaxoasTCs B HeMpPepbiBHOM [BWXXEHWUW, COEAUHEHUS WX
MOryT pacnajaTtbCsi, npeBpauliascb B APYrMe COEAMHEHUS, 4TO
M 00bACHAET HabnAaeMble HaMu MpeBpalleHNs BeLLecTB
(Tenepb Mbl Ha3blBaeM Takue MNEepPecTpoiikv MOMEKYn XumMuye-
CKUMW MNpeBpaLLeHnsMI BellecTBa).

CyLllecTBeHHbIA  Mporpecc aTOMWCTMYECKOW  Teopun B
XVIIl Beke 06s3aH M. B. JlomoHocoBy. Oco60ii ero 3acnyro
fBNSieTCS TO, YTO OH BK/OYAeT B KPyr BOMPOCOB, HaxoAsliux
CBOE 0ObSICHEHMEe B aTOMHOM Teopuu, COBEPLUEHHO, Ka3anocb
6bl, YyXAble eii BONPOCbl. Tak, JTOMOHOCOB 06GBLACHSET TeNI0BbIE
ABNEHUS KaK pe3ynbTaT [ABMXeHWS Mefbyaiiliux vactuly Be-
LecTBa, 0TpMLas HanMuMe Kakux-To Crneynipuuecknx HeBecoMblX
rensioBblX MaTepuii, MPUBMEKaBLIMXCA 3aTeM ele B TeyeHue
BOKa 4719 OOBSACHEHUA TEMIOBbIX SABMIEHWIA.

HacTofwaa 4yacTb Kypca MOCBAWEHA MO/ EeKYNAPHONM
hM3MKe W OCHOBAM TeopuW TeMNOTbl —TEPMOAMUHaA -
MUKe. MonekynapHas ¢u3nka u3yyaeT Te CBOMCTBA BeLECT-
Ba. KOTOpble 0OGYCNOBNEHbI €ro MONEKYNSAPHbIM  CTPOEHUEM.
B Heil paccmaTpuBaloTCsi MpeBpalieHUs BELLeCTBa, CBSi3aHHble
C W3MEHEHWEM 3Hepruy ero MOMeKyn, W3MEHEHUS arperaTHoro
COCTOSIHUS Ten W T. 4.

Mpu 3TOM Mbl MCK/OYAEM W3 PACCMOTPEHUS Te SABEHUS,
KOTOpble CBfA3aHbl C M3MEHEHMEM COCTaBa, MEPecTPOKoi Mone-
Ky/n, 4TO SBNAETCS B 3HAYMTENIbHOW CTeneHW 06/1acTbi XMMUM,

BblaeneHHbIi TakuM 06pa3oM Kpyr BOMPOCOB OXBaTbIBAETCS
eAVHbIM METOAOM pacCMOTPEHUS, eAUHON Teopuelr, HocAWein
Ha3BaHWe MONEKYNAPHO-KUHETUUYECKOWH Teopum
BelWwecTBa. TEennoBble ABNEHUS, B COOTBETCTBUU C WAEAMU
JlomoHoCcOoBa, 6yayT TPaKTOBaTbCA TaKXe C TOUKM 3peHus morne-
KYNAPHO-KUHETUYECKON Teopuu BeLLecTBa.

MepeuncnnM KOPOTKO Te ABJEHWUS, KOTOPble NOATBEPXAAlOT
NPaBUIbHOCTb  UCXOAHbLIX WAEA  MONEKYNAPHO-KUHETNUECKO
Teopum.

1 BbICOKas CXXMMaAEMOCTb ra30B CBUAETENLCTBYET O HaMYUK
60MbLUINX PaCCTOAHMIA MeXAy MOfeKynamu rasa.

2. CTpemnieHve ras3a 3aHATb /OGO, CKOMb YrogHO 60MbLUOIA,
npefoCTaB/eHHbIi B €ro pacnopsXeHue o6beM CBUAETENbCTBYET
0 TOM, 4YTO MOMEKy/bl rasa [ABMXXYTCA HEe3aBUCUMO Apyr OT
apyra.

3. B3aMMHOe NpPOHMKHOBEHME COMPMKACAKLIMXCA ra3oB —
andpysna rasoB — nokasbiBaeT, 4YTO MOMeKy/bl OfHOMO
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rasa BUXYTCA B «MyCTOTax» MeXJy MOJeKynamMu BTOPOro rasa.

4. CmelleHne XUAKOCTeN, pacTBOPEHUE TBEPAbIX TeN B XMUA-
KOCTAX TaKXe 00bACHAITCA NepemelunBaHMEM MOJIEKY Pa3HbIX
copToB. [pW 3TOM CYLLECTBEHHO, YTO 06BEM CMECU MOXET OT/u-
YyaTbCA OT CyMMbl O6BLEMOB HeCMellaHHbIX BelecTB, YTO CBWU-
LeTenbCTBYET O pPasNMYHOA  KOMNAKTHOCTM  MOJIEKYNAPHbIX
cuctem. Tak, npu cmeweHun 100 cmn Bogbl m 100 cn3 cnuprta
nonyyaetca He 200, Ho 196 cn3 cmecu: B CMecU MOJEKYbI
pacnpefieIMNUCb KOMMNakKTHee, 4YeM paHblie. K 3aToMy Xe Kpyry
BOMPOCOB OTHOCATCA W ABMEHUA WCNapeHUs XUAKUX W TBEPAbIX
Ten.

5. laBneHne rasa Ha CTeHKU cocyfa, B KOTOPOM OH 3aK/o-
YeH (MNM Ha NOBEPXHOCTb Tena, BBEAEHHOrO B ras), 06bACHAET-
cA ygapamu Mofiekyn rasa. lloBblleHWe AaBNeHUSA MpU YBENU-
YEeHUW NMOTHOCTM rasa (Mpu ero cXxatuu) 0O6bACHAETCA YBENu-
YeHMeM OTHOCWUTENbHOr0 u4ucna Mosekyn, 6ombapanpyroLmnx
MOBEPXHOCTU, OrpaHnymBaloLLe ra3. TOYHO TakK XXe yBennyeHue
[laBNeHNA C MOBbILLEHWEM TeMnepaTypbl 0O0bACHAETCA YBennye-
HWEeM CKOpPOCTM MOJeKY/, YTO NMPUBOAMT K YYallleHUH WX CTOJK-
HOBEHWIN CO CTEHKaMW COCyAa W K YBEMYEHMUIO «CWUAbI» YyAapa.

6. lMpuxoTnnBoe [ABMXXKEHME MeNbYaMLIMX TBEPAbIX HacTuu,
B3BELUEHHbIX B XXUAKOCTW WM rase,— 6 POYHOBCKOE [LBMW-
XeHune — 06bACHAETCA HeypaBHOBELLEHHOCTbLIO YAAapoB, UCHMbI-
TbiBaeMblX OGPOYHOBCKOIM YacTWueid CO CTOPOHbI MOJSIEKYN XUA-
Koctn (rasa). B cuny manoctm pasmMepoB M Macc MOJIEKYN WX
TO/YKM MOTYT MPUBECTU B ABWKEHUE INLWbL OYEHb Nerkue, 6po-
YHOBCKMWE, 4YacTULbl.

OfHako BCe 3TV KauyeCTBEHHble COOGPaXeHUs He JalT ele
BO3MOXHOCTW CYAUTbL O TOM, OAMHAKOBbI I MOMIEKY bl BELLECTBA
Mo mMaccam W ApYrum CBOWCTBAM WM XK€ OHW NpeAcTaBAsaloT
€060/ «OCKOMKM» BeLecTB MPOU3BO/bHbIX pa3mepoB. OTBET Ha
3TOT BONPOC OblT MOMYYeEH BMeEpPBble C MOMOLLID XUMUYECKUX
nccnefoBaHuii.

7. HanoMHMM W3BECTHbIN U3 LUKO/IbHOTO Kypca XMMUKU 3aKOH
KpaTHbIX OTHOWeHWn JanbToHa. COrnacHoO 3TOMY 3aKOHY Mpu
COefIMHEHUN Pa3fINYHbIX 3N1EMEHTOB KO/IMYecTBa COeAUHAIOLLLNXCA
BELLeCTB He MPOM3BOJ/IbHbI, HO MOTYT HaX0ANTLCA NULLbL B MPOCTbIX
OTHOLIeHnAX. TaK, HanpuMep, eciim COeAUHATbL KWUCMOPOA W asorT,
TO MOryT 06pa30oBaTbCA COEMHEHUA, COAEPXaLlue Ha 7 BECOBbIX
yacTteil azota (N) pasHble, HO Hax04AWIMECA C HUMU B MPOCTbIX
OTHOLWIEHMAX KonuyecTBa kucnopoga (O):

) 7r N 1X 4r 0-+ 11 r 3akucu asoTa,

2) 7r14-|-2X4r0->15r1 oKnicu asoTa,

3) 7r N+3X4 r0-> 19 r aHrugpuga a3oTUCTOiA KWCNOTHI,

4) 7r N+ 4X"™ 1 O-»-23 1 ABYOKUCU a30Ta,

5) 7rbl -]-5X 4<’0—»27 T aHrMgpuaa a3oTHOW KWCAOTI



3aKOH KpaTHbIX OTHOWEHMWA JIeTKO 06BACHUTD,
1N NPeANON0XKNTb, YTO MeNbYyailine YaCcTULbl XMMWUYECKM Mpo-
MblX BeWeCcTB  aTOMbl  O4MHAKOBbI NO Macce W CBOWCTBaM
(N TpeTbeM TOMe Kypca Mbl YBMAUM, 4YTO BbIBOL O TOXAECT-
BEHHOCTM MacCbl aTOMOB [@HHOIO 3/IeMEHTa HY>XX[JAeTCqd B HEKO-
TOPbIX OrpaHUYeHUAX, 0JHAKO MOKa YTO Mbl He 6y[eM YUYUTbIBATb
aToro).

8. OnbIT MNokasbiBaeT, YTO B paBHbIX 006bemMax rasa npu
OAWHAKOBbIX aBNEHUAX U TeMneparypax Haxo4uTCA 04MHAaKOBOe
4yncno Monekyn. [eincTBMTenbHO, MOXHO yb6efuTbea, 4TOo ANTP
Kucnopoga npn COefUHEHUN C YIrNepoAoM AaeT NTP YIIeKUCnoro
i.'lia (npu TOM >Ke paBneHWu W TemnepaType). Mpu ropeHun
yrnepoja Ha obpasoBaHume Kaxpoi monekynbl COr umget ogHa
monekyna kucnopoga — Oz, cneposaTtensHo, monekyn C02o06pa-
3yeTca CTO/IbKO Xe, CKOJIbKO 6bino Monekyn Or- Tak Kak B
pe3ynbTaTte COefJMHEHUS KMCNopoja C YrnepofoM YUCIO MOJIEKYN
rasa He MeHseTCsi, COXpaHAeTca U 06bem rasa- TOYHO TaK e
4ns obpasoBaHMA NMTpa BOAAHLIX NapoB (MPU JOCTATOYHO Bbl-
COKOI Temnepatype) Heo6X04MMO COeAMHUTbL NUTP BOAOPOAA U
non-nuTpa Kucnopoga (Mpu Tex Xe TemnepaType W AaBneHun).-
yucno mMonekyn sogbl HX paBHO ymcay Monekyn sogopoga Hr
WKW, 4YTO TO Xe, BABOEe 60/blle uncna Monekyn Or 3aTpayeHHOro
Kncnopoga. MHOro4ncneHHbIe ONbITbl MOAO6HOIO poja Mo3BOU-
nn ABoragpo copmynMpoBaTh 3aKOH, HOCALWMWI ero ums-

B paBHbIXx 06bemax rasa, npu paBHbIX TemnepaTypax U LaB-
NEHUSAX COOEP>KNUTCA paBHOE 4MCNO MONEKYN rasa.

B 1738 - [1. bepHynnun, ucxoga 13 MoeKynapHO-KUHETUYE-
CKMX NpefCcTaBNeHMW, fan NPOCTOA KayeCTBEHHbI BbIBOJ 3aKOHa
Boitns — MapwuoTtTa. OfHaKo HacTosAwas KO/JMYeCTBEHHasa pas-
paboTka MONEeKY/ISiPHO-KUHETMYECKON Teopuum Havanacb JuLWb
cnycTa 100 net, korfja npefctasneHua o6 atoMax M MosieKynax
Nony4ymnun NOATBepPXKAeHUEe B MepeyUCeHHbIX Bbllle XUMUYECKUX
3aKOHOoMepHocTAX. Pa6otamu P- Knaysuyca, [. Makcsenna,
N. BonbymaHa, . Tn66ca u 4pyrux yyeHbIX BO BTOPOI NOIOBUHE
XIX Beka 6bin co3aaH U3AWHbLIA MaTemMaTU4Yeckuii annapat Tak
Ha3blBaeMOW CTaATUCTUYECKOW GMU3UKWM, MNO3BOAMB-
UM TEOPETMYECKN BbIBECTU MHOIME M3BECTHble KONNYECTBEHHbIE
3aKOHOMEPHOCTM U CBA3aTb APYr C APYrom pasHOpPOAHbIe Ha nep-
Bblli B3rnafg (usnmyeckue SBAEHUA.

N Bce Xe, HecMoTps Ha 6onbluMe ycnexu MOMeKYJApHO-
KWHETUYEeCKOW Teopuu, el Npuxoannock 6a3npoBaTbCs AMWb Ha
pafe nepeyvyncneHHbIX Bblllle KOCBEHHbIX [,0KAa3aTeNbCTB ee 0CHOB-
HbIX MOMOXEHWUA. OTCYTCTBME MPAMbIX OMbITHLIX fOKa3aTeNbCTB
CYLLECTBOBAHMNA aTOMOB W MOJIEKY/ MO3BOMMMNO MNPeACTaBUTENAM
ngeanucTuyeckor wkonsl Maxa u OcTBanbfa B (hU3MKe ANU-
Te/lbHOE BpeMs 6OpOTbCS MNPOTUB MAaTEPUATUCTUYECKUX Unaen
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rasa ABWXKYTCS B «MyCTOTax» MeXJy MOneKynamu BTOpPOro rasa.

4. CMelleHMe XNAKOCTe, pacTBOPeHME TBEPAbIX TeN B XUfA-
KOCTAX TakXXe 06BbACHAITCA MepeMelinBaHNeM MOSMEKYN Pa3HbiX
COpTOB. pK 3TOM CYLLECTBEHHO, YTO 06BbEM CMECU MOXXeT OT/n-
4yaTbCH OT CyMMbl OOBbEMOB HECMEeLlaHHbIX BELLecTB, 4TO CBU-
LeTenbCTBYET O PasMYHOA  KOMMAKTHOCTW  MONEKYAPHbIX
cuctem. Tak, npu cmeweHun 100 ov" Bogbl M 100 cmi cnupTa
nonydvaetcd He 200, HO 196 cmM3 cmecu: B CMECU MOJEKYNbI
pacnpefennnncb KOMMakTHee, yem paHblie. K 3TOMYy Xe Kpyry
BOMPOCOB OTHOCATCA U ABMEHUA UCMNApPEHUS XULKUX U TBEPAbIX
Ten.

5. [laBneHue rasa Ha CTEHKM coCyfja, B KOTOPOM OH 3aK/o-
YeH (MNM Ha NOBEPXHOCTb Tefla, BBEAEHHOro B ras), 06bACHAET-
cA ygapamu Mofiekyn rasa. lMoBblleHWe AaBNeHUA NpU YBenu-
YeHWM MAOTHOCTM rasa (Npu ero cxatum) 06BACHAETCA YBeN-
YeHMemM OTHOCWUTENIbHOTO u4ucna Mosiekyn, 6ombapaunpyrowmnx
MOBEPXHOCTU, OrpaHuyMBaloLLMe ra3. TOYHO TakK Xe yBenuyeHue
[aBfieHNs C MOBbILWEHMEM TemnepaTypbl 06bACHAETCA YBenude-
HWEeM CKOpPOCTM MOJEKY/, YTO NMPUBOAUT K yYalleHUI0 WX CTOJK-
HOBEHWIN CO CTEHKaMW COCyAa W K YBE/IMYEHUIO «CUfbl» yjaapa.

6. MpuxoTnuBoe [ABWXXEHWE MenbYailluMx TBEPAbIX YacTul,
B3BeLLEHHbIX B XXMAKOCTM WM rase,— 6pPOYHOBCKOE [BMU-
XeHue — 06bACHAETCA HeypaBHOBELLIEHHOCTbLIO YAApOB, UCMbI-
TbiBaeMbIX GPOYHOBCKO 4acTuueld CO CTOPOHbI MOMEKYS XXWUA-
koctn (rasa). B cuny manoctM pasmepoB U MacC MONEKYN WX
TONMYKN MOTYT MPUBECTU B ABMXKEHWE NNLb O4YeHb Nerkue, 6po-
YHOBCKMWE, YacTuubl.

OfHaKo BCe 3T KauyeCTBEHHble COOOpPaXKeHWA He JaloT eLle
BO3MOXHOCTW CyAUTb O TOM, O4WHAKOBbI /i1 MOJIEKY/bl BELLECTBA
Mo maccam W ApYrMM CBOWCTBaM WAW XK€ OHM NpeAcTaBnfaT
c060li «OCKOMKW» BelecTB MPOU3BO/bHLIX pasMepoB. OTBeT Ha
3TOT BOMPOC OblLT MOMY4YEH BMEPBble C MOMOLbLID XUMUYECKUX
nccnefgoBaHui.

7. HanoMHMM M3BECTHbIN U3 LUKO/IbHOFO Kypca XUMWU 3aKOH
KpaTHbIX OTHOWeHUA [fanbToHa. CoOrnacHo 3TOMY 3aKOHy npu
COEfIMHEHUW Pa3IMYHbLIX 3/1EMEHTOB KO/MIMYECTBA COeLMHAILLNXCA
BeLL,eCTB He NPOM3BOJIbHbI, HO MOTYT HaXOAUTLCA NULLb B MPOCThIX
OTHOWEHMAX. Tak, Hanpumep, ecnn COefuHATL KUCMOPOL M a3or,
TO MOryT 06pa3oBaTbCs COEAMHEHUS, COAEPXKALLME HA 7 BECOBbIX
yacteil azota (N) pasHble, HO HaxoAsLWMeca C HUMKU B MPOCTbIX
OTHOLWEHUAX KonnyecTBa kucnopoga (O):

) 7r N+ 1X 4r1r O— 11r1 3aKkucu asoTa,

2) 7rM4-2X4r0O-*15r okucu asoTa,

3) 7r N+3X4 r O-»-19 r aHrngpuaa asoTUCTOA KWCNOTHI,

4) 7rbl + 4X4r1 O-*23r [OBYOKACKU a30Ta,

5) 7rbl + 5X4r0O -»-27r1 aHrngpuga a3oTHOW KWCOTbI.
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3aKOH KpaTHbIX OTHOWEHWUN NErko 0ObACHUTB,
MHW NPeanonoXunTb, YTO Mefbyalilline YacTULbl XMMUYECKN Mpo-
CTbIX BELLeCTB  aTOMbl  OAMHAKOBbLI MO Macce W CBOICTBaM
(n TpeTbeM TOMe Kypca Mbl YBWAUM, YTO BbIBOA O TOXAECT-
LIEHHOCTM MacCbl aTOMOB JAHHOrO 3/IEMEHTa HYX/aeTCA B HEKO-
TOPbIX OFPaHUYeHUAX, O4HAKO NOKa YTO Mbl He Byfem Y4YuTbiBaTb
3TO0ro).

8. OnbIT NoKasbiBaeT, YTO B paBHbIX 06bemax rasa npu
O[JMHAKOBbIX AaBNEHNAX M TeMMepaTypax Haxo4MTCca O4UHAKOBOE
yncno monekyn- [eicTBUTENbHO, MOXHO y6eAuTbCA, YTO AUTP
KMcnopoga npu coefuHeHUn € yrnepoLoMm LaeT NUTP YIIeKncaoro
rasa (npu TOM >Ke faBneHuum u TemnepaTtype). [pu ropeHun
yrnepoga Ha o6pasoBaHue Kaxpaoi monekynsl COr uget ogHa
monekyna kucnopoga — 0 2 cneposaTensHo, monekyn COro6pa-
3yeTcA CTONbKO e, CKONbKO 6bin0 monekyn O2- Tak Kak B
pesynbTate COefMHEHUS KMUCNOPOAa C YrnepofoM YMCN0 MOMEKYN
rasa He MeHseTCs, COXpaHsfeTcs M 06bem rasa- TOYHO Tak e
4na obpas3oBaHMsA NMTpa BOAAHLIX NapoB (Mpy AOCTATOYHO Bbl-
COKOI TemnepaType) He06X0LMMO COeLVMHWTb NUTP BOLOPOLa M
non-nuTpa kKucnopoga (Mpu Tex e Temnepatype W AaBieHUn).-
yucno monekyn oAbl HrO paBHO yucny MoOfekyn Bogopofa Hr
WK, YTO TO Xe, BABOE 60/blle ynucna Mosnekyn 0 23aTpavyeHHoro
kucnopoga. MHorouncneHHble onbiThl NOAOGHOr0 poja No3BOU-
nn ABoragpo chopmynupoBaTb 3aKOH, HOCAWMIA €ro umMs-

B paBHbIXx 06bemax rasa, npu paBHbiX TemnepaTypax U gas-
NEHUAX COLEP>KMTCA paBHOe YWUCNO MONEKyn rasa.

B 1738 - [1. bepHynnn, ncxoga 13 MOJIEKYNAPHO-KMHETUYE-
CKMUX NpeACTaBNeHWIA, 4an NPOCTOW KAa4YeCTBEHHbIW BbIBOA 3aKOHa
Boitna — MapuoTTa. O4HAKO HacTosAwWwas KONMYeCcTBEHHas pas-
paboTka MOMEKYNSpPHO-KWHETUYECKOW TeopuyW Hadvanacb nuUlb
cnycTta 100 net, korfga npefctaBneHMs o6 aTtoMax M MosieKynax
MoNyuYnnn NOLTBEPXAEHWE B MEPEYUCIEHHbIX BbIlle XUMUYECKNX
3aKOHOMepHocTAX. Pabotamm P. Knaysuyca, . Makcsenna,
N. bonbumaHa, . Mm66ca 1 ApYrmx yyeHbiX BO BTOPO/ NOIOBUHE
XiX Beka 6bin cO3faH M3ALWHbLIA MaTeMaTMYeCcKuiA annapar Tak
Ha3blBaeMOW CTaTUCTUMUYECKOW GWU3UKWN, NO3BOAMB-
UM TEOPETUYECKN BbIBECTM MHOIME U3BECTHbIE KO/IMYECTBEHHbIE
3aKOHOMEPHOCTM U1 cBA3aTb APYr C APYroM pasHOpPOAHble Ha mnep-
Bblli B3rnsag (usnmyeckue ABMEHUA.

N Bce >Xe, HecMOTpA Ha 60/blMe YyCnexum MOJSEKYNAPHO-
KWHETWYECKOl Teopuu, eii Npuxo4nIocs 6a3MpoBaTbCA NNLWb Ha
pAfe nepeyncreHHbIX Bbllle KOCBEHHbIX 40Ka3aTe/IbCTB ee OCHOB-
HbIX MOMOXEHWA. OTCYTCTBME MPAMbIX OMbITHbIX 40Ka3aTeNbCTB
CYLLECTBOBaHNSA aToOMOB W MOJIEKY/T MO3BOIUMIO MPELCTaBUTENAM
naeanncTuyeckoin wkonbl Maxa u OcTBanbja B (u3MKe Ann-
TenbHOe BpeMs 6OPOTbCA MPOTUB MaTepUanUCTUYECKUX WAaei
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MO/EKYNAPHO-KMHETUYECKOM Teopuu. YTBepxfjas peasbHOCTb
TO/IbKO HalUMX OWYLEHWA, a He OKpYXXaloLwero Hac Mupa, Max
n OcTBanbj OTpULANKU TAKXE CYLLeCTBOBaHWE aTOMOB W MOJe-
Kyn, Kak HefoCTYMHbIX, N0 UX MHEHWIO, NPSAMOMY HabMoAeHNUI0.
3TN npeannucTUyeckme BO33PEHUA HaHEC/N B CBOe BpeMs 60/b-
IO Bpea PasBUTUID (PU3NKMN.

Mpowno, 0gHaKo, COBCEM HEMHOIO BPEMEHW, U B CAMOM Hauya-
ne XX Beka pafoM 61ecTAWMX IKCNEPUMEHTOB OblN0 HarnsgHO
[l0Ka3aHO peanbHOE CyLlleCTBOBaHWE aTOMOB W MOJiEKYN. ITu
3KCNepMMEHTbl 6blM MOCTaBMeHbl B CBA3WM C 3amMeyaTeflbHbIMM
TeopeTmyeckumm paboTamm JiiHWTeAHa 1 CMONYXOBCKOrO.

B pesynbTaTte atux paboT aTtoMMCTMYeCKas runoTtesa yTBep-
aunacb B BUAe 06l enpu3HaHHONn Teopun. OHM ABWUAUCH NePBbLIM
aTanom 6/1ecTALLero pa3BuTna GU3MKWN NepBOi MOMOBUHBI HALLIErO
Beka.

B 1909 r. lMeppeH u3mepun uymcno Asoragpo, T. €. 4HKCNO
MOJIEKYyN B OAHOM MoOne. TakmMm 06pasom YAanocb «nepecyu-
TaTb» MOAEKYNbl M ONpefenuTb UX Maccy. [JanbHeilive OnbIThbl
MO3BOAUAN U3MEPUTb CKOPOCTU ra30BbiX MOJSIEKYN U UX fUAMETPbI
(cm. rn. VI1). HakoHel, npuMeHeHWe 3M1eKTPOHHOIO0 MMUKpPOCKOMa
M 3NEKTPOHHOI0 MWKPOMPOEKTOpa MO3BOMNAO B MOCNEAHUE rofpl
choTorpadmpoBatb OTAeNbHblE KPYMHble MOAEKYNbl OpraHuye-
CKMX BelwecTB. B HacToswee BpemMa ¢uU3NKaMKU [0CTAaTOUYHO
nogpo6HO W3yyeHbl W OTAENbHble YacTh aToOMOB, U COCTaB
aToMHbIX agep (tom 111).

M3yueHne 3aKOHOMEPHOCTEN LBUXEHUS MaSiblX — MUKPOCKO-
NUYecknx — yvactuy B XX Beke 060ratmno MoneKynsapHoO-KuHe-
TUYECKYIO TEOPUI0, NPUBENO K HEKOTOPOMY NEPEeCMOTPY ee OCHOB
M K CO3[0aHMI0 COBPEMEHHOIN TaK Ha3blBaEMON KBAaHTOBOW
cTaTmMcTUyeckKon GuU3nkyM (HEKOTOpble CBEAEHUA O
KoTopoi 6yayT gaHbl B Tomax Il wn 1),

34eCb Mbl U3MI0XWM HEKOTOPblE OCHOBHble WAEW COBPEMEH-
HOW MOEKYNAPHO-KNHETUYECKO Teopun BELLECTBA U MX NpUMe-
HeHMe K 0OBbACHEHWIO psija CBOMCTB rasoB M 06WMX 3aKOHOMep-
HOCTEN TEMNOBbIX SBMEHUINA.

Mbl 6yfeM UCXOAWUTb U3 CNefyHOLNX TPEX OCHOBHbIX NOM0Xe-
HUIA.

1 Bce Tena cocToAT M3 MelbYallUUX YacTul — aTOMOB U
MOMIEKy.

2. ATOMbl U MOAEKy/bl HaxoAATCA B COCTOSHWMM HemnpepblB-
HOro ABVWKeHWA. [BUXKEHME 3TO ABNAETCA BEYHbIM, He Mpekpa-
Wasacb HW NpU Kakux YCnOoBUAX.

3. Monekynbl pa3fiMiHbIX BeL,eCTB NO-pasHOMY B3auMOfei-
CTBYHT MeXAy co6oii. B3aumogeincTemne 370 CyLLECTBEHHO 3aBU
CUT OT TMNa MOAeKyn W OT pacCTOfHWI MexAy HumU. B uacT
HOCTW, 3aBUCHMOCTbIO MOMEKYNSAPHbIX CUA OT MEXMOJeKynsap-



11bIX PaCcCTOAHUIA 0OBACHAETCA KAuyeCTBEHHOE pasnnume pasHbliX
arperaTHbIX COCTOSHMIA Ten (ras, XWAKOCTb, TBEPAO0E TENO).

B panbHeiwem mbl 6yjaeM pasnuuatb 4Ba BMAA ABUXKEHUSA:
OBVKEHME Tena KakK Lenoro (KaMHA, XXWAKOCTU Unn rasa
B COCYfle) U XaOTMUYECKOe [ABUXEHWUE MONEKYN
Tena, Npoucxopsiiee He3aBUCMMO OT TOrO, ABUXKETCA NN Teno
Kak Lenoe unu Het- Jna kpatkocTu OyfeM MMeHOBaTb XaoTuue-
CKO€ [BUXKeHMEe MOJeKyN Tefna TenNO0BblM ABUXEHUEM.

Tennosoe ABMXEHME Mbl OyaeM XapakKTepu3oBaTb CpefaHel
KWHEeTUYeCcKoW 3Heprueii ogHoin monekynbl eKH a B3ammogeit-
CTBME MEXAY MOSeKynaMm — NOTEHLMaNbHON 3Heprueil B3anmMo-
0ENCTBUS «,0T.

B TBEpAbIX Tenax MOJSIEKYNbl PacrnonoXeHbl 61M3KO Apyr K
OpYTy, W NO3TOMY CBOWCTBA 3TWX TeN CYLLECTBEHHO 3aBWUCAT OT
BeNMUYMHBI  «,0T- Hanpumep, 60nblias MNPOYHOCTb KpucTanna
KBapLa Mo CPaBHEHMWIO C KPUCTANNOM caxapa YKa3sbiBaeT Ha TO,
YTO 3HEPrus B3aMMOAENCTBUA W, UT MeXay MOjeKkyfnamum Ksapua
3HayMTeNbHO 60JblLUe, YeM WUTOT AN MOJEKy/n caxapa.

MA0THOCTL ra3oB Mpu OBbIYHLIX AAB/IEHUAX U TeMMNepatypax
B TbICAYM pa3 MeHblUe MAOTHOCTU TBepAblX W XUAKUX Ten. 370
CBMAETeNbCTBYET O TOM, YTO B rase CpefiHMe pacCTosAHUSA Mexay
MOJieKyamu npuMMepHo B Y 1000 = 10 pa3 60/blue, YemM B KOH-
OeHCUpOoBaHHbIX Tenax. MNpy TakMX paccToAHMAX Mexay Mose-
Kynamy MOXHO 0XWAaTb, 4YTO WX B3auMmogeiicTBue bypet murpatb
OYeHb Manykt po/ib, WHbIMW CI0BaMM, CPefHAs KUHeTu4YecKas
3Heprus MosieKyn ekm 6yAeT 3HaAUNTeNbHO 60/blle abCONOTHOrO
3HaYeHWs cpefHeli NOTeHUWanbHOW 3Heprum |bildrl-

Takum 06pa3om, pasnmyHble BeLeCTBa OTINYAKTCA MO CBOUM
CBOICTBAM B CU/Iy pasnuma UX MeXMOoaeKynsapHOro B3amMogeli-
CTBUS, XapaKTepM3yemoro BMAOM W BeIMYMHON W,,0T Bcneactene
ObICTPOrO0 M3MEHEHMSA bIMT C WU3MEHEHMEM pacCTOSAHUA Mexay
MOJIEKynamMmy CBOMCTBA BELLECTBA PE3KO MEHANTCA Mpu WU3MeHe-
HUW arperatHoOro COCTOSHUA.

Mpu gocTatouyHo BGOMbLWIMX PACCTOAHMAX MEXAY MOfekyna-
M/ rasa, T. e. B C/lyyae [OCTaTOYHO Pa3peXeHHbIX raso., 3Hep-
rmein MeXMOoeKyNspHOro B3anmofeicTena bl MOXHO BOO6LLE
npeHebperatb. 3TO 03Ha4yaeT, YTO (Pn3NYECKMe CBOWCTBA AOCTa-
TOYHO Pa3pe>KEeHHbIX ra3oB He AOMKHbI 3aBUCETb OT UX XUMMU-
ueckoi npupogbl. KoHeuyHo, 34ecb MMeOTCH B BMAY Te CBOWCTBA,
KOTOpPble He 3aBUCAT OT MAacC MOJIEKY/, Pa3IUYHbIX A1 Pa3HbIX
BeLLecTB.

HaunHas ¢ XVII Beka, onbiTamy 6bla1 YCTAHOBAEH LENbIA pag
06LMX 3aKOHOB ra3oBOro COCTOAHWA, KOTOpble 6yAyT nepeyuc-
NeHbl B crefytowem naparpade.
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8§ 14. ONbITHble ra3oBble 3aKOHbI.
YpaBHeHne MeHgeneesa — KnaneiipoHa

lMomecTMM HEKOTOPYH Maccy rasa M npu MOCTOSAHHOWN TeMm-
nepatype / B COCYA, 3aKpbITbll/i MOPLUHEM MOMNEPEYHOr0 CeYeHUs S
(puc. 2.1). TockoNbKy ra3 CTPeMUTCA paclnpuTbCs, TO, HTOOLI
OH 3aHMMaj HEKOTOpbI/i OnpefeneHHbli 06beM V, K MOPLUHIO
npuaeTcs MNPUNOXWUTb yaepxusawowyto cuny F. 970 03Hauaer,
YTO ras BO3[eACTBYeT Ha MOpLleHb, CTPEMACb BbITONKHYTb €ro
C TOW e no BenuuuHe (HO 06paTHON MO HanpasneHWU0) cunoin F.
Mpu yBenMueHnn BABOE NAOLWAAM CeYeHWs NOpPLUHA 5 Bo3pacTeT
BABOE (NpW NPOYMX pPaBHbIX YCNOBUAX) U
cuna F, ¢ KoTopoi BO34eiNCTBYeT ras Ha

MOpLUEHb.
Mpu 3TOM HEU3MEHHOW OKadKeTCsa cuna,
ncnbiThiBaemMas CO CTOPOHbI rasa efuHuLel
MOBEPXHOCTU nopwHA F/S, Ha3biBaemas
fasneHnem rasa u o6o3Havaemasa 6ykBoi p:

Puc. 2.1. P »

p, Kak u F, pgeiicTByeT Bcerga no HopmanuM K MOBEPXHOCTW
MOpPLUHSA.

HoBasd (u3myeckas BennunHa — faBfeHWe rasa p — ABNA-
eTCA BEeCbMa BaXHO MaKpPOCKOMWYECKO XapaKTepuCTUKOWA
COCTOAHUA ras3a Hapsfy C TakMMW XapakTepucTukamu, Kak
TemnepaTtypa u o6bem.

B cucreme CW paBneHue wusmepseTrcd B H/ML1 [laBneHue
B OfHY aTMoc(epy paBHO nNpubnusmTensHo 1kIM}em'2>k 105H/mM 2

[Ons un3meHeHus ob6bema rasa V npu MOCTOAHHON Temnepa-
Type Heo6X04MMO COOTBETCTBEHHO U3MEHUTb faBfieHue p. MeHss
3TO [aB/ieHMe B CPaBHMUTENbHO OrpaHMYeHHbIX npegenax, boinb
(1662 r.) n MapuotT (1676 r.) aKcnepuMeHTa/IbHO YCTaHOBUN,
4YTO MpOM3BeAeHNe fLaBNeHWs rasa Ha 3aHUMaemblii UM 06bEM
MPU MOCTOSIHHON TemnepaType eCTb BeAMYMHA MOCTOSHHAs:

pV/i=const npu Af=const u /=const. (14.2)

M3meHsas Temnepatypy rasa, lei-Jlroccak (1802 r.) Hawen,
4yTo 06beM rasa V npu NOCTOAHHOM [aBfeHWW JNHENHO pacTeT
C TemnepaTypoii, T. €.

V/I= Ko(l «0 TPWN Af= const n p= const. (14.2)

[dasneHue rasa npu nocTOSAHHOM o6beme pacTeT C TEMNepa-
TypOI7I Mno TOMYy >KE 3aKOHYy, T €.

Pi=Po(\ + al) npy M = const u V= const. (14.3)
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3pecb / - TemnepaTtypa, WM3MepeHHas B rpagycax Llenbcus,
Va  o6bem rasa, po * gaeneHue rasa npu O°Cua—kKoa® -
hUMUuMeHT O0O6BEMHOTO pacWWUpPpeHUs, wm Tep-
MWYECKNIA KOS PMLMEHT LaBNEH WA, OLNHAKOBSIN
0N BCEX rasoB W paBHbI

“= 17 bl rpapg"- (144)

M3meHVB Hayano oTcyeTa Temnepatypbl, MOXHO YNPOCTUTb
BbipaxeHua (14.2) wn (14.3). Ona 3Toro BBefeM TaK Hasbl-
BaeMylo abCONIWTHY TemnepaTtypy

7= I+ —= [ 27315 (14.5)

Hynb atoli wkanbl cootBeTcTBYeT /= —273,15 °C 1 Hasbl-
BaeTCcA abCONIWTHBLIM HyfnemM TemnepaTypbl.

BBefeHHaa TakMm 06pa3om LIKa/ia HOCMT Ha3BaHMe LW Ka -
nbl KenbBuHa. Temnepatypa, NpuBeAeHHas HO 3TON LWIKa-
ne, oTmeyvaetcs 6ykeoit K. Tak, B cooTBeTcTBMM Cc (14.5), Tem-
nepatype /= 10°C oTtBeuyaeT abconwTHas Temnepatypa T=
= 283,15 °K.

TakuMm 06pa3omM, Hymw wWKansl Lienbcmua cooTBETCTBYET
abconoTHaa Temnepatypa

70:U: 273,15 °K (14.6)

BbipaxeHus (14.2) wn (14.3) MOXHO nepenucaTb B Tak(5m
BUJE:

V=VuaT npu M= const u p— const, 14 7)

p= poaT npu M= const n V= const, (14.8)

r €. cornacHo 3akoHy [eii-Jlloccaka 06bem rasa nponop-
LUnoHaneH ero abconoTHOW TemnepaType (MPM MOCTOAHHLIX M
“ p), LaBneHMe Taioke NponopuuoHanbHO abCconTHOW Temne-
paType (Mpy MNOCTOSHHLIX M ©n W)

YuutbiBag, 4to a = "T-, nonyynm:
0

yT = "T;I = const npu M= const u p= const, (14.7a)

4T: -%‘a = const npu M = const u V= const. (14.8a)

OTW 3aKOHBI Cnpaseanmebl oA AOCTAaTOYHO pa3pPEeXEeH-
M bl X ra3os, T. €. 4714 ra3oB, B KOTOPbIX CpeaHNE PACCTOAHNA MEX-
oy MoOJneKynaMu 3Ha4YUTE/IbHO NPEBbLIWAKT ANaMETPbl MOJIEKYN
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Mbl ybegumcsi ceilyac, 4TO 3TO MOXET MMeTb MECTO /Ulb
npy [OCTaTOYHO 6ONbWUX 3HaYeHMAX T. [elCTBUTENbHO, ©3
(14.7) cnepyet, uto npu T— 0 06bem rasa V paBeH Hyso, T- €.
YTO ras3oBble MOJIEKY/Nbl — HENpPOTSHKEHHble Tena. 3TO 3HAYUT,
yto opmyna (14.7), kKak u gpyrue ¢usmyeckme 3akoHbl, UMeeT
CBOW rpaHuubl MPYMEHUMOCTU W BEpPHA NULWbL MOCTOMbKY, MO-
CKO/IbKY MOXHO MpeHebpeyb pasmepamu MOMEKysn, T. e. B Tex
cnyyaax, Korfa MexXMOoeKynspHble pacCcTosHMA [0CTaTOYHO
BE/IMKW MO CPaBHEHU C 3TuMu pasmepamu. Ho npu = O
06beEM CUCTEMbI MOJEKY/T CTAHOBUTCA CTOMb ManbiM, 4YTO MOA06-
HOe npeHebpeXxkeHne HEeBO3MOXHO.

[aBneHne rasa Takxe He nojgumHseTcs qopmyne (14.8)
npu manblx T, KOrja KWUHeTW4Yeckas 3Heprus MOJIeKyn rasa
YMEHbLUAETCA W HAYMHAEeT CKasblBaTbCA MOTeHLMANbHAA 3Hep-
rMa B3aMMOAENCTBMA MeXAy MOofeKynamu.

PaccmoTpum criefytoliee COOTHOLLIEHMeE:

Ai;=const npu Af=const. (14.9)

Nlerko BuAeTb, 4YTO OHO 06beguMHAET 3akoHbl bBoling —
MapuoTTta (14.1) w Teli-/lioccaka (14.7) wn (14.8). [eiicTBn-
TenbHo, ecnn B (14.9) nonoxutb T= const, TO NONy4YnM 3aKOH
boiina — MapuotTta (14.1). Monaraa p = const, nony4um ¢op-
myny (14.7), a nonaraa K=const — copmyny (14.8).

OpfHako npeumyliectso hopmynbl (14.9) coCTOMT He TONbKO
B TOM, 4YTO OHa 9KBMBaJIEHTHA TPEM YaCTHbIM opmynam —
3akoHam boling — MapuoTtta u [eit-/lioccaka. C MOMOLLbHO
(14.9) MOXHO paccymMTbiBaTb MPOLECCHI, NPU KOTOPbIX MEHAIT-
cA BCe Tpu BennuuHbl p, V, T OQHOBPEMEHHO, a He TO/bKO
Kakasa-nmbo ux napa.

Ecnn B3ATbL [Be Of4MHaKOBbIE MacCbl rasa, 10 Mpu OfMHaKO-
BbIX [aBNEHUAX W Temnepatypax OHW OyAyT 3aHMMAaTb O4WMHAKO-
Bble 06bembl. lpuBesem 3TM aBa 06bema B COMPUKOCHOBEHWE
4PYT C APYrOM U yaanuM pasfensaolyo Ux CTeHKy. B aTom cny-
yae yjABOeHHas Macca rasa 2M 6ypgeT 3aHWMaTb YABOEHHbII
06beMm 21/, a flaBfieHne p v Temnepatypa T BO BceM 06beMe OCTa-
HyTCA npexHumu. CnefoBaTeNbHO, NPU YBEIMYEHUM MACChbl rasa
BABOE M npousBefeHne pV/T Bo3pacTeT Takxe BABoe. Mcxopas
M3 Takux coobpaxeHuid, KnaneiipoH (1840 r.) Hawen TeopeTu-
YecKu, YTO KOHCTaHTa B 06 befUHEHHOM 3aKoHe (149)
JO/MKHa ObITb MponopuMoHanbHa Macce, W 3T0 YpaBHEHUe
MOXHO 3anucaTb B BUfe

= (14.10)
rae noctofaHHas B MOXeT 3aBuCeTb NWWb OT MPUPOAbl rasa.
YpaBHeHuem KnpnanenpoHna (14.10) wupoko nosb-

74



|ytoTess B TexXHWKe, B 4aCTHOCTM MNpM pacyeTe MpoOLEeccoB B
ABUraTenax BHYTPEHHEero cropaHus.

Takum 06pa3om, Kak Mbl yKasbiBanu B MNpefblgyliemM napa-
Ipade, geiicTBNTENbHO, BCe AOCTATOYHO pa3peXeHHbIe rasbl Mnpu
He C/AMWKOM HU3KUX TemnepaTypax MNOAUYMHAKTCA OLHOMY U
TOMY Xe ypaBHeHuswo (14.10).

B panbHeilwem Mbl GygeM 3TO ypaBHEHWe, CBA3biBaloLee
OCHOBHbIE BEfIMYMHbLI, XapakTepusywuwme raz,—p, V u T—
Ha3blBaTb YypaBHEeHWEM COCTOAHMUSA.

MocTosHHaa B B (14.10) gndA pa3HbiX ra3os NpuUHMMaeT pas-
NINYHble 3HavyeHUsa. MpuynHa 3aTtoro 6bina ykasaHa [. . MeHge-
neesbiM B 1874 r. [leno B TOM, YTO MAacCbl MONEKY/ pPa3HbIX
rasoB HeoOA4MHakKoBbl, W B 1 KI KaX[oro rasa COfepXutca pas-
INYHOE 4uncno Monekyn. OAWMH «KMOMb» (OfHA KWAOrpaMmm-
MOJieKyna) 1lo60oro rasa CoAep>XuUT 04HO U TO XKe YUC/I0O MOJIeKY,
Macca e MONA KaXforo rasa pasfinyHa W YUCNEeHHO paBHa
ero MosiekynsapHomy Becy |i*. Tlpu paBHbIX Temnepatype T
W BABNEHUW P MOMIM Pa3/INUYHbIX rasoB OyAyT, COrNacHoO 3aKoHY
ABoragpo, 3aHMMaTb paBHble 06beMbl, TaK KakK cofepXxaT of4uHa-
KOBOE uyncno monekyn. CnefosatefibHO, And mona noboro rasa
(npu M = 1) BennumHa pV/T pomkHa O6bITb OAWHAKOBA W
paBHa HEKOTOpoli YyHWBepCcanbHOW Tra3oBOM nNo-
CTOAHHOW:

= Buy= const=/?. (14.11)

UuncneHHoe 3HayeHWe 3TOM MOCTOSHHOW HaxogMTCA M3 3aKOHa
Asoragpo: npy /= 0°C up= lartm 1 monb ntoboro rasa 3aHu-
MaeT obbvem V= 22,4 n. OTcroga

R= Jio I 0,082 n-aTm/mMonb-rpag-, (14.12)

Tak kak 1 n=103 cm3 a 1 arn=1,013-106 AuH/cm2, TO
R = 8,31 K>K/KMONberpag « 2 KKan/Kmonb erpag.
CornacHo (14.11) wHpguBUMAayanbHasa TrasoBasf
NMOCTOSAHHAA
= — (14.13)

obpaTHO MponopuuoHanbHa MOMeKynsapHomy Becy. MogcTasnss
ee 3HayeHume u3 (14.13 n (14.10), nonyyaem OKOH4YaTENbHOE

* Mpn MCcnonb3oBaHUKU cucTeMbl CIC «MOMb» 03HA4YaeT rpamMM-MONeKyny.
370 Hago uMeTb B BMAy Npu pacyetax. OfHako U GyAeT UMeTb OAHO U TO Xe
YMCNEHHOe 3HayeHWe, Tak Kak 1 r/Monb— 1 Kr/KMOfb.
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ypaBHEHWE COCTOSHWUSA [ANs1 MPOWU3BO/MLHOM MacChl NMO6Oro rasa

pVvV=-~ RT, (14.14)

Ha3blBaeMOe YypaBHEeHUEM MeHpeneesa — Kna-
neiipoHa. BennumHa

f = v (1415)

npeAcTaBnseT coboil Yncno Monein faHHOFO rasa, 3aK/HYeHHbIX
B o6veme V. CnepoBaTtefibHO, ypaBHeHWe MeHpeneesa — Kna-
neiipoHa MOXeT 6bITb 3aMMcaHO B BUfe

pV = \RT. (14.16)

BBoaa ypenbHblil 06beM rasa v = u Y obpaTHyl emy Be-

NNYUHY— NAOTHOCTb rasza Q =-i-=-" | MOXHO elle npeod-

pasoBaTb ypaBHeHue MeHaeneesa — KnaneipoHa K OgHOMY U3
cnefyownx ABYX BUAOB:

Pv=~ T (14.17)
nnn
p =~ qT (14.18)

a3, MnoAgYMHAKWMIACS YypaBHeHUO MeHgeneesa — Kna-
neipoHa, HasbiBaeTcs MpgeanbHbIM Ta3om. K onpege-
NEHWUI0 MOHATUA WMAeanbHOro rasa C MOJEKYNSPHON TOYKM 3pe-
HUA Mbl BEPHEMCH B Hayane CneAyroLleil rnasbl.

PaccMOTpMM CMeCb MAeanbHbIX ra3oB, 3aKNYeHHbIX B 06b-
eme V npu Temnepatype T.

O603Ha4YMM MOJMIeKY/IApPHbIe BECA M MacCbl ra3os, 3amnosiHA0-
Wnx, o6bem uyepes pi, Mr, pr, Jlb; e~ p«, Mn COOTBETCTBEHHO.

HasoBem Tenepb AaBfieHWE, KOTOPOe OKasbiBas Obl JaHHbIA
ras, ecim 6bl OH OAWH 3aHUMMan Becb 06veM V, mapuuans.-
HbIM faBneHMWeM 3TOro rasa.

Torga cornacHo (14.14) gns napyuanbHbIX faBneHWiA rasos
nMeem:



CknagbiBas MoYNeHHO paBeHCTBO (14.19), Hailgem nosnHoe
faBneHne

P = P\-\-P2 + + Pn=
_IM < | Mr | J Mn\ RT
Vil Lp ws vV
Otcroga
K= (— «I. 14.20
p Q/Ll p U?)/ ( )

MonyyeHHaa Gopmyna ABASETCA MaTeMaTUYECKUM BblpaXke-
HMeM 3aKOoHa JlanbTOHa: TNOMAHOE [AaBneHWe rasa p
paBHO CyMMe napuuanbHbiX AaBNEeHWA BCeX rasoB, BXOASALLUX
B cMmecb. Cymma B ckobkax (14.20) npeacTtaBnset coboii non-
HOE 4MCN0 MOMe BCeX rasoB, 3aKMHOUYEHHbIX B 06beme V.

B TeXHWYecKoil TepmMogMHaMMKe U TeMNOTEXHWUKE MOJb3YHOT-

CA WHAMBMAYaNIbHBIMU Ta30BbIMW MNOCTOAHHbIMM B ,= — | Tak
4TO 3aKOH [lanbTOHa MNPUHUMAET BUA
pvV=(M\B\ + MB2+ ..+ MmnBmT. (14.21)

CpasHuBaa (14.20) c (14.14) wan (14.16), Mbl BUAMM, 4TO
CMeCb MfeanbHblX Fa3oB TaKXe MOAYMHAETCA YpaBHEHUIO MeH-
peneeBa — KnanelipoHa. NponsBegeHne obbema rasa V Ha ero
[AaBflEHWe P UYWCNEHHO PaBHO MPOM3BEAEHUIO MOMHOr0 vucna

mMonieli rasa 2 — B 3TOM 06beMe Ha YHWBepCa/bHYI ra3oBYiO
i
MOCTOSHHYI R W abCoMTHYt Temnepatypy T.

Ona opgHoro monsa rasa =v =1) ypaBHeHune MeH-

peneesa — KnanelipoHa npuHUMaeT 0COG6EHHO MPOCTON BUA:
pV = RT. (14.22)

§ 15. Xa0TMYHOCTb MOJIEKYNIAPHOIO LBUXEHUA

KunHeTuueckas Teopusi uaeanbHbIX ra3oB AO/MKHA 00BACHUTD
CBOICTBA ra3oB, B TOM uWUCMe TMPUBEAEHHbIE BbIlIE Tra30Bble
3aKOHbl. [puMeM, YTO MONEKynbl rasa [ABUXYTCS COFacHO 3a-
KOHaM MeXaHWKMW, W3N0XeHHbIM B MepBOi 4acTW 3TOro ToMa.
He 03HauaeT fim 370, YTO 3ajaya O CBOMCTBAxX rasa W ero rnoee-
JEHUM B TeX WU WHbIX YCNOBUAX SBASETCS MPOCTO 3afaueld
MeXaHUKN — MexaHWKW 60MbLIOro umcna vactuy? He cnegyet
N CUMTaTb, HAMpPUMeEp, UTO BCE TEM/IOBbIE SB/EHUS B ras3ax CBO-



4ATCA K MEeXaHW4YeCKuM, T. €. YTO BO3MOXHa YMCTO MexaHuye-
cKaa Teopusa Tenna?

MokaxeMm, 4YTO Takafd TO4YKa 3peHUs 6Gbina 6Obl OLIMGOYHOIA.
Cneuuduueckumm  cBoiicTBaMy rasoB 06n1afal0T  CUCTEMBI,
cojepxalne orpoMHoe yucno mosekyn. Tak, B 1 cm3 Bo3gyxa
npu O°C n aTtMoc(hepHOM [aBneHun cogepxutcsa 2,687-10J1 mo-
nekyn. Henb3a roeoputb 0 rase (B CMbICNEe MPUMEHUMOCTU K
HeMy ras3oBOr0 YypaBHEHUA COCTOAHMA), ecnu UMeeTCs B BuUAYy
cucTema, ckaxem, 3 wam 15 monekyn.

CBoiicTBa CMCTeMbl MOMEKYN He CBOAUMbI K CBOWCTBaM
OT genbHbl x Monekyn. Korga moniekynbl 06pasyoT cUCTEMY,
3Ta cucTemMa npoABNAeT HOBble KayecTBa, XapakTepusyeTcs
HOBbIMU ~ (PU3UYECKMUMU BeNNYMHAMKU, C MOMOLbLID  KOTOPbIX
Hefnb3a onucaTb ABWXKEHWE OTAEeNbHbIX MOfeKynl. Tak, MOXHO
roBOpPUTL O TeEMMepaType rasa, HO Henb3s rOBOPUTL O TeMMepa-
Type OAHOW MOJMIEKYNbI; YNPYrocTb (faBneHne) rasa ecTb pesysb-
TaT COBMECTHOro [elCTBMA BCEX MOJEKYN, HECBOAUMOIO TO/bKO
K «ynpyroctu» OTAefbHbIX MOeKyn (KOTopble B 3TOM CMbIC/e
ynpyroctelo He o6nagatwT) u T. g.

Moseky/nbl rasa HenpepbIBHO ABUXYTCA, CTaNKUBaOTCA ApYT
C APYrom, MeHAs Mpu KaAOM CTONKHOBEHWM CBOK CKOPOCTb
Nno BefMYUHe W HanpasneHuto. lpu aTtMochepHOM [aBfeHUU
4YMNCMO CTONKHOBEHWIA, WCMbITHIBAEMbIX MOJSIEKYNON, COCTaBAsAeT
HeCKO/NIbKO MUNINApAoB B CekyHAy. Ecnu 6bl faxe gaHTactu-
yeckas 3afavya O ABWXEHUW KaxAoih u3 monekyn rasa 6bina
peweHa, Mbl He Mornum 6bl ewe chenatb HemnocpeAcTBEHHOrO
3aK/H0YEHUSA O CBOMCTBax rasa Kak Lenoro.

OCO06eHHOCTN ABWXXeHUA N060IA BbIAENEHHOW MONeKynbl He
XapakTepu3ylT CBOACTB rasa. HanpaBneHue [BWMXeHUSA, CKO-
POCTb, 3HEPrUs MOMEKY/Nbl, €e MNOMI0XeHUe B MPOCTPAHCTBE BCe
BPEMSA MEHAIOTCA, B TO BPEMA KaK MaKpOCKOMWYeckue xapakTe-
PUCTUKW ra3a Kak eAunHOl cucTemMbl — faBrieHue, Temnepatypa—
0CTalTCA HeusMeHHbIMKU. CrefoBaTeNbHO, ABMXKEHME KaXAoi
OTAENbHO B3ATON MOJEKYNbl HE TONbKO HE MOXeT ObITb ycTa-
HOBJIEHO, HO W He MpeACTaBNfeT UHTEpeca A5 MONyyYeHUs MakKpo-
CKOMUYeCKUX napameTpoB cucTeMbl. To 06CTOATENLCTBO, YTO
LOBVDKEHWE OTAEeNbHON MOMEKyNbl, CTONKHOBEHNS MeXAY ABYyMSA
MOJIEKY/laMW MPOUCXOJAT B COOTBETCTBUW C 3aKOHAMU MEXaHUKM
HblOoTOHa, eule He O3HAayaeT, 4YTO CUCTEMY MOJeKyn —ra3 —
MOXHO W3Y4YUTb C MOMOLLbIO MeTOAO0B MexaHWku. C MoMOLLbio
Kaknx >e MeTOLOB MOXHO MNPUCTYNUTb K W3YYEHWIO CBOWCTB
rasos?

Ewe [. bepHynnu ykasbiBan, 4To C NOBblWEHWEM Temnepa-
TYpbl CKOPOCTb MOJIEKYNn (a C/efoBatefibHO, U UX KWHEeTMYecKas
3Heprua) Bo3pacTaeT. O KakoW CKOpOCTU UAET peyb? O4eBMAHO,
MMeeTcs B BUAY He CyyailHOe 3HAYeHWe CKOpPOCTU Kakoi-nmbo
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MOJIEKY/Ibl B KAKON-TO MOMEHT BpeMeHUW. Peub mnget 06 «ycToii-
YMBOW» XapaKTepUCTUKE CKOPOCTU (M 3HEeprun) OTAENbHO B3ATOM
MOJIeKY/lbl — O CpeAHel ee ckopoctn (3Heprum). Mockonb-
Ky BCE MOJEKY/bl ra3a TOXJECTBEHHbl MO CBOMM CBOMCTBaM,
3TN CcpefHue BeNUYMHbI ByLYT XapakKTepu3oBaTb YXe He TOJIbKO
OTAeNbHO B3ATYI0 MOJeKyny, HO OyAyT OTHOCMTbCA KO BCeM
MO/eKynam rasa.

CpefiH1e BeNMYMHbLI BbIYUCNAIOTCA METOfaMn CTaTUCTMU -
KW Pasgen ®usuMkM, B KOTOPOM TMNPUMEHAETCA B KayecTse
MeTofa WCCNefoBaHWA CTaTUCTMKA, HOCUT Ha3BaHMe CcTaTw-
CTUYECKOWN (QU3nKM.

XoTa ABMXKEHME KaXAOoW MOMeKynbl B OTAENbHOCTW W Noj-
YMHSAETCA 3aKOHAM MeXaHWKW, HO CBOMCTBa OFPOMHOI COBOKYM-
HOCTU MOJIEKY/, HanpuMep rasa, yXe He MOryT 6biTb 06bACHEHbI
Ha OCHOBE OfHMUX NPefCTaBNEHUA MeXaHUKU: AN UX 06bACHe-
HUA MpUXogMTCA npuBfekatb 6onee obwWwMe npencTtaBNeHUs U
MEeTOAbl CTaTUCTUYECKOW (U3MKN.

MpuBegeM nNpuMepbl, KOTOPble MOKaXyT, 4TO CBOWCTBa
OTPOMHBIX CWUCTEM MONeKyn [eACTBUTENIbHO He MOryT ObiTb
00BACHEHbI B paMKax YMCTO MEXaHWYEeCKUX MNpeLCTaBAeHUiA.
MofuyepkHEM elle pas — peuyb WUAET HE O HEBO3MOXHOCTM
pewnTb 3afjayy O MeXaHW4YecKOM [ABWXXEeHUM O0YeHb 60NbLIOTO
yncna vacTuy. Peub uAeET WMEHHO O HECBOAMMOCTMW Takoii
CUCTEMbl K MeXaHuKe, Tak Kak npu o6pas3oBaHWy OrpoOMHbIX
CUCTEM MOJEKYN BO3HUKAOT HOBble KauyecTBa, HECBOAUMbBIE K
MEXaHUYECKUM.

TpaekTopua MaTepuanbHOW TOUKM oOnpegenseTcs Ccuaamu,
KOTOpble AeACTBYHOT Ha 4acTWly, U HayalbHbIMW YCIOBUAMU —
MOMIOXKEHWEM U 3HaYeHMEeM BEKTOpa CKOPOCTM B HavafbHbIA
MOMeHT BpemeHu. O6paTHO, MO 3HAYEHWIO KOOPAWMHAT U BeKTOpa
CKOPOCTWM MaTepuanbHOl TOYKM B 3afaHHbIi MOMEHT BPeEMEHU
MOXHO (NpW U3BECTHbIX, KOHEYHO, cuaax) HalnTu 3HauyeHune
KOOPAMHAT U BEKTOpPA CKOPOCTU B HayasbHblli MOMEHT BPEMEHM.
[na no6oil YNCTO MexXaHU4YeCKol CUCTeMbl MOXHO YCTaHOBWUTH
COBEpLUEHHO O[HO3HAUYHYIO CBA3b MeXAy COCTOAHWUAMU B fitobble
(DMKCMPOBAHHbIE MOMEHTbLI BPeMEeHMU.

MpeactaBum cebe Tenepb, 4TO B Ha-

Ya/sibHblA MOMEHT BpeMeHW BeCb a3 Ha-
xogutca B yactm cocyga | (puc. 2.2, a),
oTAeneHHo oT nyctoih 4vactu |l nepe-
ropogkoil. Ybepem neperopogky. [a3s
pacnpefiennTcs BO BCeM 06beMe cocypa
(puc. 2.2, 6), NnpuYyemM Ha KOHEYHOM CO-
CTOAHUM ra3a — ero AaBfieHUM u Temne-
patype — HWKaK He OoTpaKawTca Ha-
yanbHble ycnosua. O6paTHO, MO JaHHOMY Puc. 2.2.
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/ A MpeanonoxumM Tenepb, YTO B TOM Xe 00b-

eMe He3aBUCMMO [BWXYTCHA [BE MOJEKY/bl,

[r KaXxxgas W3 KOTOPbIX C PaBHOW BepPOATHOCTbIO

a) MOXeT HaxoguTbCA B 006eux MO0N0BUMHAX 00b-

ema. MNpy 3TOM OKa3blBAKOTCA BO3IMOXHbIMU Ye-

[ § Tbipe PaBHOBEPOATHbIX pacnpefeneHus, u306-

paXkeHHbIX Ha puc. 2.5, a—r. IOTM pacnpe-

®) [eneHns XapakTepusylT YeTbipe pasinyHbIX
BO3MOXHbIX COCTOSIHWA CUCTEMbI.

B [aHHOM c/lyyae «COCTOSHME» KaX[ol

y MOJIEKY/Ibl  OMpefenaeTcqd ee TMONOXEHWEM B

OfHOM wnn Jpyroin 4vactm obvema, a cocTof-

/ b HVe BCe CUCTEMbl — COCTOSIHMEM KaXXAon u3

BXOAALWMX B CUCTEMY MONEKY.

XapakTepusys COCTOSiHME BCeli CUCTEMb

COCTOSIHMEM KaX g OW U3 BXOAAWMUX B Hee

MOJeKyn, KOTOpble MPUHUMAKOTCA NpU  3TOM

«OTIMYUMBIMU» OfHA OT APYroi, Mbl 3afaem, KakK MPUHATO

roBOpPUTb, MU KPOCOCTOAHMUE CUCTEMDI.

B paccmaTpvBaeMOM MpuUMepe BepPOATHOCTb KaX[oro us3

yeTbipeX PaBHOBEPOSATHbIX MUKPOCOCTOAHWI paBHa

|
O~

Wa— LE= We— Wg=4* (16.2)

Ecnn o6e monekynbl O4MHAKOBbI, TO COCTOSIHUA, N3006paXKeH-
Hble Ha puc. 2.5, 6, B, COBepLUEHHO TOXAECTBEHHbl MO CBOMM
(hM3NYECKMM XapaKTePUCTMKAM W CBOMNCTBAM, a 3HAYUT, NO CBOUM
MaKpPOCKOMNYECKUM MPOSBNEHUSAM COBEPLUEHHO HepasnyuMmbl.
MOXHO paccmaTpuBatb 06a 3TM COCTOAHUA KakK OfHO COCTOSIHWE,
COOTBETCTBYIOLLEE PABHOMEPHOMY pacnpefeneHnt0 MOMeKysn o
BCeMy 06beMy V, BHe 3aBUCMMOCTU OTTOr0, KaKUMW «HOMepamu»
06nafal0T MONEKy/bl, Haxofswuecs B KaXAolW W3 MOMOBWH
o6bemMa.

Mbl 6yaeM HasbiBaTb COCTOSIHWE, KOTOpPOe XapaKTepusyeTcs
TO/MIbKO YMCNOM MOMEKY/ B TOM WM UHOM COCTOSSHUM Ha3aBMCUMO
OT UX HOMepa («MHAMBUAYANbHOCTU») . MaKPOCOCTOAHMN -
e M.

JaHHoe makpococTosHMe (T. e. paBHOMEpPHOe pacnpegesne-
HMe rasa no 06bemy) OCyLWlecTBAAETCA ABYMSA cnocobamm
(84BYMS pasIMYHbIMU MUKPOCOCTOSAHUAMU © U B), WU ero BEpoOAT-
HOCTb paBHa

We= W +w0B=-2-=-%-. (16.3)

OcTanbHble fjBa MMWKPOCOCTOSHWUS CUCTEMbl COOTBETCTBYIOT
cnydyasm, Korga Becb rasz (06e Monekynbl) cobpancs B MepBoi
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nosioBUHE WUIn BO BTOpOﬁ nofoBuHe 06beMa. Kamgoe M3 3TNX
MﬂKpOCOCTOHHMﬁ OCyLliecTBifdeTCcA NNWb OAHNUM-EANHCTBEHHbIM
cnocobom, un ux BEPOATHOCTU pPaBHbl COOTBETCTBEHHO

ro,,=- (16.4)

BugHo, 4TO M3 Tpex BO3MOXHbIX Pas3fiMyHbIX pacnpeneneHui
yncna Monekyn no o6bemy (MaKpOCOCTOSIHWIA) paBHOMEPHOE
pacnpefeneHune ocyLecTBnfeTcsa HaubobWKM YMUCIOM CNoco60B
M obnagaet NO3TOMY HaubO/blUeli BEPOATHOCTHIO.

MpeanonoXum Tenepb, YTO B TOM Xe 06beMe V XaoTUYECKM
ABUXKYTCA 4eTbipe TOXAECTBEHHble MO/eKy/bl. B aTom cnyuae,
KaK Nerko cocYnTaTb, OKa3biBalOTCA BO3MOX-

HbiMW 24= 16 pa3nn4YHbIX MX pacrnpegeneHunii [T
MeXxay ABYMS nonoBmHamm obbema (T. e. 16 3
PasnMUHbIX MUKPOCOCTOAHUI). Tpu u3 3TMX a)
MWKPOCOCTOSHUA M300paXKeHbl Ha puc. 2.6. . 4

Mpn 3TOM 0Ka3blBAOTCA BO3MOXHbLIMU MATH L
pa3NMyHbIX MakpopacnpegeneHuii Mexay no-

nosuHamu | u ll: o

1) 4 monekynbl B o6beme | 1 0 monekyn
B obbeme Il. 3TO0 cocTosfiHME M306paxeHo
Ha puc. 2.6, a. OHO OCYLLeCTBAAETCA OLHUM- a)
CAMHCTBEHHbIM C€NOCO60M (MUKPOCOCTOSHM-
eM), U ero BeposATHOCTb. Puc. 2.6.

o

=-4 o
2) 3 monekynbl B o6beme | u 1 monekyna B o6beme Il
(puc. 2.6, 6). MNockonbkKy npu 3atom B ob6beme Il MOXeT OKa-
3aTbca nobas M3 YeTblpex MONEKYN, TO TaKUX BO3MOXHbIX CO-
CTOSHUI OKa3blBAETCA YeTblpe, W BEPOATHOCTb AaHHOIO0 Makpo-
COCTOAHMSA

3) 2 wmonekynbl B obveme | un 2 MOneKynbl B obveme I
(puc. 2.6, B). Yncno 3aTMx MakpoCOCTOSHWIA rasa paBHO uyucny

COYETaHMM W3 4eTbipex Monekyn no ase, T. e. LA=yR=¢,
N BEPOSTHOCTb COOTBETCTBYIOLLET0 MaKpPOCOCTOSHMNS

6 8
4) 1 monekyna B o6beme | n 3 monekynsl B 06beme Il. Be-
POATHOCTb 3TOF0 MAaKPOCOCTOSAHUS, TaK Xe Kak W COCTOoAHUS 2),

aBHa
P 10
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5) 0 monekyn B o6beMe | n 4 monekynol B 06beme Il. Bc
POSITHOCTb TAKOro MaKpOCOCTOSHWUA paBHa 1%

Mpu Hanmumn B 06bEME [BYX MOJIEKY/T BEPOATHOCTb PaBHO-
MEPHOr0 pacnpejeneHns wgb= ~ 6blna B fABa pasa 60nblue
BEPOATHOCTM TOrO, YTO BeCb ra3 cobepeTcs B MON0BUHE | 06beMma.

Kak Mbl BUAUM, MpY Hanmuum B TOM e 06beMe 4 MOnekyn
BEPOATHOCTb PABHOMEPHOTO PacnpejeneHna . yxe B LWeCTb
pa3 60/blle BEPOATHOCTM TOrO, YTO BeCb ras3 cobepercs B Mo-
nosuHe I. Yem 6onblie 4yucno MONEKyn rasa, Haxogsuwuxcs B

o6beme V, yem pes3yde npoAaeadeTca 3Ta CTaTUCTUYEeCKasa 3aKOo-
HOMEpPHOCTb, TEM 6onblLue BEPOATHOCTb paB-

Al HOMEPHOro pacnpefeneHns MOJIeKyn Mexay

. 4BYyMA nonosuHamy ob6vema cocyfa Mo

fil CpaBHEHWUIO C BEPOATHOCTbLIO cobpaTbCs BCe-
My rasy B OLHOW W3 3TWX MONIOBUH.

mmwm, MycTb B HEKOTOpPOM cocyfge o6vemoB 2V

Haxogatca 2N monekyn, rge N — ouyeHb
6onbwoe uyucno. Torga OKasblBalOTCA BO3-
MOXHbIMW 2/  pasfINYHbIX pacnpeseneHunii
Puc. 2.7, MOeKyn Mexay obeumu nonosuHamu | wu
. Ha puc. 2.7 nsobpaxe
cnyvas. lNepBblii M3 HKUX (puc. 2.7, a) npegcTaBnseT chaydai,
Korga BCe MOJIeKynbl rasa cobpanucb B nonosuHe | obbvema.

3TOT cnyyvaid ocyLLeCTBASETCA OAHUM-eMHCTBEHHbLIM CMOCOGOM,
1 BEPOSTHOCTb €ro HUYTOXHO Mana:

w T a&X

ey (16.5)

BTopoii cnyvaii (puc. 2.7, 6) COOTBETCTBYET PaBHOMEPHOMY
pacnpefeneHuto, Korja B Kajoi U3 nonoBuH o6bema HaxoamuTes
oAMHakoBoe umcno N Monekyn. 3TO MaKpOCOCTOAHWE MOXeT
OCYLULECTBAATLCA pasHbIMW crnocobamu. MonHOe 4YUCNo pasnnd-
HbIX MWKPOCOCTOSIHWIA, COOTBETCTBYIOLWMX PaBHOMEPHOMY pac-

npegeneHunto, 6yneT paBHO YKNCNY BO3MOXHbIX pacnpefeneHuii us
Bcex 2N monekyn no N, T. e.

wn
-
W BEPOSTHOCTb 3TOTO pacnpeneneHus



Mpn Gonbwmnx 3HaYeHUAX uyucna N TOUYHOe 3HauveHue

2V
MOXET OblTb 3aMEHEHO I'Ipl/l6]'|VI)KeHHbIM v 5\ n BEpPOAT-

HOCTb PaBHOMEPHOro pacnpeneneHnsa

' 16.7
t \ljiN ( )
4yTo BO MHOro pas 6osnblwe, Yyem (16.5).

Hapsgy ¢ pacCMOTPEHHbIMW ABYMS MPeAe/bHbIMA CayYasmu
BO3MOXHbl W pas/iMyHble MPOMEXYTOYHbIE MAaKpPOCOCTOAHMUS,
MpM KOTOPbIX B OAHOM M3 MOMOBMH COCYAa HaxO4WTCS MEHbLLUE,
yem N, a B gpyro — cooT-

BETCTBEHHO 60/iblue, YeMm /V,

monekyn. Ha pwuc. 2.8 n306-

paxeHa NpuMepHas 3aBUCH-

MOCTb BEPOSITHOCTYW LY TOTO,

yto B 06beMe | HaxoguTCs

HEKOTOpOe YUCNO MOJEKYS

\/ W3 rpadmka BMAHO, 4TO

paBHOMEpHOe pacnpegene-

HVWe MOJeKyNn Mexgy nono-

BUHaMM  cocyga  (v=iV)

ABNAeTCA Haubonee Bepo-

ATHBIM. OfjHaKo W COCTOS- Pue. 2.8.

HUsA, 6NM3KMEe K PaBHOMEPHOMY, Y KOTOPbIX V CPaBHUTE/LHO
mMano oTnamyaetca oT N, UMET BeposATHOCTU, 6/1M3Kne K w6,
N OCYLLeCTBAAKTCA MNPaKTUYECKU CTONb K& 4acTo. bonee pge-
Ta/lbHbIi MaTemMaTU4ecKWii aHanM3 MoKasbiBaeT, 4YTO Mpu v,
3aK/H0YEHHOM B npegenax

N- /N<v<N+ /M (16.8)

BEPOATHOCTL LY 6/1M3Ka K BEPOATHOCTWM PaBHOMEPHOro pacnpe-
feneHna WQ Ecnum >Xe v IeXXUT BHe 3TUX WHTepBasos, T e.

W v|> JN, (16.9)

TO BEPOSATHOCTU TakKMX MAKPOCOCTOAHWI CTAHOBATCH CpaBHWU-
TENbHO ManbiMW, U TaKue COCTOSHWA OCYLLECTB/IAKOTCA CpPaBHU-
TefbHO peaKo. BepoATHOCTb e COCTOSHMWIA, MpU KOTOPbIX BECb
ras cobepetcsa B 04HON 13 MonoBuH cocyga (V= 0 mam v=2jV),
Kak BUAHO M3 (16.5), HACTONLKO Mana, 4YTo OHM MpPU LOCTATOUYHO
6onbwnx N MNpakTMYecKW HUKOr4a He OCYLLecTBASKOTCA.

B cnyuyae paBHOMEpHOro pacnpefefieHus 4YacTul, Mo BCemy
00beEMY KOHLEHTpauus MOMeKyn B 3TOM o6beme OcTaeTcs Mo-
CTOSIHHON W paBHOM

«cp=-|E=-£. (16.10)
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KoHUeHTpaLus monekyn B MojoBuHe o6beMa | paBHa
n=zt (16.11)

N BCNeacTBnMe XaOTUYECKOro ABUMXXEHUA MONEKYNn HenpepbiBHO
KonebneTcsd OKONO CBOero CpenHero 3HavyeHus

, (16-12)

paBHOTO AM AN BCero cocyga. O™ KonebaHUs HOCAT Ha3BaHue
hbnykTyaumii.

M3 cKa3aHHOro cfnefyet, 4TO cpefHAs (NYKTyauus KOHUEH-
Tpauum Monekyn B obbeme | paBHa

An=rJV _~+ . (16.13)

Uem 6onbwe unucno monekyn N, Tem 6onblue abcontoTHas
(hNyKTyauus An KOHUEHTpauuu Mmonekyn B obbeme V.

OpHako u3 cpaBHeHua (16.12) u (16.13) cneayet, 4TO npw
aToM (hNyKTyauus An Bo3pacTaeT MefNeHHee, YeM CpefHAs
KOHLUEHTpauma M, U Mo3ToMy OTHOCUTeNbHasas PAYyK-
Tyauusa KOHUeHTpauuu

Ano_ (16.14)

n yfc
nagaeTr c ysenuyeHvem N.

CooTHoweHne (16.14) ocTaetca cnpaBef/iMBbIM U B TOM
cnyyae, ecnu obvem V npepctaBnseT coboii He MOMOBUHY,
a Kakyw-nmbo [pyryw npou3BO/bHYIO [0 MOJHOro ob6bema
cocyaa, a N — COOTBETCTBEHHO CpeAHee YMC/O MOJEKyn B 06b-
eme V. 3T0 COOTHOLWEHME SABASETCA OAHOW U3 BaXHeMLWunx
CTaTUCTMYECKMX 3aKOHOMEPHOCTed MONeKyNnspHO-KUHETUYECKON
Teopuun: (NyKTyauum npPOUCXOAAT OKOMO CPefHero 3HayeHus
thnsnyeckoit BennunHbl. Mpu 3TOM OTHOCUTENbHAS hAyKTYyauus
KaKoi-1mbo (PM3nyYeckol BeNnYMHbI, 3aBUCAWEN OT uymcna N
MONeKyNn B gaHHOM ob6beme, ¢ poctom N y6biBaeT Kak |/ /N,

[aBneHue rasa p npegctaBnsfer cob6oil pesynbTaT Henpe-
PbIBHbIX Y4apOB MOJIEKY/1 O CTEHKY COCyfa W MpOMopLuoHansHO
obuwemy yucny ygapatownx monekyn N. Ecnm N mano, 10 cTeHKa
6yaeT UCNbITbIBaTb OTAE/bHbIE TONYKN W AaBneHue p 6yaeT ckau-
KoobpasHo n3MeHATbCA. C yBenuueHmem N 6yayT pactu u cpep-
Hee AaBneHue rasa p u nykTyauum nocnegHero Ap. OpfHako
B cooTBeTcTBUM C (16.14) hnykTyauum, XoTd U BO3pPacTyT Mo
abconTHON BennuuHe, 6yayT B TO Xe BpPems CKa3blBaTbCH BCE
MeHbLUE N MeHblle, TAK KaK OTHOCUTENbHble (WNYKTyauun fas-
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acuuna 6yayT yb6biBaTb MO 3aKOHY

(16.15)
p Jn
IHenornuHomy (16.14).

MoaToMy BaxKHeWwel 3agayell MOMeKYNAPHO-KUHETUYECKOW
M*opuM ABNAETCA BbIYMCNEeHUWEe CpefjHUX 3Hauye-
HUA GU3nMuyecKMX BenNUWUYUH (JABNEHUSA, MNOTHOCTH,
CKOPOCTU MO/IEKYN M T. 4.) M yCTaHOB/NEeHNE CBA3EN
MEXAY HUMW [ANA CUCTEM, COCTOAWMUX U3
6onbworo ymcna mMonekyn. Ona peweHna nogo6HbIX
Wwaay NPUMEHATCA pasMyHble MeTOAbl TEOPUM BEPOSATHOCTEN
M MaTeMaTuyeckoi cTaTUCTUKMW. 03TOMY BCe BbIBOAbI MOJEKY-
NAPHO-KMHETUYECKOW Teopun ABAAIOTCA ANS MTHOBEHHbIX 3Haue-
HUM (OU3NYECKMUX BENMYUH HECKONbKO MPUBIMKEHHbIMU U Bep-
HbIMW, KaK rOBOPAT, C TOYHOCTBIO A0 (PAyKTyauuii. Yem 6onblue
ymncno monekyn N B cucTeMme, TeM MeHblle cornacHo (16.14)
HW OTHOCUTENbHble (IYKTyauun u TEM TOYHEE BbIMOMHAKTCA
Hee 3aKOHOMEPHOCTU MOJEeKYNAPHO-KMHETUYECKO Teopuu. Tak,
Harnpumep, nNpu HopmMasbHbiX ycnosuax (I atm n O°C) B 1 cm3
Ho3gyxa cogepxatcsa Jl/= 2,687 «10'9 monekyn. OTHOCUTE/IbHbIE

(hNyKTyaumm 3T0ro uymcna coctaBnawT—Erx2-10 ~1 nnn

y N
0,00000002 %.

Mpun BbicOKOM Bakyyme nopsgka 10 10aTm B TOM Xe 06beme
cofepxarcd 2,7-109 Monekyn v OTHOCUTENbHbIE (PNYKTyauum
cocTtaBnawT 0,002 %, T. e. BCe elle CPaBHUTENIbHO Masbl.

MMofyyeHHbIe BbIle CTAaTUCTUYECKME 3aKOHOMEPHOCTM O paB-
HOMEpHOM pacnpefefieHUn MoneKyn no 3aHUMaeMomy UMK
06beMY U O BeMUYMHE OTHOCUTENbHbIX (AYKTyauuii BbiTeKaloT
M3 XaoTMYHOCTWM B pacnpegeneHUy OTAENbHLIX MOMEKYN, W3
Cy4yaliHOCTM MONOXEHWUA N060I N3 HMX.

PaBHOMepHOe pacnpejeneHne MOekyn rasa no 0O6bemy
peanusyeTca He NoTOMY, YTO OHO ABNAETCA €[UHCTBEHHbIM BO3-
MO>KHbIM, HO MOTOMY, YTO BEPOATHOCTb Takoro pacnpefeneHus
n cnyyae 60/bLWIOr0 4Yucna MOMEKYN Heu3MEepUMO Bbille Bepo-
ATHOCTU NOObLIX APYrMX pacnpeneneHuii.



FMABA VI

MOJIEKYNAPHO-KUHETUYECKAA TEOPUA
MOEANBHOIO TA3A

§ 17. CpefHAs CKOpPOCTb MOMeKyn. TlOTOK MOfeKyn

Monekynbl rasa B KaAblil JaHHbIA MOMEHT BpPeMeHM 6yayT
0TNMYaTbCA APYr OT ApYyra He TO/IbKO CBOMM MECTOHAX0XAEHWEM
B COCY/le, HO M XapaKTepoM CBOEro ABmxeHus. Kaxpgas moneky-

na 6ypeT fBuratbCcs CO CBOeil ckopocTbio O, oTAMyatoleinca or
CKOPOCTeW ApYrMx MOMEKYN MO BENUYMHE

M no HanpasneHuto (puc. 2.9).

Ecnn 06beM, 3aHMMaeMblii rasom,
HEMOABWMXXEH, TO BCe HanpaBNeHWUS ABWU-
XEHUS MONeKyn paBHOBepPOATHbI. [Mpe-
MMYLLECTBEHHOE HanpaB/ieHUe B [BUKe-
HUM MOnekyn 6yaeT MMEeTb MeCTO NULLb
npu [ABWXEHMM Trasa KaK Lenoro.

UTo XXe KacaeTcsi 3HayeHuMii CKopoc-
Teii MONeKyn No BeIMUMHE C,, TO pasiny-
Hble CKOPOCTW He PaBHOBEPOATHbI. [eii-

CTBUTENbHO, 3Heprus (04HOATOMHOrO) Puc- 29
naeanbHoro rasa E ecTb CymMma KUHeTU-
YecKUX 3Hepruii e, Bcex ero N Monekyn:

= iy

2 st= 2 -TC?

CTafKuBasch ApYyr ¢ ApYroM, MOJMeKy/fbl HEMpepbiBHO 06Me-
HWBAIOTCS 3HEPTVel, W B MPUHLMME MbICIMUMO TaKOe COCTOsIHME
rasa, Korga BCe ero MOJieKy/bl, 32 UCKIOYEHUEM OZHOI, 0CTaHO-
BATCA, a 3Ta nocfeaHss 6yneT [ABUraThCAd C MaKCMMasbHO
BO3MOXHOW CKOPOCTbI CMKZ OMpesensemMoil U3 COOTHOLIEHMS

Cvmake — ~ Tclsakc =E . (17.2)
88

OfHaKo CTO/b Pe3Ko Heo4HOPOAHOE pacnpefeneHue MONeKyn
Mo CKOPOCTAM, TaK XK€ KakK M pe3Ko HeofHOPOAHbIE pacnpepene-
HUS MONeKyn B MPOCTPAHCTBE, pacCcMaTpuBaBLUMECA HaMW B
npegblgywem naparpage, 6yaer UCKIHOUYUTENbHO ManoBEPOATHO
M NPaKTUYECKN HUKOrga He ocywecTButcda. C Hambonblieid Be-
POATHOCTbIO OYyAYyT OCYLLEeCTBAATLCA COCTOAHWMA, NPU KOTOPbIX
WEePrnuM pasNnYHbIX MOJeKYN rasa e, CpPaBHUTENbHO 6/IM3KM
OPYr K APYTYy W Mano OTAM4yatTca OT WX CPeaHero 3HayeHus
(cpegHUe 3HaAYEHUSA (PU3NYECKUX BeIMYUH Mbl ByaeM 0603HauvaTb
YepTOYKOI, MOCTaBNeHHOWN Haf OykBoi, 0603HavatoLWel JaHHYHO
Ve.HWUWHy). [ns cpefHeid aHeprum nocTynaTenbHOro * aBuxke-
HUA e ,00 VMeeM:

Tn,=4-17ri- , - (17.3)

BennunHa
p-=" K |+ n4) (17.4)

Bxogawasa B copmyny (17.3), npeacrtaBnser coboii cpegHwuii
KBagpaT CKOpPOCTW MOMEKyn rasa. M3Bnekas M3 3TON BeNUYUHLI
KBaZpaTHbIA KOPEHb, Mbl MOMYYAM BeAUYUHY, HAa3biBAaEMYHO
CpegHEeNn KBajpaTMUYHON CKOPOCTbLIO:

+C~- (17-5)

MeTogamu CTaTUCTUYECKON (PU3NKU TaK Xe, Kak B npepblay-
Wem naparpage, MOXHO paccyMTaTb BEPOSTHOCTb PasMYHbIX
pacnpefeneHnii Monekyn no CKOPOCTSAM U BEPOATHOCTM pasnuny-
HbIX 3Ha4YeHW CKOPOCTU OTAENbHON MoneKkynbl. MMofo6HbIE pac-
YeTbl TPeOYOT NPUMEHEHNS CNOXHbIX METOA0B MaTeMaTWyecKoi
CTaTUCTUKM W TEOPUM BeposTHOCTE. OHM MOKasbiBatoT, UTO, Kak
M cnegoBano oXupgaTb, Hambonee BEpPOATHBIMK SABAAKTCA Mak-
POCOCTOAAHUS, MPW KOTOPbLIX CKOPOCTU OTAENbHbIX MOSIEKYN 61K3-
KN K CPeaHuM.

MMo3TOMY BO BCEM [ajibHEMLIEeM W3M0XEHUU Mbl MOXeM 6e3
CYLULECTBEHHbIX MOTPeLlHOCTEl OMnepupoBaTbh HEMNOCPEeACTBEHHO
CO CpefHUMK BeNMYMHaMM. Kakue HETOYHOCTUM BO3MOXHbI Npw
yaMeHe WCTUHHBIX 3HAYEHWIA (U3NYECKMX BENNUUH WX CPEAHUMMU,
HALHO M3 Cneaylowero npumepa.

CpepgHsis apumdmMeTmyecKkas CKOPOCTb Mo-
NeKyn rasa onpegensieTcs M3 COOTHOLUEHUS

* B cnyyae MHOroaTOMHbIX MOMEKYN CliefyeT Y4uTbiBaTb W 3HEPruo ux

Bp.NUaTenblloro AUDKrHHA elaw (em § 33)
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N

Conoctasnsaa (17.6) ¢ (17.4) wn (17.5), nerko BUAETb, 4TO
CpefHsAs apumMeTnyecKas BeNMYMHA CKOPOCTU (KPAaTKO «cpep-
HASl CKOPOCTb») He paBHa CpeaHeil KBagpaTWU4HON. Mpu Haxox-
fLeHun nocnegHein no gopmyne (17.5) cpaBHMTENbHO Heb6OMbLIOE
4MCNO CKOpOCTel Hambonee GbICTPLIX MOSIEKYN NPU BO3BEAEHMU
B KBagpart OyAeT BHOCUMTb HEMPOMOPLMOHaNbHO 60MbLIOIA BKNag
B 3HauyeHMe cpefHeili KBaApaTMUHON cKopocTW. Takmm 06pas3om,

V ~>~ wuwmcTt> cf. a7 7

To, 4YTO CcpeaHAs KBagpaTuM4yHas Be/MYMHa BCerga 6oblue
cpefHelt apupMeTUYecKOn, MOXET ObiTb [AOKa3aHO B 06uiem
Buge. (Ha umcneHHom npumepe: cpefHee apM@METUUYECKOE YM-

cen 3 n 5 6yger —~2=4, a cpefiHee KBajgpaTtuyHoe M3 3TUX

BE/INYMNH 9+25 n~\7 = 4,12, - e- Ha 3 % Bbiwe.) [ns
MONeKyn  WAeanbHOro  rasa

cpegHas KBagpaTuM4yHas CKO-

pPOCTb MpPEBbIWAET CPEHIOK

apuMeTUYeCKyHo NpUMepHO

Ha 10 %.

B nocnegyrouwmx BbiBOfax
BMECTO TPOMO3AKNX TOYHbIX
CTAaTUCTMYECKUX pPacCyeToB Mbl
b6ygemM nosb3oBaTbCA CPeAHU-

MU 3HAYEHUAMU  (U3NYECKMX

BeMYMH. Kak  BMAHO U3

npeabigywero npumepa, nony-

YeHHble Takum 06pasoM coOT-

HoweHna OyayT pfaBaTb Mnpa-

BU/IbHbIE Ka4eCTBEHHble 3aBW-

CMMOCTU, HO YMCNEHHbIE 3HaYe-

HUA KO3 (MUMEHTOB B HEKOTOPbIX CAyYasX MOFyT OT/MYaTbCs
OT MCTUHHbIX Ha 10—20 %.

BeKkTop CKOpPOCTU <-ii MONEKYbl C, MOXET ObITb pPa3noXeH Ha
cocTaBfflowWwme LW, y, U W, NO KOOPAUHATHbIM OCAM, KaK 3TO
nokasaHo Ha puc. 2.10. N3 0606weHHON Teopembl [Mudaropa
cnefyeT, 4To

cf=u}+vj+wf. (17.8)
Bbluncnsaa cpefHee 3HayeHWe KBajpaTa CKOPOCTU, NONYUUM:

7 fj+c2+ -
N



U-bu-t<t my]+4+ -+ | qlrpld- py
N 1 N N ’

0TKyfa

0°=rr+ 1M +alT. (17.9)

Mpn paBHON BEPOATHOCTM BCEX HampaBfeHU CKOPOCTN B
NpOCTpaHCTBE CpeAHME KBajpaTbl COCTaBAALMX CKOPOCTU NO

KOOPAMHATHbLIM OCAM T

OyAyT paBHbl Apyr Apyry

ur=~"rr=wl=-L'cT. (17.10)

Koagpdumument 1/3 3gecb aBnseTca abCONOTHO TOUHbLIM.

Puc 211

MpencTaBuM Tenepb, 4ToO
B CTEHKe cocyfa, nepreHau-
KynspHoit Kk ocm OY, npopge-
NlaHo O0TBepcTMe nowagbio
AS. Tloagcymtaem 4umcno Mo-
nekyn AN, nonajawowmnx B
3TO OTBEPCTME U BbIXOAALLUX
HapyXy 3a  NpPOMexXyToK
BpemeHun A/,  0O603Ha4YUM
YMCNo MOMEKYN B eAuHuue
obbema BHYTpM cocyjpa ue-
pes3 n.

3a paccMaTpuBaemblii
NPOMEXYTOK BPEMEHU uepes
oTBepcTMe OyAyT BblNeTaTb
MONEKY/ibl  C  pas/INYyHbIMU
HanpaBNeHUMU  CKOPOCTU,
HaxoAuBLlUMECA K  Hadany

npoMexyTka At Ha pa3MyHbIX pac-
CTOSIHMAX OT OTBEPCTUS, B 3aBUCU-
MOCTU OT BE/IMYMHbI WX CKOPOCTM
(puc. 2.11, a). And ynpouieHus
pacyeTa MPUMEM, 4YTO BCE MOJEKY-
Nbl ABUXYTCA C OfHOW W TOW Xe
CKOpOCTbt0 €. [anee, 6yaem cuwu-
TaTb, 4YTO MOMEKYNbl MOFyT [LBU-
ratbCsi IWb B HampaB/eHWU KOOp-
OVHaTHbIX oceii OX, OY un OZ.
Bcnegcteue PaBHOBEPOSATHOCTU
3TUX  HampaBNeHUn  LBUXKEHUS,
BAOMb KaX[oW u3 oceii u, B yacT-
noctn, Baonb ocu OY, 6yaer ABuU-
ratbca nuwb 1/3 obwero uucna

pHc. 2.12.
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moniekyn- M3 3Toi Jonm nonoBumHa MOMekyn 6ypeT ABurarbecs OT
OTBEPCTUA BHYTPb COCyfda, W, cfiefoBaTesnibHO, nuwb 1/6 mone-
Kyn, Haxogdawmxca B efuHuue obbvema, Oyper pAsBuratbca B
HanpaBfeHMN OTBEPCTMS U CMOXET BbIATM U3 cocyaa (puc. 2.17
6).

Onsa BblumcneHusa sennymHbl AM MbIC/IeHHO BblfeNiM B rase
UMIMHAP C niouwlagbto OCHOBaHUS AS UM BbICOTON CAt, paBHOW
nyTu, NPOXOAUMOMY MOneKynoi 3a Bpema At (puc. 2.12). Torga
3a Bpems At yepe3 OTBepcTMe CMOTYT NPOATH MOJEKY/bl, Haxo-
fAlMeca OT Hero Ha pacCTOAHMW MeHblueM CAt, T e BHYTpU
BblflefIeHHOro uunmHgpa obbsemom ASc At. Ob6uwee yucno mMone-
Kyn B 3TOM o06beme n AS cAt, HO nuwb 1/6 ux ABUXETCH
BMPaBO MO HaNpaB/iEeHUK K OTBEPCTMIO U BbINAET HapyXy.
Takum o06pa3om, uckomas BenmyuHa AjV paBHa

AN —-anASCAL- (17.11)

Mnowaaka AS, 4N KOTOPOA MOACUYMTLIBAETCA YMCIO MPOXO-
LAKMX 4Yepe3 Hee Monekyn AM, MOXeT ObITb pacnonoXxeHa
neprneHANKYNSPHO K Nt060I KOOpAWHATHOM MIOCKOCTK, MO N0 60-
MYy MPOW3BO/IbHOMY HamnpaB/ieHWI0O B MPOCTPAHCTBE, & TaKXe He
y'CTeHKM, a B NO6OM MecTe BHYTpM cocyfa.

OTHOLWeHKne

1=~1Jr

npeacTasnseT co60i YNCNO MONEKYN, MPOXOAALMX 38 efuHuLY
BPEMEHW uepe3 efuMHULY nnowagu B NMPOU3BONBHOM Hanpasfe-
Hw- W3 (17-11) n (17-12) cnepyert, 4TO NOTOK MONEKYN] paseH

e (17.13)

Mony4eHHbIA NpU TaKOM YNPOLEHHOM BbiBOAE KOIPHMLMEHT
1/6 B 3TOM COOTHOLUEHUN Y>XKe He ABNAeTCA abCONTHO TOYHbIM-
TOYHbIA CTAaTUCTMYECKMNIA pacyeT NpPUBOAMT K 60nee MpaBUIbHO-
My 3HAYEHWUID 3TOro KoadhuumeHTa, paBHOMY 1/4. ECTECTBEHHO,
YTO eciv 3aMeHUTb B COOTHOLWeHUN (17.13) cpefHIO CKOPOCTb

C Ha cpefHIOH0 KBagpaTU4YHYH WIN Ha cpedHee 3HauveHue
abCoMIOTHON BENUYMHBI COCTaBNAKLWENA CKOPOCTM B AAaHHOM Ha-
npaBneHnn )u/, TO YNCNEHHOE 3HAYeHMEe KOIPDULMEHTA JOMKHO
6yfeT COOTBETCTBEHHO W3MEHUTHLCS.

§ 18. OCHOBHOe ypaBHeHWe KWHETUYECKOW Teopuwm rasoB

OCHOBHbLIM YypaBHEHWUEM KWHETUYECKOI TEOpMM ra-
30B MNPUHATO Ha3blBaTb YpaBHEHWe, YCTaHaBIMBAlOLLEE CBS3b
MeXAy AaBNeHMEM rasa, ero o6bemom u sHepruein. Cuna fasne-
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M/M ra3a Ha CTEHKY COCyja CKfafAblBaeTcA W3 B3anMOLEWCTBMIA
MHOTOYMCNEHHBIX MOJIEKY/l, BCe Bpems yfhapswouwuxcd o6 3ty
1M HKY W OTCKakuMBawllwmx o6paTHO. Bnarofgaps XaoTMYHOCTM
MOJIEKYNIAPHOT0 ABUXEHUA B OTAe/IbHble MOMEHTbI YMCNO yaaps-
IOWUX MOMeKY/N M UX CKOpocTu 6yayT, BOOOLLEe roBops, pasnuu-
HbIMA WM HECKO/IbKO OTAMYAKWUMUCA B TY WIN LPYTYIO CTOPOHY
Or CpefHUX 3HAYeHW 3TUX BENUUUH.

MpuMeHAs CBepPXUYYBCTBUTENIbHbIA MaHOMETP, Mbl MO Obl
06HapY>XUTb HenpepbiBHble KonebaHMa (PhnykTyauunn) paeneHus
OKOJI0 HEKOTOPOro CpefHero 3HayeHUsd p, Kak 310 M306pa)keHo
Ha puc. 2.13. Tlpu _manom uucne mMonekyn N daykTyaumu
faBneHus Ap =p —p 6yayT CpaBHUMbl C BEINYMHON Camoro
LaBNeHUsA p, NB NpPefesbHOM C/ly4Yae OAHON MOneKy/bl notepseT
BCAKWUIA CMbIC/T CamMO MOHATWE AABMIEHWA TaK Xe, KakK N MOHATME
NMIOTHOCTM ras3a WM CpPeAHero 4mucna MOMEKyn B eAnHuULe 06b-
eMa. Mpu 6ONbLIOM >Xe uucne Mosekyn aTM GnykTyauum eyayt
OTHOCUTENIbHO Masbl W, Kak 6biio ykazaHoO B § 16,

X B -Lr. (18.1)
P nf'

B 3TOM cny4yae OTKNOHEHWUA MTHOBEHHbIX U3MEPSEMbIX 3Haye-
HU [aBneHWa p OT cpejHero p OyAyT HWMUTOXHO Manbl U Mbl
CMOXEM CcuuTaTh, YTO JaB/jieHME rasa Ha CTeHKW cocyja NnpakTu-

YECKM MOCTOAHHO W PaBHO
CPeAHEMY 3HAYeHUIo
P=~P- (182)
OcCHOBHOe ypaBHeHUe Ku-
HeTMYecKo Teopun Oyaem
BbIBOAUTL ANf upgeansb-
HOro rasa.
Jagum Tenepb cTporoe
onpegeneHue naeanbHOro
213- rasa. Bbiwe (§ 16) Mbl Ha-
3blBaNN  upgeanbHbIM  ras,
NOAYMHSA LW MIACS ypaBHe-
HUO MeHgeneesa — KnanelipoHa. bbino nokasaHo, 4TO 3Te
MMeeT MeCTO, eC/IM MEXMONEKYNSPHbIE PacCTOAHUS TaKOoBbl, 4YTO
NoTeHUWanbHOW 3Heprueli B3auMoAeincTBmMa MexXAy MoaeKynamu
MOXBO MpeHebpeyb. Uem MeHblue 3Ta 3HEPrus B3aMMOfENCTBUA
MeXJay Monekynamu, Tem fiydlle yAOBNeTBOPSeT ra3 ypaBHeHUIO
MeHpgeneesa — KnaneiipoHa, TemM 6/MKe OH HO CBOWMM CBOWCT-
BaM K ujaeanbHOMY.

B cooTBeTCTBUAM C 3TUM Mbl 6yJem HasbiBaTb ra3 uaeanbHbIM,
€C/IN NOTEHLMANbHYIO SHEPTUIO B3aUMOAENCTBUA MEXAY MOJeKy-
naMm MOXHO cyuTaTb paBHOlW Hyn. bygem cumTtath, 4uTe BCe
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BO3MOXHble B3aMMOLEWCTBUSA MEXAY MONeKyfnaMmn CBOAATCA Npu
3TOM K CTONKHOBEHMWSM, KOTOpble MPOUCXOAAT TONbKO MO 3aKOHY
yaapa abCconoTHO ynpyrux Liapos.

MonHas 3Heprus WAeanbHOro rasa CBOAWUTCH, CnefoBaTefb-
HO, K CYMMe KMHETMYECKMUX 3HEPruil BCEX €ero MOJeKyn.

EcTecTBEHHO, YTO ANA peasbHbIX Fa30B MOJYyYEHHbIe COOTHO-
WeHns He 6yayT TOYHbIMU. O4HAKO MpW LOCTATOYHOM paspexe-
HUM W HE CAULLIKOM HWU3KMX TemnepaTtypax peasbHble rasbl HO
CBOVMM CBOMCTBaM 6yAyT AOCTaTOYMHO XOPOWO MpMbAMXKaTbCS
K ngeanbHolM. CnefoBaTefnibHO, NOHATME WAEanbHOrO rasa npeg-
cTaBnseT coboi abCcTpakumio, COXPaHAKLWY OCHOBHble Hanbo-
Nee BaXKHble YepTbl ra3006pasHOro COCTOAHUA U OTBIEKAKOLLYIO-
CA OT BTOPOCTENEHHbIX, MEHEe CYLIeCTBEHHbIX XapaKTepUcTuk
nocnegHero. K Bonpocy 06 OTK/AOHEHWAX MNOBELEHUA peanbHbIX
rasoB OT YpPaBHEHWA COCTOSAHUA WAeanbHOro rasa Mbl BepHemcs
Huxe, B 4. IlI.

BbigenMm Ha NOBEPXHOCTU cocyja LOCTaTOYHO Manyl nio-
waaky AS, 4Tob6bI MOXHO 6bI10 ee cumTaTb
MpaKkTUYecKn MA0CKOW.

MycTb BCe MONIEKY/bl, HAXOA4ALLMECH B COCY-
[e, ABVXYTCS C OJHOW W TOM e CKOPOCTbIO C.
Kak 6bl10 MoKasaHoO B npeabigyweM naparpa-
the, nuwb 1/6 BCex Mofekyn B cpefHem asu- T. 0 >
XKETCA N0 HanpasfeHWI0 K CTeHKe, M 0 naowag- -C
Ky 3a HEeKOTOpbli MPOMEXyTOK BpeMeHn A/

6ynyT yhapaTtbes

AN=x-ncASAt (18.3) |
Puc. 2.14.
MOJeKy/I.

Mpn ynpyrom ygape o0 CTeHKy, mMacca KOTO-
po/i 6eCKOHEYHO BeMKa MO CPaBHEHWIO C Maccoi MOSieKy/bl T,
Kaxxgass Monekyna 6ygeT OTCKakuBaTb 00paTHO €O  CKoO-
pocTblo - ¢ (puc. 2.14). Konn4yecTBO ABUXEHUA KaX[oin mMone-
Kynbl 6yfeT npu ygape MeHATbCA OT HayanbHOro 3HauyeHwus
-TC [0 KOHEYHOro — TC Ha BennmuuHy (—Tc) —(+ T¢)=
= —2TC.

B cuny 3akoHa COXpaHeHWs KOMMYecTBa [ABUXEHMUA 3TO
O3Hau4aeT, 4TO CTEHKa cocyfa Mo/y4yuT WMMYAbC, PaBHbIA MO
BE/IMYMHE N 06paTHbIA NO 3HAKy W3MEHEHMIO MMMy/AbCa MOJEKY-
nel. CnegoBaTenbHO, MPUOGPETEHHbIA CTEHKOW WMMMY/bC paBeH
-f-2Tc.

lMonHoe M3MeHeHUe KOMMYECTBA ABMIKEHUA MOJIEKYN, yaaps-
owmnxcs o naowagky AS B TeyeHue BpemeHu A/, 6yfeT paBHO

—2mcAN=— Fnmc'2ASAt. (18.4)



CpegHss cuna, ¢ KOTOpOU LelCTBYIOT yAapatoLwecs Moneky-
*ii Ha nnowapky AS, coctaBut AF=pAS, rge p — cuna,
[eCTByOWas Ha efuMHMUy naowagu, T e. JaBleHUEe rasa Ha
CTeHKy. [0 TpeTbeMy 3aKOHY AMHaMUKWU cunia, C KOTOPOW CTeHKa
[encTByeT Ha ras, 0yger paBHa — AF—— p AS, u umnynsc
MO CuAbl 3a paccMaTpuBaemblii MPOMEXYTOK BpemMeHu At
COCTaBUT:

— AFAt= —pASAt. (18.5)

Mo BTOPOMY 3aKOHY AMHAMWKW W3MEHEHMe KONUYecTBa [BU-
KEHWUS MOJEKYN, YAApUBLIMXCA O CTeHKY, (18.4) AOMXKHO GbiTb
paBHO uMMMynbey cunbl (18.5), AeiicTBOBaBLIE HAa 3TUM MOSEKY-
nbl, T. €.

—pASAt= — —mrASAt. (18.6)

Cokpalias obe yacTu 3TOro paBeHcTBa Ha AS At, nonyuyum
OKOHYaTe/ibHO:

p=-"-nTCc2 (18.7)

Ecnn B BbIBOAE Y4eCTb, YTO CKOPOCTU OTAENbHbIX MOMEKYN C,
MOryT 6bITb Pa3NNYHbLIMK, TO BEAUYMHY NC2 cnefyeT 3aMeHUTb
CYMMOW KBafpaToB CKOpPOCTEA KaX[oi M3 MOMeKkyn, Haxopgs-
wuxca B eAuMHuULe ob6bema, T. e.

MC*-*- ?
=
OTctoga BugHO, uto B (18.7) cnepyeT 3amMeHUTb C2 Ha C2:
i=n

c2h 31 =cl (18.8)

YuyutbiBasg (18.8), mMbl Moxem nepenucats (18.7) B BUAe

1
P 3NTC 3«e mm (18.9)

rge cpefHAs KUHeTUYecKas 3Heprus nocTynatenibHOro ABuUXe-
HUA MOMeKyNnbl € roor onpefeneHa ypaBHeHuem (17.3).

lMonyyeHHOe COOTHOLIEHWE Ha3blBaeTCd OCHOBHBLIM
ypaBHeHUueMm MONEKYNSAPHO-KMHETUYECKON
TeopuUW WULeanbHOro rasa, WM ypaBHeHUEM
Knayswnyca.

BbiBegem psAf cneacTBUA M3 OCHOBHOTO YpaBHEHUS.

Yucno monekyn B efuHMUe o6bemMa M MOXHO 3aMeHUTb
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OTHOLLUEHMEM MOJIHOTO YMcna Bcex Monekyn rasa N, Haxogawmx-
ca B cocyfe, K ero obvemy V, T e.

n=f. (18.10)
MpomnsBoas 3Ty 3ameHy, MOXHO nepenucatb (18.9) B Buge

PK=-11TT T (18.11)

[Janee, n3 onpefeneHns cpefHeil aHeprun nNOCTynaTenbHOro
OBVKEHUS MONEKYN W CpeAHeil KBafpaTUUHOW CKOpPOCTU [cM.
(17.3) n (17.4)] cnepyeT, uTO

— 5\ I
N rnoc= 2 @rber=:£nocr, (18.124

rge E,ocr— cymmapHas KMHeTuyeckas 3Heprus nocTynaTeNbHO-
ro ABMXEHWA BCEX MOJIeKyn rasa.

Wcnonb3ya (18.12), MOXHO OCHOBHOE YpaBHEHWe nepenu-
catb B BuUfe

pV = +EnXT. (18.13)

CnepoBaTefibHO, NpousBefieHVe ob6bema rasa Ha ero fasne-
HWE YMC/IEHHO PaBHO 2/3 KWHETWYeCKOM 3Heprum XaoTU4ecKoro
NOCTYyNaTe/lbHOr0 ABUXEHUA BCEX MOMEKY/N rasa, 3akt4YeHHbIX
B 3TOM 06beMe. 3TO COOTHOLUEHME CBA3bIBAET MAKPOCKOMUYECKM
Habngaemble U WM3MEPSEMble BEIUYMHLI P U V C OCHOBHOIA
XapakTepucTnKon Enoar MUKPOCKOMUYECKUX LBVXKEHWI, NPOMCXO-
AAWNX BHYTPM rasa u 00yCNOBAMBAKOLWMX HanM4vme [aBfieHus
€ro Ha CTeHKY.

O603HaunMM 4yepe3z NOuucno ABoragpo, T. e. YUCNO MOSeKyn

B OfJHOW KunorpamMmm-monekyne nwo6oro rasa. Ecnm B o6beme
M o

3aK/I0YEHO ~ = V KMOAeil rasa, TO 06Lliee 4YUCNO MONeKyn

paBHO

=~NO (18.14)
MopacTtaBnag 3to BbipaxeHue B (18.11), nonyuum:
P Yy = (18.15)

ConocTtaBMM 3TO YpaBHEHME C 3MMUPUYECKUM YpaBHEHWEM
MenpeneeBa — KnaneiipoHa (14.14) gns TOro e yucna Mosei:

pV=~-RT. (18.16)
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YuutbiBasa (18.13), unmeem:
2 M
o= YRT>

i

E,ocr=4 - T RT- (w7)

Takum 06pa3om, 3Heprus umgeanbHoro rasa Eaxr (monHas
3Heprus, MOCKONbKy ras3 0AHOATOMHbIA U He 06najaeT NOTEHLM-
anbHOW 3Heprveii) nNpAMO NponopunoHanbHa ero abcontTHON
TemnepaType.

CpefHAs KWHeTW4YecKas 3HEeprua nocTynaTeNnbHOro ABuXe-
HWS OLHOM MOJEKy/bl paBHa MOMHOW 3HEPrun rasa, LeNeHHON Ha
4YNCNO MOMEKYN:

TC* (18.18)

T. e. cornacHo (18.17)

e,,0c (18.19)

BennunHel R 1 No aBnsAwTCA YHUBepCcanbHbI MU
NMOCTOAHHBLIMKU. WX OTHOLEHNE

-§;=k (18.20)

TakKXe ABMAETCH YHMBEPCANbHOM MNOCTOAHHOM W HOCWUT Ha3BaHWe
NMOCTOAHHOW BonbumaHa. MNpu /728,31 KOXK/KMOMbL)<
Y~rpag u JU0=6,02-10'6 kmonb"l wumeem &=1,38- 10"-fi
aprirpag= 1,38- K023 p>k/rpag.

BBoas nocTosHHY bBonbumaHa, Mbl MOXeM nepenucaTb
BblpaXKeHWNe ANs CPefHEel KMHETUYECKOW SHEPrUn OLHOW MOMEKy-
nel (18.19) B BUAe

~ o= A= £ kT . (18.21)

Takum 06pa3oM, OKa3blBAETCA, YTO CPefHAs KUHeTu4eckas
JHEPrus XaoTMYEeCcKOro [BWXXEHWA MOJeKyn wuieanbHOro rasa
NpsMO MPOMOpLUUOHanbHa ero abcontoTHOM TemnepaType 1 ABNA-
€TCA Mepoii UHTEHCUBHOCTU TEMNOBOTO ABVIKEHWA MOMEKYN npu
3aflaHHol TemnepaTtype. Tem cambiM opmyna (18.21) BbisBnA-
€T MOMIEKYNSAPHO-KWHETUYECKU/A CMbIC MOHATUA TemmnepaTypsbl.
TemnepaTypa Tena eCTb KONMYeCTBEHHAs Mepa 3HEpPrum Tenno-
BOrO [ABWM>KEHMA MONEKYN, U3 KOTOPbIX COCTONT 3TO Teno. 3ako-
HoMepHas cBA3b (18.21) wmexay abconTHOW TemnepaTypol
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N CpefHel KMHETUYECKON 3Hepruein nocTynaTesibHOro BUMXXEHUS
MO/IEKYN UAeanbHOro rasa nokasblBaeT, KpOMe TOro, 4To npu
OfMHAKOBOIN TemnepaType CpefHUe KUHeTUYECKNE IHeprUn Mone-
Kyn BCeX rasos OLWHAKOBbl, HECMOTPS Ha pasnuyne macc mone-
KYn pasHblX rasos.

MopctaBndasa (18.21) B (18.9), Mbl MOXxem npeobpas3oBaTb
OCHOBHOE YpaBHEHWMe KWUHeTWYecKol Teopuu rasosB K Bugy

p — nkT, (18.22)

CBA3bIBAIOLWEMY [aBNeHWe ra3a p C KOHUEHTpauued Monekyn n
n abconTHON TemnepaTypoin T.

§ 19. TemnepaTypa W MeTOf4bl €€ U3MepeHwus.
ABCOMOTHBIA HYyNb TemnepaTypbl

OcTtaHoBMMCA 60/lee MOAPOOGHO Ha OnNpefefneHun MOHATUSA
Temnepatypbl. MepBOHaYanbHble NPeACTaBNEHNA O CTeMeHW Ha-
rPeToCTV TeN Mbl MOSy4YaeM M3 HENnoCpefCTBEHHOIO YyBCTBEHHO-
ro onbitTa. JloTparnBascb A0 HECKOMbKWX Ten, Mbl MOXEM CKa-
3aTb, KaKoe M3 HuX Tensee, a Kakoe — xonogHee. CoOOTBETCTBEH-
HO 3TOMY Mbl CKa@XX€M, YTO NepBOe M3 Ten MMeeT 60nee BLICOKYHO
TemnepaTypy, 4eM BTOpOeE.

O[fiHaKo BO3MOXHOCTM Hallero HemocpeAcTBEHHOr0 BOCNPUSA-
TS BecbMa OrpaHuueHbl. [1ns onpegeneHns Temnepatypbl Ten
B 60/bWIOM AMana3oHe ee W3MEeHeHWs, a TakKXe [ANA TOYHOro
KONMYECTBEHHOIO CY)XXAEHUS O Hell HeobxoAaMmo npuberatb He
K HEnocpefCTBEHHOMY OLLYLIEHMIO, a K npubopam.

PaccmoTpum fBe Kakme-nnbo cucTembl, cocToswme m3 60/b-
WOro 4nucna Monekyn (rasbl, XWAKOCTM WM TBepAble Tena).
MprBegeM uX B COMPUKOCHOBEHWE TakuMm 06pa3om, 4ToObl OHM
XMMUYECKN He pearnposanu ApYr C ApYroMm, 4yToObl He MPOUCXO-
AUN0 MNepeHoca BeLlecTBa M3 OLHON CUCTEMbl B APYryk, 4TOOLI
04Ha cucTeMa He MoOrfa paclUpWUTbCA 3a CYeT ApYroi, wu
BooOLWe, 4YTOBbl OHM He MOrnuMm ob6MeHMBATHLCSA
MeXaHWYECKDOI IHepruem MaK -
POCKONWYECKUX ABUXEeHUI. Ona 3Toro B 60/bLUINH-
CTBE C/ly4aeB 06e CUCTEMbl HEOBXOAUMO pa3fennTb TOHKOMR, HO
HEeNnpPOHMLAEMON CTEHKOWA.

Mpu 3TOM ewe oOcTaeTcs BO3MOXHbIM MNepexof
3HEPruMM MUKPOCKOMMYUECKUX, XaO0OTUUYECKUX
OLBUXEHWNW MONeKyn, CcocCTaBAAWWMUX 3THK
cuctemsbl. [dpyrumu cnoBamu, OCTaeTcs BO3MOXHbIM 06MEH
BHYTPEHHEN O3Heprmen conpumkKacawlmxcs
cuctem. Takoili 06MeH MOXET MPOMCXOAMTb AMGO MpW Heno-
CPEACTBEHHOM COMPUKOCHOBEHMU, NGO Yepes CTEHKY, OTAeNst-
LYK CUCTEMbI OfLHY OT APYroiA.
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CyMMapHyt0 3Hepruto, OTAaHHYIO TakKUM MYTEM OLHUM TejoM
apyromy, Mbl 6yfeM HasbiBaTb KO/JIMYECTBOM TMNepe-
LaHHONW TennoThl.

ConpuKoCHOBeHMe Tes, MPY KOTOPOM BO3MOXHa NMWb nepe-
fava Tenna OT OfHOro Tefa K Apyromy, Oyaem HasblBaTb
IcNnNOBbBIM KOHTaKTOM 3TUX Ten.

Mpn nepefaye Tenna OT OAHOro Tena K Apyromy Oyget
M3MEHATHCA 3HEPrua XaoTMUYECKOro TENNOBOTO ABUXEHUSA MoJie-
Kyn B 060MX Tenax, 4To npuBedeT K U3MEeHeHUO psaja (pusnye-
CKUX XapaKTepuCTUK I3TUX CUCTEM, CBA3AHHBIX C TernoBbIM
OBVWXXeHMeM. Tak, HanpumMep, Kak Mbl BUAENW B MNpefblgyLiem
naparpae, Ang wWieasbHOro rasa, 3akK/1lOYEHHOro B CcoOCyfe
MOCTOAHHOTO 06bEeMa, C POCTOM 3HEPTUM MOMEKYNAPHOIO ABUXKe-
HUA 6ypeT yBenuuusaTbcs pfaeneHue [hopmyna (18.13)], a
TakKXXe W ero Temneparypa.

Mbl roBOpMM, YTO ABE CUCTEMbI UMEHOT pasHble TemnepaTy-
pbl, €CW NPU TEennoBOM KOHTAKTE WX COCTOSHWUSA HE MEHAITCS.

Ecnm e Temnepatypbl 06enMx CUCTEM pasfiNYHbI, TO MPU KX
COMPUKOCHOBEHWUW BYyLeT MPOUCXOANTL Nepefava Tenna oT 6ofee
HarpeToro Tena K 6o0Jsiee X0/NI04HOMY, U COCTOAAHUA cUCTEM 6yayT
MeHATbCA [0 TeX Mop, MNokKa MeXJy HWMU He YCTaHOBUTCA
Tennosoe paBHoOBecue. C 3TOr0 MOMEHTa TeMnepary-
pbl 06EUX CUCTEM CTaHyT paBHbIMMU.

Ecnv gBa Tena nopo3Hb HaxoAATCA B TeMJ0OBOM PaBHOBECUU
C TPeTbMM, TO OHM OYyAYyT HaxoAUTbLCA B TEM/JOBOM PaBHOBECUU
M NpuU HenocpeAcTBEHHOM COMPUKOCHOBEHUW APYr C APYroMm.
B atom cnyyae Temnepatypbl 060MX Ten OLMHaKOBbI W PaBHbI
TeMnepatype Tena, ¢ KOTOpbIM MPOU3BOAUTCA CPaBHEHME U KOTO-
poe Mbl 6yfgem Ha3biBaTb TEPMOMETPOM.

Kak yxe ykasblBanocb, TemnepaTtypa

eCTb KO/IMYeCTBEHHAsA Mepa 3Heprum xaoTu-

YeCcKOro MOMeKynspHOro ABUXEHUSA B Tenax.

kxr C BO3pacTaHWeEM 3Heprum 3Toro XaoTUYecKo-
ro ABWXEHWA YBeNn4YMBaeTCqd M Temnepary-

pa. MockonbKy M3MEHEHWE  3HEPruu

i1 TENnNoBOro [ABUXEHMNSA MOMeKyN
BCerga MpUMBOAWUT K M3MEHEHMIO LEeNnoro pajga

! L ApYTrux (U3MYECKMX XapaKTepUCTUK cucTe-
Mbl, TO MO YWUCNEHHbLIM 3HAYEHUAM 3ITUX Xa-
0°\ y pPaKTEPUCTUK MOXHO CYAUTb O TemmnepaType
n yCTaHaBNMBaThb COOTBETCTBYlOLME

LwKansl.
MpocTeliwWMMn TepMoOMeTpaMu ABAAKOTCA
Smc- 2.15. XWUOKOCTHbIE. Ha puc. 2.15 n3obpaxeH pryT-

Hblli TEPMOMETP, COCTOALLUIA U3 HEGOMbLLIOTO
pesepByapa C PTYyTbl, OKaHUYMBAOLLErOCs
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TOHKUM Kanunnapom. Mpu HarpesaHWW PTYTb paclunpsaeTcs U ee
ypoBeHb h B kKanunnape nogHumaetcs. LLIkana u Hayano oTcyeTa
TemnepaTypbl MOryT OblTb Bbl6paHbl Mpou3BonbHO. Haubonee
pacnpoCTpaHEHHOW B MeXAyHapoAHOW NpakTUKe ABAsAeTCH
ctTorpagycHaa wkana Uenbcwua. B atom cnyvae
3a Hynb TemnepaTypHoii wkanbl (O °C) npuHATa TemnepaTtypa
nnasneHns nbfa NPU HOPManbHbIX YC/MOBUAX, T. €. MpW fAaBne-
HaM p= 1atm, a 3a 100° — Temnepatypa KuneHus Bogbl (npu
TEX XXe ycnosmax). Pasgenus Torga BbICOTY Kanuanapa Wuw
MeXAy 3TMMKU ABYMS Toukamum Ha 100 paBHbIX 4acTeid, MOXHO
onpefenuTb Temnepatypy t B rpagycax Lienbcus no OTHOLIEHUIO
BbICOTblI MOAHATUA PTYTU B Kanunnape hi K uHTepsany mexay
[LBYMSAI OCHOBHbIMW MOCTOSHHbIMW TOYKaMWu, T. €.

t=-pg * 100 °C. (19.1)

Takoe onpegeneHve TeMmnepatypbl NPUro4HO NWWb ANA TPY-
6bIX M3MepeHuin B ObITY. MNpu 6051€e TOUYHBIX M3MEpPeHUsX 06Ha-
pyXUBaeTcs, 4To ANS pasHbIX TEPMOMETPMYECKUX XKULKOCTEN,
Hanpumep ANS PTYTHOIO M CNMPTOBOrO TEPMOMETPOB, MPU OAM-

HaKOBOW TemMnepatype 4YWUC/IeHHble 3Ha4YeHUA OTHOLUEeHUnN -

coBnajalwT fApyr C APYrom uwb
4N5 BblOPaHHbIX NOCTOAHHbIX TOYeK.
Mpn NPOMEXYTOYHbLIX Xe Temmnepa-
Typax nokasaHus 060Mx TepMOMET-
poB OyAyT HECKONbKO PacXofnTbCs,
TaK Kak 3aKOHbl paclwupeHus pas-
JINYHBIX XUAKOCTEN W COCYAOB, UX
cojepxawux, CTporo rosops, pas-
JNYHBbI.
[na 6onee TouHOro onpepgene-
HWS TemnepaTypHO LWKanbl cnegy-
€T BOCMO/b30BaTbCS NAeaNbHbIM Ta-
30M. [1OCKOMbKY, Kak Mbl BUAenu
B npegblgywem naparpade, wnge-
aNbHbIA ra3 [LOMKEH NOAYUHATLCA
YPaBHEHUIO MeHgeneesa — Kna-
neipoHa (18.16), To o0 Temnepatype
rasa MOXHO CyAUTb MO W3MEHEHWIO
ero obvema wAu faBfieHUS.
Bogopos npu AaBneHUAX, He
MpeBbIWAaKLWMX aTMOCHEPHOe, U B LOBO/LHO LUMPOKOM MHTEpPBa-
ne Temnepatyp 6narogaps O4eHb cnabomy B3aMMOLENCTBUIO
MEXJy €ro MOJIEKyNaMuW MOXHO MpakTU4YeCcKu cuymTaTb upeans-
HbIM ra3oM. [103TOMy [/ TOYHbIX W3MEPEHUI TemnepaTypbl
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M YCTaHOBNEHUS TEPMOMETPUYECKOW LIKanbl MPUMEHSAIOT BOAO-
[X>wWwplin TepmomeTp. PesepByap € BOAOPOAOM, HaxOAsALLMMCS
nog atmocepHbIM faBneHmeMm, coegunHeH ¢ U-o6pasHoii Tpy6-
KOI, 3amofIHEHHOW PTYTbO W OTKPbLITOW C OJHON CTOPOHbBI'B
atmocgepy (puc. 2.16).

Mpu HarpeesaHnn BoAOpPOL pacwwmpserca. Jnsa coxpaHeHud
MOCTOSHCTBA [faB/ieHUs npaBoe KoneHo U-o6pasHoii Tpy6Km
OMycKalT [0 Tex Nop, MOKa He CPaBHAKTCA YPOBHU pPTyTH
1 060MX KONMeHax W TeM cambliM JaBfieHWe BOAOPOAA He CTaHeT
paBHbIM MepBoHayanbHomMy. W3 (18.16) Torga cnepyet, 4TO
F—TI, n N0 u3MeHeHMIO 06bEMa MOXHO onpefennTb Temnepary-
p\ YcnoBnauBasfcb pa3HOCTb TeMMepaTyp MeXAy TOYKOW Kune-
HMS BOAbl M TOUKOWA TasitHWS Nbja cyMTaTb paBHON 100°, MOXHO
0YeHb TOYHO YCTAHOBUTb TEMMEPATYPHYIO LWKany W onpefenunTtb
Hayano otcyeta T—0.

Vimes 3TafiOHHbIA BOAOPOAHbLIA TEPMOMETP, MOXHO TOYHO
MPOrpagyvMpoBaThb /K60 XNULKOCTHbIA TEPMOMETpP, BHE 3aBUCK-
MOCTV OT KOHKPEeTHOro 3aKOHa pacllupeHns TepMOMETPUYECKOA
Xugkoctn. TakuMm >xe 06pa3soM MOXHO MNporpagynposatb U
.MIOBble Apyre TepMOMETPbI, OCHOBaHHbIE Ha 3aBUCUMOCTU MHbIX
CBOWCTB Ten OT MX TemnepaTypbl.

B coBpemeHHOI TexHUKe Hanbonee ypobHbIMKW SBAAKOTCA
|[nekTpuueckne MeToAbl M3MEPeHWUA TemnepaTypbl. B Tak Hasbl-
BaeMblX TepMOMeTpax CONPOTUBMEHUSA UCNOMb3Y-
eTCA W3MEHeHWe COMNPOTUB/IEHWS MEeTannoB U MOMYNPOBOAHUKOB
npu ux HarpeBaHun. TepmMo3aneMeHTaMuW wwm Tep-
MonmapaMu un3MepsaeTCs 3NeKTPOABMXKYLLAA Cuna, BO3HMKA-
olWas npyu HarpeBaHWM MecTa KOHTakTa (cmas) [ByX MmeTan-
NOB WM NONYNPOBOAHUKOB. DNeKTpMYecKne MeTOoAbl U3MEepeHUs
TemnepaTyp 6onee noApo6HO 6YyAyT pacCcMOTpeHbl B Tome |l.

Mpu niobom mMeTofe onpefeneHUs TemnepaTtypbl Ha Temnepa-
TYPHOI LWKane MOXHO OTMeTUTb HEKOTOPYH TOYKY, MMEIOLLYHO
abconoTHoe 3HauveHMe. OTa TOUKa OTBedyaeT TeMmepaTtype, npu
KOTOpOW OTCYTCTBYET XaOTMUYECKOe (TEMNOBOE) ABWMXEHWE MOoJe-
Kyn, W HOCUT Ha3BaHne ab6CONITHOTNO Hyna TeMmnepaty-
pol (7=0° A6c.= 0°K). B cny4ae mAeanbHOro rasa 3HayeHuIo
/'=0 oTBeuyaeT OTCYTCTBME KMHETUYECKON 3HEPrMm noctynaTesb-

HOro ABwxXeHuna monekyn A ~ [r=-*-kT=0" n oTCyTCTBUE [aB-

neumns (p=nkT=0).

He cnegyet fymatb, 4To npy abCONOTHOM HyJfie Temneparty-
pbl MpekpawaeTcs BCHAKOE [BMKEHME YacTul, BellecTsa.
[axe ecnu Bce MONeKy/fbl ras3a OCTAHOBATCH, TO BHYTPM HUMX
OyayT ABUraTbCA 31eKTPOHbI N0 ONpeAeneHHbIM opbuTam BOKPYr
A4ep, onpefeneHHbIM 06pa3om OYAYyT y4yacTBOBaTb B ABVKEHUWU
MPOTOHbI U HENTPOHbI BHYTPM sgep. Huxke Mbl ybegmmcs, uTo,
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HanpuMep, CpefHsAs KUHEeTUYEecKas aHeprus CBOGOAHbIX 31eKTPO-
HOB B MeTajfie npu aGCONMOTHOM Hyne B COTHW pa3 MpeBblllaeT
CPEAHIO KMHETUYECKYH0 3HEPTUI0 MOJEKYS rasa npyu KOMHATHOM
TemnepaTtype U T. A.

AGCOMIOTHBLIA HYNb TeMnepaTypbl 03HauaeT (eCAW He WMETb
B BUAY 3aBefOMO WAEaNVN3NPOBaHHbIA 06bLEKT — UAeaNbHbIl
ras) He OTCYTCTBME [BUDKEHUS, HO TaKoe COCTOSHWE Tena, npwu
KOTOPOM AanbHeillliee YMeHbLIEHME WHTEHCUMBHOCTU 3TOM0 [BWU-
>KEHUS 3@ CYET OTAAYM €ro 3HepPruy OKPy>KalLWWm Tenam He-
BO3MO>KHO.

CnefoBaTeNibHO, MPX aBCOMOTHOM Hyne cUCTEeMa HaxoAuTCs
B COCTOSHUM C HaWMEHbLUeli BO3MOXKHON 3Heprueil. Xapaktep
3TOT0 COCTOSIHWS 3aBUCUT OT KOHKPETHbIX CBOWCTB COCTaBAANO-
WUX CUCTEMY YacTul,.

§ 20. CkopocTu rasoBbiX MoOnekyn. PacnpegeneHune Makcsesnna

CornacHo (18.21) cpefHas KMHEeTU4YecKas aHeprua nocrtyna-
TENbHOTO [ABMXXEeHUs MOJSIEKYN WAeanbHOro rasa npsmo nponop-
LuMoHanbHa ero abconlOTHON Temnepatype:

Trme= =4 *7\ (201)

OTcrofa MOXHO HanTK CpeaHKK KBagpaTU4YHYH CKOPOCTb
MONEeKyn

C.,,=VvV?2=V ?2=yiF" 120-2»

OHa pacTeT MNPSMO NPOMOPLMOHANLHO KBagpaTHOMY KOPHHO M3
abCcontoTHOI TemnepaTypbl. [ Hax0XAeHWUs YUCMEHHbIX 3Ha-
UeHMIAi CKOpPOCTel ra3oBbliX MOJSIEKY/T HEOGXOAMMO 3HATb WX Mac-
cbl M uucno ABoragpo. OfHaKoO MOCKO/bKY MPOM3BEfEeHUe

mNO=[i (20.3)

eCTb Macca OfHOW KWA0rpaMM-MOMIEKYSbl, WAU MOJEKYNSPHbIiA

BEC, TO 4NA pacyeTa mycZ MOXHO BOCMO/b30BaTbCAd COOTHO-
LUEHNEM

YyXKe He cofepXawmm MWKPOCKOMMYECKMX XapaKTepucTuk OT-
AenbHbIX Monekyn. lMpu KoMHaTHOW Temnepatype /= 20 °C,
T e T=293 °K, cpefHAs KBafgpaTWU4yHas CKOPOCTb MOJEKY/
kucnopoga Or paBHa
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Mp — /bb*\ﬂ#,quKmonb rpag>Krpag_ @ y

V 32 Kr/KMOfb

Mpu ToW e TemnepaType MOMeKy/bl Bogopoga Hr ¢ moneky-
NAPHbIM BecoM 2 Kr/kmonb, T. €. B 16 pa3 MeHbWwuM, 6yayT
MMeTb CKopocTb B -\ 6=4 pa3a 60nblWwyk, T. €. 0KOMO
2 KMm/cek.

M3 npusegeHHbIX Yyucen BUAHO, YTO MOJIEKY/IbI OKpYy>KaloLe-
lo Hac Bo3gyxa [LBMXKYTCA CO CKOpPOCTAMM MopsAfKa CKOPOCTH
noneta Hynb. [Ns 3KCNEPUMEHTANbHONW MNPOBEPKU (OPMY/bI
(20.4) MOXXHO NPOM3BECTM M3MEPEHME CKOPOCTEN MOJIEKYST METO-
JaMW, aHaloTMYHbIMW HEKOTOPbIM MeTofaM, MPUMEHSAEMbIM B
TEXHUKE ONA U3MEepeHWs CKOpOCTW nofieta nyfb.

CxemMa OAHOr0O M3 NpoCTeAWUX MeTOAOB OMNpefeneHus CKo-
poctn nynu m3obpaxeHa Ha puc 2.17. [Ba O6YMaxHbIX AuUcKa
HacaXeHbl Ha paccTofHMWM /[ Jpyr OT Apyra Ha O06Lyt OCb,

BpallaloLLyocs C WU3BECT-
HO yrNnoBOW CKOPOCTbHHO
(0. Mynelt npocTpenueaioT
oba fgucka napannensHo
ocu BpalieHusa- [surasacb
CO CKopocThio V, nynsa
npobbeT cHauvana nepBbll
JOUCK, 3aTeM npoiget pac-
CTOAHWE MeXAy Juckamu

/ 3a Bpems t—; W, Ha-

KOHel,, NPo6LET BTOPO AWCK. 3a BPEMs MponeTa Nynu Mexay
AMCKaMW [MCKM YCNEeBalT MOBEPHYTbCSA HA Yrof

(ﬁ)_z co/l= w—v

M3mepsas yron @ mMexgy paguycamiu, Ha KOTOPbIX pacnosno-
XKEeHbl NPO60OMHBI B 060MX AMCKAaxX, MOXHO OTCloAa HalTu UCKO-
MyI0 CKOPOCTb My/M V N0 BeMYUHaM o, / 1 g OnpefensiemMbiM 13
onbITa:

v=-A~, 20.5
. (20.5)

Ecnn, Hanpumep, MoOTOp, BpawawowWmMii  Ancku, paenaet

3000 o6/mMuH (bI= 100n pag/cek) u yron mMexgy npoboumHamu

coctaBnaetr 30° A~ (p=-"-pag” npu pacctosHuund /= 1 M, TO

CKOpOCTb My/M paBHa-.



Npes atoro metoga 6bina nonoxeHa LUTepHOM B OCHOBY
OMbiTa, MO3BO/IMBLUETO HEMOCPEACTBEHHO W3MEPUTb CKOPOCTU
TEnsoBOro ABMXeHUA Monekyn. Cxema onbiTa LTepHa m3obpa-
)XeHa Ha pwuc. 2.18, a. [Ba KoaKcuanbHbIX LWINHAPA BpaLLatoT-
CA C OAWHAKOBOM YrnoBoi CKopocTbto 0. o ocu HaTsHyTa
nnaTMHOBasA NPOBOJIOYKA, NOKPLITAA CNoem cepeb-
pa v HarpeBaemas 3/IeKTPUYECKUM TOKOM. Temne-
paTypa NpoOBOMIOYKM MOXET OblTb M3MEpeHa Mo ee
3NeKTPUYECKOMY COMPOTUBEHUIO WIN ee CBeuye-

HWIO OnTMYeckKUM nupometpoMm. Cepebpo opfHO-
aTOMHO, T. €. er0 MOJNIeKY/ibl WAEHTUYHbI C aTOMa-
mu. Mpu Temnepatype 1200 °C aTombl cepebpa
ncnapsaTCcsa ¢ NOBEPXHOCTWU MPOBOJSIOYKM U pasfie-
TalTCA BO BCe CTOPOHbI CO CKOPOCTAMU, KOTOPbIE
MOTYT ObITb paccymMTaHbl TEOPETUYECKU MO POpMy-

Bo3gyx u3 Bceli yCTaHOBKM npeABapuTeNbHO
OTKa4yuBaeTcs, 4TOObI NeTAWME aTOMbl cepebpa He
WCNbITLIBAM Ha CBOEM MYTW CTONKHOBEHWI C MO-
neKynamm BoO3fyxa.

Uepe3 y3KyH LWenb BAO/b' BHYTPEHHEr0 LWU-
NUHApa BblaeTaeT My4yoK aToMoB cepebpa, CKO-
POCTN KOTOPbIX HanpaBfeHbl BAOMb PajuyCoB.

Moka atom cepebpa, NeTAWMIA CO CKOPOCTLIO
C, MPOXOAMT paccTOsHWE MexXAy uuanHapamu /,
UMAVMHAPLI yCNeBarT MOBEPHYTLCA Ha Yyron

(p=()t= a>L-

Monagas Ha XONOLHYIO CTEHKY BHELHero LWauHApa, aTtoMbl
cepebpa ocaxgatoTca, obpasysa cepebpsHYyH NONOCKY, KOTOpas
npesctaBnseT coboil n306paKeHne LWenn BHYTPEHHEro LUANHA-
pa Ha BHeLHeM UWAWHAPE, CABUHYTOE Ha yron < (puc. 2.18, 6).
M3mepsas 3TOT yroa, MOXHO HaiTM CKOPOCTb TeM0BOro ABUXKe-
HMA aToMOB cepebpa

c="-, (20.6)

W MPOBEpPUTb COOTBETCTBME WM3MEPEHHOr0 3HAYeHWs ee C BbiBe-
[OEHHbIM M3 MONeKYNAPHO-KMHETUYECKONn Teopumn  [(hopmyna
(20.4)].

Mpubop LWTepHa cosepwan 45 o6/cek, n cmeleHne cepeb-
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PAHON MOMOCKU 6bIfI0 LOCTAaTOYHO XOPOLWO 3aMeTHbIM. CoBnage-
HMe M3MEpeHHbIX 3HaYeHWii CKOPOCTeli MOMEKYN C pacCUMTaHHbl-
M/ TEOPETMYECKM 0Ka3anoCb WCKIUYMTENbHO XOPOLIUM.

Bcnefnctere XaoTUYHOCTM TEMNOBOrO
OBVXKEHUS CKOPOCTU OTAeNbHbIX aTOMOB
cepebpa HeCKONbKO OTAMYaloTCs ApYyr OT
apyra, u cepebpsHas NonoCKa Ha BHeL-
HEM LUUNMHAPe 0Ka3anacb pa3mas’aHHOM,
KaK MokasaHo Ha puc. 2.19. PasnnuHasg
TO/WMHA OTNOXMBLUErocs cepebpa npu
pasHbiX 3HAYeHUAX Yraa cMmeleHus ¢
YKa3blBaeT Ha TO, YTO HEKOTOPble 3Ha4eT
HWA CKOPOCTM MOJIeKYN C BCTpevalnTCs
yauie, a fpyrue — pexe.

Ecan monekynbl, UMEKOLLNE CKOPOCTb
c, 6yayT nonagatb B TOYKM BHELUHEro
UMNWMHAPA, CABUHYTble OTHOCMTENIbHO
Wwenu Ha yron ¢, To 60/iee ObLICTPbIE MOJIEKY/bI, UMelOLWme
CKOpoCTb c+[lc, nonagyT B TOYKU BHELUHEro uuauHAapa, CABu-
HyTble Ha COOTBETCTBEHHO MeHbLWMA yron <p— Ad. WN3yuas

Puc. 2.19.

PHCc 2.20.

OTHOCUTENbHOE KOMWYECTBO aTOMOB Ha OTAE/bHbIX MOA0CKax
WwupuHoii Ad, MOXHO HaliTu umcno monekyn ANCc, cKopocTu
KOTOpbIX 3aK/loyeHbl B WHTepBane oT ¢ go c+/c.

M306pasum  nonyyeHHblli pe3ynbTaT rpaduuecku  (puc.
2.20). Mo ocx abcumcc OTNOXKUM pasfinyHble BO3MOXHbIE 3HaYe-
HMWS CKOpPOCTEl MOMEKYN C U WHTEpBanoOB 3TUX CKopocTel Ac.
Yucno monekyn ANG CKOPOCTM KOTOPbIX fiexaT B MHTepBane OT
c go c+ [c, n3obpasmm Ha rpake nnou ajblo 3awTpu-
X0BaHHOI0 MPSAMOYrO/bHUKA, MNOCTPOEHHOr0 Ha MWHTepsane Ac
KaK OCHOBaHUW. M3 04YeBMAHOro TOXAECTBa
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cnefyet, YTO BbICOTA TaKOro NPsSMOYrofbHWKA, T. €. ero opAuHa-
Ta, paBHa ANC/&Cc u npegctaBnseT coboi 4MCNO MOMEKyn,
CKOPOCTW KOTOPbIX 3aK/4YeHbl B efUHUYHOM WHTepBane Ac= |
BONM3M 3HAuyeHUs C. 3amMeTum, 4YTO CyMMa Mnowagen Bcex
NPsAMOYrofbHUKOB paBHa cymme Bcex ANGT. e. paBHa NoAHOMY
yucny mosnekyn N.

Pa3buB ocb abcuucc Ha uHTepBanbl Ac (Hanpumep, oT 0 go
1 m/cek, or 1lm/cek go 2 m/cek M T. A) M MOCTPOMB Ha
KaX/JO0M W3 3TUX WHTEpPBa/ioB COOTBETCTBYHOLIWMWA eMy npamo-

. ANC
YTONIbHUK BbICOTO g’¥ Mbl MOMYYUM HarnsigHoe m3obpaxeHue

pacnpejeneHus uyucna Monekyn no ckopoctam. bonee Bbicokue
NPSAMOYTO/IbHUKM MOKa3blBalOT, YTO AaHHOe 3HauyeHue CKOpPOCTU
c (ToyHee, MHTepBana CKopocTeid OT ¢ A0 c-\-Ac) BCTpevaeTcs
yaule, TaK Kak MoOnekyn, 006najalowmx TakMMyW CKOPOCTAMM,
6onblue, YeM MOMEKY/N C APYTMMU 3HAYEHUSMU CKOPOCTM.
PasbmBasa ocb abcuucc Ha [OCTATOYHO Manble WHTEPBasbl
N nepexoas K npegeny, T- €. 3aMeHsAs npupalieHns guddepeH-
unanamMmu, Mbl 3aMeHUM CTYMEeHYaTyH JIMHWUIO CMNJIOWHOW KPWBOL

(20.7)

n3o6paxeHHOW Ha puc. 2.20 NyHKTMPOM. 3Ta KpuBas sBAseTCA
n3o6paxeHnem QyHkuun /(c), Ha3biBaeMON G YHKLUMeET
pacnpejgeneHuns.

Kak u paHee, cymma Bcex dN, paBHas nNOMHOMY u4ucny
monekyn N, wn306pasuTcad nnowanblo, 3aK/JYEHHON Mexay
KpuBoW f(c) n ocblo abcumcc.

MaTtemaTnyeckoe BblpaXeHUe QYHKLMM pacnpegeneHus no
CKOPOCTAM MOeKyn WAeanbHOro rasa npu TenioBOM paBHOBe-
cum  (20.7) 6bIn0 BnepBble nonyvyeHo Makceennom B 1860 T.
C NOMOLLbI MPUMEHEHWUS METOLOB Teopun BEPOATHOCTU. [103-
nHee bonbumaH fan 6onee cTporoe 060CHOBaHWE MOAYYEHHOTO
MakcBennom BbiBOga. He ocTaHaBnuMBasCcb Ha FPOMO3AKMX Bbl-
YMCNEHWAX, NPUBEAEM OKOHYaTeNbHbI pe3ynbTaT:

3 TCr

dNc=f(c)dc=Nse4 a (~r1) Te~_~u1 ~cYc, (20.8)

rae N — nonHoe 4ucno Monekyn B 06beme. MakcBenioBCKas
hyHKUMA pacnpegeneHns MONekyn no ckopocTsam /(c) nsobpaxe-
Ha Ha puc. 2.21. OTa GyHKUMA CTPEMUTCS K Hyn npu c-*-0
n c—>-00. CnepoBaTeNibHO, OTHOCUTEIbHOE YMC/I0 MOJIEKYN B rase,
06MafaroLWwmMX O0YeHb ManbIMU WM OYeHb BONBLLINMU CKOPOCTSMM
(N0 cpaBHEHUIO CO CPefHUMM), HUYTOXHO Mano.

®yHKuma f(C) nmeeT MakCUMyM Mpy 3HAYEHUU CKOPOCTM,
paBHOM
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c.=V ¥ =V ¥~ (2m,

ABNAOWMMCA HanboNee BEPOSATHBIM 3HAaUYeHUEM

cKOpocTU. MoneKkynbl CO CKOPOCTSIMM, 6M3KMMMU K CB, BCTpeva-
loTCS B rase 0COGEHHO 4acTo.

KpuBasa (20.8) HecMmMeTpuM4yHa OTHOCUTENbHO C,, TaK Kak

B rase MMeeTCcs CpPaBHUTENbHO HebBOMbLIOE YUCNO MOMEKYN C

0YeHb GONBWMMU CKOpOCTSMU. [103TOMY CpefHss apuipmeTuye-

cKas C U CpefHss KBagpatuyHas -yl? CKOpPOCTM CABUHYTHI
OTHOCUTENIbHO Hee HECKO/IbKO BMpaBo. BbluMCieHWs nokasbiBa-
toT, 4TO

T=Y 1p <o0no>
= QOII>
c.-.T:Vcer = 1:1,13:1,22. (20.12)

Mpn BO3pacTaHWW Temnepatypbl CPefHAs CKOPOCTb C U
Hanbonee BepOsATHas CKOPOCTb CB YBENMYMBAKOTCA MPOMNOPLUO-
HanbHo N[T u Makcumym pacnpegeneHus (20.8) casuraetcs
BMpaBo, KakK 3TO MokKasaHo Ha puc. 2.22. [lpu 3TOM u4uKcC/O
Mef[J/IeHHbIX Monekyn (manble c) y6biBaeT, a 4YMCNO ObICTPbIX
BO3pacTaeT, HO naowafgb nof Kpusoi /(C), paBHas MOSIHOMY
yucny Bcex Monekyn rasa N, ocTaeTcs NOCTOSAHHOMN.

XoTA OTHOCUTeNlbHOe 4MCNo Hambonee ObLICTPbIX MONEKYN
C 3HepruaMu, 3HaAYUTENIbHO MPEBbLIWAKWUMN CPEAHIOI,

"TiNe "1Z-=+kT (20.13)

HUYTOXHO Mano, B PAAe CAy4aeB OHU WUIpaloT WCKMOUUTENbHO
BaXHYI0 ponb. TakK, MNpU XMMWUYECKMX peakumax B MEPBYHO
ouyepelb pearvpyrT 3Tu, obnagarouiime Hambonbllel KUHeTu4e-
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CKOIl 3Heprveii, mMonekysbl, ¥ CKOPOCTb peakuuu mpsamo nporop-
UMoHanbHa Ux uucny. Ans onpegeneHus uducna NMMonekyn,
CKOPOCTU KOTOpbIX TMPeBbIWAT 3aAaHHOK BeMYMHYy cM (a

3HEPIus — BEIMUYUHY eM= —~ ), HeoGXOAMMO HalTW 3aWTPUXO0-

BaHHYI0 Ha puc. 2.22 nnowagb «XBOCTa» MaKCBe//0BCKOro
pacnpefienieHus. BbluncneHns parwT, 4TO

NKxNe X =Ne KI. (20.14)

OTctoga BUAHO, YTO, Hanpumep, OTHOCUTE/NIbHOE YUCOo MoJe-
KY/, S3HEpPrus KOTOPbIX MpeBbillaeT BENUUYNHY eM=2~E~noc=3/r7\
3KT

paBHo e KT T. e. coctaBnser 5 %, a BenUYUHY
w

4 ~mcr=bIrT, paBHo 1 KT T. €. COCTaBnger

0,25 %.

C yBenn4yeHnem TemnepaTypbl MNoKasatefbHas QYHKUUA
(20.14) ou4eHb KpyTO BO3pacTaeT. ATO 0O6BLACHAET pe3Koe yBenum-
YeHMe CKOpPOCTM XMMMWYECKUX Peakuuil C NoBbllLEeHMEeM Temme-
paTypbl.

Mpn KaXkAOM CTO/IKHOBEHUW MOJIEKY/ B rase U3MEHAOTCHA He
TO/MIbKO HamnpasfeHUs, HO W BeIMYMHbI CKOPOCTEl 06enx CTankm-
BaloLMXCA MOneKys. CKOPOCTU OfHMX MOJIEKYS NMPU 3TOM YBENU-
ymBaKTCH, a APYrux — yMeHblUaroTca. HO 4Mcio MOnekyn, cKo-
poCTM KOTOPbIX nexaT B J060M OnpefeneHHOM WHTepBane
ckopocTeli Ac, He MeHsieTca. Ecnn B pesynbTare CTO/IKHOBEHWUM
B e4MHMLY BpeMeHM An Monekyn, obnafaswnvX CKOPOCTbIO B
UHTepBane AC, U3MEHAT CBOK CKOPOCTb, TO POBHO CTO/IbKO Xe
MOJIEKYN, 061afaBLINX paHblle ApYyruMu CKOpoCcTAMM, npuobpe-
TYT B pe3ynbTaTe CTO/NKHOBEHWIA CKOpPOCTb B npegenax Ac. Pas
YyCTAaHOBMBLUEECA MAKCBE/NOBCKOE pacnpefeNeHne no CKopoCcTAM
B fanbHeillleM coxpaHseTca.

bonee Toro, Kak nokasan bonbuMaH, B pe3ynbTate B3aMMoO-
LelicTBMA MeXAy MOofekyfnaMmu, Kakum 6bl HW 6Obl10 MCXOLHOE
pacnpefeneHne CKopocTell MONeKyn, B KOHUe KOHUOB (Kak
npasuno, Becbma ObICTPO) YyCTaHaBNMBaeTCA MaKCBEINOBCKOE
pacnpegeneHue.

lMpn 3TOM, KOHEYHO, He MMEKTCA B BUAY OTHOCUTE/IBHO
Masible OTK/IOHEHWA OT MaKCBe/JIOBCKOro pacnpefeneHms —
(hAyKTyauumn, HensbeXxHble B CUNY XaOTUYHOTO [BUXEHWUA Mone-
Kyn. MaKkcBennoBCKoe pacnpefefieHne ecTb CTaTUCTUYECKUii 3a-
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KOH, BepHblii ¢ Tem 60nblueid TOYHOCTbIO, 4YeM 6OfbLuee 4MCAOo
MOJSIEKy/l HaxoauTcs B rase.

§ 21. Ta3 B mone TAXecTU. bapomeTpuyeckasa topmyna

Bnarogaps HaauMuuMl XaoTMYECKOrO TEMJ0BOr0 [ABUXEHMWA
MONeKy/bl rasa pacnpegenstoTca no BCcemy npeAocTtaBlieHHOMY
emy 06beMy, paBHOMEPHO 3ano/iHAA MNOCMEAHUA TONMbKO B TOM
cnyyae, €Cv Ha MOJMIEKY/bl rasa He AEeACTBYHOT BHELIHWE CUSbI.
ATMOC(epHbI BO34YX, OKpYXawlwwmnii 3ema, He OorpaHu4eH
HUKaKMMW CTEHKaMW, HO He pasfeTaeTca MO BCEMY MUPOBOMY
NPOCTPAaHCTBY. DTOMY NPENATCTBYET CU/a 3eMHOTO NPUTHKEHUS.

C [pyroii CTOpOHbI, NpU OTCYTCTBMW TEMNOBOr0 ABMKEHUSA
(/"= 0) Kaxpana oTheNbHas MONEKyfna rasa no 3akoHam Mexa-
HVKA [O0/MKHa 6blna 6bl nagate BHM3. Bce Monekynbl rasa
LOMKHbI OblIM Bbl CKOMUTLCA Y MOBEPXHOCTU 3eMAN, TFAe UX
NMoTeHUManbHaa 3HEPrus U MUHMMasbHA.

Bnarogapa 60pbbe 3TWX ABYX B3aUMHO MPOTUBOMOJIOXHbLIX
TeHAEeHUMA ycTaHaB/NBaeTCA MOABVMKHOE paBHOBecUe, Mpu KO-
TOPOM KOHLEHTpauusa MOJIeKyn BO3fyXa Ny MOBEPXHOCTU 3eMJiu
MaKCMManbHa M NOCTEMEHHO YMEHbLUaeTCsa C BbICOTON. W3 BbiBe-
LeHHOro B § 18 COOTHOLIEHUS

p=nkT (21.1)

cnegyeT, 4YTo Mo Mepe nNojbema Haf YPOBHEM 3eMSIM U YMeHblue-
HUS N OyfeT TakXe YyMeHbLaTbCA U aTMOC(epHOoe [AaBieHue.
3aBMCMMOCTb aTMOCHEPHOro faBfieHUs P OT BbICOTbl Z HOCUT
HasBaHWe 6apoMeTpUUYECcKONn GopmMynbl.

[Onsa BbiBOoga 6apomeTpuyeckoii hopMy/bl UCMONb3YEM HEKO-
TOpble ynpowawLue npesnosioxXeHus.

1) ATmocepHoe gaBfeHne CTAHOBUTCS MpPeHeObpexnmo Ma-
NbIM y>XKe Ha BbicoTe 100—200 kM, KoTOpas ABASeTCA Manoi no
cpaBHeHUIO ¢ paguycom 3emnmn (A3«6370 Km). T0O3TOMY MOX-
HO CUYMTATb YCKOPeHWe CWUbl THXKECTU g NpPakKTUUYECKHU
MOCTOAHHbBIM W He 3aBUCALWMKUM OT BbICOTHI.

2) [axe y camoii NOBEpPXHOCTU 3emau faBfieHWe W NAoT-
HOCTb BO3[lyXa CPaBHWUTENbHO HeBeNuKW. [103TOMYy BO3AyX Mo-
BCIOY MOXHO CuMTaTb WAeanbHbIM ra3om.

Maccy KaXpgoi MONeKkynbl BO3gyxa 0003HauMM 4epes T,
npeHebperas B NepBOM MPUGAVKEHWW HE6O0MbLIOA pasHuWLel
MOJIEKYNAPHBIX BECOB OCHOBHbIX KOMIMOHEHTOB BO34yXa — a30Ta
(Ji= 28 kr/kmonb) un kucnopoga (p=32 Kr/kMmonb).

3) TemnepaTypa BO3gyXa C BbICOTOW MNOHMXKaeTCA Ha He-
CKO/IbKO [eCATKOB rpajycoB. [MOCKOMbKY Yy MOBEPXHOCTW 3eM/u
abcontoTHaa Temnepatypa [Mx300 °K, TO Mbl npeHebpexem
3TUMU W3MEHEHUAMW TemnepaTypbl WM MNpoM3BeAeM pacyeT And
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TaK Has3blBaeMOh M30TepMMUYeCKOW aTmocdepsl,
cunTad 7= const.

BblgenM MbICNEHHO Ha BbICOTE Z Haj YPOBHEM 3eMAN LM-
NUHAPUYecKnii 06bem BO3AyXa BbICOTOW dz M naowagblo OCHO-
BaHus 5 (puc. 2.23). [LaBneHne Bo3gyxa Ha BbicOoTe z 0603Ha-
YMM 4Yepes p, a Ha BbICOTE z-\-dz COOTBETCTBEHHO 4epe3 p-\-dp.
MockonbKy AaBneHWe C BbICOTOM MafjaeT, TO ero npupaiieHue
6ypeT otpuuatensHeliM (dpcO).

Ha kaxayt oTAenbHYK MOMeKyny Maccbl T [eliCTBYeT cuna
TAXecTu mg. Yucno Monekysn B BblAe/IEHHOM 3/IeMeHTe paBHO
npoussegeHnto ero obbema S dz Ha umucno
MONeKyNn B eauHuue obbema M. [MoMHbIN
BEC MOJIEKY/N B BbILENEHHOM 3/1eMeHTe pa-

BEH

dF= mgnSdz. (21.2)

Kpome Beca dF, Ha MosfieKynbl B pac-
cMaTpuBaeMoM 00beme [AeACTBYeT CBepxy
cuna pasneHus (p-\-dp)S wu cHu3y cuna
pasneHusa pS. o geincTBMeM 3TUX Tpex
cun obbem HaxoguTcs B paBHoBecuu. Crie-
f0BaTe/NbHO,

nmgS dz+(p-\-dp)S=pS. (21.3)

Cokpawad Ha S u npeobpasys 3To
paBeHCTBO, NONyYaem BblpaXeHWe Ans ns-
MeHeHus faBneHus dp npuv nogbeme Ha BbICOTY dz:

dp— —nmg dz. (21.4)
3ameHus cornacHo (21.1) n Ha p/kT, npeobpasyem (21.4)
K BUay

dp __ rng
b dz. (21.5)

OTcioga cneayet, 4To Ha N060l BbICOTE Z NpU NoAbeMe Ha
0fMHAKOBYI0 BennuuHy CaaBneHUe yMeHbLUaeTCs Ha Of4MHaKo-
BYIO o0 — dp/p OT CBOell nepBOHaYanbHON BennYnHbL. VHauve
roBops, Korga BbiCOTa pacTeT MO 3aKOHY apupMeTNyecKol
nporpeccuun, To faBneHue y6biBaeT MO 3aKOHY FeOMeTpPMYECKOW
nporpeccuu.

Mepenuwem (21.5) B BUAe

dp mg —
‘T dz=0.

3aMeTuM, 4YTO OTHOWeHMe dp/p ecTb guddepeHuman HaTty-
pansHoro norapmgma d (In p), a MOCTOAHHbLIA MHOXWTESb
mg/k'T MOXHO BHeCcTM nof 3Hak auddgepeHumnana. Torpa

no



d(\np)+d(~y=d [Inp+~"]=0. (21.6)

M3 paBeHCTBa Hynwo guddepeHumnana BeANYMHbI, CTOSALLEN
M KBajgpaTHbIX CKobkax, cnegyet, 4TO cama 3Ta Be/U4YMHa
nocTosiHHa. O603Ha4YMM 3Ty MOCTOsIHHYK 4epe3 Inpo- Torpga
mgz

In p- KT

= po. (21.7)

W3 (21.7) cnepyeT, 4TO Ha ypoBHe 3emnu npu 2=0 p=po-
Taknum 06pa3omM, KOHCTaHTa po npejcTaBnsieT coboil aTmocdep-
HOe [aB/fieHMe Ha MOBEPXHOCTM 3eman. Onpegenvm p:

- - mgz
Inp—Inp0= InE = T
OTcropa
mgz
~TT~
Po
T. e
mgz
p(r)=poe K. (21.8)

Lns nonyyeHUs CcOOTHOLWEHWs, YAOGHOTO ANs BblUMC/IEHUS
P Ha pasHbIX BbICOTAxX, BOCMOJ/Ib3YyEMCS TEM, YTO

m__mNO__ u

k kNO R
Torpa 6apomeTpuyeckas dopmyna npuMeT BuUf
llgz
p{z)=plk RT. (21.9)

Mpaduk 3aBucumoctn (21.9) wun3obpa-
)XeH Ha puc. 2.24.

Onpegenvm BbICOTY 2i/2, Ha KOTOpPOW
faBneHve rasa nagaeT B[BOE,

P{z1/2) —~Po-
MopcTaBnss B (21.9), NoNy4UM:
ALK,
: RT oTkyga
:-"Vg:ln2= 0,693". (21.10)

[nsa Bo3gyxa, cumTas ero CpeAHuin Mo-



NEKYNApHbIA BeC p=29 Kr/KMONb, Haingem:

8,31-——— — --293 rpag
21/2= 0,693 W, Olb-Tpa--r-mm-mmrmreeer = 6-103 M= 6 KM.
29———9,8-"—
KMO/b cekl

Mpn nogbeme Ha BbICOTY 6 KM Haj YPOBHEM MOpSA aTMocdep-
Hoe faBneHwe najaeT AO MNOJIOBMHbI MepBOHAYaNbHOrO0 3Haye-
Hua. [pn nogveme Ha BbICOTY 12 KM pgaBneHve ynajet Ao
{—I \)2——| nepsoHayanbHOro u T. [.

M3mepas ¢ nomowbio GapomeTpa faBneHwe p B ropax,
MOXHO cornacHo (21.9) onpefenuTb BbICOTY MeCTa Haf ypoB-
HeM Mops. Ha aTOM npuHUMNe OCHOBAHO YCTPOWCTBO aBMaLMOH-
HbIX BblCOTOMEPOB (aNbTUMETPOB).

YpaBHeHne (21.4), nexalliee B OCHOBe BbiBOfa H6apomeTpu-
YeCKON (hopMy/ibl, NOKa3biBAET, YTO PA3HOCTb AaBleHUN Ha ABYX
Kakux-nmbo YpoBHAX paBHa Becy cTonba rasa c nNaowWagbio
MOMepeyHoro cevyeHms 5 = 1, 3aK/HOYEHHOT0 MeXAy 3TUMU YpOB-
HAMMK. Ha 6eCKOHeYHO BbiCcOTE Z->-00 faBneHue p(r)-+-poé~'la =
=0, T. e. cTpemMuTca K Hyno. CnepfosaTefnibHO, JaBleHWe p Ha
HEKOTOPOW BbICOTE Z YWUCNEHHO PaBHO Becy CTon6a aTmocdepsbl
C eAMHWYHLIM TMOMepeyHbIM CeYeHWEeM, HaxofsAwWweroca Hapg
3TUM YPOBHEM.

MMoCKOMbKY p MPAMO MPOMNOPLUOHANIBHO M, TO ANA KOHLEHT-
pauuy rasoBbiX MOJeKyn nonyyaetca u3 (21.8) aHanoruyHas
3aBMCUMOCTb

mgz

n(z)=ne KT, (21.11)

rge cornacHo (21.8) u (21-1) umcno Monekyn B efuHuULe o6bema
rasa y MoOBepXHOCTU 3eM/N PaBHO

no=-&. (21-12)
AHanM3nMpys MnoNyYeHHble COOTHOLUEHWA, Mbl BUAUM  (CM.

§ 7), UTO BeNMYUHA
mgz— u(z) (21.13)
npeacTaBnsieT COO0M MOTEHUWANbHYH 3HEPTUI0 OLHOW MOMEKY-
Nbl, MOAHATOW B NOJe TAXECTW Ha BbicoTy z (M (z)=0 npu z =0,

T- e. m(0)=0). CooTHoweHne (21.11) Torga MOXHO Mepenucatb
B BUAe



Vi3MeHeHMe KOHLEHTpauunm Monekyn C BbICOTON 3aBUCUT OT
COOTHOLUEHUS MeXJy 3Heprueid TennoBoro AsuxeHus KT wu
noTeHUWanbHOW aHeprueinl monekyn u(z) Ha JaHHON BbICOTE.

Kak nokasan bonbumaH, cooTHouweHue (21.14) ocTaeTcs
cnpasejnnMBbIM B CaMOM O06LWeM ciayyae npu Hanmyum nobbix
BHEWHUX cun (a He TOMbKO B noJie TAXecTKn). Moatomy dop-
myna  (21.14)  HocuT  Ha3BaHue pacnpepfeneHune
bonbumaHa.

8 22. OnbiTbl MeppeHa. OnpegeneHve uyucna Asoragpo

BepHemca Kk ¢dopmynam, ONMCbIBalOWMM W3MEHEHWe [aBne-
HMA (21.8) wnnM KoHueHTpauum monekyn (21.11) ¢ U3MeHeHUuem
BbICOTbI CTON6a rasa, Haxosu,erocs B nosne taroteHuMa. OTHO-
WeHWe AaBNeHUi waM NAOTHOCTEA Ha [BYX BbiCOTax PaBHO

. g,
p(zl) _ n(zt) _ ¢ kIT™M _ (22.1)
p(z.) n(z<j) —

O6paTum BHUMaHWe Ha cnegyrouime 0COOGEeHHOCTW MNOJyYeH-
HOro BbIpaXKeHUs.

1 OTHOwWeHNe JaBAEHUA M OTHOLLEHME YyMUCAa 4YacTWLy 3aBu-
CUT TO/bKO OT Pa3HOCTU BbICOT (Z\— z") HO He caMuX BbICOT.

OTMeueHHas 0COGEHHOCTb WNKOCTPUPOBANOCH puUc. 2.24.

2. CKOpOCTb M3MEHEHUS [aBNeHUsS U KOHLEeHTpauuum vacTuy
3aBUCMT OT MOJNIEKYNAPHOro Beca rasa. lpu yBennyeHuWn Beca
MOJeKY/l B & pa3 TO Xe W3MEeHeHue faBneHus 6yaeT umMeTb MeCTo
npy MeHblIEM B a pa3 MNogbeMeE:

(afflyg 21
e kr o a (22.2)

Ecnu 6bl 3eMHaa atMocgepa cocToana M3 YUCToro KmMciopo-
fa, 1o npu O °C paBneHue nagano Hamnos0BUHY MpW NMOAbEME Ha
5 KM. B cnyyae 4ucTtoro BOAOpOfa C MOJSIEKYNSAPHLIM BECOM,
B 16 pa3 mMeHbwmnmM (npu O °C), faBneHue ybbiBano Obl HaNoNo-
BMHY Npu nofbeme Ha BbicOoTy 16-5 /cn= 80 Km.

Ha puc. 2.25 npuBefieHO cxemaTuyeckoe n3obpaxkeHune pac-
npefeneHna Mosnekyn BOAOpoOAa, renns U Kucnopoga npu ofuHa-
KOBbIX YCNOBUAX B MNOME TATOTEHUSA.

lMeppeH nocTaBW/l OMbITbI, C MOMOLLbIO KOTOPbIX OKa3anocb
BO3MOXHbIM MPOBEPUTL NPaBUNbLHOCTL BbiBOAa (22.2). W3BecT-
HO, YTO MefIKUe NbIMNHKW, 6yAy4yn B3BELUEHbl B rase Wi Xug-
KOCTW, He 0CefalwT, HO MPUHUMAKOT y4yacTue B MONEKYNAPHOM
oBmxeHun (6poyHOBCKOe agBuUXeHwue). TlocKonbKy
MoMyYeHHble Bbille (POPMY/bl He COAepXKaT Kakux-nmbo orpaHu-
YeHWii Macc MONeKyfn, Henb3s AN MPUMEHUTb UX W ANS 3TOrO



cnyyas? OpyruMy cnosaMu, Henb3s NiA CYMTATb MbUMHKK, WK
OpPOYHOBCKME YaCTULbl CBEPXTUTAHTCKUMKU «MOJieKynamMmu» (Ko-
HEYHO, He B XMMWYECKOM CMbIC/E, & /IUlWb B OTHOLUEHUU WX
pacnpefeneHns B npocTpaHcTBse)?

Mpn macce YacTWLbl, NMPEBbLILIAIOLLE/ Maccy MOJMEKY/bl KuC-
nopoga B 108 pas, yMeHblUeHWe KOHLEHTpauuu BLBOE LO/DKHO
Mpou30oATM Npu MoAbeMe Ha BbicOTy B 50 MK=5-10 3 cm
(BmecTo 5 KM gnd kucnopoga). Ecnm nsydvaeTcs pacnpefeneHue
OPOYHOBCKMX YacTWL, B3BELUEHHbLIX B BOfAe, TO MO 3aKOHY ApXu-
Meja BMEeCTO MCTMHHOrO Beca 4YacTuubl cnefyet 6paTb pasHOCTb
MEXJY BEeCOM 4acTuLbl W BECOM BbITECHEHHOW €0 BOAbI.

MeppeH nonyyan «BPOYHOBCKME 4YACTULbl» U3 3MYSbCUK
4BYX CMOJ: TYMMUTyTa W Mac-

TUKW. I3roTOBNEHHbIE C MO-
MOLLbIO CreumansHoOil mMeTofu-
KW 3MyNbCUW COJepXanu Lia-
PUKN OLMHAKOBbIX pPa3Mepos.
Paguychbl LLIapuUKOB CMOJbI, WUC-
No/ib30BaBLUMXCA /1S OMbITOB,
N3MEPANNCH TPEMS pPasMYHbI-
MW MeTofamu,  [aBaBLIMMMU
pacxoxieHuna B npepenax 1—
2 %. Tem cambiM [OCTAaTOYHO
TOYHO onpefensnacb Macca
LIAPMKOB, TaK Kak MOTHOCTb
CMON Oblfia XOPOLUO WM3BECTHa

( /n=-]-nn3p," rge r — paguyc

LLIApMKOB, p — MAOTHOCTb
CMO/bI).

AMynbCMA CMOJbI NMOMeLLa-
nacb B MOCKYIO KKOBETY T[y-
6uHoin 0,1 MM (puc. 2.26); Kio-
BeTa 3aKpbiBanacb CTEK/IOM,
Kpas KOTOpPOro BO M36exaHue
MCMapeHus 3MynbCUM 3anuBa-
nucb  napaduHoMm. Habnwoge- v ft5
HMS LUAPUKOB 3MYMbCUMU MOX- Puc 2.25.
HO ObINIO BECTW, KOHEYHO, TO/b-
KO C MOMOLbI0 MUKPOCKOMa, MpuyeM Obiiv BO3MOXHbI [Ba
pacnonoxeHus npubopos (puc. 2.27, a un 6).

Lns TOYHbIX M3MepeHWil npurofeH cnocob 6. B cnocobe a
B NOMe 3PEHMS BUAHbI YacTWLbl, HAaXOAALLMECS Ha pPa3HOi
BbicOTe. EC/M MCN0ONb30BaTh MUKPOCKOM C Manoi rnybuHol nons
3peHuns, To nNpu cnocobe 6 BUAEH TOMLKO OAMH TOPU3OHTaNbHbIN
CNnoi npenapata ToAWMHOW ~ 1 MK. OrpaHuYMB Mosie 3peHus
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Anadparmoit TakK, 4ToObl NIErKO 6bi10 cpasy MOACYMTaTb YMCAO
BUAUMbBIX YacTWL, MOXHO NOACYMTATbL YMCNO YacTul, Habnogae-
MbIX B MOME 3PEHUS B AaHHbIAi MOMEHT U Ha JaHHOM BbICOTE.
KoHeuHo, cucTema OpPOYHOBCKMX YacTWL, B3BELUEHHbLIX B
XWAKOCTU,— [aNeKo He ufeanbHblli ras. Tem He MeHee Obi0
HallleHo XopolLlee COOTBETCTBME TEOPUM M ONbITa. VICnonb3oBa-
NNCb LUIAPWKX CMOJbI CaMbIX Pa3fiMyHbIX Macc: Haubosee Tsxe-
Nble MpeBbiWany no macce Hambonee nerkne B 15000 pas. 3a
cyeT fobaBneHWs TAULEPUHA BASKOCTb XWAKOCTU, B KOTOPOL
nepemeLLlasincb LIapuKK, meHanack B 125 pas. C pocTom BA3KOC-

MpeomeTHoe 3m y_n_c_L_u_
CTEK0 a)

Puc. 2.26.

TV BO3pacTano Bpems, B TeYeHMe KO-

TOPOro yCTaHaB/IMBaNOCh NPaBUJIbHOE

pacrnpeseneHune yacTuy, ro BbiCOTe, HO

OHO BCerja ycTaHaBnMBanoChb W, ycra-

HOBMBLUWCL, BMOCNEACTBUN COXPaHA-

nocb. T1nOTHOCTL BellecTea 4acTul, Puc. 2.27
3MYNbCUN MeHsAMach B 6 pa3 n OTHOCU-

TefIbHO T[/IMLEpPMHA [JaXe O0KasblBa-

nacb OTpMUATeNbHOM, Tak UYTO YMCNO 4acTul, BO3pacTano He
KHU3y, HO KBepxy. lNpoBepsfiach 3aBUCMMOCTb OT TeMMepaTypsl,
M npu NobbIX YCNoBUAX, B Mpefenax TOYHOCTWU OMbITa, WUMENO
MeCTO COBMajeHue C Teopuei.

B dopmyny (22.1) HesiBHO BXOAWUT BaKHasf MNOCTOAHHas —
yncno Asoragpo N(. MockonbKy ONbITbl falOT XOpOLLee COOT-
BETCTBME C TEOPWEA, MOXHO MOMbITaTbCA HAMTU ee YMCNeHHOe
3HayeHue. Mponorapucpmmpyem copmyny (22.1) «

m
) (223)
N YMHOXMUM YUCAWTEb W 3HaMeHaTesb MpaBoil uyacT Ha No
MpuHaB BO BHMMaHMe, 4yTo Nok= R, nonyunm:

- = * n-
I”]-EIL RT« (M r’)
Z71%
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N S - 5 (22.4)

mg(z -2— 2zt

Bce BeNMUMHBI, CTOALLME B NPaBOil YacTu chopmynbl (22.4),
onpefensatoTcs mM3 onbiTa. R onpegenserca M3 ONbLITOB C rasamu

C MOMOLLbIO ypaBHeHMs MeHpgeneeBa — KnaneiipoHa; Inﬁ2 on-

pefenseTcs HenocpedCTBEHHO HaG/MKOJEHMEM YMCNa 4acTul, Ha
pasHblX YPOBHAX (zi ¥ r2). Macca u4acTuubl T, KakK Yyxe
YKa3blBasoCb, M3Mepsanach C NMOMOLLLIO TPex pas/IMyHbIX MeTo-
poB. lMepsble paboTbl lMeppeHa NpUBENN K 3HAYeHUIO

N0=6,8 -106 atomOB/KMO/b.

JanbHelwmne onbiTel NO3BOAUAW OMpPeAennTb Yncno Asorag-
PO ¢ 60nblUel TOYHOCTHLIO, MPUYEM, KaK 0Ka3a/lioCb, OTKIOHEHME
OT HblHE MPUHATOro 3HavyeHMs No He npesbiwano 1 %.

3Had M) n maccy kunorpamm-monekynsl U=MOT, MOXHO
onpeaennTb Maccy Monekynbl N060ro Belectsa. Mo o6bemy
KUorpamm-mosiekybl >XWAKOCTU WA TBEPAOro Tena MOXHO

OLEHMTb 00beMm, Mpuxoadwmiica Ha | monekyny ~d3

| )
a CnefoBaTeNlbHO, W MOPAAOK AnameTpa monekyn A1 jY

lMpuBeseM HeKOTOpble AaHHbIE, NOMyYeHHble [MeppeHoM: Mac-
ca atoma Bogopoja T, = 147* 10~2Z7 Kr, UCTUHHOE 3HayeHue
TH= 1,67-10"'27 Kr.

Hennoxue pesynbtatbl NOMYYWIUCL W ANd LUAMETPOB aTo-
MOB. renmin— 1,7* 10~10 s aproH — 2,8-KO~10 n, pTyTh —
2,9- 10~p m.

B cnegyrowem naparpagpe Mbl YBMAUM, 4YTO HabnrogeHue
YyacTUL, 3MY/TbCMM AaeT elle OANH He3aBUCUMMBIA cnocob onpepge-

NeHWs NOCTOSIHHOW ABOragpo, a 3HauYUT, M MacC W pa3MepoB
aTOMOB.

§ 23. BpoyHOBCKOE [BUXEHUE

PaccMoTpMM nofpobHee M3BECTHOE YXE HaMm fABJieHMe 6poy-
HOBCKOr0 ABMXeHuA. 3 onncaHHbIX paboT MeppeHa cnefosano,
4TO LUAPMKU 3MY/IbCUM C JOCTATOYHO XOPOLUMM MPUBIMXKEHUEM
MOSUUHAIOTCA 3aKOHaM WpeanbHOro rasa. CpefHss KMHETUYec-

Kas 3Heprus Monekyn rasa e foor= —milr He 3aBUCUT OT Macchbl
MONBKY/Ibl 1 OMpefenseTcs TO/MIbKO TEMMepaTypoi rasa:



e —~yYymc~— |

CnepfoBaTtenibHO, TaKOW Xe CpeAHel KMHETUYECKOWN 3Hepruen
6yayT 06nagatb U CBEPXTUTraHTCKME «MOMeKyNbl» — BPOYyHOB-
ckme yvactuubl. [pu  paBHbIX

3Hepruax CKopocTn 6POYHOBCKMX

4yacTUL, KOHEYHO, MHOrFO MeHbLLe

MONEKYNAPHbIX.  Ond  cpefHel

KBapaTUUYHON CKOPOCTU KMeeM

v~r=V ¥
Mpn macce yacTul, amynbCcuu,

B 108 pa3 6onblueii mMacCbl mMone-
Kynbl, WX CKOpoCTM OygyT B

Vio8= 104 pa3 MeHbLUe CKOpPOC-

T MONEKYN W paBHbl NPUMEPHO

5—10 cm/cek. OpHako Heno-

CPeACTBEHHOE MepemeLleHne 6po-

YHOBCKOIM 4acTuLbl C 3TOW CKO-

POCTLIO He MOXeT Habntogarbes.

[Jeno B TOM, 4TO nepemeLleHne

yacTMLbl He NPAMOSIUHENHO, HO

Puc. 2.28. MEHSeTC BecbMa 4acto Mo Benu-

YMHe W HanpasneHwuto. Ecim oT-

MeyaTb Yepe3 paBHble NMPOMEXYT-

KA BPEMEHW KOOPAMHATBI X H Y

Kakoi-nmbo 0fHON 6GPOYHOBCKOM

YyacTuubl (UrHOPUPYS ee Mepeme-

LLEeHNs B BEPTUKA/IbHOM HarnpasfeHUW) W MOMYYeHHbIE TaKUM

00pa3oM TOYKM COEAMHUTL MPAMBIMWA JIMHUAMU, Mbl MNOAYUYUM

KapTUHY, BECbMa HarMOMWHAIOLLYIO TPAeKTOPUIO MOJIEKY bl rasa.

Ma puc. 2.28 npuBegeHbl NosyyYeHHble [eppeHoM «TpaeKTopun»
Tpex OPOYHOBCKMX 4YacTul,

16 KNeTok puCyHKa oOTBevalT AanHe 50 MK. [lonoxeHwus
OPOYHOBCKMX 4acTul, oTMmedanucb 4epe3 30 cek. PaccTosiHue
MeXay Ha4yalbHOM M KOHEYHON TOYKaMW MHOTO MeHblle BCeW
ONUHbI NOMaHOR. OfHAKO M MOMyYeHHble TakuM 06pa3oMm fioma-
Hble He paBHbl WCTUHHOM A/VUHE TPaeKTOpUw.

Ecnu 6bl NPUMEHANCA MUKPOCKON C GOMbLUMM YBEIMYEHMNEM,
a WHTepBan HabnwofeHWs cocTaBnan 1 cek, KaxAblli OTpe3oK
NOMaHOW B CBOKO OYepedb OKa3ancs Obl TOMAHOWM, COCTOSLLENA U3
30 0Tpe3KoB, MpPUYeM MO CBOEMY XapakTepy 3Ta SloMaHas OT/u-
yanacb 6bl OT 6ONbLIOK TOMALKO CBOMM MacliTabom, HO He
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chopmoit. Takum 006pa3oM, 3HaHWe CPeAHEn KBaapaTUYHOWM CKO-
poCTK eLle' He NO3BONAET CAeNaTb 3aKNUeHWe O NyTH, NPOXOLM-
MOM OGPOYHOBCKOI 4acTWULIE 3a OMpedeneHHOe BPEMS.

TOYHOE peLleHMe 3afa4um O [BMXEHUWM OGPOYHOBCKON 4YacTuubl fanu ditH-
WwTeiiH M CmonyxoBckuii B 1905—1906 rr. OHM Hawnu, 4yTto 3a Bpems 1
npoekuus cmeleHnss GPOYHOBCKOW 4YacTWlbl Ha Kakoe-nnbo HanpaBleHue, Ha-
npuMep Ha oCb X, MPOMOpUMOHaNbHA He BpeMeHU (Kak 3To 6bino 6bl Npu
NPAMONIMHEAHOM [BMXEHWNU), HO KOPHIO KBafpaTHOMY W3 BPEMEHMU:

x~n[T. (23.1)

TouHoe pelleHMe 33afayyu MPUBOAWT K CNeAyHOLLeMy pe3ysbTaTy:

3nn] (23.2)

roe depes I 0603HaueH pagnyc GPOYHOBCKOW uacTMUbl, L  BA3KOCTb XMAKOE-

™. Tak Kak
T

TO, NMOACTaBNAA 3TO BbipaXeHue B (23.2), nony4yaem:

_ RT t
NO=- 3art) x2°

Cnpasa B (23.3) BCe BeNMYMHbLI ONpPefeNAlTCA HENocpeacTBEHHO OMbITHBLIM
nytem. |Takum o6pa3om, aHanuM3 OGPOYHOBCKOTO [ABMXEHWA [JaeT elje OfWH
crnoco6 onpegeneHns yucna Asoragpo.

Cornacvie Teopuum C OMbITOM OKa3anoCb CTOMb )K€ XOPOLWMWM, Kak W B
onblTax, ONWCaHHbIX B Npeablgyuiem naparpade.

V13roToBMB 3epHa 3aMynbCUM, Ha KOTOPbIX GbiNN 3aMeTHbl MATHbILWKK, [ep-
peH cymen MpoOBECTM PAf HabNOLEHWIA W Haf BpaliaTenbHbIM ABMXEHUEM
O6pPOYHOBCKMX YacTul, TeOpMA KOTOPOro Takxe Obina gaHa JiHWTeiAHOM. 3TN
HabnofeHns, 6onee TPyAHble W, KOHEYHO, MeHee TOUYHble, TakXe Mokasanu
B npefenax MOrpellHOCTU XOpollee COOTBETCTBME TEOPUM C OMbITOM.

WNTak, Mbl BMAUM, 4YTO XaoOTWYECKOe TEemnoBOe [ABMXEHWe
MpUCyLLie He TOMbKO MMKPOCKOMMWYECKMM MOMEKyNnaM, HO U MaK-
pockonunueckum Tenam. IpU oaMHAKOBOW TemnepaType CpeaHss
3HEPrMS MOCTYNaTenbHOTO [BUXEHUS

(23.3)

A= AKT (23.4)

OAWHaKoBa AN NGOV MUKPOCKOMMYECKOM YacTWLbl M MaKpo-
CKOMUYecKoro Tena. Pasnuume B Maccax Ten MPUBOAUT NULLb
K Pe3KOMY KOMIMYECTBEHHOMY Pa3fiMumio CKOPOCTE 3TOT0 XaoTu-
YecKoro ABuwXeHus. Ecnm Monekynbl rasa [BMXKYTCS CO CKO-
POCTbIO Ny/nW, TO KaMeHb C Maccoi M—I Kr B LENIOM [OJ/IKEH
MMeTb CPEAHIo KBAfpPaTMUHYH CKOPOCTb MOCTYnaTenbHOro
ABVXEHUS

1.38- 1?“"'300 10 10 M/ ceK.
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Takne OrpoMHble KONMYECTBEHHbIE Pa3NyMs B CKOPOCTAX
ICMNOBOrO ABMXEHUS MOMEKyNn, BGPOYHOBCKMX 4YacTuL, U «KaM-
Heli» 06YCMIOBNNBAIOT M OTPOMHYHO KaueCTBEHHYI PasHULY B UX
CBOWCTBaX. MoneKkynbl ra3a HenpepbiBHO MepemMeLarTcs Ha
PacCTOSIHWA, MHOTO 60/bLUNE UX Pa3MEPOB, U 3TU MepeMeLLeHUs
onpeAenstoT NoBeAeHMe rasa B 3aMKHYTOM COCyAe M B cBo60j-
Holi aTMocdpepe. HampoTuBe, ANs MakpOCKOMMUYECKMX Ten, Takux
Kak KaMHW, XaoTWYecKMe TMepeMeLLleHUss HUYTOXHO Masbl Mo
CPaBHEHMIO C UX pa3MepaMui W NPaKTUYECKN HUKAK He CKa3blBa-
OTCS Ha MOBEAEHUU MNOCneaHuX.

B n3mepuTenbHOW TeXHWKe, OfHAKO, MPEeACTaBNAOT 3HAYW-
TeNbHbIA MHTEPEC M MPOMEXYTOUHbIE Clydan. Jlerkue pamouku
M HATU MPELM3NOHHBIX BbICOKOUYYBCTBUTENbHLIX MPUGOPOB Hauu-
HalOT COBEpPLUATb XOTA M cnabble, HO yXe 3aMeTHble hyKTyaLm-
OHHble Kosie6aHus. Cnabble TOKM B 3/1EKTPOHHbIX flaMnax Hauu-
HalOT UCMbITbIBaTb 3aMETHbIE WCKAXEHWUs BCNEACTBME (DNYKTya-
M4, BO3HUKAIOLLMX B Pa3fIMYHbIX YacTAX 3MEKTPUUECKON CXEMbl
T A

I (PAYKTYaUMOHHbIe fBNEHWS B psge ClyyaeB cTaBaT
npefesnbl BO3MOXHO TOUHOCTM M3MEPEHNIA U TPeBYHOT crelnanb-
HOTO BHMMaTeNbHOTO aHanusa.

B HacTosWwel rnase Mbl pa3obpanyt psg OCHOBHbIX BbIBOJOB
MOJIEKYNAPHO-KUHETUYECKOW TEOPUU NMPUMEHUTENbHO K Npefefb-
HOMYy C/lyyald WAeanbHOro rasa W COMOCTaBWAW TMONYYEHHbIE
pe3ynbTaTbl C OMbITOM.

BnecTtallee NoATBEPXAeHME BCEX 3TUX BbIBOLOB Ha OMbITe
y6efnTeNbHO [OKa3blBaeT MPaBU/IbHOCTb OCHOBHbIX MOMOXEHWIA
KWHETMYECKO TeOpMM U METOAOB CTAaTUCTMYECKOW (HU3MKM.

Oco60ii MpOCTOTON W HarnAfHOCTbKO OT/IMYAOTCA  OMbIThI
MeppeHa, omucaHHble B MOCAefHUX [BYX mMaparpadax. Kak
oTMeyan cam [leppeH, B pe3ynbTaTe €ro OMbITOB CTaNo YXe
HEBO3MOXHbIM OTpULAaTh OOBEKTVMBHYIO PealbHOCTb MOJIEKY.

CTaHOBUTCS BUAWMMBIM W [BMKEHWE MONEKY1 — OGPOYHOBCKOE
OBWXEHWe ecTb €ro BOCMpPOM3BeAeHMe. TOYHEe, OHO W €ecTb
COOCTBEHHO MOMEKYNAPHOE ABVMXEeHMWe, N6o 6POYHOBCKAA 4yacTu-
LUa eCTb He 4YTO WMHOe, Kak OFPOMHas «MOJieKyfna» (KOHEYHO,
TONIbKO B OTHOLUEHUW [BMXEHMWS, HO He XUMUYECKOM).



FTNABA VII
ABNEHNA NMEPEHOCA B TA3AX

§ 24. fBneHna nepeHoca

Monekynbl naxyyein XWAKOCTW, MCNapAscb, NepemeLlaroTcs
Cpean MOeKyn BO3Ayxa faxe Npu OTCYTCTBUM KOHBeKuun. MMpu
O6bIYHLIX TemmnepaTypax MOJieKy/bl JBUXYTCA CO CKOPOCTbHO
nynn. OfJHAKO Mbl, HaxofACb B OHOM KOHLe KOMHaTbl, He
MOXeM MOYYBCTBOBAaTb Yepe3 ThICAYHblE AOMM CEKYHAbl 3anax
XWAKOCTU, MPOAUTOA B SPYrOM KOHLE KOMHaTbl. B CMOKOWHOM
BO34yXe MOJIEKYy/bl Maxyyero BellecTBa AOWAYT 4O MPOTMBOMO-
NOXHOT0 KOHLA KOMHaTbl 33 CPaBHUTENIbHO GO/bLUON MPOMeXy-
TOK BpPeMeHU. ITO KaxyLlieecs NpPOTUBOPeYUNe C BbIBOAAMU KUHe-
TUYECKOW Teopunm O06BACHAETCH TeM, YTO [BMXKYLLascs B rase
MO/EKy/la HEeMpepbIBHO CTanKMBAaeTCA CO BCTPEYHbLIMUA MOJEKy-
namu ¥ nNpyu 3TOM KaxAblil pa3 M3MeHsieT HanpaBneHWe CBOero
ABVXKeHUsd. Takum 06pa3om, MOJieKyna OMUCbIBAET [OBOJIbLHO
CMIOXHbIA NOMaHbIA MNyTb, MOXOXWA Ha TPAeKTOPUHO BPOYHOB-
CKOW 4acTuubl, M300paXeHHYH Ha puc. 2.28, M Nulb BecbMa
Mef/IEHHO YyAanseTcs OT CBOEro MepBOHAaYyanbHOro MOMOXKEHMA.

MocTeneHHOe pacnpocTpaHeHue B ras3e MOJIEKY/ MPUMeCKU OT
MecTa UX BBOAA B ra3 HOCMT Ha3BaHMe aunddysnu.

MycTb B rase fABMXETCA Kakoe-nMbo Teno (4enoBek, Moesg,
aBTOMOOWU/Ib UM CaMONeT) C HEeKOTOPOWM CKopocTbio V. [o cux
nop Mbl CYWUTANM, YTO CTOSIKHOBEHWUS MOJIEKYN rasa C NoBepx-
HOCTbHO TakuMX Ten MPOMUCXOAAT MO 3aKOHY ygapa abcontoTHO
ynpyrux Lwapos. B [eAcTBUTENbHOCTU e MOMEeKyNbl, yAaapsto-
Wmecsd O MOBEPXHOCTb Tea, YaCTUYHO «MPUAUNAKOT» K Held -
afcopbupytoTcs, a uYepe3 HEKOTOpOoe BpeMms «UCMapaloTcs» C
Hee. Ec/in Teno B rase HeMOABMXHO U UMEET OAMHAKOBYHO C HUM
TemnepaTypy, TO pacnpegeneHns No CKOpOCTAM MOJSeKyn, naga-
IOWMX Ha MNOBEPXHOCTb Tena, WM MOMEKyN, MOKWAAKLWUX ero,
OT/NYaTCA LPpYr OT Apyra TakK, 4TO OAHO fBNAfeTCA Kak Obl
3epKanbHbIM OTpaxeHuem pgpyroro. lpu 3TOM ocTaeTcs crpa-
BEA/IMBLIM pacyeT, KOTOpbIA Gbln MPOM3BEeEeH MPU BbIYNCIEHWN

120



JaBneHuns rasa. Ecnu ke Teno ABUXeTCH, TO npu abCcOMOTHO
ynpyrux CTONKHOBEHUAX OyAeT MeHATbCA NULWb HOpMabHas
K NOBEPXHOCTW Tena COCTaBAAOLWLAA CKOPOCTM MofeKynbl. [pu
agcopbumm xe ¢ NocneayroLLMM UCNapeHneM MOMEKynbl U TBep-
poe Teno 6yayT o6MeHMBATLCA W TaHTEHLMANbHLIMW K MOBEPX-
HOCTW TBEPLOro Tena COCTaBNAOLWMMU CKOPOCTU. NS NPOCTOThI
MOXHO NpejcTaBNATb, YTO MOMEKY/bl, YAApAOLWMECHs O NOBEpPX-
HOCTb 3TOr0 Tena, 6yayT yBAeKkaTbCa NOCNEAHMM U, OTCKaKMBas,
NPUOGPETYT LOMOMHUTELHYKD CKOPOCTb V.

Takum 06pa3om, MpU B3aMMOAENCTBMM CO CTaNKMBaKOLLEliCS
MOJ/IEKY/I0O Maccbl T TeNno MepefacT MOCNeAHEA HEKOTopoe
He6O0/bLIOEe KOMMYECTBO ABWMXXEHMA T\ B HanpasfeHUU CBOEro
ABVXeHUS. B npouecce MHOTOUUCAEHHbIX CTONKHOBEHMIA LBUXY-
leeca Teno 6ypet, Takmm o06pa3om, nepefaBaTb rasy 4acTb
CBOEro Konu4yecTsa ABUXeHus. a3 npu aToM GYyLeT YCKOpATbLCS,
Ha rpaHuWUe C TBepAbIM Te/OM Ha Hero OygeT [eliCTBOBaThb
CymMMapHas cpefHas cuna F B HanpaBneHUW ABUXEHUSA Tena.
110 TpeTbeMy 3aKOHY LMHAMWKM Ha TeNO CO CTOPOHbI rasa byner
feiicTBoBaTh cuna — F, 3aMepndtollan  ero  [BUXKeHWe,—
cmna TpeHua.

Takas Xxe cuia TpeHus OygeT AeiCTBOBATL U MEXAY 4BYMS
COCELHUMW CNOSMU ra3a, ABVMXKYLWUMKCA MO KaKoW-1nbo npuyn-
He C pa3fIMUYHbIMU CKOPOCTAMU. ITO ABJEHWE HOCUT Ha3BaHWe
BHYTPEHHErOo TpPeHMUSA WM BA3ZKOCTM rasa.

HakoHel, ecnm B cocefjHUX CMOAX rasa cosfaHa wiv noagep-
XUBaeTCA paszHas Temnepartypa, TO MeXAy HuMK GyfeT npowuc-
X04uTb 06MeH Tenna. CpefHAs aHeprus MOMeKyn rasa, nponop-
LMOHanbHaa cornacHo (18.19) ab6contoTHOM TemnepaType T,
B 060MX cnodx 6ygeT pasnn4YHOR. Bnarogaps XaoTuyeckomy
ABVXEHWIO, MOMeKy/bl B 060MX cnosx GyAyT nepemeLLuBaThCs
N CPefHMe 3Heprun, a CcnefoBaTeslbHO, W TemnepaTypbl C/OEB
OyayT CTPEMUTLCA BblpaBHATLCA. IMpy 3TOM 6yAeT HabntogaTbes
MepeHoC 3Hepruy OT 60see HarpeTbiX K 60/ee XONO0AHbIM COAM.
3TOT npouecc HOCWUT Ha3BaHMe TEeNnNONPOBOJHOCTH.

B npouecce gnddpysmm nponcxoguT nepeHoc BellecTBa Mpu-
Mecn 13 obnactel ¢ 60MbLUEN KOHLUEHTpaLmein B MecTa C MeHb-
e KOHLEeHTpauueid atoli npumecn. Mpu BHYTPEHHEM TPeHUU
B rase MepeHOCMTCA KONUYECTBO [BMXeHUA. HakoHew, npu
TENMIONPOBOAHOCTN Mbl Habntofaem nepeHoc Tena OT 6onee
HarpeTbix 06nacTeii K 60/1ee XONOAHbIM.

B ocHOBe BCeX 3TUX TPeX Pa3fIMYHbIX (DU3NYECKUX ABNEHWI
NEXWUT OWH WU TOT Xe MOJIEKYNAPHbIA MexaHW3M — XaoTuye-
CKOe ABWXeHWe W nepeMellvBaHuWe Moniekyn. O6LHOCTb Mexa-
HU13Ma, 00yCNOBANBAIOLLETO BCE 3TK ABNEHMNSA
nepeHoca, NPUBOLUT K TOMY, YTO UX 3aKOHOMEPHOCTU [OJIXK-
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Hbl BbITb MOXOXW APYr Ha Apyra, a KONWYECTBEHHble XapaKkTe-
PUCTUKN — TECHO CBfA3aHbl APYr C APYrom.

Kak BMAHO npu npeaBapuUTeNbHOM PacCMOTPEHUMU SABAEHUS
A dy3nm, CKOpOCTb 3TOr0 MpoLecca ONpeAensieTcsd 4acToTOW
CTONIKHOBEHWUI CO BCTPEYHLIMW MOMEKynaMu W1 NyTem, NPOXOAu-
MbIM MOJIEKY/I0M OT OfHOr0 CTO/IKHOBEHWUS [0 CleAyHoLero,
Ha3blBaeMbIM ANTMHONW cBOGOAHOro npobera. [lo-
3TOMY [/151 BbIBOfA OCHOBHbIX 3aKOHOMEPHOCTEN ABAeHWI nepe-
HOCa C MOMOLLBI0 MONEKYNAPHO-KUHETUYECKOW Teopun HeobXxo-
AVMO MpeABapuTesIbHO ONpeaenuTh AAUHY CBOGOAHOrO mpobera
MO/IEKYN B rasax W BbIACHWTb €e 3aBMCMMOCTb OT COCTOSHMA
rasa.

§ 25. Umcno CTONKHOBEHWI M ANuHaA CBOGOAHOrO
npob6era MONeKyn B rase

Ha puc. 2.29 n3obpaxeHa TpaekTopusa ABUMXKEHUS MONEKYNbI
B rase. BennumHa / npegcrtaBnset coboil nyTb, KOTOPbLIA npone-
TaeT Mofekyna cBO6OLHO OT OAHOrO CTO/IKHOBEHWS [0 Clejyto-
Lero,— ANHy cBo6oAHOro npobera Monekynsl. BcnegcTsue
XaOTUYHOCTN MOJEKYNAPHOrO ABWU-
XEHWS BENUYMHBLI NOCNefoBaTeNb-
HbIX ANWH CBOGOAHbLIX Mpoberos /
MOCTOAAHHO MEHAOTCA. HensmeHHbIM
nNpyv  [aHHbIX YCNOBMAX OCTaeTCH
NNWb WX CpefHee 3HayeHWe, KOTO-
poe Mbl 0603HayMm 4epes / uwm
npocto /.

1=1A -sV (25.1) Puc. 2.29.

N Ha30BEM CpeAHel ANUHOIA
ceob6ogHoOro npobera.

TeopeTnyeckoe BblYUCNEHNE BENNYMHBI | BOSMOXHO Ha OCHO-
Be KOHKPETHOI Mogenu rasa. Mpumem 4ns ynpowleHms pacyeTa
ClefyloWy0 MOfenb WAeanbHoro rasa. bygem cumTtaTh, u4TO
MOJIEKYNbl rasa fABAAIOTCA TBEPAbIMW LIAPUKaMXM OfMHAKOBOTO
anameTtpa d, B3aMMOJENCTBYHOLWMMU ML NPU HENOCPeACTBEH-
HOM COMPUKOCHOBEHWM MO 3aKOHAM CTOJIKHOBEHMWS YNpyrnx Lia-
poB. TeM caMmbIM, B OTIMYME OT NpeablayLieid raBbl, Mbl y4TeM
NPOTAXEHHOCTb MOJEKY.

MycTb JO CTONKHOBEHMS MOAEKYNbl UMenu ckopoctn C| u cr-
BefMumHbI 3TUX CKOPOCTER, WX HanpaBneHWs, a CnefoBaTesbHO,
nyron 0 mexgy Humm (puc. 2.30) Npu KaxjoM CTONKHOBEHUM
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MOTyT ObiTb Pa3NNYHbIMW. BBEAEM OTHOCUTENbHYIO CKOPOCTb
ABVDKEHMWS MepBO MONEKY/Nbl OTHOCWUTENbHO BTOPOI

4y COTji=C|— C2 (25.2)

N3 TpeyronbHuka Ha puc. 2.30 Nno Teopeme KOCMHYCOB WMEEM,
4To

2cic2cos0. (25.3)

MocKoNbKy CpedHee 3HaYeHMe CyMMbl HECKONbKMX BEUYUH
PaBHO CyMMe CPeAHMX 3HAYeHWId 3TUX BENUYMH, TO

C2TH=c?+ C§—2CIC2cos 0 (254)

CpefiHee 3HauyeHUWe KBaApaToOB abGCOMIOTHLIX CKOPOCTEN Bcex
MOMEKY/l OAWHAKOBO:

c?=ci=c2 (25.5)

Ona HaxoXpgeHWs nocnegHero cnaraemoro B (25.4) npumem
BO BHMMaHMWe, YTO HarpasneHue
LBUXEHNSA CTaNKMBAKOLLMXCA MOse-
Kyn MOXET O6biTb CaMbiM MpOU3-
BOMbHLIM, a yron 0 ¢ OfMHaKOBOWA
BEPOATHOCTbIO MOXET MPUHUMATb
3HauYeHUs Kak MeHblue n/2, Tak u
6onbwe n/2. Moatomy cos 0 MOXeET
C pPaBHOW BEPOATHOCTLIO UMETb Kak
MOMIOXMTE/IbHbIE, Tak W OTpULa-
TeNbHble  3HA4YeHUsi, U CpPefHee
apumeTNYeCcKOe  3TUX  3HAYEHWIA
Puc. 2.30. PaBHO HYNHO:

col$=0. (25.6)
Takum 06pasom,

ANH=2Fnwmy T = (25.7)

T. €. CpefHUe 3HAYeHUs OTHOCUTENIbHbIX CKOPOCTE MONeKyn B
V2 pa3 605blle COOTBETCTBYHOLWMX CPEAHNX 3HAYEHWUIT abCcontoT-
HbIX CKOpPOCTEWA.

TOYHBIA pacyeT YMCNa CTOSIKHOBEHUIA, UCMbITbIBAEMbIX MOJE-
Kynoii B eAUHWLY BPEMEHW, MPOU3BOAUTCS METOAAaMMU CTaTUCTU-
KW 1 BecbMa CNOXeH. [03TOMYy Mbl OFPaHUUUMCS CRefyHLLUM
npuenmxeHnem! bygem cymMTaTb BCE MONEKYNbI HEMOABUXHbIMY,
32 WUCK/IHOYEHWEM OfHOW, [ABWXYLLENCS OTHOCUTENbHO HUX CO
CpeAHeli CKOpOCTbiO

AS™M=T y[2. (25.8)



B pesynbTate COyJapeHWn C LPYyrMMU MOMEKyNnamm LEHTP
paccmMaTpuBaemoii Mofiekynbl 6GyfeT [BWraTbCsi MO J/IOMaHOM
NNHWK, N306paxeHHON Ha puc. 2.31. Bcakuili pas, Korga LeHTp
COCefHeli MOMEKyNbl OKaXeTCHd Ha pacCcTOfAHMU, He 60/bLUEM
d (gmuameTp MOMeKynbl) OT 3TOA NWMHUKM, OYAET NPOUCXOAMTb
CTO/IKHOBEHME U W3MeHeHWe HanpaBfeHUs [BUXEHUS ABUXY-
LLeACA MOMEKybl.

B KOHLE KOHLOB JaHHAaf MOJeKyna UCMbITAeT CTOMIKHOBEHUS
CO BCEMV MOJIEKYNIaMU, LIEHTPbl KOTOPLIX OKaXYTCA B Mpefenax
NOMaHoOro uuavHapa paguyca d. Cnpamasg sToT LUAWHAP, Mbl
owmnbemca B onpeaeneHUM ero obbema Ha MNPeHebpexmmo ma-
Ny BENMYMHY, TaK KakK [/MHA KaxAoro npsMofvHeRHOro oT-
pe3ka MHOro 6onblle guameTtpa uunuHgpa (I1°>d).

_ 3a eAuMHMLUY BpeMeHW [aHHas MOJIeKyna npoxXoauT nyTb
coH 1= coH O6beM Q CNPAMAEHHOrO UMAMHAPA, OTBeYatoLLe-
ro atomy nyTu,

Q =~ O,nd2 (25.9)

CumnTas, 4YTO KOHLEHTpauMs ra3oBblX MOJEKYN M MOCTOSIHHA
M paBHa

n=-y, (25.10)

HalileM u4MCn0 MOMEKYN T, LEeHTPbl KOTOPLIX feXaT BHYTpU
unnnHapa Q,
z=nndrTH (25.11)

Co BCEMU ITUMWU MONIEKYyNaMu U CTONKHETCS 3a eAWMHULY Bpeme-
HW neTswan monekyna. CnefoBaTenbHO, BENMYMHA Z MpPeacTaBs-
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nseT coboil cpefHee YMCno CTONKHOBEHWIA, UCMbITbIBAEMbIX KaX -
[0 MOJNEKYNol 3a eguMHULY BPEMEHMN.

YMHOXa 4Mcno Monekyn M, HaxOAALMXCA B efUHMLE 06b-
eMa, Ha YNCNO CTONKHOBEHWIA 2, UCMbITbIBAEMbIX KaXAOW W3 HWX
3a eAVHMLY BPEMEHW, Mbl JO/DKHbI MOAYYUTb MOJIHOE YMC/O0
CTO/IKHOBEHWIA MONEKYN Z, NPOUCXOAAWMX B efMHULIE 06beMa 3a
eanHuuly BpemeHn. OfHAaKO NpU TakOM MeTOAe MOACYeTa Mbl
KaXfoe CTONKHOBEHME, B KOTOPOM BCErfa y4acTBYHOT ABe MOJie-
Ky/nbl, cocunTaemM ABa pasa. CnegoBaTenbHO, Z AO/MKHO ObiTb
paBHO

(25.12)

Mepexoass OT OTHOCMTENbHOTO K ab6COMKOTHOMY [BUXEHWUIO,
3aMeTWM, YTO NyTb, NPOXOAMMbIA MONEKYN0 B NPOCTPaHCTBE 3a
eAVHULY BPEMEHW, paBeH Ce1=c, M Ha 3TOM NyTU OHA MCMbITbI-
BaeT Z CTONKHOBeHWIA. CnefoBaTenbHO, CPeAHee paccTosHUE
MeXAy [ABYMs MOC/efoBaTe/lbHbIMKW  CTO/IKHOBEHUAMMW  ByfeT
paBHO

XPnc,9 (25.13)

3ameyas, 4TO cornacHo (25.8) =£= = — nofayumMm OTClOAa
H \Y

OKOHYaTe/NlbHOe BbIpaXeHWe [AN8 CPeAHen ANUHbI CBOBOAHOrO
npob6era:

=1 (25.14)

Takum o6pa3om, cpeaHss AauHa cBobogHoro npobera / He
3aBUCMT OT TeMMepaTypbl rasa, Tak kKak ¢ pocTom T ofHoBpe-
MEHHO BO3PacTaloT M~ W2, T. € NyTb, NPOXOAUMbIA MOMEKY/ION
B e4VHWLY BPEMEHW, M YMC/O0 ee CTONKHOBEHUI Ha 3TOM MyTW.

OunameTpbl Monekyn rasa cocTaBAfoT 06bi4HO d X
X 2-4-3-FO~10 M, a npu HopManbHbIX ycnosuax (p= 1 atm
n T= 273 °K) umcno mMonekyn rasa B 0OgHOM KyOUYeCKOM MeTpe

a = R0% jBKkmMonb-l _ 5 7 10957 .3
22,40 MAFKMONb

OTctoga crefyeT, 4TO MpU 3TUX YCNOBUAX
/x10-7n wn2=-~-a* 10"ce/c_|.

[N pasnuyHbX ras3os, B 3aBUCUMOCTM OT pa3MepoB MOJle-
KYn, BeNMUMHbLI /1 2 HECKOJSIbKO OT/IMYAIOTCA APYr OT Apyra, Kak
BUAHO M3 NPUBOAMMON Tabnuupbl.
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Kak 6bl10 HaileHo B § 18, KOHLEHTpaums rasa mponopuuo-
HanbHa ero faBfieHuto, T. e.

Kr m (25.15)
MoacTaBnas (25.15) B (25.14), nonydaem:;
1r~ yzl;%m (25.16)

CnepoBatenbHO, NpPU NOCTOAHHOW TemnepaType (r=const) no
Mepe paspexeHus rasa, T. €. YMeHbLUeHWUs ero faBfieHUs, cpea-
HA ANuMHA CcBO6OAHOro npobera Bo3pacTaeT Tak, 4TO

I-p = const. (25.17)

OnbITHOe onpefeneHne BenMUUHbl / MNpolle U HarnsgHee
BCEro OCYLLEeCTBMTb METOAOM MOJEKYNAPHOro Myyka. JKcrepu-
MeHTa/ibHas yCTaHOBKa AN18 MOLOGHOr0 M3mMepeHUs / cxemaTu-
4eckm wu3obpaxeHa Ha puc. 2.32. PackaneHHbll cepebpsHbIi
Wwapuk S uncnyckaet aTo-

Mbl cepebpa C MOCTOSHHOIA
WHTEHCMBHOCTbIO.  [unad-
parma D BbifenseT ny4ok
Monekyn cepebpa, ABUXY-
LLMXCA, Hanpumep, B Ha-
npasneHun ocu X. lMome-
as Ha HeKoTopoe Bpems
Ha MNyTW Nyyka XONOAHYHO
nnactTuHKy M\, MOXHO on-
pefenuTb KO/IMYEeCTBO
OCEeBLUEro Ha Heli 3a Bpe-
Ma t cepebpa, mponopuuo-
Ha/lbHOE KOHLeHTpauuu i\ NeTawmx MoJeky.

Y6paB nnactuHKy M nomewiaroT 3aTeM Ha TO Xe camoe
BpPeMA Ha MyTWM Myyka BTOPYH NNacTuHKy Ui Ha pacCTOsHMM
L oT mecTa HaxoxfeHus nepsoii nnacTuHkU. Ocafok cepebpa
Ha 3TON NNacTMHKe NPOMOPLMOHaNeH KOHLUeHTpauuu M monekyn
cepebpa B Myuyke Mocne MPOXOXAeHUs um nytu L.

Ecnn 6bl B npubope OTCYTCTBOBA/M ra3, TO UMCIO MOJMEKY,
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aowegwnx A0 Kaxgoi m3 nnactMHoK TN m /72 1 oceBLUNX Ha
HWX, BbI10 6bl OfMHAKOBLIM. OMbIT e MOKa3blBaeT, YTO F\'<l'

BblfjeIMM MbIC/IEHHO CNOIA rasa TOAWMHbBI dX MeXAy nnacTuHka-
mn. Ecnn /— cpeaHaa gamHa cBobogHoro npobera mosekysn, 1o
BEPOATHOCTb CTO/IKHOBEHMS Ha MyTu dx GyaeT paBHa OTHOLLe-

HUIO -y-. VI3 N neTawmx Mosiekyn Hekotopas gonsa |dn | vcnbl-

ThIBA€T CTO/IKHOBEHMS C MOJSiEKynaMu rasa B c/ioe dx u pacceu-
BaeTCcAd B CTOPOHblL. Uucno monekyn B nydke n-{-dn nocne
NpoxoxaeHus cnos dx 6ygeT MeHblle, Yem n (T. e. dn<0).

OTHOCUTENbHAA AoNs MONIeKYN My4Ka, paccesBLInXcs

B CTOPOHbI Ha 3TOM y4yaCTKe BCNeACTBME CTONKHOBEHWIA, paBHa
BEPOATHOCTU CTONKHOBEHUS, T. €.

dn = dx Tl dn = —di (9818}

Mbl BMAUM, 4YTO MO Mepe YBEWYEHUS MyTW, MPOXOAMMOrO
My4ykOM MOJIEKY/, B apuUIMETMYECKO Mporpeccun, 4mcno mose-
Kyn B 3TOM nydyke 6yneT y6biBaTb B reOMETPMYECKOW Mporpec-
cun. TlpuMeHss TOT e Cnocob pacyeTa, YTO W NpU BbIBOfAE
6apOMETPMYECKON (POPMY/bl, MOXHO MOAYYUTb, YTO

L

1n—g— = —, wm M=n\s . (25.19)

M3mepss OTHOLLEHWe -y- MO Ocafgky cepebpa Ha o06enx

NNacTUHKaxX, MOXHO HaliTU CPefHIO ANMHY CBOBOAHOrO Npo-
bera:

1=—+—. (25.20)
Ir«A2
Vi3mepeHuns, Npou3BefeHHble MpU [aBfeHUMM ra3a B COCyje
P=5,8-04 cm pT1. CT., Aann 3HavyeHune 1—1,7 cm.
Ortctoga cornacHo (25.17) npu aTMocpepHOM [AaBfeHUM
po=76 CM pT. CT. ANMHa CBO6OAHOrO npobera COCTaBUT:

N=17~*:=M14 = 13-10-5cm= 13*10-7 m.

4TO XOPOLUO cOrnacyeTcs ¢ OOLLUeR OUeHKOW NOpsAAKa BeUUYMHLI
/o Vi C JaHHbIMW MPUBELEHHON Tabnuubl, NOAYYEHHBIMW APYTrAMUA
crnocobamu.
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§ 26. Bakyym. MeToabl ero nony4eHuMs n W3IMEPEHUS

CornacHo (25.17) cpefHss gnvHa ceo6ofgHoro npobera Mo-
NneKkyn B rase 06paTHO MPOMOPLMOHAaNbHA [LABMEHUIO:

/~y. (26.1)

MomecTnM ra3 B COCYA C MHEMHbIMM pa3mepamu L nopagka
10 cM X HayHeM MOCTENeHHO ero oTkaumsatb. lpu 3TOM cpeg-
HAS ANMHa cBOO6OAHOro npobera 6yaeT HenpepbIBHO BO3pacTaTh.
Ecnv npu atmoctpepHom pasneHun  (p= 760 mm pt. cT.) /
nopsgka 10~7 M, TO NPV YyMeHbLUEHWWN [aBneHns fo 1 mm pr.
ct. | Bospacter npumepHo B 1000 pa3 W LOCTUIHET 3HAYeHUs
okono 10~4 n<=0,1 mm.

Mpn ymeHblUeHMM faBfieHus ewe B 1000 pa3, go 10_3 mm
pT. CT., AMHa cBobofHOro npobera Bo3pacTeT fo 10 cM u
CTaHeT paBHOW MO MOPAAKY BeAWYUHBLI NNHEWHBLIM pasMepam
06bIYHbIX CcOCYAOB. [Mpu fanbHeileM YMeHbLUEHWW [aBleHUS
BbluMCcNATb / no copmyne (25.16) 6bi10 6bl HEMpaBUbHO, Tak
KaK MOMEeKYNbl paHblLUe CTasKMBaOTCA CO CTEHKaMMK COCyja, Yem
C ApyrumMn MOJSieKynamu, 1 paccTosHWe MeXAy ABYyMS nocnefo-
BaTeNbHbIMW CTO/IKHOBEHUAMU MOJIEKYNbI MPOCTO paBHO L.

3aBucumocTb /0T p n3obpaxeHa Ha puc. 2.33. Mpu IcL Mbl
nveem runepbonnyeckyro 3aBucuMocTb (26.1), a no gocTmxe-
HUWWM LOCTAaTOYHO HUW3KOro faBfieHUs pa f/nHa cBob6OLHOro rnpo-
Oera CTaHOBWUTCS MOCTOSHHOW W pPaBHONA

I=L. (26.2)

Touka A NeXuT Ha MepeceveHUn npefeNibHbIX MHWA, COOTBETCT-
BytlOWMX dhopmynam (26.1) u (26.2). B OKpecTHOCTAX 3TOM
TOUYKM UCTUHHAA KpUBas MpefCcTaBaseT coOOW MNMaBHbLIA Mepexos
OT OAHOWN M3 3TUX NNHWUIA K APYrOiA.
Mpn [aBneHWAX, MeHbLWUX p,, {an
CTO/IKHOBEHMS MOJEKYN BHYTPM COCY-
4a NpakTMYecKM npekpawiarnTcs K
Kax[as Monekyna netaet OT CTEHKM
0O CTeHKM M 06paTHO, Kak ecin Obl
B COCyfle OTCYTCTBOBa/N Apyrue mone-
Kynbl. 9Ta 06NnacTb AaBfEHWUA Ha3sbl-
BaeTCcA Bakyymom. B paccmoT-
PEHHOM BbILLE MNPUMepPe BaKyyM Ha-
cTynaet npu fgasneHun 10~3 mm pT. pHC 233
CT., T. €. npumepHo npu 10~6 aTm.
Mpy 3TOM B Kax[OM KyOUYECKOM CaHTUMETpe OCTaeTca elle

n="W -~ ~27"'103
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. €. OFPOMHOe 4yucno monekyn. OfHako 6narofaps HUUTOXHO
ManbiM pa3Mepam MOJIeKY/ OHW MPOJSETal0T BeCb 0OBLEM, MOYTU
He CTasKuMBasCb APYyr C Lpyrom.

M3 U3/I0)KEHHOrO CcnefyeT, 4TO MOHATME BaKyymMa OTHOCU-
TenbHO. Yem 6Gonblie pasMep cocyfa, TeM NPY MeHbLUUX AaBie-
HUAX HacTynaeT COCTOAHWe Bakyyma. W Haobopot, gna rasa,

3aK/FOYEHHOT0 B MOPUCTLIX Tenax ¢ gjua-

meTpamMy nop MmeHbwe 01 Mk=10-7 ™,

yXe aTmoctepHoe [aBlieHUe MOXHO

cumMTaTh BaKyyMOM, TaK KakK MOeKynbl

T rasa 6yAyT NPOXOAWUTb CKBO3b 3TN MOPbI,

yoapaacb O CTEHKWM MOCMefHMX W Mpak-

TUYECKM He CTa/IKMBasACb C SPYrMMK MO-
nekynamu.

CsoiicTBa Bakyyma urpalot 60/b-

WY pOfib U B TEXHWKe. Hanpumep, B

3NIEKTPOHHLIX Namnax W MHOrOYUC/EeH-

Puc. 2.34. HbIX COBPEMEHHbIX 3/1EKTPOHHbLIX NpU60-

pax [OBWXYTCA HanpaB/eHHble MYyYKn

3M1EKTPOHOB. [1ns TOro, 4To6bl ABUXYLLU-

ecsl 9/1IeKTPOHbI He CTafKMBanuUCb C MOJEKylaMyu rasa U He

paccemBanncb B CTOPOHbI M Hasafj, HeT HeobxoammocTn B abco-

NIOTHOM  yJaneHUn BCero Bo3gyxa u3 npubopa. Ans 3artoro

[JOCTaTOYHO [OBECTU paspexeHue B npubope fo ycnosms 1> L,
T. €. nonactb B 06nacTb Baky-

yMma.

[Ond co3gaHna paspexeHua K OTHaWBEVOMY
MPUMEHAIOT Pa3fIMYHOIO TMa Ba- Ccopey
KYyMHble Hacockl. B poTa-

LWOHHOM BaKyy M-Haco BOfA
Ce, CXemMaTu4yeckm wm300paxeH-
HOM Ha puc. 2.34, BHYTpU UWU-

NVHApPa BpaLlaeTcs 3KCLLEHTPUUY- BOAR
HO NMOCaXeHHbIi Ban B. B npope- ~W”
31 Ha Bany BCTaB/IEHbl MIACTUHbI HaMyT Aty

/7, NIpMXUMaeMble MPYXUHaAMKN K

cTeHKam uunuHapa. MNpu Bpalle-

HUM Bana BO3[yX, NOCTyMaroLuii

13 oTKaympaemoro cocyga C B Puc. 2.35.

nonoctb /, OTcekaeTca nnacTu-

HOW, CXXMMaeTca U BblopacbiBaeT-

ca Hapyxy. epmeTv3aumsa n oTAeneHne 06nacTM HU3KOrO AaB-
NeHNs OT aTMmocdoepbl OCYLLECTBAAETCS C MOMOLLUBIHO CMa3KMu.
C noMOLLbIO TaKOro Tuna HacoCOB YAaeTcs MOHU3MTb AaBNeHMe
awbe fo~0,003—0,008 mm pt1. cT. T103TOMy OHWM cO3jatoT
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npeLBapuTe/ibHbIA  Bakyym U HasbiBaloTcas QPO pBa Ky-
YMHBIMU.

Ans co3gaHnsa 6onee rny6oKoro Bakyyma LUMPOKO MPUMEHS-
eTcqs Hacoc JlaHrmiwpa (puc. 2.35). PTyTb nam opraHu-
yeckas XMAKOCTb (Macno) B pe3epByape HarpeBaeTca 371eKTpU-
YecKO cnupanbio A0 KumeHus. apbl pTyTM C GONbLUOWA CKO-
POCTbIO BbLIXOAAT W3 COMMa W YBAEKalOT 3a COBOW MOMEKybl
BO3JyXa M3 OTKauyMBaemoro cocyga. dTv Mapbl, Nonajas 3aTem
Ha OX/NaXLaeMyl0 BOJO MOBEPXHOCTb, KOHAEHCUPYOTCA U CTe-
KaloT 06paTHO B pe3epByap, a 3axBaYeHHbIA BO3A4YX BbIXOAUT
B NMPOCTPaHCTBO, B KOTOPOM [AOJ/KHO ObITb CO34aHO MpejBapu-
TeNbHOe pa3pexeHue (dpopsakyym). Hacoc JIaHrmiopa UCMNONb-
3yeTcs, Hanmpumep, 415 OTKAYKWM 3MEeKTPOBAKYYyMHbIX MPUOGOPOB.
C ero MomOLUbO MOXHO [OCTUYb Pa3pexeHuii, COOTBETCTBYHO-
wmx ~10 6 wMm pT. CT.

Ona poctmxeHns ewle 60MbLINMX pPa3spexXeHUin MUCNOMb3YHoT,
Hanpvmep, CBOMNCTBO OXNaXAEHHOTO aKTMBMPOBAHHOIO Yras no-
rnouiate rassl. B 0TKaumMBaemoil konbe fenaetcs OTPOCTOK,
B KOTOPbI MOMELLLAeTCH HEKOTOPOe KOMMYECTBO aKTUBMPOBAHHO-
ro yrng. pu nonyyeHMU MakCMManbHOIO paspexeHus, KOTopo-
r0 MOXHO AOCTUTHYTb C MOMOLLbLI Hacoca JISHIMIOpa, OTPOCTOK
C YyrNem MOorpyxarwT B XULKWIA BO3AyX. OXNaXAeHHbIA [0
TemnepaTtypbl nopsagka —180 °C yronb norfaowaet OCTaTKu
rasa B Konbe, W faBneHWe B Hell NOHMXKaeTcs [0
10-8-=-10~9 mm pr1. CT-

Ons n3mepeHns He6OMbLUMX PaspPeXeHWA MOXHO MNOb30-
BaTbCA OObIYHLIM PTYTHbLIM MaHOMeTpoM. B cnyuae ray6okoro
BaKyyma MPUXOAMTCA MpefBapuUTe/IbHO CXMMaTb 4acTb rasa
B OMpefefieHHoe 60NbLIOE YMCNO pa3 W M3MepATb [JaBfieHue
CXaToW uvacTm raza (MaHomeTp Mak-Jleopga).

B HacToflee BpeMs ANS M3MEPEHUs Bakyyma LUIMPOKO UC-
NONb3ylTCA Pa3NNYHbIe 37eKTpuyeckue MeTofbl. Hanpuwmep,
B MOHM3aLMOHHOM MaHOMETpPe C MOMOLLbLH BLICOKOTO Hampsxe-
HUS  WMOHU3NPYKOT MOJIEKY/Ibl OCTAaTOYHOrO0 rasa U M3MepstoT
ymcno o6pa3oBaBLUMXCH MOHOB, KOTOPOE MPOMOPLMOHANLHO KOH-
LleHTpauun Monekyn, T. e. LABMEHUIO rasa.

§ 27. Onddysmsa rasos

MycTb B rase MPUCYTCTBYET MOCTOPOHHAS MPUMECL C KOH-
LeHTpaumein n (N — 4YnCNo MOMEKyn B efunHMLEe 00bEMA).
B [aHHbLIA MOMEHT BpPEMEHW KOHLeHTpauus npumecy B pasnmy-
HbIX TOYKax 06beMa MOXEeT ObITb Pa3fIMUYHONA W 3aBUCETb OT
np%CTpaHCTBeHHoVI KOOpPAMHATLI X, KaK 3TO M306paXeHO Ha puc.
2.36.
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Homm B TOUke C KOOPLAMHATOM X KOHLEHTpauus WMeeT Beu-
UMHY M, TO B COCEfHE TOUKe, CABMHYTOMN Ha paccTosHue AX,
HblYOHME KOHUeHTpauun 6yaeT pasHo n-{-An. [MpupalieHne

KOHLeHTpaumMm An MOXeT 6biTb

KaK MONOXWUTE/bHbIM, TakK U

oTpuLaTeNlbHbIM, B 3aBUCUMOC-

T OT KOHUEHTpauun npumecu

B COCEAHUX 3M1eMEHTax 06beMa.

OTHoLeHne An/AX xapak-

Tepusyet BbICTPOTY WU3MEHEHMSA

KOHLEHTpaLMm B NPOCTPaHCTBe

N Ha3blBaeTcqd TrpajueH-

TOM KOHUeHTpaumnu.

3HaK 3TOro OTHOLLEHUSA YKa3bl-

BaeT HanpasfieHWe Bo3pacTa-

HUS KOHUEHTpauuu, T- e. Ha-

npasneHue rpagueHTa B Mpo-

cTpaHcTBe. YuMcneHHOe 3HayeHMe rpagmeHTa MokasbiBaeT U3Me-

HeHVe KOHLIeHTpauun An B NPOCTPaHCTBE MPW MepeMeLleHnmn Ha
eAvHMUY AAnHbl (npu Anr= 1).

Ecnm rpagMeHT KOHUeHTpaummu paseH Hyno, 10 An—O0 u
n=const, - e. KOHUEHTpauua NPMMeCH B Pa3IMUYHbIX TOYKAX
rasa ofmHakosa. Takoe paBHOMepHOe pacnpefeneHue npuMecu
B MPOCTPaHCTBE ABNAETCA Haumbonee BepPOATHbIM W, OLHaXAbI
BO3HWKHYB, He OyfeT HapyllaTbCA XaOTUYECKUM [BUKEHUEM
MOEKYy.

MNpn Hanuummn rpagneHTa KOHUeHTpauyuu ~ ® O xaoTu-

Yeckoe fBMXeHue ByJeT CTPEMUTLCH BblPaBHATH KOHLEHTpaL MK,
N BO3HWKHET MOTOK MOJIEKY/ MPWUMECK, HanpaBfeHHbIA OT MecT
c 60MbLIMMM K MecTaM C MeHbLUMMW 3HAYeHWsMU n. ITOT
ANGAIY3NOHHBIA NOTOK ByAeT TeM 60/bLUe, YeM Bbille TPagUeHT
KOHUEHTpaLmu.

Ong BbluncneHnsa LU dy3MoHHOTo MOTOKA pPacrnonoXum B
NNOCKOCTU X = CONSt KOHTPO/bHYIO niowagky AS neprneHAnky-
NAPHO K OCK X U NOACUMTAEM YMCNO MONEKYN MPUMECU, NPOXOLA-
Wmx 3a Bpems At yepes aTy noLWaAKy cnesa Hanpaso M crnpasa
naneso (puc. 2.37).

MoTtok monekyn AN+, npoxofawmx u4epes nnowagky B
Hanpae/iEHUWN MOMOXUTENbHOM OCK X, cornacHo (17.11) paseH

AN+ =-—n~AS A, (27.1)

roe «|— KOHUEHTpauus NpUMecH crieBa OT KOHTPO/IbHOW MNno-
WKW,
Mockonbky B paccMaTpyvBaeMOM Cliydae KOHLEeHTpauus n
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MEHSeTCA OT TOUKM K TOUKe, TO cnefyeT 0Oonee TLaTeNbHO
ONpeLennTb, KaKkoMYy 3HAYEHUIO KOOPAMHATbl COOTBETCTBYET Be-
nnymHa N\ Ana ynpowieHus pacyeta NpUMeEM, UTO BCE MOJIEKY-
Nbl, Npoxojdlime 4epe3 KOHTPONbHYK MOLWALKY, WCMbITaNN
nocnefHee CTO/IHOBEHWE Ha Of-
HOM W TOM >Xe paccTofaHMM OT
NaoWasKkn, paBHOM CpeAHen anu-
He cBo6ogHOro npobera / Tak
KaK BblpaBHMBaHWE KOHLEHTpa-
UMiA NPOWCXOAMT NNLIL B Pe3y/b-
TaTe B3aMMHbIX CTO/IKHOBEHUN, TO
Ha Nyt / KOHLeHTpauusa mone-
KyNn B My4yke He MeHseTCs W oCTa-
eTc paBHON 3HauyeHuto JI| B
nnockocTn X — /.
MoTOK  MoONekyn  npumecw,
NPOXOAALLMX  4Yepe3 MIOLWAaAKY Puc. 2.37.
cnpaea Haneso, B HanpasieHUM
OTpULATENIbHBIX 3HAYEHUA KOOop-
LUHATbl X, aHaNIorMYHO paBeH

AN_ =-Tf T2 CAS At, (27.2)

roe tiz — KOHLEHTpauus npumMecy B MAOCKOCTM X-\-\ Ha paccTos-
HUM /cnpaBa OT MIOWAAKM.

CyMMapHbIi ANDY3NOHHBIA NOTOK Yepe3 MAoWafky B Ha-
NPaBAeHUN MONOXUTENbHOW OCK X NPEACTaBASeT Pa3HOCTb ITUX
ABYX MOTOKOB:

AN—AN+—AN_. (27.3)

MOTOK MO/eKyn, MPOXOASLIMX Yepe3 eduvHULY niowagn 3a
eAVHNLY BPEMEHW, MOXHO TOrga npeo6pasoBaTb K BUAY

= <27 -4 >

PasHocTb l— i\ npeacTaBnser co60i npupallieHne KOH-
UeHTpaumm An Ha pacctoaHum Ax=21. CneposaTefnbHO, OT-
HOLLeHNe

An
/4 Ax

npeacTasnseT co6oli rpauuekT KOHLEHTPaUMM B HanpaBneHUw,
napannensHom ocu X. O603Haumm, fJanee, ;epe3 D npowus-
BefeHne

(27.5)

«77=0. (27.6)

132



lhi 11 3aKOH Aubdy3un NpUHUMAaET OKOHYaTeNbHbIA BUA:

/=- Dir (277>

//. >0k Monekyn npumMecy, AUPQYHAMPYIOWNX Yepe3 efuHuLy
NOLWaaM 3a eAMHNLY BpeMeHW, NMpsMo NPOMOPLUOHANEH rpagm-
1'HTY KOHLEHTpaumu.

3HaK MuWHyc B dhopmyne (27.7) ykasblBaeT Ha TO, 4TO
AUAOPy3NOHHBIA NOTOK HanpasieH MPOTMBOMOJIOKHO TPAfUEHTY
KOHLeHTpauuu, T. €. B CTOPOHY YMEHbLW EHMUSA KOHLUEHT-
paumu.

KoadhcomumeHT nponopumoHanbHocTM D HOCUT  Ha3BaHue
KosdhdpuruuyumnmeHta ANGPAPY3UN W YACNEHHO PaBEH NOTO-
Ky MONeKyn 4yepe3 eAuMHULY NAOWAAM 3a eAWHULY BPEMEHU npu
IpagneHTe KOHUEHTpauuW, paBHOM eAuHUUe (TOYHee, npw

\t '

3akoH gudchysum (27.7) 6bl1 YCTAaHOBNEH Ha OMbITe 3a40/Nr0
[0 TOro, Kak OH Obln BbiBeeH TEOPeTUYECKU N3 MONEKYNAPHO-
KMHeTUYeckol Teopun. o3TOMy rnaBHas LEHHOCTb TeopeTmye-
CKOro BbIBOZA 3aK/1H0YaeTCA B BbIICHEHWM MexaHW3Ma npouecca
andpdoysmm m ceasn  kosdpchmumeHta Auddy3anm ¢ OCHOBHbIMU
MUKPOCKOMUYECKMMM XapaKTepPUCTUKAMK.

Mpy HOpMabHLIX YCAOBUAX [A/MHA CBOGOAHOrO mnpobera

10" ™, a cpegHue ckopocti ¢ » 102-M 03 m/cek. OTCOfa,
B COOTBETCTBUM C OMbITOM, KO3I(P(IULMEHTBI Ancbdy3umn B rasax
MpU HOPMasibHbIX TemnepaType W faBfeHUM OKa3blBaloTCH pab-
HbIMM 10~5-f-10-4 m1/cek.

§ 28. BA3KOoCTb rasza (BHyTpeHHee TpeHwUe)

MycTb B NOKOALLEMCA ra3e [LBUXKETCH BBepX (MeprneHAuKy-
NAPHO K OcU X) MJIoCKas nnacTWHa, 061afarolLas HeKoTOpoi
ckopocTbto Vo (puc. 2.38). bygem cuuTath, 4TO VO MHOro
MEHbLLIE CPefHEe CKOPOCTU XAOTWUYECKOro ABMXKEHUS MONeKyn:

Vo<C. (28.1)

B cBOEM [BMXEHWUMW MNaCTUHA YB/eKaeT MpUneralowmii K Heli
CNOWA rasa, KOTOPbLIA B CBOK OYepedb yBNEKaeT 3a €060 cnepy-
HOWWiA cnoid, n 1. 4. Takum 06pa3oM, BeCcb ra3 Kak Obl AennTCS
Ha TOHYalLUMe CNoW, CKOJMb3sALLMEe BBEPX TeM MefJ/IeHHee, Yem
Jafblle OHU HaxoAAaTcs OT ABMXKYLLerocs Tena.

OueBMAHO, 4YTO €cnM Bbl OTCYTCTBOBANO B3aMMO[ENCTBME
MEXAy CN0AMM rasza W Mexgy rasom W MaacTUHOM, Kaxnbll
Crnoi mor 6bl 4BUTaTbCA C MPOWU3BOMILHOW CKOPOCTbIO, HE3aBUCU-
MO OT ApYyrux. B peiicTBUTENLHOCTM Xe pacnpegeneHne cKopoc-
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Teld Vv(X) CnoeB rasa B 3aBUCMMOCTM OT WX PaccTOfAHUA [0
MNacTUHbI YyCTaHaBAMBAETCA B CWUY HanU4ns BA3KOCTU, T- €.
CUN BHYTPEHHEro TPeHMs B rase.

BekTop Vv npefcTaBnseT cOO0W CKOPOCTb HanpaB/ieHHOro
LBWXEHWUS BCEro cfios rasa B Lenom. Ipm aTom Kaxgas Moseky-
na rasa B C/0e NpUHUMaET
yyacTue B [BYX [BMXKEHU-
AX — XaoTM4yeckom (Tenso-
BOM) W HanpasfieHHOM (KO-
nekTMBHOM). CKOpOCTb Ten-
NI0BOTO BMXEHMS € No abco-
NIOTHOI BE/IMYMHE OYeHb Be-
NVKa, TakK 4To

Try.  (282)

OfHako HanpasneHne cC
HenpepbIBHO UM XaoTUYeCcKu
MeHseTcs TaKk, uTo
BEKTOP  CKOpOCTM C B
CPeAHEM paBeH HYNIO:

>c>

T =0, (28.3)

T- €. COBOKYMHOCTb HEMpepbiBHO CTaNKMBAKOLINXCA MOJEKY,
YyUacTBYIOLLMX TOMbKO B TEMOBOM [ABMXXEHWUW, B CPeAHEM GyaeT
ocTaBaTbCsl Ha MecTe. [pM HanMumMm Xe [OMOMHUTENBHOTO Ha-
NpPaBfeHHOr0 ABMXEHWUS BCA COBOKYMHOCTb MOJEKYN B LE/IOM
6yaeT ApelidpoBaTb C MOCTOSHHOW CKOPOCTbIO V. Taknm 06pa3om,
CpefHee KOMMYeCTBO ABWXEHMWSA OTAENbHON MOMeKyNbl B
LaHHOM crloe

mv-j-mc=mv-f-0=mv, (28.4)
BcneacTeme TOro, 4YTO MOAEKYNbl y4yacTBYKOT B TeMIOBOM
ABWXXEHUW, OHM BYAYT ObICTPO NepexofnTb U3 cnos B cnoid. Mpu
3TOM OHM 6yfAyT MepeHOCUTb C coboli 06aBOYHOE KONMYEeCcTBO
OBVKEHMWSA, OTBeYatollee CKOPOCTU HampaBfEHHOTO [ABWXXEHMS
V TOTO C/104, KOTOPbIA OHW MOKMAalT. ITO A006ABOYHOE KOMW-
YeCTBO [BMXeHMs OyaeT nepefaBaTbCi MOMeKynaMm Cnos, B
KOTOpbLIA nepeluna paccMaTpuBaeMmas Monekyna. MepemeluBa-
HVMe MOMEKYN pasHbIX C/I0EB, MPOUCXOAsALLEE B CMAY WX XaoTu-
YeCcKoro ABVMXEHWS, MPMBOAMT K BbipaBHMBAHWKO CKOPOCTEN ne-
PEHOCHOTO [ABVMXXEHWS V pPas3HbiX CM0EB, 4YTO M NPOABNSETCS
MaKpOCKOMNYECKN KaK AeACTBUE CUMT TPEHMS MEXAY CMOSAMMU.
Onsg BbiBOAA KOMMYECTBEHHbIX 3aKOHOMEPHOCTE 3TOro mnpo-
liecca pacCcMOTPUM, Kak W B npefblayuiem naparpade, KOHT-
ponbHYO naowaaky AS, nepneHaMKyNsapHYO K OCU X W pacnono-
XEHHYI0 Ha NMPOM3BO/IbHOM PAaCcCTOAHUM X OT ABMXKYLLECcs nnac-
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inbl (puc 2.38). Yepes 3Ty naolwagky 3a Bpems At Bhpaso
N NMeBO MPOXOAAT MOTOKWU MOMEKYN

AN+=+nTASAt n AN =+n~ASAt.  (285)

MockonbKy faBfeHWe M TemMnepaTypa BO BCEM rase OfMHAKO-
Hbl, TO N U C OAMHaKoBbl No Bcemy o6bemy M AN+=Abl
OfHako, X0T8 YU CNO MOJIEKYN, MPOXOAALLMX Yepe3 noLwas-
Ky B 06e CTOPOHbl U OfLMHAKOBO, HO OHW MNEPEHOCAT pasHble
KONu4yecTBa [ABMXeHMA. B pesynbTaTe 3TOro nepeHoca Konu-
YyecTBa [BVMXKEHWA BO3HMKaeT cufia TPEeHUs MeX[Ay CocefHUMU
C/IOSAMU, BE/IMYMHY KOTOPOA MOXHO MOACYMTaTh, MOb3YACh 3a-
KOHOM KO/IMYEeCcTBa [BMXXEHUS.

Kaxpgas monekyna, npoxogawas yepes naowagky AS cnesa
HanpaBo, MepPeHOCUT C COBOIN B CPeAHEM KOMUYECTBO ABVMKEHUS
mv |, rae vi— CKOpOCTb HanpaBfeHHOro ABMXXEHWUS rasa B Mnnoc-
KOCTM X — / Ha pacCTOSiHUM [AWHBI CBOGOAHOrO npobera oOT
KOHTPO/IbHOM naowagkn. Takum 06pa3oM, yMeHbLUeHWe KOonu-
4ecTBa AABMXEHWA CMI0f, OrPaHUYeHHOro cnpasa naowaakoin AS,
3a Bpemsa At 6yaeT paBHO

Mv{AN+=mt'"-H?AS At-

C Opyroii CTOpPOHbI, 32 TO XXe& BpPeMsi 4epe3 naowaaky AS
nepeHocUTCs B OOPaTHOM HanpaBieHUU KOUYECTBO [BUXKEHUS

Ty 2AN-—mv2=ncAS Ar-

roe \o— CKOpOCTb HanpaB/eHHOro ABMXXEHUS rasa B MI0CKOCTU
X-\-1, B KOTOpPOin nocnegHWin pa3 nepes MNPOXOXAEHUEM uepes
KOHTPO/IbHYIO MJIOLLaZKy MOMIEKY/bl CTaNKMBANMCh MEXAY CObol
N BblpaBHMBaNN CBOW cpeaHWe ckopocTu. PasHocTb mVIAN+—
mv~AN-  nipefcTaBngeT co60M M3MEHEHWe KOMM4YecTBa ABUXKE-
HWA CNof N AO/DKHA ObITb paBHa UMNYMbCY CUbl TpeHus O/\p
OEACTBYIOLLEA B TeYEHMe 3TOr0 BPEMEHM" B HamnpaBleHWW V,
napannenbHoM nnowanke AS, T e.

AFTAt=-"-ncm (vi—u2ASA/ (28.6)

Pa3genns 06e 4YacTu paBeHCTBa Ha AS At, HailjeM BblpaxKe-
HUe A7 CUAbl TPeHWs, LeACTBYHOWEl Ha efuHULY naowaan
rpaHuiLbl COMPUKOCHOBEHWMA COCELHUX COEeB:

p= N = -i-nmcrMEi. <28.71

Pa3HOCTb v»— Y] npepacTaBnser cobol npupalleHne CKOpocTu
Jo Ha pacctosaHum Ax=21. CnepoBaTefibHO, OTHOLLEHMWE
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w—10| __ \v
21 AX

npeacTaBnser coboli rpafguMeHT CKOPOCTWU [ABUXKEHUS
rasa. Bsopgs, manee, 0603HayeHMe

-j-lecnm—T7). (28.8)
MOSTlyYMM OKOHYATE/IbHOE BbIPaXEeHUe A5 CUMbl TPEHUS:

Ap= — (28.9)

Cuvna BHYTPEHHEro TPeHWs,, BO3HMKAIOLLEro MPU Makpockonuye-
CKMX [BVMKEHMAX B rase, MpPsMO MPOMOPLMOHaIbHA FPajueHTy
ckopocTu. KoathchmumeHT nponopuyoHanbLHOCTA ] HOCUT Ha3Ba-
HMe KosaddunuymeHTa BHYTPEHHErOo TPeHMUA, WM
npocto BA3KOCTWM rasa. Baskoctb (WM  fuHa-
MUYeCcKas BA3KOCTb) ) YNCNEHHO paBHa CW/e BHYTPEHHEro
TpeHWs, JeiCTBYIOWEeN Ha eAMHULY NAOLWAAM TpaHuLbl pasgena
TapanfenbHO [ABMXKYLLUXCA C/I0EB ras3a, KOrfja CKOPOCTb WX
OBVOKEHMUSA YMEHbLUIAeTCa Ha eAMHULY MNpu MNepeMeLLleHnn B Ha-
npasfieHUK, NepneHJnKyNapHOM K rpaHuLe, Ha eguHULY A4/UHBI,
T e

0= /p npn

3aKoH (28.9) 6bin nonyvyeH HbHOTOHOM M3 aHanu3a 3Kcnepu-
MEHTaNbHbIX AaHHbIX W ABUCSA OCHOBOW MPW W3YYeHWUU [BUXE-
HWS BA3KOW XMAKOCTU M rasa. ATUM Xe 3aKOHOM OnpefensieTcs
M CuNa TPeHWs, BO3HMKalOWas Ha rpaHWLEe MexXgy rasom u
OBUXYLLMMCS B 3TOM ra3e TBepAblM TenoM.

PaccmMoTpuM 15 nMpumepa PaBHOMEPHOE fBVKEHWE MasieHb-
KOro wiapuka paguyca r B raze. O603HaUYMM CKOPOCTb LUapuMKa
OTHOCUTENbHO ra3a uepe3 \o- PacnpejeneHue CKOpocTeil B co-
CeAHUX CNOfX rasa, yBJeKaeMblX LUAPUKOM, LO/DKHO WMETb BWA,
n306paxeHHbIi Ha puc. 2.39. B HenocpefcTBeHHON 6AM30CTU
K MOBEPXHOCTM LIapa 3Ta CKOPOCTb M paBHa Vo, a MO Mepe
yAaneHns YMeHbLUaeTcs W MpaKTMYeCKU CTaHOBUTCH paBHO
HYMI0 Ha HEKOTOPOM PaccTosiHMM L OT MOBEPXHOCTW.

OueBMAHO, 4YTO 4YeM 6OnblUe paguyc Lwapa, TeMm 60/blias
mMacca rasa BOBJ/IEKaeTCq WM B ABWXeHWe, U L AOMKHO 6bITh
NPOMNOPLMOHANLHO

L—ar. (28.10)

BennuunHa koadpchuumeHta nponopuymoHansHocTn B (2«.HO), BO-
obLle roBops, HECKONMbKO pa3nuyHa ANd nepegHeidl 1 3afHein
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yacTeii [ABMXyLLErocs Tena, M Nog a Mbl GyieM MOHUMATb
CpefHee 3HaueHue 3aToro KoadpdmumeHTa. Torga cpefHee 3Haue-
HVe TpajMeHTa CKOPOCTU MO MOBEPXHOCTM Liapa pPaBHO
T§ y0—o 1o
AX

o (28.1

1loBepxHocCTh LLapa
S =4nr2

M NOMHAsA CuMa TPeHWS, UCMbITbiBaeMas ABMXYLLMMCS LLAPOM
paBHa

/op=/TR = -n4x-5= M7 4n/72= 0 (28.12)

NHTErpupoBaHmne ypaBHEHWIA ABUXEHUS BA3KON XUAKOCTY (rg
;»a), nposegeHHoe CTOKCOM, A4ano ANs Lapa 3HauyeHue

CneposaTefibHO, CUNa COMNPOTMB/IEHWA, UCMbITbIBaEMas LLIAPOM,

OBVOKYLLMMCA B BA3KOM rase, npAMO MponopumroHanbHa BA3KOC-
™ rasa T|, paguycy Lwapa
I 1 CKOPOCTU €ro ABUXEHUS
vO:

N\p= —o6n)|lr'»o. (28.13)

dopmyna (28.13) HocUT Ha
3BaHMe 3akoHa CTOK
ca.
Ona  HewapoobpasHbly
TeN YUCNEHHOEe 3HayeHue a
He paBHO 2/3 W 3aBUCKT OT
thopmbl ABUXYLLEroca Tena,
B KauyecTBe I A8 3TUX Ten
cnegyetr MpPUHATL CPegHuiA
onpefenawoLWniA pasmep. Be-
NMYUHA CUMbl  COMPOTMBIE-
HUS [ABVKEHMWIO Takux Ten
B rase OT/NM4YaeTCAd OT BbIBELEHHON Mo 3akoHy CToKca NULUb
YNCNEHHbIM 3HauyeHMeM Ko3ghdhuumeHTa NPONOPLMOHANBHOCTH.
®opmyna CToKca MpUMEHMMaA Wb B CAydae Ten fOCTaTou-
HO MasibiX pa3MepoB W MaibiX CKOPOCTel WX ABUMXeHUA. [pu
60/bLUNX CKOPOCTAX BOKPYT ABVKYLLUXCH TeN BO3HUKAKOT C/IOX-
Hble BMXPEBbIE ABMXXEHWS rasa, M cuna conpoTUBEHUA BO3pac-
TaeT MPOMOPLMOHANbLHO KBafgpaTy CKOPOCTU (yo), a He MepBoit
Ir CTereHuW, Kak 3To cnegyet w3 dpopmyn (28.12) un (28.13).
Mo dopmyne CToKca MOXHO, Hanpumep, ONpeAennTb CKO-
pOCTU OCefaHWs 4acTuy, TymaHa W biMa. EH0 MOXHO MoJb30-
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BaTbCA U ANA pPelleHns 06paTHOIN 3afauyn — M3Mepsis CKOPOCTb
nafieHNs LapuKa B XWAKOCTM, MOXHO OMpeaenvTb ee BA3KOCTb.

§ 29. TennonpoBOAHOCTL rasa

PaccMOTPMM a3, 3akK/HOUEeHHbI Mexay ABYMS napaniefb-
HbIMWU CTEHKaMM, UMEIOLWMMM pa3fnuHble Temnepatypbl T, v TG

MpoBesemM oOCb X NEPNeHAUKYNAPHO K cTeHkam (puc. 2.40).
TemnepaTypa NPOMEXYTOUHbIX C/10eB rasa T(X) 6yaeT dyHKUMeENR
KOOpAuHaTbl X

Mpn Hanuuum rpagmeHTa Temnepatyp "-"-=/=0" uepe3 ras

B Hanpas/fieHMM ocu X OyheT MATM MOTOK Tenna. MexaHusm
nepeHoca Tensia COCTOUT B C/efytOLUeM.- MOJIEKYNbl B Pa3HbIX
cnosx rasa 06nafat0T pasNUUYHON CpefHEeNn KMHETUYEeCcKOM aHep-
rmeii, obycnoBneHHOM pasnuumeMm Temnepatyp cnoes. B cuny
Xa0TMYHOCTW CBOEro [BUMXXEHUS MONeKynbl OYyAyT HenpepbiBHO
nepexoauTb M3 €0 B CMOW, nepe-
HOCSi B HOBbIA CMOW 3HEpruo, npu-
CYLLYO MOKULAEMOMY UMW  C/IOHO.
Takum 06pa3om, [BMXEeHWEe Mone-
Kyn MPUBOAMT K MNepemellnBaHunIO
MOMEKYN, WMEIOLMX pPasnyHble e,
T € C MakpOCKOMUYeCKOW TOYKM 3a-
3peHns, K MOTOKy Tenna.

Mpy noacyeTe NMOTOKA Tenaa Mbl
BBEEM  Clefyloline  YMpPOLLEHMS:

1) 6ypem cumTaTb, YTO MOJEKY-
Nbl B 6M3KMX cnosx rasa, ob6napa-

folire  pasINYHbIMK - 3HAYEHUAMU x-1 X xtl
CPeSHUX 3HEepPruil e, MMEKT, TeM He Puc. 2.40.
MeHee, OJIMHAKOBYIO CPEfHIO0 CKO-

pOCTb;

2) NpuMeM, 4YTO KOHLEHTpauus MOJeKkyn N OAMHaKoBa B
COCefHMUX CNoAX rasa, XOTd Mpy HalM4yuu PasHOCTU Temnepatyp
N OAMNHAKOBOM [aBfieHWW OHa [O0J/IKHA, KOHEYHO, MeHATbCA OT
cnos K cnoto.

3TN NpUBAMXKEHUs, 4YaCTMUYHO KOMMEHCUpys Apyr Apyra,
BecbMa YMPOCTAT BbIYUC/IEHWUSA, MPUBHOCA NPU 3TOM MOrpeLu-
HocTb nopagka 10 %.

PaccMoTpuM, Kak ¥ B npeabigywiMx naparpagax, KOHTPO/b-
Hyl0 naowanky AS, nepneHanKynspHyto k ocm x (puc. 2.40). 3a
BpemMa A/ 4Yepe3 3Ty MoOWAKY TNPOXOAAT CnesBa Hanpaso

AN+=-g-cnAS A/ monekyn. CpeaHss 3HEPrus aTUX MOMEKYN ei
COOTBETCTBYET 3HAYEHMIO € B TOM MecTe, rfje OHW MOCnefHWiA pas
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UCMbITIN CTO/IKHOBEHWE, T- €. Ha PacCTOSHUU ANUHBLI CBOGOAHO-
ro npobera /ot nnowagkn AS. O603HauYMB 3HauYeHMe Temrepa-
Typbl B NAOCKOCTU X — / yepe3 T\ M OrpaHUYmMBafchb Cnyyaem
O[HOATOMHOIO WMAeanbHOro rasa, Mbl MOXEM Hammucatb, YTo

T,=4*7V (29.1)

Yuncno Mosiekyn, Npoxogalmnx yepes naowagky AS 3a Bpems
At cnpaBa Haneeo, A/NV_=-~TnAS At. CpeaHss 3Heprusa aTux
MOJEKy

ea= | -KT3, (29.2)

roe Tr — 3HayeHWe TeMmnepaTypbl B MAOCKOCTU X-\-I.

MonHbliA NOTOK aHeprun AQ, NPOXOAALLUMIA 4Yepe3 NaoLLaaKy
B MONOXWUTENIbHOM HanpaB/ieHUN OCU X, PaBEH Pa3sHOCTU [ABYX
NMPOTMBOMOMOXHbIX NMOTOKOB AQ—etAN+—

—8 7 A %—ric- (Ti—T)-2-kAS At, oTkyaa

-nN -VH-*- <*»>

PasHocTb ''— T\ npepgcTaBnqaeT coboi U3MeHeHWe Temnepa-
Typbl AT Ha paccTosHun Ax=21. CnefoBaTtefibHO, OTHOLLEHWE

re-T, AT
21 AX

eCTb He YTO WHOe, KaK TpafUeHT TeMmnepaTypbhl.
Beepas, ganee, 0603HayeHue

-L/C.+-kn=K (29.4)

Mbl  NONy4YMM OKOH4YaTe/lbHOE BblpaXeHWe 3aKOHa Ten-
nonposoagHOCTNK:

7= -%-2T (295)

MoToK Tenna, MPOXOAAWMA Yepe3 eAnMHULY naowagu 3a
eAVHNLY BpeMeHW, NPAMO MNPOMOPLMOHANEH rpajueHTy Temne-
patypbl.

KoadhdomumeHT NponopLMoHanbHOCTM X HOCUT HasBaHue
KoshuymeHta TenNONPOBOLHOCTU WM, Npo-
CTO, TENNONPOBOAHOCTMW rasa. TennornpoBoAHOCTb ra-
ta UMCNeHHO paBHa KOMWYECTBY Tenna, MPOXOAALLEMY uepes
eaMHMLY NAOLLAAM COMPUKACAOLLUXCA CMOEB 3a eAMHULY Bpeme-
HA MpY FpagMeHTe TeMnepaTypbl, PaBHOM efuHuLE. 3HAK MUHYC

139



yKa3blBaeT, YTO MOTOK Temnsa Harnpas/ieH B CTOPOHY YMeHbLUEHUS
TeMnepaTypbl.

CpeaHas aHeprus Bcex M MOMEKY/, 3aK/THOUEHHbIX B eMHULIE
obbema, paBHa

Eu=n-\KT. (29.6)

Ecnn HarpeTb ra3 Ha OAWH rpagyc Tak, 4TOObl 4MCNO €ro
MONIeKYN B eAMHMLE 06bemMa 0CTaBafoCh MOCTOSHHLIM, T. €. Npu
HEW3MEHHOM 06beMe, TO 3Ta IHEPTUs YBENUYMTCA A0

E'v=n-\k (IF'+1). (29.6")
Bo3pacTaHue BHYTPeHHel 3Heprum npu TakoMm npoLiecce
E\-E,=n~«K (29.7)

npeacTaBnseT co60i KO/MMYECTBO Tenna, Heobxogmmoe ANs Ha-
rpeBaHnA efuMHMLULI 06beMa rasa Ha OAMH rpafgyc npu MocTOfH-
HOM 06bemMe, T. €. TENNOEeMKOCTb 3TOW eaUHNLIbI 0ObeEMa.
O6o03Hauum uyepe3 Cya YyAeNbHYK TeMIOEMKOCTb rasa, T. €.
KONUYeCTBO Tenna, Heob6XoAUMOe [N HarpeBaHUs eavHULbI
Maccbl rasa Ha ofuH rpagyc. Fockonbky macca efuMHMLbl 00b-
emMa rasa paBHa ero njoTHOCTM P, TO

E'..—E£.,=pCya (29.8)

Takum 06pa3om, Tenja0eMKOCTb eAnHULbI 06bemMa OfHOATOM-
HOr0 MfAeanbHOro rasa

pCya=-8-*n (29.9)
N KO3(ppMUMEHT TennonpoBOAHOCTU 3TOFO rasa
A,=-~ /cpCys. (29.10)

Kak Mbl yBugum Huxe, B rn. VIII, B cnyyae MHOroatoMHbIX
rasoB BblpaxeHuns (29.1) AN CpeAHei 3Heprum OfHON MOnNeKy-
Nbl, (29.6) ana cpefHeid aHeprumn eanHMLbl 06bema 1 (29.9) ans
TEMN0EMKOCTM 3TO eAnHMLLI 06beMa NepecTatoT GbiTb CnpaBej-
NNBBLIMA W [OJDKHbI ObITh 3aMeHeHbl ApyrumMu. OLHaKO MOXHO
nokasatb, YTO OKOHYaTesbHaa cBA3b (29.10) mexay Tensonpo-
BOAHOCTHIO M TEMNJI0EMKOCTbIO ras3a OCTaeTcs CrpaseAnnBOMN
W 4N MHOrOaTOMHbIX ra3oB; 3TO MOATBEPXLAETCH W OMbITOM.



§ 30. KoathdmumeHTsl MepeHoca M UX 3aBUCUMOCTb
OT AaBNneHuns

ConocTaBuM MOMYyYeHHble B NpeAblayLmx naparpadax sbipa-
XEHWS| N7 3aKOHOB:

andhdoysunm

J=~p-fp (30.1)
BHYTPEHHEr0 TPEeHMS

fP= -~y (30.2)
N TeNNONpPOBOAHOCTM

A4—  b-br- (30.3)

Bce 3TW 3aKOHbI BblAM YCTAHOBMEHbI HA OMbITE 3a40Nr0 A0 WX
060CHOBaHUSA ¥ BbIBOAA M3 MONEKYNAPHO-KUHETUYECKON TEeOpUN.

MocneaHss MO3BOMMMA YCTAHOBUTb, YTO BHELUHEE CXOACTBO
MaTeMaTUYECKUX BblIPaXEHWUIN 3TUX 3aKOHOB 06YCM0OBMEHO 06LY-
HOCTbIO /1eXaLlLero B OCHOBe ABAeHMI Anuddy3nmn, TenaonpoBosg-
HOCTV W BHYTPEHHEro TPeHWs MOJIeKyNSPHOro mMexaHu3ma mnepe-
MeLUMBaHWA MOJEKY B MPOLECCE WX XaOTUYECKOrO ABUXEHMWS
N CTONKHOBEHWIA ApYr C APYrom.

OfHako K KoHUy XIX Beka, HeCMOTps Ha GfecTalimne ycnexu
MOMNEKYNAPHO-KMHETUYECKOIN Teopun B 0GBACHEHUU LeNoro psaga
SBNEHNIA, KaK YXe YKa3blBanoCb, €/l elLle HejoCTaBano TBEPAOWA
0nopbl — MNPAMbIX 3KCMEPUMEHTaNIbHbIX A0Ka3aTeNbCTB CyLLecT-
BOBaHMA aTOMOB W MOJeKy/l. 3TO 06CTOATENbCTBO AaBano BO3-
MOXHOCTb MAeanncTuyeckoi wkone Maxa n OcTBanbga ocnapu-
BaTb NPaBOMOYHOCTb BbIBOJOB MO/EKYNAPHO-KMHETUYECKON Teo-
pun. C TOUKM 3peHWs 3TON WAEa/IMCTUYECKONM LUKOMbI CXOACTBO
3akoHOB (30.1) — (30.3) BbI3BaHO He 06BLEKTUBHBLIMM MPUYMHa-
MW, @ Cy6BEKTUBHLIMU — YAO6GCTBOM U MaTeMaTUYeCKON NpPoCTo-
TO/ OMWCaHWA CBA3U MEXAYy HaWUMKU OLLYLLEHUAMU.

Ecnn 6bl 3TO AeCTBUTENbHO ObINO TakK, TO KO3(I(ULMEHTbI
MPOMOPLMOHANLHOCTY B 3aKoHax  (30.1) —(30.3) Gbim Gl
MPOW3BO/LHLIMU W He CBSI3aHHbLIMW MeXAy Co60/. B npoTtusono-
NOXHOCTb 3TOMY M3 KMHETUYECKOWN Teopun BbiTeKaeT OfHO3Hau-
Has CBA3b MEeXAY HWMW, 06YyCNOB/EHHAA eAMHCTBOM BHYTPEHHe-
ro 00BLEKTMBHOIO MexaHW3ma SBMEHWUIA.

ConocTaBM BbIBEA€HHbIE HaMK B MpefblayLinx naparpadax
BblpaXeHUa A8 KO3(ULMNEHTOB:

andochysunn
D=4-Tc, (30.4)
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BHYTPEHHEr0 TPeHUsl

rN=-~-7¢nT (30.5)
M TennonpoBogHOCTU

X=-"-TcpCyg (30.6)

34ecb T — macca OTAeNbHOW MOANeKynbl, an — YUCIO MONEKY/
B efuHULe obbema. CnefoBaTeflbHO, WX MNPOM3BEAeHWe MT = p
eCTb MNOTHOCTbL rasa, n u3 (30.4) u (30.5) BbITEKaeT--

M= &k (30.7)
M3 (30.4) un (30.6) cnepyeT BTOpPOE COOTHOLUEHME
X=0pCypg, (30.8)

TakXe CBf3blBalOLLlee HEMOCPEACTBEHHO HAG/OLaeMble Ha OMbITe
BE/INUMHEBI.

3TV BbLIBOLbI MONEKYNAPHO-KUHETUYECKOA TEOopUM XOpOoLUO
OMpaBAbIBAKOTCA Ha OMbITe M NOATBEPXKAAKOT ee MOSIoXKeHUe 06
O6LLHOCTM MOMEKYNSIPHOr0 MexaHW3Ma, Nexaliero B OCHOBE
ABIeHUI anddpy3nm, TenNoNpPoOBOAHOCTU N BHYTPEHHErO TPEHUS.

Y4yeT 60nee TOHKMX 3PEKTOB, CBA3AHHbLIX C TEM, YTO NPOU3-
Be4EHWSA CPELHUX BEIMUMH He TOYHO PaBHbl CPeAHWUM 3HAUYEHUAM
npou3BefeHunin, ewe 60/ee yny4yllaeT COBMajeHMNEe KOJIMYECTBEH-
HbIX MPEACKa3aHWn C OMbITOM.

3 aHanu3a cooTHowweHuid (30.4) — (30.8) BbiTEKaeT Takxe
UeNblii psif TEOpPeTMYECKM W MPAKTUYECKM BaXHbIX BbIBOJOB.
OCTaHOBMMCS NLIb Ha 3aBUCMMOCTU KO3(hPULMEHTOB MepeHoca
(30.4) — (30.6) ot gaBneHwus. _

TakK Kak CpefHAf CKOPOCTb MOJIEKY/ C MPONoOpLMoHanbHa -yT
(cm. & 20) © He 3aBMCUT OT faBneHund, To Doo/, 1 3aBUCUMOCTb
KoathhmumeHTa gudpdoy3nm oT faBneHnUs JoxHa ObiTb Nofo6Ha
3aBUCUMOCTU | OT p, PaCCMOTPEHHON B § 26 1 N306paKeHHO Ha
puc. 2.33:

npy 06bIYHLIX AaBneHusx Doo —,
P > (30.9)
B obnactm Bakyyma (p<p,) D= const.)

To, 4TO KO3hpMUMeHT ANchdY3NM NPK OBLIYHBLIX 4aBEHMAX
06paTHO NPOMOPLUNOHaNeH [JaBfeHWIO, BMOMHE eCTeCTBEHHO.
C pocToM faBneHWs yMeHblUaeTcs fAAnHa cBo6OAHOro npobera
MOJSIEKYN W 3aTpyfHAeTca ux guddysus.

Mpn NocTofHHOI TemMMepaType MAOTHOCTbL rasa p NPoOMnopuu-
OHanbHa ero gasneHuto p. Moatomy m3 (30.7) cnegyet, uTo
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npy 06blYHbLIX faBneHnax Dco-*-,p oop u r]=const, 1,(30.10)

H obnacTn Bakyyma Z)=const,p 03p v T) 00 p.

C yBeNMYEHMEM [aBfIEHWS W MJOTHOCTM rasa MOBbILIAETCA
YMCNO MONEKYN, MEePeHOCALLMX KOMMYECTBO [ABMXKEHMUS W3 CNos
M CNOM, HO 3aTO YMEHbLUAeTCA PacCTOSiHME, Ha KOTOpPOe OHO
MePeHOCUTCA [0 CTONKHOBEHWA C COCEAHUMMW  MOJEKYNaMu.
BcneacTeme 3TOro BA3KOCTb rasa He fO/KHA 3aBUCETb OT €ro
AaBNeHns. STOT TEOPETUYECKMIA BbIBOJ MOKa3ancs COMHMUTE/b-
HbIM CaMOMY MOfy4mBLUEMY ero MakcBenny, KoTopblii y6eguncs
Hero NPasMIbHOCTM NINLLb NOC/E 3KCMEPUMEHTANbHON NPOBEPKM.
OnbIT nokasan, YTo AaXxe NpU TbiCAYEKPATHOM MW3MEHEHWW [aB-
NEHUs BENMYMHA ] MOYTU He MeHseTCs.

B obnactu Bakyyma pacCTOsHME, Ha KOTOpOe MepeHocUTCs
MMMYNbC MOJIEKYNaMK, OCTAeTCs HEM3MEHHbIM M PaBHbIM PaccTo-
SHUKO MEXAY CTEHKaMU VAW ABUXYLWMUMUCA B Bakyyme Tenamu.

Puc. 2.42.

Mpn 3aTOM BA3KOCTb rasa MpPOMNOpLMOHaTbHA YUCAY MOMEKYN K
C YMeHblUeHVeM [aBfieHUs MagaeT nNpsMo NPONOPLMOHaILHO
nocnegHemy.

MockonbKy yaenbHas TenaoeMKocTb rasa Cyg — BenUYMHa
NOCTOfHHasA, TO TeMJIONPOBOAHOCTb ra3a OyaeT cebs BecTu
Tak e, KakK W BA3KOCTb:

NPy 06blUHLIX AaBreHMax A=const, (30 I'I)
B 06/1acTM BakKyyma X co p. '

3asucumocTtn (30.9) — (30.11) KoadhhuLMEHTOB MNepeHoca
OT [JaBfneHus un3006paxeHbl rpaduyveckm Ha puc. 2.41. Ond
CPaBHEHWs Ha TOM XXE PUCYHKe MpuBefeHa KpuBas 3aBUCUMOCTHU
| oT p, n3obpaxeHHas paHee Ha puc. 2.33.



3asucumocTtun 1] m A oT p B 061acTM Bakyyma MOryT 6biTb
MCMOMb30BaHbl /151 M3MEPEHUA O4YeHb HWU3KMX AaBNeHUR. B Tak
HasblBaeMOM MaHOMeTpe [lmMpa HW HUTb, MOMELLEHHas
B BaKyyM, Haka/JiMBaeTCA 3N1eKTPUUECKUM TOKOM. [pu 3TOM, 4em
HUXe [aBneHWe, TeM MeHblUe TenaoMpOBOLHOCTL rasa, Tem
cnabee oxnaxpgaeTcs HWUTb W Bbille ee TemnepaTtypa. Mporpagy-
MpOBaB TeMMepaTypy HUTU MpU PasHbIX [AaBAEHUAX, MOXHO
TakuM 06pa3oM, M3Mepas TeMrepatypy HUTW, ONpejennTb AaBs-
NeHne rasa.

B Tepmocax u cocygax [btoapa [fenatoT ABONHble CTeH-
KA M U3 MPOCTPAHCTBA MEXJAY HUMM OTKauyMBalOT BO3LYyX
(puc. 2.42). Ecnn oTKayaTb BO3AyX NULLb A0 AaBAeHWUI p>p,,,
TO cornacHo (30.11) TenaonpoBOAHOCTb BO3AyXa OCTAHETCA TOM
Xe, Kak 1 npu aTMocepHoM fAaBneHuu. W Tonbko npu p<Cp,,
(rny6oKniA BaKyyM) TennonpoBOAHOCTb BO3AyXa MeXAy CTeHKa-
MW HauyMHaeT najaTb W OH CTAHOBMTCA XOPOLUMM TEensjaom3o-
NATOPOM.



FNABA VIl
MEPBOE HAYAIO TEPMOAVNHAMUKN

§ 31. PaboTa u TennoTa. [epBoe Hayano TEPMOAUHAMUKU

Ewe 6onee 200 net Tomy Hasag M. B. J/lomoHocOB B paboTe
«Pa3MbILLIIEHNA O MPUYMHE TenaoTsl U X0n0[a» nucan:

«Tak Kak Tena MOryT ABUraTtbCA [BOSKUM [ABVXEHWEM —
06 WwWwnmM Mpy KOTOPOM BCE TENO HEMPEPLIBHO MEHAET CBOE
MECTO MpWY MOKOALLUXCA LPYr OTHOCWUTENIbHO Apyra 4actax, u

BHYTPEHHMWUM, KOTOPOe ecTb MepeMeHa
MecTa HEeYYBCTBMTENIbHbIX 4YacTul, maTepuu,
N TaK Kak mpu caMoM ObICTPOM O6LueM fBU-
XEHWM 4acTo He HabnrogaeTcs TemnoThl, a
Mpn OTCYTCTBMU TaKOBOTO [ABVMXEHMUS Hab/o-
faeTca 60nbllag TennoTa, TO OYEBUAHO, UTO
Tennorta cocTouTt BO BHYT-
PEHHEM ABWUXEHWUMN MATEPUU».
Puc. 2.43. 3TUM [BYM pasHbIM TuUMNaM [JBUXEHUSA
COOTBETCTBYIOT pas/IMYHble DOPMbl 3HEPTUK.
Teno, ABMXYLLeecs Kak LENoe, Harpumep,
< nocTynatefibHOW CKOpPOCTbIO v, 006najaeT MexaHMu-

YyeckoW aHepruelh Em=-~— llpn TakOM HanpaB/feH-

HOM [BWXEHWW BCE MOJIEKY/bl Tena MOMyvyarT OfHY W Ty Xe
CKoOpocTb Vv (puc. 2.43), N 3HepPrns MexaHW4YeCcKOro [ABUXEHUS
1 pacnpegensercd MexXay MONeKynamum OLHUM-e4UHCTBEHHbLIM
cnocobom — B faHHOM cJjly4ae paBHOMepHO. B 6o0nee o06uem
cnydyae B MeXaHMYECKYI 3HEPruio cnefyet BKAKOYATh U NOTEHLM-
aNbHYI0 3HEPrM0 Tena BO BHeWHeM Mofie (rpaBUTaLMOHHOM,
MEKTPUYECKOM, MarHUTHOM).

Hapsagy ¢ MexaHW4YecKoW 3Heprueid HampaBNeHHOro ABUXe-
HWS Teno ob6nagaeT BHYTPEeHHelW 3HEepPrmenm xaotuye-
CKOro TEMnjI0BOrO [BVKEHUS, MPU KOTOPOM CKOPOCTW OTAE/bHbIX
MOMIEKYNT WM PACcCTOAHWUA MEXAY HUMW Pas/iMyHbl U HenpepbiBHO
n3MeHsaoTca (puc. 2.44). BennumHa BHYTPEHHEl 3Heprum Tena
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CKNafblBAeTCA M3 KMHETUYECKOW 3HEPTUM XaOTWUYECKOTO [BUXKe-
HUS MOSIEKYNl W MOTEHUWaNbHOW 3HEPruM MX B3aMMHOrO pac-
MONIOXeEHMS

U= EXH ER (31.1)

Ona wnpeanbHoro oAHOATOMHOrO rasa, cocroduero ms N
monekyn, £r8= 0 ©, Kak 6bl10 nokasaHo B § 18,

U=N-\KkT,

T. €. 3HEeprus MOJEKYNAPHOTO ABUXEHWSA rasa Onpefenset ero
Temnepatypy. B oTinume OT MexaHU4YEeCKON 3Heprum 3sHeprus
TEMIOBOrO [BUXEHWUA pacnpefensiercs Mexgy OTAeNbHbIMA MO-
NeKynaMy XaoTUYeckn, BOMbLUMM YMCIOM HEMPEPLIBHO CMEHSAHO-
WKMX Apyr Apyra cnoco6os (T. e. 0O4HO MaKpOCOCTOAHME peanu-
3yeTcsd MHOXECTBOM HerpepbiBHO YepesytoLnxXcs MUKPOCOCTOS-
Hui, cm. § 16 n 17).

3Ta COBOKYMHOCTb HEMPepbIBHO CMEHSAKOWMX Apyr Apyra
MWUKPOCOCTOSHUIA, OTNMYAIOWNXCA NNLWbL BHYTPEHHUM nepepac-
npeLesieHNeM 3HeEPrum Mexgy MOJfieKynamu, XapakTepusyeT on-
pefeneHHOe MakpOCKOMWYeCKOoe COCTOSHME BCEro Tefa B LeoM
C onpefeneHHoin TemnepaTtypoil T, o6bemom V
N LaBEHUEM P.

BennunHel T, V 1 p 9Bnga10TCca napameTtpa-

MW, XapakKTepU3YIOLLMMN  MaKpOCKOMUYeckoe

COCTOSIHME BCero Tena. B cnyuvae TBephbix Ten

BMECTO O06bema napaMeTpoM SBNAETCHA COBO-

KYMHOCTb €ro /IMHelHbIX pasmepos. [Mpu nome-

LLEeHNM TeNa BO BHELUHWE NOAS K 3TUM MapameT- Puc. 2.44.
paMm [06aBNAKOTCA XapaKTepUCTUKU 3TUX Mo-

neid, Hampumep BbICOTa MOAHATWA Tena Hag

3eMNIeil WM HaMpPsXEeHHOCTb 3/IEKTPUYECKMUX W MAarHUTHBIX MO-
nei.

Mpy JaHHOM cOCTOAHUWM BCero Tena (MOL TeNOM Mbl MpU
3TOM MOHWMaeM KaK TBepfble Tena, TakK W 3aK/OYeHHble B
cocyfax XWAKOCTb W ra3) OHO ob6najaeT BMOMHe ONpefeneHHbl-
MU 3HAYEHUAMU MeXaHWYEeCKol £MX WU BHYTPeHHeid U 3Hepruii.
Ecnv npuBecTM B COMPMKOCHOBEHME [Ba Tefna, TO B Mpouecce
B3aMMO[JENCTBMA OHW CMOTYyT OOMEHMBATbLCA 3HEpruvein Kak
B TOW, Tak W B Apyroii copme. ITOT 06MeH pas3MyHbIMKA hop-
Mamy 3HEprMm XxapakTepu3yeTcsi COOTBETCTBEHHO MOHATUAMM
COBepWeHHONW paboTbl A N nNepefgaHHOTO
Tenna Q.

Hanpumep, Boga, najaroLias Ha nonatku Typ6uUHbI, Bpalia-
eT nocnefHtoto. MNpu 3ToM 06a 3TK Tena 06MeHMBAKOTCA MexaHu-
YeCcKO aHeprueidl. MexaHudeckas 3Heprus, OTAaHHas BOAOMW,

146



nepegaetcs TypbuHe B (pOpMe TaKXe MexaHW4Yeckon 3Heprum
HanpaBfeHHOro [ABWXEHWS TypbuHbl. Tlpn 3TOM KO WU-
YeCTBO MNepefaHHOW MexXaHWYeCKONW IHep-
I nn Mbl M3MepseM COBEepPLIEHHOW paboOTOW.

Takum 06pa3om, B 3TOM c/iyyae paboTa ecTb Mepa nepeaaH-
HOIA Apyromy Tefny WAM Tenam MeXaHWUYeCKOl 3Hepruu.

Cnepyet TBEpPAO MOMHUTL, YTO paboTa cama Mo cebe He ecTb
Kakas-nMbo ocobas dpopma sHeprum.

B npuBefeHHOM MpuMepe MeXaHUYecKas 3Heprus  BOLbI
HenmocpeACTBEHHO TMpeBpallaeTcis B MexaHUYECKyH
LUIEprMo TypOmHbLI B mpouecce paboTbl BOAbI.

SHeprvien MorytT o6nafaTth Wb peasibHble MaTepuasbHbIe
rona. B oTpbiBe OT MaTepuasbHbIX Tl 3HEPrus CyLLecTBOBaTb
He MmoxeT. CoBepwad paboTy Haj TefOM, Mbl MEHfieM ero
3Hepruto. 3HaunT, MOXHO TFOBOPUTbL O 3anace MexaHW4ecKow
3Hepruuy Tena, Ho He 0 3anace pab6bOTbl B 3TOM Tene.

Korga TtomouHble rasbl 060OrpeBatOT NAapoBOW KOTES, OHM
oxnaxgatoTtcs. Mpy 3TOM YyMEHbLUAETCA WMHTEHCMBHOCTbL Temno-
HOrO BM)XEHWMS MOJIEKYN 3TUX Fa30B WM TEM CaMbIM WX BHYTPEH-
HAS 3Heprms. B CBOK OuYepefb BOJa B KOT/e HarpeBaeTcsd —

BO3pacTaeT 3HEPrus TemnsioBOro LBVKEHUSA
mMosnekyn Bogbl. Mpu saTom ob6a Tena (ras
M BOfla) OOMEHUBATCS 3HepPrueit
CBOMX BHYTPEHHUX TEMOBbIX [ABVXKEHUIA.
BennmunHy nepefaHHON aHeprun TennoBoro
OBVDKEHNS MONEKYN Mbl WU3MEpPSieM KOu-

YeCTBOM TEennoTbl.
CnenoBaTenbHO, TEMAOTa, TaK >Xe Kak
} n pabota, He sABnsieTcs ocobon chopmoli
Puc. 2.45. SHeprun. Tenno ecTb Mepa nepefaHHOM
Teny Wn OTHAHHOM MM 3HEPrun xaoTmyec-

KOr0 MOMEKYNAPHOrO [BUXKEHUS.

Mo3ToMy HenpaBWLHON ABNSETCS BCTPEYaroLLasicss UHOrja
hopMynMpoBKa O «3arnace Ternna B Tene».

SHeprus MexaHU4eckoro ABVKEHMS MOXET MpeBpaLaThes
B 3HEPrMio TEnj0BOrO ABMXEHUS U 06paTHO. KameHb, Mnajato-
WA Ha 3eMJIKO, B MOMEHT yAapa OTAaeT BCHO HAKOMMEHHYI UM
KMHETUYECKYIO 3HEPruto, 3a CYeT 4ero 06a Tena HarpeBaloTCs.
Mpn 3TOM NPOWUCXOAWUT MEPEXOJ MEXaHUYECKON 3HepruyM Hamnpas-
NEHHOrO NOCTYNaTeNIbHOTO BVMKEHUS KAMHS B 3HEPTUIO XaoTu-
YecKoro TEenj0BOrO [ABWXEHMS aTOMOB 060MX Ten B CTPOro
3KBUBANEHTHbIX KO/MYECTBAX.

B kauyecTBe 00OpaTHOro npvMepa MOXHO PaccMOTpeTb pac-
LUMPAIOLLIMIACA Ta3, 3aK/TFOYEHHbIA B cOcyd C nopluHeM. Moneky-
Nbl Tasa, ABUXYLLMECH CO CPeLHUMU CKOPOCTAMU C\, y4apatoTCs
0 MOpLUeHb, ABMXYLLMIACA BMNPaBO C HEKOTOPO CKOPOCTbio VO
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(puc. 2.45). Mpwu 3TOM MO 3aKOHaM COYZAPeHWA ynpyrux Tten
(cm. § 8, rn. Il) oHWM oTneTalOT Haszaf C MeHbLUeA CKOPOCTbIO:

2v0. (31.2)

Takum 06pa3om, B MPOLIECCe pacLUMpPeHMs ra3a ero BHYTPEHHSS
3Heprns ymeHblUaeTcs BCMEACTBME TMPEBPALLEHMS B MexaHuue-
CKYIO 3HEPTUI0 ABUXYLLErocs MOPLUHS.

MoXHO 6e3 Tpyfa HaTU MHOXECTBO MPMMEPOB MpeBpaLle-
HWS OAHOI (hOPMbI 3HEPrMKM B Apyryto. OMbIT MNOKa3biBaeT, YTO BO
BCEX MPUBEAEHHLIX W B APYTMX MHOTOYUCAEHHBbIX MpUMepax
npeBpaLLeHne MexaHWYecKOM 3Hepruu B TenyioByld M 06paTHO
COBEpLUAeTCA BCErfja B CTPOr0 3KBMBANEHTHbLIX KOMUYECTBAX.
MockonibKy TeMNOBOE BVKEHUE €CTb, B KOHEYHOM CUeTe, TOXe
MEXaHWYeCcKoe ABWXEHWE OTAefbHbIX MONeKyn (TOMbKO He Ha-
MpaBneHHOE, a XaOTMYECKOe), TO MPU BCEX 3TUX MpPeBpaLLeHMsX
AOMKEH COOMOAATHCA 3aKOH COXPAHEHWS 3HEPrMuM € Y4eToM
3HEPTMN He TONIbKO BHELIHWX, HO W BHYTPEHHMWX [ABVXEHWIA.
Takasd o6was (opmMyMpoBKa 3TOr0 3aKOHa HOCUT Ha3BaHWe
NMepBOro Havyalla TEPMOAMWHAMUKN.

PaccMOoTpuvM Teno, B LENOM HENOABMXHOe (Hanpumep, ras
B LUWAMHAPE C MNOABWXHbIM MOPLUHEM), 4YTO6GbI MOXHO 6bIN0
npeHebpeyb 3HepPrueil ero MexaHW4eckoro BUXEHUsS. BHyTpeH-
HIOID 3HEpPruio TenjoBOro ABUXEHWUSA 3TOro Tena 00603HaYUM
yepes U.

JagmmMm BO3MOXHOCTb Tesly 0OMEHMBATbCA 3HEpPruel ¢ OKpy-
XalowmMm Tenamn. Fpyu 3TOM BHYTPEHHAS 3Heprus Tena usme-
HUTCA Ha HEKOTOpYH BenuunHy AU, KoTopas B 3aBUCUMOCTU OT
006CTOATENbCTB MOXET OKa3aTbCH Kak MOMIOXUTENIbHOW, Tak U
0TpuLATENbHOIA.

B npouecce B3aMMOAEWCTBMA C pPacCMaTpMBaeMbIiM Tef0M
N3MEHUTCS MHTEHCMBHOCTb TEM/IOBOTO ABVKEHUA MOJIEKYNT OKpPY-
XaloWwmMx Tea: 3TW Tena OXNafATcs WM HarperoTcs U, Tem
cambIM, nepefagyT paccmaTpuBaeMoMy Teny HeKOTOpoe KOu-
yecTBO Tennotbl AQ. 3Hak BennumHbl AQ 6yaeT YyKa3biBaTb
HanpasneHWe npouecca TensoobmeHa. Ecnu okpyxaroliue Tena
OyoyT HarpesaTtbCi W OTHMMAaTb OT paccMaTpuBaemMoro Tena
3Hepruio, To AQ<0.

Mpy M3MEHEHWWN BHYTPEHHEW 3Heprum U3MeHUTCH COCTOSHUE
Tena, OHO OyAeT paclWUpPATLCA WAM CXKUMATbCA W npusedet
B MEXaHMYECKOE [BUXEHME OKpyxXatoLme ero Tena. Konmyectso
nepejaHHON OKPYXaroLWMM TenaMm 3Heprum MexaHM4yeckoro fABu-
XeHUs Mbl OyAeM XxapakTepusoBaTb paboToii AA, COBEPLLEHHOM
paccmaTprBaeMbIM TeIOM Haj OKpy>XaroLumu ero tenamu. Pa-
60Ta AA TaKXe ABNAETCA BEMYMHON anrebpamyeckoin n MMeeT
3HaK. Ecam mexaHmueckas 3Heprus OKpyXaroLlux Ten yMewb-



ii mau M H la

Hwren. 1o J1J1<0, u Mbl TOBOPUM, 4YTO OKpy>)KaroLlasa cpepa
Inucpwmna paboty — AJl.

1logyepkHeM NPUHATOE HamMW W Yalle BCero npuMeHsemoe
npasnio 3HakoB. AQ CUMTAETCA MOMOXKUTENbHbLIM, eciv Tenno
nepefaeTcs OT OKPY>KatoLLel cpefpl JaHHOMY Teny, T. e. 3a CYeT
nputoka Tenna AQ W3BHEe BHYTPEHHAAN 3HEpPrus Tefia BO3pac-
IHerT.

11ao060poT, AJ1 cUNTaeTCA NOMOXKUTENBbHON, eCNN TeNo NPous3-
BOAWUT MEXaHMYECKYIO paboTy HaZ OKpY>KalolnMK Tenamu, T. e.
M CYeT MpOou3BeAeHHON MexaHU4ecKoi paboTbl yObiBaeT BHYT-
PeHHSAA 3Heprus Tena.

YunuTbiBag npouecchbl TENI006MEHA M COBEPLUEHUSA MeXaHu-
yeckoli paboTbl M NPaBUIO 3HAKOB, Mbl MOXEM OKOHYaTeNbHO
BMMCaTb 3aKOH COXPaHeHWA 3HEpPrun B BUfe

AU=AQ—AA. (31.3)

M3meHeHVe BHYTpeHHel 3Heprum Tena AU paBHO pasHOCTU
COOOLLEHHOTO Teny KonuyectBa TennoTbl AQ M Npou3BeAeHHOM
CeNoM MeXaHW4YecKoil paboTbl AA.

3akoH (31.3) MOXHO nepenucaTb U B TakOM BMAE:

AQ=AU+AA. (31.4)

370 ¥ ecTb 0OblYHAA MaTeMaTuyeckas QOpPMY/MpPOBKa Mep-
BOr0 Hayafa TePMOAMHAMUKW:

KonnyectBo Tennotbl, cooblieHHoe Teny (AQ), nget Ha yBe-
JNYeHVe ero BHYTpeHHel aHepriumn (AU) 1 Ha coBepLUeHVE Tenom
paboTbl (AN).

§ 32. TennoemkocTb rasa. ®uU3NYECKMIA CMbIC/
YHUBEPCanbHOI ra3oBOi MOCTOAHHON

TennoemMKoCcTb Tefla XapakTepu3yeTca KOMMYeCTBOM Temnso-
Tbl, HEOOXO4UMbIM NS HArpeBaHUs 3TOro Tena Ha OAMH rpagyc,
H M3MepseTca B [Koynax Ha rpagyc (mxk/rpag). Ecam gns
yBefMYeHUs TemnepaTtypbl Tena Ha AT rpagycoB Heob6xoAMmo
coobwunte emy AQ pxoynei, TO CpefHAs TEMNOEMKOCTb Tena
B UHTepBane AT onpegensetca Kak

c Tena=-| 2-. (32.1)

TennoemMKocTb Tefa NPOMNopLMOHaibHa Macce U 3aBUCUT OT
BelLlecTBa Tena. Y AenbHas TennoeMkocTb CylaHHOMO BeLLLecTBa
(nepe.a, Xenesa, 6eH3MHa, BO3AyXa W T. A.) XapakTepusyeTcs
KOMMYECTBOM TeM/oTbl, HEO6GXOAWMbIM 15 HarpeBaHus | Kr
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JaHHOTO BelLecTBa Ha OAMH rpagyc, W u3MepsieTcs H
K/Kr-rpag. YgenoHas TennoemkocTb 06bIYHO €nabo MeHseTcs
C M3MEHEHWeM TeMMepaTypsbl.

[nd rasoB yao6HO N0Mb30BaTLCA MOJAPHON TEMIOEMKOCTHHO
(Cvonunm npocTo C), xapakTepuayroLleincs KONMYecTBOM Tenno-
Tbl, HYXHbIM ANf HarpesaHWs OAHOr0 KWUIOMONSA [aHHOro Be-
LLecTBa Ha OAWH rpagyc.

OueBunaHo, 4TO

Cyx(pk/kr-rpag) -\i (Kr/kmonb) = C(gx/Kmonb-rpag). (32-2)

IMockonbKy B 1 Kunomone no60ro rasa CoAepXunTcs oamHa-
KOBOE 4MC/I0 MOJIEKY/, @ CPeAHAR KMHETMUEecKas aHeprus morsne-
Kyn He 3aBUCUT OT UX MacChbl, TO MOXHO 0OXWAaTb, YTO MO-
NApPHble TEMNOEMKOCTU BCEX [OCTATOMHO pPa3pexeHHbIX ras3os
LOJDKHO ObiTb OJMHAKOBLIMU WU MO KpaliHel Mepe MOLUYUHATHCS
O[MHaKOBbIM 3aKOHOMEPHOCTAM.

TennoemMKoCcTb Tena CYLIeCTBEHHO 3aBWCUT OT TOrO, Kak
MEHSAEeTCA COCTOAHME TeNa B NPOLECCe HarpesaHMs. PaccMOTPUM
4NS NPOCTOTbl MAeanbHbIA OAHOATOMHbIV ra3. Ecnu mbl 6ygem
HarpeBaTb ras, 3ak/IHOUYEHHbLIN B 3aMKHYTOM 06beme, V=const
(puc. 2.46, a) 1o BCe noasoanmoe Tenao AQ 6yaeT natu TONbKO
Ha YyBeNWYeHMe BHYTPEHHEeM 3Heprum rasa. Torga B (31.4)
AN=0 w, cnegosaTentHO,

AQ=\U.
Mpu 3aTom TemnepaTypa ras3a OygeT Bo3pacTaTb B COOTBET-
CTBMM C YBENMYEHWEM €ro BHYTPEeHHel 3Heprum [cm. (18.17)],
OTKyAa CliefiyeT, YTo Temnepartypa nieanbHOro rasa nponopmo-

HafbHa  ero  BHYTPEHHEN
3Heprun. [aBneHue rasa p

Takxe OyfeT BO3pacTathb E M
NponopumnoHanbHO Temnepa- N

Ulu— Ujill
Type. O603Ha4yMM TenoeM- TTTTT
KOCTb Fa3a anl I'IOCTOFIHHOM V’\COHSt p-..const

06beme yepes CY-

Ecnm Mbl XOTWUM, 4TOGLI
B MpoLecce HarpesaHus co-
XpaHAnocb faBneHUe, rasy
cnefyeT npefoCTaBUTb BO3-
MOXHOCTb pacLIVpPSATHCS. a)l 6 &
Lns atoro nomectum ras B Puc. 2.46.
UWAVHAP C MOPLUHEM, Ha KOTOpbI/ AeCTBYeT MOCTOAHHOE JaBe-
Hve p=consf (puc. 2.46, 6). Tak Kak BHYTPEHHAS 3HEPrus
U wnpeanbHOro rasa He 3aBUCUT OT ero obvema (18.17), TO
KONMYeCTBO Ten/oThl, HEOOXOLMMOE ANf ee YBe/NUYeHMUs, ocTa-
HeTca Tem Xe. Ho npu HarpeBaHUM rasa Ao TOW Xe TemnepaTy-
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Bt yacTb MoABOAMMOro Tenna pacxofyetcs Temepb Ha paboTy
NPOTMB BHELUHWUX CWA MPU paclumpeHun rasa- CrefosaTtesibHO,
LNf  HarpeBaHWUs rasa [0 TOM >Xe TemrepaTypbl, Kak W B
npegbigywem cnyydae (V =const), npugerca 3aTpatuTb 60/b-
LLlee KOMMYEeCTBO TennoTbl. TakMum 06pa3oMm, Tenn0eMKOCTb
\Q/AT rasa npv MOCTOS\AHHOM AaBfeHWW, KOTOPYH Mbl 0603Ha-
umm 4depe3 Cp, 6yget 6osnblie, yem Cv.

PaccMOTpeHHbLI NpuMep O4veHb BaxKeH- OH MOKa3blBaeT, UTO
KonuyectBo TenaoTel AQ, Heo6XOoAuMMmoOe [N HarpeBaHWA rasa
HA AT rpafycoB, CYLLeCTBEHHO 3aBUCUT OT [LOMOSIHUTENbHbIX
YCNOBWIA — XapakTepa W3MEHeHWUs APYrMx MaKpOCKOMUYECKMX
napameTpoB, OMNpefenstolmMX COCTOAHWE ras3a, T e p U V
Kpome paccMOTPEeHHbIX MPOLLECCOB, XapakTepu3yeMblX NPOCTeW-
LWMMA  JOMONHUTENBHBIMKA - ycnoBuaMun K=const n p=const,
MOXHO pPaccMOTPeTb M MHOXECTBO APYruX, OTBeYaloLMX pas-
NNYHLIM U3MEHEHUAM V 1 p Npu HarpeBaHuK. Kaxgomy npouec-
cy 6ygeT oTBeyaTb CBOA TennoemkocTb C (cm. § 34).

BemuuHel Cp n Cv gnd upgeanbHOro rasa Oka3sblBaloTCA
CBA3aHHbLIMW MPOCTbIM COOTHOLUEHMEM. [nf BblBOA 3TOr0 COOT-
HOLLEHWS PacCMOTPWMM CHadvana 1 kmonb WAeanbHOro rasa, Ha-
rpeBaemblil Npy MOCTOSHHOM 0O0beme. a3 Mpu 3TOM He pacluu-
pseTcs W He COBeplUaeT HMKAKOM paboThl, T e JWA=0, u
ypaBHeHWe nepsoro Havana (31.3) npumer Bupg

AQ= AL (32.3)

O603HaumB Yepe3 AT MNOBbILLEHWE TeMMepaTypbl rasa B 3TOM
npoLecce, Mbl MONYYUM [N TEMNO0EMKOCTM 3TOr0 npotecca

(8na pasHbIX KOHKpeTHbIX ra3os Cy, BOOGLLe roBops, pasnnyHa,
cM. § 33).

NMomecTm Tenepb 1 kmonb WAeanbHOro rasa B cocyh, 3a-
KPbITbIA NOPLUHEM, Haj KOTOPbIM MOALEPXKUBAETCH MNOCTOAHHOE
faBneHune p = const. [oplweHb CBOGOAHO nNepemeLLaeTcs, W,
cnefoBaTeNbHO, faBfeHMe B rase GyAeT paBHO TOM Xe BEIMYMHE.
[Ona HarpeesaHuMs 3TOr0 MONA Ha TO XXe uyucno rpagycos AT
npuaeTca Terepb 3aTpaTUTb 60MblUee KONWMYECTBO Temnna

AQ=AU+AA, (32.5)

roe V4 — pabota, coBepLuaemMas rasoMm npu nepemeLleHUn nop-
lWiHA. TenjoemMKoCTb 3TOro rmnpotecca onpejgenaeTca U3 cooT-
HOLLIeHW
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(HanoMHuMm ewe pa3, 4TO0 ANS wugeanbHoro rasa U, a
3HauuT, n AU He 3aBUCUT OT OObLEMA WM [aBfieHUs, HO eCTb
hyHKLUMA TONbKO ero TemnepaTtypbl; noatomy AU/ZAT Takxe He
3aBMCUT OT V WM P, a XapakTepusyeT M3MeHe-

HWe BHYTPEHHE 3HeprMm rasa C W3MEHEHMWEM

TemnepaTtypsl. Mbl HalW 3Ty BENUYUHY, OMpe-

aenas TennoemkocTb AUZAT B cnydae, Korga

BHelWHAs paboTa He MNPOM3BOAUTCH, T. € 4v \ M

V =const, a JIY=0, 1 Becb NOTOK Tenna Waet

TONMLKO Ha yBenWueHue BHyTpeHHeid sveprm T ffm W

rasa.) P
O603HauMM naoLWaab nopwiHs yepes S. Mon-

Has cuna, feicTByloLas Ha noplleHs, F=pS.

MNpu paclumpeHnn rasa MnopLUeHb MOAHUMAEeTCA

Ha HekoTopyto BbicoTy Ah (puc. 2.47), w, cne- Puc. 2.47.

[JoBaTeNbHO, ra3 COBepLINT, MNpPeojonesas

BHELUHIOO cuny, paboty

AA = FAh—pS Ah=p [OK, (32.7)
rae AV=SAh — yBennuyeHne ob6bEMa rasa.
Ong wvaeanbHoro rasa p, V m T cBA3aHbl MeXay CO06OW

ypaBHeHMeM MeHzeneeBa — KnaneiipoHa, koTopoe Ans 1 KMoss
nmeeT BUf

pV=RT. (32.8)

Mocne HarpeBaHus npu p=const fo Temnepatypbl T-\-AT
ras sanmer obvem K+AL1J/1 CnepoBaTefibHO,

p(K+4Y) = R{T+AT). (32.9)
Bbluntas nouneHHo (32.8) u3 (32.9), nmoayyum:
AA=pAV=RAT. (32.10)

Takum 06pa3oM, MCKOMas Be/MYMHA paBHa

Tr=£w-=R- 321>

CooTHoweHmMe (32.11) paeT NpPOCTYO MHTepnpeTayuio dmsu-
YecKoro CMbiCNa YHWBEPCANbHOIW ra30BOi MOCTOSHHON R:
YHuBepcasibHaA rasoBasd MOCTOAHHasa R 4ucneHHO paBHa
paboTe paclUMpeHns KMIOMONA MieanbHOro rasa npu Harpesa-
HAW €ro Ha OfWH rpajyc NpU MOCTOAHHOM [aBfleHWUN.
Mogctasnas (32.11) B (32.6), nony4aem:

CP=CWR (32.12)
nmn

CP-C \=R. (32.13)
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......... iinman-tirim KWW LTI LU M LU

[ns waeanbHOro rasa mMonapHaa TernsjoemKoCTb NpU MocTo-
AHHOM [aBNeHUWM NPeBbILLAeT MOJIAPHYIO TerioeMKOCTb Npy Mo-
| TAHHOM 06bemMe Ha BenuUMHY R, T. €. Ha 8,31 KIK/KMO/b -rpag,.
Mo COOTHOLLIEHWE HOCWUT Ha3BaHMe Gopmynbl MaWepa,
(N pa3HOCTb TENJIOEMKOCTEW BO3JyXa MPU NOCTOSAHHOM faBne-
HAM 1M NOCTOSHHOM 06beMe, BblPpaXEHHYIO B TENIOBbLIX eAMHMULAX,
1 Takxe paboTy pacliMpeHMs MpU HarpeBaHUM BO3dyxa Mpu
MOCTOSIHHOM [aBNeHWU, BbIPAXEHHYIO B MEXaHWYECKUX efLuHU-
uax, P. Maitep B 1842 p. BNepBble OLEHNN BEANYMHY M e X a H U -
YeCcKOro 3KBMBaneHTa Tenna.

§ 33. TennoemkocTu OAHOATOMHbLIX N MHOIFo0aTOMHbIX Ta30B

CornacHo (32.4) TennoemKoCTb MAeanbHOro rasza npu nocTo-
AHHOM O0ObemMe paBHa MpPUPALLEHUIO ero BHYTPEHHEN 3Hepruu
MpU HarpeBaHUM Ha OfWH rpagyc. 3aMeHsAs KOHeYHble npupaLle-
HWA OECKOHEYHO ManbiMW, T. e. audpchepeHLManamm, Mbl nepew-
[eM OT cpefHeli Tenn0eMKOCTM B HEKOTOPOM WHTepBane Temne-
paTyp K WUCTUHHON, COOTBETCTBYIOLLEW AaHHOW Temnepatype:

Cv=A~r. (33.1)

B | kmone rasa cogepxutca No monekyn (rge No— umcno
Neoragpo). CornacHo (18.17) BHYTPEHHSA 3HEPrUs KMONsA Of-
HOaTOMHOro rasa npu Temnepatype T paBHa

U—Mréme=No —-kT= ~ RT. (33.2)

CnepoBatenibHO, MONsipHas TemnJIoeMKOCTb MPU MOCTOSHHOM
06beme

Ci,=-~"=-f-~ = const (33.3)

LO/MKHA ObITb OAMHAKOBOM [ANA BCEX JOCTATOYHO Pa3peXXeHHbIX
O[JHOATOMHbIX ra30B; OHa He 3aBMCUT OT TEMMepaTypbl N YUCIIEH-
HO paBHa NpuGAU3NTENbHO 12,5 KOXK/KMO/b-rpaf. 3TOT BbIBOA
KMHETUYECKON TEOpMM ra30B OYeHb XOPOLLO OMpaBfblBaeTCs Ha
onbiTe ANA WHePTHbIX («6naropofHbix») rasos He, Ne, Ar, Kr
M Op., & TakXe napoB pfja MeTanoB, Hanpumep Ag.

OfHaKo U3MepeHUs Tenja0eMKOCTe OCHOBHbLIX ra3oB, BXOAS-
Wwmx B coctaB Bo3gyxa N2 Or, u pdfa APYrux [BYXaTOMHbIX
ra3oB MPU KOMHATHbIX TemMnepaTypax AatoT 60bluee 3HaYeHUE:
C, «20,8 kKmK/Kmonb-rpag. Euwe 6onbllee  3HayeHUe

«25,0 KmK/KMONb-rpaj HabnfaeTcs NpyM KOMHATHOW TeM-
nepatype gns sogaHoro napa H2O u gpyrux MHOroatoOMHbIX
rasos (NHs, CH< n 1. g.).

3TV haKTbl yKa3blBalOT Ha TO, YTO MPeAMNONOXEeHWEe O BO3-
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MOXHOCTW pacCcMaTpuBaTb BMXKYLLMECS MONEKY/bl WAeanbHOro
rasa Kak matepuanbHble TOYKM W MpeHebperatb WX MPOTAXKEH-
HOCTbHO OKa3blBaeTCA C AOCTATOYHOM CTeMeHb0 TOYHOCTW chpa-
BEA/IMBbIM NNLWb AN OJHOATOMHbIX MOMEKYN.

B pasgene mMexaHWUKW Mbl BBEMM MOHATME O YMC/e CTeneHel
cB06OAbl MaTepuasnbHbIX Ten. YUucnom creneHein cBo6ofdbl Tena
Ha3blBAETCA YMCNIO HE3aBUCHMbIX MEPEMEHHbIX, OMpPeenstoLLmX
COCTOfIHME Tena- Hanpumep, maTepuanbHas To4ka B MPOCTpaH-
cTBe 06nagaeT Tpems CTeneHAMM CBOOOAbI, TaK Kak ee Mosoxe-
HUe 3afjaeTcs TPEMSA He3aBUCUMbIMU KOOPAMHATaMW X, Y, T.
B COOTBETCTBMM C 3TUM UK CPEAHAS KMHETMYecKas 3Heprus
MocTynaTeNbHOr0 ABUXEHUS OAHOATOMHOTO rasa MOXeT ObITb
pasfeneHa Ha TpU 4YacTu

— 3,7 TT T2 mv2 i mo? .
Enocr=:2' bT— — — 2l p 17 (33-4)

COOTBETCTBYHOLLME KMHETUYECKONM 3HEPrnM TPex MoCTymnaTenbHbIX
cTeneHeil cBo6OAbl 3TMX aToMmoB. CorfacHo BbiBofam § 17

nir ml? mHF I me2 I .x /00 ¢,
-= -2 kT ]35>

T € CpeaHss 3Heprus TensjoBOro ABMXEHWUS OAHOATOMHbIX MO-
NeKyNn paBHOMEPHO pacnpefenseTcs Mexgy TPems CTeneHsMu
cB06OAbI VX MOCTYNaTe/IbHOTO ABVXXEHMS, U HA KaXKAyt0 CTemneHb

cB06OAbl B CPegHeM MpUXoanTca sHeprusi, paBHas — KT

B cnyyae [ByxaTOMHOIA MONeKynbl 06a COCTaBAAIOLWMX ee
aToma Gnarogaps  MMerOLWMMCS
MEXAY HUMW XMMUYECKAM CBA3AM
OBUXYTCA  COBMECTHO, COXpaHss
thukcmpoBaHHOe paccToiHUE MEeXAY
uxX ueHTpamu ro. Ipn aTom Hapsagy
C Tpems nocTynaTtefbHbIMK CTene-
HAMW CBOOOAbI LBVXXEHMWSA MOJEKY-
Nbl KaK LiesIoro BO3MOXHbI eLle, npu /
HEeW3MEHHOM [0, BpalaTeNbHble /
LOBUXXEHWA MOJIEKYNbl BOKPYT OCel,
NPOXOAALLMX Yepe3 ee LEeHTp TA- n
XECTW, KaK 3TO CXeMaTMYeCKnM U30-
6paxeHo Ha pwuc. 2.48. Pur 24g
KunHeTnyeckas 3Heprus Bpalye-
HWS  MOMEKyNbl BOKPYr OfHOW U3
OCeli paBHa

cb

efmn (33.6)
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Il e /— MOMEHT MHepUMU MOAeKy/bl OTHOCUTENIbHO OCK BpaLle-
HAW, & @— yrnosasa CKOPOCTb 3TOro BpaweHua. Bnaropapa’
TPEeXMEPHOCTU MNpPOCTPaHCTBa /060e BpalleHUe MOXeT ObiTb
Pa3fioXeHO Ha TPU He3aBUCUMBbIX BpalleHWs BOKPYr Tpex B3a-
NMHO-MEPNEeHANKYNAPHBbIX OCell, M300pPaXeHHbIX Ha puc. 2.48.
OfHako B cnyvae ABYXaTOMHOW MOJMEKY/bl M3 3TUX Tpex cTene-
Hei cBOOOAbl BpallaTeNIbHOTO [ABVMXXEHMUS OCYLLEeCTBAAKTCA
NUWb [Be, COOTBETCTBYHOLLME BPALLEHWIO BOKPYr [BYX OCeN,
NepneHauKYIAPHLIX K OCM CaMoil Mofekynbl. [leno B TOM, 4TO
3Ta OCb MPOXOAWUT Yepe3 0b6a atoma TakK, YTO WX PACCTOAHUSA
L0 ocu I\ paBHbl HY/MO, U MOMEHT WHEPLUN MOMEKYNbl OTHO-
CUTENbHO 3TON OCK Takxe ob6palwiaetcd B Hyfb.
MoaTomy BpalLeHWe MONeKynbl OTHOCUTENIbHO ee CO6CTBEHHON
OCW He W3MEHSET €ee MOJIOKEHWUA B MPOCTPAHCTBE, a COrlacHo
(33.6) KMHeTMYecKas 3Heprus Takoro BpalleHWs paBHa Hy/Io.

Mpy B3aMMHbLIX CTONKHOBEHMUAX MOJEKY/ BO3MOXeEH OOMeH
UX 3HEPTUAMU U NpeBpaLLeHne 3HepruM BpaLLaTeNbHOro ABUXKe-
HWS OAHOM W3 HWX B 3HEPTMIO NOCTYNaTefibHOro [ABUMXKEHWS
4Apyroin  monekynbl 1 o6bpaTHo. TakuMm nyTeM ycTa-
HaB/NiMBaeTCca paBHOBeCcUMEe MexXpAy 3Hauye-
HUAMWU CPEAHMX 3SHEepPrmim nocTynaTenbHblX
M BpauwaTenbHb X LBUXeHWW MoNnekyn. B ka-
KOM OTHOLUEHWW APYT K LPYry LOMKHbI HAXOAWTbLCA CPefHue
3HEPrUM NOCTYNaTefibHOro W BPaLLaTeNlbHOro ABMXEHUA?

B cnyyae He CAMLIKOM HU3KWUX TeMNepaTyp ONbIT MOATBEp-
XAaeT NPaBUNbHOCTb YKa3aHHOTO YXe MOJIOXEHUS, U3BECTHOMO
nof HasBaHWeM TeopeMbl BonbuMaHa: CPefHsAs aHeprus, NPuUxo-

JALLAACA Ha OfHY CTereHb CBO60OAbI CUCTEMbI, paBHa  KT.

PacnpocTpaHsis Ha BpallaTesbHOe [ABWXEHWE TeOopemy O
paBHOMEPHOM pacnpejeseHnn 3Heprum Mo CTeMeHsM CBO6GOAbI
(33.5), Mbl [O/MKHbI CYWUTaTb, 4TO

-A=-yKT. (33.7)

Takum 06pa3oM, CpefHAs 3HEPTUs XaOTMUYECKOro TEMI0BOro
ABVXXEHWUS [BYXaTOMHOIW MONEKy/bl CKNafblBa€TCA W3 3HEPTUM
ABVXXEHWUIA, COOTBETCTBYIOWMX TPEM MOCTYMaTeslbHbIM K [BYM
BpalaTeNbHbIM CTeMeHsAM CBOOOAbI, U paBHA

T=Tn+ T aar3'+kT+2.£kT=-1-kT. (33.8)

OTctoa BHYTPEHHAS 3Heprms | KMONs ABYXaTOMHOrO rasa
paBHa

U= No-~-kT=%RT,
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N ero Ten/1I0EMKOCTb Mpu MOCTOAHHOM o6beme cocTaBnsieT

L;_d HT_—'I? E 20,8 kmk/Kmonb-rpag  (33.9)

B MO/IHOM COOTBETCTBMM C 3KCMEPUMEHTaNbHbIMU [JaHHbIMU, MNO-
NyYeHHbIMU NP KOMHATHOI TemmepaType.

ONns TpexaTOMHOW MofeKynbl MapoB BOAbl, CXEMATUYECKM
1306paXeHHOM Ha pwuc. 2.49, BCe TPM MOMEHTA WHEpLUMWU OTANY-
Hbl OT Hynqa. CnepjoBaTeNbHO, Takas Monekyna ob6nagaeT
LUECTbIO CTEMEHAMU CBOGOALI — TPEMS MOCTynaTeNbHbIMU 1 Tpe-
MS BpalaTeNbHbIMU, W €e CpefHAs IHeprus paBHa

e=8Bl@r+enpaw/r7-\-3kT=—aT. (33.10)

Ta Xe KapTuHa 6ygeT HabnogaTbca W NS MHOroaTOMHOrO
raza *). INoatoMy BHYTPEHHAS aHeprns 1 KMOMs Tpex- 1 MHOro-
aTOMHbIX rasos

U= Nn—~Y kT=-]-/?7\ (33.11)
a TenaoeMKOCTb

Cv=TR 25,0 KpK/KMONb-rpag, (33.12)
4yTO TakKXe COOTBETCTBYET OnMbIT-
HbIM [JaHHbIM MPU OObIYHbLIX Temme-
patypax. cb
YueT BO3MOXHOCTM BpaLiaTe/b-
HbIX ABVKEHWI MOJieKyn M03BOAWA
OOBACHUTL  Pas3finume  UMCNEHHbIX
3HaYeHWii MONSAPHbLIX Tena0emMKoc-
Teld OLHOQTOMHbIX, [BYXaTOMHbIX M
MHOrOaTOMHbIX ra30B. [lpuBefeH-
Hble OKOHYaTe/lbHble Pe3ynbTaThl
(33.3), (33.9) un (33.12) nokasbl-
BalOT, UTO BO BCEX 3TUX Clyyaax
MOJIAPHbIE TEM/I0EMKOCTM ra3oB f0/-
XHbl UMEeTb OMpefesieHHble MOCTO-
SHHbIE 3HAYEHWA, He 3aBucALLMe OT
Temnepatypbl. B HacTosLwee Bpems
Mbl MMEEM BO3MOXHOCTb KakK B /1abopaTOPHbLIX YCMOBUAX, Tak
M B TEXHWKE WU3MeHATb TEMMepaTypbl B LUMPOKUX npedenax, ot
OYeHb HU3KMX, BAM3KMX K abCONOTHOMY Hy/H0, 4O O4YeHb BbICO-

* B HEKOTOPbIX MHOroaTOMHbIX Monekynax (Hanpumep COTr) atoMmbl
pacrnonoXeHbl NMHENHO, NOITOMY TakMe MONeKynbl, KaK W BYXaTOMHble, UMEKT
TO/IbKO [Be CTereHn cBO6OfAblI BpaLLaTesbHOro [BMXEHUA U UX TEnn0eMKoCTb
onpegensercs uo dopmyne (33.9).

156



mix, V3MEPSAIOLMXCSA TbiCAYaMM TPafycoB. Pe3ynbTaTbl M3Mepe-
HAM AN OQHO- W [BYXaTOMHbIX ra3oB, MPOU3BEJEHHbIX B CTO/b
LUMPOKOM WHTepBane Temnepatyp, NpuBefeHbl Ha puc. 2.50.

Puc. 2.50.

W3 atoro rpacdomka BMAHO, UYTO B C/lyYae OAHOATOMHbIX ra3oB
npeackasbiBaemas KUHeTUYeckoli Teopueir dpopmyna (33.3) xo-
pOLIO OMNpaBAblBaeTCA OT HECKOMbKMX rpajycoB abCONOTHOW
WKanbl A0 ThicAY TrpagycoB. [ns [BYXaTOMHbIX XXe ra3oB
BeNMuMHa Cv HenpepbiBHO M3MeHsSeTCH C TemnepaTypoid, 60/b-
LUei 4acTb0 MeANEeHHO W MMaBHO, a B HEKOTOPbIX MHTepBanax
OYEHb KPYTO U Ha OOJbLUYHD BEINUUHY.

Mpn KOMHATHOMN TemnepaType [ABYXaTOMHbI/A ra3 o6na-
faeT nATbIO CTEneHAMU CBOOGOLbI W ero TennoemMkocT Cy—
-20,8 kmpK/KMOnb-rpag. lMpu Temnepatypax XWAKOrO BO3-
ayxa (okono—200 °C, 7. e. okono 100 CK) TemioemKocTb
raza pesko nafgaet u npu ewe 60/see HU3KUX TemnepaTypax
OCTaeTc MNOCTOSHHOW W paBHOW Cv= 12,5 KmK/KMONb-rpag,
KaK [/ OLHOAaTOMHbIX ra3os.

3TOT (pakT MNoKa3biBaeT, 4TO MpW Temnepatypax nopagka
100 "K (a gns BOAOPOAA NPV HECKOMbKO 60/ee BbICOKOW ve.Mnc-
p.Nype) Mo KakMM-TO MpUYMHAM BpallaTefibHble CTeneHW CBOBGOAb
KakK Obl «BbIMEP3al0T» M MOJEKY/bl ABYXaTOMHOIO rasa ABWXYT-
€A TONbKO MocTynatenbHo. lMpu aTux Temnepartypax, faxe npu
KOCOM yfiape, cXemaTu4eckn M3obpaxeHHOM Ha puc. 2.51, mone-
KyNnbl Wb OOGMEHMBAIOTCA 3HEPrMert CBOMX MNOCTYMaTeNbHbIX
LBVDKEHWIA M He HaYMHAIOT BpaLLaThCsa, YTO MPOTUBOPEUMT 3aKO-
Ham KNacCUYecko AUHaAMUKMW.

B wactm 1 (8 9 rn. M) Mmbl yXe yKasblBaiv, YTO 3aKOHbI



KNacCUYecKol MeXaHWKW YCTaHOBMIEHbl Ha OMbITe 415 LBUKEHWIA
60/bLLUNX TEN NPU CKOPOCTAX, MHOTO MeHbLUMX CKOPOCTM CBeTa;
NPUMEHEHME 3TUX 3aKOHOB K [ABVMXXKEHWUAM MUKPOCKOMUYECKUX
YacTUL, UMeeT TaKXe CcBOW rpaHuubl. B Tome I, npu nsydyeHuu
CTpOeHMs aTtoma, OyayT BKpaTLe W3N0XeHbl YCTAHOBMEHHbIE
B XX BEKE OCHOBHbIE 3aKOHbI
OBVOKEHUSA  MUKPOCKOMUYECKMX
4acTUL, — 3aKOHbl KBAHTO -
BOW MeXaHUKMK. 3TN 60-
Nnee TOYHblE 3aKOHbI 0ObACHA-
lOT HabnlogaeMble Ha OnbiTe
ABMIEHUSA «BbIMEP3aHMWsA» UK
obpaTHOro eMmy «BO30OYyXpae-
HUA» TeX WU WHbIX CTeneHen
cB06OAbI.

34ecb Mbl UL KPaTKO OC-
TaHOBMMCA Ha 3TOM 06bAcHeHMM. Knaccuueckas pusnka mcxo-
OUT U3 NPEANOJSIOXKEHMNS, YTO BCe (DU3NYECKME BENIMUUHLI — 3HEP-
rma (noTeHumanbHas M KMHETUYECKAs), KOJIMYECTBO [BUXKEHUS,
MOMEHT KO/MYeCTBa [ABWXEHWUA W Apyrue — CnocobHbl u3Me-
HATBCA NMUWbL HenmpepbiBHO. KBaHTOBasg Teopus MokasbiBa-
eT, UYTO Takoe MpefcTaBNeHUe HenpasubHO.

Llenbii pag (u3myeckux Be/IMYUH HE MOXET MEHATbCA He-
NPEePLIBHO. 3TU  BEMYMHbLI, WU3MEHAACh, MPUHUMAIOT npe-
PbLIBHBI, «OQWUCKPETHbIN» paf 3HauYeHWUid, nepexogs OT
Of4HOr0 3HayeHUs K [JpyroMy cCKauykoMm. 3gecb [ANd Hac
0CO6EHHO BaXHa 3Ta CKauyKoobOpPasHOCTb M3MEHEHWUsS KMHeTUYec-
KO 3Heprum BpallaTeNlbHOro ABWXEHUs /[a2/2.

B yacTHOCTW, 4TOGbI MOMEKyna Hayana Bpalwiatbcs, el Heob-
XO4MMO COOOLLMTb HEKOTOPYK BrONHE OMpPefeNeHHY0 MopLmio
3Heprun [eBolll Ecnn coobuiaemas 3Heprus MeHblle 3TOM nop-
UMK, TO BpalleHWe MOMeKYNbl BO3HWKHYTb He CMOXeT- [lpu
BbICOKMX TeMmmnepaTtypax, Korja CpefHAs 3Heprus TensjoBoro
OBUXXEHUSA MHOro 6onblue BennumHbl [OrgEly,

AeppaL, (33.13)

BCE MOMEKyNbl BpawalTcs ¢ aHepruamu, 6nmskumm K KT,
MpoucxogsLme npy CTONKHOBEHUAX CKaukoobpa3Hble WM3MeHe-
HUS 3HEpruy BpaLLaTeslbHOro [ABUMXEHWUA OTAENbHbLIX MOJEKYN
CPaBHMTENbHO HEBE/IMKM W MOTYT cuMTaThCAd B 3TON 06nacTm
TemnepaTyp 6eCKOHEYHO ManbiMU. Torga WM3MEHeHWs KUHeTuue-
CKOW 3HEepruy BpaLLaTeslbHOro ABUXEHWUA MOXHO MPUOIMKEHHO
CUMTaTb HEnpepbiBHLIMW, B COOTBETCTBMM C  KNACCMUECKUMMU
npesACTaBAeHUAMN.

Puc. 251
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C NOHWXEHMEM TemrepaTypbl CKauykoo6pa3HOE W3MEeHeHue
HpaLlaTeNbHOM 3HEPrMM CTAaHOBUTCA BCe 6Osee 3aMEeTHbIM, U Mpy

KT < O egmy (33.14)

CpefHAf 3Heprus MocTynaTesibHOro ABUMXXEHUA CTasKMBAIOLLMX-
€S MOJEKYN CTaHOBMTCA YXXe HeAOoCTaTOYHOW Anf BO36YXAeHUS
npawaTeNlbHOro ABUXEHWS AaXe C CcaMOM MWUHMManbHOM (M3
BO3MOXHbIX) Yr/I0BOM CKOPOCTbIO. Ipu CTONb HWU3KUX Temnepa-
Typax MOMeKynbl ABYXaTOMHOrO rasa MpakTUYecku nepectaroT
BpaLlatbCa M LBUXYTCA TONbKO MOCTYnaTenbHO, Kak OAHOATOM-
Hbli ra3. PacyeT NMoOKa3biBaeT, YTO BeIMUMHA AeBBLLTEM OONbLLE,
4yeM MeHbLLE MOMEHT WHepuuMu Mosekynbl. MMo3aTomy y nerkoro
BOJOPOLA «BbiMep3aHMe» BpallaTeNbHbIX CTerneHein CBOGOAbI
HacTynaeT paHblle, T. €. Npu 6OMee BLICOKMX TemnepaTypax,
yeM y APYrux [BYXaTOMHbIX ra3o0B.

Mpy LOCTaTOMHO HM3KMX TemnepaTypax rasbl KOHAEHcupy-
IOTCA W ABWXEHWE WX MOJEKY/N OKa3blBAeTCA He MOCTynaTesib-
HbIM, @ KonebatenbHbIM. Ha xapakTepe 3TOro (TakXe KBaHTOBO-
ro) [BMXEHWS Mbl 3[eCb He OCTaHaB/NMBaeMcCs, TaK Kak pedyb
0 Hem OygeT matm B cnegytowmnx rnaeax (cm. d. I, rn. X1,
§ 49).

OTMETUM /NLWb, 4YTO BCE CKa3aHHOE OTHOCWUTCA K aTomam
N MO/eKynaM, HO He K 3M1eKTPOHaM, KOTOpble [ABUXYTCA B
mMeTannax NocTynaTeNbHO, COXPaHAf OYeHb OONbLUYIO 3HEPTUIO
NOCTYNaTe/lbHOr0 ABUXEHMWSA Jaxe npu abCcoNOTHOM Hyne TeM-
nepaTypbl (3Ta 3HEPrUA, Kak Mbl MOKAXEM MO3XKe, UMEET HeTer-
nosyto npupogy). O cBOCTBax CBOOOAHO ABMXKYLLUXCA 3/EKT-
poOHOB B MeTanniax OyfeT pacckasaHo B Tome Il kypca.

Mbl  BbIACHUAW, TakUM 06pa3oM, KauyecTBEHHO MPUYUHY
YMEHbLUEHMA TEMNNOEMKOCTU ra3oB C YMeHbLUEHWEM Temnepary-
pbl. OHa COCTOMT, KOPOTKO rOBOPS, B TOM, YTO MpUHUMN BosbL-
MWHa O pPaBHOMEpPHOM pacrpejeneHUN 3HEPrUU MO CTENEHAM
cBOOOAbI He ABNSETCH YHMBepCaibHbIM. OH NpaBuieH NULUb
B TeX cly4dasx, Korga nopums sHeprum Ae, KOTopas MOXeT 6bITb
nepefaHa COOTBETCTBYHOLLEA CTeneHW CBOOGOAbI, MHOTO MeHbLLe

-}-KT. Ecnn xe T HeBenuko, TO CTeMeHU CBOOGOAbI HauuMHaloT

«BbIMEp3aTb». OHU YyXe He MOryT MPUHUMATb CAULLIKOM Masble
ONS HUX MOPUMM 3SHEPTUU W TOTA4a He MPUHUMAKOT YyyacTus
B pacnpefeneHnn MOMHOW 3Heprun cuctembl. COOTBETCTBEHHO
YMEHbLLIEHWIO Y4aCTBYIOLLMX B NPUEME 3Heprun cTereHeil cBo6o-
Obl YMEHbLUAETCA U TemnnoeMKOCTb.

PaccmMoTpuMm Tenepb NPUYUHBLI M3MEHEHWS TENJ0EMKOCTU Npu
HbICOKMX TemnepaTypax. Kaxgablii atom 06nafaeT Tpems crene-
HAMM cBO6OAbl. Ho Monekyna, coctosw,as M3 AByX aTOMOB,
06nafaeT He LWEeCTbIO, a NULWb MNATbIO CTeneHAMU cBO60OAbI (Tpu
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nocTynatenbHble M JABe BpallaTeNbHble). YMeHbLUEHMNE YMabl
BO3MOXHbIX CTeneHeil cBO6OAbI Ha eAnHULYY 0683aHO MpeAnono-
XEHWIO, YTO 06a aTOMa B MOJIeKy/e CBSi3aHbl XKECTKO, Haxoasacb
Ha HEeM3MeHHOM pPaccTOSHMM [0 Apyr OT gpyra. PakTuyecku,
O[IHAKO, HWKAKOWM >XeCTKOW CBA3N MeXAy aToMamMu HeT. Cunbl
B3aMMOJENCTBMSA, CBA3bIBAOLLME aTOMbl B MOJIEKYNY, OMpefens-
HOT NMWb pPABHOBECHOE 3HAYeHMEe PacCTOSHUA MeXAy HUMHU,
M3MEHEHNIO KOTOPOro KaK B CTOPOHY YBENMYEeHMs, TaK W B
CTOPOHY YMeHbLLEHWNS aTOMbl OKa3blBalOT MPOTMBOAEICTBME. ITa
CBA3b C/lej0BaTe/IbHO, CKOPEe HarmoMWHAeT YMNpyryr MpyXuHy,
N NPU COOOLLUEHUN MOMEKY/le 3HePrMM aToOMbl MOTYT HauaTb
KonebaTbcs BAOMb NIMHUN CBA3MN.

Takum 00pa3om, ABYXaTOMHAas MOJeKyna WMeeT LLUeCTyHo
cTeneHb CBO6GOALI — BHYTPEHHee KonebaTeslbHOe ABVMXKEHME. ITa
cTeneHb cBo6OAbl 061afaeT OYeHb OOMLLUIOWA 3Heprueit Bo36YyX-
AeHUs AekoTb 1 MO3TOMY MpY 0BbIYHbLIX TeMMepaTypax He NposB-
naetcd. C MOBbILLUEHNEM TeMmnepaTypbl, MNpU CTONKHOBEHMAX
OTAeNbHbIX, CNy4YaiiHO 6onee 6oratbiXx 3HEPrMeli MOMEKYn HeKo-
TOpble M3 HUX OYyAyT NPUXOAUTbL B KOnebaTeNbHOE ABMXEHUeE
B TeM 0O0/IbLUEM YMC/e, YeM BbILLEe TeMmnepaTypa. 3a CYeT Takoro
MOCTEMEHHOro BO36YXAEHUS KonebaTeNbHOW CTeMeHn CBOOOAbI
TENNOEMKOCTb ABYXaTOMHbIX ra3oB OyfeT yBeNMumBaThCs C MO-
BbILUEHWEM TeMMepaTypbl, AOCTUras HEKOTOPOro npefenbHOro
3HayeHunsa npu ~2000 °C.

B oTnmume oT nocTynaTenbHOro v BpallaTeNlbHOro ABMXEHUS
MOneKyn, o6nafarolimx TONbKO KWMHETUYECKONW 3Hepruer, npu
Kone6aTeNlbHOM [ABMXEHWUWM MNPOUCXOAMT HeMnpepbiBHOE MNpeBpa-
LLeHNE KMHETUYECKOW 3HEPrMyM B MNOTEHLMaNbHYO UM 06paTHO.
MoaTomy nmpu BO30OYXAeHUM KonebaTenbHas CTeneHb €BOGOAbI
obnagaeT BABOe 6OMbLUEA CpPeAHEl 3HEPruen, yYem Kaxpgas u3
nocTynaTe/ibHbIX W BpallaTeNbHbIX CTereHeid CBOOOAbI, T. €.

e Koneo= EkuH+ e,,0r=-~-kT-\—"-kT—K'l.  (33.15)

CnepoBatesibHO, MPU BbICOKUX TeMMepaTypax CpefHas 3Hep-
rMa OAHOM ABYXaTOMHOW MOJEKY/bl CTAHET paBHa

e = e OO+ £]>auH e koncb=3--|-kT-f2--j-kKT-\-kT=

=-|- kT, (33.16)
N TensoeMKOCTb [BYXaTOMHOIO rasa [O/XHa 6biTb
Cv=— RXx 29,1 KmK/KMO/b *rpag

- B MNOMHOM COOTBETCTBMM C onbiToM (puc. 2.50).
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Mpu panbHellem MOBbILEHWW TeMmnepaTypbl, MNPUMEPHO A0
TV °C, KkonebaHWs aTOMOB B MOJieKynaxX CTaHOBATCH HacCTO/b-
KO WHTEHCMBHBLIMW, YTO MOJIEKYNbl Pa3pbiBAHOTCA Ha COCTaBAAND-
wpe wux aToMmbl. Ha nofobHy fmMmccoumaLuio  MOMEKYN
yTpayMBaeTca 3HauuTeNbHas 3Heprus, pa3 B 10 npesbilwato-
TCH CPESHIO 3HEPTMI0 UX MNOCTYNaTeNbHOro [ABMXEHUA Mpu
HUX TemnepaTtypax. [103ToOMy NoOABOAMMOE K ra3y Tenno Aullb
H He3HauYMTeNbHOM YacTu GyAeT MATW Ha yBe/MYeHMe CKOPOCTel
MOSIEKY/l U MOBbILLEHWE TeMMepaTypsl, a 60abLIas YacTb Tenna
OyfeT 3aTpayMBaTbCA Ha paspbiB BHYTPUMOJIEKYNAPHON CBA3N.
11 KpuBOIA 3aBMCUMOCTU TEMAOEMKOCTW OT TemmepaTypbl MOsB-
NSeTCA OYeHb BLICOKWI MUK, BbIXOAAWMIA 3a npegensl puc. 2.50.
[lo Tex nop, noka Bce MOJIEKY/bl He AUCCOLMUPYIOT, TeMnepary-
pa rasa npakTU4eckn He OYLeT NOBbLILIATLCA, HECMOTPS Ha
noAsog Tenna.

370 06CTOATENLCTBO ABNAAETCA MPUUUHON CPAaBHUTENbHO HU3-
Kol TemnepaTypbl nnameHW. Mpu TenjoTax CropaHMs 0O6bIYHbIX
Tonname nopsgka AQ«;200-h400 KmMK/KMONb U TEMI0EMKOCTU
NPOJYKTOB CropaHus, paBHOW 25 KMK/KMOMb-rpag, crnegyet
0Xunpatb, 4to TemnepaTtypa nfameHu pgocturHetr 10000 °C.
OpHako yxe npu 2500 °C HauMHaeTCa CTOMb CUJIbHAA guccolna-
UMs NPOAYKTOB CropaHus W pe3Koe MOBbILLEHWE TEMI0eMKOCTH,
4TO fasibHelLLee NOBbILIEHUE TeMNepaTypsbl NAaMeHW CTaHOBUTCS
TPYLHO OCYLLECTBUMBIM.

BosBpauiascb K rpadumky puc. 2.50, cnegyeT ykasaTb, 4TO
nocne MONAHOW fuccoumaumm B 0ObeMe BMECTO, Harpumep,
1 Mons MONeKkynapHoro kucnopoga Or okaxyTca 2 Mois atoMap-
Horo kucnopoga O. MoCKoNbKY Tenj0eMKOCTb aTOMOB COCTaBNA-
eT 12,5 KHK/KMOMb-rpaf, TO MO/Has TEenja0eMKOCTb CUCTEMbI
H pacyeTe Ha 1 MONb UCXOZHOTO MONEKYNAPHOIO (4BYXaTOMHO-
ro) Kucnopofa COCTaBUT Mpu Temnepatypax cBbie 2500 °C
okono 25,0 KaK/Kmonb-rpag.

Mockofibky caMu aTOMbl He SIBIAKOTCA B JEACTBUTENbHOCTYH
MaTepuasibHbIMM TOYKaMW, a NPeLCTaBNAT LOBOJILHO CNOXHbIE
CUCTEMbI 3N1eKTPOHOB, ABUXYLLMXCSH BOKPYr A4ep, TO Mpu fafb-
HeMLeM MOBLILLEHUW TeMmmnepaTypbl 31eKTPOHbI HayHYT Mepexo-
OUTb Ha 60ee BbICOKME JHEepPreTMyecKre YPoBHU Y TEMNOEMKOCTb
BHOBb OYfeT pacTh 3a CYeT BO3OYXAEHUS| BHYTPEHHMX CTEMeHeNn
cBo6ogbl atomoB. OfHaKo, MOCKOMbKY nopumn sHeprum Aedl
Heo6Xo4MMble ANf MNepeBOja 3MEKTPOHOB C WX HOPMAaNbHbIX
TpaekTOpuiA B aTOMe Ha BO30OYXAEHHble, B JeCATKM pa3 npesbl-
LWAKOT 3HayYeHUs AekOTd BHYTPUMOJEKYNAPHLIX KoNMebaHWi, TO
npu O06bIYHBIX W Jaxe CPaBHUTENIbHO BLICOKMX TeMmrepartypax
(no 2000—3000 °C) aBMXEHME 3NeKTPOHOB BHYTPM aTOMOB OCTa-
HeTcs HEW3MeHHbIM, W 3TWU CTeneHW CBOOGOAbI Yy MOAABAAIOLLErO
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60NbLINHCTBA aTOMOB He 6YAyT y4yacTBOBaTb B pacnpefeneHum
3Hepruy npu TenjoBOM [BUMXEHUMU.

TakuMm 06pa3om, aToM nNpu 0ObIYHbIX YCNOBMAX o6najaeT
TONbKO TPEMSA CTEMEeHAMU CBO6OAbI MOCTYNATENbHOIO ABUXKEHWNS
He MOTOMY, 4YTO OH MpeACTaBAsSeTCA MaTepuanbHOW TOUKOA,
a MoToMy, 4TO 3Heprusi ABU>KEHUS 3/1eKTPOHOB BHYTPM aTOMOB
He MeHsleTCs, nMoka Aem KT.

B Tome Il Mbl yBMAMM, YTO UMEHHO 3a CYET BO3OYXAEeHWS
BeCbMa Masioli yacTM aTOMOB rasa Mpu TemnepaTypax nopsagka
1000 °K wu Bbille NPOUCXOAMT cBedeHue rasa. lMonHbIA pacnag
Nerknx aTtoMOB Ha COCTaBHble 4acTu — fgpa W CBOBGOLHbIE
3/1EKTPOHbI — MPOUCXOANT NINLLb MPU CBEPXBLICOKUX TeMMepaTty-
pax nopsgka HX-1-10' °K. Takoin nopsgok MMeeT Temnepartypa,
pa3BMBaemMas nNpU B3pbiBaX aTOMHbLIX W BOJOPOLHbLIX 6GOMG.
B 3tux ycnosuax, Hanpumep, Monekyna Or paspbiBaetca na
2 agpa n 16 3NeKTPOHOB, W COBOKYMHOCTb 3TUX 18 yvacTtuu,
ABMXYLLUXCH pasfenbHo, o6nagaet 18-3=54 cTeneHsMU CBO-
60/bl MOCTYNaTeslbHOro ABVKEHUS.

Ho 1 3Toin TemnepaTypbl HEJOCTAaTOYHO AN «PaCLLeneHuns»
BCEX aTOMHbIX filep, 4TO TpebyeT WCKAUYUTENBHO 60/MbLUNX
TEMNePaTyp, He LOCTUTAeMbIX [aXe B LEHTpanbHbIX 06/1acTax
3Be3f.

§ 34. lMpoueccbl M UMKAbI C razamym U UX rpadunyeckoe
n3obpaxeHune

YpaBHeHne MeHgeneesa — KnaneiipoHa
pV=-~-RT=VRT (34.1)

yCTaHaB/IMBAET CBA3b MeXAY TPeMs OCHOBHbIMW MapamMeTpamu
p, V n T, xapaktepusyowumn [JaHHYHO Maccy rasa. Takum
obpa3oMm, M3 Tpex napameTpos NtobGble fBa MOryT paccMaTpu-
BaTbCA KakK HE3aBUCMMble, @ TPETUA MOXET ObiTb BbIpaxeH
yepe3 HWX. Bbibupas B KauecTBe He3aBUCUMMbIX MapaMeTpos,
onpefenaloLWnX cocToaHNe rasa p U V, MOXHO 3anucaTb Temmne-

paTtypy B BUAe

3T0 MO03BONSET HarfggHo M3obpaxaTb C MOMOLULIO rpacthnKoB
COCTOfHME Ta3a W MPOUCXOLALLME B HEM MPOLLECCHI.

Bygem oOTknagblBaTb 3Ha4yeHuMs ob6bema rasa V Ha ocu
abcumcc, a 3HayeHMA [aBneHWs p— Ha Ocu OpAuMHAaT (puc.
2.52). Kaxpaomy COCTOfHMIO rasa, XapakTepuayemomy onpefge-
NeHHbIMU 3HaYeHUsAMU V 1 p, OTBEYaET Ha 3TOM rpadiuke Touka
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I koopguHatamm (V, p). W obpaTHo, Touka / Ha 3TOM rpadomke
H.(OTpaXKaeT COCTOfHME ras3a CO 3HayeHUaMU obbema V—WN
n nuneHns p=p\mCOO0TBETCTBYIOLLAA 3TOMY COCTOAHUIO TeMMe-
uwuypa T—T1 onpefennTcsa Mo ypaBHeHuto (34.2).

11pn M3MeHeHWUN COCTOAHMSA ras3a Be/MUYUHbLI P U V (M CBA3AH-

WM C HUMK Temnepatypa T) OYyAyT HeNPepbIBHO MEHATbCH,
1 M306paxarolan CcoCTosiHMA Touyka B pl/-gnarpamme 6yget
MepemMewiaTbcs BAOMAbL HEKOTOPOWA KpuBoW. CnOLIHAas KpuBas
mexay Toukamu | v Il NoONHOCTLIO OTpaxaeT MPOM3BeAeHHbIN
npoLecc W3MeHEHUA COCTOAHWUSA rasa.

C nomowpto pK-guarpaMmmel Nerko BblYUCIUTL paboTy, co-
BEPLUEHHYIO ra3oM npu JaHHOM
npouecce. PaccmoTpum focTa-
TOYHO Manblii MHTEpBan M3Me-
HEHUA COCTOAHMSA, Korga 06b-
eM rasa M3MeHsieTcs OT Mpowus-
BO/ILHOTO 3HayeHUs V fo 3Ha-
yeHus V-\-AV. MNpn manom wms-
MeHeHMM ob6bema AV faBfieHue
MOXHO CUMTaTb MNPaKTUYECKN
MOCTOSAHHLIM W paBHbIM p. Co-
rnacHo (32.7) anemeHTapHas

y paboTa, COBepLleHHas rasom
npy paclMpeHnn Ha BENUYUHY
Puc. 2.52. AV, paBHa

Al=pAV. (34.3)

N3 puc. 2.52 BugHO, 4to BennumHa AJ1 UMCNeHHO paBHa
naowasgm Nonocku, 3aliTPUXOBaHHOW Ha 3TOM rpadiuke ABOWHOWA
LUTPUXOBKON. Pa3buneas nonHoe n3meHeHue obbvema ot M\ o V-
nl psag nocnegosaTeNbHbIX NpupalleHnii AV, Mbl Hailgem non-
Hyt0 paboTy, COBEepLUEHHYIO ra3oM B TEYeHMWe [aHHOro npoLecca,
KWK CYMMYy nowiafeid Takmx MOMOCOK:

n
n,n=2 P-AK (34.4)

M npegene 3Ta paboTa M306pasnuTCs MOMHON nNaowWaabio,
LUK MOYEMHON MeXay KpMBOW, M306paxatoLleil npoLecc, OCbH
nflcumcc W LBYMSA OpAMHATamu, BOCCTaB/IeHHbIMU B KOHEUHbIX
rmykax M\ 1 Vi. 31a naowagb Ha puc. 2.52 nokasaHa MpocToi
LLITPWXOBKOIA.

YcnoBme MNOCTOAHCTBA [AaBfIEHUA P MPU ManoMm U3MEHEHUM
nfii.i Mi AK 6ygeTr cobnioogatbcs TeM nydlle, 4Yem MeHblule
in niMunHa AV, 4TO XOpoLWO BUAHO U3 rpadpmka. 3HayeHUe UCKO-
M(1 paboTbl A|u ByaeT BbIMMC/EHO TEM TOYHEW, YemM MeHblle
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Al/, T. e. yem 60MbLUe MOSIOCOK MomewaeTca mexagy W u K.
TouHOe 3Ha4yeHne A, M Mbl MONYYMM, NEPEXOAs K npegeny 6ecko-
HEYHO OONbLUOro 4mcna OECKOHEYHO TOHKMX MOSIOCOK. Takas
CyMMa 3anucbiBaeTCs CUMBOMNYECKM B BUAe OMNPeAeneHHOro
WHTerpana:

(34.5)

Ecnn Mbl nepesefieM ra3 M3 TOr0 Xe HavyanbHOro0 COCTOSHMA
(1n, Pi) s To XE& KOHeYHOe cocTosiHue (%6 Pr) yepes apyroi psag
MPOMEXYTOYHbIX COCTOAHWUIA, TO 3TOT HOBLIA Mpouecc B pl/-guar-
paMMme 1306pasnTca APYroin NMHUER, COeAUHSIOLLEN Te e TOUKM
/ v ll. Ha puc. 2.52 Takoi npouecc M300paxeH MyHKTUPHOIN
NHKER,

Kak BWAHO M3 puUCyHKa, NAOLWaAb, OrpaHWYEeHHas CBepxy
MYHKTUPHOW KPWBOM W YMCNEHHO paBHas paboTe A'm), npu
BTOPOM MpoLecce OTAMYAeTCA OT M/OLIAAM, OrpaHWYeHHOl nep-
BO KpuBoit: A'wl b Aw,. Takum o6pa3om, paboTa, coBepluae-
Mas rasom npuv WM3MEHEHWW ero COCTOAHWUSA, 3aBUCUT He TO/bKO
OT €r0 HayafbHOTO W KOHEYHOro COCTOSHWIA, HO W OT nyTu
nepexofa W3 OAHOTO B Apyroe. 3TO elwe pa3 MoATBepxiaeTt
npveeaeHHoe B § 31 pa3bsCHEHWE, YTO BECCMbICIEHHO TOBOPUTH
0 «3anace paboTbl», 3aK/NOYeHHON B Tene. [epesBofa ras us3
COCTOAHMA | B COCTOAHME //, MOXHO NOMYYUTb CaMyto pasiny-
Hyto paboTy, B 3aBMCMMOCTM OT crocoba («MyTu») nepexoja.

3TOT BbIBOA HUCKOMLKO He MPOTMBOPEYUT 3aKOHY COXpaHe-
HWS 3HEPrMn — MepBOMY Hayany TepMOAU-

Hamukn (31.3),— nockonbky IMpn pasnuy-

HbIX Mpougeccax ras He TOnbko cosepluaet K n
Pa3/IMYHY0 MexaHM4eckyro paboTy, HO u
MoayyaeT OT OKPYXaloLWUX TeN pasnyHble
KonunyecTBa TennoTbl. 17 MOACHEHMA 3TO-
ro obcrtoaTenbcTea pasbepem jeTasibHee
HECKO/bKO MpOCTeiLnx MpOLLEecCoB C rasa-
MW, ' NPEACTABAAOWNX TaKkKe W TexHuue- p
CKMA UHTepEC. ' 1

1 M3oxopuueckunii npo- -1 A

uecc. Tak Ha3blBaeTcA MmpoLecc, Mpu Ko-

TOpOM 00bEM ra3a OCTaeTCA MOCTOSHHbLIM

(V= const), a MEHAKOTCS NNLLb €ro AaB/e- Puc. 2.53.

HWe p ¥ Temnepatypa T. 3TOT npouecc

OCYLLeCTBNAETCA MPU HarpeBaHWW rasa B 3aMKHYTOM 06beMe.

V3oxopuueckuii npouecc Ha pK-gmarpamme mM3obpaxaercs
BEPTUKANbHOWM NpAMOI, napannensHoi ocn p (puc. 2.53).
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AA=pAV=0, (34.6)

I. C. NPY N30XOPUYECKOM MpOLIECCe ra3 He COBepLUAeT MexaHu-
Yeckoin paboTbl. Jns 3TOro cnyyas ypaBHeHWe MepBOro Havana
(31.3) npuHMMaeT BUA

AQ=AU, (34.7)
| e Bce coobliaemoe rasy Tenno WAeT Ha YBeNUYEHUE ero
WHYTPEHHen 3Heprun. MongpHas Tena0eMKOCTb NpW M30X0pu-
UECKOM MpoLecce paBHa

C'=4r=\ 34'8)

YuncneHHble 3HaYEHUs 3TOl TEMI0EeMKOCTM ANS OAHO-, ABYX-
M MHOTOaTOMHbIX Ta30B OblM MpYBEAeHbl B MpedblayliemM na-

parpade.

2. M3obapumuecknim npouyecc. Tak HasbiBaeTcs
npouecc, NPOXoAAaWMiA Npu MOCTOAHHOM faBneHun (p=const).
OH pasbupancs paHee B § 32. Ha pl/-guarpamme 3TOT npoLiecc
HIOOpaXaeTcsd TOPM3OHTaNbHOM NpPAMONA, MNapannefbHON ocu
V (puc. 2.54). PaboTta npu nM306apnMyecKkoM pacLUMPeHUn K30-
H6paxaeTcs Ha 3TOM rpadiuke NAOWAAbIO MPAMOYro/bHMKa

AA=pAV=p(V2—W). (34.9)
MprYMeHUM K paccmMaTpUBaeMOMY MPOLIECCY MepBoe Hayasno:
AQ=AU+AA. (34.10)

MogBoAMMoe K rasy Temno YacTUYHO TPaTUTCs Ha yBenunue-
HVie ero BHYTPeHHel aHeprun (Ha HarpeBaHWe), a 4YacTUYHO —
Ha coBepLueHMe paboTbl. Monsap-
Has Tenj0emMKoCcTb Mpu n3obapuyec-

KOM npoLecce paBHa

ro AU , AA n..
AT AT AT (*54.11)

Ho senuumHa AU/AT oT Buaa
npouecca He 3aBUCUT, MOCKOJIbKY
BHYTPEHHSAS 3HEprus wugeanbHOro
raza U He 3aBUCUT HW OT p, HU OT
V, a onpegensercd TOJIbKO BeNYu-
Hoii T. CnepoBaTteslbHO, W3MEHeHUe
BHYTPEHHEW 3HepruM  WAeanbHOro
rasa Cc W3MeHeHWeM Temnepatypsl
AU/AT oauvHakoBO npu  No6bIX
npoueccax, U Mbl MOXeM, B COOTBET-
cTBumM ¢ (32.4), 3aMeHuUTL B (34.1V)
AU/AT Ha Cw\
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Kak 6bl10 gokasaHO B § 32, gns uMaeanbHOro rasa

CP=CW ~ = C WR. (34.12)

Mpy n306apnyeckoM cxXaTUK HanpasieHWe npouecca MeHs-
eTca Ha obpaTHOe, M paboTa, coBepLUEHHas rasom, CTaHOBMUTCA
oTpuuatenbHoit (AA < 0). 3To 03HauaeT, YTO He ra3 cosepluaeT
BHELLHIOIO paboTy, a, HanpoTuB, BHELUHME CWAblI COBepLUaloT
NoNoXuTenbHyto paboTy AA' no cxaTuto rasa, T. e

AA'=-AA. (34.13)

Bennumnbl AU 1 AQ npu 3TOM TakXe oTpuuartesibHbl, T e.
BHYTPEHHAA 3Heprusa rasa yMeHbLUAeTCd 3a CYEeT oTjaunm uMm
Ternaa OKPYXallLlnMmMm Tenam.

3. M3oTepmmuyecknin npouecc. Tak Ha3blBaeTC
npouecc, NPOBOAUMLIA MNpY  NOCTOSAHHOW TemnepaTtype rasa
(7=const). /3 ypaBHeHuUs MeHaeneeBa — KnaneipoHa cneay-
eT, YTO MpU 3TOM

/?K=const. (34.14)

3HayeHMe NOCTOAHHON MOXHO ONpeAennThb, MOACTABMB 3HAYEHUS
p v Vana noboid, Hanpumep Havasb-
HOi WM KOHEYHOM TOYKM MpoLecca-,

pV=pIW (34.14a)

3T0 ypaBHeHUe M306paxaeTca Ha ri
rpacpmke runep6onoin (puc. 2.55). Mo-
CKO/IbKY BHYTPEHHSAS 3HEPrus upeanb-
HOro rasa 3aBUCWUT TO/ILKO OT €ero
Temnepatypbl, TO NpU W30TepMUYeC-
KOM  pacLuvpeHuu U=const wn p
SU=0. CnepoBartefibHO, COrNacHo
nepBoMy Hauvany

AQ= AV (34.15)

MNoaBogmMmoe K rasy npu m3oTep-
MWUYECKOM pPacLUMpeHnn Tenao Lenu-
KOM MnpeBpallaeTcs B paboTy paclumpeHus. YucneHHas Beanyn-
Ha COBepLUEHHOM paboTbl HaXOAWTCA MO MpaBuMNaM WHTerpanb-

166



KOro UcHmMcneHms n pasHa -
AA=p\Viln -jf. (34.16)

[ennoemMKocrb MpM U30TEPMUYECKOM PacLUMPEHUUN OMpeLensercs
thopmansHO No 06LLEMY COOTHOLLEHWIO W paBHa
r=>X -> = oa
r Jir o}

BeckoHeuHas Tenno0emMKOCTb He fABNAeTCA (pu3nyeckum ab-
cypgoMm. OHa 03HayaeT, 4TO NOABOAMMOE K rasy Tenno He
NPUBOAMT K U3MEHEHUIO ero TemmnepaTtypbl B CMAY TOrO, YTO BCe
OHO M[ET Ha COBEpLUEHME ra3oM BHelLHel paboTsl. Mpw pacwim-
peHun AQ=>0 n C,= + oo, npn cxatum AQ<0 mn Cr= —oo0.

Mpy M30TEPMUYECKOM MPOLECCE YBENUUYEHUE BHYTPEHHEN
3HEpPruM rasa 3a CYeT MPUTOKA Temsa LEeMKOM KOMMEeHCUpyeTcs
YMeHbLUEHWEM BHYTPEHHEW 3Heprumn BCNefCTBUE MPOU3BEAEHHOW
rasom paboTbl pacumpeHus. Takum 06pa3oM, BHYTPEHHAA 3Hep-
rMa rasa OCTaeTCH HEW3MEHHOI.

OcyLecTBieHNe N30TEPMUYECKOTO NpoLecca Npu Temnepary-
pe T npegnonaraeT cyl,ecTBOBaHUe — MpU TOW e Temneparty-
pe — BHeLUHel cpeabl, 06nafatoLLeil HeM3MepyumMo 60/bLLIMM 3a-
NMacoM BHYTPEHHel 3Hepruu, Yem BHYTPEHHAS 3Heprus paboyero
rasa. Torga manas noteps 3HePruv BHELLHER cpefoil He nMpuBe-
JeT K 3aMeTHOMY YMeHbLUEeHUIO ee Temnepatypbl. PaclimpeHue
paboyero rasa [O/MKHO MNPOUCXOANT OGECKOHEUYHO
MEeLNeHHO, u4Tobbl ero Temnepatypa B KaXfblii MOMEHT
ycrneBana BblpaBHMBATbLCA C TEMMepaTypoi OKpyXaroLleh cpe-
Abl. TIpakTMyeckn BCerja MOXHO YKa3aTb MpejenbHY CKOPOCThb
peanbHOrO Mpouecca, NpyM KOTOPOW mnpouecc 6yfeT AOCTaTOYHO
6/1130K K M30TEPMUYECKOMY.

4. Aanpnabatmuyeckuim npouecc. Ecnm cocyg
pacluMpAoLMMCS Ta3oM TeMA0M30/MpoBaTh OT OKpYXatoLel
cpefbl, To TennoobmeH 6yaeT oTcyTcTBoBaTh, T. €. AQ=0.
Mpouecc, NPOUCXOAALLMIA NpYU COBMKOAEHMN 3TOT0 YCNOBUA, Ha-
3blBaeTC afmabaTtmyeckum.

*

' CornacHo (34.5) A ,,= \ pdV NMogpctasnsas ciofa p. onpedeneHHoe u3

(34.14a); p=— U BblHOCS MoOCTOAHHYO PIV\ 3a 3Hak uHTerpana,

nonyyaem:



YpaBHeHWe nepBOro Hayana npu yyete ycnosma AQ—O
NPUHUMaET BUA

0=AU-t~AA wm AA= —AU. (34.17)

CnepoBatefibHO, MpW agMabaTMyecKom rpouecce paboTa co-
BEpLUAETCA TONMbKO 3a CYeT BHYTPEHHel 3Heprum rasza. [pu
afnabaTnyeckom paclUMpeHUn ra3 cosepllaeT paboTy, a ero
BHYTPEHHAS 3HEPrus W, cnefoBaTeflbHO, TemnepaTtypa nNajatoT.
Mpn agnabaTnyeckom cxaTum paboTa rasa oTpuuaTesibHa
(BHELWHAS cpefa NPOM3BOAUT paboTy Haj ra3om), BHYTPEHHSS
3Heprvs u TemmepaTypa rasa BO3pacTatoT.

AfmnabaTnyeckmii NPOLECC MOXHO peasn3oBaTbh NPaKTUYeCKU
M Mpy OTCYTCTBUM XOpOLUei Tennousonayuu. Ho torga Heobxo-
AMMO BECTWM nNpoLecc CTONb 6bICTPO, 4TOObl 3a BpemMs ero
OCYLLECTB/IEHNS He NPOW30LLENT CKOMbKO-HUOYLb CYLLECTBEHHbIV
TeNN006MeH C BHeLUHel cpejoi.

TennoemkocTb MpU afuMabaTuyeckom npotecce

c<t=ir =“r=0- (34-18)

BbiBeeM ypaBHeHMe KpUBOM, n3obpaxarolleih agmabatmue-

Ckuii nmpouecc Ha pK-gmarpamme. YpaBHeHWe COCTOSHWUS MOSS
rasa uMmeeT BuUf

pV=RT. (34.19)

Mpn 6GecKOHEYHO MafioM W3MEHEHWW COCTOSHMS COBepLUae-
mas pabota Afl-»-pdV, a W3MEHeHMe BHYTPEHHEN 3Hepruu,

cornacHo (33.1), A dT. Mopgctasnsas aTn 3HauveHUs AA
n AU B ypaBHeHMWe nepBoro Hauvana (34.17), nonyymm:
CvdT+ffdv=0. (34.20)

370 ecTb ypaBHeHMe agunabaTtbl B gudhdpepeHLmansHoOW op-
Me. T1OCKONbKY OHO COZepXWT Bce Tpu napametpa —p, V
n T,—TO0 ANS WCKNOYEHMA OLHOT0 M3 HUX BOCMOJIb3YeMCH
ypaBHeHuem cocTosiHua (34.19), npeasapuTensHO npoandge-
PEHLMPOBaAB €ro:

pdV+Vdp=RdT. (34.21)
YMHOXas ypaBHeHune (34.20) Ha R, a (34.21)— Ha Cy
N cKnagbiBas WX, NONYYUM:
[Cv+R)pdV+CvwWdp=Q. (34.22)
MpuvHMMas BO BHWMMaHWe, 4TO [ANf  WUAeaNbHOro rasa
Cv-\-R—Cp, pa3genum ypasHeHue (134.22) Ha npou3seaeHue
CvpV u BBefeM 0603HayeHue



Torga (34.22) npumet BUfA
v~hr + f= 0. (34.24)

YuunTbiBasg, YTO MOCTOAHHbLIA MHOXWUTENb Y MOXHO BHECTU MOA
Wwak anddhepeHumana, npeobpasyem (34.24) k Buay

[y InK-]-In p] = O. (34.25)

Ortctoga cnegyeT, 4TO BeNMYMHa, CTofiWas B CKOGKax,

AO/MKHA ObITb NOCTOSAAHHOR. Ans yn-

POLLEHNA JanbHEALINX BbIKNAAOK

00603Ha4YMM 3Ty KOHCTaHTy 4yepe3 In
const. Torpga

y In I/+In p= In const. (34.26)

YuntbiBas, uto y In K=In V1iu
noTeHUMpysa BblpaxeHne (34.26),
Noay4YnMm:

pK”const. (34.27)

3T0 1 ecTb ypaBHeHUe aguaba-

Tbl.
lMockonbky Y>1> 710 KpuBsaf,
n3obpaxaemas 3TUM YpaBHEHWEM
Puc. 2.56. (puc. 2.56), naeT Kpy4ye M30TEPMbI
(34.14), KoTopas And CpaBHEHMS
MokasaHa Ha TOM Xe 4YepTexe LUTPUX-NYHKTUPOM. BugHo, uTo
npu agmabaTMyeckoM paclWUpeHUU u3 ToUukn / KpuBas
(34.27) onyckaeTcs HUXe N30TepMbl, T. e ras
oxnaxpaeTtca, a nNpu agmabaTUYeckOM CXaTU U  Kpu-
Bas (34.27) nNOAHUMaeTCA BbllUe W30TEpPMbl, T. €. ras3
HarpeBaeTcsa. BennunHa paboTbl agmabaTMyeckoro npo-
Llecca MOXeT 6blTb OCOBEHHO MPOCTO BbIYWMCEHA C MOMOLLbBIO

ypaBHeHus (34.17):

JA=-C \AT=—Cv(T2-T ]) =Cy{T]—T2). (34.28)

[ns HaxoXAeHWs e KOHEYHOW TemnepaTypbl T> MOXHO, KOM-
6uHupys (34.19) wn (34.27), NOAy4YnTb COOTHOLLEHWE

T\~X=const. (34.29)

Ona opHoaToMHOro rasa Cv= 125 KmK/KMONb-rpag,
Clt=Cv+ R = 20,8 KmMK/KMONb-rpaj, 1 nokasaTenb CTENeHu

afunabartbl paBeH Y:4rL::'?j'2— ** 1-67. Ana OBYXaTOMHbIX ra
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;%g 1,4. Ona MHoOro-
aTOMHbIX Ta30B MNpy BO3OYXXAEHUWN WX KOonebaTeNlbHbIX CTemneHel
cBob6ogbl TennoemkocTu Cpm Cy nmeroT ewe 60nblIME 3HAYEHNA
M nokasatenb aguabathbl

o FooCp A K (34.30)

ewe 6aMKe K efuHMLE.

B 6bICTPOXOAHbIX LBUTATENAX BHYTPEHHEro CropaHus v npu

MCTeYeHUN ra3os Yepes conna peak-
TUBHbIX [ABUraTenein npouecc pac-
LWIMPEeHNS rasa NpPOTeKaeT HACTO/b-

KO 6bICTPO, YTO €ro MOXHO cuMTaTh
NpakTU4eckn agmabaTnyeckum u
paccunTblBaTb no  ypaBHEHUHo
(34.27).

Pa3obpaHHble Hamum K30XO0pU-
yeckuii, n3obapuyeckuin, n3oTepmu-
4yecKunin n agmabatnyeckunii npouec-

Cbl ABNAOTCA NPOCTEALIMMU NpUME-

pamu 6GecuucneHHoro MHoroo6pa- +~y
3UA MPOLEeCCOB M3MEHeHWs COCTOSA-

HuA rasa. M3 3Tux npumepos, B Puc. 2.57.
4YacTHOCTW, BWAHO, 4TO TEMJI0EM-

KOCTb rasa CYLLeCTBEHHO 3aBUCUT

OT XapakTepa npouecca M3MEHEHWS ero COCTOAHUSA W MOXeT
npMHMMaTh Nobble 3HavyeHUs OT 4- °0 ANA WM30TEPMUYECKOrO
pacwupeHns (AQ>0) fo —o00 ANa M30TEPMUYECKOrO CXaTus
(AQ<:0, n npu A7’=0 CT= — o0o0).

B TennoaHepreTuke LWKWPOKO MPUMEHSAIOTCH COBOKYMHOCTU
npoueccos, obpasylwmne 3aMKHYTble LUWKAbI, KakK 3T0
n306paxkeHo Ha puc. 2.57. Tlpu 3TOM Ha y4yacTKe paclluvpeHus
123 ra3 coBeplaeT MOMOXUTENbHYO paboTy, M3obpaxaemyto
BEPTUKANbHO 3alUTPUXOBAHHOI MAoOWaAblo, a Ha y4yacTKe CXa-
Tna 341— oTpuuartenbHy paboTy, KOTOPO/ COOTBETCTBYET No-
WaAb, NOKasaHHasa rOPU3OHTANbHON LWITPUXOBKON. MonHas pa-
6ota AA, coBepleHHas rasom 3a OAMH UMKN, 6yaeT paBHa
pasHoOCTU 3TWX naowajgei, T. e. naowagu, OrpaHMyYMBaemoil
KpuBoi 12341.

MockonbKy ras B pesynbTaTe LMKa BO3BpallaeTca B UCXOL4-
HOe COCTOsiHME /, ero BHYTPEHHAS 3HEPrus B Hauvane W B KOHUe
npouecca 0OAWHAKOBA W MOSHOE M3MEHEHWEe BHYTPEHHEA 3Hepruu
rasa 3a uukn AU = 0. 13 hopmynmpoBKKM NepBOro Havyana Torga
cnegyeT, 4To

30B MpU 06bIYHbIX TemnepaTypax y=
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AQ = AA, (34.31)

T. €. B pe3ynbTaTe KaXoro uukna npoucxoguT npeobpasoba-
HVYe HEeKOTOpOro Konu4yecTsa TensioTbl B paboTy wmam HaobopoT.

Bonee getanbHbli aHanM3 MOKa3biBAaeT, YTO Ha OfHMX y4acT-
Kax LuKna ras nony4vaet oT 60/ee ropauymx OKpPYXawwWwmx Ten
HeKOTOpoe KOMM4yecTBo TennoTbl Qi, a Ha ApyrmMx ydacTkax
OTAaeT 4acTb 3TOro Tenna apyrum, 6onee X0N0AHbIM OKpY-
Xawwum Tenam. JIMwb 3a cYeT 4yacTu Temnsna

AQ=Qi-Q 2 (34.32)
OTHATOro ot 6onee ropavymx Ten, CcoBepLllaeTcAa pa60Ta, TakK 4TO0
On= <?,-<?2 (34.33)

OTHOLUEHME COBEPLUEHHON 3a LMKI MeXaHW4eckol paboTsl
K Tenay, OTHATOMY OT ropsyero Tena,

X = " (34 34)
HOCUT Ha3BaHWe KospPumumeHTa NONE3HOro pei-
cTBMA uukna. Bonpoc o Bbibope uukna ¢ 60bWIKMM K. W. 4.
M 0 MakKCUMalbHbIX BO3MOXHbIX 3HAYEHUAX K. M. 4. NoApo6HO

pa3bupaeTcs B Kypcax TEXHWYECKON TepMoguMHamMuKyu (CM. Tak-
xe § 37).



FTABA IX
BTOPOE HAYANNIO TEPMOAVHAMWKW

§ 35. O6paTumble 1 HeoGpaTWMble MPOLECCHI

B § 15, paccmaTpuBas MONIeKYNApHOE ABUXXEHWUE, Mbl MOA-
YyepKuBanm OTAMYUA NOCNEAHEro OT YMCTO MeXaHWYEeCcKoro ABu-
XeHUs Tena Kak uenoro. 3TM OTAMYMA NPUBOAAT, B YACTHOCTH,
K TOMY, 4TO Ten/ioBble NPOLECChl B MPOTUBOMNONOXHOCTL MeXaHu-
YyeCKMUM (MpU OTCYTCTBUWU TPEHMUA, NPUBOSALLETO0 K BbIAENEHWIO
Tenna) MOryT ObiTb HeobpaTMMbiMK. PaccmMoTpum ceivac 3ToT
BOMPOC HECKONbKO MojpobHee.

Uncto MexaHuyeckue npoueccbl Bcerga obpatumbl. B § 15
Mbl, pacCMaTpuBanu [ABUXEHWE MaTepuanbHONW TOKM MO HaKNOH-
HO/W MNAOCKOCTM Noj AeAcTBMEM cwuibl TsbkecTu (puc. 2.58).
B nonoxeHun A maTepmanbHas TOYKa WMeNa CKOPOCTb V,,
a ONyCTMBLUUCL B MNOMOXeHMe B (pasHOCTb BbICOT TOoYeK A
B pasHa W), oHa npuobpeTaeT ckopocTb ve> (puc. 2.58, a).
BennunHa 4b MOXeT O6biTb HailjeHa W3 3aKOHAa COXpaHEeHWUs
3HEpruu:

(35.1)

YcTaHoBMM B TOYKe B abCOMOTHO ynpyryk NAOCKYH CTEHKY
(puc. 2.58,6). YpapmBwwucb 06 3Ty CTeHKY, MaTepuanbHas
TOYKA M3MEHWUT CBOK CKOPOCTb Ha 0O6PATHYI0 M CO CKOPOCTbH —
vB HauHeT nogHumaTtbcs o06paTHO. [puMMeHAs BHOBb 3aKOH
coxpaHeHusa aHeprum (35.1), Mbl Haifgem, 4TO B MOJIOXKEHUU
A mMaTepmanbHas Touka OyaeT LBUraTbCA CO CKOPOCTbIO — VA
pPaBHON MO Be/NMYMHE W 06pPaTHOW MO HanNpaB/lEHWIO CBOEMY
nepBoHa4yanbHOMY 3HadeHuWto \ A B TOli e Touke. AHanormyHoe
obpalleHne HanpaBneHWs cKOpocTu GyaeT v B N06GOW NpomMexy-
TOYHOW Touke B. TlNpu BO3BpallEHUM MaTepuanbHON TOUKM B
MCXOA4HOE MNONOXEHME ee MNOTeHUManbHas 3Heprus npuHumaet
nepBoHavyanbHoe 3HavyeHuMe mgh u, cnegoBaTenbHO, BO Bceif



CUCTEME He NMPOUCXOAUT HUKAKUX M3MEHEHWI, KpOMEe U3MeHEeHUs
3HaKa CKopocTeid. J1lo6oe YMCTO MeXxaHuWUYecKOe [ABU-
XKeHne 60bWUX U ManbiX Ten Kak ¢ ManbiMu, Tak 1 ¢ 60MbLINMU
CKOPOCTAMU Bcerja BNoaHe 06paTtTmmo. ITO MOXHO [O-
KasaTb B 00LieM BUAE U COBEPLUEHHO CTPOro, UCXOAA U3 ypaBHe-
HUIA OBVXKEHUSA MEeXaHUKU.

MpW Hanuuuu TennoBOroO ABMXKEeHUN HabnwojalTcs, Kak npa-
BWMO, npoueccbl Heob6paTWMble.

Korga nyns B pe3ynbTaTe TPEHUS O BO3AYyX TEPSET CKOPOCTb,
T. €. NPOUCXOAMT MpeBpaLLeHNe MexaHU4eckoil 3Hepruu B TENO
(nyna v BO34YyX HarpesBawTCA), HeNb3s «NOBEPHYTb» MNpoLecc,
TaK, 4TOObl paccesHHOe TEnjo NPeBpaTUIOCH ONATb B 3HEPTUHO
MEXaHWYeCKOro ABUXEHUS Nynu.

KuHeTnuyeckasa aHeprua ABVMKEHWA MynuM Kak uenoro 6yget

B pe3ynbTaTe CTO/KHOBEHMIA MOMEKyn BO34yxa C Myneii nmepexo-
OUTb B [06aBOYHYIO 3HEPTUI0 XaOTUYECKOTO LBUXEHWUS MOMEKyn
BO34yXa W nNynu. PaccMOTpeHHbIM
Bbllle MEXaHU3MOM TennonpoBoOA-
HOCTM 3Ta 3HEprus NOCTEMeHHO pac-
npegennTca Mexgy Bce 60nblMM
yncnom Mmonekyn. O6paTHbIA nepe-
XOL, 3HEPruMm HEBO3MOXEH, T. €.
npouecc HeobpaTUM.

[oBOps 0 HeobpaTUmoOCTW TOrO
WM WHOTO npolecca, Mbl He MMEeM
B BWUAY €ro «HEMOCPeACTBEHHYHO»

HeobpaTumocTb. Bomnpoc cTaBmTCS

lMpe: Henb3a N € NOMOLLbIO Ka-

KUX-NM60 MPOLECCOB WUNN MeXaHWu3-

MOB [06MTbCA TOro, YTO6bl y4acT-

BOBaBLUME B HWUX Tefa MOXKHO 6bIno

BEPHYTb B MCXOLHOE COCTOsAHME 6e3 Puc. 2.58.

TOro, YTObbI B MPUPOLE BO3HUKNU

Kakue-mmbo apyrue n3meHeHus? ns BbISICHEHWS 3TOro Bompoca
paccMOTpUM fABa BaXKHellwunx Tuna HeobpaTUMbIX MpPOLLEeCCOB:
pacliMpeHne rasa B MYyCTOTY W TennoobMeH Mexay [ABYMS
Tenamu.

1 Bosbmem cocyp, pasfeneHHblil neperopogkoii, B OAHON
MONOBMHE KOTOPOTO 3aK/I4YeH uWAeanbHblli ras, a B ApPYyro
Mo/OBMHe co3faH abCconMoTHbIA Bakyym (puc. 2.59, a). MycTsb
B HEKOTOpbIA MOMEHT MNeperopofka yjAaneHa WAW MNPOpPBaHa,
M ras pacwupserca B nycToTy. bnarogaps XaoTM4ecKoMy ABW-
XKEHUIO MOJIEKYN ra3 Yepe3 HEKOTOPOe BpeMs 3aiiMeT BeCb 06beEM
2V v 3anofHUT ero paBHoMepHo (puc. 2.59, 6).

B npouecce paclwimpeHns B NycTOTY K rasy He nojBoAunioch
Tenna (AQ—O0) M OH He coBepwan HWKAKOA BHELWHEIR
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pabotbl (/1/4=0). N3 nepsoro Hayana TepmoauHamuku (31.3).
Torga cnepyet, 4To

AU=Q

T. €. BHYTPEHHAS SHepruMs rasa ocTanacb  HeW3MeHHOIA
(U= const). TMocKonbKy 3Heprus wuAeanbHOro rasa 3aBUCUT
TONLKO OT €ro TemnepaTypbl, TO B pe3y/nbTaTe paclivpeHuns
B MyCTOTYy TemmepaTypa rasa He u3MeHuTcs (7'=const). Tak
Kak 06beM rasa yBe/MUUNCA BABOE, TO NPU 3TOM OKOHYATeNbHOe
LaBNeHne No ypaBHeHWO MeHpaeneeBa — KnaneiipoHa ynaget
BABOE; B camoM fene,

RT=pV=p'-2V,
0TKyZAa

PaccMOTpeHHbIi  Mpouecc HenocpeACTBEHHO HeobpaTuM.
MOXHO XfaTb CKOMb YrofHO [AO/roe Bpems U NPaKTUYECKU
HUKOr4a He L0XAaTbCA, 4YTOObl BCE MOMeEKy/bl rasa camu coboii
cobpanucb B 0AHOW nonosuHe cocyda. lMonpobyem Torgja Bep-

HYyTb ra3 B UCXOAHOE COCTOSIHME, nepefBuras
OfHYy M3 CTEHOK cocyja KaK noplieHb (pwuc.
2.59, B). MMpu atom ra3 6GyaeT 0Ka3sbiBaTb
P COMPOTUB/IEHNE [ABVKEHUIO MOPWHA W A4N1A
—I\N ero cxatus npugetcs coBepwuTb paboTy
= AA' N TeM caMblM YMEHbLWNTL 3HEPTUIO MeXa-
HWYECKNX [BWXEHWA OKpYyXawLWmnx Ten Ha
AA'. TT0CKONbKY NpW CXaTumn ras HarpesaeT-
cf, TO, YTOObl COXPaHUTbL ero nepeBoHayab-
HYI0 TemnepaTtypy, NpuAeTcs OTBECTU OT Hero
HEeKoTopoe Konunyectso Tennotel AQ'=A/T,
T. €. YBeNIMYUTb 3HEPrur0 TEna0BOro ABUXKe-
HMA KAKUX-TO ApYyrux (UnnM Tex >Xe camblX)
OKpYXarLWmx Te.
Takum 06pa3omM, KOrga Mbl BepHeMm ras,
pacwmpuslwmniica B NycTOTYy, B UCXOAHOe CO-

Puc- 2.59 CTOfIHWe, HEKOTOPOe KO/MIMYecTBO 3Heprun Me-

XaHWYEeCKNX ABMXKEHUI OKpYXaloLWmnx Ten ne-

peiijeT B 3HEPruio TeMI0BOrO ABUXEHNA ApY-
rmx (UM Tex >e cambiX) BHeWHux Ten. CnegosaTenbHO, Npo-
LlecC paclupeHus rasa B MycToTy Heobpatum. [pu Bo3BpaLle-
HUM rasa C NOMOLWbI KakKux-nnbo MaluH UAn MexaHW3MOB
B MCXOJHOE COCTOSHME, B OKpYy>KatwLWmnx Tenax 06a3aTenbHo
OCTaHyTCA Kakue-TO W3MeHeHWs, CBA3aHHble C NpespalleHuem
HEKOTOPOro KOAMYeCcTBa MEXAHUYECKON 3HEPTUN B TEMNOBYHO.
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2. MprBegeM B COMPUKOCHOBEHME ABa Tena C Pas/IMYHON
Temnepatypoii (puc. 2.60). Teno ¢ 6onee BbICOKO TemmepaTy-
poii I'| HasoBeM HarpeBaTe/ieM, a Teno c 60/1ee HU3KOM
Temnepatypoi Ty—xonogunbHUKOM. Bcneagcteue Ten-
NOMPOBOAHOCTM OT HarpesBaTens K XOM04UbHUKY nepeiijeT He-
KOTOpOe KO/MYecTBO TennoTbl Q.

3TOT npouecc Takxke HeobpaTtum. Tenso

Bcerja nepexoguT oT 6ofee ropsavero Tena

K 60fiee X0N04HOMY, W HUKOrAa BCNeACTBUE
TennonNpoBOAHOCTU He OocCyLliecTBnseTcs 06-

paTHbI npoLecc — caMONpon3BO/bHbINA Ne-

pexof Tenna OT XONOAHOrO Tefla K ropsavemy.

UT00Obl BEPHYTb XONOAM/bHUK U Harpesa-

TeNb B WCXOAHOE COCTOSIHME, UCMONb3yem B

KayecTBe MallWHbl HEKOTOPOE KO/NYECTBO

Puc. 2.60. rasa, 3ak/l4YeHHOro B cocyj C MOPLUHEM,
M NpOBefeM C HUM 3aMKHYTbI/ LWKA, aHano-

FMYHLIA  UWKAY, W300paeHHOMY Ha pwuc.

2.57, HO TO/NbKO B 06paTHOM HanpasneHun 14321 (puc. 2.61).

Mpu paclwmpeHnn rasa, NPOU3BOAALLET0 BHELIHIOW paboTy,
ero Temnepatypa noHusutcs. Mpn Temnepatype rasa T, MeHb-
Wweli TemnepaTypbl xonogwnbHmka TAT < TIT), MOXHO 6yger
OTBECTM U3 XONIOAWIbHWKA W BEPHYTb rasy KOJM4YeCTBO TeMaoThbl
Q, paHee nepefaHHOe rasom Xo-
noaunbHuKy. UT0o6bl 3TO TEMno
BEpHYTb B HarpesaTenb, ras Hago Pk
npefiBapuTenbHO cXaTb. B pe-
3ynbTate paboTbl, COBEPLUEHHO
Npy 3TOM BHELIHWMMW cunamu, ras
Harpeetca. Korga Temnepatypa
rasa T npesbicut T(T > TV,

MOXHO OyfeT nepejaTb Harpesa-

TeN paHee B3ATOE Yy HEro Koau-

yectBo TennoTbl. OfHAKO, ec/u

Mbl 3aX0TVM, 4YTOObl paboyee Te-

N0 —ra3— B KOHLUe KOHLOB

BEPHY/NIOCb B WCXOLHOE COCTOS-

HUe, Mbl JOMKHbLI 6yaeM nepefa-

BaTb HarpeeaTeno 6onblle Ten-

na, 4YeM Yy Hero 6bln0 OTHATO.

[eiicTBUTENbHO, €CM KONNYeCT- Puc. 2.61.

BO TeMnoThbl, Mepellegliee 0T XO0-

NOAWNbHMKA K rasy, paBHo Q, a paboTa BHELHWX CWA, 3a BeCb
UMKn paBHa A', TO KonmyecTBOo TennoTbl Q-bQ'. nepegaHHoe
HarpesaTento, 6yaeT paBHO
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Q+Q'=Q+y4"
(HanoMHuMm, uTo paboTta A' M3MepseTcs BEAUYMHON nowwagm
uukna.)

YTo6bl HarpeBaTenb BepHYNCS B WCXOAHOE COCTOSHME, OH
0O/MKEH MepefaTb OKPYXalLWUM Tenam M3AMILIEK MOYYeHHOro
Tenna.

Takum o06pa3om, BO3Bpal,af HarpeeaTefb, XONOAWIbHUK
M ra3 B UCXOAHOE COCTOSIHME, Mbl OOGHApPyXXUM, 4YTO M B 3TOM
cnydyae B OKpy>awoliei npupoge NpousowWwIn usMeHeHus (Kak
n B npumepe 1). CnepoBaTenbHO, npouecc TennoobMeHa Mexay
Tenamu € pasIMYyHON TemnepaTypoin HeobpaTuM.

CnepyeT elle yKas3aTb, YTO WM306paxkeHHbIi Ha puc. 2.61
06paTHbIN LMKN WMPOKO NMPUMEHAETCA B XONOLWUILHON TEXHUKE.
CoBeplias HenpepbIBHO MexaHu4yeckyto paboTy A' u npespalyas
ee B Tensio Q', oTAaBaeMoe OKpyXKatoulei cpege (ABnswoLerica
HarpesaTesemM), MOXHO 6narogaps 3TOMYy OTHMMaTb Yy XOJ0-
AWNBHOTO WKagha 3Ha4YMTeNbHOe KONMMYecTBO TenaoTbl Q n oTha-
BaTb €ro TOW >Ke OKpyXawlLllelii cpege, T. €. OXJaXfaTb cam
wKagp *.

He cnepyet, ofHako, AymaTb, 4TO Nt060l TenaoBoil npouecc
B npuHuune HeobpaTum. lpuBegem fBa BaxHelWuUx npumepa
NPUHLMUNWaNbLHO 06paTUMbIX MPOLECCOB.

3. ApunabaTtuyeckoe cxaTtume (Unm pacwmpeHune). Kak Mbl
Buaenn B § 34, npu agnabatnyeckom npouecce HeT HeobpaTUMO-
ro TennoobMeHa ¢ okpyxatoueli cpegoii (AQ=0) u

AA= —AU.

Mpy agmabaTuyeckoOM pacliMpeHWn ras TonKaeT MNOPLUEHD,
YBe/INYMNBAs IHEPTUIO Er0 MeXaHW4Yeckoro nNocTynaTenbHoro ABu-
XEHNA 3a CYeT YMEHbLUEHWA CBOel BHYTPeHHel aHepruu (T. e.
oxnaxpaeHnus). MNpu agnabaTMyeckom CXaTuu MOpLIeHb, chaBs-
nvBasf ras, caM TOPMO3MUTCA W €ro MexaHWyeckas 3Heprus
nepexofuT 06paTHO BO BHYTPEHHIOK 3HepPruio rasa. Takum
obpa3omM, mnpousseAs afmabaTMyeckoe pacliMpeHue, a 3aTem
agmabatmnyueckoe cxxatue, MOXHO BEPHYTb ra3 MOMHOCTbIO B
MCXOLHOe coCcToAHME 6e3 Toro, 4Tobbl B OKpYXatolleli npupoge
npomsownm 6bl Kakume-HU6YAb W3MeHeHUs.

4. N30TepMunyeckoe pacwunpernue (cxxatue). Kak Mbl Bugenu
B § 34, npu n30TepMMYECKOM pacLUMPEHUN MLeabHOro rasa ero
aHeprua octaetca nocTtosHHo (AU=0) n paboTa coBepLuaeTcs
3a cYeT TennoobMeHa C OKpyXatolieid cpefoi:

* B HOBbIX MNOMYNPOBOAHMUKOBLIX XOMOAWMbHMKAX Npouecc uAeT 3a
npeBpalyeHns B Tenj0 HEKOTOPOro KOMMYECTBa 3NEKTPUYECKOW 3Heprum Toka,
NpoTeKatolWero B nofynpoBOAHUKOBONA Lenu, YTo B MPUHLMNE BMOMHE IKBMBA-
NIEHTHO pPaccMOTpeHHOMY. MoApo6Hee O MONYNPOBOAHMKAX CM. B Tome II.
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(37.1)

Mpu BCcex nmpoueccax, NPOUCXOAALNX B MakpOCKOMUYECKOM
CUCTEMe, S3HTPONUA CUCTEMbI BO3pacTaeT (HeobpaTumble npovec-
Cbl) WAW, B KpailHEM Cny4vae, OCTaeTCa HensmeHHol (obpaTumble
npouecchl).

Mbl 0TMeYanu yxe Bbille, YTO NOHATME 3HTPONUU (O3Havaro-
Lee «CNOoCOBHOCTb K MpeBpalleHUto») Obl10 BBEAEHO BMepBble
Knaysmycom yncto peHoMeHONnornmyeckm (T. e 4uCTo
onucaTenbHO, He BXOAA B pacCMOTpeHMe (hU3MUYecKoro MexaHus-
Ma SIBNeHWA) KakK BenUYUHbI, AuddepeHuman KoTopoit dS paseH
cornacHo (36.10) npegeny &Qn(jT.

Knaysnycy npuHagnexuT Takxe npoctas (GopMynnpoBKa
BTOpPOro Hauana:

TennoTa HUKOTa He MOXKET MepexoauTh cama coboi oT Ten
c 60nee HU3KO TemnepaTypoii K Tenam C 6onee BbICOKOM
TemnepaTypoil.

TomcoH 1 MnaHK GopMyAUPYIOT BTOPOE Ha4yano cnefyroLum
o6pasom:

B npnpoae HEBO3MO>KEH MpoLecc, MONHbIA 3heKT KOTOPOro
COCTOSAN Obl TOMBKO B OXNa>KAEHUW TENnnoBoro pesepsyapa u
B SKBMBA/IEHTHOM MNOLbLEME rpy3a *

3ameTum, u4To 06€e (hOPMYIMPOBKWM He cnegyeT MOHMMATb
B Y3KOM CMbICie — pedb MAeT He O HEBO3MOXHOCTK
HenocpeaCcTBEHHOTrO MNpPOLECCa, HO O HEBO3MOXHOCTU
peann3oBaTb €ro C MOMOLLbK MOOLIX MpUCNOCO6eHniA, Korga
B pe3y/nbTaTe npouecca B MPUPOLe He MPOMU3OLNO0 Obl HUKaKMX
OPYTUX U3MEHEHWA, CBA3AHHbIX C YBE/IMYEHMEM 3HTPONUN APYrUX
CUCTEM.

Nlerko BuaeTb, YTO MpuBeLeHHble POPMYNNPOBKM COBEPLLEH-
HO 3KBMBaNEHTHbI. [leicTBMTENbLHO, ecnn 6bl nonoxeHue Knay-
niyca ObII0 HEBEPHO, TO MOXHO 6bI10 Gbl OAWMH TenaoBOWA
pesepByap C TemnepaTtypoii To pa3fenuTb Ha [Be 4acTu W,
nmepeHoca Tenmao OT OLHOW 4YacTW K [pyroi, nonyuuTb fBa
pesepByapa c Temnepatypamu 7|< Toun T2> To- C nomouibio
MOMyYeHHbIX TakuM 06pa3oM XOn0AuAbHUKA W HarpeeaTens
MOXHO 6b1710 6bl OCYLLECTBUTL LMKA (cornacHo § 34), noppep-
XWNBas BCe BPEMSA HEOOXOAMMYH PasHOCTb TemnepaTyp 3a cueT
nepejayn Tenna OT 60nee XONOAHOrO pesepByapa K 6onee
ropsyemy. Takum 06pa3om, Mmes B CBOEM PacrnopsHXXeHWW BHa-
yafe OAWMH TennoOBOA pe3epByap, Mbl CMOrM 6bl, ecnu 6Gbl
nonoxeHne Knaysuyca 6bl10 6bl HEBEPHbIM,
tii cueT yMeHblUeHWS BHYTPEHHEA 3Heprum 3TOro pesepByapa

[0 ecTb B 3KBUBANEHTHOW MeXaHWUYecKoM pa60Te
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NONY4YUTb MeXaHW4yeckyto paboTy, 4TO 3anpeuwaeTtcs
nonoxeHmem TomMcoHa —IllnaHKa.

CnepoBaTeNbHO, M3 MNPaBUILHOCTU MNOMOXeHUs Knaysmyca
cfiegyet NpaBUNBHOCTb MOJIOXKEHUA TomcoHa — lMnaHka. AHa-
NIOTMYHO MOXKHO MOKasaTb, 4YTO MPUHUMas NonoXxeHue Tomco-
Ha — [MnaHKa, MOXHO MpPUATU K nonoxeHuto Knaysuyca.

Mmerowmeca BOKPYr Hac TEeM/IOBble pe3epByapbl cogepkaT
OFPOMHble KO/IMYECTBa BHYTPeHHel aHepruu. TPyAHO OLEHUTb
3anac BHYTPEHHE 3Hepruu Tensnoi BoAbl OkeaHa. MOXHO, Ha-
npumep, MOACYMTATb, YTO OKeaHCKWiA Kopabnb C ABuraTenem
MoLHocTbo 100 000 KeT mor Obl NOMHOCTHLK 0b6ecneynTb pabo-
Ty CBOE/ MalWHbl 3a CYET OXNaXAEHUA MOPCKOM BOAbl Ha 15°
(o1 20 °C go 5 °C), oxnaxpad 1 M3 Bogbl B TeyeHue 6 Cek,
T. €. Bcero 10 M3 Mopckoii Boabl B MUHYTY. K coxaneHuto, aToT
npouecc TepMOANHAMMWUYECKN HEBO3MOXKEH, W, MMbIBA MO TaKOMY,
B 6YKBaNbHOM CMbIC/e CNOBa, OKeaHy 3Heprum, Kopabnb BbIHYX-
[eH CXUraTb yroab UAn HedTb.

MawwnHa, KoTopas paboTana 6bl 3a CYeT BHYTpPEHHel 3Hep-
MM OJHOTO TennoBOrO pesepByapa, MOAy4YymMna HasBaHue
«nepneTtyym Mob6une» (T. e. BeYyHOro JBuUratens)
BTOPOro poga.

B oTAnume oT «nepnetyym mobuie» nepBOro poja — ABUTra-
Tensi, NMPOM3BOJSLLETO 3HEPTUI0 «M3 HUYEro», HEeBO3MOXHOCTb
KOTOpPOro cnefyeT U3 3aKOHa COXPaHeHUs 3HEpPrun, ABUTaTenNb
BTOpOro Tuna pa6oTtan 6bl 6e3 HapylleHUA 3aKOHa COXpaHeHUs
3Heprun. OpfHako ero paboTta 6blfa 6bl HapyLeHWEM BTOPOro
Hayana TepMOAMHAMUKW.

Takum 06pa3om, BTOpPOe Hayano TePMOAMHAMWUKW, B BUAE
nonoxeHus TomcoHa — lnaHKa, MOXET 6biTb CHOPMYINPOBAHO
KOPOTKO Tak:

MepneTyym Mo6une BTOPOro pofja HEBO3MOXKHO.

BepHemcsa Tenepb KO BTOPOMY 3aKOHY B €r0 KO/IMYECTBEHHO
(hOpMyNMPOBKe C NOMOLLbIO 3HTponuu. CnpaBeaiMBOCTb COOTHO-
weHus (37.1) 6bia NPoOMANOCTPUPOBAHA HaMU Ha psje KOHK-
PeTHbIX npumepoB B § 35. B o6Wem Buae 3TO HEpPaBeHCTBO
6bIn0 fAoKazaHO J1. BonbyumMaHOM MeTOAaMW CTaTMCTMYECKON
thm3mkn. bonee nogpobHbLIA aHanu3 BbiBOJa bonbuMaHa, Ha
KOTOPOM Mbl 34€Cb He MMeeM BO3MOXHOCTW OCTaHaBAMBaTbCH,
MO3BO/IAET BbIACHUTbL TPaHULb NPUMEHWMOCTWU BTO-
poro Havana TepMOAUHAMUKMN.

1 BbiBog BonbumaHa OCHOBaH Ha MPUMEHEHUW METOS
CTaTUCTMYECKON (N3MKM U Teopunm BeposaTHOCTed. [loaTomy w
OKOHYaTeNbHbIA pe3ynbTaT HOCUT BEPOATHOCTHbBLIN Xa-
pakTep. HepaBeHcTBO (37.1) cnefyet, CTpPOro rosops, gopmynu-
poBaTb Tak:
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Haunbonee BepoATHbLIM U3MEHEHUEM SHTPONUU CUCTEMBI ABNSA-
eTCA ee BO3pacTaHue.

Kak n Bce apyrue BbiBOAbl CTAaTUCTUYECKOW (DM3NKKU, BTOPOE
Hayano TepMOAMHAMMKMN CNpPaBefNMBO C TOYHOCTbIO 40 (hIYKTya-
UMiA, O KOTOPbIX Mbl YNOMUHanu B § 16. dnyKTyauum nAOTHOCTH
M BaBIEHUS — 3TO MPOLECChl, NpPU KOTOPbIX BEPOATHOCTb COCTO-
AHWA W ero 3HTPONUS MOryT y6bIBaTh.

B oTAnMumne OT Takux 3aKOHOB NPMPOAbl, KakK 3aKOH COXpaHe-
HWS KOMWYecTBa ABVDIKEHWA WAW 3Heprum (B MNPUMEHEHWMM K
TennoBbIM NpoLeccaMm — NepBoe Hayasno TepMOgMHaMUKK), BTO-
poe Hayano TepMOAMHAMUKM He ABNAETCA CTONb XK€ HEenpemeH-
HbIM 3aKOHOM. C TOYKMW 3peHUs KUHETUYECKON Teopuum yBenmuye-
HMWe SHTPOMWM eCTb NNWbL Hambonee BEPOATHBLIA, HO
OTHHOAb He 06f3aTeNbHbI NyTb PAa3BUTUA CUCTEMBI.
3TO0 — CTaTUCTUYECKUI 3aKOH, OTKNOHEHMSA OT KOTOPOro BMOJHE
BO3MOXHbl.

CamMonpon3BOJbHOE YMeHbLUEHME 3HTPOMMM MaKpPOCKOMmyec-
KO cUCTEMbl He HEBO3MOXHO, HO BeCbMa MasioBEPOATHO. Yem
60/1bLWIYI0 COBOKYMHOCTb YaCTUL, COAEPXUT AaHHAA CucTeMa, Tem
MeHee BEPOATHbl OTK/MOHEHUS OT CTAaTUCTUYECKUX 3aKOHOMEp-
HOCTEIA.

B cnyuyae >xe cuctem, COCTOAWMX W3 HeHOMLLIOrO 4ucna
yacTuy, Wam MmanbiXx 4vacTeil 60MbWOK CUCTEMbI, BEPOATHOCTM
OTK/IOHEHWI HabMofaeMblX BEMYUH OT CPefHUX CTaHOBATCA He
CMIMLWKOM ManbiMU W MPOLECChl, CBA3aHHbIe C YObIBAHWEM 3HTPO-
MK, yXXe MOryT Habnwopgatbes.

Tak, Hanpumep, B pesyfnbTaTe GPOYHOBCKOr0O ABVKEHWUA Mbl-
NMHKA MOXeT MNOAHATLCA Ha 3HauYUTeNbHYH BbicOTy. PaborTa,
Heobxo4nmaa ans ee NoAbema, YepnaeTca M3 3anaca KuHeTuyec-
KO 3Hepruy XaoTMUeckoro ABMXKEHWS Monekyn. CneposaTenb-
HO, ras, B KOTOpPOM MNOAHWMAeTCA MblIWHKa, B pe3ynbTate ee
nogbeMa OCTbIBaeT, M €ro 3HTponua ymeHbliaetca. OfHako,
ecnm 6bl cTpouTenb CTan XpAaTb, Noka 6narogaps cny4valiHbiM
(hNYKTyaLuaM LBUXKEHUIA MONeKyn BO3AyXa KWPMWY, nexaliuii
na 3emse, cam cO0OW MOAHANCS Ha BbICOTY BTOPOro 3Taxka 3a
CUET OXNMAXKAEHUS OKPYXallero BO3Ayxa, emy npuwnocb 6bl
NpoXAaaTb BpeMs, HensMepumo 60nbliee MNPOAOIKUTENLHOCTH
CYLL,eCTBOBAHUA COJIHEYHON CUCTEMBI.

2. PeanbHad MakpocKonuyeckas cuctema Bcerfa conpukaca-
eTCcs C OKpyXawwWwumu Tenamu (Hanpumep, ra3 — co CTEHKamu
cocyfa) v B3aMMOfelCcTBYyeT C HuMW. B 3Tom B3avmogeicTBun
B KaXAbIl [aHHbIA MOMEHT BPEMEHW NPUHMMaAeT y4vacTue NuLlb
OTHOCUTENbHO HeboNblIas A0NA YacTul, COCTaBAAOLIMX CUCTe-
My, & WUMEHHO Te 4acTuubl, KOTOPble HAaxoAATCa Yy rpaHuupbl
C oKpyxawwumu Tenamu. [1o3TomMy 3Heprus B3aMMOAeNCTBUSA



MOrPaHNYHbIX MONEKYN £ 8 B KaX/AblA AaHHbIA MOMEHT BpeMeHU
HWYTOXHO Mana Mo CPaBHEHWIO C BHYTPEHHE 3Heprueii cucTembl
U, KoTopas mnponopuuoHanbHa 06LieMYy 4YWUCy BCEX 4YacTul,
COCTaBNAOWMUX CUCTEMY:

Ew < U. (37.2)

Cuctembl, And KOTOPbIX BbIMOJIHAETCA COOTHOWeHne (37.2),
HasblBAlOTCA MOYTU M3O0ONMUPOBAHHBIMU. B Kaxabli
[aHHbIA MOMEHT W 3a CpaBHUTE/IbHO KOPOTKME MPOMEXYTKU
BPEMEHM MOXHO MpaKTMYeckn npeHebpeyb 3Hepruein cesasu Ta-
KO cucTembl C OKpyxawlei cpegoii ET n paccmatpuBaTthb
CUCTEMY KaK W30/IMPOBAHHYIO.

OfHako, HecmMoTps na Manyt OTHOCUTENIbHYHO BennumHy ET,

3a ANUTeNbHbIA NPOMEXYTOK BpemMeHu cnaboe, HO HenpepbiBHOE
B3aMMOAENCTBME C OKpPY>XKaloLieli Cpefoil MOXET MpMBECTM K
CYLWeCTBEHHbIM U3MEHEHUAM COCTOSHUA CUCTeMbl. Tak, ec/u
BNYCTUTb XONMOAHbIA paspeXxXeHHbIli ra3 B ropsauymii cocyp, Temne-
patypa CTEHOK KOTOPOro noAjepXuBaeTcsi MOCTOSHHON, TO B
KaXAbll/i JaHHbIA MOMEHT OyaeT BO3pacTaTb CpPeAHSAs KMHeTuye-
CKas 3Heprus Nulb Tex MOSIEKYN rasa, KoTopble HENoCpeaCTBEH-
HO YAapAlTCa O CTEHKM COCYAa, W 3Heprus BCEro rasa B LEnom
OyaeT ocTaBaTbCA NPaKTUYECKM Heu3MeHHOW. Ho ¢ TeueHuem
BPEMEHW 3TO OTHOCWUTENbHO cnaboe, HO HempepbiBHOE B3aWMO-
feiicTBMe rasa Co CTEHKaMu COcyfja MOJSIHOCTbI0 M3MEHUT COCTOA-
HWe ras3a, W nocnegHWi nNpumeT TemnepaTypy CTEHOK.

Takum 06pa3oM, KOHEYHOe COCTOSHME MOYTU WU30/IMPOBAHHOM
cucTembl 6yfeT 3aBMCeTb OT COCTOAHUS OKpYXalLleh cpefbl —
pesepByapa, B KOTOpblli momelleHa cuctema. CoCTOSHME pesep-
Byapa 6ygeT onpefensiTb yCTaHOBMBLUEECH PABHOBECHOE COCTOS-
HWe CUCTEMbl W BCe €€ CTaTUCTMYeCKMe 3aKOHOMEPHOCTH.

3. BeccmbICNIEHHO TaKXe MPUMeHATb 3aKOHbl CTAaTUCTUYECKOV
(hM3UKM 1, B YaCTHOCTW, BTOpoe Hayano (37.1) K Takoi BooGLyE
HE3aMKHYTOI CUCTeMe, KakK BCA BCENEHHas B LleJloM,— CUCTeME,
KoTopas 6e3rpaHuyHa u 6e3rpaHMYHO pa3BMBaeTCH.

Takylo He3akOHOMepHYIo nonbiTKy B 1867 r. cgenan Knaysu-
yc. MNpuMeHsas BTOpPOe Hayano TepMOAMHAMUKU KO BCEN BCE/eH-
HOI, OH MpWLen K BbiBOAY, YTO PaHO WM MO34HO €e 3HTponus
0O/MKHA LOCTUTHYTb CBOEro MakCcMMyMma. OTO0 3HA4uT, 4YTO CO
BpEMeHeM BCe (JOPMbl ABMXKEHUA (MeXaHW4YeckKoro, aneKTpuyec-
KOro, CBETOBOIM0) [JO/OKHbI MEpPeiiTy B TEMNOBYK (OpMY XaoTu-
4YeCKOro MO/eKYNAPHOro ABUXKEHWA U TeMnepaTypbl BCeEX Tea BO
BCENEHHOW LO/MKHbI CPaBHATLCA. Vcue3HeT KauyeCTBEHHOe pas-
nnyne Bcex (OpM ABVXKEHUA MaTepumn, 3HEPrus 3TOro ABUXKEHUS
KauyeCTBEHHO [ferpagvpyetr M He CMOXeT MepexoauTb B Apyrue
(hopMbl, COOTBETCTBYHLLME MeHbLlel 3HTponuu. Bce npouecchbl
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npy 3TOM MPeKpaTATCA; M HACTYNWUT TaK Ha3blBaeMas «Ternsaosas
CMEPTb BCENEHHOM».

Mpoeanuctuyeckyto KoHuenuuio Kraysumyca pe3ko KpUTUKO-
Ban 3Hrensc B «[uanekTuke npupofbl». JanbHeilwee passutue
CTaTUCTUYECKON (PU3MKU MOLTBEPAUNO, YTO Mpobaema TEMI0BOWA
CMEpPTU Mupa SABNSETCA YMCTO MHUMOW.

Pestomupys, cnegyeT cKasaTb, YTO BTOPOE Hayaso TepMOAU-
HaMWKW WUMeeT CBOW TpaHuLbl NMPUMEHUMOCTU. Ero MOXHO npu-
MEHATb K cucTeMam c 60MbLINM YMCIIOM CTeneHei cBo6oabl (npu
[OCTATOYHO 60/bLLIOM YMCNe YyacTuL) W MOYTU M30MPOBAHHbIM.
CyauTb Xe 0 pasBUTUM BCENIEHHOW C TOYKM 3PEHMA BTOPOro
Hayana Henb3d, TaK Kak Mnpu 3TOM Mbl BbIXOLWUM 3a TpaHuLbl ero
NMPUMEHUMOCTHN.

B 1906 r. B. HepHCT cpopmynmpoBan NosoXeHUe, nNonyyus-
llee Ha3BaHMe TpPeTbero Hayana TepMOAgW Ha MU-
K 1. ®PU3MYeCKMil CMbICA 3TOT0 MOMOXEHNS BbISCHUACSH, OA4HAKO,
nosaHee, C PasBUTMEM KBAHTOBOW MeXaHWKW.

B § 19 mbl onpefenunn abCcontOTHbIA Hy/b TeMNepaTypbl Kak
COCTOSAHWE CMCTEMbl C HAaUMEHbLUEA BO3MOXHOW 3Hepruein. Cuc-
TeMa, Haxofjsdwaaca B paBHOBECUMU NpU abCOMOTHOM Hy/e TeM-
nepatypbl (7 = 0°K), He MOXeT 60nblle OTAaBaTb 3JHEPruto
OKpy>KaloLlmnm Tefiam, U ee BHYTPEHHAA 3Heprus pacnpepesneHa
MeX[y COCTaBMfOWUMM ee YyacTuuaMn OAHUM-€4UHCTBEHHbLIM
onpefeneHHbIM crnocobom. Bce 3nekTpoHbl B aTtoMax Haxogdartcs
npyv 3TOM B HaWHU3LWIKUX 3HEPreTUYeCKMX COCTOAHUAX, a aToMmbl
pacnofiaraloTca B MPOCTPAHCTBE OMpejefieHHbIM o6pa3om (B
y3nax KpUCTal/IMYyecKoi pelleTKM TBepaoro Tena). bnarogaps
MONHON YNOPALOYEHHOCTU 3TOr0 eAWHCTBEHHOIO COCTOSHUA €ro
TepMmogmHamMuyeckana sepoatHoctb W= 1 Takum o6bpasom, oka-
3bIBAETCA, 4TO

Sr %=k In 1/0 (37.3)

T. €. Npu abCcoMOTHOM HyNne 3HTponus Tena obpallaeTcs B Hyfb.
3T0 M ecTb POPMYIMPOBKA TPETLEr0 Havana TEPMOANHAMUKN *,

YpaBHennsa (31.3), (37.1) wu (37.3), ¢m3nyeckuit cmbicn
KOTOpbIX pa3obpaH B MOCNeAHMX ABYX rnaBax, SIBIAKOTCA OCHO-
BO BCEA TEXHMYECKOW TEPMOAMHAMUKM N €e MHOTOYMCEHHbIX
NPakTUYeCKUX MPUMEHEHMWIA. ITW TPU OCHOBHbLIX Hayana Mo3BO-
NAKT paccymMTbiBaTb Pas3/iMyHbIE TEMO0Bble MallWHbl: MapoBble
ABUTaTenu, ABUraTenn BHYTPEHHEro CropaHuWsi U COBPEMEHHbIE
peakTUBHblE ABuratenn. Ha ocHoBe 3TUX (OpMyn MOXHO oOLue-

* Mpefenos MpUMEHUMOCTM TPeTbero Havyana Mbl 3fecb KacaTbes
6ynem.
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HUTb 3PEKTUBHOCTb Pa3/INUYHbLIX LUKNOB W MpOaHann3MpoBatb
MaKCUManbHO AOCTMXXMMbIE 3HAYEHUS KOIP(HWLMEHTOB KX MO-
ne3Horo geiicteus. OCTaHOBMMCA KOPOTKO Ha MoOCnefHeM BOM-
poce.

OCHOBHOI# 3afayeil TEennoBbIX MallWH ABASETCS NpeBpaLle-
Hue Tenna B paboTy. OAHaKO, ecM NbITaTbCH HEMOCPEACTBEHHO
OTHATb OT HarpeToro Tefa HeKoTopoe konuyecTBo Tenna Qi
M NpeBpaTUTb €ro B paboTy, TO TakO NPOLECC OKa3biBaeTcs
NpoTMBOpeYalLMM BTOPOMY Hayany u TepMOAMHAMWNYECKN HEBO3-
MOXHbIM, TaK KakK B 3TOM Ciy4yae 3HTPONUS HarpeToro Tena
yMeHbLIaeTca 6e3 BCAKONW KOMMEHcauuu.

Mogo6HbIA NpoLecc MOXHO OCYLLECTBMTb /iMWb 3a CYeT
OflHOBPEMEHHOI0 YBe/IMYeHUs 3HTPONMWUM APYroro Tena, Hanpu-
Mep, OoTAaBas emy u4acTb Tenna Q2- BospacTaHue 3HTpONUM
BTOPOro Tena JO/MKHO O6blTb MpW 3TOM He MeHblle Yy6OblBaHWA
3HTponuu nepsoro Tena. oatomy B cooTBeTcTBUM C (36.10),
ecnm Q2 < Qi, Tou T < T\, T. e. BTOpPoe TeNO AO0NKHO UMETH
6onee HWU3KYK TemnepaTypy, 4Yem rMepBoe.

OgpHako, ecnn nepepasatb Tenno Q? oT HarpeBatensa c
TemnepaTypoili T\ K XONOAWNbHUKY C TemnepaTypoil T2 Heno-
CpPeACTBEHHbIM COMPUKOCHOBEHMEM, TO TaKOi npouecc nongert
HeobpaTumo, a MexaHu4yeckas paboTa Boob6le He 6ygeT mony-
yaTbcs. [M03TOMy B npoLecce, KpOMe HarpesaTtess, X0/N04ANNbHN-

Ka M NOPLHA, LO/HKHO 0643aTeNbHO
NPWHATbL y4yacTue YeTBEpTOe Teno,
KOTOpPOe [O/MKHO 06paTUMO OTHATH
TEeNno0 Qi or HarpeesaTens, obpatu-
MO OTAaTb 4acTb Tenna Q= xono-
OWNbHUKY, a pasHocTb Q\— Q2 ne-
pefaTb MOPLUHIO B BUAE MexaHuyec-
Ko paboTbl A. Camo 3TO 4eTBep-
TOe, «paboyee Ten0» LOMKHO B pe-
3ynbTaTe npouecca BepHYTbHCA B UC-
X0AHOe COCTOSIHWE, T. €. COBEpLUUTH
3aMKHYTbI UWKN, MPUBOAUBLUUIACS
B 8§ 34, a 3areM nOBTOPATbL €ro,
ecnm HeobxoguMma MalluHa Henpe-
Puc 2.63. PbIBHOIO feiCTBUS.
OueBMAHO, 4YTO HambONbLINM
K. M. 4. 6yget obnagaTb LMK, COCTOALWMIA M3 LeNUKOM ob6patu-
MbIX MPOLECCOB, NPU KOTOPOM HE MNPOUCXOAWUT HeobpaTuMbIX
nepexofoB Tenna OT HarpeBaTens K X0N04UNbHUKY € 6ecnones-
HbIM YBE/IMYEHWEM 3HTponuW. Takoi 06paTuMbliAi LMK  6bin
BMepBble TeopeTuyeckn npoaHanusmposaH C. KapHo B 1824 r
MW HOCUT Ha3BaHue uukKkna KapHoO.
Uukn KapHO, un306paxeHHbIli Ha puc. 2.63, cocTouT u3
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yeTbipex O06paTUMbIX MPOLECCOB — ABYX MW30TEPMUYECKUX WU
ABYX agmabatmyeckux. Ha yyacTke /—2 pabouee Teno m3oTep-
MWUYECKN pacliMpsaeTcs U OTHWMaeT OT HarpeBaTens HEKOTOpoe
KonuyectBo Tenna Qi npu TemnepaType T\. Ha yuvacTke 2—
3 paboyee TeNO OTK/KYAETCA OT HarpeBaTens v agmabatnyeckm
paclwmpseTcsa, NPoA0MKasa TONKATb NOPLIEHb WM OXJlaXAasacb Ao
Temnepatypbl xonoAaunbHMka Tr (Toyka 3). Ha y4acTke 3—
4 NOpLEHb M30TEPMUYECKN CXXUMaEeT paboyee Teno, COO6LEHHOE
C X0N04U/IbHUKOM, KOTOPOMY OHO oTAaeT Tenno Q:. HakoHew, Ha
yyacTke 4—/ paboyee Teno OTK/OYAETCA OT XON0AU/bHUKA
M NpofomkaeT agnabaTMyeCcKn CXXUMaTbCA MOPLWIHEM A0 MCXOA-
HOro coctosiHua 1

Kak Oblfio nokasaHo B § 34, 3awTpMxoBaHHasd nowanb
uMkna gaeTt paboTy A, COBepLUEHHYK pabounm Tenom.

Mo nepBoMy Havany TepMOAMHaMUKM

A=Q ,-Q2 (37-4)

MockonbKy BCE OTAENbHbIe MNpPOLEcChl 06paTUMbI, TO MO
BTOPOMY Hauyany TepMOAMHAMUKM CYyMMapHOe M3MEHEHWE 3HTPO-
MU BCEX YETbIPEX T/l PaBHO HYNO:

AS=AS lap+ AS.(amd+ ASpsb Tena+‘nopwHa—O0- (37.5)

Kak 6bl/10 BbIACHEHO BbIlle, 3HTPONMA 5MopUH paBHa Hy/Io.
Pabouee Teno B KOHLE LMKNa BO3BPALLAETCHA B UCXOAHOE COCTO-
AHne, n ASpfi «na—0- BenuuuHbl AS,ap n ASXAU paccunTbiBa-
toTca no gopmyne (36.10). MopactaBnsag aTn 3HaveHusa B (37.5),
nonyyaem AN U3MEHEHMUA 3HTponuu AS B UUKNe:

AS=-4-b-1-"+0+0=0,
/, Y2

0TKyAa

1r=71T- (37'6)
KoaspdpuuyumeHnt NoONesHOTro pencTBUA
umkna ft] npeactaBndetlco60ii OTHOWEHME MONYyYeHHON pabo-
Tbl K MOJIHOMY KO/IMYECTBY TemnaoTbl, OTHATOMY OT HarpesaTens.
h3 (37.5) n (37.6) TOorga Haxogum, 4To

A_QG & | Q _i w 7-—12 ,077,
n* Q, Q, 1 Q, 1 7-, Tt ’

T. €. MakCUManbHblii K. M. 4. TEnnoBoi MalinHbl Tem 6oJblue,
ueM Bbile TemnepaTypa HarpeBaTens T\ U YeM Hu>Ke Temnepa-
Typa XonogunbHNKa 7V UMeHHO B culy 3Toro o6CTOATENbCTBA
TENNOTEXHUKN CTPEMATCSH K BO3MOXHOMY MOBbILIEHUIO Temmepa-
Typbl HarpeBaTens. ECAM B KauyecTBe HarpeBaTens MCMO/b30-
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BaTb KMNALLYK Bogy € TemnepaTtypoit Ti=373 °K, a B Ka4yecTBe
XONOAUNbHUKA — BO34yX C Temnepatypoi T2=293 °K, 710

n= 3 oy =0,215=21,5 %, (37.8)

B coBpeMeHHbIX Typ6uHax 60MbLIO MOLWHOCTU WUCNOMb3YeT-
CA nap ¢ TemnepaTtypoi, npesbiwarowen OO0 °K, 4To gaet npu
Temnepatype xonogunbHuka 300 °K TeopeTuyeckmii K. n. A.:

900-X300
1= W m1=66,7 %. (37.9)
B peanbHOM TennoBOM ABWratene BC/IEACTBME PasUUHbIX
HeobpaTuMbIX npoLeccoB (Tennoo6MeH, TpeHMe) K. M. 4. Npu Tex
Xe ycnoBuax OyfeT, KOHEYHO, 3HAUYUTENIbHO HUXE.

UACTb 111

AFPEFATHBIE COCTOSHMA W ®A3OBbIE TE-
PEXObI

FMABA X
PEAJIbHBIE TA3bl

§ 38. MonekynsipHble CuUnbl

PaccmaTpuBas Bbllle MOMEKY/bl rasa Kak COeAWHEHUs aTo-
MOB —«MaTepuasibHbIX TOYEK»,— Mbl AOMYCTUIN, KaK 3TO YXe
oTMeuvanocb, ugeanusauuto. MNepeiigem Tenepb OT pacCMOTPeHUs
CBOWCTB MAeanbHblX ra3oB K W3Y4YeHWIO peanbHbiX rasos. He
nbiTaacb 3f4ecb pasobpaTbCAd [eTaflbHO B CTPOEHUM aTOMOB,
BXOAALLMX B MOJEKY/bl, BCe >Xe CcAenaemMm paAf KavyeCTBEHHbIX
BbIBOJOB, WCX0AA W3 MpPeACTaBAeHUn O CA0XKHOM CTPOEHUM
aTtoMoB.

Monekynbl rasa MpeacTaBAAOT CO60M CNOXHbIE CUCTEMbI
ABVKYLMXCA 3NeKTpuyecknx 3apagos. OCHOBHas macca W Becb
NOMNOXUTENbHbIW 3apaj MOJSIEKY/bl COCPEAOTOUEHbI B €8 aTOMHbIX
A4pax, UMeLWmMX MHeiHble pasmepsbl nopagka 10~5-HO~" m.
Bokpyr aTux fagep no onpeAeneHHbIM YCTONYMBbLIM OpbuTam
OBVMXKYTCA Nerkve oOTpuuaTenbHO 3apsiXKeHHble YacTulibl —
3N1EeKTPOHbI. namMeTpbl 3MeKTPOHHbIX 0p6uT nopagka 10—0 m,
T €. B [eCATKMN ThbICAY pa3 MpesbIWAOT AnaMeTpbl a4ep. ATOMbI
N MOMEKy bl NPeACcTaBNAT COO0M BeCbMa YCTOWUYMBbIE U TPYLHO
gethopMupyemblie cUCTeMbl. 9Ta YCTONYMBOCTb 06YCNOBAEHA TEM,
YTO COCTOAHMA aTOMOB W MOJIEKY/T He MOrYyT MEHATLCA Henpe-
PbIBHO, HO CNOCO6HbI NPUHUMATb NULIb NPEPbIBHbIA («AUCKPET-
Hblii») pAA 3Ha4YeHWn (MogpobHO 3TO 6yfeT pacCMOTPEHO B TOME
111). Mepexon aToMa M3 O4HOrO BO3MOXHOFO COCTOSIHUS B
Lpyroe cBfi3aH CO CPAaBHUTENbHO 6ONbLWIUM W3MEHEHWEM ero
3Heprun. 3TO W NPUBOAUT K CpaBHUTENbHO 6O0MbLWOW yCTOWYU-
BOCTM aTtoMOB W MOMeKyn. Huxke Mbl YBUAUM, 4TO aTOMBl,
Hanpumep, B W3BECTHOM CMbICNE «TBEpPXXe» CTaNnbHbIX LIAPOB.
Mpy CTONKHOBEHUW ABYX CTaNbHbIX LWapoB, ABUMXYLLIUXCA LpYr
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APYTy HaBcTpeuy co ckopocTamum 500 m/cek, oHM 6yayT pasbu-
Tbl, B TO BPeMS KakK aTOMbl, CTa/IKUBasAcb C 60/IbLLIMMU CKOPOCTH-
MW, He MpeTeprneBalOT HWKAKUX WU3MEHeHWI B CBOeW CTPYKTYpe.
OO6bIYHO CYMMbl MOJIOXMUTENbHBIX U OTPULATENbHBLIX 3apAf0B

B MOJIEKYNe paBHbl APYr APYrY, W MONEKyna B LENOM 3/IeKTpU-
yecknm HeliTpanbHa. bnarogaps Takoli KOMMeHcauuu 3apsfoB
pasHOro 3Haka B atomMax W MONEKyfnax 3NeKTPUYEecKoe none 3a
npegenamyv MOMEKY/bl OYeHb ObICTPO yObiBaeT C PacCTOAHMEM.
MpakTUYecKn ero MOXXHO CUU-

TaTb oOOpauialowumcs B Nyfb

0 YK€ Ha paccTOSIHUM [JBYyX —
B TPex [AMaMeTpoB  MOMEKY/bl
o - (T. e. ANAMeTPOB €€ 3/TEKTPOH-

HOWi 060104KMN).
6) MoaTomy npu COHAMKEHUN
OBYX MOJeKyf, Mnoka paccros-
HUE T MEeXAY WX LeHTpamu Be-
NNKO NO CpPaBHEHMWIO C WX Aua-
») meTpamun d, cunibl B3ammogeiic-
TBUSA MeXAYy MOfeKynamm npe-
Hebpexunmo manbl (puc. 3.1,a).
Mpu panbHeiwem cbnmxe-
HUWM, Ha PacCTOAHMAX nopsafKa
Puc 31 OBYX — Tpex [AuameTpoB, Ha-
YMHaeT MNOCTENEHHO NposB-
NATLCA B3aMMOLENCTBUNE 3/1EKT-
puyeckux 3apsfoB A4ep W 31eKTPOHHbIX 060/104EK MOeKyn.
Bnarogapa NpuUTSXXEHUIO Pa3HOMMEHHbIX U OTTaNKUBAHUIO O4HO-
WUMEHHbIX 3apsAf0B Npou3oingeT Hebonbwas gedopmayns obenx
B3aMMOAENCTBYHOLWMNX MOJMIEKY/, TaK YTO MITHOBEHHOe pacnpefe-
NeHne 3apsijoB B MOJeKyfe CTaHeT MPUMEPHO TakWM, Kak 370
nokasaHo Ha puc. 3.1, 6. B pesynbTaTe MeXAy MOMAeKyIaMu
BO3HUKHYT cuibl nNpuTskeHus FHoHl
Mo mepe panbHeiwero c6AMXEHMA MONeKyn fedopmauus
MOJIEKYN W BeNWYUHa cun nputsxenns Fp,T6yayT BospacTathb.
OpgHako, Korga MoJieKy/nbl MOAoOAAYT «BMAOTHYH» APYT K Apyry
N «COMPUKOCHYTCS» CBOWMMW 371eKTPOHHbIMM 060/104YKamMK, TO
fJanbHeliwee COMVMIKEHME OKaXKeTCAa HEeBO3MOXHbIM. Mexay
3N1EKTPOHHLIMM 060104KaMU BO3HWUKHYT OFPOMHbIE CW/bl OTTan-
KMBaHWA, pe3Ko Bo3pacTallyme no Mepe fajibHeillero B3aMMHoO-
ro MPOHWKHOBEHMA 000/04eK. Ha TakMx paccTOSHMAX MOMEKY/bl
6ynyT OoTTankuBaTbCsd, Kak 3TO M306paxeHO Ha puc. 3.1, B.
AGCONOTHas BeAMYMHA CUM B3aMMOAENCTBMA GyaeT CylyecT-
BEHHO 3aBMCeTb OT KOHKPETHOr0 CTPOEHUS paccMaTpuBaemblX
B3aMMOAENCTBYOWNX MONEKyn. Kpome Toro, gna Hecgepuyec-
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KMX MOMEKYN CWU/bl B3aMMOAeNCTBMA 6yAyT 3aBMCETb He TOMbKO
01 PacCTOAHUA I MeXAY LeHTpaMun MOJSIEKYN, HO M OT B3aWMHOIA
opueHTaumMm Monekyn. OfHako 00WwWiA XapakTep 3aBUCUMOCTHU
/,,, OT T Ang no6bIX MoNekyn OyaeT KayeCTBEHHO OAWHAKOB —
NPUTAXKEeHMe Ha 60MbWMX PacCTOAHMAX W OTTanKuBaHue Ha
MasbiX.

Ha puc. 3.2, a nsobpaxeHa npuMmepHas 3aBUCUMOCTb MOJe-
KYNApHbIX cun  B3aumopgeiticteua F oT . 3HayeHma F< O
COOTBETCTBYIOT CUNaM MNPUTSXKEHUA, a 3HayeHua F > 0— cu-
nam oTTankKumBaHusA. Ha HEKOTOpPOM, XapakTepHOM AN AaHHOi
Hapbl MOMIEKYN B3aMMHOM paccTosHuu r0 npuTsXeHwe n oTTan-
KWBaHVWe YypaBHOBELWMWBAKT APYr fApyra W pe3ynbTUpyloLLas
cuna B3aumofeicTeus obpauwaetcs B Hynb: F(ro)=0. 310 pac-
CTOSIHWE TO COOTBETCTBYET MMOJIOXKEHUIO PABHOBECUS, B KOTOPOM
MOryT Haxo0A4uTbCS B3aMMOAENCTBYHOLWME MOMEKYNbl B OTCYT-
CTBME TEMN/0BOr0 [BUXEHMUS.

Mpy He6ONbLIOM M3MEHEHWW B3aWMHOIO PacCTOAHUA MEXAY
MO/IEKyNlaMu OT BeAWUUHbl T A0 r-\-Ar cuibl B3aMMOAENCTBUS
6ynyT cosepwartb paboTty

AA = FAr. (38.1)

CnefioBaTe/lbHO, NOTeHUMaNbHas 3Heprus B3auMofeincTeus
Mofiekyn 6yfeT MeHATbCA Ha BennuuHy AU, pasHylo
AO= —AA= —FAr. (38.2)
BbibepeM Hayano oTvcue-
Ta [N 3HAYeHW 3Hepruu
B3aWMO/ECTBMSA MpU = 00, F
Korga MOJIEKYNbl  yAaneHsl
4pyr oT Apyra HacTo/bKOo,
4YTo UX B3auMofeicTBUEM 0
MOXHO MO/IHOCTbIO MpeHe6-
peyb. MpuM r— 00 MOTEHUM-
anbHas 3Heprus pasHa Hy-
nio:

n(oo)=0. (38.3)

Mpwn NOCTENEHHOM
ymeHbleHun 1 (Ar < 0) mo-
NeKynbl CONNXAKTCA U MEX-
4y HVAMW NOSABNAKTCA CUNbI
nputsxenns (fcO). 3tu
CU/bl NpU CONMXKEHUN coBep-
WaKT MNOMOXUTENbHYIO pa-
601y (\A=F Ar>0), u noTeHynanoHas 3Heprus B3aMMOAeCT-
BUA cornacHo (38.2) nocTeneHHO ymeHblaeTcd. Mpu BbibpaH-



HOM Hamu cornacHo (38.3) Hauane oTvcyeTa noOTeHUManbHas
3Heprua U 6ygeT oTpuuaTenbHas v Npu N1=ro AOCTUIHET CBOEro
HanHmawero 3HavyeHuns U(r0) = t/M, (puc. 3.2, 6). MNpu nepexo-
fie yepe3 nonoxkeHne pasHoBecus r0 v ganbHeiiwem coOAVXeHUN
MOJIEKY/1 MEX/Y HWMW BO3HUKHYT cunibl oTTankmeauus (F > 0),
coBepllaemas MpoTMB 3TuxX cun paboTta OyfeT oTpuuaTenbHOW
(AA= FAr < 0) u noTeHuManbHas 3Heprus B3aMMoOAencTBMSA
HayHeT KpyTO BO3pacTaTtb *.

Kak BWAHO M3 NPUBEAEHHOrO PUCYHKA, KpMBas MOTEHLManb-
HOW 3HeprMyM U =U (r) UMeeT XapaKTepPHbIA BWA TaK Ha3biBaeMoii
«NOTeHUManbHOW aAM b». Hanmbonbwy rnyéuHy a3Ta
MoTeHUManbHas siMa WMeeT B MOMIOKEHWM paBHOBecHUs npu
—ro.

F=0uU=Um< 0. (38.4)

MofyepkHEM elle pa3, YTO YCTONYMBOE MONOXKEHWE B3aMMO-
LeACTBYIOLWNX MOJIEKYSl COOTBETCTBYET:

1) HaMMeHbLUeMY 3HA4YeHWU0 NOTEeHLUWabHOW 3Heprun B3au-
mogeiicTeus monekyn U(ro)= 3T0 — 06Lyee MONMOXEHME:
cucTeMa yCTORUMBa, €CM OHA 06/1aae T MUHUMAbHLIM 3anacom
3Heprum,

2) paBeHCTBY HY/K CUI B3aUMOZEWCTBMUA MeXKAy MofeKyna-
mMu npu F(ro)=0mYMeHblleHe I NPUBOAMT K MOSABAEHWUIO CUN
oTTankmeaHua (U cornacHo (38.2) Bo3pacTaeT, Tak Kak F > 0
n Ar < 0), yBenuuyeHue e T MNPUBOLUT K MOSABMAEHUIO CUN
nputsxennsa (U Takxe BospactaeT — F < 0 npu Ar > 0).

Fny6uHa ambl | £Y,H| onpegenseT BenuynHy paboThbl, KOTO-
PYIHO HYXHO COBEpPLWTb MNPOTUB CWU MNPUTSHXKEHUA ANA TOro,
uyTOObl MOMEKYNbl, OKa3aBLIMECH B paBHOBecun (Mpu = ra),
oTopBaTb Apyr OT Apyra M pasBecTh Ha 6GeckoHeyHoe pac-
CTOsHME:

(38.5)

MoCKONbKY CpefHAs KUHeTM4YecKas 3Heprus XaoTU4YecKoro
TEN/I0BOr0 ABUXKEHWUSA MOMEKYn umeeT nopsgok KT, To cTpykTypa
No60W COBOKYMHOCTW MOJEKY/T U arperatHoe COCTOSIHME Belye-
cTBa OyAyT CYLLECTBEHHO 3aBMCETb OT COOTHOLUEHWUS BENYMH
IUHn\'n KT.

a) B npegenbHOM cnyyae HW3KWX TemnepaTtyp, Korga

* 3 cooTHoweHua (38.'2) cnepyet B npegene F= — e' °PAuHaThbl

BEPXHeil KpWBOI [atoT, ¢ 06paTHbIM 3HAKOM, HAaK/OH KacaTeNbHOW K COOTBETCT-
BYHOLLEN TOUKE HHXHel KpuWBOIA.
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I'l m 1 Umm | Mmonekynbl NpUTAHYTCA APYT K ApYyry W pacnono-
)Katca BMJIOTHYHO B OMpeAeNieHHOM MOopsAgKe— BewecTBo bygeTt
Haxo4MTbcsl B TBEPLOM arperatTHOM COCTOAHUMN.
It ii.'ioBoe ABMXEHNE MOJIEKYN B TBEPAOM Tene 6yneT MposBAATh-
BH H BMAe Ma/blX KO/eb6aHUn MOneKysn OKO0 OnpefeneHHbIX
MonoxkeHnii paBHOBECKUA B MPOCTPAHCTBE.

6) B npoTMBOMONOXHOM MpeAe/itHOM C/ly4ae BbICOKUX TeM-
nepatyp, korga KT ;» | MbM|, WHTEHCMBHOE TeMNa0BOe [ABUXKe-
1110 MOJIEKYN OyfeT NpensTCTBOBaTb COEAUHEHWIO MOJEKYN B
arperatbl M3 HECKO/bKMX 4YacTul, CO6AM3MBLUMXCS O paccTosi-
Hua To.

Mpy coypapeHnax MONeKys atu arperatbl 6ygyT MOMeHTasb-
HO pa3bumBaTbCA Ha COCTaBAAKOLWIME WX MOMEKY/bl, U BEpPOAT-
HOe M. 006pa3oBaHMsi TakUMxX arperatoB OyAeT HUUTOXHO Mana.

BewecTBo npy 3TOM OyAeT HaxoguTbCd B ra3oo0bpas3HOM
arperaTHoOM COCTOAHWUMN.

B) HakoHel, Npu NPOMEXYTOYHbIX TemnepaTypax, Korga
KIN« |E/MY 6naropaps TenjaoBOMY [ABUXEHWIO MOJiEKyNbl 6y-
[y i HEnpepbiBHO nepemewatbCAd B MPOCTPaHCTBE, 06MeHMBaAChb
MecTaMu, HO He YBEeNMYMBas B3aMMHbIX PacCTOSAHWIA Ha Benmyun-
Hy. (amMeTHO npeBblWaOWy0 BennumHy r0. BewecTso npu 3ToM
OyfeT HaxXoAUTLCA B XXM O KOM arperatTHom CcoOCTOf-
I nwn

Takum 06pa3om, N060e Bew,ecTBO, B 3aBMCMMOCTU OT CBOeiA
TeMnepaTypbl, MOXT HaxOAWTLCA B TBEPAOM, XWUAKOM WM raso-
obpa3HOM cocTosHWW. TemnepaTtypa nepexoja W3 OLHOroO arpe-
laTnoro cocTtofHMA B APYroe 3aBUCUT OT KOHKPETHOrO 3Ha4yeHus
BenuunHel \UH ans gaHHOro BellecTBsa.

Yy MHEPTHbIX rasoB (renuid, HeoH u ap.) |E/NHK Becbma Mmano.
Mo3aToMy noAo6Hble BelLeCcTBa NPU 0ObIYHBIX (KOMHATHbIX) TeM-
nepaTypax HaxofgAaTcs B ra3oobpasHOM COCTOSHUM W Mepexofdat
H XXMAKOCTb NMWb NPW O4YEeHb HMU3KUX TemnepaTtypax, 6/M3Knx
K abCoMOTHOMY Hy/0. B NMpoOTMBOMONOXHOCTL 3TOMY, Y MeTan-
NnoB, Kak npasuno, |E/MM{ BenuKo, nNpu 06bIYHBLIX TemmnepaTypax
OHW MO3TOMY HaxoAATCs B TBEPLOM COCTOSHWM U NAABATCA NULb
Mpyv CpPaBHUTENbHO BbLICOKMX TemMMnepaTypax.

ArperaTtHoe COCTOsIHME BELLECTBA 3aBUCUT HE TONbKO OT €ro
rrmuepaTypbl, HO U 0T o6bema V, 3aHMMAeMOro CUCTEMOI €ero
monekyn. Mpn [OCTAaTOYMHO 60MbWOM 3HaYeHUU V MONEeKynbl
HMCWU BO3MOXHOCTb PAacXOAWTbCA APYr OT Apyra Ha paccros-
HUS, HA KOTOPbIX CPeAHAs 3HEPTUA CUN MPUTSXKEHUS OKa3blBaeT-
in  JocTaToOMHO Manoii no cpaBHeHWO ¢ KT. TMoatomy Hap
TepAbiM TENOM W XKMAKOCTbIO BCErga npucyTCTBYET He6O0/bLIOoe
KO/MYeCTBO TOro >Ke BellecTBa B razo06pasHOM COCTOSHUM.
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§ 39. PeanbHblii ras. Map. >XugkocTb

Mpn aTmocepHom paBneHun n O °C B 1 MbBO3AyXxa cofep-

XKUTCA OKpYrneHHo 2,7-10%5 monekyn. Cumtas uUX B CpefHem
paBHOMEPHO pacnpefefieHHbIMW B MPOCTPAHCTBE, Mbl NOMYYUM,
4Yyto Ha pebpe Kyba  AAUHOIA 1M pacnonaratTcs

a27Mo*=3-108 monekyn. CnefoBaTeflbHO, CpefjHee paccTos-
Hue Mexay MOJieKylamMmu BO3Ayxa coctaBnseT

n=—+*jy=3,3-10- M, 4TO B lecATKN pa3 npesblllaeT juameT-

pbl camux monekyn [d « (2-f-3)- KO~10 M]. Ha Takmx paccTtos-
HUAX B3aMMOJENCTBME MeXAY MOJeKy/naMym nNpakTUYecku oT-

CYTCTBYeT.
Fny6vHa MnoTeHUWaNbHOW SMbl AN B3aMMOAENCTBUS Mone-
Kyl asoTa 7 Kucnopoaa cocTaBnseT NpUMepHo

)AMHH)=3XM~2l pK/MONeK., a CcpeAHss  KuMHeTuYecKas
3Heprua  nocTtynaTeNbHOro  ABWXKeHUs  Monekyn y -RT =

=-£-¢ 1,38-10~23-273= 6 -10~2L g>k/monek. lMosTomy arperu-

poBaHWe MOMEKY/n BO3fyXa NpU 3TUX YCNOBUAX MNPOUCXOAUT
OYeHb peako, a OTAeNbHbIe, Cy4YaiHO obpasylowmneca arperatbl
MOMEKYN >KWBYT NUWb [0 CNeAYHOLWEro CTONKHOBEHUSA, T. €.
npumepHo 10~10 cek.

TakuMm o6pa3om, nMpu faBneHunsx nopsagka 1 atMm u Huxe
M Npy TemnepaTtypax nopsfkKa KOMHaTHbIX W Bbllle B3auMOfeii-
CTBMEM MOJEKYNl BO3fyXa MOXHO MPaKTUYeCKW npeHebpeub U
paccmaTpuBaTb ero Kak maeafibHbll ras. YpaBHeHMe CO-
CToAHMA BO3ayxa OyaeT Torga coBnajartb ¢ ypaBHeHueM MeHge-
neesa — KnaneipoHa, BbIBEeHHbIM Hamy Bbllle, B . V:

pV=\RT. (39.1)

Mpn nocTosiHHOW Temnepatype (7’=const) o6bem rasa V
6yneT o6paTHO NpOMOPLMOHANEH €ro fLaBfieHuo p:

pV=const (39.2)
nm

P (39.3)

YpaBHeHue (39.2) 6bIIO YCTAHOB/IEHO Ha onbiTe P. Boiinem
B 1667 r. Bo BpemeHa boiing skcnepnmeHTanbHas TexHuKa bbina
HefocTaToO4YHa [ANA CO34aHUA  BbICOKMX [ABAEHUWA U HU3KUX
TeMnepaTyp, NMpy KOTOPbIX Fa3 YXe Henb3s CUMTaTb UAEabHbIM
M Npu KOTOPbIX B3aUMOAeCTBME MOMEKYN HAYMHAET CKa3blBaTb-
CA Ha cocTosAHuuK rasa. B 1748 r. M. B. JlomoHOCO0B, pa3BuBas
MOJIEKY/IAPHO-KUHETUYECKYIO Teoputo, Mnpullen K BbIBOAY, 4TO
npy 60MbWKMX MAOTHOCTAX CyMMa OObLEMOB MOMEKYN CTaHeT
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cpaBHMMa C 06beMOM Bcero rasa. [loaTomy npu 60MbLIKX
NNWNEHNSAX YNPYrocTb rasa (p) AO/KHA MOBbIWATLCA ObICTPEE,

YeM ero nAOTHOCTb "~ p=-yr) u npoussegeHve pV [OMKHO

BO3pacTath.

Puc. 3.3.

Ha puc. 3.3 npusegeHa B nonynorapu@mMmuyeckoMm MacluTa-
6e* 3aBMCMMOCTb — T OT p npu 7==const « 300 °K pans

HeKOTOpbIX ra3oB MO COBPeMeHHbIM faHHbIM. Kak BWAHO U3
rpajmka, fo gfaeneHuii ~ 10 atm >K 10° H/M2 npowussefeHue
pV ocTaeTca MpakTUYecKU MNOCTOAHHBLIM C TOYHOCTbIO O 1 %.

Moatomy npu pacyeTe paboTbl MApOBbIX MALIWH W ABUTaTe-
Neli BHYTPEHHEro CropaHus C AOCTATOYHON CTeneHbl TOYHOCTU
MOXHO NO0Mb30BaTbCA YpaBHEHWEM COCTOAHUA MAeanbHOro rasa.

11py gaBneHnAX NopsfKa COTeH U ThicAY aTmoc(ep npoun3sse-
geHne p\/ yxe nepecTaeT 6bITb NOCTOAHHbIM. Kak BUAHO U3
puc. 3.3, 4nd BOAOPOAA NOMHOCTLIO OMpaBAblBaeTCA npefckasa-
Hue JIOMOHOCOBa O BO3pacTaHWU BeNWYMHbLI PV C pOCTOM faBfie-
Hua. na kucnopofa v asoTa npu fasneHuax nopsagka 100 atm
HabnfgaeTca cHayana YyMeHblUeHWe BelMyYuHbl PV ¥ nuwb
TaTeM CU/bHBIA POCT, Kak W gna Hr- 370 06CTOATENbLCTBO
(Ba3aHO C Tem, 4TO MpW MNOCTENEHHOM YBE/NYEHUU [aB/eHUs
MOJeKy/ibl NMepBOHAayasbHO COAMKAKTCA Ha PaccToAHUA, npu
KOTOpbIX MNPOABAAKTCA CUMbl NPUTSHXKeHWUA. B aToil obnactm
LaBNneHWn B3aMMHOe MNPUTSXKEHWe MONeKyn ocnabnser WHTeH-

" »TO 3HAYMT, YTO MPWU CMELLEHUM Ha OfHO [eNeHue Mo OAHOW M3 oceii
OTKnaAbiBaemass Ha Heii BenuuumHa (B [AaHHOM cfyvyae no ocu a6euucc)
MEHUCKU He Ha CTONbKO-TO efMHUL, a BO CTO/MbKO-TO pa3. Ha pwuc. 3.3
(MeTeHMe Ha OAHO AefneHWe BMpPaBO OTBeYaeT YBeNMUYeHWIo faBneHus B 10 pas.
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CMBHOCTb Y[ap0OB MO/EKY/l O CTEHKU COCyfa W CHWXaeT faBne-
HVWe rasa no CPaBHEHWIO C JaBfieHWeM ujeanbHoro rasa. Mpu
ele 60MbWMNX NAOTHOCTAX CPefHEe PacCTOfSHUE MEXAY MOJEKY-
NaMy CTaHOBMTCA CPaBHUMbIM C 0 M HaYMHAKOT MPOABAATHCSH
Cunbl OTTANKMBaHWA, YBeMuyMBalOLW e faBneHne rasa. bnaroga-
ps O4YeHb Manoin rnybuHe noTeHuwanbHol Ambl |t/MH gna Bogo-
pojga y nocnegHero npv OObIYHbIX TemnepaTypax MUHUMYM
npomussegeHnsa pV npakTUYecKn OTCYTCTBYET W CTaHOBMTCA 3a-
METHbIM NULWb NPWM OYeHb HU3KUX Temmepartypax.

B COBpeMEHHOI TeXHUKe LMPOKO MPUMEHAKOTCA BbICOKUE
fJaBneHus. YucTtole rasbl XpaHATCA W MepeBO3ATCA B GannoHax
nosg fasneHvem 150—200 aTm. B npAMOTOYHbLIX NapoBbIX KOT-
nax Pam3nHa NpUMEHSAeTCA nap BbICOKUX MapameTpoB C faBre-
Hvem nopsgka 2Q0 aTMm. pyu cuHTe3e amMMMaka MPUMEHATCS
a3oT W BOAOPOS, CXKaTble [0 HECKONbKUX COTeH artmocdep,
nT. n. MNpn BbICTPENe B CTBOJIE OPYAMA pa3BUBAIOTCA AaBNEHUSA
B HeCKO/IbKO TbicAY aTtmocep. B wuccnegosaTensckux nabopa-
TOPMAX M3Y4aKTCA CBOWCTBA BELLECTB NpPU AABAEHUAX B AECATKM
M COTHW TbiCAY aTtMocdep. HakoHel, npu B3pbIBaX AaTOMHbIX
M BOLOPOAHbLIX 60OM6 pa3BmBalOTCA AaBNeHUA MopsaaKa Munanap-
[LloB aTtmocgep.

Mpu cTonb 60MbLINX faBAEHMAX W NAOTHOCTAX peanbHbIA ras
YX€ Henb3a cyutaTb WAeanbHbIM W CNeAyeT Y4YuUTblBaTb CUbI
B3aMMOJENCTBUA MEXAY €ro Mojekynamu. SKCrNepuMeHTanbHoe
M3y4yeHne MNoBefleHUs ra3oB MpU BbICOKMX W CBEPXBbICOKUX [aB-
NEHVAX MO03BOJINA0 YTOYHWUTL YpaBHEHWE COCTOAHMUA AN pAga
NPakTUYeCcKM BaXKHbIX peasibHbIX ras3os.

C fpyroli CTOpOHbI, B COBPEMEHHOW TEXHMKE LUMPOKO MpumMe-
HAOTCA NMPOLLECChl CXMXEHUA ra30B U MOMyYeHUs HU3KUX Temne-
patyp. Xonof Heob6XxoAum [NA XpaHeHWs CKOPOMopTALmMXcs
NPOAYKTOB W MPMNacoB, ANS CNeuuanbHON 3aKanku MeTanios,
ONA  pasfeneHns rasoBbiX CMeCeil, KOTOpble npeaBapuTenbHO
OXJTaXAAaT U MpesBpawaroT B XWUAKOCTb, a 3aTeM [alOT BbIKU-
neTb Haubonee NerkoneTyyMMm KOMMOHEHTaM.

Mpn NOHWXeHWUW TeMnepaTypbl rasa BennynHa KT CTaHOBUT-
cs cpaBHumoi ¢ | U,m|. T03TOMy C MOBbIWEHWEM MOTHOCTM
rasa cHayana nposBAAOTCA OTK/OHEHUA OT ypaBHEHUA COCTOfA-
HUs unpeanbHoro rasa (cMm. (14.14)), a 3aTem npu onpejeneH-
HOM [aBfIeHUN NPOUCXOAWT arperuposaHue Monekyn u o6paso-
BaHWe XWAKOCTU. IDTOT Mepexof rasa B XWAKOCTb (M COOTBET-
CTBYIOLLEe YBe/NMYEHME MNOTHOCTU BelecTBa) He MPOUCXOAWUT,
OflHAKO, B BUWJe HEMPepbIBHOrO npotiecca.

O6pa3oBaHue >KMOKOCTM NPOUCXOLMT CKavykom. Hap xug-
KOCTbIO OCTAeTCA HEeKOTOpOe KO/IMYEeCTBO napa, MAOTHOCTbL KOTO-
poro BO MHOrO pa3 MeHblle MAOTHOCTU >XMAKOCTW. W3yyas



.... K pPXMOCTHOE HAaTAXEeHWe Ha rpaHuLle >XUAKOCTU W ee napa,
I Il MeHpenees B 1860 r. yctaHOBWA, YTO MO Mepe MNOBbILLIE-
HMA TeMMepaTypbl pasHuLa B CBOMCTBAX MEXAY XUAKOCTbIO U ee
HMPMM YMEHbLUAETCA U NOBEPXHOCTHOE HaTAxeHue nagaeT. lNpu

Puc. 3.4.

I KOTOPON  TemnepaType, KoTopyld MeHJeneeB  HasBan
TemMnepaTtypoihn abCONWTHOrFO KuWNeHusa, no-
HEPXHOCTHOE HaTsXXeHMe o6paliaeTca B HYyNb W pasHuLa Me>Kay
YLWOKOCTHIO M ee MapoM ucyesaeT. Beblwe 3Toii Temnepatypbl
MeLecTBo MOXET HaxXxOAWTbLCA TONIbKO B ra3oo6pasHOM COCTOA-
HWW, He3aBUCUMMO OT BE/INYMHBI [AaBMIEHUS.

VicuesHoBeHME TrpaHuLbl >XXUAKOCTb — Map MOXHO Habno-
UMb NPU HarpesBaHUM >XWUAKOCTU B 3amnasgHHOM CTEK/IAHHOM
cocyfe, U3 KOTOPOro npefBapuTenbHO Obll OTKayaH BeCb BO3-
ayx. Ecnn nepBoHayanbHbIi 06bEM XWAKOCTU MeHblue 06bema
cocyfa, TO Hebonblias 4YacTb XMUAKOCTM UCNApUTCA U B cocyfe
>y NT OTYeTANBO BUAEH MEHMWCK, OTAENALWMA >XUAKOCTb OT
Haxogawerocs Hag Heli napa (puc. 3.4). [llpu HarpeBaHuu
cocyjia MeHUCK 6yfleT nepemelLaTbCqd BBEPX WM BHU3, B 3aBUCU-
MOCTM OT MepBOHA4YanbHOro KOJIMYecTBa Xugkoctu. Ecnuv Ha-
YyasibHOE KO/IMYeCTBO XMWAKOCTWM HEBENNKO, TO MPWU HarpeBaHWu
oMm.) 6yfLeT nepexoguTb B Nap W MeHUCK 6yfeT onyckartbcs
(pve. 3.4, @) fo Tex nop, NoKa BCA XWUAKOCTb He MCNApUTCA 1 BECb
cocyf, He 6yfeT 3anofiHeH NapoM BbICOKOro JaBfeHUSA W Temre-
p.nypbl. Ecnu Xe BHavane XWAKOCTb 3aMofiHANa MNOYTU Becb
cocyfi, ro npu HarpeBaHWW >XWULKOCTb GYyLeT paclupaTbes U
MeHUCK  nogHumatbcs (puc. 3.4, 6) po Tex nop, noka Xupg-
Koe M, HE MOrNOTUT Becb Nap W He 3anofiHUT cocyh. Ecnu
innobpaTb yAa4yHOE COOTHOLIEHME MEeXAY NepBOHAyalbHbIM KO-
JIMYECTBOM XXMOKOCTM K 06BLEMOM cocyfa, TO MpU HarpeBaHUU
MeHUCK O6y[eT ocTaBaTbCH Tfe-TO NOCepeAnHe, Moyt He nepemMe-
HW,iei, B nocnegHem cny4vae (puc. 3.4, B) McnapeHue >XMAKOCTH



NMPUMEPHO KOMMEHCUPYET pacliuMpeHne HarpeBaemol >XWAKOCTH;
mMacca >XMAKOCTU y6biBaeT, a macca napa COOTBETCTBEHHO BO3-
pacTaeT, HO Tak, 4TO fOAM 06beMa cocyfa, 3aHNuMaemble 06enmu
(hazamm, OCTAOTCA MOYTU MOCTOAHHbIMW. C BO3pacTaHWeMm TeM-
nepatypbl MAOTHOCTb XMAKOCTU YO6bIBaeT, a MNJOTHOCTb Mapa
BO3pacTaeT, NPUGANXKAACH K MAOTHOCTM XuUAKocTu. Mpn Temne-
paType abcontoTHOro kuneHus (Mo MeHgeneeBy) MNAOTHOCTU
0benx (a3 cpaBHAKTCA, BCe OCTalbHble CBOWCTBA 3TMX (a3
CTAHYT TOX[JECTBEHHbIMWU W TpaHuLa Mexay HuUMU (MEHWUCK)
ncuesHet (puc. 3.4, r). Ecnm nonyyeHHy OAHOPOAHYH CUCTEMY
oXNlaXX4aTb, TO NPU Mepexode CBEPXY uyepe3 Temnepatypy abco-
NOTHOTO KUMNEHUs B 06bemMe BO3HWUKHYT MHOMOYMC/IEHHbIE Ka-
nenbkn Xunakoctu (puc. 3.4, ), KOTopble GbICTPO CONLIOTCSH, U
B COCy[e BHOBb NMOSABATCA ABe (pasbl — XMAKOCTb U nap, oTae-
NeHHble APYT OT Apyra MEHUCKOM.

Ons ypo6ctBa HabnwoaeHUs 3a ONUCAHHbIM SBNEHWEM YKa-
3aHHble OMbITbl MOXHO MPOBOAMTbL C 3TW/I0BLIM 3upom. Bnaro-
fLaps  HeBbiCOKOW Temnepatype (~ 200 °C) wn paBneHuto
(-~ 40 aTmM) B MOMEHT WCYE3HOBEHMS (a3 ero MOXHO MoMme-
WaTb B MPO3pPayYHYI0 CTEKNAHHYI MNpPOBMPKY.

B 1869 r. QHApPIOC 3KCMEepUMEHTaNbHO U3Yy4Ynn N30TepMbl 4NA
YIIeKUCNOro rasa npu TemnepaTypax BbIle W HUXKe ero Temne-
patypbl  abCOMOTHOrO  KWMNEeHWs, KOTOPYK  OH  HasBan
KPUTMYECKON TemnepaTypolii. Pe3ynbTaTbl mM3mepe-
HWIA JHpproca m3obpaxeHbl Ha puc. 3.5. Mpu BbICOKMX Temnepa-
Typax W 601blIKNX YAenbHbIX 06bemMax WM30TEPMbl YTIEKUCIOrO
rasa npubnuxawTca K paBHOB6OYHbIM runepbonam, COOTBET-
CTBYHOLWMUM M30TepMaM maeanbHoro rasa (39.2). C yMeHbLUEHU-
eM yfilenbHoro o6bema faBfieHMe BO3pacTaeT CHavasa HeCKOMbKO
MejJ/leHHee, YeM Mo ypaBHeHUto (39.2), a 3aTem, nNpu cONUXKEHUN
MOJIEKYN LO WX CONMPUKOCHOBEHWS WU30TepMa CTAaHOBUTCA OYEHb
KPYTO#, MOYTM BEPTUMKANLHOIA.

Mpu TemnepaTypax HWXe KPUTMYECKOlW OMbITHas M30TepMma
pacnajaetcs Ha TpU pasnuyHbiX ydyacTka. [MpaBas BeTBb Mpu
HU3KMX [AaBNEHUAX COOTBETCTBYET ra3o06pasHOMY COCTOSHUIO
Bel,ecTBa W CPaBHWUTENIbHO Masio OTK/IOHAETCA OT W30TEPMbl
naeanbHoro rasa. Mo LOCTMXEHUM HEeKOTOPOro OMNpefeneHHOro
paeneHusa p,J°T), HasbiBaeMoro ynpyrocTbi Hachbl-
WeHHOTrOo napa npu gaHHol Temnepatype T, HauMHaeTcH
cokmxeHne (Touka /7 Ha puc. 3.5). MNpu ganbHeliwemM yMeHbLle-
HUM 06bema faBNeHue 0CTaeTCA HeM3MeHHbIM (FOPU30HTaNbHbIA
Yy4acTOK M30TepMbl) U NuLWb BCe 60MbLIAA J0NA ras3a nepexoauT
B XWAKOe cocTofHMe. B Touke XK Becb ras nepexofgut B XWA-
KOCTb, W feBas KpyTas BeTBb KpWBOM npeacTaBnser coboii
M30TEPMY CXaTUsA >XULKOCTK.
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Takum 06pa3om, FOpPM30OHTa/bHbIA Y4aCTOK WM30TepMbl K30-
GpaxaeT CcOCTOAHME CMecu Xugkoctm u napa. O6vem cmecu
n Touke C paseH

Kove (1 —X) Yorrkt XY 1p, (39.4)

roe YK n Krgp— COOTBETCTBEHHO YAeflbHble 06beMbl XUAKOe -
II) nnapa npu gaBneHuun p,, & u temnepatype T. OTHOCUTeNIbHAA
[0NS X napa B CMecu Mpu 3TOM onpegensercsa u3 rpaduka no
FMK Ha3blBaEMOMY NpaBU Y pblyara w3 0TPe3KOB

X XC
CMNm (39.5)

Takum obpasom, "~-guar-
paMmMa CMCTEMbl Npu TemnepaTy-
pe Hwxe KpuTuyeckoin (I < 7%)
pacnafaetca Ha Tpu o6nacTu:
o6nacTb XuAkKocTu, obnacte na-
pa u o6nacTb cmecn nmnapa Wu
XUAKOCTH.

TepMyHOM Map Mbl 0603Hava-
eM TaKoe COCTOfHMe rasa, npu
KOTOPOM MOCNEAHNIA MOXKET BbMb
nepesefieH B >KWAKOE COCTOsHUME
npocTbiM COKaTveM 6e3 U3MeHe-
HUA TemnepaTypbl.

Mpu TemnepaType Bbille Kpu-
TWYECKOn Takoii nepexof 6e3 n3-
MEHeHUs TemnepaTypbl HEBO3MO-
>KEH, N Mbl MMeeM COCTOsiIHME TakK
Ha3blBaeMOro NMeperpeToro
napa wm npocto rasa. Jlu-
HUA, oThensoWwas obnacTb ABYX-
(ha3HbIX COCTOAHWIA (CMecu) OT COCTOSHWIA >XMAKOCTM U napa,
To6paxeHHas Ha puc. 3.5 MNYHKTMPOM, HOCUT HasBaHue
NOrpaHM4YHOW KpPpUBO I

Kak BuAHO wu3 npusefeHHoro Ha pwuc. 3.5 npumepa COr,
n(anmogeincTeme Mosekyn npu usmeHeHun p, V. u T npmBoguT
K Peskum KOAUYECTBEHHbIM W KAYeCTBEHHbIM W3MEHEHUsSM COCTO-
AHUS peanbHOro rasa W K nepexofy ero B XXWAKOCTb. EcTecTBeH-
HO, YTO AN Kakoro-nmbo Apyroro rasa C ApYrum CTPOEHMEM
MONMEeKyn B3aMMOfLENCTBMe MOCNeqHUX Apyr C Apyrom 6yget
innnyarbcs BennyuuHamun mm, UWHUM gpyrux napameTpoB KpuBOW
TaHmogeleTBusA. OgHaKo 06OWMIA xapakTep 3TOM KpPUBOW OCTa-
Heres HeM3MeHHbIM, W AMarpammMa COCTOSHMA N060ro peanbHOro
rata [Oo/KHa WMeTb BWfA, aHanormyHblii KM306paKEHHOMY Ha
pue. 3.5.
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Mpu npeHebpeXXeHUN MONEKYNAPHbIM B3aMMOAEACTBMEM MO-
NeKynbl pasHbIX rasoB MOTYT pas3finyatbCs /UL MO CBOEN
macce. [lo3ToMy BCe WfAeanbHble rasbl NOAUUHAKOTCA OFHOMY
W TOMY )K€ YpaBHEHWIO COCTOSAHUS — ypaBHeHUO MeHaenee-
Ba — KnaneiipoHa. Mpy yyeTe B3aUMOAENCTBUS MEXAY MONEKY-
namn (6narofaps €ro cneynmuyHOCTM) NOBEAEHME KaX[oro
peasbHOro rasa [O/DKHO OMNUCbIBAaTbCA CBOMM YpaBHEHWEM CO-
cTosiHus. O6Lllee ypaBHeHWE COCTOSHWS, NPUTrOAHOe ANs BCEX
peanbHbIX rasoB, NPUHLUMMANLHO MOXKET ObIMb NULWbL NPUOAK-
>KEHHbIM.

8 40. YpaBHeHWe COCTOSIHUA peanbHOro rasa

YcTaHOBNeHWe 60Mee TOYHOrO BMAA YPaBHEHUS COCTOSHMA
peanbHOro rasa

p=f(v. T (40.1)
npegctaBnseT 6OMbLWIONA TeopeTMyeckuin uHTepec. B3aumo-
[eiicTBMe MONekyn o6ycnoBnuBaeT OTK/IOHEHWEe ypaBHeHus (40.1)
OT ypaBHeHVAa MeHgeneesa'— KnaneipoHa, cnpaBegnnBoro s
nieanbHbiX rasos. Mo BeAUUMHE U XapaKTepy 3TUX OTKMOHEHWI
MOXHO CYAUTb O KO/IMYECTBEHHbIX 3aKOHOMEPHOCTHAX, XapaKTe-
PU3YIOWUX MONEKYNSAPHbIE CUSbI.

C Apyroi CTOpOHbI, 3HaHWe YPaBHEHUSA COCTOAHUA peanbHOro
rasa no3BofiseT nNpefcKasbiBaTb W PacCUUTbIBATb TEXHUYECKUE
npoLecchbl, NPOUCXOAALLME MPU BbICOKUX LaBNEHUAX WU HU3KUX
Temnepatypax rasa. Ocobblil MHTEPEC M LUMPOKOE MpaKTUyecKoe
NMPVYMEeHEeHVEe UMET MPOoLeccsl, CBA3aHHbIe C TAKUMWU M3MEHEHUA-
MW arperaTHOro COCTOAHUSA, KaK CXWXKeHue rasos, UcnapeHue
M KuUNeHwe >XuAkocTeid. [na wu3yyeHWs nNOCNeAHUX MPOLECCOB
Llefiecoobpa3Ho NoNyunTb TaKyl0 MaTemMaTMyeckyro 3anuch ypas-
HEHWS COCTOSIHWA, NPU KOTOPOM OHO OXBaTbiBano Obl 06nacTb
BCEX BO3MOXHbIX COCTOSHWI CUCTEMbl OT WAeanbHOro rasa fjo
XUAKOCTU BKOUYUTENbHO, XOTA Obl AaXKE LEHON MeHbLuel Tou-
HOCTM B KaXpaoi u3 obnacTei.

YnauHoe nNpubAnKeHHOe pelleHMe yKa3aHHOW 3agauu 6bino
nony4yeHo B 1873 r. ronnaHAckuM (M3MKOM BaH-fep-Baanbcom,
cnyctda Bcero 4 rofa nmnocfie OnNbITOB JHAptoca. BbiBefeHHOe
BaH-fep-Baanbcom TeopeTnyeckoe ypaBHeHME COCTOAHUA peab-
HOro rasa COOTBETCTBYET HEKOTOPOMY YMPOLLEHWUIO WCTUHHOM
KapTWHbl B3auUMOLEWCTBMA MONEKYN, NPUBEAEHHON Bbllle, Ha
puc. 3,2- BBuAy 04YeHb pPe3KOro BO3pacTaHua Cui OTTaIKUBaHUA
MeXAy MOJIEKy/NaMyu MNpu UX COMPUKOCHOBEHWUM 3/IEKTPOHHbIE
060/104KN MOJMIEKY/T MOXHO MPUBAMKEHHO CUMTATb MPAKTUYECKM
HefeOpMUPYEMbIMUK, @ CaMW MOMEKYbl 3aMeHUTb abCo/IOTHO
HenpoHuuaembiMu cgepamu aguameTtpa d xr0. Mpu 3TomMm Ha
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i I cTOAHMAX Mexay UeHTpamu MOMeKyn I, MeHblumx d, cnegyeT
I'lin.iTh cunbl oTTankueaHus F n ux sHeprno U 6GeCKOHEYHO
ftn H.WKUMK, Kak 3TO M306paxeHO Ha puc. 3.6.

[na cpaBHEHWA Ha TOM e PUCYHKE MYHKTUPOM HaHeCeHbl
HCMHLUble Kpusble 3aBucumocT F 1 U oT - Kak BMAHO M3 3TOro
COMOCTaBNEHNA, MPUBINXKEHHbIE KPUBble B OCHOBHOM MPaBUbHO
nepefalwT KapTWHY B3aMMOAENCTBUA MOMEKY/, 38 UCK/IYeHNeM
He6onbworo y4yactka B6Au3uM = ra-

il ncnonb3oBaHHOM BaH-Aep-Baanbcom npubnan>KeHun aeii-
ITnC cun OTTaNKMBaHNsA 3aMEHEHO «HEMPOHMLAEMOCTbIO» MOone-
mn. bnarogaps 3aTomy no-
pyyaetcs, 4TO npu conpwu-

KOCHOBEHMU MOJeKyn Apyr c
OPYroM Cuibl B3aUMOJENCT-
MM He o6palLalTCcA B HYy/b
(/'= 0 npu n=no), Kak 3To
cnegyeT U3 nNpaBUIbHON Kap-
TWHbI, & B 3TOT MOMEHT MEX-
Oy MONeKynamu C/I0BHO elle
[eicTBYIOT BecbMa 3Hauwu-
TeNbHbIe CU/Ibl MPUTHKEHUA
/1 1 MONEKYNbl CWUMbHO fa-
BAT APYr Ha gpyra. B peict-
NNTENbHOETM >KE CUMbl Npu-
TSOKEHUS [eiCTBYIOT Mexay
MO/IeKy/NiaMu Wb Ha pac-
cToaHmax, 6onbwmnx lo
Pa3nnyune 3to Becbma Ccy-
LecTBeHHO. B npubnamkeHun
unH-gep-Baanbca npu r=ro
CUMbI  MPUTSKEHUA  MEXAy Puc. 3.6.
MOJIeKynamMmy [OCTMralT Ha-
nbonblwero 3HaveHus. Ha camom >e gene npu r—ro Cunbl
TauMOAENCTBUA MEXAY MO/eKynamu 06pallaloTca B Hyfb.
3abBeHMe 4MCTO (PUKTMBHOrO XapakTepa cunbl FO, nosasne-
HWEe KOTOPOi 06YCNOBNEHO MPUHATON MPUBANXKEHHOR MOZenbto,
HENPWUrofHOM Ha Ma/blX pacCTOAHWX, MPUBENO BMNOCNEACTBUM
K (DU3NYECKN HEBEPHbIM YTBEPXKAEHUSAM O HaMUUM B XXULKOCTU
(| ue MoOnekynbl pPacrnonoXKeHbl B HeMoOCPeACTBEHHOW 6/M30CTU
OPYTr K Apyry) OFpOMHbIX CW TaK Ha3blBaeMOr0 «BHYTPEHHEro»
U hi «MOMEKYNIAPHOIO» faBNeHUS MONEeKyn APYyr Ha Apyra, oue-
HUHHHLLErocs B [EeCATKU TbiCAY aTmocdep.

OThenuB HECKONbKO WCKYCCTBEHHbIM TMyTeM [eicTBue cun
NMPUTSXXEHUA OT CWUN OTTaNKWBaHUA, BaH-Aep-Baanbc npepno-
XW, i BBECTU [ANA peasbHblX rasoB ABe MNOMPaBKW K YPaBHEHUIO
MeHpgeneeBa — KnaneipoHa.
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a) MonpaBKa na HefOCTYNHbLIAN o06bem (He

MPOHMLAEMOCTb MOJEKy/, NPUBAMKEHHO 3aMeHst W as TOUHYIO
KapTWHY CUN OTTanKUBaHWUs).

Monekyna uaeanbHOro rasa, 3ak/1HOYEHHOro B HEKOTOPOM
cocyfe, MOXeT Hax0oguTbca B /OGO €ero Touke, U ANS Hee
focTyneH Becb 06bem cocypa V. Mo-
NeKyna peasbHOro rasa He MOXeT Ha-
X04MTbCA B Tex MeCTax cocyfga, rae
pacrnonoxeHbl octanbHble N —1 wmo-
nekyn, n e [OCTynMHa /ulb YacTb
Bcero ob6bema, paBHaa V —b. [Onda
nojcyeta HeAoCTynHoro obsema b 6y-
[emM cuuTaTb ra3 He CAULIKOM M0T-
HbIM, TAK YTO BEPOATHOCTbIO TPOMHbIX
COyAapeHnii MOMEKYN MOXHO MNpaKTu-
yecku npeHebpeysb. Ana Kax[oin napebl
B3aMMOJENCTBYIOLNX MOMEKYN Hepo-
CTYMHOW SBMAETCA Ta 4acTb 06bLEMA,
B KOTOpOW paccTosiHue Mexpay Wux
eeHTpaMu paBHO d, T. e. ctepa c
o6bemom 4r-nd3 (puc. 3.7). N3 N monekyn mMoxeT 6bITb 06pa3o-

N(N—1

Puc. 3.7

BaHo Cl ) nap. CnefoBaTenbHO, NOMHbIA HEJOCTYMHBINA

o6bem ans Bcex Mmonekyn —”» ——2-nd'zzN'2--~nd3 u Ha
KaXayw u3 HUX NPUXOAUTCS:

= 4N --nds. (40.2)

C y4yeTOM BBEfEHHOl MOMpPaBKW YpaBHEHWE COCTOSHWS pe-
aflbHOro rasa npuMeT BWA

(403)
rae cornacHo (40.2) HefoCTYMHbIA 06beM b paBeH y4eTBEpPEHHO-
My 06bEMY BCEX MOJIEKY/ rasa B COCYyge.

YpaBHeHue (40.3) aBndeTcd maTeMaTuyecKUm opopmMIeHUEM
W3N0XEHHbIX B Mnpeabligyuiem naparpade mgein M. B. JTomoHoO-
coBa. M3oTepmbl (7°’=const) 3TOro ypaBHEHUS COCTOAHUA

p (V—6)= const (40.4)
UMET BMA runep6on, y KOTOpbIX AaBneHune Ge3rpaHnyYyHO BO3-
pactaet npu V-+b (puc. 3.8). YpaBHeHue (40.3) [OMKHO

XOpOLLIO OMnpaBAbiBaTbCA Ha OMNbITe NPU TemrepaTtypax MHOMo
Bbllie KPUTMYECKOI, KOrla B3aMMOAeCTBMEM MeXAY MoseKyna-
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M/ (MPUTSHKEHMEM) MOXHO MNpeHebperaTb BMAOTb 40 MOMEHTA
<IOAKHOBEHMUA WX APYT C LPYrOM.

6) MonpaBKa Ha «BHYTPEeHHee [JaBleHMWe»
(NpaBWnbHEE TOBOPSA, Ha BAUSHUWE CUA MEXMOEKYNSAPHOro Npu-
rKEHNS).

Kak mbl Bugenu Bbiwe, B . VI, cuna gaeBneHusa rasa Ha
i W HKY cocyfa ecTb pe3y/sbTaT MHOFOYUC/IEHHbIX CTONKHOBEHWIA
MOJIEKYNn C TBEPAOW MOBEPXHOCThLIO.
110 >Tomy faBneHuUe npeanbHOro ra-
in NpAMO NPONOPUMOHANEHO KOH-

N
ucuTpauymm monekyn n=— B Cnoe

/, HenocpefCTBEHHO NpuerawLwem

K cTeHke (puc. 3.9). Bcnepgcteue

NPUTSHKEHNA YAapAOLWMUX O CTEHKY

MOMIEKY/l BCEMW OCTalbHbIMW MOJe-

KyfnaMmy rasa 3T0 faBNeHWe yMeHb-

LIaeTCA Ha HEKOTOPYH BEIMYMHY P .

MocKonbKy CWUAbl B3aMMOAEWCTBUSA

MOJIeKYy OYeHb O6bICTPO Y6bIBAKOT

C paccTofHuMem, TO MpPaKTUYeCKu

CN AyeT YuuTblBaTb MPUTSXKEHWE MNepBOro CAOA NUlb O4HUM
cocefHUM cnoem //. Cuna 3aToro NpuTsHXKeHUa (paccumTaHHas Ha
eAVHNLY MJiowagm) nponopuuoHanbHa KOHLEHTpaLMKM MOJIEKYN
n obonx cnosx, T. e.

(40.5)

Bsoasa Koa(uumeHTbl nponopuymo- A .
WHMBIKCTW, MOXHO nepeitn ot (40.5) ~ Pi
K paBeHCTBY

a
Vi v
lgemHOXUTENM M n a= U.N23aBuCAT OT
KOHKPETHOr0 CTPOEHWUS B3aMMOfeicTBY-
10X monekyn, T- e. OT NPUPOAbI rasa.
Ob6beanHAS BTOPYH NOMpaBKy C Hep-
Mo, Mbl MOXEM Hamnucathb:

P=TT=71~p’- (407)
MoacTaBnsas clfa BeMUMHY P’ U3 Puc- 3.9
('10,6), nonyuyaem, uTO

M RT a

P vb w2 (40.8)
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(p+-$r)(y- b)=~Ir*rT- 110.9)

YpaBHeHue (40.9) HocuT HasBaHMe ypaBHeHWA BaH-
pLep-Baanbca.

M3 npuBefieHHOro BbIBOAA YpaBHeHUs BaH-Aep-Baanbca cre-
[yeT, 4TO NOCTOSAHHAA b nponopuuoHanbHa u4ucay Monel rasa
B faHHOM 06beMe, a MOCTOAHHAA a NPonopLMOHanbHa KBagpaTty
yucna Monei.

Mockonbky npu BbiBOAe YypaBHeHus (40.8) 6bin chenaH
Uenblil psag ynpoweHWid n npeHebpexeHwid, Ha Hero cnegyet
CMOTpeTb KakK Ha NpubnmxeHHOe ypaBHEHWEe COCTOSHWUA peab-
HOro rasa. 3TO ypaBHEHWe [O0/KHO XOPOLLO OMUChIBaTb KayecT-
BEHHYIO0 KapTWHY W3MeHeHWs COCTOAHWA peanbHOro rasa, HO
OT HEero Henb3s TpebOBaTb CAMLIKOM BbICOKOA TOUYHOCTU KOMU-
YeCTBEeHHbIX pe3ynbTaToB. [ 18 nonyyeHus 60Mee TOUHbIX 3Haue-
HUIAi faBneHUs p cnefyeT BeNUMUYMHbI & U b cunTaTb He MOCTOSH-
HbIMW, & [OBOMbHO C/IOXHBIMU (DYHKUMAMMK TemnepaTypbl U
NJOTHOCTU, AN (4TO TO Xe CaMOe) B MpaByl YacTb YpaBHEHUA
(40.8) po6aBUTL pAf cnaraembiX, COAepXawmux LOMOMHUTENb-
Hble KOHCTaHTbl. lMpefnoxeHo 60/blWIOe YWCNO TakMX ypaBHe-
HWA, B 4YaCTHOCTW ypaBHeEHMe buTTnm N bpuaxmeHa:

— 40| (»

NpUrogHoe AN OYeHb BbLICOKMX [aBfEHWI, HO cOAepxXaliee
LWeCTb 3MMUPUYECKUX KOHCTAHT @, b. ¢, Ao, Bo, n, u euwie 6onee
CNOXHOEe ypaBHeHWe BykanoBuuya Ans BOAAHOrO napa.
MpuBoas BCe 4neHbl ypaBHeHUA BaH-fep-Baanbca (40.9)
K 06LeMy 3HaMeHaTento, Mbl MOXeM npeobpa3oBaTb €ro K Buay

pV3— (pfc+Atfr) K-faV'-06=0. (40.11)

3T0 — ypaBHEeHWe TpeTbeil CTeNneHn OTHOCUTENLHO 06beMa V,
W, CNefoBaTeNlbHO, NPW AaHHbIX P U T OHO MOXET UMeTb WUAN TpK
BELLLECTBEHHbIX KOPHA WAW OLUH BELLECTBEHHbI/ W ABa KOMMIeKC-
HO-COMPSHKEHHbIX KOPHSA, He WMeKLWnX (QU3MYeCKoro cmbicna.
Mpu BbICOKMX TeMNepaTypax BTOpOe c/laraemMoe B MpaBoii 4acTu
ypaBHeHus (40.8) a/V2 npeHe6bpexnmMo Mano Mo CpaBHEHUIO

C MepBbIM , M un3otepmbl (7 =const) WMMeOT NULWb OLHO

BELLECTBEHHOE 3HayeHue obbema V, Kak 3TO 6bifI0 M306paXKEHO
Ha pwuc. 3.8.
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Mpu HU3KMX TemnepaTypax YyXe Henb3s npeHebperaTb Mo-
MbITKOW Ha cunbl nNputskeHus a/V2 u ypaBHeHue (40.11)
MMeeT TPW BELLECTBEHHbIX KOPHA, KaK 3TO MNOKa3aHO Ha
pur. 3.10. MeHbLWWNA N3 3TUX KopHeli (1/1) COOTBETCTBYET COCTOS-
HUK) C 6O/NbLION MIOTHOCTHLI M Manol CXXMMaeMOCTbHO — COCTOSI-
HWtO Xupkoctn. N3otepma ABC 3aecb KpyTo pacTeT, u NS He-
60/bWOro yMeHbleHN 06bemMa He0OX0AMMO CU/IbHOE MNOBbILLE-
HUe AaBeHus.

Bonblwinii n3 Tpex kopHeli (Kr) coOTBeTCTBYeT COCTOSIHWIO
I HW3KOM M/IOTHOCTbIO W NErKOW CXMMaeMOCTbH — COCTOSHUIO
wna. N3otepma DEF npet 3geck cpaBHUTENbHO NOAOr0, 06beM
W faBfeHMe rasa noytm 06paTHO MPOMOPLMUOHAMbLHBI.

MpOMEXYTOUHbIA KOpeHb
(K;) nexuTt Ha BO3pacTat-
weii Beteun CD wun3oTepmbl, P
n3obpaxeHHol Ha puc. 3.10
MYHKTUPOM, U COOTBETCTBYET
abCoNOTHO  HEYCTOWUMBbLIM
COCTOSHUAM. Pan

Takne cOCTOSIHUA BO3-

MOXHO OCYLeCcTBUTb NiUWb
Ha OYeHb KOPOTKMI npome-
XYTOK BpemeHn. Maneiiwee
cKaTue TakOil CKCTeMbl Ha
yyacTke CD npuBoguT He K Puc. 3.10.
BO3pacTaHMIO AaBNeHUsA, Kak

Ha y4acTke xugkoctm ABC wnm rasa, ak najgeHwunt paasne-
HMs. CuctemMa He NMPOTUBOLENCTBYET YMEHbLUEHUID CBOEro 06b-
emMa, a Kak Obl momoraet 3TOMY, CamOMPOM3BONbHO CXMMaACh
(pesynbTaT LeWCTBUSA MOJSIEKYNAPHbIX CUM NPUTAXEHWUS). [pu
NMOCTOAHHOM 06beMe OfjHa YacTb CUCTEMbl COXMETCA 40 COCTOfA-
HMA XUAKOCTW, a OoCTanbHaa nepelijer B Map, 3aHUMarOLiuUi
ocTanbHOl 06beM.

Kak BMAHO, faxe ecnu oT6poCUTb NYHKTUPHbIA yyacTok CD,
TeopeTUyecKas M30TepMa BaH-fep-Baanbca He MONHOCTbIO CO-
Bnagaet ¢ onbiTHOl ABEF, umetoLleid ropusoHTanbHbIl y4acToK

COOTBETCTBYIOWMNIA CMecM napa W XuAKOCTU. [eTanbHbIin
1CPMOJAMHAMMNYECKMI aHann3 MnokasblBaeT, YTO COCTOSHWE XUA-
mic hi Ha ydvacTke BC u coctosHme napa Ha ydvacTke DE
HHANKOTCA CPaBHUTENbHO HeyCTOMYMBbIMW WM MOTyT 6biTb OCY-
LWEeCTBMEHbI /IMLWb NPU OCTOPOXXHOM W MOCTEMEHHOM W3MEHEHUM
obbema, Npu NPUHATUM pAga AOMNOMHWTENbHLIX MPesoCTOPOX-
no(1 €, B 4aCTHOCTW MpU TLWATeNbHOW OYMCTKE WCMbITYeMOro
inTecTa OT NOCTOPOHHUX npumeceil. MonoxeHne Touyek B wu
| moxXeT 6bITb HalijleHO TeopeTWYecKM W3 YCNOBWUA PaBeHCTBa
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3alITPMX0BaHHbIX Ha puc. 3.10 nnowagoK Nog 1 Haj U30TepMol
B MOJIHOM COOTBETCTBMM C [JaHHbIMW OMbITA.

Mpu 60nblINX AaBAeHMAX Ha yYacTke AB ycToinumBbIM ABNS
eTCA COCTOAHME XUAKOCTW. lpy manbix LaBNEHUAX HA yyacTke
EF ycToiuMBbIM ABNAETCA COCTOSHME HEHACHLIWEHHOTO
napa. Mpu p=pHCKUIKOCTb U Nap MOTyT HaXo4UTbLCA OfHO-
BPEMEHHO B paBHOBECUMW [ApPYr C APYrom, umes 06bembl, COOT-
BETCTBEHHO paBHble WA U Y3- [laBneHue pHC COOTBETCTBYET
YNPYrocTu HacblLEeHHOro napa.

Ha puc. 3.11 un3obpaxeH paj M30TepM ypaBHeHUS BaH-fep-
Baanbca, COOTBETCTBYHOLWMX pasnyHbIM TemnepaTtypam. C poc-
TOM T MONAPHbIA 06BEM XWUAKOCTU, HaXoasLWencs B paBHOBECUN
C €€ HacblWeHHbIM NapoM, KK BO3pacTaeT, a MONSPHbIA 06beM
HacbllWeHHOro napa Krgp yMeHbLlIaeTcs BCNeCcTBMe OHOBPEMEH-
HOro BO3pacTaHus ero ynpyroctu HacbiweHusa p,aln).

K

Puc. 3.11 Puc. 3.12.

Mpu 3Tom 06e BETBU MOrpaHUYHON KpWBOM, U306paKeHHOW
Ha 3TOM PUCYHKe MYyHKTUPOM, CONMXKAKTCA W MPU KPUTUYECKON
Temnepatype 7* ciuBakTCca LPYr C PYrom.

Ha un3oTepme, COOTBETCTBYHOLLE KpUTUYECKOW TemmepaTtype
Tk, Toukm B wn E (cm. puc. 3.10) cnusatotca B Touke K
VMicuesaeT npamoii yyacTok B — E, oTBevyawoLlunini paccnoeHunto
(ha3. C pocToM [aBfeHUs ras LefMKOM NepexofuT B XWUAKOCTb
npu p=pkK-

Ha un3oTepmax, COOTBETCTBYHOLWMUX Temnepatypam T > 7%
HeT y4yacTKOB, OTBeualoWmx Xugkoi pase. Mpu nobbix gasne-
HWUAX BELLeCTBO npeAcTaBnseT coboil ra3. KuHeTnyeckas aHep-
rma ero monekyn 6onbwe 1Uum | n nepexon BelwecTBa B XUJ-
Kylo a3y HEBO3MOXEH.



3HayeHns pHC B PYHKUMM TemnepaTypbl T Mokas3aHbl Ha
1||.HpuKke puc. 3.12. C pocToM Temnepatypbl YMApPyrocTb Hachl-
LLeHHOro napa BO3pacTaeT OYeHb GbICTPO, MPUMEPHO MO NokKasa-
M H.HOMY 3aKoHy. B Touke K 3ta kpuBas o6pbiBaeTcH.

Touka K Ha puc. 3.11 1 3.12, B KOTOPO COCTOAHUA XUAKOE-
Il H napa coBmagatT, HasblBaeTCA KPWUTMUUYECKOIW
TOUYkol. CoOTBeTCTBYIOLME 3HaYeHNsa p* u VK HOocAT HasBa-
HM KPUTUYECKOTO LaBneHund n KpUtu-
yeckoro o6bema [And AAHHOTO BellecTBa.

B KpuTu4yeckoii TOuke BCe TpM KOpHA ypaBHeHus (40.11)
|0.pkHbI coBmagatb. M3 3TOro ycnoBuMs MOXHO MOMYYUTL:

W b - v>=3D " XK =T=0375 HOM)

Kak n camo ypaBHeHWe BaH-fep-Baanbca, BbiBeJEHHble ”3
nei o cooTHoweHunsa (40.12) aBnawoTcA cyrybo npubavKeHHbIMU.
W Hwkecnegytowweli Tabnuue conocTasieHbl 3HAYEHUA NOCTOSAH-
HbiX & U b 1 KpUTUYeckux 3HavyeHun p*, VK n 7* gna HeKoTopbIX
MeLlecTs.

a, «X T
\XM/KM«Oﬂb— NM\DH H’H/MI

I MHK 0.032X K06 23,4X10'3 53 226X KB57.8X0"3
'I—&(i'%)_poﬂ. 0.245X K)526.6XNI3 332 12.8X 10* 64,5X10'3

X.347X 10s 38,6X10-3 1260 33.5X 10s 90,0X10~3
Kucnopog ) 1.36X 10s 31,9X10-3 1443 49.7X 10s 74,0X10"3

M(nuwon 5.48X105 30,6X10-3 6451 217.7X10545,0X10-3
nap

lit Tabnuubl BWMAHO, 4YTO OCOBGEHHO MJIOXO BbIMOJHAKTCA
COOTHOLLEHUs -y-=3 K1 -""-=0,375. KayecTBeHHasa e KapTu-

nl M3MeHeHMs COCTOAHMIA BelecTBa MNepefaeTca YpaBHEHWEM
wm pep-Baanbca BMonHe npaBuibHO. Hapsgy ¢ ycToRuMBbIMU
COCTOSIHMAMM OHO MpPejCcKa3biBaeT W MpaBUIbHO ONUCLIBAeT Tak-

HeyCTONYMBbIE COCTOAHMA MEPerpeToi >XMAKOCTU U Nepechl-
LLleHHOro napa.

lit puc. 3.11 BMAHO, YTO NPU HU3KMUX TemnepaTypax 4acTb
HEYCTOWUYMBLIX COCTOAHWI MOXET HaxoAWUTbCA MpU OTpULATENb-
HblX  faBneHusx. [MopgobHble cayvyam pacTAHYTO
X UL KOCT H NpU COOTBETCTBYIOLMX YCNOBUAX AEACTBUTENBHO
MOryT ObITb OCYLLECTB/IEHbl Ha OMbITE.
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Mpn BbiBOAE YpaBHEHUA BaH-Aep-Baanbca Mbl paccmaTpuBsa-
NN BIVSIHWE CWN B3aMMOLEWCTBMA HA NMOBELEHME pPeasibHOro rasa
KaK masble nonpaeBku u npeHebperann 60/1ee TOYHbIM UX YUYETOM.
Tak, Hanpumep, Mpu YyyeTe BAUAHUA CUT MPUTSHKEHUA  Mbl
npeHebperann TPOMHLIMWA CTO/IKHOBEHUSIMW MOJIEKYNT 1 MOMpPaBKM

3anucbiBanacb B BUfAe a He - -- m, . [103TOMY YypaBHeHue

(40.8) paeT 0C06eHHO 6OMbLUME OTKIOHEHWS HA NIEBbIX Yy4acTKax
M30TEPM, COOTBETCTBYHOLMUX COCTOSHUIO XWUAKOCTU, U NPaBUIbHO
nepejaet NUWb 06WY TEHAEHLMIO 3TUX Yy4yacTKOB — UX 60/b-
Y0 KPYTU3HY.

TOYHBI y4eT MHOrOKpaTHbIX B3aMMOAENCTBWIA  MONEKYN
npefcTaBfseT OrpOMHble MaTemMaTuyeckue TpyaHoOCTWU. ITa cTa-
TUCTUYECKan 3ajaya Oblfa pelleHa CpaBHUTENbHO HeAaBHO (B
1937 r.) pasauyHbiMu  mMeTogamn H. H. Boron6oBbiM 1
. Meliepom. MNony4YeHHble peLIeHNs, K COXaneHno, UMEKT BUS
6ECKOHEYHbIX PALOB W MPaKTUYECKW ManonpurofHbl Ans TeXHW-
YECKMX pacyeToB.

8§ 41. CXWmXeHue rasoB

Ha puc. 3.13 wu3o6paxeH MNPUMEPHbIA Xo4 W30TepM As
no6oro peanbHOro rasa. M3otepma, COOTBETCTBYIOLAA KPUTHU-
yeckoli Temnepatype T* W norpaHM4Has Kpusas, HaHeCeHHas Ha
3TOM PUCYHKe LUTPUX-NMYHKTUPOM, pas3fensioT pK-njockoeTb
Ha 4YeTblpe 06M1aCTU: ras, >XWAKOCTb, Nap W CMecb napa wu
XULKOCTH.

a3 ¢ temnepatypoii T\ Hu-

e KpUTUYecKol (HeHacblWweH- p
Hbll nap) nNpu NOCTEMNeHHOM
CXXaTun yBenu4uBaeT CBOK yn-
pyrocTb, Kak 3TO M306paXKeHo
Ha puc. 3.13 Ha yuacTke Ab.
Mo foOCTMXEHUM TOUKM nepece-
YEHWA W30TEPMbl C MOrpaHuny-
HO kpuBoi (Touka B) paBne-
HWe napa CTaHOBUTCA PaBHbIM
YyNpYyrocT! HacbIWEHHOro napa
RPmc(T'i)-  Mpu  pganbHeliwem
YyMeHbLIeHUn 06bema faBneHme

Ha ydyacTke BB ocrtaetca no-
CTOSIHHBIM 1 MPOUCXOUT nepe-
X0 BCe 0OnblIen 4acTu Be-
wecTsa M3 NapoobpasHoro co-
CTOAHMA B Xugkoe. B Touke B Puc. 3.13.



NT. nap npe.palwaeTcd B XWUAKOCTb, W fanee Ha y4yacTke B[
H/U'T cXXaTtue XUAKOCTMW.

11lpn TemnepaType 7r Bbllle KPUTUYECKO M30TepMa rasa Bcs
NIDKUT Bblle NMOTFPaHNUYHON KpWBON. pu M30TEPMUYECKOM CXKa-
IHM rasa ero COCTOfiHMe W3MEHSeTCA HenpepbiBHO, W ra3 He
npeBpawliaeTcs B XMAKOCTb. [Jlaxe npu o4eHb 60ONbLIOK NAOT-
HOCTW, KOrja MONEeKynbl rasa noAxoAAaT MO4YTW BMAOTHYK Apyr
K 4pyry, KWUHeTM4yeckas 3Heprus ux XaoTMYECKOro TennoBoro
CHMXeHUs npesbiwaeT BennunHy | CILLL| v He faeT BO3MOXHOC-

lll onTenbHOro arpernpoBaHuUsa MOJEKYII.

Ko BTopoii nonoBuHe XIX Beka LUenblii psj BewecTB, Haxo-
AAWMXCS 006bIYHO B ra30006pa3HOM COCTOSIHUM, YAanocb npespa-
TW. B XWAKOCTb MPOCTbIM CXaTueM. OfHako HeKOTOopble rasbl,
M 4aCTHOCTWU KUCNOPOA W a30T, ABASAKLWMECH OCHOBHbIMW KOMMO-
HeHTaMu aTMOC(epHOro BO3AyXa, MpuM 3TOM B XWUAKOE COCTOS-
HHe He nepexogunu. BO3HUKNO pJaxke npesnonoXeHue, 4To
XUAKUA KNUCNOPOA W XWAKUA a30T BOOOLWE CYL,ecTBOBaTb He
MOryT, W nofob6Hble BewecTBa ObINO MNPEANOXKEHO Ha3biBaTb
<MNOCTOSHHbIMW Ta3aMmus».

L. . MeHgenees, BnepBble BBEAW NI MOHATNE KPUTMYECKON
TemnepaTypbl, 06BACHWA MPUYMHY HEYAauYn MOMbITOK CKVKEHUSA
rak Has3blBaemblX «MOCTOAHHbIX rasos». OH NPeAnosioxXus, 4To
V 3TUX rasoB KpUTMYecKas Temnepatypa 3HAUYMTENIbHO HWXe
KOMHaTHOI W, CnefoBaTelbHO, 418 WX CXUXKEHUS Heobxoanmo
npeABapuUTesIbHO MOHM3NTL UX TemnepaTtypy Hwke 7V W peicTt-
BUTENbHO, MAa no atomy nytn, Kailete un Mukte B 1877 T.
CKMXUNM pAL «MOCTOAHHBbIX rasos» (Or, N2, CO). B 1898 r.
[btoap nonyunmn >XWAKWA BOAOPOA, W, HakoHeu, B 1908 T.
KamepnunHr-OHHec oxnagnn L0 JOCTAaTOYHO HU3KOM TemmnepaTty-
pbl M MpeBpatui B KUAKOCTb MOCNELHWIA  «MNOCTOSAHHBbIN
MM» — Tenuid.

KonnyectBeHHOe onpegeneHne KpUTUYECKUX napameTpos TK,
M »n VK npegctaBnfer 3HauuMTenbHble TPYAHOCTU. BepHemcs
K OnbiTaM, ONUCaHHbIM B MpeAblgywem naparpage u cxemaTtu-
ur( KH M306paxkeHHbIM Ha puc. 3.4. TlomecTMM B 3anasHHYH
rpybkKy HeKOTOpPOe KO/IMYecTBO rasa npu temnepatype 7° > Tk
H l0CTATOYHO BbLICOKOM faBsieHUW p. Ha guarpamme puc. 3.13
«TO COCTOSHWE Mn300pa3uTca HekoTopoil Toukoit [. Bygem
" MOKpaTb 3TOT ra3. Torga ero coctosHue 6yAeT U3MEeHATHCA MO
nsoxope MCX.

1lpyn nepexofe 4epe3 MNOrpaHUYHyH KpuBytd B Touke C
| iicivmh paccnouTcsa Ha fgBe ¢hasbl. ockonbky Touka C nexur
u 1 /loHo BeTBM MOTPAHMYHOIN KPUBOI, TO OCHOBHAs macca 6yget
HaxoAUTbCst B COCTOAHUM XXUAKOCTU, W MEHWCK, OTAENsALWNii
XMWAKOCTb OT Mapa, pacnosioXXUTCA B BEPXHEW yacTu Tpybku. Mo



Mepe AanbHeliwero oxnaxgeHus (nnHus CXK) cocTosiHue Xup-
KOCTU OyfeT M3MEeHATbCA B COOTBETCTBMM C JIEBOM botbi.ui
MOrpaHNYHOW KPUBOW, MAOTHOCTb XUAKOCTWM OyaeT BO3pacTaTh,
a 00beM yMeHbllaTbCA, MeHWCK OyaeT OMycKaTbCsA, U 06beM,
3aHMMaeMblii napom, Bo3pacTaTb. Ko/nuM4yecTBO napa, OfHaKo,
BO3pacTaeT MefjJ/IeHHee 3aHMMaemMoro um o6bema, TakK Kak ¢
MOHWXEHNEM TemnepaTypbl AaBfieHUe U NJOTHOCTb HaCblLLeHHO-
ro napa noHwxawTca. [M03TOMy nNpU CUABHOM  OXJIAXAEHUN
00bEM XMAKOCTM MOYTU He MeHseTcsa. [lpyu HarpeBaHuM u
cootBeTcTBMM C nuHuelr XXKC obbem xmgkocTum OyaeT Bo3pac-
TaTb, MOKa OHA He 3amnosIHUT BCHO TPYOKY, Kak M306pakeHOo Ha
puc. 3.4, 6.

Ecnm o6bem ucxopHoro rasa paBeH kputuyeckomy VK, 1o 3Ta
1M30x0pa nepeceyeT NOrpPaHWYHYI0 KPUBYIKO B CaMOil ee BepxHei
Touke K — KpMTUYECKO TOYKE, M MEHWCK BO3HWMKHET Mocepeam
He Tpybku. Habnwopgas 3a MOABAEHMEM W WUCYE3HOBEHWEM B
Tpyb6Ke rpaHuubl pasfena Mexay [AByMs (asaMum U MecTom
NOSIBIEHNA MEHWUCKA, MOXHO Takum nyTem ONpefennTb napamet-
pbl KpUTUYECKOW Toukm TK, pK n ¥* Kak nokasan A. I'. Ctone-
TOB, 3TOT MeTO4 MOXEeT AaTb A0CTaTOMHO TOYHble 3HAYeHWd
KPUTUYECKON TemnepaTypbl W AaBAEHUA, HO C €ro MOMOLbIO
[OBOSIbHO TPYAHO ONpeAeNnnTb TOYHYK BennuYMHy 1* B TOuke
K norpaHuuHas KpuBas W KpUTU4YecKas n3oTepma MayT ropu-
30HTaNIbHO, U He6OMbLUNE U3MEHEHWSA N HETOYHOCTU B onpejene-
HAM P U T NPUBOAAT K 3HAYMTE/IbHBIM MOFPELIHOCTAM B OLEHKe
obbema.

LWnpokoe passutme B XIX Beke MapoBbiX [ABuUratenein u
nouckn paboumx BeLLeCTB, KOTOpble MOrnu Obl 3aMeHWTb B
TeXHWKe BOASHOW nap, MOCTaBMAM 3afjavyy M3yyYeHWs TepMOauHa-
MWYECKUX XapakTepucTUK psaga rasoB WM napos W, B MepPBYHO
ouepefb, ONpefeneHUs WX KPUTUYECKMX Temnepatyp W gasfie-
HWiA. Te e TpeboBaHMA BbIABUran0 U pasBUTUE XON0AUSIbHOW
TEXHUKN W MOWUCKN HauNyywmnx paboyumx BeL,ecTB /18 XONOAWSIb-
HbIX YCTaHOBOK. lMocsie 0CHOBHbIX paboT MeHpaeneesa, dHAprOca
N BaH-gep-Baanbca B psage usmnyeckux nabopatopuini pasnuu-
HbIX CTpaH 6bl10 NPeANPUHATO LWMPOKOE U3YyUYeHUEe KPUTUUECKMX
napameTpoB MHOIMX HEOPraHWYeCKMX W OpraHU4YecKux Ccoepm-
HEHWIA.

Begylwas ponb B 3TUX UCCNEA0BAHUAX B NOCNeLHEN YeTBepTH
XIX Beka npuHagnexana Kuesckoi nabopatopumn npod. ABeHa-
puyca. [Ans W3yyeHUs KPUTUYECKMX NApameTpPOB OKPALLEHHbIX
rasoB 1 BewiecTB, o6nagawownx 601bWNMN KPUTUYECKMMU [aB-
NeHUsIMU, PYCCKMUM yueHbiM HafexauHbiM 6bln pa3paboTaH opu-
rMHanbHbli MeToh. CTekNAHHas waM MeTannmyeckas Tpy6ka
yCTaHaB/MBanacb Ha OCTpWe nNpPM3Mbl U YpaBHOBELIWBaNach
B TrOpM30OHTanbHOM nonoxenun (puc. 3.14). 3atem TpybKa
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WNoAHANACb WCMbITYEMbIM BeLeCcTBOM, 3anauBanacb W rnome-
Wanacb B HarpesaTe/sbHYH neuyb. [loka TemnepaTypa 6bina
HVXXe KPUTWYeCKOl, 0AHO M3 KoneH Tpy6Ku, B KOTOPOM Haxogu-
MO, XWAKOCTb, NepeBeLlnBano.

Kak TonbkKo TemnepaTypa fo-
<nu ana T, ABYX(aszHasa cmcrema
(kmpkKocTb— nap) npespalya-
nacb B O[HOPOLHYIO CUCTEMY
(ra3) un Tpy6bkKa ycTaHaB/uMBa-
nacb ropusoHTanbHo. Takum ny-

Tem 6blna BMepBble OMNpefeneHa
KpUTH4yeckas Temnepatypa BOAbl.

CnepfyeT MNOAYEPKHYTb, 4TO

npusefeHHas Ha puc. 3.13 wn3o-

Tepma T=TK oTgenser obnactm

rasa v napa Wb 4YWUCTO YC/OB-

Ho. [Mapom, Wan, TO4YHee, HEHACbI-

WEeHHbIM NapoM, Mbl Ha3blBaeM

cas, KOTOopblii MOXKET ObiTb nepe-

BeZleH B XKMIKOCTb YNCTO WU30Tep-

MUYECKUM COKATWEM, npuyem ne- Puc. 3.14.

pexos M3 Napoo6pasHOro cocros-

nMa B JKWAKOe COBeEpLUaeTCH

CKauykom. [pu HMU3KMX [aBNeHMAX HEHACbIWeHHbIE Mapsbl
MeuyT cebs nNpakTUYeCKM TaK Xe, KaK W ufgeanbHble rasbl,
M NOQUUHAOTCA ypaBHeHMO MeHpeneesa — KnanelipoHa.

Wcnm e npu cxxatun OLHOBPEMEHHO M3MEHATb U Temnepary-
py. r0 Mepexos u3 To4ku A B Touky [ MOXeT 6biTb Npon3BeaeH
ne | paccnoeHms as. oJO6GHbLIA HENPepbIBHbIA nepexon u3
napoobpasHOro COCTOSIHUS B >XWAKOE M306paeH Ha TOM e
puc 3.13 nyHkTMpom no nytm AMJ. MNpu atom Ha yuyacTtke AM
npy CKaTuu ras3 HarpesatoT go T? > Tk, a Ha yyactke ML npu
JanbHelWeM cXaTumnm 0XnaxaakwT 40 NepBOHavyanbHOW Temnepa-
Typbl T\

CToNb e YCNOBHOW ABAAETCA M rpaHuua mexgy o6nacTbio
laia n obnacTbto XuUAKocTM. CBOICTBA CWMbHO CXKaTbIX rasoB
MWW. KOMMYECTBEHHO OTAMYAOTCA OT CBOWCTB XWUAKOCTM. ITO
O0COOEHHO APKO MPOsABASETCA B C/ly4ae CMeCei HecKONbKuX
newiects. Hanpumep, rasbl, 6113Kne K ngeanbHbIM, CMeLWNBAOT -
ta upyr ¢ gpyromMm B n06bIX OTHOWeEHWAX. Te >Xe BelecTBa
N XULKOM COCTOSHMM MOTyT 06/1afaTb OrpaHWYeHHON B3aUMHONA
pac lnopumocTtblo. Tak, ecnm CnuTb BMeCTe BOAY W KEPOCWH, TO
i.ikaa cuctema ob6s3aTenbHO 6yfeT paccnamsaTbcA. BHu3y 6y-
ye | pacrnonoxeH 6ofiee TSXeNblil CNOi pacTBOpa HUYTOXHOTO
KO/MMyecTBa KepoCuMHa B BOAe, & CBepXy pacnofioxutcs bonee
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Nerknid cnoil pacTeopa HUYTOXHOIFO KOJM4YeCTBa BOAbl B KO-
pOCKWHe.

M3yyas noBefeHWEe CUIbHO CXATbIX rasoBbiX CMeceid, mpod.
KprueBcknii 06HapyXnn BeCbMa WHTEPECHOEe fABMeHue paccnoe- 1
HWS ra3oBblX CMeCeil, T. €. peasbHble rasbl NpuM [OCTATOYHO

BbICOKMX MAOTHOCTAX W [aB/IeHNAX
TakKXe MOryt o6nagaTb OrpaHuMYeH- f
HO/i B3aMMHO pacTBOPUMOCTbHO, |
KakK M XWAKOCTN.

Kak BugHO 13 guarpammbl
puc. 3.13, 4N CKUXEHUA rasoB ux
Heo6Xo4MMO OXNnaXaTb L0 Temnepa-
TYpbl HWXE KpuTu4yeckoit. Moatomy
BellecTBa C BbICOKUMW 3HAYEHUAMU
Tb (Bblle KOMHATHOI TemnepaTy-
pbl) MOryT 6bITb NIerko npespatie-
Hbl B XWAKOCTb. [ns Bewects C
HU3KMMMW 3HaYeHMAMU 7\, Hanpumep
Bogopopga (Tk= —250 °C), B Ha- »
LeM pacrnops>XeHWn HeT ecTecTBeH- A
HbIX WCTOYHWMKOB HU3KMX TemMepa-
Typ. [JOCTaTOYHO HM3KMe Temnepa-
TYpbl MOryT ObITb MNOMYYeHbl NULWb
MCKYCCTBEHHbIM NyTeM. [Lna CXWu-
XEHNA MOfO6HbLIX rasoB MX MOXHO
npesBapuTeNbHO 0XNafUTb He My-
TeM nepefjayn Tensa Kakomy-nn6o
6onee xonofHomy Teny (KOTOpOro

HET B Hallem pacnops)XXeHwuun), a 3acTaBnsds coBepwaTb paboty =
NMPOTUB BHYTPEHHWUX WAW BHELIHUX CWA.

MepBbIi NyTb OCYL,ECTBNSAETCA B MawwuHe JIlMHAe, cxema
KOTOpoil nmpuBegeHa Ha puc. 3.15. Komnpeccop K 3acacbiBaeT
BO34YX W CXMUMaeT ero fo gasneHuma ~ 200 atm. [MockonibKy
npy noyTM agmabaTmyeckoMm CXaTuWM BO3LYX HarpesaeTcs, TO
ero NponycKawT 4epe3 XO0NOAUNbHUK X, OXNaXAaeMbllii X0nog-
HOV NpOTOYHON BogoW. Mpw gaBneHun 200 aTMm BO3AYyX ABMAET-
CA peasibHbIM ra3oM, W B HeM MNpu O06bIYHbIX TemnepaTypax
npeo6nafaldT CUbl MPUTHKEHUA, T. €. MONEKy/bl B CPEAHEM
Haxo4ATCA Ha PacCTOfHMAX, 6MM3KMX K 0, HO NPEeBbILALWNX
3TO 3HayeHue (cM. puc. 3.2, a). CxaTblii BO3AYX W3 XONOAUNb-
HMKa NOCTynaeT B pe3epByap 60/blwoOro obbvema (Tak Ha3blBae-
Mbli pecuBep P) gna crnaxuBaHWa TONYKOB AaBleHus,
c03[laBaeMbIX KOMMpeccopom. W3 pecuBepa BO3AYX BbICOKOIO
[JaBNeHNs NPOXOAMT MO BHYTPEHHel Tpybe TennoobMeHHuMKa T
M BbIMYCKaeTca yepe3 Kpan C y3KUM OTBepcTheM (ApPOCCEeNb
[) B pesepByap HWU3KOro AaBneHusa. [lpu pes3kom nageHun
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NINM.U-HKUA nocne gpoccena ot 200 atm 4o | aT™ BO3gyx pacLiu
(HMYein, paccTosiHMe MexAy MOMeKynamu yBenuuymBaeTcs, a no
WNNHM/bHAA 3HEPrna KX B3aMMOAeicTBMA BO3pacTaeT. YBenu-
MLUHI MOTEHLMaNbHON 3HEPrun COBepLUaeTCs 3a CYeT YMeHblle-
HUA KWHETUYECKON 3HEeprum XxaoTu-
*||u'Koro ABWXXEHWA MONeKyn, T. e.
in cyeT oxnaxpaeHua rasa.
Bcnegctene cpaBHUTENIbHO Ma-
JTKL Bennuunbl paboTbl, COBEPLUEH-
HO/i MpoTuB BHYTPEHHUX CWUA NPUTSA-
XeHUsl, OQHOKPATHOro paclwmpeHuns
Hr4OCTaTo4HO ANA CHUKEHUA TeM-
nepatypbl 40 KpWUTMYeckoi. lMoaTo-
My OXNaXX[AEHHbI BO34yX BO3Bpa-
LLiHcrost 06paTHO NO BHELUHeR Tpyb6e
K'nnoobmeHHWKa B KOMMpeccop W,
HMIpeBasicb A0 KOMHaTHOI Temne-
PHIYpbl, OXflaXfaeT clefyloLwyto
Mopumio cxatoro BO3fyxa, uaylie-
11 N0 BHYTPeHHei Tpyb6e. Takum
MMpn3om, cnegyrolias nopuus BO3-
Nnyxa npefBapuTenibHO OXnaxgaerca, U
npoccennpoBaHUM Temnepatypa nocne pacluimMpeHus nagaet [o
On 10C HM3KOro 3HauvyeHWs, 4Yem Yy nepsoii nopuun. Yepes 6—
MuyacoB nocne 3anycka YCTAHOBKM TemmnepaTtypa Apoccenupo-
WMWHOTO BO3JyXa CHUKAETCA HACTO/IbKO, YTO 4acTb ero
( - 5-=-6 %) npeBpallaeTcs B XWAKOCTb, a OCTanbHON MOTOK
npofosxaeT BO3BpaLLATbCA B TEMNO0OMEHHUK. YXXUAKNA BO3AYX,
HO Mepe ero HakonjeHus B KoHaeHcaTope C, uyepe3 KpaH B
MblgMHaeTCA B [blOAPOBCKWME COCYAbl, MpefHa3HaYeHHble [ANf
no XPaHEHUA W TPaHCNOPTUPOBKMU.
Bonbwasa paboTa, 3aTpaumBaemas Ha MNpefBapuUTeNbHOE
t <ivii He rasa, genaet uukn JIMHLe MaANO3KOHOMUYHbLIM. [103TOMY
W 1 OMPOLLEHHBLIX XOM0A4MNbHBIX YCTaHOBKaX A1 CXUXKEHUA ra3os
lioi Ar WHe coBepllaloT BHELWHIOW paboTy W OTAAKOT CBOK 3HEp-
IHIO H cneyuanbHbIX pPacliMPUTENbHBIX MallMHaX, Ha3blBaeMblX
NrreHpaepamMu
Mg puc. 3.10 nsobpaxeHa cxema ycraHosku IM. J1. Kanuupl
I.Ik HasbiBaeMblM TypbogeTaHjepom. Komnpec-
iop AcXumaeT Bo3ayx BCero o 5—=6 atm. Cxartblid Bo3gyx npo-
MH 4Yepe3 TeNI00OMEHHUK 7', rae npefBapuTeNIbHO OX1aaaeT-
Il in IpeyHbIM NOTOKOM HECXKWXEHHOro BO3ayxa. [lanee NOTOK
1>| M. AHeres Ha ABe yacTu. Hebonblas yacTb CXXaToro Bo3gyxa
...uynaeT HenocpeacTBeHHO B KoHaeHcatop C, a OCHOBHONA
........ . moctynaeT B TypbogetaHgep [. B Typ6ogeTaHgepe cxa-
1rii NO3AYX yAapseT 0 nonactu TypouHKKM W, Bpauias nocnej-
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HIOl0, coBepwaeT paboTy. lpu 3TOM ero faBfieHWe nagaeTr H>
aTMOC(epHOro M Temnepatypa CHUXaeTca [OMOMHUTENbHO M
HekoTOpylo BennmuuHy AT. PacwupuBLUMICA W OXNaXKAEHHBbIN
BO34yX MOCTynaet B KoHgeHcatop C, nmogHumMaeTcs Mo Tpy6am
BBEPX W 3aTEM BbLIXOAMT uepe3 TenjooObMeHHUK T Hapyxy.
CxaTblil BO34yX, He Mpolwefwnii 4vepe3 getaHfep, noctynac!
B MeXTPybHOE MPOCTPAHCTBO KOHAeHcatopa, rhae oxnaxpjaertcs
BCTPeYHbIM MOTOKOM BO3gyxa. lNpu TemnepaType, 4OCTUraemoi
B KOHAEHcaTope, YNPYrocTb HacblWEHHbIX NapoB BO34yxa Mpe-
BblllaeT 1 aTMm, no MeHee 5 aTm. [1o3TOMYy CXMUXKaeTcAd HO
OCHOBHas Macca BO3flyXa, paclwupuslliasca B feTaHfepe, i
OCTaBLIMICA CXaTblM BO3A4YX B MeXTPyO6HOM NpPOCTPaHCTBO.
Xwngkuii Bo3gyx nepenyckaetca 4yepes gpoccenb B B KOHAEHC;!
Top. lMpu yMeHbLIEHUN €ero faBfieHUA 4aCTb XXUAKOrO BO34YX.1
ncnapsetca U NoAHMMAaeTCA BBepX, a BCNEACTBME 3aTpaTbl M*
3TO CKPbITOA TenaoTbl MCMapeHWs OCTaBLIasACAd XWAKOCTb OX-
naxgaeTcs A0 TemnepaTypbl, NPU KOTOPOI YMNPYrocTb HaCbILLeH-
HbIX MapoB He npesbiwaer 1 aTm.

Xnakuii Bo3gyx MMeeT npu aTMocepHOM AaBfiEHUM Temme-
patypy — 180 °C. Tllpu ero wucnapeHun B MNEPBYH 04epelb
yneTyymBaeTcqd a30T W OCTaeTCA >KMAKWA KUCNOPOA. Takum
NyTeEM MOXHO OTAeNUTb APYr OT Apyra OCHOBHble COCTaB/fO-
WMe aTMOCepHOro BO34yXa W UCMONb30BaTbh UX ANfA Pa3TNYHbIX
ueneii. M3 ymcTbix asoTa ¥ BOAOPOAA NPU MOBbIWEHHbIX AaBfe-
HUAX Ha CcneumanbHbIX KaTanusaTopax mnonyyalT amMuak,
Xngkuin Kucnopog NpuMeHseTcs B MefuLUUHe, 41 aBTOTeHHOM
CBapku, ANA YCKOpPeHUs [OMeHHOro npouecca. CMelaHHbIld ¢
OpraHMYecKMMU roprYnUMK, OH LaeT B3pbiBYATbIE BeLLeCcTBa, Tak
Ha3blBaEMbIe 0 KC M1 MK B U T bl. NPUMEHAEMbIE B FTOPHOPYZLHO
NPOMbILLINIEHHOCTH.

CTPOEHWE W CBOWCTBA XWAKOCTEMN

§ 42. CuenneHne XWAKOCTel. McnapeHne U KuneHue

MoneKkybl B XWLKOCTW PacnonoXeHbl Apyr OKOMO gpyra Ha
pTe rosHuax nopsgka ro (cMm. puc. 3.2) U UHTEHCUMBHO B3aWMO-
LencTByOT Mexay co6oil. Cunbl Ux B3auMOfeicTBuA cneymudny-
Hbl. T. €. CYL,eCTBEHHO 3aBWCAT OT MPMPOAbl B3aMMOAEeNCTBUSA
cneummnyHbl, T. €. CYLLeCTBEHHO 3aBUCAT OT MPUPOLbl B3auMo-
HEME XKYHOLMX MOMEKYN W CUbHO Pas3MyalTCcs Mo BeNNYMHe
4Na pasHblX XukocTeidl. [Mo3TOMy ycTaHOB/JeHUE 3aKOHOMep-
HO'TOW, 06WMX ANA BCEX XMAKOCTEWR, T. €. NOCTPOEHME Teopum
XXngkoro coctosHuA, npeacTaBnseT 3HauuTenbHO 6onblune
»IX Inoctn, 4yem co3faHve Teopuu rasos.

Mpn yBeNMYEHWM BHELWIHEro [aBNeHWs Ha BennuMHy Ap
iiOi.i M>XUAKOCTU YMeHbLIAeTCqd Ha HEKOTOPYH BennyuHy — AV,
Mpr  jtom MeXAY COMMXKAIOLWMMUCA MOJeKynaMyu BO3HUKAKOT
OTPOMHbIe CWAbl OTTANKUBaHMUA, TaK 4YTO yMeHblleHWe 06beMa
MoxeT COCTaBUTb NI b HE3HAUNTENIbHYIO LOMK0 NEPBOHAYANbHO-
Fo O6bema V. T03TOMYy W30TEPMUYECKAA CXMMAEMOCTb XWUA-
KOCTM

K= A1 r~ (42n)

(vioHb Mana u cocTtaBnget 06bl4HO HO' 4-1- 10 i> aTM~1=

1 "-r- O~ M2H. ViHbIMK cnoBamu, Npy YBEMYEHUN BHELL-
Hero wpBneHMa Ha | arM 06beM >KMAKOCTM YMeHblUaeTcA Ha
I : 10 ’oT cBOEro nepesoHavasbHOro 3HayeHusa. na 3amer-
HOK W3MEHeHWs 06bemMa XWAKOCTM Heob6XoAuMbl [aBneHus B
KocuTkn ¥ pgaxke COTHW TbicAY aTMochep.

CpaBHUTE/ILHO Maso MEHSAKT CBOW 00BEM >XWAKOCTU W Npw
HLW pcuaHnH. TepMuyeckniA KO3DPUUMEHT paclinpeHus Xug-
Koe In
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nmMeet nopagok 10-4 rpaf-1, T. e. B AECATKM pa3 MeHbLUe, Yem
4nsa ra3oB. [oaTomy B OT/iMuMe OT ra3os pabota n3obapuyecko-
ro paclmMpeHns npy HarpesaHWM XXUAKOCTU na 1° OTHOCUTENLHO
mana:

PAV «C R A7\ (42,3)

CnepfoBaTeNnbHO, TEMNOEMKOCTU XUAKOCTW MpU MOCTOSHHOM 06b-
eMe U1 MOCTOSIHHOM [JaBfieHUM 6AM3KW Apyr Apyry:

C,-Cv=-7-< C, uCvc« C,. (42.4)

BenuunHel Kunp pasnumuHbl 4ns pasHbiX XUAKOCTEN, WENnocTosm
Hbl W ABMIAIOTCA C/IOXHBLIMU (PYHKLUMAMYU LaBfeHUs U TemnepaTy-
pbl. Ana Bofbl, Hanpumep, B uHTepBane oT 0 go 4 °C Habnwoaa-
eTCsA aHOManusa: Npu HarpesaHWW MPOUCXOAUT yMeHblUeHne 06b-
ema, T. e. BennumHa (b CTAHOBMTCA OTpULLATE/IbAHON.

L. W. MeHgenees B 1884 1. nNpeffiioXun 04YeHb MPOCTYHO
NPUBANKEHHYIO (DOPMYNY AN HAXOXAEHUA 00bema >XUAKOCTM
Vi npu TemnepaType t, ecnu n3BecTeH ee 06beM Ko npu Temnepa-
Type O °C:

425>

KoahpmumeHT K, pasnmyHblii ANA pasHbIX XUAKOCTeR, MeH-
feneeB Hasgan onpefjenuteneM paclWUpeHUS
Xxumapkoctu. W3 (42.5) cnepyet, 4TO MNMOTHOCTb XWUAKOCTU

P=-TT U3MeHseTCa C TemnepaTypoil Mo 3aKOHY

P/=P00—bl), (42.6)

T. € NWNHERHO yMeHbwaeTca. Mpu /=-£- NAOTHOCTb XUAKOCTM

Mo 3Tol (hopmyne JO/MKHA 06paTUTLCA B HyMb. O4HAKO YXe Mpu
3HauYUTeNbHO 6onee HU3KUX TEMMepaTypax XUAKOCTb Mpespa-
waetcd B ra3. [MOCKOMbKY MAOTHOCTb >KWUAKOCTW OYeHb Maso
MEHAeTCA C W3MEHEHWEeM [aBfieHWs, TO Ha ypaBHeHus (42.5)
n (42.6) cnegyeT CMOTPETb Kak Ha Xopowue nNpubnmxeHus ans
YPaBHEHUA COCTOAHMUA XUAKOCTH.

XapakTep TensoBOro ABMXKEHUS MOMeKyNl B XWUAKOCTU Cy-
LLEeCTBEHHO OT/IMYAETCA OT TEMJIOBOro ABUXXEHUA MONEKYN rasa.
IMOCKOMbKY CpefiHMe pacCTOSAHUA T MEXAY MONEeKynaMu B XWA-
KOCTW 6/M3KM K [0, OTBEYawLlemMy MWHUManbHOMY 3HaueHWto
MOTEHLWNaNbHON 3HEPrUM B3aMMOAENCTBUSA, T. €. PaBHOBECUHD
(cm. puc. 3.2), TO MONeKynbl 60MbLWYK YacTb BPEMEHM Koneb-
NIOTCA OKOMO CBOMX MOMOXeHWi paBHOBecus. B cuny xaoTuu-



litvmn TENIOBOrO ABVXKEHUS CKOPOCTM M aMnaMTyAbl KonebaHwii
(HMY'gHMX MOneKyn pasfiniHbl, U BPeMA OT BPEMEHM COCefHue
Monekynbl pacxogarca Apyr OT Apyra HacTo/bKo, 4TO OTAe/b-
Hbl' MOMeKy/Nbl MEpecKakMBAKT Ha paccTosHMe nopsagka d.
BbinpeBatloT» B HOBbLIX MOJIOXKEHUAX PABHOBECUA W HauyuMHaKOT
«0 N-6UTbCA 0KOMIO HMX. C pOCTOM TemnepaTypbl pacTeT CpefHAs
HIrpi HS TensoBOro ABMXKEHUS, a C Heli M aMNanTyja KonebaHuii
M 4.1 ToTa NEpPeckoKOB MOMeKY/ M3 OLHOr0o MOJIOXEHUA paBHOBe-
I H cocegHme. Tpu 3TOM XXMAKOCTb «paspbixXaseTcsa», T. €.
Mpn HarpeBaHMM ob6bem ee BO3pacTaeT.

YKa3aHHble 0COBEHHOCTM >XWMAKOCTWU, CBOeO6GpasHblii xapak-
1M> TensoBOro ABUXEHUA ee MOMeKyn OBBLACHAIT KayeCTBEHHO
M KONIMYECTBEHHO LeNblii pAj CBOMCTB M XapaKTePUCTUK XUAKOC-
M1 OrpomHble 3aCnyruM B 06/1aCTU CO3JaHMSA TEOPUN XKMUAKOCTEN
H O06bACHEHMA WX CBOWCTB, OOYC/IOBMEHHbIX MOJIEKYNAPHbLIM
CTPOeHuEM, npuHagnexar
MUYK-TCKOMY YUYEHOMY
M 11 ®peHkenwo. HekoTo-
pele Pe3ynbTaTbl €ro wuccne-

WNLWILWIA HO MEXaHW3Mmy [BU-
XEeHus 1 B3aMMOfeicTBUS
Monekyn B >XKMAKOCTU MU
IT onom Tene usnaratTCA B
KIoli n cnepytoweid rnaeax.

MocKoNbKy B XWLKOCTU

t 6nu3sko Kk JI), TO noTeHum-

HUbIIS 3HepPrus B3auMOAei-

rinHa cocegHux  MOJSIEKyN

Om iku K BennuuMHe £/MH

M NOpaXKeHHOW Ha puc. 3.2.

Mpu nnoTHoi ynakoBke MO- Puc. 3.17

NN N KaXpas U3 HUX OKpY-

XeHa 12 6nvxadwmnmm cocegamm (puc. 3.17), v ee noTeHUManb-
ILIH 3HEPrus BHYTPU XXMUAKOCTU NPUONMKEHHO paBHa

= \2Um (42.7)

Tak Kak Cw/ibl B3aWMOEACTBUS MEXAY MOJIEKY/amMy OYeHb
Mbic Ipo y6bIBAOT C PacCTOSAHUEM MeXAY HWMMW, TO npu npubaun-
KEHHOM MOACYETE BENNYMHBLI £/ MOXHO NPaKTUYECKW NpeHe6-
peub W (.LUIMOAEACTBMEM AAHHOW MOMEKY/bl CO BCEMU OCTasbHbl-
MA yuyaNleHHbIMW OT Hee Ha pacCTOsiHWA Gonblue, Yem T, 3a
W K MOYeHMeM Gnumxaiwmx 12,

KuK yKa3biBasioCb B MpefblayLeil rnaBe, Haj NOBEPXHOCTbIO
KNOKOCTU HaxOAMTCA HaCbIWEHHbIA nap. [pu He CAWLLKOM
tti.it<HuMX YyNpyrocTsx HAaCbILEHHOIo napa pacCTOfHUS MeXAy



MOJSIeKYNlaMW B Mape Be/IMKM MO CPAaBHEHWIO C WX AuamMeTpamu,
W nNoTeHUWanbHas 3HEpPrus MOJIEKYbl B Mape MNpPaKTUUYeCKu
paBHa Hy/HO:

U,, ga 0. (42.8)
Mockonbky U,m< 0, To n UMKLO u, cnepoBaTentHO,
nxk< u,, (42.9) '

T € TOTeHUManbHas 3Heprus MOJNeKy/bl BHYTPW >KUAKOCTU
MEHblLe, YeM MOTeHUUanbHas aHeprus Toi e MOoneKy/bl B nape,
Mbl MOXeM 3[eCb MPOBECTW MOMHYK aHanorui C MOTEHLM-
anbHOM 3Heprmein Tena, Ha-

X0Asllerocss Ha MOBEpPXHOC-

T 3eMAN B MOMe TSXKECTH,

W TOTO Xe Tena, Nexallero

B ime (puc. 3.18, a). OTcuH*

TbiBas BbICOTY Z OT YPOBHSA

3eM/IN, MOXHO Hamnucatb,

UTO Ha MOBEPXHOCTU 3eM/N

(r=0) noTeHunanbHas
U 3Heprua Tena Macchl T
paBHa
no o U3=mgz=0,
r aBsame (z< 0)
l U,=mgz < 0,
R 6) W, cnejoBaTesibHO,
nn< wun
Puc. 3.18. N Ha nosepxHoCcTU 3eM-'

NN, W B AMe TeNI0 HaxoauTes
B paBHOBECWMMW Nof AeliCTBMEM MPUNOXKEHHBIX K HEMY cui (Beca
M peakuuu onopsl). OfHaKo, €cnM MOLHUMATL TEN0 U3 AMbl Ha
MOBEPXHOCTb 3eM/IW, TO MPUAETCA COBEpWUTb paboTy npoTMB
CUM TSXKECTU, AeWCTBYIOLWMX Ha 3TOM MNyTU:

&A'= ~ FAz=AU= Un—Un= ){— Usa— | U, |, (42.10)

paBHYK «rny6uHe» noTeHuuanbHoli smbl (puc. 3.18, b).
AHaNorM4yHo MOseKyna, pacnofiodXeHHas BHYTPU XUAKOCTHU,

HaxoAuWTCcA B paBHOBecum c cocefamu. OAHAKO Npu nepexofe

3TOil MONeKynbl B nap Heo6xofuma 3aTpaTa pa6oTbl Ha NpPeojo-
NIEHUE CUM CLEMNNEHMSt ee C OKPYXXaloLWWUMU COCEAsMU:

= ~I/FAz=AU=U-Ux=
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=0 -uxx\uxX« \2\nuwr\ (42.11)

rkfoBaTenbHO, Ha ucnapeHue 1 mons, = e. No monekyn
LKOCTU, HE06X0AWMO 3aTpaTtuTb paboTy

g'=NoA'=No (Un—Ux)"i\2No\U m,\ (42.12)

N NpPecjosieHNne BHYTPEHHUX CUN CUENNEHUS MEXAY Monekysa-

. €. Ha paspbiB CBA3eA MeXAy HUMMW.

MoCKO/IbKY MOMAPHbIA 006BEM >KMAKOCTU MK MEHbLUE, YeMm
MonsipHblli 06beM napa yn, TO NpuM ucnapeHun 6ypeT MPOUCXO-
OUM. pacliMpeHune BeLecTBa, YTO CBA3aHO C fo6aBOYHON pabo-
to(| pacwupeHns MNpoTUB CU/ BHELUHEro AaBieHus

ga=pAv=ptUvn—vJ. (42.13)

Mkum o6pa3om, nonHas paboTa, NPoOM3BOAMMAsA NpPU UCMAPEHUN
| mMons >Xupgkoctu, paBHa

g=q'+qa=N<{Un—i/*)+p,(u,—vVvj. (42.14)

11pn ncnapeHnn XnAKOCTU HEOOXOANMYIO 418 3TOr0 3HEPTUI0
Mo iBoasiT B BUAe Tenna. MNMocKobKy TeMnepaTypa BeLecTsa npu
HAM HE MEHSeTCH, BeMYMHY ( HasblBalOT CKPbITOWM
l<n.loToli mcnapeHusa Hkugkoctun. B 3aBucumoctn ot
toto, Ha Kakoe KO/IMYeCTBO BELLECTBA OHA pPaccyMTbiBaeTCH,
pwnnyaT ( mMonspHoe (A>K/KMOMb) n q yaenbHoe (A>K/KT).
It rko BMAeTb, 4TO

o= UM (42.15)

[ [»  MonekynsipHblii Bec BewecTBa (Kr/KMosb).

BenvuuHel Q', ga © g SBNAKOTCA (PYHKLUAMU TemmnepaTypsbl
IKun,peHuns. Kak Mbl Buge-
M B NpegblayLiein rnaee,
Ill) mepe MoOBbIWEHNA TeM-
nepatypbl pacTeT VM a v,
ybuBaer, " cBolicTBa
XNAKOCTNU N €ee HacCblWeH-
HOl Mapa cénuxatTcs.
Il yBennyeHnem nnoTHoe-
Il HacblWweHHOro napa
paccTtosHue Mexay ero
MO/ickynaMn YMeHbluaer-
CM, MOTeHumanbHaa 3awuep-
Ina 11,,cTaHOBMTCA OT/INY-
HO OT HYNs W CTpeMuTCA
h  Om B kKputnueckoii
l0UKe, T €. NMpU KpUTUYecKoi Temmnepatype [I*



V= V< U U, = NXK (42.K1)

a cnepoBsaTesibHO, B 3TON TOUKe
q'=0, ga=0 m o= o. (42.11)

Tak Kak npu 3TON TemnepaType wucuyesaeT pasHuUa Mexay
XWOKOCTbIO M Napom, To npu 7'=7* ckpbiTaa Tenjota wucnapr
YMeHbLUEHNs TeMNepaTypbl, BO3pacTaeT pasHuLa MexXay CBOMCT*
BaMW W CTPOeEHWeM napa W XMWAKOCTM, a BMecTe C Tcl
BO3pacTaeT W CKpblTad Tennora ucnapeHusa q. Ana npumepa m
puc. 3.19 npuBefeH rpaduk 3aBucumocTein g ot T gna Bogw,
IMYHKTUPOM Ha 3TOM PUCYHKe n3obpa)keHa 3aBUCMMOCTb gaoT /
MockonbkKy ¢ poctom Temnepatypbl p,>T) pacteT, a u,—1,
y6bIBaeT, TO BeMMYMHa (a MMeeT Makcumym. Ha obuwem xoge
M3MEHeHUs BeNUUYUHbI = ('-\-qa c WM3MeHeHMeM TemmnepaTypsl
HasMumMe 3TOro MakCMMyMa He CKasblBaeTCs, TaK KakK npu BeLy
Temnepatypax paboTa nNpeojofieHUs CWUA CUENJEHUS B XUA
KocTM Q' MHOro 6onblwe paboTbl pacliMpeHUs MpoTUB cun

BHELIHero faefieHMa > da lloatomy nofHasa CKpblTas TenoTy
ncrnapeHWs ¢ MOHOTOHHO MafaeT C POCTOM TeMmmnepaTypbl.
Onsa sogbl npy 0 °C ynpyrocTb HacbILWEeHHOro napa COCTHU
naet Bcero 4,6 MM pT. cT. lMpn Takom AaBfeHUM HaCbILEeHHbI
BOASHOW Map ABNSETCA MPaKTUYECKU MAeaNbHbIM ra3oMm, W B HeM
Unw 0. BHYTpeHHAs cKpbiTags Tennota wucnapeHus BoAbl <
cocTtaBnsiet 564 kan/r wwm 564-18 « 10000 kan/monb #A
«4-10 pK/KMonb., W3 (42.12) Torga MOXHO OLEHUTb:

Mpu HanMumMm CBOOGOAHON MOBEPXHOCTU XUAKOCTU OTAE/bHbI?
MONEeKy/bl, ClyyaiiHO ob6najarowme W3ObITKOM KUHETUYECKUIA
aHeprumn, 6yAyT BbipbiBaTbCA HapyXy. XXuAKocTb 6yfeT nocTe
NeHHO ucnapaTbca. CpefHAs 3Heprus MOJEKY/, OCTaBLUUXCSH
BHYTPM XWAKOCTW, MpW 3TOM MNOHMXKAETCH, W XUAKOCTb 6ynn
oXnaxpgaTbCs, eCM K Heil He MOABOAUTCS Tenno u3BHe. Ha atom
OCHOBaHa 3allMTHAA peakuua Hallero opraHusma npu xap!
Boigendwowninics B aToM cay4vae noT mcnapseTcs un oxnaxga<l
Teno. MNogobHoe ncnapuTenbHoe OXNaXjeHue LMPOKO MPUMEHUN'
eTCA B Pas/IMUHbIX 0TpPacnixX TEXHUKWU, HaNpUMep B TaK Ha3biBas
MbIX TpagupHAax.

Mo mepe BO3pacTaHMA ynpyroctu napa, Haxogsuieroca naj
XULAKOCTbIO, BCe 60/bLUEe YNCO0 OTAENbHbIX XaOTUYECKN ABUXKUN
WMXCA Monekyn napa 6yfet nonafaTb Ha MOBEPXHOCTb XXWUAKOW
TM W NPUCOEAUHATLCA K mocnegHei. MMpw

Pit PHac(T) (42-|H;
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| KOpONib MCNapeHnsa XUAKOCTM 1 CKOPOCTb 06paTHON KOHAeHca-
UMM Mapa CPaBHAKTCA U MEXAY XXUAKOCTbO M NapoM YCTaHO-
Wnn guHammuyeckoe paBHoBecue. [anbHelwee
HrMapoHVe XUAKOCTU CTaHeT BO3MOXHbIM, ecin 06pa3oBasLLNii-
IH HemocpeACTBEHHO Haj ee MOBEPXHOCTbIO HACLILLEHHbIA nap
rAyHnTb, OTKa4yMBaTb HAacCOCOM WM KOHAEHCMPOBaTb Ha APYroW,
floice x0noAHOM NOBEPXHOCTH.

Uem Bblle Temnepatypa, TEM Jerye U WHTEHCUBHee WAET
MMMPEHWNE XWUAKOCTU U TeM 6OMblue YMNPYrocTb HacCbILWEHHOMO
napa prd7), Npu KOTOpOW HacTynaeT AMHAMWYecKoe paBHO-
r( He.

Hapsigy ¢ NOBEPXHOCTHbIM UCNApPeHNEM XULKOCTU BO3MOXHO
H 006beMHOe ee ucnapeHue, T. €. WHTEHCMBHOE o06pa3oBaHue
Mn.bIPbKOB Mapa BO BCEM 06beME XWAKOCTU — KuneHune. Ecam
YNPyrocTb HacbIWEHHOrO napa npu faHHoW Temnepatype p,aln)
MrUbINe, YeM BHeLIHee [JaBfeHWe PBELH TO KWNEeHUe HEeBO3MOX-
HO OO6pa3oBaBLINICA CAYYaHO BHYTPM >KUAKOCTU My3bIpek
HacbllWleHHOro napa 6yAeT CXKWMAaTbCA BHEWHUM [JABNEHWEM,
H rak Kak f[aBfeHWe B HEM He MOXET BO3pacTu Bbille PHX,
I0 Mecb Map B HeM CKOHAEeHcupyeTcs 06paTHO B XXMAKOCTb.

YcnoBue HacTynieHUS KUMEHWA

P»ac(7”)=PaHCLLH. (42.19)

MpU BbINOMIHEHNW KOTOPOro obpasytowmecs B 06beme XUAKOCTH
M\ H.ipi.Kn cTaHOBATCA YCTOWYMBLIMU, MOXET OblTb LOCTUTHYTO
OVYMH NyTAMU:

) HarpeBaHWeM >XWAKOCTW [0 Takoi Temnepatypbl T kH,
MpM KOTOPOI YNPYrocTb HAcCbIUEHHOr0 napa CTaHEeT paBHOWA
MUNUHEMY [AaBNEeHWIO. Ycnosue

PHac (T'un) = PeHaLH (42.20)
nupe K.laeT Torga TemMnepatypy KuneHus TKH1B 3aBUCMMOCTM OT
NMNENHKTO ,ﬂ,aBﬂeHVlﬂ;

") MOHMXEHWEM BHELIHEro AaBneHus 40 BeWYUHbI YNpyroc-
M HacbllWEHHOro napa nNpu AaHHOW Temnepatype. Ecnm Bopa
ml 'wres B 3aKpbITOM COCyfe, TO, YMEHbLINB AaB/iEHNE BO3AY-
M nal Bogoii go 17,5 MM pT. CT., MOXHO 3acTaBuMTb BOAY
MMiue1, Npu Temnepatype 20 °C Bmecto 100 °C npu atmoc-
lu pHum gaBneHun. Ha BeplinHe dnbbpyca ( ~ 5000 ™) gasne-
u»  mnwpgyxa cocrtasnger ~0,5 aTM v Boga 3akunaeTr npu
lamneparype 82 °C.

llpakwyeckn o6pa3oBaHMe MNy3bIpbKOB B IKWUAKOCTM He-
wee. (eM. $ 43 un 44). n TpebyeT He6OMbLIOIO Meperpesa Bbllle
" Mueparypbl, onpegensieMoin un3 ypaBHeHus (42.20). Takoi



neperpes Bcerga MMeeT MecTo y 60/ee ropsiumMx CTEHOK cocypa,
B KOTOPOM MPOMCXOAMT KWUMEHWUE XUAKOCTU. [03TOMY My3blpbKy
napa B MepByl OYepeab 06pa3ytdTCs Ha CTEHKaX W Ha AHe
noAorpeBaemMoro cocyfa ¢ XWAKOCTbHO.

8 43. T10BEPXHOCTHOE HaTAXEHUE XUAKOCTU

XngkocTtun, Tak Xe Kak v TBepable Tena, obnagaT 60/bwWoi
00BLEMHON YyNpPyrocTbo, T. €. CONPOTUBAAOTCA U3MEHEHUIO CBOE-
ro o6bema, Ho, Kak W rasbl, He 06/71a4at0T YNPYrocTbio (opMmbl.
XwngkocTb, HanuTas B COCYA, 3arnofHAeT €ero W MpuHUMaeT
thopmy cocypga. [leficTBue Cuibl TSHXXECTU NPUKMMAET XULKOCTb
KO AHY cocyfa, a cB0O60AHAasA MOBEPXHOCTb XWAKOCTU yCTaHaB-
NWBAETCA FOpPM30HTanbHO. Haf MOBEPXHOCTbIO XMAKOCTU Haxo-
OATCA HACbIWEHHbIA Nap U rasoobpasHblii Bo3gyx. Takum obpa-
30M, 0O6BEM >XXWAKOCTM 0Ka3biBAeTCA OrpaHUYEHHbIM CTEHKamu
cocyga v rasom. lpu 3TOM YCNOBMSA, B KOTOPbIX MONEKY/bI
XUAKOCTU HaxoAATCHA Ha rpaHmuax pasgena, 6yayT oTaMyatbes
OT YC/M0BMIA BHYTPM 06bEMA XWUAKOCTM.

Puc- 3.20. Puc. 3.21.

PaccMoTpuM nepBoHayanbHO MOJIEKY/bl, HaxoAdAwuecs B
MOBEPXHOCTHOM C/l0€ CBOGOAHOWM MOBEPXHOCTU >XWMAKOCTU, T. e.
Ha rpaHuLle XuAKocTb — ra3. Jlerko noHaTtb (puc. 3.20), uTo
Takas MOfieKyna WMMeeT B CpefHeM TONbKO LWecTb 6avmkailimx
cocefeit, a He 12. MoaTomMy ee NoTeHUManbHasa aHeprua npumep-
HO paBHa

~os ~  6{/MLL (43.1)
M Bbllle, YeM MOTEHLWANbHAA 3HEPrusa TOM Xe MOJIEKY/bl BHYTPU
xugkoctu, 1Dk 126YMN, (Tak Kak < 0, cm, puc. 3.21).

|_|03TOMy anga n3sfie4eHMAa MOJIEKY/bl U3HYTPU XWUAKOCTU Ha €ee
CBO60,EI'Hy}O MOBEPXHOCTb HaAO 3aTpPpaTUTb BHELWHIOHO pa60Ty



M- 1,0.- ibk « 6UmMU-12U ,,im= —6t/Hil= 6] t/NH|. (43.2)

11pn o6paTHOM Mepexofe MOMEKY/bl U3 MOBEPXHOCTHOMO C/0s
XWOKOCTU BHYTPb 06bema ee noOTeHUManbHas 3Heprusa Oypget
YMeHbLUATLCA Ha TY Xe Bennunny x 6 | UMn|. Kak Teno B none
TXCCTWM CTPEMWUTCA 3aHATb HaWHW3LIEee MOMOXeHWe C HauMeHb-
LUe NOTeHUMaNbHOM 3Hepruein (ecnu emy B 3TOM He MPenATCTBY-
0T Apyrue cunbl), TaK U MOJeKynbl, Haxogslwmeca Ha cBoboj-
HOW MOBEPXHOCTU XMWAKOCTKW, 6yAyT CTPEMUTLCA MEPerTU BHYTPb
ee 06beMa. lMOCKONbKY 4MCNO MOMEKYN Ha MOBEPXHOCTU XUA-
KOCTM MPONOPLMOHANbHO BeNYMHe CBOOOLHOWN MOBEPXHOCTM, TO
CTPeMNeHne MOMEKY/N MOBEPXHOCTU BTAHYTbCA BHYTPb 06bema
XUAKOCTU 03HavaeT, ApYrumu cnoBamu, CTPeMSIEHME COKPaTUThb
CBOOOAHYIO MOBEPXHOCTb XWUAKOCTMK.

Takum 06pa3om, Mbl NPUXOAWM K BblBOLY, NMOATBEPXKAAEMO-
My Ha OMblTe, YTO >KMAKOCTb NOJ AeACTBWEM BHYTPEHHUX CUA
CTPEMATCH YMEHbLUMTL CBOK CBOGOAHYH MOBEPXHOCTb, €CIN eil
B 9TOM He MNPenaTCTBYIT Kakue-nnb6o cunbl. N pfelicTBUTENLHO,
€C/N, KakK B M3BECTHOM onbiTe lMnaTo, CKOMNEHCUpPOBaTb AelCT-
BME CWUNbl TSHXKECTU, TO XMAKOCTb NpuMeT opmy Lapa, Tak Kak
wap o6n1afgaeT HaMMeHbLUed MOBEPXHOCTbIO NpW  3ajaHHOM
obbeme.

MoTeHUManbHas sHeprusa >XXWAKOCTM B NOME TAXECTUM Npo-
nopuMoHanbHa ee macce, T. €. MOJAHOMY uucny mMonekyn N wmm
o6bemy xugkoctm V. W306bITOYHAs MOTeHUManbHas 3Heprus
MOBEPXHOCTHBIX MOJIEKY/ XWUAKOCTU NPONOPLUOHaNbHA MOBEPX-

HOCTM >Xunpakoctn 5. OTHOWEHMe NPONOPUNOHANbHO NUHENR-

HbIM pasmepaMm Tefla M pacTeT C YBe/MYEHWEM ero o6bema
M Macchl.
Ons  6ONblUMX  Macc  XWAKOCTM

(— BennKo! ) OCHOBHYH pOfb UFpaeT He

NMoBEPXHOCTHas 3Heprua (~S), a b ¢
3Heprus B nofie TAXecTn («o6bemHas»

3Heprus, ~ V). XunugkocTb, HanuTas B

cocys, MPUHMMAET Takyw (opmy, npu a d
KOTOpOI LEHTP ee MacCbl MMeeT HaMHU3- Ax' < /

lee MOMOXeHWe, PTyTb, HanuTas B
MOCKMWIA cocyf, pacTekaeTcs Mo ero gHy.
B TO Xe Bpems MajeHbkas Kanefibka
PTYTW MPUHUMAET (HOpPMY LIApuKa: ee
MoTeHUMaNbHas 3HepPrus B Moje TAroTe-
HUS TakKXe yMeHbliunacb 6bl npu pac-
TeKaHUU Mo CTOJY, HO 34€eCb NpeBanupy-
OLYI0  ponb  UrpaeT  3Hepruss CcBOGOAHOM  MOBEPXHOCTU

Puc. 3.22.
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A-j- mano A Cnnwowmeas KanesnbKy PTYTW, Mbl NPOU3BOAUM

paboTy, 3aTpayMBaeMyt0 Ha «BbITATMBAaHWE» HOBbIX MOJIEKY/ M
obbema Ha ee NOBEPXHOCTb (BO3pacTalWy npu CRAAKOWM-
BaHUN).

BnvsHne «MOBEPXHOCTHOW» 3HEPrMM CYLECTBEHHO TaKXe
LN TOHKUX XXUAKUX TMIEHOK.

Bo3bMeM NpoOBOMIOYHbLIN KapKac C MOABMXHbIM pebpom, n30*
OpaXXeHHbIN Ha puc. 3.22, 1 OKYHEM ero B MblIbHYH Bogy. [Mpwu
OCTOPOXXHOM W3B/IEYEHNN KapKaca M3 pacTBOpa B HEM OCTaHeTCs
HaTAHYTOM TOHYailwwas MblnbHaA nneHka. lMepeaBuHem Tenepb
HKHEe MNOABMKHOE pebpo Ha HEKOTopoe paccTosiHne AX, Kak
3TO MOKas3aHO Ha puc. 3.22 NyHKTUpOM. [pu 3TOM CAOi Xupkoc-
TW Ha Kapkace pacTAHeTCA W HeCKO/NbKO YTOHYMTCH, a ero
NnoNHas MOBEPXHOCTb (C 06enmx CTOPOH KapKaca) yBennmumTcs Ha

AS = 21 Ax. (43.3)

Ecnn 0603HaunTh 4Yepe3 N0 4ymcno MONEKys, 3amOHAKLINX
eAVHULY nfowafn MOBEPXHOCTW TMJEHKW, TO Npu TakoM ee
pacTskeHuu NOAS Monekyn nepeigyT u3 o6bema XMAKOrO cnos
Ha ero noBepxHOCTb. [MOCKOMbKY W3BMEYEHWe OAHOW MOMeKy/bl
Ha CBOGOAHYIO MOBEPXHOCTb CBA3@HO C YyBENIMYEHWEM ee MOTEeH-
umanbHoit 3Heprmm Ha « 6 \UMH, To gns pacTsKeHUs MblIbHOM
MMEHKN MpuAeTcs 3aTpaTUTb BHELWHIOW paboTy

AA = 6 1£/wH nOAS = aAS. (43.4)

BennunHa a x 6 )UH)\n0 HasbiBaeTcs Koadhduuym-
EHTOM MNOBEPXHOCTHOTFO HAaTHAXEHMUA, WM nNpoc-
TO MNOBEPXHOCTHBIM HaTAXeHWUEM  [aHHON XWpg-
koctn. N3 (43.4) BbITEKaeT, 4To

“zme& o <435»
ma=AA npm AS=1. CnepoBaTenbHO, KO3(h(ULMEHT nosepx-
HOCTHOIO HATS>KEHNUS @ YMCNEHHO paBeH paboTe, KOTOPYI0 Hy>K-
HO 3aTPaTWTL ANA YBEANYEHUA MOBEPXHOCTU XKUOKOCTU Ha efu-
Huuy nnowagu. B cucteme CIC BennymHa a uW3MepseTcs B
apricm2 B CU — B mpK/M2

OTnycTMM NOABMXHOe pebpo paccmaTpuBaeMoro Kapkaca
W fagum emy BO3BPaTUTbCA B WCXOAHOe MNOMOXeHue. Torga
MOMIEKY/bl, BbIWEeALINe HA MOBEPXHOCTb, BepHYTCA 06paTHo
BHYTPb >XWAKOCTU W BHYTPEHHME CWAbl CLENJEeHWA cosepLuar
TOYHO Takyl e paboTy AA = aAS. MuKpockonuyeckas KapTu-
Ha cun, OelCTBYIOLMUX Ha KaXAYK OTAENbHYH MOMeKyny, npu
TakOM rnepemelleHUn OyfLeT BecbMa CAOXHOW W 3anyTaHHONA.
MakpocKonnyeckn 3TO NPOSABUTCA B TOM, 4YTO Ha CBO6OLHOe
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Kapkaca [elcTBYeT MO BCEA IMHUM CONPUKOCHOBEHUS €ro

t NOBEPXHOCTbIO XUAKOCTU (ANUHOW 21) pe3ynbTupytolas cuna

/ HasblBaemMas CuUNOM MOBEPXHOCTHOTO

Mit | 9K € HUW S XNUAKOCTU. DTa CMNa HanpaBAeHa KacaTesbHO

NNOBEPXHOCTN XUAKOCTU U NEpreHANKYNspHa K KOHTypy, orpa-

HUYMBAIOLLEMY MOBEPXHOCTb XWUAKOCTW, T. €. B JAHHOM Cllyyae

K MWWKY COMPUKOCHOBEHWS MOBEPXHOCTU XWUAKOCTU C N06bIM
[HCI'HM kapkaca, B TOM 4YMCNe W MOABUXHbIM.

Mpy nepemelleHUU MOABMXXHOTO pebpa Kapkaca Ha Benn4u-

Ha \* /ra cuna NMOBEPXHOCTHOrO HaTAXeHUs CoBeplUaeT paboTy

AA = F Ax. (43.6)

CpaBHMBaA nofyyeHHble ABa BbipaXeHua (43.4) un (43.6) ans
pu/lorbl n yuutbiBas (43.3), Halgem:

a-21 Ax=F Ax,
01 Kyfa
«=-£-, (43.7)

Nt a=F npn 21=1. dopmyna (43.7) paeT Ham BTOpOe
onpefeneHve Ko3appuumeHTa MOBEPXHOCTHOIO HaTXXeHUs (Bbl-
bK.Mouiee U3 nepBoro): Ko3huuMEHT MNOBEPXHOCTHOrO HaTH-
* FHUH YMCNEHHO paBeH Cuie MOBEPXHOCTHOrO HaTs>KEeHUs, JeiicT-
nUMYLen Ha eauHULY AAWHBI KOHTYpa, OrpaHuyuBaioLLero no-
T/nHOoCTb. B cucteme CIC oH wusMmepsieTca B AWUH/CM (4TO
nuwngaetr ¢ NpeAbligylwiMm  onpejeneHneM, Tak  Kak
Y auH-cm), B CN — B H/M.

Kngenum MbICNeHHO Ha MOBEPXHOCTM XUAKOCTW MNoWwanky,
in p.WKnYeHHy0 KoHTypom I (puc. 3.23). Monekynbl cTpeMaTcs
YHIM  BHYTPb >KMAKOCTU C MOBEPXHOCTW 3TOW MAOWagku, a
W.NLW bl fKa— COKpaTuTbCA. [1OCKONMbKY MMIEHKa HaxoguTcsa B
PUMMOBECUMN, 3HAYUT, HA Hee CO CTOPOHbl OCTaNbHON MOBEPXHOC-
Il peicTBYOT MaKpOCKOMMYECcKMe pacTarusarwlme cuibl, Tak
W' K KQXLO0MY 3/IEMEHTY KOHTypa J1/ npuioXeHa cuna nosepx-
iNK IKOro HatsxeHus

FA= aAl. (43.8)

¥*.H muTbiBanocbL Bbiwe, cuia AF nepneHAUKynspHa K 3fieMeH-
i\ KOHTypa Al 1 neXuT B NJOCKOCTM, KacaTelbHON K MOBEPXHO-
in Hi (43.4) cnepyet, 4To a npeacTaBnseT co6oii M36bITOY-
Ha 10 NMOTEHUMANIbHYIO 3HEepruio eAuHMLbLI MaowanM NnoBepxHOCTU
X wmiCr. Tpu nepexofe MOJSIEKYN C MOBEPXHOCTU >XULKOCTU
inivi pi, 1 obpaTHO MW3MeHAeTCA W KUHETUYecKad IHeprma wux
XUMMNYeCKOro TensnoBoro AswXeHud. CnepoBaTenbHO, 6bICTPO
| umelowancd nneHka 6yfeT HarpesatbCs, a ObICTPO pacTAru-
W.NHW/Mes MNeHKa — oxflaxaatbesd. [103TOMY COOTHOLLEHUA

229



(43.5) wn (43.7), cTporo rosops, ABNAKTCA CNpaBef/IMBLIMU

AVWb NPU OCTATOYHO MEANEHHbIX M30TEPMUYECKMX MNpOLeccax.

BennunHa a, BX0A4fllas B 3TU BbipaXXeHWs, HOCUT Ha3BaHue

cB0O6GOLHOW 3HEPrMu efuHWLBL NAowWwagwu no-

BEPXHOCTH.

Ocobble cBOWCTBA MOBEPXHOCT-

HOro CN0A W Hanuyue B HEM CWA

[ 111 .]]Y, noBEpXHOCTHOro HaTsXeHuWs o06yc-

NOBNMBAKOT Uenblii psag cBoeobpas-

HbIX ABNEHUA. EcAn OCTOPOXHO Mo-

NOXUTb Ha MOBEPXHOCTb XWUAKOCTK

CTaNbHYI0 WFOAKY WA ne3sue 6e3-

onacHoi 6puTBbI, TO NOJ AeCTBMEM

ee Beca NOBEPXHOCTb B 3TOM MecTe

""im m n f «nporHetca» (puc. 3.24). Mpu atom

naowagb NOBEPXHOCTU BO3pacTeT U

CUMbl MOBEPXHOCTHOIO HATSHXKEHUA

He JajyT Teny onycKaTbCA panee.

Ecnn nneHka XMAKOCTU HaTAHyTa

Ha NPOBOMIOYHBIA Kapkac, M306paxKeHHbI Ha puc. 3.25, a, HoO

HUTb abc, NPUKpenneHHas K KapKacy, IeXWUT Ha MoBepxXHOCTU

MAeHKN cBo6OAHO. ECAM >Xe HMXHIOW MOMOBUHY MNAEHKW Mpo-

TKHYTb, TO OCTaBLUAsACA BEPXHAS ee M0M0BMHA GyAeT CTPEMUTLCS
CXaTbCA U HaTAHET HUTb, KaK 3TO Noka3aHo Ha puc. 3.25, 0.

Puc. 3.23.

Puc- 3.24. Puc. 3.25.

Ecnu paBneHue rasa WM napa Haj CcBOGOAHOM MoBepx-
HOCTbIO XXUMAKOCTM Majo MpeBbillaeT aTMOCHEPHOe, TO ras MOX-
HO cuMTaTb MAeaNbHbBIM ra3oM W npeHeGperaTb ero B3auMopei-
CTBMEM C MOJIEKY/laMi MOBEPXHOCTHOTO CN0s XUAKOCTW. Mo3aTo-
My MpU HW3KUX LaBNEHUSX MOBEPXHOCTHOE HATSXEHWE XUKOC-
TU NPaKTUYECKN He 3aBUCUT OT AaBMIEHWS rasa Haf XXUAKOCTbHO.

C pocTOM TemnepaTypbl B3aUMOAECTBME MONEKYN XULKOCTU
HECKO/IbKO 0cnabnsetcs, TaK Kak Mpu YBENYEHUU KUHETUYEC-
KOV 3HEpPrun MOSEKYN XUAKOCTb «pPaspbIXsieTcsa» W cpeaHee
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[MO rosHVe Mexay Monekynamu Bo3pactaeT. [M03TOMy C yBenu-
YeHVeM TemnepaTypbl Be/iM4MHA a [O0/HKHA YMeHbLIaThCs.
It him >xe HanpaBneHWW AOMKHO LeiiCTBOBaTb W BO3pacTaHue
LLUH O MOCTM HACbILWEHHOro napa C MOBbILWEHWEM TeMMepaTypsbl.
U>n npmbnumxkeHnn T U TK cBOCTBa Mapa npubamxaroTcs
Kivoncteam XMAKOCTU U YCNOBUS B3aMMOAENCTBUA, B KOTOPbIX
MnyogaTcs Monekynbl MOBEPXHOCTHOrO CNOfA, MepectalT npak-
TVIM«IKN OTANYaTbCA OT YCNOBWUIA BHYTPU XXUAKOCTW.

Moatomy npu T= TK, B KPUTUYECKOI TOUKE, NMOBEPXHOCTHOE
H,M |>HeHne >KMAKOCTU a [0MKHO obpaliaThCs B HY/b.

ILi 3TOT (hakT, Kak y)Xe ynomumHanocb B NpefblayLieii rnaee,
eMUpHbIE yKazan . WN. MeHgenees B 1860 r. Ana 60/bLINH-
«iii.i XUAKOCTel MOBEPXHOCTHOE HATSKeHVe NajaeT C Temnepa-
WO NPaKTUYECKN NIMHEAHO NO 3aKOHY

a/=ao(1—at). (43.9)
Hi (43.9) cneayet, uto a= 0 npu t =  CnefosaTentHO,

I, ecTb KpuTMueckas Temmnepatrypa [aHHOW >XWAKOCTU, W
I114) moxHO npeobpa3oBaTb K BUAY

al=ccO1—j~y (43.10)

(0 cMx mop Mbl UCXOAWNIW, B MEPBOM MNPUBAMXKEHUU, W3
npefnoNoXeHna, 4To nobas Monekyna B3aMMOAEACTBYeT NULLb
*0 *Hoummn Gnwxariwmmu 12 cocegamu. CTporo rosops, 37O,
MLWTYHO, He Tak. Moneky/bl B3aMMOZENAcT-

MVM1 M Ha BONbLWINX PacCTOAHUAX, HO CU-
Nbl  B3aMMOAENCTBUA ObICTPO YyObIBAKOT.
" 1 nokasbiBaeT fieTalibHOe PacCMOTpeHune
»w(l 3agaun, 3Heprus B3auMOAeincTBuA
MeXAy [BYyMf MojieKynamm C pocTtom T

y/IbIn.MT  KaK Pa3genMs MbICNIEHHO

XH ikocTb, OKpPY>XalLWy MONEKYNY, Ha

KOHLEHTPUYECKNE CMIOM OfMHaKOBOWN Ton- Puc. 3.26.
LWHMbI. KaK 3TO MOKa3aHo Ha puc. 3.26, Mbl

HV «MM. 4YTO 4YMC/I0 MOJIEKY/l B KaK4OM

iiviviluyio wem C/I0€ BO3pacTaeT Kak r2 CneposaTtefibHO, 3Hep-
[HAW MMWMOAENCTBUS MOMEKYN C KaXAblM KOHLEHTPUYECKMM
......... N3MEHSIETCA C PacCTOSIHMEM CN0Si OT LeHTpasbHON Mone-

| n! nponopuuoHanbHO T. €. BCE elle 04YeHb GbICT-

1" 11|MKrHYecKn C JaHHON MONEKYNOA BHYTPWU XWAKOCTW B3ali-
Mbl K MeLlyeT TO/IbKO OTHOCUTE/IbHO HebO0/bLoe YUCIO0 MOJEKYII.



Mo3TOMYy MOSIHYIO 3HEPruio Mo60l MONEKYbl BHYTPU XUAKOCTH

MOXHO NPaKTUYeCKW cuUTaTb He 3aBucAlleil oT obbema Xup-
KOCTW.

OfjHaKo, ecnu cnoi XNAKOCTU J0CTaTOYHO TOHOK, TO 3Heprus

MO/ieKyn 6Yy[eT 3aBUCETb YXKe OT ero To/WmnHbl. 3TO 06CTOATE Nb-

CTBO OKa3blBaeTcs 0CO6EHHO

CYLLECTBEHHbLIM MPU HaIUYnK

B XMWOKOCTWM pPacTBOPEHHbIX

MOHOB (AMCCOUMMPOBABLIMNX

NMoHHbIX mosiekyn Tuna NacCl

w 4p.), B3aumopeiicTeue

MeXxJay KOTopbiMK Yy6blBaeT

3HAYNTENbHO Me[1eHHee,

YyeM MO 3aKOHYy Lr-.

PaccmoTpum TOHKYIO
NAeHKy Xuakoctn  (puc.
3.27), ToOMWMHA KOTOPO/
Puc. 3.27. CpaBHUMA C «3((PEKTUBHBIM
paguycoMm fAeicTeus» R MoO-
NeKynspHbIX cun (rge R — paccTosiHMe Ha KOTOPOM MOJIeKYynsap-
Hble CW/bl CTAHOBATCA MNpeHebpexxmmo manbl). [pu ToNLUHe
naeHkKn h\ > 2R monekyna A 6yaeT obnajatb Takoi >Xe NOTeH-
LMancHOM aHepruen, Kak v nob6as Monekyna BHYTPU XXUAKOCTH.
Mpu ToNWMHE Xe NAeHKU ho mMo-
nekyna A 6yaeT B3aMMOfelcTBO-
BaTb C MEHbLIUM YMC/IOM MOse-
Kyn (B 06nactM, OTMeYEHHOI
MpOCTOM LUITPUXOBKON), T. €. ee
3Heprus O6ypet 6onblie, YeM B
cnyyaeh\ (cnefyeT MOMHWTb, 4TO
U < 0 u ymeHbleHune [t/| 03Ha-
yaeT BO3pacTaHue 3aHepruwm!).
Mpu TONWMHe /r3 NnoTeHLManbHas
3Heprma Monekyn 6yget ewe
6onblue, 3HAYNTENIbHO MPEBbILLAS
NOTeHUManbHY0 3HEprui Mose- Puc. 3.28.
KyNbl Ha MOBEPXHOCTWM TOACTOrO
cnoa magkoctu. Kak BmagHo wu3 puc. 3.28, B c/iyyae MJEHKK
OYeHb Masioll TOAWMHBI h 0TnajaeT 3HEPrusa B3aMMOLElCTBUSA
(oTpuuatenbHaal!) ¢ monekynamu, nexawumm B peiKo LITPUXO-
BaHHO 06nactn. Mpu 3TOM 3HEPrusa BCexX MOMEKY/, KaK Haxogs-
LLMXCA Ha MOBEPXHOCTW MJIEHKW, TaK W BHYTPU Hee, NPUMEPHO
OfMHaKOBa, MPEBbILIAA 3HEPTrUD MOJEKY/bl He TOMbKO BHYTpPW
XUAKOCTW, HO M Ha MOBEPXHOCTM TOACTOrO CNOA XWUAKOCTMW.
YMeHblUEHNe 3HepruM 3TUX MOJIEKYN, a 3HauuT, U BCen
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LU T wwmLw bm

XWLKOCTU B LIEJIOM BO3MOXHO, C/lefloBaTe/lbHO, 3a CYeT YyBe/u-
YEHWNA TOMWMHBI MNeHKU. CTpemyieHWe K YBE/IMYEHWUIO TOJLUHBI
MNeHKN BbIPaXaeTCcs B MNOABAEHMM [06aBOYHOrO fAaBfieHUA B
nneHke. 3T0 U36LITOYHOE AaBneHne 6bI10 06HAPYXEHO U U3yye-
Ho b. B. [JepAruHoiM ©“ Ha3BaHO pacK/AVWHUBAKWWUM
fJaBneHuemMm. OHO CTaHOBMTCA OCOGEHHO 3aMeTHbIM Npu
HaMuuy B XXMAKOCTM MOHOB, B3aMMOLENCTBME MEXAY KOTOPbIMU
y6blBaeT 3HaAUYNTENbHO MeAJIEHHee, YeM Mo 3aKOHY 1/ 6, cnpaBea-
NUBOMY AN HEWTpanbHbIX MOMEKYN. Hannume packnnHuBatoLle-
ro faBfeHWs BO MHOIMX CAy4vasx OO6DBACHAET BaXHbli (akT
YCTOWUYMBOCTY KOMMOUAHBIX W AUCMEPCHbIX cucTem. Ha puc. 3.29
nokasaHa Cxema, 06bACHANOLLAA, KaK pacKInHuWBalolee faBe-
HWe NPenATCTBYeT CAUNAHUIO MYy3blPbKOB rasa BHYTPU XWUAKOCTU
npu CONMXKEHWM KX Ha OYeHb Masble PacCTOSHUA.

Mo-BngmMmMomMy, 3TO pack/lMHMBaAKOLLEE AaB/eHWe uUrpaet Cy-
WEeCTBEHHYIO poSib B OTKpbITOM [1. A. PebuHgepom addexTe
obnerueHua pedopmupoBaHus U Mexa-
HUYECKOro paspyLleHns TBEPAbIX Ten
npu BO34elCTBUN pacTsopos —
NnoHW3MTeNel TBEPALOCTMH.
MpoHunkasa, Hanpumep, B MWUKPOCKOMU-
YyecKume TpewuHbl B NOpPOJe U OKa3biBas
packnnHWBaloLLee faBfeHne Ha UX CTeH-
K1, NOJOGHbIE >XWAKOCTWM o0b6neryawT
paspyleHue TOpHbIX Mnopog npu 6ype-
HUN.

Kpome Temnepatypbl W TOAWWHB ——
CN0fA, Ha BENNYUHY MOBEPXHOCTHOrO Ha-
TAXEHNA XUIKOCTU CYLLEeCTBEHHO BNMA- Puc. 3.29.
0T pacTBOPEHHble B MOCNeAHelr, faxke
B MajblX KO/iMyecTBax, npumecu. Ecnm sHeprua B3anmogeincTams
MO/IEKY bl PaCTBOPEHHOrO BeLecTBa C MONEKY/noi pacTBopuTe-
nsa )EX*,,.! MeHblle 3Heprum B3aMMOAENCTBUS MOMEeKyn pacTBO-
putens \UMH mexay co6oii, To npun BbIXOAe PacTBOPEHHO
MO/IEKY bl HA MOBEPXHOCTb W BbITECHEHWUW €0 OAHOW MOJeKynbl
pacTBOpPUTENA U3 MOBEPXHOCTU B 0O6BEM XMAKOCTWU OYyfeT Bblie-
NATLCA 3HEeprus

AW* ga 6\UU -6 )U \J > 0. (43.11)

Tak kak AW* > 0, TO pacTBOPEHHble MOJeKy/bl GYAyT BbiTeC-
HATbCA Ha TMOBEPXHOCTb >KMAKOCTM W OAHOBPEMEHHO GyayT
MOHMXAaTb MOBEPXHOCTHOE HATS)KEHWEe pacTBopa.

Takue BellecTBa HOCAT Ha3BaHMe MOBEPXHOCTHO -
AKTUBHbBIX BELWECTB M0 OTHOLEHW K LAHHON XWAKO-
cTu. MpoCTelluMMN MOBEPXHOCTHO-AaKTUBHLIMW BELLECTBAMU MO
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OTHOLUEHWUIO K BOAE SBAAKOTCA CNUPTbl, XWPHble KUCNOTbl WU UX
conn (Mblna). B pacnnaBneHHbIX MeTannax Mogo6HbIMKM MO-
BEPXHOCTHO-aKTMBHbIMW  BELLECTBaMMW, KOHLEHTPUPYHLWMMUCS
Ha NOBEpPXHOCTW pacnnaBa, ABAAKTCA 06bIYHO GO/ee nerkonas-
Kne npuMecH.

Ecnm XnMAKOCTb HaxogmTca B cocyfe, TO, Kpome CBOGOAHOM
MOBEPXHOCTYU, CYLLECTBYeT elle rpaHuua pasgena Mexagy Xuj-
KOCTbIO M TBEPAbIM TENOM — CTEHKaMu cocyga. Monekynbl XUa-
KOCTM, COMpuKacarmLmecs CO CTEHKOW cocyfda, B3aMMOfelcTBYy-
I0OT CO CBOMMU OGAMKAMLWIMMK COCEAAMM KaK >XWAKOCTW, Tak
1 TBEPLOrO Tena. JHeprusa Takoro B3anMoAeincTBUA NPUBAKEH-
HO paBHa

YIr=6\n:ih+ 6\umn, (43.12)

roe {Y,Hl— 3Heprus B3auMOAENCTBUS MOJIEKY/IbI KUAKOCTM
C MOJeKyfoii TBEPAOro Tena.

Mpn nepexoge TakKoi MOMEKYNbl K3 MOrPaHUYHOro Cfos
B 06BbEM XMAKOCTU 6yAeT BbILENATbCH 3HEPrus

NVT7=1T-12 | W= 6{{/mu-1 1, }. (43.13)
Ecnn MoOieKyna XUAKOCTU CU/IbHEE B3a|/IMO,CI|EI7ICTByET C MO-

nekynamun TBeppaoro tena, Yem € MoJeKynamu TOM Xe XNAKOCTH,
TO

n AW>0.

B atom cnyvyae XWAKOCTb
O6yneT CTpeMUTbCS YBeu-
YNTb MOBEPXHOCTb COMpU-
KOCHOBEHMA C TBEPAbIM Te-
IOM UK pacTeybcsa No no-
cnegHemy. [lpuHAaTO ro-
BOPUTb, 4YTO B  3TOM
cNnyyae >XMAKOCTb C M a -
yneaeT TBEpAoe Teno.
Tak, BOoJa CMauyumBaeT CTekno. EcnAM NOMECTUTb ManeHbKylo
Kanaw BOAbl Ha MOBEPXHOCTb CTEKMAHHOW MIacTUHKW, TO BOfa
b6yneT pacTekaTbCs MO CTEKNy, Kak 37O mokasaHo Ha pwuc. 3.30.
Mpn Takom pacTekaHWW, OfHaKo, ByneT O4HOBPEMEHHO BO3pac-
TaTb W CBOOOAHAA MOBEPXHOCTb Kamniu, Ha 4YTO Heobxofguma
3aTparta sHepruu. Mpouecc pacTekaHus XXUAKOCTU MpekpaTuTcs,
kKorga yron 0 mexpgy CBOGOAHON MNOBEPXHOCTHHD XXMAKOCTW K
TBepAbIM TefIoOM cAefaeTcsd AOCTaTOYHO ManbiM, JOCTUTHYB HEKO-
TOpPOro npefefnbHOro 3HavyeHuMsa 0K xapakTepHOro Agns AaHHOWA
napbl XWAKOCTb — TBEPAO0E TeNI0 U HA3blBAEMOrO KpaeBbl M
yrnom. [Ansg XuAKOCTW, CMayYuBatoLlLeil JaHHYI MOBEPXHOCTb,
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KpaeBoil yron 0K— ocTpblii I TeM MeHbLIE, Yem nydule

CMayuMBaHMe.

[ONna o4yeHb XOPOLIO CMayMBaKLUX XUAKOCTEN, Kak, Hanpu-
Mep, AnA KoMOuHauMmM BOJA — CTEKN0, MOXHO MNPaKTUYeCcKu
cyntath OKKO.

Ecom 1f/U dtf'J, To AW < 0 u xugkoctb byger cTpe-
MUTBCS COKPaTWUTb MOBEPXHOCTb COMPUKOCHOBEHWS C TBEPAbIM
Tenom. [puMepoM TakKol HecMauywuBatlUWein XKULKOCTU
ABNSETCA NO OTHOLWEHWUIO K CTeKNy pTyTb. Kanna pTytu, nome-
WEeHHaA Ha CTeKNSHHYK MAAaCTUHKY, CTATMBAaeTCA U NPUHUMAET
BUA, W300paxeHHbIW Ha puc. 3.31. KpaeBoil yron gna Takux

HecMaumBaloLWmMX XUAKOCTeR — Tynon ~-|-<:0k<n”.

Ha npmBegeHHbIX Npumepax Mbl BbIACHU/N, YTO O4HO U TO Xe
TBepAoe Teno (CTEK/I0) MOXET CMayMBaTbCA OLHOWN XMAKOCTbHO
(BOgoOI) n He cmaumBaTbCa gpyroi (pTyTeto). C Apyroi crtopo-
Hbl, OfHA W Ta XX€ XMWAKOCTb (Hampumep PTYTb) MOXeT He
cMayuBaTb OfHY TBEPAYI MNOBEPXHOCTb (CTEKNO) M CMauuMBaThb
APYTyto  (LMHK).

MoBEPXHOCTHO-aKTUBHbIE BelLecTBa, PACTBOPEHHbIE B XWU/A-
KOCTW, MOTYT KOHLEHTPMPOBATbCA Ha rpaHuue pasgena v no-
KpblBaTb TOHYaiweli, MOHOMOMEKYNAPHOW NAEHKON (MeHKOM,
COCTOSLLE M3 OQHOrO C/ios Mone-

Kyn) MOBEPXHOCTb TBEpAOro Te-

na. B Takmx cnyvasx MpUHATO

roBOpUTb, uTo BeLLecTBo
apcopbupyeTrcsa Ha no-

BEPXHOCTWU TBEpAoro tena. B 3a-

BMCMMOCTU OT CBOWCTB agcopou-

pPOBaBLUMXCA Ha  MOBEPXHOCTH

TBEPLOro Tefna MOJIEKY/ ero cma-

4YMBAEMOCTb MOXET pPe3Ko u3me-

HUTbCA (KaK B CTOPOHY YyBennue- Puc. 3.3L.
HWUS, TakK W yMeHbleHus). Ha

3TOM SB/IEHUW OCHOBaH LINPOKO MPUMEHSIOWMIACA B TEXHUKe
MeTod oboralieHua pyn («dnoTtaumns»).

Pygna, cofepxalias pasnuyuHble MUHEPanbl, MefKo pa3gpo6-
NAeTCS U BbICbINAETCA B YaHbl C BOAOW, COAepXallein cneyuanb-
HO nofo6paHHbIe NOBEPXHOCTHO-AKTUBHbIE BeLLeCTBa. YacTb mMu-
Hepanos agcopbupyeT ux. Yepe3 uaHbl MpPOAYyBAETCA BO3AYX.
KpynuHK1U MUHEpanos, y KOTOPbIX aAcopbupoBaHHble BellecTBa
MOHW3NAN CMa4YMBaeMOCTb, «MNPUIMNAKOT» K BO3AYLWHbLIM Ny-
3blpbKaM U BbIHOCATCSH Ha MOBEPXHOCTb XWAKOCTU, & OCTanbHe
onyckawTca Ha HO. B pe3ynbTaTte gocTuraeTcs npefBapuTenb-
HOe pasfiefeHne KOMMOHEHTOB pyAbl— ee oboraiieHue.
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§ 44. KanunnspHble siBNeHUs

®dopma, KOTOpyl NpuHUMaeT cBO6GOAHAA MOBEPXHOCTb XUA-
KOCTW, 3aBUCUT OT CU/1 NOBEPXHOCTHOrO HaTAXEHMUs, OT B3auMo-
LeCTBUA C OrpaHMYMBAKOLWMMIN MOBEPXHOCTb TBEPAbIMU CTEHKa-
MW, a TakKXe OT CW/bl 3eMHOF0 TATOTeHWA, AelicTByloulel Ha
XNAKoCTb. Oco6bIMM OKa3blBAOTCA YC/MOBUA paBHOBECUSA Ha
NMHUKN pa3gena XWAKOCTb —
ras — TBepaas CTeHKa
(puc. 3.32, a n 6) B TOHKUX
nAeHkax MW B Y3KMX cOCY-
fax — Kanunnspax.
Habnwgawowmeca B aTUX
cnyvasx SABEHUA MONy4YUNu
obuwee Ha3BaHMNeE
KanumnnsapHblX. Le-
TanbHas Teopua Kanunnsap-
HbIX fBMeHWn 6blna paspa-
6oTaHa B XIX Beke rnaBHbIM
o6bpa3om B paboTax aHrnuii-

Pnc. 3.32. ckoro ¢wu3smka T. HOHra,
(hpaHLy3CKOro hmnsmka
[1. NMannaca, HemeLKOro

matemaTuka K- laycca u pycckux yueHbix A. HO. JasupoBa
n N. C. 'pomekn.

KanunnapHole 3ag@eKTbl, LWWPOKO W3BECTHble B TEXHWUKE U
6bITY, B OCHOBHOM 06YCNnOBNeHbl TeM, 4YTO 6narogaps AelCTBUIO
CUN MOBEPXHOCTHOTO HaTAXEHWS f[aBfieHWe BHYTPU XUAKOCTU
MOXEeT OT/NNYaTbCA Ha HEKOTOPYI BeNWYMHY Ap OT BHELUHero
faBneHWa p rasa WAM napa HaL MOBEPXHOCTbID XWAKOCTHU.
MosicHMM 3TO Ha npocTeliwem npumepe.

Myctb cBob6ogHas no-

BEPXHOCTb XWAKOCTWU npea-
cTaBnaeT coboi chepy pa-
anyca R (kannd) wnum orpa-
HUYEHHbIE Yy4acTOK TakoW
chepnmyeckoii  NOBEPXHOCTHU
(ypoBeHb XWAKOCTWM B TOH-
KOM  UMANHAPUYECKOM  Ka-
nunnape). OTceyeM MbIC/EH-
HO  MNpPOW3BONbLHOW  nnoc-
KOCTbtO OT 3TO cepbl Wa-
pPOBOV/ CEerMeHT, KakK mokaszaHo Ha puc. 3.33. BHewHAs nosepx-
HOCTb 3TOr0 CerMeHTa OrpaHuMyeHa OT OCTaNbHON MOBEPXHOCTU
XMWOKOCTU OKPYXHOCTbI paguyca r=R sin p. Ha kaxpgblli 6ec-
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KOHEYHO Manblii 3M1eMeHT ANUHLI 3TOr0 KOHTypa A/ AelicTByeT
CUNa NOBEPXHOCTHOTO HATAXEeHWUs

AF=aAl (44.1)

M HanpaBneHUU, KacaTeSbHOM K MOBEPXHOCTM Ciepbl, T- €. Noj
TEM XK€ CaMbiM YrJOM P K MJOCKOCTU CEYEHMSA.
Pa3noxum 3Ty CUNY Ha [Be COCTaBnswoLiue

AFi = AF sin p

AF2=AF cosp, (44.2)

pacnofioXXeHHble COOTBETCTBEHHO MEPNeHAUKYNAPHO W BAOb
NAOCKOCTU ceyeHusa. eomeTpuyeckas cymma cun [p2 paBHa
HYNH0, TaK KakK 3TW CUAbl Ha MPOTMBOMOMOXHbIX CTOpPOHAX
KOHTypa HanpaBfeHbl B 06paTHble CTOPOHbI W B3aMMHO ypaBHO-
BellnBaroTcsa. M03TOMy paBHOAeWCTBYytOULas BCEX CWUA MOBEPX-
HOCTHOIO HaTAXXeHUs, AeACTBYOWMNX HA Bblpe3aHHbIi CErMeHT F,
OyfneT HanpaBneHa MNepneHAUKYNAPHO K MNJOCKOCTU CeyeHus
BHYTPb XWAKOCTW WM paBHa anrebpanyeckoil CymMme COCTaBAAO-
wux AF\:

F=IAF, = sin (t= (44.3)

TaK Kak nonHas ANWHa KoHTypa 2Al paBHa 21r.

d1a cuna F 6yger npuxumartb
CerMeHT K OCTaNbHOM 4acTu Xug-
KOCTU N0 BCeli pasgensawowein wux
nosepxHoctn S = nr2. [AononiHu-
TeNbHOe [JaBfieHWe, Cco3jaBaemMoe
cunaMy  MOBEPXHOCTHOrO HaTaXe-
HUA BHYTPW >XUAKOCTW, TOrgja pas.-
HO

F a-2nr2 2a .
n',=-=-7"= —" (44'4>
Kak n cnepoBano oXxupatb, 370
AOMOSTHNTENNbHOE AaBNEHNE HEe 3aBU-
CUT OT I, T. €. OT TOro, B KakKOM

MECTE MOBEPXHOCTU XWUAKOCTU Mbl MPOWU3BENIN MbIC/IEHHOE Cé-
YyeHwue.

MNOCKYI0 MNOBEPXHOCTb >XWAKOCTM MOXHO paccmaTpuBaThb
KaK npefenbHblii cnyyvaih chepbl 6ECKOHEYHO 60!'IbLIJQaFO paguyca

/[?= 00. B 3tom cnyvae cornacHo (44.4) Ap=— = 0. On4

NMNOCKOI NMOBEPXHOCTW CUnbl NOBEPXHOCTHOrIo HartAa-

237



XEHUS HanpaBfeHbl BAOMb MOBEPXHOCTU U He CO3Jal0T AOMOMHU-
TEeNbHOTO AaBNeHUsA: faBNeHWe BHYTPM >KUAKOCTW pPaBHO BHEL-
HeMY [aBfeHuto.

B cnyyae BOTHYTOW MOBEPXHOCTWU >XWUAKOCTU, Ha-
npuUMep, ecAu BHYTPU XUAKOCTU HAXOAMTCA Ny3bIpek rasa pagu-
yca R (puc. 3.34), noBTOpfAs BeCb NpeAbiaylWmnii BblBOL, MM
ybegmmcsa, uTto pesynbTupylowas cuna F HanpaBfieHa U3 XuUp-
KocT B ra3. B atom cnyuae

np= — 22 (44.5)

T. €. [JaBNeHWe BHYTPU XMWLKOCTU NOJ BOTHYTOW MOBEPXHOCTHIO
MeHblle, Yem B rase (BHYTpPM My3bipbKa) Ha BennyuHy Ap.

UTob6bl He BbIMWCbIBATb [ABYX PpasfindHbiXx Gopmyn (44.4)
n (44.5) pna BbINYKJOAW W BOTHYTOW NOBEPXHOCTEN, MPUHATO
pagnMycy KpUBWU3HbI MOBEPXHOCTM R npunucbiBaTb 3HaK B 3aBU-
CMMOCTU OT ero HanpaBieHus.

Ecnn paguyc KpuBWU3HbI R HamnpaBieH BHYTPb XUAKOCTU
(BbIMYKNas NOBEPXHOCTb), TO monarardT R > 0; ecnn xe paguyc
KPWBW3HbI HanpaBfeH Hapyxy (NOBepXHOCTb BOrHyTasd), TO
nonaralot R < 0. Torga c y4yeToM 3HakKa MOXHO HamucaTb
efVHY0 QopMyny AN AONONHWUTENbHOrO AaBNeHWs nog chepu-
YeCKOW MOBEPXHOCTbH XMKOCTK

Ap=-2a (44.6)

YpaBHeHUe (44.6) HOCUT  Ha3BaHWe (GOoOpMY bl
Nannaca.



W obwem cnyyae Npou3BOSbHON MOBEPXHOCTW ABOAKOWA Kpu-
LMHud, npumep koTopoii un3obpaxeH Ha puc. 3.35, KpuBM3HA
H ABYX B3aWMHO-MepPNeHANKYNAPHbIX CEYEHUAX NOBEPXHOCTU MO-
Xir 6bITb pasHOW W paguycbl KPUBU3HbI 3TUX ceYeHuii R\ n R2
MW MWHOW Touyke M MOryT oTnamMuyatbca fApyr OT Apyra no
Nranunme n no 3Haky. Lns Takol noBepxHocTu (opmyna Jlan-
iit | moxeT 6bITb 0606UeHa:

4P =< i+ TT )e H4.7)

M 3aBUCMMOCTM OT 3HAUYeHMUIA 1 3HaKoB R\ u /22 BennunHa Ap
MOXeT 0Ka3aTbCsA MOMOXUTENbHON WMAM OTpULaTeNbHOA.

Il yacTHOM cnyuae cepbl R\= R2=R wu dopmyna (44.7)
Mepexoaut B (44.6).

| enn cnoii XUAKOCTU PacnonoXnTb MeXay ABYMS 6AU3KAMU
IM|MANEAbHBIMU MNACTUHKAMW, TO NMOBEPXHOCTb XMUAKOCTWM Npu-
Me | hopMy Kpyrosoro umnuMHppa HekoTtoporo pagumyca R (pwuc.
1m>). U atom uyacTHOm cnydae R\= R, a R>=o00, Tak Kak
M NepneHanKYNspHOM CEYEHUU KPWBU3HA paBHa Hyn. M3 0606-
WeHHON topmynbl flannaca Torga cnegyet, 4TO LOMOMHUTENb-
Ha (,TheHWe B XWUAKOCTWU MOA LWAMHAPUYECKOW MOBEPXHOCTHHO
LNMHO

Ap,=«(it4d -)=-i- <448’

I ' BABOe MeHblUe, YeM MNOL CPepMyYecKOoi MNOBEPXHOCTbIO TOFO
Xe paguyca.

M y3kmx Tpybkax (Kanunnapax) BCAeACTBME CMayuBaHuAa
Mnn necmaumBaHWs XXWUAKOCTbIO CTEHOK Kanunnapa KpuBM3HA
TMN [)\HOCTN XUAKOCTM (T. €. MEHUCK) CTAHOBUTCA 3HAUYUTENb-
HO BoO3HMKalWwee Npu 3TOM [OMOAHWUTENbHOE AaBneHue Ap
MbiHIIL3eT 3amMeTHOe nNoOAHATUE WKW ONYyCKaHWe YPOBHA XUA-
Koe In.

I’K cMOTpUM [N npumepa CcAyvyall Kpyrnoro kanunnspa
[M in',c.3 T, NOrpy>XeHHOro B 60/bLION COCYL C XWAKOCTbIO, He
| M NuHatoWei cTeHkn Kanunnsapa. MNpu 3TOM BHYTpPU Kanunns-
[l .“pasyeTcs MeHUCK, W NO4 AeWCTBMEM [OMNONHUTENbHOIO
I wHUMM \p XMAKOCTb B Kanuanspe ONycKaeTcsd Ha HEKOTOPYO
| Nouv. Kak 3T0 nokasaHo Ha puc. 3.37. B Wupokom cocypge
NiMumnpsa [eACTBUIO CUMbI TSXECTU MOXHO CYMTaTb MNOBEpX-
‘s XUAKOCTM MpPakTUYecKn MAockoi. B y3koi TpybGke, Ha-
[[I[MUHX. MOXXHO NpeHebpeyb AeACTBMEM CWUM TSHKECTU MO CpaBHe-
........... . CUNamm NOBEPXHOCTHOrO HAaTSXKeHUA W MOBEPXHOCTb
H 1 @ u| cunTaTb chepoit HekoToporo paguyca R. N3 puc. 3.37
HVIIO, uTo



R- (44.19)

lcos 0] ’
rge o— KpaEBOVI yron Ha rpaHuue XnMAKoCTb — TBepAas CTEHKa.
Ha YPOBHE NOBEPXHOCTU XWUAKOCTWU B Kanwunndpe AaBneH uUr

B XWAKOCTU paBHO p-\-Ap=p-\--"~, rge p — BHellHee fAaBfie-

Hue B rase. 1o 3aKOHY coo06LWaAOWMNXCA COCYAOB OHO [OJIKHO
6bITb paBHO MOAHOMY pfasne-1
HMI0O Ha TOM >e YpPOBHE B LIK-
pokom cocyse p+pgh, rge
pgh — rugpoctatmuyeckoe faH
NneHune ctonba XUAKOCTU NAOT-
HOCTM p Ha rny6buHe h (g m—
YCKOpPEHME CUMblI  TSHKECTH), j
MpupaBHUBaA, MNONYYUM:

p+/rjf=p+pgh, (44.10)
0TKyfZa
2a|cos 0| (44.11)
Puc. 3.37. pgR pgr

B TOYHOCTU TaKoe >Xe BblpaXeHWe Mbl MOAYYMM U AN5 BbICOThI
NOAHATUA XMAKOCTU, CMayMBaloleli CTEHKM Kanunnsapa paguy-
ca r. MNpun nNonHOM cMaymBaHunm (Hanpumep BOAA — CTEK/O)
0=0, cos 0=1, paguyc meHucka R paBeH paguycy kanunnap.!
I M BblCOTa MOAHATUA XUAKOCTU paBHa

2a
h oor (44.12)
N3 (44.11) wn (44.12) cnepgyeT, 4YTO BbICOTa MNOAHATUA WK
onycKaHWs YPOBHS XWAKOCTW B Kanunnape obpaTHO nponopuu
OHanbHa ero paguycy (puc. 3.38). Ana BoAbl Npu 0ObIYHBIX
ycnosuax (p= 1000 kr/n3 a= 0,071 H/m) B kKanunnspe guna-
meTpom d=2r=1 XK=10~6 M ypoBeHb MOAHWMaeTCHd Ha Bbl

coTy

/9= 2-0,071

103-9.81 -0,5- KO -6 30 m.

KanunnspHole SBAEHUS WrpatloT 60MbWY PoOib B Mpupoae,
TEXHUKE, CeNbCKOM XO035CTBE, B GbITY UM MPU HayUHbIX UCCEAO
BaHUAX. [0 TOHKUM KanuNNspHbIM KaHanam B QUTUNE KepPoCWH
nogHMMaeTca M3 pe3epByapa K ropenke. Eciv mexgy dyHga
MEHTOM W CTEeHaMW CTPOsLLerocs 34aHus He MPONOXWUTb CrOi
TMAPOU30NAUMKN, TO Bfara M3 MouBbl 6yAeT MNOAHMMATLCS MO
KanunaspHbIM MopaM Kupnuya W Bbi30BET OTCbipeBaHWe BCEro
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MHUH. Ecnu pguameTp o060MX KONMEH PTYTHOrO MaHomeTpa
MWaKOB U NPUTOM OAWH U3 HUX — Kamuansap, To pTyTb B HUX
ici HaxoguTbCA Ha HeoAMHAKOBOM ypoBHe (puc. 3.39), 4To
MHeYeT K OWMOGKaM B WM3MepeHUW [aBneHus.

Puc. 3.39.

§ 45. fABneHnsd nepeHoca. BA3KOCTb XWAKOCTU

VipM XaoTW4yecKOM TennoBOM [BUXEHUWU, KaK YKa3biBanoCb
ns MOJIEKY/bl XXWULKOCTU MepeckakmBaroT M3 OAHUX BPEMEH-
Hbl' MOJIOXKEHWI paBHOBECMA B COCEfHUE.

M oTnnume oOT rasa «AnAuMHa CcB0O6GOAHOro mnpobera» npu
Hv TMWbIX nepeckokax WMeeT MOPALOK AuameTpa MOJMEKYN W
KpuTnyeckn He 3aBUCUT OT BHELWIHEro fJaBfieHUsA W Temmneparty-

1 [puUMepHbIA NyTb, COBEPLUAEMbI MOMEKYNOW B XWAKOCTM,
..... paxeH Ha puc. 3.40, rge cTpenkamMy nokasaHbl KonebaHus
HU M W1 OKONO BPEMEHHbIX MOMOXEHWIA paBHOBeCUS, a NUHUSA-
MK MEepPecKkokn KX C MecTa Ha MecTo.

Mepexoas € MecTa Ha MecTo, MONEKYyNbl AUDHYHAUPYIOT
UM\ 1pM XXMLKOCTU. DTO ABNEHME cCaMO AN D GHY3MM MOXHO
e . ecnM npuMewaTtb K >XUAKOCTM HEKOTOpPOe 4uC/o
M'unlvIl pagnoakTuBHOro wusotona, 3a ABWXEHWEM KOTOPbIX
MU-MU» CNefnTb NO WX W3NYUYEHUIO.

1 H>K / Monekyn, AMPOYHAMPYHOLWUX Yepe3 eAuHMULY no-
M Chi ta eguHULY BPEMEHU, TaK Xe Kak u npu andpdysun
n line, onpepensetca ypaBHEHUEM

}1— D% (45.1)

dtx
Iln n KOHLUeHTpauna ,qmqupr,leyrom,le MONeKyn, —

i in 14K KOHUeHTpauun, a D — KoapduumneHT guddysnu.
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JTuM e ypaBHeHuem (45.1) onwucbiBaeTca u gudpdysun
MOCTOPOHHUX MOJIEKY/l W WOHOB, PacTBOPEHHbIX B >XWAKOCTWU.
UeMm Bblille TemnepaTypa, TeM MeHbLUEe YUC0 KonebaHWii cosep
WwaeT MONeKyna B MOJIOXXEHUM pPaBHOBECUSA A0 CBOEro Mepeckoka,

TEM WHTEHCUMBHee npoLecc
anddysmn ntem 60nble Be-
nnynHa D. OpgHako Koathdum
UMeHTbl Anddysnun B Xug-
KOCTU BCe Xe& WMeKT nops-
Aok 10~pwmlcek, T. e. BO
MHOr0 pa3 MeHblle, YeMm u
rasax.
MepeHoc Konmyectuma
OBVXEHUS  MeXJy Ccnosimu
Puc. 3.40. XUAKOCTKU, ABwxKyuwmMucsa (
pa3nuyHbIMK CKOpOCTAMMU,

TakXe onucbiBaetcs op-
MasbHO TEMM >Ke ypaBHEHUSMW, 4To U B rase. Cuna TpeHuUw
MeXay COCefHUMU CNOSIMU paBHa

rae S— nnowafgb COMPUKOCHOBEHWS CNOEB, — rpaguert

CKOpOCTU ABMXeHUN Xunakoctun (puc. 3.41) un 1] — KosppuumeHT
BHYTPEHHEr0 TPEeHWS, UAN BA3ZKOCTb XXUAKOCTM.

B rase nmepeHoC KONMYecTBa ABUXXEHUS OCYLLECTBAAETCA Mpu
nepexofe MoeKyn M3 OLHOr0O cCnos B Apyroii. bnarogapa ognHa
HOBOMY MeXaHu3My Auddy3nn 1 BHYTPEHHEro TPeHUs, Koaphu
uUMeHTel D n 1) B rase NpsaMo NpPOMNOPLUUOHaNbHbI ApYT APYrY:

(45.3)

B XXMAKOCTM >Xe MexaHU3M BHYTPEHHEro TPeHUs OT/MYEeH OT
MexaHu3ma guddysnmn. 'Tak Kak MOMEKYNbl XUAKOCTU 60NbLWYIO
4yacTb BPEMEHM HaxOoAATCA OKOAO MOMOXEHWIA paBHOBecUs, TO
OBUXYLLAACsH Macca XWAKOCTW yBNeKaeT cocefHue cnoum B OC-
HOBHOM 3a cYeT cun cuenneHus. C pocToM TemnepaTypbl Teky
YecTb XMAKOCTU BO3pacTaeT, a BA3KOCTb majaeT. lMoaToMy, Kak
nokasan 9. W. dpeHkenb, BA3KOCTb XWAKOCTM 06paTHO npo
nopunoHanbHa KO3(puuneHTy Audhysunn:

(45.4)

Mpy HarpeBaHWM XWAKOCTb «pa3pbiX/SeTcA» U BO3pacTaBs
ee CBOGOAHbLIN 06beM V — b (rge b — nocTosiHHas B YpaBHEHUW
BaH-fep-Baanbca, xapakTepu3ytolwas HefOCTYMNHYH And Mone-
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N /tnwo nonHoro o6bema cuctembl V). YuuTbiBad 37O,
1 HauyHHCKWIA NpeanoXXun o4YeHb NPOCTYH Gopmyny, onu-
HHIOLLLYO 3aBUCUMOCTb
UMW TM OT TemmnepaTypbl:

(45.5)

I n H — KoHcTaHTa, pas-
hKyHas [na  pasHbIX XKWUA-
VHrTOA.

dopmyna BauynHcKoro
|0))owo onpaBabiBaeTcs Ha
IMH¥re. HO He noKa3blBaeT
Wiinoii 3aBucumocTtn 1Pk oT
blunmopatypel. A- U. dpeH-
mvii. BbIBeN QOpMyny, Heno-
*(M'4NBEHHO CBA3bIBAIOLLYIO

| c I
Puc. 341

4 const-e X (45.6)

1n,0cb W — 3HEpPrusi, KOTOPYH HYXHO CO06WMWUTb MOMEKyne
PHAKOCTWU, 4YTOObI OHAa MOrna MepeckoYUTb W3 OAHOTO MOMOXe-
HUM paBHOBecUs B cocefgHee. BennumHa w 06bIYHO MMeEET Mops-
pok (' —3)* 10~20 mpK. Moatomy cornacHo (45.6) npu HarpeBa-
HAM XWUAKoCTKU, Hanpumep, Ha 10 °C BA3KOCTb ee najaeT Ha
-d o %.

BA3KOCTb XWUAKOCTU 06bIYHO BO
MHOro pa3 6o0/blle, 4YeM BSA3KOCTb
rasa. Tak, agns Bsogbl npu 25 °C
T]Boga=0,01 nays3a=0,01 r/cm-cek—
=10-"3Kr/m-ceKk, a 4Na HacbllWeH-
HOro BOASIHOTO napa T|ARpP=10-"*
naysa. C pocTom TemnepaTtypbl BA3-
KOCTb XXWAKOCTWU 6bICTPO najaeT, a
BA3KOCTb Mapa MefJjleHHO BO3pacTaer,
U nNpu KPUTWYECKOW TemnepaType
TK oHM cpaBHUBaKTCA APYT C APY-
rom, KakK 3TO MokasaHo Ha puc. 3.42.

Mpn nNOHWXeHUW Temnepatypbl
*I MHUTb GONBLINHCTBA XUAKOCTEN 6bICTPO Bo3pacTaeT. OfHaKo
w* TMn obwero npaenna nmeetcs uckndenune. M. JI. Kanwuya
............... HO npu NpuénnXeHUn K abconTHOMY HYN Temmnepa-
IMM1 l« NT He TOMbKO He YyBeNWYMBaeT CBOeN BA3KOCTU, HO
MI" UM 1 «CcBepxTeKyyee» COCTOAHUE, XapakTepusyemoe nos-

>ue. 3.-12.



HbIM OTCYTCTBMEM BS3KOCTW. [pupoga STOro SBAEHUS YUCT
KBaHTOBas, UM KacaTbCs ee 3[eCb Mbl He GyAem.
BA3KOCTb XMWAKOCTU onpefensiet cuny
COMPOTMBNEHUS HKUAKOCTU ABUXKEHUIO M
Heii Ten. Tak, cuna CONPOTUBNEHUS ABUXE»
HUIO Wapa paguyca r Npu Manblx CKopoc*
TAX [BWXEHUS HaxoauTca Mo TOMY XXe
YPaBHEHUIO

F=6nrr\v, (45.7)

Kak 1 npu ABMXeHun B rase (opmyna

CTtokca). JTa cufia npsmo nponopumo-

HalbHa BSA3KOCTU Cpedbl [ UM CKOpOCTW

OBWKeHUA wWwapa v. Takxe npamo nponop-

LMWOHaNbHa ) U U U cCUa CONPOTUBMIEHUM

Puc. 3.43. OBVXEHUIO XWAKOCTW B Kanunanspax.

B 1883 r. H. TI. Tlletpos, ucxoas W

ypaBHeHus (45.2), paccuuTtan cuay Tpe-

HUS, [eNCTBYIOLWYK Ha CMasaHHbIA wWun, Bpawakmwunincs B
NOALINMHUKE:

F=n"s, (45.8)

rAe V — OKPYXHas CKOpOCTb luiMna, 5 — ero mMoBepxHOCTb

M 6 — ToMWMHA 3a30pa MexAy LWUNOM U MNOAWUNHUKOM
(pc. 3.43). Ha 2aToli oOcHOBe O6blna co3fgaHa TUAPO-
OWHaMMmuecKas Teopusa cmasku, npumeHsemas And

pacyeTa TPeHWUA N U3HOCaA TPyLNXCA HOBerHOCTeVI MallnH.
OTMeTVM, 4YTO C TOYHOCTbIO A0 6e3pasMmepHOro KoaduuueHTta Gopmyn.'
(45.7) moxeT ObITb Hany4yeHa M3 aHanM3a pa3sMepPHOCTEN BXOAAWMUX B Hee
BeNWuMH.  [eiicTBUTeNbHO, umeeTca cuna F,  pa3mMepHOCTb  KOTOpOW
N —kr-m)cekr. 3Ta cuna HO XxapakTepy 3afjayu AO/MKHA 3aBuceTb OT: )
BA3KOCTU Cpefbl 4 C pasmepHocTbio /T\]=Kr/m-cek, 2) paguyca lwapuka |r]=."
n 3) ero ckopoctn \n]—m/cek. W3 3TUX Tpex BEAMYUH MOXHO MONYUYUTb
BENNYNHY pa3MepHOCTU F TONbKO OAHMM CMOCOBOM: ecnu CcocTaBUTb WX MPOU3-
BefeHue- CnefoBaTeNbHO, C TOYHOCTbIO 0 6e3pa3MepHOro MHOXWUTENs a

F=arilv. (45.9)

Onsa onpefeneHus 3HauYeHWs a=6N ydyeT pasMepHOCTel yXKe HeldoCTaToueH.

AHANOTNYHbIA «MOUCK» MPefBApPUTENLHOIO pesynbTaTa A0 TOYHbIX pacuye-
TOB C MOMOLLLIO aHanM3a pasMepHOCTeli MOXeT GbiTb MPUMEHEH B CaMmbIX
pasNNuUHbIX 3afavax.



FMABA XIlI
CTPOEHUWE N CBOWCTBA TBEPAbIX TEN

§ 46. KpucTannumyeckume M amopgHble Tena

W oTnmume oT XWAKOCTe TBepable Tena obnajawnT ynpy-
i'lil 1m0 dpopmbl. MpuknagbiBas K TBEPAOMY TeNy BHELIHWE CUJb,
EMMKNO U3MEHWUTb ero PopMy TeM CUbHee, yem 6Gonblle NpPUNo-
XeHHble ycunua. [pu 3TOM, ecliM He nepelijeH HEeKOoTOopbIi
Y|nHi('Mb gedopmauunu, TO NpU CHATUKU Harpyskum TBepAoe Teno
npuHMMaeT CBO MepBOHayanbHyt opmy. Ha puc. 3.44 n306-
[)MXru.1 TUAMYHAa ANs TBepAbIX Ten ynpyras fgegopmauuma
romwn  Mopo6bHas pfe-
hopmaums B XWUAKOCTHU . f t n
M int* res Heynpyrou.
11 hi 3acTaBuUTb Xua-
htHTli Teub, TO, KakK Mbl
yulwblHanu B npeablgy-
lijrft 1naBe, mexay ABu-
XylWwmummcs ¢ pasnuu-
HOW CKOPOCTbK CNOSMU
MIMIKCCIA nossnsatoTcA
#= 1| rpeHus, npenaTcT-

....... >TOMY ABUXEeHM0. O4HAKO Npy NpekpalieHumn aencTaus
*H | WbI3BABLUUX [ABMXEHWE, CABUHYBLIMECH APYr OTHOCUTENbHO
M|\ | | cnon >XuakKocTu B OTAMYME OT TBEPAbIX TeN He BO3Bpalla-
[n|<>] kK ncxogHoe MNONOXKEHMeE.

. in Ka4yeCTBEHHbIE pa3NMunUsa XMULKOFO U TBEPAOro COCTOA-
HUM uclecTBa 06YCNOBMEHbl pasinyMeM B WX MONEKYNSAPHOM
*11"" HMH M B XapakTepe Tenn0BOro [ABMXeHUA Mosekyn. [pu
""" " nwuwy TBEPLOE TENO NPU ONPefeNieHHbIX YCI0BMNAX Nepexo-

a)

iiiii
IHI T Knakoe coCTOfiHME — nnaBUTCA. XXUAKOCTb NPU MOHMXKe-
HAM W MnepaTypbl 3aTBepieBaerT.

11Mec | UM KYCOK TBepAOro Tena B nNpobupky u 6ygem Harpe-
Hleee cC Ha ropenke. Tepmonapa, OMNylUleHHas B MPO6GMPKY



M Kacawlasacs MNOBEPXHOCTW TBepAoro Tena, 6yfAeT OTMeuaThb
ero temnepatypy (puc. 3.45).

JnawTe

Puc. 3.45.
Puc. 3.46.

C TeyeHuem BpemeHn / Temnepatypa T TBepAoro tena Henpe-
pPbIBHO pacTeT, KaK 3TO MokKa3aHO Ha puc. 3.46. Mo gocTuxeHuUn
HEKOTOpPOM, XapaKTepHON ANs AAaHHOrO BeuiecTBa TeMmepaTypbl
T Teno HayuHaeT MAaBUTbCA, M NPU JanbHelllemM HarpeBaHUK
TemnepaTypa ero ocTtaeTcs MOCTOAHHON. Bce nogsoamMmoe Tenno
npu 3TOM 3aTpaymBaeTcsd Ha NnaBneHWe TBepAoro tena. Bennun-
Ha CKpbITO/A TennoTbl nNnaBneHWs [0 06bIYHO B HECKONb-
KO pa3 MeHblle CKpbITO/ TennoTbl wucnapeHusa. Tak, Ans
BoAbl  <,1= 2,25- 10'; p>k/kr npum 100 °C, a pgna nbfga
<[TE 3,31+ 105 g>k/kr npu 0 °C.

Temnepatypa cMecu TBEepPLOro Tefia C ero pacnnaBoM 0CTaeT-
CA NOCTOAHHON WM paBHON TemnepaType NAaBneHWs A0 Tex nop,
noka BCe TBepAoe Tesio He npeBpaTuTca B XuakocTb. [lpu
fanbHelWeM HarpeBaHUM TemnepaTypa XUAKOCTW HA4yHET onATb
pactu, Kak nokasaHo Ha puc. 3.46.

Ecnu npekpaTuTb HarpeBaHue, XWAKOCTb Ha4YyHeT OXnaXx-
fjaTbCs, U TemnepaTypa ee CO BpeMeHeM 6yeT nmajaTb, Kak 3To
nokasaHo Ha puc. 3.47. o AOCTUXEeHUU TemnepaTypbl naasne-
HUA XWLKOCTb [LOJHDKHA HayaTb KpucTanimsosaTtbca. [lpakTu-
YecKu, OflHAKO, NpW OTCYTCTBUM 3aTpPaBKW B YNCTOW XUA-
KOCTU 06pa3oBaHMe MepBOHaYaNbHbIX MUKPOKPUCTANNNKOB, AB-
NAWNUXCA LeHTpamMmn Kpucrtannmsayuun, 3atpypHe-
HO W BelLecTBO, OCTaBafACb B XWAKOM COCTOSHWUW, OCTbIHET [0
Temnepatypbl T < T I
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Mpn pocTaToOYHOM Mepeox-
NaXjeHUnu 4epes HeKoTopoe
npems B XWAKOCTU noABATCA
LeHTPbl KpUCTanamsauumn, Ko-
TOpble HayHyT pactu. [pu
nom Bblflendaetca  CKpbiTas
Tennota nNJaBfIeHUA WAN KpuUc-
Tannusauunmn <, U Temneparty-
py pacnnaBa MNogHUMAaeTCH
BHOBb O Tnrt [ocne 3Toro Ha
KPUBON oOXnaxXpJeHus nossns-
eTca TakKad Xe TOopu30HTaNb-
Haa /NuMHWA, KakKk W npu nnasneHnn. Korpga BCA XWUAKOCTb
3aKpucTannu3yeTtcd, CKpblTaa TenjsoTta KpucTannusauuum nepe-
CTaHeT BblAeNATbCcA, U 06pasoBaBLIMECH KPUCTANAUKKU OyayT
B fafbHellweM OCTbIBaThb.

MPWKkpucTtannmsaunumn MeTannoB nepeoxnaxpieHue pacnnasa
Me MpeBbillaeT HECKONbKUX fJONeiR rpagyca. B apyrux cnyvasx
BO3MOXXHbI NepeoxfiaXAeHWA pacnsaBa Ha rpajycbl U LEeCATKW
rpaycos-

PS4 BewecTB, Kak, Hanpumep, CTeKNO, MOryT OblTb Mepeox-
naxpjeHbl Ha COTHM rpafycoB. BA3KOCTb 3TUX CUNLHO Nepeox-
NnaxaeHHbIX XWAKOCTEA C najeHMem TemnepaTypbl Bo3pacTaer
CTONb CW/IbHO, YTO MepeMeLLeHMs aTOMOB B HUX W obBpasoBaHue
LeHTPOB KpuUCTannus3auum CTAHOBATCHA MOYTU HEBO3IMOXXHBLIMU.

Takue CUNbHO MNepeoxnaXAeHHble >XUAKOCTU NpaKTU4yecku
TEepSAT TeKyyecTb M NOCTEeNeHHO npuobpeTardT TBEPAOCTH U
Apyrue ceoiicTBa TBepAoro Ttena. MNMoao6Hble Tena HOCAT Ha3Ba-
HWe aMOpPGHbBIX TBepaAbIX Ten.

B0O3MOXHbI cfyyanm, Korga OAHO M TO >Ke BEeLlWecTBo, B
3aBMCUMOCTM OT YC/NIOBUIA OXNTaXAEHUS, MOXET 6biTb MOYyYEHO
KaK B KpUcTanimyeckom, Tak v aMOPHHOM TBEPAOM COCTOSHUM.
Hanpumep, CTEK/NIO NPU 0YeHb MeLeHHOM OX/JaXAeHUW pacnna-
Ba MOXET Kpuctannuiopatbcsa (Kak roBopsT, «3apyxaTb»). MNpu
3TOM Ha rpaHuuax Menkux o6pa3oBaBLIUXCA KPUCTANIMUKOB
6yfeT MNPOMCXOAMTb MHOTOKpaTHOE OTpPaXeHue wn paccesHue
cBeTa, U 3aKpucTannn3oBaBlleeca CTeK/I0 NOoTepseT CBOEe camoe
BaXHo0e CBOWCTBO — MPO3PavYHOCTb.

M B KpUCTAN/IMYECKOM W B aMOP(HOM COCTOAHUU TBEPLOrO
Tena atToMbl HaxoAATCcA B OMpefesieHHbIX MOMI0XeHUAX paBHOBe-
cua. lMog feicTBUEM BHELWHWX CUA aTOMbl HECKO/bKO CMeLLatoT-
CA W3 3TUX MOMOXKEHWIA M NO CHATUM HArpy3ku BoO3BpalLatoTcs
B HUX 0OpaTHO, ecnn 3TW CMeLeHNs He NpeBblWAaoT onpefeneH-
HOM, XapaKTepHOW ANA JaHHOrO Tefna BeNWYUHbI. TUM U 0b6ycC-
noBfieHa YNpPyroctb OpPMbl TBEPAbIX Ten.



Mpwn HarpeBaHWW TBEPAOro Tena OT abGCOMOTHOrO Hyns ero
aTOMbl Ha4yMHAKT CcOBeplaTb Manble KonebaHUs OKOMO CBOMX
MOJIOXKEHNI PaBHOBECUS; 3HEPTMA M aMNANTyfa 3TUX KonebaHui
BO3pacTalT C TemnepaTypoli. bnarogaps XaoTUYHOCTMW TenjoBO»

ro ABWXXEHWSA OTAeNbHble aro*
Mbl, o6najatouine cnyvaliHbim
00O0O N36bITKOM TEnJioBOW 3HEPrum,

O a.0 O O O O O cpbiBalTCs CO CBOMX MeCT W

npoTankKmMBarTCA MeXAy coecy

000000O0O aamu  (puc. 3.48). CopBaHHblii
O0O0000O0O CO CBOEro MecTa aToM MoHaja-|

€T BO BPEMEHHOE, MEHEE yCTOVI

O OA OOO O O unsoe nonoxeHne paBHOBeCHM
00X i 0O000O00O0 (atom a) u nocne pspa Kone»

6aHWil mepeckakuBaeT fanee, u

O0O00O0 (ﬁ O>0 (O cocefHee NONOXEHWe BpeMeH

r Horo pasHoBecus (atom b). Il

0O0O0O0O O O  ocraBlwytocs Ha MecTe copBaH-

HOro aToma «[blpKy» (Bakawu

Puc. 3.48. CUI), T. €. He3anofIHEHHOEe Mo-

NOXeHne YCTOWYMBOrO0 paBHO-

BECMA, MOXET MEepPecKoUYnTh (W)

cefjHWiA aTtoM, U TeM cambiM (GopmasbHO AblpKa TOXe 6yaeT

«nepemelwjartbca» B TBepgom Tene (atom c). [lMpu BCcTpeue

COpPBAHHOr0 CO CBOEro MecTa aTtoma W AbIpKW BO3MOXHAa WX
B3aMMHasa pekomb6buHauus (atom d).

Takoe nepemMelleHne OTAe/IbHbIX COPBaHHbIX aTOMOB U AbIPOK
06ycnoBnmMBaeT BO3MOXHOCTb caMogudpdysnm u anpdysmmn wn
TBEpPAbIX Tenax. [1OCKONMbKY 4MCNO TakuMxX aToOMOB W [AbIPOK
coCTaBNsieT NUWb Heb6ONbLWY A0 OT BCEX aTOMOB TBEPAOro
Tena, TO KOS(PuMUMeHTbl andhy3nmn B TBEPAbIX Teflax BO MHOro
pa3 MeHblle, 4YeM B XWMAKOCTAX, W O0ObIYHO WMEKT MNopsAAoK
10~¥4 m2cek>k 10~° MYcyTKu.

C pocToM TemnepaTypbl KOHUEHTpauusa nofobHbIX AeteKToM
B CTPOEHWUW TBEPAOro Tena CWUNbHO BO3pacTaeT, 4YTO NPUBOAUT
K COOTBETCTBYIOLWEMY POCTY KO3(hPuUMEHTOB Auddysnnu.

B amop®HbIX TBepAblX Tenax 6naumxaiwune cocegHue aToMbl
pacnonaratlTcd B OnpefefeHHOM MOpAAKe Ha onpedeneHHbIX
paccToAHUAX, 3aBUCALLMX OT CTPOEHWS aToOMOB M XapakTepa
BO3HUKAKOLWMX MeXAY HUMU cBsizeli. Ecnm paccmaTpmBaTb HeKo-
TOpbIA M3 aTOMOB KaK LEHTpanbHblii, TO aTombl 6AuKalilero
K HeMy Cnos pacnonoxaTtcs B ONpefefieHHOM nopagke no
OTHOLUEHUIO K 3TOMY LEeHTpanbHOMY. ATOMbI BTOPOro cfos 6yay i
pacnofaraTtbCa B ONpeAeneHHOM NOPAAKE W Ha OonpedeneHHbIX
paccToAHMAX OT aTOMOB NepPBOro CNOSA, HO UX NOPAJOK OTHOCM-
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Hvii.iio LLeHTPasbHOr0 aToMa YXe HEeCKO/bKO HapyluaeTcsi. 370
MwpyLwenve 6bICTPO BO3pacTaeT C YAaneHUeM OT «LeHTpay,
M MMUMHOE pPacnonoXeHWe aTOMOB, YAaNeHHbIX ApYyr oT gpyra
M.l »auameTpoB, MOXeT 6biTb BeCbMa pPa3IMUHbIM, MOAUUHS-

mn< MKOHY Chnyd4as, KaK 3TO CXeMaTu4deckun I/I306pa)KEHO Ha
(in 1149, 6.

Puc. 3.50.

| IkHm o6pa3om, B amOp(HbIX Tenax CyLeCcTByeT AuUlb
MIH/KWMU NOPAJLOK BO B3aMMHOM PacrnojiOXXeHWU cocep-
WM. .HOMOB. B 3TOM OTHOWeHWW amopdHbIe Tena No CBOei
111N KI\pt' NOXOXM Ha XWAKOCTU W OTAMYAKTCA OT MOCAefHUX
. XUN0A NOABMXXHOCTbIO CBOMX aTOMOB. C pocTOM Temnepa-
e»ini <,1 NOABWXHOCTb BO3pacTtaeT U amoOpdpHOe TeNo NOCTeneH-
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HO M Henpepb BHO MNepexoauT B XWAKOE cocTosiHue. TI.Li
Xe KakK M XWAKOCTb, aMopdHOoe Teno M30TPOMHO, I W
CBOWCTBa €ro BO BCeX HanpaBfeHWUAX OLMHAKOBbI.

B TBepAOM KpucTanae aTOMbl pacnonaratTcs B OMNpedesneH-
HOM nopsgke BO BceMm Tene (puc. 3.49, a). ATOM, Haxogawmnin»'
B N-M C/Oe OT AAHHOr0 LEeHTpPanbHOro atoMa, BCerfja Haxoau K
OT HEero Ha pacCTOAHWM, TOYHO B [BA pa3a MeHblUeM, YEM «TO
2n-ro cnos.

B oTAnumne oT aMOp(HbLIX Ten U XWUAKOCTeR B KpucTanna
CyuiecTByeT, KakK 3TO CXemaTM4yecku mnokasaHo Ha puc. 31X
JaNnbHWUN MOPALOK B pPacnofoXeHUN aTOMOB BCEro TUrp
foro Tena. ATOMbI B 3TOM C/y4yae pacnosiaralorcs B ysna*
npaBWNbHOW  MPOCTPaAHCTBEHHOW CeTKW, TakK Ha3biBaeMol
KpucTannunueckoW peuweTku. Ana noboro Hanpux
neHus B npoctpaHctee A, B, C, D, £,..., npoxogsawero 4yopn
LEeHTPbl aTOMOB, PacCTOAHMA MeXAYy LeHTpamMu ABYX COCeAHMX
atomoB (a, b, ¢, d, e..... COOTBETCTBEHHO) OCTalOTCH HEU3MCH
HbIMW BAONb BCel NpsAMOl (HO OTAMYalTCA LA pasHbIX nps-
MbIX!).

Puc. 3.51. Puc. 3.52.

KaK yKa3blBanoChb Bbllle, C YBEe/IMYEHNEM TeMnepaTypbl Bos
pacTaeT YMCNO aTOMOB, COPBAHHbLIX CO CBOMX HOPMasbHbIX MOJO-
KEHWI PaBHOBECUA, W YUCNO «AblpoK». OfHAaKO Hanuume nopob
HbiX AeeKTOB B OTAENbHbIX MecTaX KPWUCTanAu4YecKoil pelleTku
He HapyllaeT JanbHero nopsjka BNAOTb 40 TeMMepaTypbl NaaH
neHus. Tpu  nNnNaBneHUMM  fJanbHWii  NOPAAOK CKayukKo
06pa3HO paspyllaeTcs M B XKUAKOCTU OCTAeTCs NULb GANX
HUIi NOPALOK PacnonoXeHUs aTOMOB.

Kak BuaHO u3 puc. 3.50, paccTosiHMe MeXay COCeAHUMMU
aToMaMu B KpucTanne 3aBUCWUT OT HanpaBneHus. B cooTscr



H> MeXxaHW4Yeckue, TEMOBblE, 3NEKTPUYECKME, MarHWTHbIE, ON-

UK KnMe U pyrue cBOWCTBA KPUCTannoB 6yayT pasfivyHbIMU MO

M INNYHBIM HanpaBfieHUAM. B oTnmume OT aMOpP(HbIX Ten Kpuc-
e llii aHn3oTponHb. BceM W3BECTHbI JIMCTOYKW CAOAbI,
HOpPMe Nlerko cKanbliBalTCAa U paclWwennsaTcsd B O4HOM Ha-
LLIMHMEHUM 1 C TPYLOM pexXxyTcs B MepneHAUKYISPHOM K HEMy.

AHN30TpONUA KPUCTaN/NoOB pe3ko MposiBAAeTCA U B mpouecce
H> pocTta. Mpu 06pa3oBaHWM KpucTanauka M3 pacnnasa Wim
CTopa CKOpPOCTM poCTa PasM4YHbIX €ro rpaHeil oTauyaroTcs

npefeneHHoe 4Yucno pas Apyr oT gpyra. 3To, B 4acTHOCTH,
iflvi nopnmBaeT npaBuibHY (OPMY BO3HUKAKLWWUX KpUCTaniu-
fciin  Ma pwuc. 3.51 nokasaHo, Kak pacTyT rpaHu Kpuctanna,
Wmewuwue pasMyHble CKOpocTu pocTta V\ u or.

Ha puc. 3.52 un306paxeHbl OLMHOYHblE KpucTanibl (Tak
lliin.TaemMble MOHOKpPMCTanNnNbl) HEKOTOPbIX BewecTts. Mo-
HOKpUCTaNbl Pa3finyHbIX BELLeCTB MMEIT pa3HOe YUCNO0 rpaHei
H |M \uble yrabl MeXAy rpaHsiMu 1 3aMeTHO pas3fuyalTcs Mo
WK< nweMy Bugy. B 3aBUMCMMOCTM OT YCNOBWIA pocTa HEKOTOpble
CPUHN KPUCTANNMKOB MOTYT «3apacTaTb», TaK YTO BHELWHWIA BUA
u|*»>i.i.lUOB OLHOFO M TOF0 e BelecTBa MOXeT o0Ka3aTbCs
[>H | WYHbIM, W TONMbKO TLATe/bHOE W3MEPEHWE YI/I0B MeXAY
loo IHe ICTBYOWMMMN FPaHAMW CMOXET BbISBUTb MPUHALNEX-
Mocn. *TWX KpWCTanaoB K OAHOMY M TOMY >€ BELWeEecTBY WU
I....lei TBEHHOCTb CTPOEHUA WX KPUCTANNMYECKON peLueTKM.

BblpaliMBaHMe KPYMHbIX MNPaBUbHbIX MOHOKpPUCTa//0B
Hprar raBnseT cob6oi TpyaHyto 3agavy. Paa MeToA40B M NpuemoB
MbIP.MLHBAHHA KPUCTaN/0B pas3/MyHbIX BewecTB (LWIMUPOKO wuc-
KU MUyeMbIX B TeXHWKe) Obln pa3paboTaH bBpuaxmeHom, Tonms-
Mm n A. B. LUYyGHUKOBLIM.

Mpu KpucTannmusayuu meTanaoB 06bIY4HO B pacniaBe BO3HU-
l. un ipa3y MHOro 3apofbllleil KpucTannusaumu, pacnono-
M M11114 Xa0TMYECKM M pacTylux A0 COMPUKOCHOBeHMA. Mo3To-
My Il lHepaeBwniA MeTann npepcTaBnsieT cob6oil COBOKYMHOCTb
00-1.TOr0 Yucna cuenaeHHbIX APYr C APYrOM MeNKWUX KpucTan-
IU N nan 3epeH, OPMEHTUMPOBAHHbIX pasMyHbIM 06pa3om (Tak
Hluy.Wwaemoe NoNMKpPUCTAaNNMNYeCKOe Teno).

I''NnAnyHas opueHTauma 3epeH NPUMBOAUT K TOMY, 4TO CBOW-
riii.i nonMKpucTanInyeckoro Tena nNO BCEM HanpaBleHUAM B
| pi TeM OfWHAKOBbI.
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§ 47. Tunbl KPUCTAN/INYECKUX PELUETOK

MpaBunbHOE pacnonoXeHWe aTtoMOB B KpucTtanne obycnom
NnuBaeT UX NpaBWUfibHOe OrpaveHue u apyrue ceoictea. MopagA
pacnonoXeHns aTtoMOB B MPOCTPaHCTBE MOXET ObiTb pasnuu*
HbIM, HO He ntb6biM. N3 puc. 3.53, a, 6 U B BUAHO, 4T,

HanpumMep, NPAMOYMMM.
HUKWU, pom6bl nanm npfl
BU/NbHble  LIECTUYTONb#
HUKW MOryT TOHOCTHIO!
MOKPbITb MJIOCKOCTb 6<4M
MycToT, COXpaHAs fanun
aj Huii  MOPALOK  B3auMm
Horo pacnoioXeHun
B npoTuBOoMonoXHocTh!
aTomy COBOKYMHOCTb
NpPaBUIbHbIX NATUYronb*!
HUKoOB (puc. 3.53, 1) w?
MOXET MOBCHOAY NIOTHU
3ano0/IHUTb NNOCKOCTb U
COXPaHUTb AanbHWiA no-
pPALOK, XapaKTepHbIi 4nm
KPUCTaNNnyeckoro rc*]
Puc. na.

Ona  kpuctannny(usy
KWX PeLleToK XapaKTepHO Hanuyume CUMMETPUU MO OTHOLLEHWW»
K OnpejefieHHbIM HanpaBleHUAM W MJOCKOCTAM. B cooTBeTcH
BMM C BbllWeCKa3aHHbIM YUCNO Pas3IMYHbIX BO3MOXHbIX 3/1eMOH
TOB M TWUMOB CUMMETPUWN TaAKXE OrpaHnyeHo.

Kak nokasan A. B. lagonuH, cywectByeT 32 pasfinvyHbIX
Knacca CUMMMETPUU KPUCTANNOB. 3HAMEHUTHLIA PYCCKUiA
Kpuctannorpad E. C. ®enopoB yCcTaHOBWUI, UTO 3TWM KNacchl
B CBOlO ouepefb nopapasgendrTca Ha 230 BUAOB, W YyKasnn
CBOWCTBA KaXAoro u3 nocnegHux. lMocnepytoliee M3yyeHue co
TEH TbICAY KPUCTaN/IMYeCKUX Ten, Kak NPUPOLHbLIX, TaK U UCKYC-
CTBEHHbIX, NO3BOMINAO HaliTU MNpeAcTaBUTENe KaXAOro u3 atm*
230 BugoB u nopTBepaunnio BbiBog Penoposa. Buaos, OTANYHBLI»
oT ogHoro m3 230 (hefOpOBCKUX, O0OHApPYXEHO He 6bifo.

CTPYKTYPHbIMW 3N1€eMEHTAMU KPUCTaNNNYeCKON pelueTkn M
ryT ABNIATLCA OTAe/ibHble aTtoMbl, TPYMMnbl aTOMOB, MOJIEKYn WM
MoHOoB. Mo TNy CMN B3aMMOAEWCTBMNA MEXAY 3/IeMEHTaMU MOS
HO pasfennTb peLeTKW Ha YeTblpe OCHOBHbIE TPYMMbI.

1 NoHHble peweTKkun. B y3nax kKpuctananmyeckoi pe
LIeTKN cofeid 06bIYHO pacnonaralTcs MNONepeMeHHO MON0XKM
Te/lbHble W OTpUUATENIbHbIE WOHbI. OTU WOHbI MPUTATUBAHWUEM
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#»yr K gpyry, v pewetka YAepXuBaeTcs O06bIYHbIMW 3/71E€KTPO-
(NWwnyrcknmH (KYNOHOBCKWUMMW) CUNamMu.
MpocTeAlwMM nNpPUMEpPOM WMOHHON pe-
BIt'IKii fBNAeTca u306paxeHHas Ha puc.
MM peweTtka kameHHoi conu (NacCl).
1in 6onbleli HarNA4HOCTU WMOHbI Ha 3TOM
|#CyHKe HECKONbKO OTOABUHYTbI ApYyr OT
npyTt. Ha camom pene moHbl Na+ un Cl~ LLI r
HA'MM  BNOTHYH COMPMKAcawTCs CBOMMM

-TPOHHbIMU 060/04YKaMU.

Kak BugHO u3 puc. 3.54, Kaxpgblil WMOH
Nitl oguHakoBO cBA3aH CO BCemMu 6nu-
AbiHNWMH noHamn Cl~, n HaobopoT. Cre-
LVVHTENbHO, B KpUCTanne HeT OTAENbHbIX
** ji'ki/n NaCl. Ckopee, Becb KpucTann
14i'dfler paccMaTpuBaTb KakK OfHY TUraHT- Puc. 3.54.

monekyny NanCl,,.

ATOMHbIe peweTKN. TUNUYHBIMK NpeacTaBUTENAMYU
MrMHTOK, B y3/1aX KOTOPbIX PacnofioXXeHbl OTAENbHbIE HEATpab-
Hble HTOMbl, ABNAOTCA M3006paXKeHHble Ha puc. 3.55 pelleTku

O N» cr

a)anmas 6)apadpLLin
Puc. 3.55.

111.K|M11.1 M anmasa. ATOMbl yrnepoja B 3TUX pelleTKax CBA3aHbl
N*y ¢ ppyrom XMMWYeCcKMMM BaneHTHbI MU CBA3AMU, Kak
no....... Kynax yrnesogopojos. B Monekynax 6eH3ona u gpyrux
tut. HUWBAEMbIX LUKAMYECKWUX YrNnesoAopoA0B aTOMbI.

kpuua C nop [feiicTBMEM BaNeHTHbIX CUA pacnofaraktTcs
{H|VI1VIH}'II>I1bIe LWEeCTUYTONIbHUKMN.

11 K XKe pacnofararTcs aToMmbl yriepofa B peweTke rpapu-
Ill. KoTOpas NPUHAANeXUT K TeKcaroHanbHOW (WwecTu-
«l eeii.imii) kpucTannorpacgunyeckoir cucteme. PeweTka rpaduTta
........... it in psaga napannenbHbIX MAockocTe. Kaxpas w3 nnoc-
K" 1 1 MnonHeHa TeCHO CBA3aHHbLIMW aToMaMu yrnepopga, pac-
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MOMIOXKEHHbIMU B yrnax MpaBUNbHOIO LWeCTUYTroNbHUKA W iijim
aswmmncs Apyr oT Apyra Ha pacctodaHum B 1,42-10 144
ATOMbI e COCeAHMX MM0CKOCTel cnabo cBsA3aHbl Apyr ¢ Apyrom*]
paccTosdHMe MeXAy COCefHMMW MAOCKOCTAMM 60onee YeM U UM
pa3a npeBbillaeT pacCTOAHUA MeEXAY aTOMaMU LecTUYrosibHuUK!

n paBHo 3,40-KHO0 "10 m. [MoaTtomy KpucTann rpaguta nom)]

CKanbiBaeTca BAOMb 3TUX MNNOCKOCTeW cnalmHoe M
B npoTMBOMOMOXHOCTL 3TOMY, B KpuUCTanine anmasa COCEHKU
aToMbl yrnepoja pacnofioXXeHbl Takum 06pa3om, 4YTO OHU HaxH
OATCA Ha OLHOM U TOM >XXe pacCTOAHWM LPYT OT Apyra, paHHu™
1,54- ©O~10 m. OHM O4MHAKOBO M BeCbMa TECHO CBfA3aHbl BO T 0
HanpaBneHUAX, YTO ABMAETCHA MPUUMHON UCKNHOUUTENbHOW Mp<)d
HOCTU W TBepAOCTM anmasa. YeTbipexBajieHTHble atoMmbl C criv»
3aHbl KaXAblli CO CBOMMW 6AMKaAWWUMU 4YeTbipbMA COCEAAMM
M pacnonaralTCcs N0 BeplwMHaM NPaBUSIbHOW YeTbipeXrpaHHO»
nupammabl — TeTpasjpa (ogMH w3 BMAOB KybuU4YeCKuii
Kpuctannorpaguyeckoim cucTembl).
3. MonekynapHble
aToMHbIX rasos (Or, Hr, Clr n gp.), KakK ykasbiBanocb B rf, V
MOryT cfiabo B3auMofgeicTBoBaTb ApYr ¢ Apyrom. Cunbl B3auMo
LencTBUA Mexay Monekynamum o06ycnoBfieHbl He60bWUM b3aHM<
HbIM CMeLleHUeM 3/1eKTPOHOB B 3NEKTPOHHbIX 060104YKax «TO*
MOB. OTW TaK Ha3blBaeMble MONAPMU3ALMNOHHBIE CUbl
ABMATCA MPUUYUMHON OTK/IOHEHWI OT YpaBHEHUS COCTOSIHUM
MeHpaeneeBa — KnanelipoHa B peanbHbIX razax M No3ToMy uac*
TO Ha3blBAOTCA Ba H-fep-BaaNnbCOBbLIMU CcUNaAMU.
Kpuctannibl Takux BeLWECTB COCTOAT W3 OTAENbHbIX MONEKY,
pacnonoXeHHbIX B y3/1axX NPOCTPAaHCTBEHHON peleTKu, npaBuan™
HO OPMEHTUPOBAHHbLIX W CBA3AHHbLIX MeXAy co60l BaH-fAep-Ha
aNbCoOBbIMM cuiamMu. Pasnnyuve B CUeNNeHUM aTtoMOB BHYTpU
MOJIEKY/T U MEeXJy MOJieKy/naMu pe3Ko CKa3blBaeTCA M Ha WH
B3aMMHbIX paccToaHuax. Tak, B TBEpLOM XJ/iOpe paccTosiHue

MexXxpgy atomammu BHYTpM  monekynol  Clr  COCTaB/ifeT
21?811% M, & pacCTofiHWe MeXAy COCefHMMMU MOoJieKynamu -
,79-10~10 m.

MHepTHble ra3bl (Ne, Ar, Kr, Xe) npakTuyeckun He obpasyroT
XUMUYECKUX COeAUHEHUA. Mofiekynbl 3TUX Fa30oB O4HOATOMHbI,
N KpUCTannbl 3TUX 3/EMEHTOB TOXe C/eAyeT OTHECTU K Tuny
MONEKYNAPHbIX peLleToK.

BONbWMWHCTBO OpraHMYeCcKUX COeANHEHUW C BbITAHYTLIMU MO-
NeKynaMmu n mosieKynamum CMoXHon ¢gopmbl (mapa@uHbl, CAMPTI,
uennnosa, pesmHa u Ap.) Takxe ob6pasyeT MOAeKynspHble
peLueTKN.

Manas aHeprus cBA3W B MONEKYNAPHbIX KpucTannax sBau
eTCA NpUYMHON KX cnaboro cuenneHus, Nerkoin gedopmmpyemo,
CTU W HU3KUX TemnepaTyp NAaBfeHUs.
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peweTKN. MOoOnekynbl [Byx»

VP TAMILLT A S bR/ L s/ IH L

I MeTannuueckue peweTKU. B MoNekynapHbix
Wl MMAax 3/IeKTPOHHbIe KOHGpUrypauum n opbuTbl 31eKTPOHOB
mHY(U MOMEKYN NWWb He3HauyuTeNbHO pAedopMuUpyroTCca npu
MWHM<«AECTBUM C COCEAHWMU MONeKynamMn. B MOHHbIX Kpuc-
M | i.i\ 0g4MH UM HECKONbKO 3M1EeKTPOHOB OTPbLIBAOTCHA OT Tak
|12 M.HNEMOTO 3N1EeKTPOMNONOXUTENbHOTO aTtoma (Hanpumep, Na)
I NPOYHO CBA3LIBAKOTCA C 3NEKTPOOTpULATe/IbHbIM aTOMOM (Ha-
bumep, C1).

Il aTOMHbIX pelweTKax Ba/NeHTHble CBA3M OCYL,ECTBAATCA
M|MMMW 3/1EKTPOHOB, ABMXYLUXCSA MO OnNpedeneHHbIM opbuTam,
myun.warwmm oba cBA3AHHLIX aToMa.

MHaa KapTuHa Habnwopaetcs B MeTannax. B Hux cawmble
LiwinHe, BaneHTHble 31EKTPOHbI CPaBHUTENbHO cfabo cBA3aHbl
KnuMmammn u nerko oTpbiBatlTCcA Npu o6pasoBaHUM Kpuctaniu-
Mru.nH peweTtkn. B y3nax pelweTKy OCTATCA MNOSIOXUTENBHO
|[ipm>xenHble MOHbI MeTanna. OcBO6GOAUBLLUNECSH 3NEKTPOHbI Ne-
Bfcniior npuHagnexartb onpejeneHHbLIM aToMaM U XaoTUYECKU
MH/K\ res no cnoXHblM 0p6uTaM, 0XBaTbiBalLWMM BECb MeTan.
" hmim o06pa3oM, BeCcb MeTann 3anofiHeH CBOe06pasHbIM
mMTITKTPOHHbBIM Ta30oM», CTArMBAKOWMUM MON0KUTENb-
Hbl) MOHbI B MMOTHYK KpPUCTaN/MYecKyl peweTky. Hanunuue
wnlwwelX  31eKTPOHOB  ABNseTCA NPUYNHON  XOopolLueit
*NW KTPONPOBOLHOCTMW METaNnos.

MpuBefeHHbI Npumep anmasa W rpaguTa NOKasbiBaeT, UTO
O/HI0O H TO Xe BeLleCTBO MOXET KPUCTannu3oBaTbCH B pasnnuy-
Hbl' cucTemMax M o6najgatb NpyY 3TOM Pa3NUYHbIMU PUINYECKUMU
t*‘MunTnamu.  Anmas M rpaut  ABAAKOTCA  Pa3IMUYHbIMU
milpoTtTponmuecknumMm MOAMPUKALMAMU OLHOIO
M HMO Xe BelecTBa — yrfiepoga. AsfeHne annoTponum Wmpo-
Lin pacnpocTpaHeHo B npupoge. MOXXHO MPUBECTU elle NMpuUMep.
Mobl'ntoe «benoe» 010BO — CepebpPUCTO-6enblii KOBKMIA meTann
< W IOTHOCTbIO 7,3-103 Kr/mM*— KpucTannumsyeTcs B TakK HasblBa-
*UMH TeTparoHanbHOW cucreme. Humxke 18 °C 6enoe
W/loHO oKa3blBaeTCA HeyCTOMYMBBLIM UM MOXEeT npeBpaliaThbes

N lepoe ONOBO, KOTOPOE WMMeEET KyOW4yecKyl pelleTKy W naoT-
HO- N. M»H5 103 kr/m . MosABNeHNE CepbiX NATEH Ha ONOBSAHHbIX
HH Imver,IX npu gnnTenbHOM XpaHeHWU Ha MOpPO3e HOCUT Ha3Ba-
NH* '0N10BAHHON 4YyMmbl». Mpu TemnepaType 161 °C 010BO nepe-
pnuun un TpeTbio (pomMbUYecKy) MoOgUpUKALUID U CTaHOBUTCS
ove|lb Xpynkum.

1I’.nAnyHble KpUcTanamyeckme MoaupMKaLUMM [aHHOFO Be-
HO. |MN MMeKT PpasfIMuHYy0 3Hepruio pewweTtku. loatomy npu
H|" BpaleHnn ogHOW MogudUKaLMm B ApYryt NOraowaeTcs uam
BbIW LWIETCA CKPbITas TenjoTa MpeBpalleHns, TaK >Xe KakK U
it npoueccax nnaBneHUs WM Kpuctannusaumu. Kaxgas moau-
thukauusa asnseTca yCcTOW4YMBON B onpefeneHHoin obnacTu pas-
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NeHWiA 1 TemnepaTyp, BHE KOTOPbIX OHa cnocobHa npeBpawaThb-
ca B ApYryw TBepAyl MOAMPMKaLUIO WAW B XUAKOCTb. [ns
npumepa Ha puc. 3.56 npuBeseHa (a3oBasf fuarpamma BOAbI,
B KOTOPOM yKasaHbl 061aCTh YCTOWYMBOrO CYLLECTBOBAHMUA pas-
NINYHBLIX MOAMMDUKALUI NbAa.

Mepexof U3 OofHON MoAM(UKaLMM B APYTyk CBSi3aH C nepe-
CTPOMKOW KPUCTaNAMYecKOl peweTkn M neperpynnupoBKOA aTo-
MOB. Bcnenctere Manoi NoABMXKHOCTM aTOMOB B TBEPAbIX Tenax
Takume neperpynnupoBKW CUMbLHO 3aTpyfHeHbl. [103TOMy Heyc-

TolumBas B JaHHOW 061acTU AaBNeHW A W TemnepaTyp mMoaudu-
Kalusa 4YacTo MOXeT ANUTEeNbHO CYLecTBOBaThb, HE Mepexoas
B 6onee ycToinumeyt. Hanpumep, anmas, o6pasywowuiica wu
YCTOWUMBLI/ MPU OYEeHb BLICOKMX AABMEHUSX U TemnepaTypax,
Oyayun oxnaxaeH 40 KOMHATHOW TeMmepaTypbl, MOXeT CyllecT-
BOBATb MPaKTMYECKW HEeOrpaHUYeHHOEe BPEMs, He Mepexons B
60/iee YCTOWUMBBLIA MpPU 3TUX YCNOBUAX rpauT *.

Bnarogaps XaoTUYHOCTM TEMJIOBOrO [BVXXEHWUS OTAeNbHble
aTOMbl Ha NMOBEPXHOCTM TBEPAOr0 Tesa MOTYT BPeMs OT BPeMEHMU
OTPbIBATLCA OT MOCMEAHEro U MNepexoauTb B Tra3oByH (hasy.
YnpyrocTb HacbiWEHHOTO napa Haj TBepAbiM Tenom O06bIYHO

* B 1955 - BnepBble yAanocb Npou3BecT (pa3oBoe MpeBpalieHne rpadura
B anMmas, T- €. MoJy4YnUTb UCKYCCTBEHHbIE anmasbl, Nofsepras rpauTt B TeUeHUe
HECKO/IbKMX 4acoB faBfieHnto cBbie 100 00O aT™ npu TemnepaType CBblLle
2300 “K. 370 OTKpbITME BecbMa BaXHO, TaK KaK anmasbl — LieHHelwee
NpoMbILINEHHOE Cbipbe: 6onee 80 % MMPOBOKA [06bIYM anMa3oB MCMONb3YyeTCs
4N NPOMBIWNEHHBIX HYXA (MHCTPYMeHTbl Ans 6GypeHus CKBaXWH W Ap.)
B HacToAlee BpemMA WCKYCCTBEHHble anMa3sbl NMPOU3BOAATCA Yy HAac B MPOMbILU-
NeHHOM MacluTabe.



HUYTOXHO Mana. C pocToM TeMmmepaTypbl 3Ta YNPYyrocTb ObICTPO
nogpactaeT, TakK >e KakK U B cAydae XuakocTei. [1oaTomy
HEKOTOpble TBepAble Tefa MOryT HenocpeACTBEHHO B O3 T O -
HATbCS B nNap, MUHYa XWAKyk ¢asy. [Npumepamum Takux
ron MOryT CAYXWTb KpUCTannuuyeckuii nog n HapTanmH. Mpu
MeA/IeHHOM HarpeBaHuuM MOf HOPMandbHbIM [JaBfieHUEM MOfA
BO3roHseTcd, o06pasysa duoneTtoBble napbl. [pu oxnaxgeHuu
napa oH cy6bnumumupyerT, T.e obpasyer cpasy Kpuctanbl
TBEPAOTr0 MOAa, MUHYS XUAKYH (asy.

§ 48. MexaHW4ecKne CBONCTBA TBEPAbIX Ten

He3aBMCUMO OT NPUpPOAbI CUA, CBA3bIBAIOLWUX aTOMbl B TBep-
[OM Tene (BaneHTHbIX, KYNOHOBCKUX U T- [.), XapakTep MU3MeHe-
HWS 3TUX CWUA C pacCTOsIHMEM T MeXAy aTtomamu 6ygeT Takum
Xe, KakK W B XMAKOCTU ”

B peanbHOM rasze. [pwu

60MbLINX paccTosHUAX

Mexnay atomamu  (uau

APYTMMW 3fieMeHTaMm, co-

CTaBASAKOWMMUN  peLleTKy)

npeo6najawT CcuUAbl Npu-

TAXeHUs, ObICTpO yb6biBa-

lowme ¢ poctom r. MMpwm

cONMXKEHUN aToMOB

BMAOTHYI APYr K ApYyry

HauMHaeT MpeBanMpoBaThb

B3aMMHOEe OTTanKuBaHue

3NEKTPOHHbLIX  060/104€EK.

O6wnin BUA 3aBUCUMO- Puc. 3.57-

cTn cunbl f oT paccToAHuUA

r npuseaeH Ha pwuc. 3.57

(aHanornuyHom puc. 3.2, a). Mpu r=ro cunsl OTTaNKWBAHUS
N NPUTAXEHMA YpaBHOBeLWMBAOT APYr ApYyra, M aTOMbl TBEPAO-
ro Tena npuM OTCYTCTBUM BHELWHMX CUN pacnofaralTcs Ha
paccTosiHUAX o Apyr OT Apyra.

MpuNoXuM K 060MM KOHL,AM CTEPXHS ANWHbI / U naowagn
nonepeyvyHoro cevyeHma 5 pactarusatowme ycunus F (puc. 3.58).
Mo AefcTBMEM 3TUX CUN CTEPXEHb YANUHUTCA Ha HEKOTOPYHo
BennuuHy A/. Tlpn 3TOM pacCTOSAHUS MEXAY COCeAHUMMK aToMma-
MW BAOMb OCUM CTEPXHA BO3PACTYT Ha HEKOTOPYH BeAnunHy Ar
(puc. 3.57). YanuHeHue BCeil Lenoyku atomMoB Al cBsA3aHO ¢ An
OYEBUAHbLIM COOTHOLUEHUEM
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Mpn cMeweHU aTOMOB K3 CBOWUX MOMOXEHUN paBXHHNM
MEXAY HUMW BO3HUKHYT CUAbl NpUTsXeHus [/, npuyem
BOo3pacTaeT C yBenuyeHuem Ar. MNpu mManbix pacTaxeHuax. nol,
Ar<”r0 (a cnegoBatenbHo, n 4/<C/), cnoXxHyw KpusonuHelwy!
3aBucumocTb Af oT Ar MOXHO MpakTUYeCKU 3aMEHUTb MPUMOIA
nnHnen (NYHKTUP Ha puc. 3.57). Torga [/ 6yaeT npsaMo uporiojj
LMOHAaNbHO Ar, U C y4eTOM 3Haka MOXHO HanucaTb:

O/= —KAr, (.

roe K — koauumeHT nponopumoHanbHOCTU, 3aBucawmin of|
KOHKPEeTHOro Bnga KpWBOI B3aMMOfAelicTBUA ANS aTOMOB Aallio

ro TBepaoro Ttena.
MbICNEHHO pacyfieHuMm p,H

CMaTpUBaeMbIi CTEpPXEeHb HM
pAag napannenbHbIX LENOYM
atomMoB. Yucno 3TMX LEMNOMOK,
% 1 - NPUXOAALLNXCA Ha eAUHUL»
—I- ’ MOMEepeyYHoOro CeyvYeHus CTepxXx
HA, 0603HaYMM yepes nn. Torpg!
Puc. 3.58. BO BCEM [MOMEPeYHOM CEYEHUM
6yaeT AelicTBOBaTb CYMMapHOM
cuna MNpUTAXeHUd

£0 /= —KArnCS. (48 -i)

BennuuHa Ar 6ygeT Bo3pacTaTb 40 Tex Mop, Noka 3aTa cufa Hr
ypaBHOBECUT pacTsrupatolwee ycunme F, T. e

F=-1Af. (48.1)
OTctopga, yuutbiBas (48.1), nonyyumm:
F=Kn{ArS= Kn{r*S. (48.5)
O603HauYUM
KnnrO=E. (48.6)

Torga m3 (48.5) u (48.6) cnegyet, 4TO

4 =£-71- (487>

CooTHoweHne (48.7) BblpaxaeT TakK Ha3blBaemblli 3aKOH
F'yka: oTHocuTenoHoe yanuHeHue (A///) npamo nponopuum
HanbHO MPUNO>KEHHOMY Hanpsa><eHuto (T. e. pacTarnsBarowemy
yCUAMKO Ha eaunHuUy nnouwagn F/S).

KoathuumeHT nponopunmoHanbHOCTM E  HOCUT HasBaHwue
MOAYNA pacTaXeHua, wim moayns HHra. Ana
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.Mn BenunumHa E pocturaet 2- 106 kKIM'/cmM2K 2-1011 H/m2

II» (48.7) cnepgyeT TakxXxe, 4TO
f=-f npu Y=y

I r MOAY/b YyNpyrocTu YACNEHHO pPaBeH Hanps>XeHuw, KOTopoe
Hy>XHO nNpunoxutb K o06pasly, 4YTo6bl YBENNYUTb €ro AJUHY
Egkoe, ecnn Obl, KOHeyHO, 3akKoH [yka cobniopanca [0 CTONb

W.WnNx YyAAMHeHWRA. To camMoMy CMbICy BbIBOAa, OAHAKOo,
K'H um HIO, YTO MPUMEHUMOCTb 3TOr0 3aKOHa OrpaHu4yeHa ycno-
Itii'M ManocTu OTHOCUTENbHbIX YANUHEHWIA:

o N
o 1 <1 (48.8)

1lum r = ro KpuBas 3aBUCUMOCTU / OT I HeNnpepbiBHa U UMeeT
W MNMKOBbIA HAK/MOH KacaTenbHOW no 06e CTOPOHbI OT 3TON
Iti'ii.u  MosTomy cooTHoweHne (48.7) ocTaeTcsi cnpaBegnuBbIM
W Mpn cxaTtum ctepxHa (A/ < 0 um F < 0), ¢ Tem Xe cambiM
«/IMuruHem mopyna E.

Mpn yaNMHEHUN aTOMHbIX LENoYeK pacCTOAHWUSA MexnJy aTo-
MiMt BLONb Leno4vyek Bo3pacTalT. Mpyu 3TOM U3MeHsAeTCs B3au-
m:Mria('TBMe MexXgy cocefHUMW LenoykaMu, W OHU HECKOSbKO
|o wul/katoTca gpyr ¢ Apyrom. MoaToMy nNpu pacTsH>XeHUu cTepx-
[[H rro nonepeyHble pa3mepbl HECKO/IbKO YMEHbLIAOTCH, B Mep-
MHM MPUOAMXKEHUN TakXe NpAMO MPOMOPLMOHANbHO Hanpsaxe-
MW F/S.

MravuuHa mogyna ynpyroctu E pasnumuHa fAnd  pasHbIX
in WrctH. B MoHOKpucTannax BCAeACTBME MX aHM3OTPOMUM 3Ha-
‘s " cylWwecTBEHHO 3aBUCUT OT HanpasfieHusa gedopmMaynm no
LLIHUMHHHIO K OCAM KpuUCTannuyeckoin pewetku. B nonukpuc-
(1 1 WYecKUx Tenax OTAeNbHble MUKPOKPUCTaNIbl OpUEHTUPOBaA-
lll I itMbiIM GecnopagoyHbiM obpasom u Mogyne E gna Bcero
N M WMeeT BMOJIHE ONpeflefleHHOe cpejHee 3HayYeHWe, Of4MHAKO-
Hii 1na Bcex HanmpaBneHWA.

Ih puc. 3.57 BUAHO, 4TO Npu 60NbWKNX Aedhopmaynax yanu-
iMmn.  \r pacTeT 6bicTpee, yem cuna Af, yto obycnoBnuBaeT
Mi> untoHusa ot 3akoHa yka. Mpu HEKOTOPOM BMOJIHE onpeje-
(Ammom paccTosHUKM IMBKC MEXAY aToMamMu cuna NPUTAXEHUA
vereennre 10T HAMBGONbLIEE BO3MOXKHOE 3HAYeHUe )fNID- Mpu gans-
B iiim.imh NafjatloT WYXe He MOryT ypaBHOBECUTb MPUNOXKEH-
HY| H.npy3Ky. Teno npu 3ToMm paspbiBaeTca. N3 rpadu-
1| MUANM MOXHO OMpejennTb MakCMManbHOEe pas3pbiBHOE Hanps-
jHt’iiiic, KoTopoe MOXeT BblgepXXaTb AaHHOe Teno:

avap=-"~=)Lan0 (48.9)
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Lna npocTeAWNX WOHHBIX KPWUCTannoB BeanynHa opajp Obin)
BblYMCNeHa TeopeTuyeckn. ONbIT, 04HaKO, MokKasan, 4YTo pa ¢>M
KpucTanna HacTynaeT npu 3HayeHusx opesp pa3 B 400 meHbinul
4yeM TEeOpeTUYeCKU BblYMCNEHHbIE. [TpUUYMHA Takoro pes3koro no
HUXXEHUSA MPOYHOCTU peanibHbIX Tea N0 CPABHEHMWIO C TEOPETUYHO
KO 6blna o06bAcHeHa A. ®. Vodde.

Ha noBepxHOCTM TBEPAOro Tena BCerfga MMeKTCA MUKPOCKL,
nuyeckue TPELWNHKN, HEOJHOPOJHOCTN 1 Apyrue nedeKTbl Kppo»
Tannn4eckol peLleTKu.

PaccmoTpuM TaKylo TpewuHKy nnowagbto AS. Mpu pecrttf
XEHWH C Hanps>XeHWeM 0 =-~ Ha LOJII0 MOBEPXHOCTU TPeLmH

npuxogutca cuna oAS. Kak "BmgHo u3 puc. 3.59, cubl, npu.to
XEeHHble K TpelWHKe, He YpaBHOBELIMBAKTCH, MOCKO/bKY aeft
CTBYIOT Ha pasHble ee MOBEPXHOCTU. Takum o6pa3om, Yy KpaH
TPEWMHKN CBEPX HAMPSXEeHWs 0 LeACTBYIT ewe cuibl 0\.S
CTpeMAWMECS PaCINPUTb TPELLUHKY.

Kak nokasblBaeT pacyeT, y KpaeB MUKPOCKOMWUYECKUX Tpe-
WWH MOryT BO3HMKaTb O4YeHb 6ONblIKE CWUAbl, NPUBOAALLME
K paspbiBY TBephoro tena. Moatomy
COBpeEMEHHasA TexHonorus ob6padb0o)
Kn petaneli MallWH ypaensieT CTOMb
60/blIOE BHMMaHWe CBOWCTBAM HO
BEPXHOCTW AeTanei.

Lna npoeepku 3aToro npegnono
xeHuna A, & WNoddge noctaBun
cnegywowmnin - onblT. Kpuctann K»
MEHHOW CONMW BblN MOTPYXXEH O4HUM
KoHuom B Bogy (puc. 3.60). Bog!
HenpepbIBHO pacTBOpAna MOBEPXHOCTHbLIN CAO  KpucTana»,
cofepxawuii MUKPOTpewWwnHbl. B pe3ynbTaTe pacTBOpPEHUS HO
nepeyHoe ceyvyeHMe ydyacTka obpasua, MNOrPy>KeHHOro B BOAY,
CUNbHO YyMeHblwanocb. Korga K TakoMy pacTBOpAIOLWEMYCH
Kpuctanny 6bia NojBeLleH 3HaYMTeNbHbIA rpy3, To obpasel paso-
pBafca He B TOHKOM MecCTe, a B LUMPOKOM CEeYEeHUM Ha BO3AYXE,
roe ocraBaficCsd HapyLleHHbIA MOBEPXHOCTHbIA cnoi. Mpu Takom
HenpepbIBHOM pPacTBOPEHUM MOBEPXHOCTHOrO CN0SA yAanocb W3
MEpUTb MPOYHOCTb KpuUcTanna Ha paspbiB, 61M3Kyl0 K Teope*
TUYECKO.

3a nocnegHwe AecATUNETUA B TEXHUKY CTalu LWINPOKO BHeA
pATbCA OpraHuyeckue amopdHble BellecTBa, MOCTPOEHHbIE in
TMraHTCKMX MONEKY/N C MONEKYNAPHbIX Becom nopsagka 10 —1
106 kKr/kMOnb, TakK Ha3blBaeMble MNOoNu Mepbl. [lpu onpego*
NEHHbIX YCNOBUAX HEKOTOPble OpraHW4Yeckue MONEKYNAbl MOryT
CBA3bIBATHCA APYT C APYTOM XWUMWYECKUMWU BaneHTHbIMW cunaMu u
ONVHHbIE LEenoYykn Wam B MAOCKME M NPOCTPaHCTBEHHble o6paao-
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Puc. 3.59.

M/ KaK roBopsT, nonMMepunsoBaTbcsi. K TakMM BbICOKOMOU-
[IMBIM COefMHEHUsSIM NpuHajnexaT, Hanpumep, Kayuvyk, uen-
MH 1,1, 6enku.

pK n6eHHO BaXXHbIM TeXHWYECKWM CBOWCTBOM MOIMMEPOB fiB-
'Lt 4 MX cNOCOGHOCTb BbIAEPXUBATL OFPOMHble obpaTuMble
AMMHMA (go 1000 % oT nepBOHayasbHOro pasmepa) npu
HMHUrenbHO He60oNbWMX Harpyskax.
MpuuynHoOliA nopobHOI BbICOKO3NACTUY-
Il gedopmaumnn ABNAETCA BO3MOXHOCTb
HHHbIX MOJIEKYn nonMmepa CBOpayu-
|[<<H u Kny6KM u pacnpAMAATbCS Npu
113 n<e. Kak nokasan T1. . Kob6eko,
uokoynpyras pgedopmauus 3aBMCUT OT
MuepnTypbl U CKOPOCTU NPUNIOXEHUS Ha-
\1kH. C noHMXeHWeM TemnepaTypbl Ta-
M fgedopmaluma ocywecTBNfeTCA NULWb
hi MefneHHOM TMPUAOXKEHUN HArpysKu;
NN dXe Harpysky npuknagbiBaTb 6bICTPO,
| nonumepbl aegopmupytotcs cnabo u
Wmi npeTepneBatoT XPYyMKUiA K3I0M.
HOroo6pasHblil apceHan MCXOAHbIX eCTECTBEHHbIX W CUHTETU-
*'K\ OpraHM4YeckMx COefMHeHWi MOo3BONAeT co3AaBaTb MOMM-
>pM i cambiMKM pa3Hoo6pa3HbIMW cBONCTBamMu. CyllecTBYIOT
NPUMEHAIOTCA B TEXHUKe nonumepbl 601ee npoyHblie (B onpege-
MA1Y nHTepBanax TemnepaTyp), Yem CTalb.

Puc- 3.60.

§ 49. TenjoBoe [ABWXKEHWe B TBEPAbIX Tenax

124l ab6CONOTHOM Hyne TemnepaTypbl aTOMbl TBEPAOr0 Tena
U" Mraiotca B oOnpefeneHHbIX TMOMIOXKEHNAX paBHOBeECUA B
| naHcTBe. lMoTeHUMaANbHYIO 3HEPrM0 aTOMOB B 3TWX NONO-
HUWH\ paBHOBECUA YCMOBHO CUYMTAKOT PaBHON HyNHO.

< poCTOM TemnepaTypbl aTOMbl HaYMHAOT KONebaTbCA OKOMO
P* nonoxeHwuii paBHoBecus. Npyu mManom CMeLleHUMM aToma u3
[MX'Mns paBHOBECUA B MPOWU3BOMLHOM HampaBfeHWU X Ha
", ' nnacHo (48.2), gelicTByeT KBasumynpyras cuna

/= —Kx. (49.1)
niMWUHanbHaa 3Heprna CMeleHHOro artoma

«=-¥-, (49.2)
lyecKaa 3Heprusa ero paBHa a MNoJsIHaa 3Heprua

(«.3»
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Mpu konebaHUM aTtoma MPOUCXOAUT HENpPepbiBHbI MNepexof
€ro KMHeTMYeCKOn 3Hepruym B MOTeHUManbHyt U obpaTHo. MMpu
JaHHON Temnepatype T cpefHAs KWHETUYecKas WU cpeaHsas no-
TeHUManbHas 3HEPruyM KonebaTtenbHOro ABUXXEHWS pPaBHblI APYr
APYry 1 No Teopeme O paBHOMEPHOM pacnpefeneHUn 3Heprum no
cTeneHam ceo6ogbl (cMm. ra. VIII, 8§ 33) cocTaBasAwT:

mvl _ K x-_\
2 2 2

Kone6bnwouwwniicas atom B TBepAOoM Tene o6nagaet Tpems
cTeneHaMu cBo6OAbl M MOXET coBepluiaTh KonebaTeNbHble ABU-
XEHUS Mo TPeM B3aWMHO MNeprneHAUKYNSPHbIM HanpaBaeHUSM.
CpefHsAs 3Heprus Kone6aTenbHOro [BVMXEHUS OAHOTo atoMma
B KpucTanje Mo3ToMy paBHa

kT. (49.4)

e=3 (-LkT+"-kT" = 3kT (49.5)

M Ha OAWMH Kunorpamm-aTom BelleCTBa COCTaBNAET:
E=NOT =3nkT=3RT, (49.6)

raoe No— yucno Asoragpo.

KonunyecTBo TennoThl, Heo6XxoAnMOe ANA HarpeBaHWs O4HOrO
Kunorpamm-aTtoma TBEpAOro Ttena, T. €. ero Tenn0eMKoCTb, CO-
rnacHo (49.6) paBHO

C=-f=3r, ;25 KkA>K/Kr-aToM- rpag. (49.7)

CooTHoweHune (49.7) 6bI0 cHavyana yCTaHOBNEHO Ha OMbITe
W HOCWUT Ha3BaHuMe 3aKoHa [JwnoHra wun INT un B Takom
BUAE OHO CMpaBeAnuBO AN OAHOATOMHbLIX KPUCTanInyecKux
peweTok. [Ana 6onee
CNIOXHbIX PeLeToK cre-
LYyeT yuyuTbiBaTb BO3-
MOXHOCTb  KoJsiebaHui
BCEX  3/IEMEHTOB  pe-
LIETKN.
Ana noacHeHusa aTo-
ro paccumtaem TeOpeTu-
Yeckn yAenbHYK Tenno-
€MKOCTb KaMeHHOW Cco-
. MOnKynapHblli  Bec

NaCl u= 23+ 355=
= 58,5 kr/kmonb. Cne-
poBaTenbHO, B 1 Kr cogepxutca —=0,0171 kmonb NaCl. OfHa-

KO B y3/1aX pPeleTKun NaCl pacnosioXXeHbl He uenble MOoneKynbl, a
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NMopo3Hb MoHbl Na+ u uMoHbl Cl~, konebnWMecs He3aBUCUMO

apyr oT gpyra. Mo3aTomy TennoeMKocTb 1 KMOAb CONMKM paBHa

He 25 pok/rpag, a BpABoe 6onbwe. CnepgosaTenbHo, Cyo=
0,0171 kmonb/Kr'X

X50 kg>k/kmonb -rpag=0,85 ka>K/Kr-rpag.

C noHmXeHMeMm TeMnepaTypbl HaYMHAETCHA MOCTEMEHHOE «Bbl-
Mep3aHuMe» KonebaTeNbHbIX CcTeneHeil cBo6oabl (cm. rn. VIII,
$ 33) ¥ TennoemKOCTb TBepPAbIX TeN MOCTENeHHO yMeHbllaeTc,
CTPeEMACb K HYMHO Mpu

0, Kak 3To um3o06pa-

XEeHo Ha puc. 3.61.
BospacTtaHne amn-
NNTYAbl TENNOBLIX KONe-
6aHuii aToMOB siIBNsieTCA
NPUYMHOM pacwnpeHns
TBEPAbIX Ten Mnpu Harpe-
BaHun. Ha pwuc. 3.62
npuBeAeH  NPUMEPHbIiA
rpauk  3aBUCUMOCTHU
noTeHUManbHOW  3Hep-
rmm B3aMMopelnicTema
cocegHux atomos U oT
paccTosHUA MexXAay WX
LeHTpamMun [, COOTBETCTBYHOLWMIA rpapuky puc. 3.57 gna cun.
MyHKTMPOM Ha 3TOM PUCYHKe NMoKa3aH YypPOBEHb MOJHON 3Hepruu
B3aMMHOro KonebaHus aTomMoB npu gaHHoW Temnepatype r(T).

Mpy N3MEHeHUN B3aMMHOTO pacCcToAHMA OT r\ Ao r2 npomcxo-
OUT HENPEepbIBHbIA Mepexof KUHeTMYeCKOW 3HEepPruum B MOTEHLM-
anbHyl 1 obpaTtHo. Kak BMAHO W3 pUCYHKA, BCNeACTBUE HECUM-
METPUYHOCTU KpUBOWA U(r)ycpefHee pacCTOAHUE MeXAy COCeAHU-
MW aToMamMu Npu JaHHOW TemnepaTtype

— _ N1+'a
— 2
6onblwe, 4em ro, M BO3pacTaeT ¢ pocToM T. OTHOCMTe/NbHOE

YANNHEHWE Tena —H)—:LLI,— pacTteT NPUMEPHO MPONOPLMOHASb-
HO T:
-y-=a’7\ (49.8)

rge a — TaK HasblBaeMbll KOS PG MUMEHT NUHEWUHOTO
pacwupeHWa TBepAOro Tena, WMeWNA 06bIYHO
nopagok 10-5 rpag-~[



UACTb IV
KOJIEBAHWA N BOJIHbI

FMTABA XIlIlI
FTAPMOHUMYECKOE KOJIEBATEJIbHOE AOABW>XEHWE

§ 50. KnHemaTuKa FapMOHWYECKOro KosebaHusi

KonebaTenbHble NpoLecChbl WMPOKO pacnpoCcTpaHeHbl B Npu-
poZe ¥ TexHuke. KayaHme MasTHMKA 4acoB, BOJIHbI Ha BOAE,
nepemMeHHbIA 31eKTPUYECKUIA TOK, CBET, 3BYK SBAAKTCA Npume-
pamu KonebaHuil paznnMyHbIX U3NYECKUX BenuuuH. Mpu gBrxe-
HAM MasTHUKA KonebneTcs KOOpAMHATA €ro LeHTpa TSKecTu.
B cnyyae nepemMeHHOro Toka KOMe6AlOTCA HanpsKeHue U TOK
B Uenu. 3T ABa npouecca KayeCTBEHHO COBEPLUEHHO Pa3/iInyHbI
no ceoei (usnyeckoin npupoge. OAHAKO KONMYECTBEHHbIE 3aKO-
HOMEPHOCTWU 3TUX NPOLECCOB UMEKT MeXJy c0o60i 04YeHb MHOro
obuero.

OCHOBHblE XapaKTepUCTUKK KonebaTefibHbIX MPOLECCOB Mbl
U3y4YnMm CHauyana Ha NpumMepe MexaHW4YeckuUx KonebaHuit matepu-
anbHOl TOYkW. PaHee Mbl yXe MNO3HAKOMWAWUCH C APYrUMMU
TUNAMW MeXaHWYeCKUX ABUXEHUWA — nocTynaTeNbHbIM U Bpalla-
TenbHbIM. MaTepuanbHasi Touka M, ob6najgatowas OLHON cTe-
MeHbio CBO6GOALI U ABMXKYLLAACA BAOMb HEKOTOPON NIMHUN, MOXET
C TeYeHWeM BpPEMEHM CKOJIbKO YrogHO YyAanAaTbCA OT CBOEro
UCXO4HOT0 MONOXEHUA; TakKoe [ABWXXEHWEe Ha3blBaeTCd YUCTO
nocTtynartesibHbIM. B MPOTMBOMOMIOXHOCTb 3TOMY KonebaTefNb-
HbIM Mbl OyfeM HasblBaTb Takoe [BMXKeHWe, Korga touyka M He
BbIXOANT 3a Mpejenbl Kakoro-nubo oTpeska KL Ha 3Toi nuHUM
N MHOIOKpaTHO MNPOXOAWUT 4epe3 OAHW W Te e MNON0XKeHUs
BHYTpu KL.

Ecnn, Kpome TOro, cywecTByeT Takoil MPOMEXYTOK BpeMme-
HM T, 4TO KaXAblii pa3 cnycTts BpemMs T BCe ABUXEHUE TOYKU
M B TOYHOCTM MNOBTOPAETCA, TO KONeb6aHUe Mbl HA30BEM
nepmopgmMmuyeckunm. MNMpomexyTok BpeMeHN T, B KOHLE KOTO-
poro TOYKa OKa3blBaeTCAa B TOM Xe TMOMOXEHUN W LBUXKETCH
C TOM e CKOPOCTbl, KakKk M B €ero Hayanae, Ha3biBaeTcA
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nepnopom kKoneb6aHusa. lpocTedwnm cnyvyaem nepuo-
ANYEeCKOro KonebaHums 6yaeT TaK Ha3blBaeMOe FapMOH U -
yeckoe kKonebaTenbHOE ABUXEHMUE, KpaccmoTpe-
HWIO KOTOPOro Mbl U nepeigem.

MpeactaBuMm cebe NpPoOM3BOMIbHYIO TOuKy D, paBHOMEpPHO
BpaljaloWyca MNo OKPYXHOCTW paguyca A MNpOTUB 4acoBOl
CTPENKM C MNOCTOSIHHOW Yr0BOWA
CKOpPOCTbIO O pajMaHOB B CEKYH-
ay (puc. 4.1). YpaBHeHue [BU-

XeHna Toukun D npumeT BuA

® =P o+«/, (50.1)

rge ¢ — yron nosopoTa NOABUXK-
Horo paguyca OD OTHOCMTENbHO
HenogBwxHoro O/, a (po— Ha-
YyanbHOe 3HayeHue yrna ¢ B MO-
MeHT BpemeHun /= 0.

Mo mepe Toro kak Touka D
O6yfeT BpawaTtbCcA MO OKPYXHOC-
™ oT K K L u, ganee, cHoBa K K,
npoekuma Toykm D Ha pguametp
LK. — Touka M — 6ypetr AaBu-
ratecqd Bfonb oTpes3ka KL oT oj-.

HOro M3 ero KOHLOB K ApYromy u o6paTHo, T. e. 6yaeT coBep-
WaTb KonebaTenbHoe ABMXeHMe. O603HauuMMm paccTtosHue OM
3TO/ TOYKM OT UeHTpa uYepe3 X. Torga ypaBHeHWe [BUXeEHUA
TOYKM M npumeT BUA

x=A cos <p=J1 cos (0)/ + ¢o)- (50.2)

Bbi6Op HayalbHOr0O MOMEHTA OTCYeTa BPEMEHW COBEPLUEHHO
npou3BoseH. Mbl MOXeM Bbi6paTb 3TOT MOMEHT TaK, 4TO (0
6yaeT paBHO Hyno. [lpu 3TOM ypaBHEHUE TrapMOHMYECKOTO
KonebaHus (50.2) npumeT BuUA

x=A cos p=A cos bl/. (50.3)

B panbHelilwem BOCNOMb3yemMcs TeM 06CTOATENLCTBOM, 4TO
fo6aBKa (0 B apryMeHT KOCKMHYCa He MEeHSieT xapakTepa fABUXe-
HMA, a oO3HayaeT /MUWb W3MEHEHWE HauyaNbHOro MOMeHTa B
oTcyeTe BPEMEHWU.

dyHKUMA cos &/ daBnsfetcs npOCTeVluiﬂi nepuoanYecKoi

(hyHKUMel OT BpeMeHW C nepuofoM 7*=—— [1eACTBUTENbHO,

CNyCTS NPOMEXYTOK BpeMeHW T (YHKUWA COS Wt NMpUMeET 3Ha-
ueHue

cos (o(t-\-T)=cos o)*t- J - = cos (a)/+ 2n),
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paBHOe CBOeMY TepBOHayafbHOMY 3HauyeHMO cos tat. Takum
o6pas3oM, Touka M coBepliaeT nepuoguyeckoe konebaHue. Mo-
fo6HOoe npocTeilliee nepuogmyeckoe konebaHue, NpuM KOTOPOM
CMeleHMe X MEeHseTcs CO BpeMeHeM Mo 3aKOHY KocuHyca (unu
CUHyca, uTo 6e3pa3/IM4HO, TaK Kak OAHY W3 3TUX (YHKL NI
MOXHO MepeBecTu B APYrylo u3MeHeHueM o UKW, 4YTO TO XKe,
M3MeHeHMeM HayanbHOro MOMEHTA BPEMeHW), Ha3blBaeTcs
rapMoOHMUYECKUM KoNneGaHUeM.

HeTpyAHO BUAETb, YTO MPOEKUUsA TOUKM D Ha BepTUKaNbHbINA
amameTp, T. e. Touka N Ha puc. 4.1, TaKXe COBeplIaeT rapMOHM-
yeckoe KosebaHue Mo 3aKOHY

y=A sin sin bI/=J1 cos "o/ — (50.4)

(NNerko coobpasnTb, YTO rapMOHUYECKOe KonebaTenbHOE fBUXE-

Hue OyfeT TakXe coBeplwatb W Npoekuusa Touyku D Ha nobyto
NpsMyt0, NPOXOAALLY WUAM He npoxoasawyk yepes O).

Ha puc. 4.2 npusefeH rpa-

(hmK 3aBucMMOCTM X OT / no

ypaBHeHuto (50.2). Ha rpacu-

Ke oTMeyeHa Toyka O'— apy-

roe Hayano oTcYeTa BPEMeHM t,

npyv KOTOPOM ¢ MPUHUMAET Hy-

* fleBOe 3Ha4YeHue, a ypaBHeHue

KonebaHua npuobpetaeTt 6onee

npoctoii Bug (50.3). Mockonb-

Ky COS ( MeHseTCca B npegenax

oT +1 [A° — 1 TO CMelleHue

* X TOYKM M OT ueHTpa Koneba-

HUii O HaxoguTca B npegenax
—N<nr<+1.

MakcumanbHas BefuymMHa 3Toro cMmelweHma K |nveKl=/1 Hasbl-
BaeTCqs aMNNMUTYyLON KonebaHwuA.

ApPrymMeHT ¢=¢o+co<, CTOSWMIA MOJ 3HAKOM KOCHMHyCa WU
onpegensawwnii, Takum obpasom, gonto (paBHytw co3d), KoTo-
PYI0 CMelleHne X CcOoCcTaBndeT OT MaKCUMaNibHOro, Ha3blBaeTcs
ha3oin KonebGaHWA WU, KOPOTKO, (ha3oii.

BennynmHa o ecTb COOTBETCTBEHHO Ha4vyafnbHasd Gasa
Koneb6aHwna. Conoctanaa (50.4) ¢ (50.3), mMbl BUAUM, 4TO
KonebaHue Toukm N, M306paxeHHOe Ha puc. 4.2. NYHKTUPOM,

OTCTaeT no (ha3e 0T KonebaHnit Toukn M Ha T. €. N0 BPEMEHM

T
Ha 4eTBepTb nepumoga — (I'IOCKO}'Ibe Becb nepuof T, KaK Mbl
Buaenn Bbille, COOTBETCTBYET U3IMEHEHWUIO Cba3b| Ha 211).

266



BennunHa co, xapakKTepusytLlas yrioByt CKOpPOCTb Bpalye-
HUA TOYkM D, Ha3biBaeTcs YrnoBOW 4Y4acCTOTOW rapmMoHu-
yeckoro konebaHuma Toukm M. OHa cBfizaHa c nepuogom T
M OBbLIMHOMW YyacTOTON Vv (uncnom KonebaHuii 3a eguHK-
Ly BPEMEHMN)

vV=-jr &0b)

COOTHOLLEHUNEM
(o=-y-=2nv. (50.6)

B 3nekTpo- M paguoTexXHUKe ANA U3IMEPeHUs 4acToT V MpUHATA
efiMHMLa, HOcAlWan Ha3BaHWe repua:

1 repuy= 1 KonebaHue B CEKYHAy.

Mpn rapMoHMYECKOM KonebaTeNbHOM [ABUXXKEHWMW CMeLLeHUne
TOYkM M MeHseTca co BpemeHeM no 3akoHy (50.3). AuddepeH-
LMpys 3TO BblpaXeHue no /, HaXo4UM CKOPOCTb [BUXEHUSA
Toukn M B n06GO/ MOMEHT BpPEMEHMU:

— W4 sin (o/ = cofl cos (50.7)

OndhdpepeHumpys (50.7) ewe pa3 no /, HailleM yCKOpeHUe
KONnebnowenca Touku:

w= -;‘t-: ~d"r-: — o021 cos wt= (@2A cos (CO/+ n). (50.8)
Mbl BUAUM, UTO CKOPOCTb 1 YCKOpPeHMe Konebtoweinca Touku

MEHAKTCA CO BpEMEHEM TakKXe M0 FapMOHWYECKOMY 3aKOHY,

C TOli e caMmoi yrnoBsoW

4acToToOm O UM Mepuoaom

T=-"~. AMnauTyga ckopoc- a/A

™ paBHa yO=m/J1, a amnan- *A
Tyja YyckopeHus wo=ailA.
KonebaHusa ckopocTu onepe- 0
XalT KofebaHUa CMelLeHuns

jt
no hasze Ha — (MaKM oTCTalOT -bA

no ase Ha -y-, 4TO OfHO

M TOXe), a KonebaHnsa ycko-

peHns onepexawT Koneba- Puc. 4.3.

HUA CMeleHna no ¢ase Ha

n (wan oTcTaldT Ha N), KakKk 3T0 M3o6paxeHo Ha pwuc. 4.3.
Mofpo6Hee COOTHOLIEHME MEXAY 3TUMW BeMYMHAMWU Mbl pac-
CMOTpUM B CleAytolleM naparpade, B KOTOPOM B Kpyr paccmar-
pyBaemMbiX BENWYUH BOMAYT TaKXe€ U CUMbI.

267



§ 51. Ynpyrue u KBasuynpyrue cuibl

BbISICHUM, KakKWMWU CMNaMW Bbi3blBalOTCS FapMOHMYEcCKMe Ko-
ne6aHus, BOCMO/Mb30BaBLINCL 3aKOHAMW AUHAMUKMU.

Mo BTOpPOMY 3aKOHYy AMHaMWUKWM cuna F, geiicTBytowwas Ha
mMaTepuanbHyl TOYKY, YMUCNEHHO paBHa NPOWU3BEAEHWIO MacChl
TOYKM T Ha ee yckopeHue w. [MOACTaBNAS B 9TO COOTHOLIEHMWE
HalijeHHOoe Bbille BbipaXeHWe W A1 rapMOHUYECKOro Koneb6a-
HWS, OMpeAenMM 3HauyeHWe CUnb

F=mw=—Tb2A cos at, (51.1)

LeCTBYIOWEA Ha TOUKY B KaXKAblii MOMEHT BpeMeHW. CpaBHU-
Bada (51.1) c (50.3), 3ameuaem, 4TO

= —TblX= —kx, k= mto2 (51.2)

T. €. CuNa, Bbi3blBaloWas rapmoHuyeckoe kKonebaHue, obnagaet
LBYMS BaXXHbIMW CBOWCTBaMU:

1) BenuMumMHa cunbl NPAMO MNPONOPLMOHANbHA CMELLEeHU0
TOYKM OT LeHTpa KonebaHus;

2) HanpaBsfneHue cunbl NPOTUBOMNONOXKHO HANpPaBleHUO CMe-
WeHUsa, T e. cuna Bcerga HanpasneHa K uUeHTpy (npu x>0
F< 0 anmx< 0F>0).

Kpowme Toro, n3 (51.2) cnegyeT, uto npu 1= 0 m F=0, T. e.
B LeHTpe KonebaHns O Ha TOYKy M cuna He geiictByeT. VHbIMK

cnoBaMu, LeHTp KonebaHwii AB-
NAeTCA MONOXKEHWEM PpaBHOBe-
E'HLW 9wy cus To4Ykn M.
PaccmoTpum [ABUXeHWe Mma-
TepnanbHON TOYKM Macchbl m Mof
4 fLeicTBMEM YNpYroi Mnpy>XuHbl
(puc. 4.4), maccoii KOTOpPOi Mbl
npeHe6pexem. Touka ABuXeTCA
«C M BONb TOPU3OHTaNbHOW oOCKU X
TaK, 4TO cu/ia TAXKECTM He OKa-
3blBaeT B/INAHUA Ha ee [BUXe-
Hune. Touka O Ha ocu X OTBevaeT
Puc. 4.4. .NONOXeHU paBHOBecCUa Marte-
pvanbHOM TOYKM, T. €. NONoXe-
HWUIO, NPU KOTOPOM MNpyXuHa He gedopmuposaHa (puc. 4.4, a).

Mpu cMeLleHMM TOYKWM BNpPaBO Ha BenuMUUHYy X (puc. 4.4, 6)
Ha Hee O6ypeT feiicTBoBaTh cuna F ynpyroctu pacTaHYTOM
NPY>XWHbI, paBHasa Mo 3akKoHy [yka

Fyap= -k x < 0. (51.3)

JTa cuna HanpaBneHa Bneso {F<0), T. e. K MNOMOXEHUIO
paBHoBecus — To4ke O.
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Mpu cMeweHUn maTepuanbHOR TOUYKM BieBO 0T O Ha BeENYM-
Hy x (puc. 4.4, B) Ha Hee 6yfaeT pAelicTBOBaTb cuna

Fy,,p=—kx> 0, (51.4)

HanpaBneHHasa Bnpaso (/"0 ), Tak kKak *<CO0.

CnepoBaTenbHO, NpU NHOObIX CMELeHWAX OT MNONOXEHUS
paBHOBecusa, T. e. OT Toukm O, MmaTepuanbHas Touka OygeT
Haxo4UTbCA NOJS BO3AENCTBMEM CWUMbl, HanpaBneHHOW K O u
paBHOIA

FyBf= -k x . (51.5)

CpaBHuBaa (51.2) wu (51.5), BuAuM, 4TO MaTepuanbHas
Touka T, 6yayum BbiBefeHa M3 COCTOAHWMA PaBHOBECWUS, Ha4yHeT
coBepllaTb rapMoHW4Yeckme KonebaHus.

KoathpumumneHT Kk ecTb KOIPhULMEHT ynpyroctu, WAM XKecT-
KOCTb MPYXWHbl. YUCNEHHO OH paBeH cufie, KOTOPYH HYXHO
NPUNOXKUTL K NPYXUHE, YTOObl pacTAHYTb (MW CXaTb) NPYXU-
HY Ha egVMHWULY ANWHBI.

YacToTy KonebaHuii maTepuanbHOli TOUKM T Nojg LeACTBUEM
NPYXWHbl (Maccoil KOTopoW Mbl NpeHebperaem) ¢ KoahpuumeH-
ToM ynpyroctu k MoxHo nonyuutb u3 (51.2) wu (51.5):

mo)2= Kk,

to=V ? Hv=3rV ?’ (5i6)
4yTO OTBeYyaeT nepuofy T, paBHOMY

T=%+=2nn". (51.7)

UacToTa ¥ nepuopj He 3aBUCAT OT amnauTyfbl Konebawuii wu
onpeAenstoTca TONbKO BeAMyYMHamMu m u k. AMnanTyga u dasa
KonebaHua (unM HavanbHas asa ¢0) onpefensOTCa U3 Ha-
YanbHbIX YCNOBUA, MPU KOTOPbIX BO3HWKIO ABUXEHME.

AHanornyHoe rapmMoHMYecKoe [BVKEHWE BO3HMKAeT U npu
OBUXEHUWM Trpy3a T, MOABELIEHHOro Ha npyxwuHe. OTanuue oT
pPacCMOTPEHHOr0 BbIle Cay4as COCTOMT B TOM, YTO MOMOXKEHUE
paBHoBecus GyaeT MMeTb MeCTO NpU HECKONbKO pPacTAHYTOl
MPyXWHe. Ynpyras cuna pacTsaXeHWs B NONOXEHUN paBHOBeCUS
B TOYHOCTM paBHa cujie TAXECTM W, Oyayun HanpaBieHa BBEpX,
ypaBHOBELW MBAET ee:

ynp mg.
UTobObl MaTepuanbHas TOuyka T cOBepllana rapmMoHMYecKoe
KonebaTenbHOe ABUXeHMWe, He 0653aTeNbHO, YTO6bI Ha Hee feli-
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CTBOBA/M MMEHHO ynpyrue cunibl. JocTaTo4yHO, YTO6bLI Cuna npu
CMeLLeHNN OT MOMIOXEHMNA paBHOBECUSA MeHSANacb COracHoO 3akKo-
Hy (51.2):

F= —kx.

Ecnn cuna, He ABNfAOWancs Mo XBoel npupoge ynpyrow,
nogymHsetrca 3akoHy (51.2), TO OHa Ha3blBaeTCA «K B a-
3mynpyroi cunodi» (no-naTblHW «quasi» 03HayaeT «Kak
ObI»).

PaccmMoTpuM Tenepb [ABUXEHWE MaTepuanbHON TOUYKWM MOA
fAeiicTBMeM KBasuynpyroii cunel (puc. 4.5) petanbHee. [ycTb
B HauyanbHbIi MOMEHT MaTepuanbHas TOUYKA CMelleHa B Nosoxe-
HMe A U CKOpoCTb ee paBHa Hynw (puc. 4.5, a):

x=A cos co |/=0=1,
v= —co/lsin co/ |[/=0=0,

w = — 021 cos co/1,=0= —co2/.

B 3TOM MONIOXEHUU Ha TOUKY AelCTBYeT KBasuynpyras cuna F,
paBHas

= — kA= —T1blA

W HanpasfneHHas Bneso. [loj
7 o " AeACTBMEM 3TOW CUMbI TOUKa
T 6yAeT ABUraTbCA BNEBO C
6/ yCKOpeHuem
7*0 . e
—~] W= —= — .
n V*0 WAL A T
g F=ked B TeueHune nepsoi yeTBepTH
) A nepuoga "0 < /< -~ oypeT

NPONCXOANTb YCKOPEHHOE [BU-
XeHune To4ykm ot J1 K O. Cko-
pocTb ee 6yfaeT BO3pacTaTb Mo

Puc. 4.5, BeNMUYMHE BMNOTb [0 TOYKM O,
AOCTUras B Heil 3HauYeHus:

211 1
v= —co/lsin col, T= — toA sin 0= —co/1 sin - =
T

= —o)Jl= —v,
npu

x—A cosco/] T=A cos-£-=0.
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B Touke O cuna u yckopeHue obpauwatotcs BHynb (puc. 4.5, 6),
N 3aTeM, MOC/e ee MPOXOXAEHWUS, MEHAT 3HaK. B TeueHwue
BTOPOW u4eTBepTW nepuofa, T. e. B npefenax

mMaTepuanbHas Touyka ABuxeTca Bneso (M<0) oT O K— A nog
[AeCTBMEM cUNbl, HanpaBneHHol Bnpaso (F>0) (pwuc. 4.5, B).
LOBV)XeHne npoucxoguT 3aMefneHHO, U B Touke X = — A MarTe-
puanbHas TO4YKa OCTaHaBNMBaeTCd C TeM, 4YT06bl [ABUHYTbCA
oT x=—A K x=0 u, ganee, K x— -\-A. 310 gBUXXEHMe Mpo-
MCXOLWUT TaK >e, Kak W pa3obpaHHOe Bbllle ABWXeHWEe OT
X—A KX=0 M x— —A, a 3aTeM BeCb UMK/ MOBTOpseTCA.

Takum o06pa3om, nNpu ABUXEHWW T OT KpPalHUX TO4YeK K
O ckopocTb ¥ cuna (yckopeHue) napannefbHbl U CKOPOCTb
BO3pacTaeT, focTuras HauboNbLIEro 3Ha4yeHWs B MONOXKEHUU
paBHoBecus. [lpn yganeHnMnM OT TOYKM paBHOBECUS CKOPOCTb
ncuna (ycKopeHue) HanpaBfieHbl MPOTUBOMOMOXHO, ABUXEHMUE
NpoONCXoAMT 3aMefNleHHO W CKOpPOCTb o6paliaeTcs B HyNb B
KpaHMX TOYKax.

JTa Pu3nyeckad KapTUHa KOAMYECTBEHHO OMUCHIBAETCA Qop-

mynamu § 50. CaBur a3 MexXAy KOOpAWMHATOM X M CKOPOCTbHO
V Ha n/2 oTBevyaeT TOMY, 4YTO npwu
X =0 CKOpOCTb V JOCTUTaeT Mak- C
cuMyma MW, HaobopoT, npu |x|uexc
CKOpOCTb ob6palwaeTcs B Hy/b.
Casur a3z mexpay KoOOpAMHATOW
X W YCKOPEHWEeM W Ha /1 03Haua-
€T, YTO KOOpAMHATa U YCKOpeHue
BCerga MMeroT MPOTMBOMNONOXHbIE
3HaKMU.

FapMoHuyeckoe Konebatenb-
HOe [ABWXXeHWe urpaet UCKNOYU-
TenbHO 60/bLWY PONb B Npupoe
n TexHuke. MoaTomy crnepyeT Xo-
powo npeacTaBnAaTe cebe BCe
aTanbl 3TOro ABWXEHMWA, OMNUCAH-
Hble Bbllle, CMbICN (ha30BbIX OT-
HOLIEHWNIT KOoOpAWHaT, CKOpocCTel Puc. 4.6.
N yCKOpeHuid (cun).

PaccmMOoTpuM npuMepbl FapMOHUYECKOro KosnebaTefbHOro
LBUXEHUA MOoA AeWCTBMEM KBasWympyrux cui.

Mpumep 1 MaTemMaTuMyecKuUil MaasTHUK. Ma-
ATHWK CTEHHbIX 4acoB MpeAcTaBAseT COOOM TAXENbIA rpys,
KOTOPbI/ YKpenfeH Ha AIMHHOM TOHKOM CTepXHe, MOoABELIEHHOM
WAPHUPHO Ha TOPU3OHTanbHOW ocu C, MepneHANKYNspHON K

871



CTepXHK (puc. 4.6). B nepBoM npubamxeHun npeHebpexem
Maccoii CTepXHsA u 6yfemM cuMTaTb BCKO MaccCy rpysa T COCpefo-
TOYEHHOW B ero ueHTpe Taxectn M. NMogobHas cucTema, cocTonA-
was u3 matepuasbHON TOYKM T, NOABELIEHHON Ha HEBECOMOM
TBEPAOM CTEPXXHE WAM Ha HepacTsXXUMON HWUTWM AAuHbl CM = ]
Ha3blBaeTCS MaTeMaTUUYECKUM MAaATHUKOM.

OTK/OHMM CTepXXeHb Ha HEKOTOpbI yron a OT BepTUKaIM
N pasnoXum MbICEHHO cuay Beca P=mg, AelicTBylOWY Ha
TOYKy M, Ha ABe cocTaBnawuwue F' n F, HanpaBneHHble COOT-
BETCTBEHHO BAO/b CTEPXHA W MepneHAMKYNApHO K Hemy. Cuna
F'—P cosa 6yaer pacTarmBaTb CTepXeHb W ypaBHOBECUTCH
peakuuei cTepxHs 5. HeypaBHOBELIEHHOW OCTaHeTCA cOCTaBNA-
owas cunbl /r=Psina. Takum o6pa3om, Ha Touky M Bcerga
6ynyT feiicTBOBaTL ABe cuabl P 1 S, HanpaBfieHHble NOA Yr/oM
N — a Apyr K gpyry. PaBHOAeNCTBYOLWEA 3TUX CUA NO NpaBuUny
napannenorpamma 6ypaer cuna /r= Psina, HanpasfieHHas no
KacaTeNnbHOW K gyre OM B CTOpPOHY Touku O.

Korpa rpys npugeT B HaWHU3LWIEe MOMOXKEHME, T. €. B TOUKY
O, cunbl P 1 S nonHoOCTbO ypaBHOBecATCA. Takum o6pasom,
Touka O ecTb NOMOXeHWe paBHOBecua rpysa T. OO6GO3HaA4YUM
OTpe3oK Ayrun oW, XapakTepusyrlowuii nyTb, NPONAEHHbIA TOY-
KO M ©3 MONOXEHUA paBHOBecUSA, 4vepe3 X U Oyfem CuMTaThb
Yrofl a 1 BEeIMUYMHY X MOMOXMUTENbHbIMU MPU OTKIOHEHUN CTepX-
HA C rpy3OoM BNpaBO OT BEPTUKaNuW W oTpuuaTenbHbIMU — MpU
OTK/NIOHEHWU BNEBO. YTON a, M3MepsieMblii B pagnaHax, YNCNEHHO
paBeH OTHOLWEHWI0 ANWMHBI AYTM X, Ha KOTOPYK OH onupaeTtcs,
K paguycy okpyxHocTtu . Torga (c y4eTom HanpasfieHWs) cuna
F, pelicTBytowas Ha TOouky M, MOXeT ObiTb BblpaeHa B Buje

F= —Psina= —mgsin—m=m (51.8)

Ona manbix yrnos OTKNOHEHMS OT BepPTUKaNW, He Npesbllla-
ownx 5—6°, 1. e. npu a < 0,1, ¢ [OCTAaTOYHOW CTeneHbto
TOYHOCTU MOXHO 3aMeHUTb Sin a yrnom a (B pafuaHax). Torga
cuna, JeicTeylowas Ha Touky M, 6yaeT paBHa

Fk -JOLx. (51.9)

CpasHuBaa (51.9) c¢ (51.5), Bugumm, 4TO pe3ynbTMpytoLlas
cuna F, geicTBytowas Ha mMaTemMaTU4YeCcKUil MasTHUK, HaxoAas-
Wuinca B nose 3eMHOr0 TAFOTEHUSA, SBNAETCA KBasWynpyrow

cunoii ¢ KoappULUMeHTOM MoaToMy MaTeMaTuyecKuii

MasTHUK OyAeT coBepllaTb rapMOHMYecKoe KonebaTenbHoe ABU-
XeHue no 3akoHy (50.4) c nepuopom
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r="=2"V ¥=2,-\/f (5110)

Amnantyga KonebaHuin A ¥ HavanbHasd asa qo 6yayT
WBUCETb OT Ha4aNbHOro CMELleHUs W HayanbHOW CKOpoOCTU
TOUYKN M.

PeanbHblil, TakK Ha3blBaeMbli G U3MUYECKUIU MafaT-
HUK NpU ManblX yrnax OTKNOHEHUS OT BepTuKanu OyaeT Takxe
coBepllaTb rapMoHMYecKue Koneb6aHua. Ero UeHTp TaXKecTH
(y>Xe He coBnajalwlMii C UEHTPOM TsAXecTu rpysa) 6yger
ABUTaThbCsA NO AYyre OKPYXHOCTM no 3akoHy (50.4) c nepuogom

r- 2’V s <5|">
rpe T — Macca BCEN CUCTEMDI, / — pPacCcToAaHME OT LEHTpa
TAXECTU MadATHUKa A0 OCU BpaleHWnsa C n/ — MOMEHT NHep-

UMM CcMCTeMbl OTHOCUTeNbHO ocu C.

Mpu 60NbWMNX Yraax OTKNOHEHUA MasATHUK OyAeT coBepluaTb
6osee cnoXHoe nepuogmyeckoe kKonebaTenbHoe ABMXKeHMe. Me-
proj 3TOro HerapMoOHMYecKoro KonebaHusa 3aBUCUT OT aMNaUTYy-
Abl Kone6aHMA M BO3pacTaeT C ee YBENIMYEHUEM.

M3 cooTHoweHuna (51.10) cnepgyet, 4YTOo nepuoj KonebaHwui
MaTeMaTU4yecKoro MasiTHKa He 3aBWCUT OT ero macchbl T, a
onpejenseTcs Wb e€ro AAWHOW / U YCKOPEHUEM CWU/bl TSHXKECTU
g B AaHHO TO4Yke 3eMHOro wapa. MNepuoa KonebaHwii husnue-
CKOr0 MasiTHMKA 3aBMCUT TakKXe He OT MacChbl MasTHMWKa T, a OT

pacnpeneneHna MmacC B HEM, XapaKTepu3yemoro OTHOWeEHNEM
B nocnegHem cny4ae MOXHO BBECTU TakK Ha3blBaAEMYO
npneeageHHYO AONTUNHY (*JI/I3VI'-IECKOFO MaATHNKa

/9= A (51.12,

T. €. A/MHY 3KBMBA/IEHTHOTO MaTeMaTU4yecKoro MasiTHUKa, ume-
IOWero TOT XXe nepuof KonebaHui

T=2"n/-7=2"n/5r" $51'131

M3 (51.13) MOXHO onpefennTb NPUBELEHHYIO AJIMHY CEKYHA-
HOro MafTHWKa, T. €. MasTHWKA, BPEMS KayaHuWA KOTOPOro

cocTaBnseT 1 cek B JaHHOW To4yke 3emHOro wapa. W Hao6opor,

3Haf 3KBUBANEHTHYI ANWHY [AaHHOTOo MasTHUKa /3 U MepeHocs

€ro C MecTa Ha MeCTO, MOXXHO OMpPeAesiaATb Be/IMYNHY YCKOPEHUS

nons 3eMHOro TAroteHusa. NockonbKy 3emMna ABMAETCA He TOY-

HbIM LIapoOM, a 31INNCONAOM, HECKOMbKO CMAOCHYTbIM Yy MOMHO-
COB, W, KpOMe TOro, Ha Tena [eNCTBYHOT LeHTPo6GeXHble CWAbI,
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0CO6EHHO 3aMeTHble Ha 3KBaTope, TO BeJMYUHA § 3aBUCUT OT
reorpaMyeckoi WKNPOTbl U HA NOMKOCE HECKOMbKO 6O/MblUE, YeM
Ha 3KBaTOpe, KaK 3TO BUAHO M3 MPUBOAMMON HMXe Tabnumubl.

YckopeHue
MonoxeHne TOYKM reo&%‘ﬁ:;fi“a“ T;f{'}“‘;‘e‘:‘fm"gv

1 m/cek2
Montoc 90 9,83219
Mockea 53 9,81558
3KBaTop 0 9,78049

Takum o6pa3om, ecnn MnepeHecTU Ha MNOJIOC CTEHHbIE Yachkl,
BbIBEpPEHHbIe Ha 3KBaTope, TO nepuof Koneb6aHWin MaATHMKA
YMEHbLWMUTCA U Yacbl HaYHYT yX0AWUTb Bnepes Ha 3,8 MUHYTHI 3a
CyTKuM. UYTO6bl 3TW yacbl Ha MOMKOCE LWAW BEPHO, nNpupercs
YBEANUYNUTL /3, T. €. NepeABUHYTb Fpy3 MasTHUKA BAONb CTEPXHS
panbwe oT ocu. [Mofo6HbIM nepeaBUXEHUEM Trpy3a chnegyet

perynuposaTtb X0[ 4acoB C Ma-
ATHUKOM W B ApYruXx cny4yasx.
Ecnm yvacbl oTcTalwT, TO HaAo
nepegsurate rpys 6nmxe K
ocu, n HaobopoT.
Mpumep 2. BepTwn-
KanbHBble KonebaHwus
Kopabns. MnaBalowuit Ko-
pabnb norpyxaetca B BOAY 40
YPOBHSA, MPU KOTOPOM MO 3aKO0-
Hy ApxuMega BeC BbITECHEHHOW
UM BOAbl paBeH Becy Kopabns
c rpysom (puc. 4.7, a). Ecnn
N0 KaKUM-1MB0 BHELHUM Mpu-
YnMHaM, HanpuMmep Npu BOJIHAX,
Kopabnb cny4vyaliHO morpysuTtcs
Te. 47 rny6xe Ha BenuMuumHy x (pwuc.
4.7, 6), TO nogbemHas cuna
yBenmunTca u kopabnb OyfeT BbITANKMBATLCHA K MOBEPXHOCTMW.
M36bITOUHaa cuna Fx, feicTBYHOWasn Ha NOrPYXXeHHbIA Kopabnb,
6yfLeT paBHa Becy BOAbl B 06beme, 3alITPUXOBAHHOM Ha puc.
4.7, 6. Ob6o3Hayas NAOTHOCTb BOAbl 4Yepe3 p, Nojydvyaem:

Fx=-gpSx, (51.14)

roe S — naowagb ropu3oHTaNbHOrO cevyeHMs Kopabnsa Ha ypoB-
He Bogbl. CpaBHuBaa (51.14) n (51.15), BuAMM, 4TO Ha MoOrpy-
XEeHHbI Kopabnb feCTBYeT KBasmynpyrasa cuna ¢ KoahpuumeH-
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ToM k=gpS, u, cnegoBaTenbHO, OH OyjeT coBeplwaTb BepTU-
KanbHble TrapmMoHuW4Yyeckue KonebaHus no 3akoHy (50.4) c ne-
puogom

(6]15)
roe T — macca kopabns. Ons rpy3oBoro cygHa Bofgousmelle-
Huem 10000 T ¥ nnowajbl TFOPU3OHTaNbHOrO0 CeyYeHUs Ha
ypoBHe BatepauMHum 5= 1000 H 2 nepuof BepTUKaANbHbIX KOfe-
6aHnin coctaBUT K6 Ccek.

§ 52. JHeprus rapmMoHUYeckuUx KonebaHuii

Mpu rapMoHWYECKOM KonebaTesbHOM [ABUXEHUWN KUHETUYe-
cKaf aHeprusa koneb6noleica MatepmanbHON TOYKU HENPEPbLIBHO
MeHseTcA. MeHsAeTcs M MNoTeHUManbHas 3Heprus B3auMofei-
CTBUS MEXAY TOUKOW M OKPYXAaWLWMWMU TenamMu, NpuBOAALLETO
K MOSIBEHUID KBa3Mynpyrux cun.

JTO ecTb 3HEPrus He camoili MaTepuanbHOM Touku (Hanpwu-
Mep, 3TO — 3Heprus 4eOpMUPOBaAHHON MNPYXWUHbI UAWN 3HEPrusa
B3aMMogeicTBua MasTHUK — 3emnd). OAHAKoO [Na Hac 370
06CTOATENLCTBO HE CYL,ECTBEHHO. Mbl MOXEM He UHTepecoBaTb-
CA NPUPOAOK BO3HWKHOBEHWSI CUN B3aMMOAENCTBUS, 3HAs, 4TO
cuna KBasuynpyra, u 3Has KoapduumeHT k. Kak cuna, Tak
M NoTeHuManbHas 3HePrus npu 3TOM ONPefenstTCcs NOMOXKEHU-
eM Koneb6nwlueca TOYKM T, T. €. ee KOOpAMHATOW X.

MoaTomy Mbl 6yfeM B AanbHelllleM KaK KWHETUYECKYH, Tak
M MOTEHLMANbHYK 3HEPrni0 OTHOCUTb K camMoi Koneb6nwouielics
mMaTepuanbHOl TOUYKe T.

MonHaa 3Heprua MexaHU4yeckoro [ABUXEHUS eCcTb CyMMa
KWHETMYEeCKON W noTeHuwanbHoli 3Hepruit. CornacHo (50.7)
KMHETUYECKas 3JHEpPrus rapMOHWYECKM KONMebaoWwencs ToUKK
mMaccbl T paBHa

c mv2  TwA2 -4 . T2A2 ol ,, n\ /co i»
£K,,=— ----2— SIn Wt==----2----cos (“*+—)m (521)

Monb3ydacb M3BECTHbIM TPUTOHOMETPUYECKWM pPaBeHCTBOM

cos2<p=-"-(1 -fcos 2<p),

nepenuuieM BbipaXeHWe AN KUHETUYECKOW 3Heprum B TakoM
BUAE:

£,,,=-"[l+coS2(M+-f.)]=
= 1+ co82w + Ay1. (52.2y
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Takum o6pa30M, £K, MeHseTcd Co BpeMeHeEM TaKXe Mo

rapMOHUYECKOMY 3aKOHY, HO MO CpaBHEHUI C KOOpAMHATOl
X — C Y[ABOEHHOI yacToToli. Kpome TOro, 3HayeHue £ KH Koneb-

NeTCs HEe OKOMO HYNs, HO OKONO — j— , MEHSSACb OT Hyns Ao

TUrA2 g Ja)
—2— - KakK 370 nokasaHoO Ha puc. 4.8. ®uU3NYeCKN Yy[BOeHME

4yacToTbl KonebaHus £KMM NO CPaBHEHUIO C X 06bACHSAETCHA npoc-
To. KunHeTunuyeckas 3Heprus [ABaxAbl 3a nepuoj obpauiaertcs
B Hy/Nb B TOYKax, rge y= 0,— kpali-
HUX TOYKax [ABUXeHUd. Makcu-
ManbHOro 3HaveHus £ RAL pocTturaet
TakXe [Ba pasa 3a nepuog npu
NPOXOXAeHUU Toukn * = 0, rae ckKo-
pocTb Vv MakcumanbHa. B cuny T0-
ro, 4to B (52.1) cKOpoCTb BXOAUT
BO BTOPOI CTENeHW, 3HAK ee He Cy-
wecTBeH, T. e. £ K1 npuHumaeTt no-
cliefoBaTefibHO  MpU  ABUXKEHUM
oT— A K A Te e 3HayeHud, 4ToO
N Npu ABWXEHUM oT A K — A.
Mpu BbIYUCNEHUN NOTEHUMASb-
HOM 3Heprum KBasuynpyrux cua ycioBMMCA OTCUYUTbIBATb ee OT
MONOXXEeHUA paBHOBECUA, T. €. MOMOXMUM, 4YTo npn X =0 £nor=0.
Torga noTeHuManbHas 3Heprusa B TOYKe X OYAET YMUCNEHHO
paBHa paboTe KBasWynpyrow Cwuibl, COBEPLIEHHOW MNpu nepeme-
WEHMN U3 MOMOXEHWS pPaBHOBECUS B [JaHHYK TOYKY W B3ATOW
C 0obpaTHbIM 3HAKOM:

X X N -
Anot 57kB- \ kxdx .
3 ynp™t S g

MopacTaBnss BMECTO X ero 3HadeHue no ypaBHeHuto (50.3),
MoflyunM OKOHYATENbHO:

¥ £/420s2 <o Tw212 2 j ™M>2A2 T, |, o n /Tm
NOT=------2---—--= — 2— = — 11+ cos 20) « (52.3)

CnepoBaTenbHO, NOTeHUManbHas 3Heprus £ 0T MeHseTcsa ¢
yacToToll 2 () U B Tex Xe npejenax, 4To U £KH , HO CO CABUIOM
asbl OTHOCMTEeNbHO £ Kri Ha A. pa@uk u3MeHeHus £,00 co
BpeMeHeM NpuBeAeH Ha TOM >e puc. 4.8.

Haigem Tenepb MOMHY 3HEPrU0 £ MaTepuanbHON TOUKM T,
coBepluatoLleli rapMOHMYECKOe KofiebaTeNbHOe ABUXEHUE C Yac-
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TOTOW to M amMnNAUTYfON A (HamOMHWM, 4YTO Mbl ycnoBunuch £ il
TakXe OTHOCUTb K TOYKe T):

[:= £+ £T6I= ~ 1 1 [sin2G/+ cos20/] (52.4)

TaK KakK MO M3BECTHOMY TPUIOHOMETPUYECKOMY COOTHOLLEHUIO
CyMMa KBajpaTOB CMHYCa W KOCUHYCa OLHOro W TOrO e yrna
BCerfa paBHa eAuHuLe.

Takum 06pa3om, NosHas 3HEPrus rapMoOHMYEecKu Koneb/to-
Lenca TOYKM eCcTb BeNMYMHA MOCTOAHHAs U NPOMNOPLMOHANbHas
KBagpaTy amnautyabl KonebaHuii A2 (cm. puc. 4.8). B npouecce
OBVKEHNS MPOUCXOLUT HENpepbiBHbIA Nepexos KUHEeTUYecKoW
3Hepruy B MOTEHLMaNbHYK U 06paTHO, HO CyMMa WX OCTaeTcs
Mpu 3TOM MOCTOSIHHOW. Korga Touka MpoOXoAuT 4yepe3 NOOXeHUe
paBHoBecus nr=0, NoTeHUManbHas aHeprusa obpawiaetcs B Hy/b,
a KMHeTMyeckas MaKCMManbHa W paBHa nonHon. Korga e
Konebnwouanca Toyka [OXOAMT LO O4HOrO U3 CBOUX KpanHuX
MonoxeHuidi x= +J/1, To n= 0, KNHETUYECKasA 3Heprusa obpalia-
eTCS B HyNb, a MOTeHuManbHasd MakKCMMasbHa W paBHa MO/HOIM.

§ 53. CNnoXeHue rapMoOHUYECKUX KonebaHui

MycTb Ha MaTepuanbHYH TOYKY AeACTBYeT HECKO/IbKO pas-
NNYHBIX YNPYTUX WA KBasuynpyrux cun. Kaxpgas us aTux cun
3aCTaBnsfeT TOYKY COBepllaTb rapMOHMYecKoe KonebaTenbHOe
aBuMXeHue. Mpu OLHOBPEMEHHOM BO3AENCTBMM 3TUX CUN ToYKa
6yneT OfHOBPEMEHHO Y4yaCTBOBaTb BO BCEX 3TUX [BUXKEHUSX.
C TakuMu nNpuUMepamMyu CHAOXEHUS TapMOHUYECKUX KonebGaHuii
Mbl BCTPETUMCS HWXe, B . XIV, npn paccCMOTPEHUU CYnepnosu-
UMM U MHTepgepeHuUn BOSH.

Pa3nnyHble 3BYKOBble BOJIHbI, OJHOBPEMEHHO BOCMpPUHUMAE-
Mble HallMM YXOM, 3aCTaBNsftoT 6apabaHHY MepenoHKy NPUHU-
MaTb yyacTue cpasy B HECKO/IbKUX TapMOHUYECKUX KONneGaHUsX.
DNeKTPOMarHUTHbIE BOJIHbI, MPUXOASLINE OJHOBPEMEHHO OT psi-
fa paguocTaHUui, BO36YXAalT B MPUEMHOM KOHTYpe 31eKTpu-
yeckne KonebaHUsA pasiMYHbIX 4acToT. AHaNOrMYHbLIM 06pa3oM
CKNaAblBalOTCA U pas3finyHble CUHYCOUAANbHbIE MEPEMEHHbIE TO-
K, NOAXOASUIME MO HECKOSbKMM MPOBOAAM K TOUYKe pa3BeTBe-
HUA Uenun, Hanpumep Npu coeguHeHMU nNoTpebuTenein TpexdasHo-
ro NepemMeHHOro TOKa Ha «3BE3Ay».

Mpu CcNoXeHWM ABYX TFapMOHUYECKUX KonebaHUil oOfHOro
HanpaBfieHUs nojy4yaeTcs KoneGaTenbHOe [ABMXKEHWE, BOOGLLE
rosops, 6onee CNoXHoe. PacCMOTPUM HECKONbKO MPUMEpOB.

Mpumep 1 CnoxeHue KonebaHWin ¢ 0fMHAKOBLIMU MEPUO-
gamun. TMycTb MaTepuanbHas TOo4ka OLHOBPEMEHHO Yy4yacTByeT
B [ABYX TapMOHWYECKUX KONeGaHMAX C OfWHAKOBbIM MEpUo-
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Jhy; il i ill il L1 Nl L, i il UISIUMZEA MM LG e e > BJiltH T i . mM y w w [l

Jom ?—'M yrnosof/l0 l—IaCTOTOVbIm}O=-;\Jr—, HO C pa3/IMYHbIMW Havanb-
HblIMW (haszaMu M amnaAnTygamm:
cos ,=/4, cos (to/-®h10
X2= A2cos h2= J12cos (o)/ + quzo)c1

Torga pesynbTupylollee CMelleHWe TOYKW pPaBHO anre6pau-
YecKo cymMme 060MX CMELLEHWNI:

x=x\-\-X2=A\ cos (0)/+¢ 10) +y4Xo5(w/+P20)- (53.2)

Mockonbky X\ 1 X2, cNycTs MPOMeXYTOK BpeMeHuM T, BO3Bpa-
WakTCcA K CBOUM NepBOHAaYyaibHbIM 3HAYEHUAM, TO UX CyMMa X
npegctasnseT coboli nepwuo-
Anyeckoe Kone6atenbHOe
LBUXEHME C TeM Xe CcambiM
nepuogom T. nda 6onee Tou-
HOro aHanM3a XxapakTepa
3TOr0 [ABWXEHUA MOCTPOUM
TaK  Ha3blBaeMy BeK-
TOPHY pguarpammy
(puc. 4.9).

OTnoXxum ot ueHtpa O
[Ba BeKTOpa ANuMHOW A\ n Ar
COOTBETCTBEHHO NOJ yrnamu
&1 n gr K ocn abeyucc. lMpo-
eKLMN 3TUX BEKTOPOB Ha ro-
pU30OHTaNbHYK OCb OyayT
cornacHo  (53.1) paBaTb
3HaYeHna cMmeweHnn x\ n x2

Mpn BpalweHMn 060MX BEKTOPOB MNPOTUB 4YaCOBOW CTPEKM
C YrN0BO CKOPOCTbIO 00 MPOEKLUMM jCi U X2 X KOHLOB Ha ocb OX
6yayT coBepwaTb rapmoHuyeckne konebaHua no 3akoHy (53.1).
3amMeTMM Tenepb, YTO B CUNY paBeHCTBa YINOBbIX CKOPOCTeW
0 060MX BEKTOPOB Yron Mexay HUMK 1|>=¢2 — (1 CO BPEMEHEM
MEHATbCA He 6yaeT:
mp=p2—P |[=M + Pro)—M +¢pw) = D—10= COrsC  (53.3)

MocTpouMM Ha TOM XKe 4YyepTexe Mo NpaBUNy napannenorpam-
Ma BeKTOp A, ABAAOWMWIACA reoMeTPpMYeCKONn Ccymmol o060ux
BekTopoB Ai u Ar. Kak BMAHO, NMpoeKuWUs 3TOr0 BeKTOpa X Ha
ropM3oHTa/lbHYl OCb paBHa anre6panmyeckoil cymMme npoeKuui
NCXOA4HbIX BEKTOPOB X\-\-x2=Xx. pn BpawWeHUN WNCXOAHbIX BEK-
TOpOB AuMaroHanb A, KakK ¥ Becb napannenorpamm, 6ygeTt Bpa-
uatbcs C TroW e YrnoBolh cKopocTbio wW. CnegoBaTenbHoO,
Be/IMUYMHA X, KaK NMpoeKuusa BekTopa A, paBHOMEPHO BpaljatoLye-

(53.1)

Puc. 4.9.
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COCA C Yr/I0BOM CKOPOCTbH (0, OYAeT MeHATHCS CO BPEMEHEM MO
3aKOHY

x=A cos u4>=A cos }ho)» (53.4)
T. e. 6yaeT npeActaBnATb €060l rapmoHuyeckoe KonebaHue
C TeM Xe cambiM nepuogoM T= — . AMnauTyga A 1 HavanbHas

(haza (o 3TOro pe3yNbTUPYHOLLETO FapMOHUYECKOTO KonebaHus
HaxoAaTCs M3 MPOCTbIX TPUFOHOMETPUUECKUX COOTHOLIEHWI

tg yO= ?m!+>= " sin [012) (
*0+*20 N, cos<pl0-M 2cos (20 ' '

a Mo TeopeMe KOCWUHYCOB, yuuTbiBas Takxe (53.3), uMeeM:
N2=|N |+ A12=/4~+ 1 1+2 1 1N205(dh., —,) =

= A]+A1+2A1A2co05(h20— di0). (53.6)

Ecnu He TpebyeTcs CAMWKOM 60MblWasg TOYHOCTb, TO amMnaun-
Tyaa A 1 HavaNbHaa ¢as3a 4o CMOXHOIo KonebaHUsa MOryT 6biTb
N3MepPeHbl NPAMO No rpauky. [na 3Toro cnegyet nNocTpouTb
puc. 4.9 gna momeHTa /=0, T. e. BekTop A| NpoBecTU Tak,
4YT06bl OH cOCTaBnAN C ocbto OX yron ¢, BeKTop Ao— COOT-
BETCTBEHHO yron oo, U, CNOXWUB WX, U3MEPUTb Yron ¢o Mexay
BeKTopoM A u ocbo OX.

MTak, Npu CNOXeHWN ABYX FapMOHMYECKUX KonebaHuii ogu-
HaKOBOro Mepuoaa, Hanpas/ieHHbIX MO OAHOW W TOR e MpPsSIMOWA,
pe3ynbTUpyloWwee ABUXEHWE eCTb TaKXe rapmMoHUYecKoe Kose-
6aHMe C TeM >e MepuoAoM W C amMnaAuTyAoin A, nexauewn
B npegenax

|A2—Ail< A< Ar+Ax (53.7)

Ecnu dasbl 0boux KonebaHuint ofMHaKoBbl, pr=d|, T. e. pro=
—to; TO amnauTyabl 060ux KonebaHWiA NPOCTO CKNafblBa-
oTcs:

A=A 1j-Ar-

Ecnn ¢gro— ¢pto=n, 1O roopaAT, 4to o06a KonebaHUA Haxo-
AATCA B NPOTMBOMOMOXHONW ase. [lpum 3Tom cos (dro—
—h0)=x051= — 1 nA2= Ai-j-A%— 2/4|12=(/42—N )2 T. e.
aMnauTyga pesynbTupytowero konebaHus paBHa abCcoMOTHOMY
3HAYEHU PasHOCTU aMnAUTyA 060MX MCXOAHbIX KoNiebaHWii:
A=+ "(A2-A<)2= IA2-A tL

B yacTHOCTM, ecnu CKNaAbiBalOTCA fBa KONeb6aHUs C OfUHa-
KOBbIMWU amnauTygamu A\=AT, HO NPOTMBOMONIOXHbIMW (ha3a-
mMu, T0 J1= 0, T. e. 06a KonebaHWA B3aMMHO YHMUUTOXAKTCA.

AHaANOTMYHO MOXHO NMOCTYyNnaTb NPU CNOXEHUU MHOFMX Kose-
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6aHNN 0AMHAKOBOWM YacToTbl (Mepuoga), HO PasNUYHbIX amnaH*
TYA W HayanbHbIX (a3. Ecnm
xr=/1, cos (0)/ + 10,

x2= A 2cos (0)/+¢ 20),

Xn—Ancos (<n/-}-pso0)»
TO CymMMapHoe ABUXeHue
x= xI\-x2-\-...-{-x,,=A cos (0>/-f do)

MOXHO /fIerko MnonyumTb rpaguyeckn, Kak 3TO MNOKa3aHo WK
puc. 4.10; 4NA 3TOr0 HY>XHO NULWb U3MEPUTb BEIMYNHBI aMNANTY-
Abl A nyrna go. 9TUM CNoco6OM CnoXeHua KonebaHWid pabiwl]
4acTOTbl LIMPOKO MNOJMb3YKTCA N
3NEKTPOTEXHUKE.
Mpumep 2. CnoxeHne Kone-
6aHnin ¢ O6AU3KMMU  Nepuogamu,
MycTb TOuKa y4yacTBYeT OLHOBPT
MEeHHO B IBYX FapMOHUYECKMX KON«
6aHuAX ¢ 6AM3KUMU  YacToTaMu
BAONb OfHOr0 HanpasfeHWa. [nau
NMPOCTOTbI Mbl PacCMOTPUM C/y4ald
paBHbIX  HYNO  HayanbHbIX  uLl
DT=(¢20-0 W paBHbIX MO BEINYH»
He amnauTya:

xt=A cos @i=A cos to,/}
Puc. 4.10. n*
x2— A cos 2= A cos 0y2t, (53.H)

rge o)|—o2 -C 0>, 0)2- Torga, Nonb3yscb M3BECTHbLIMW TPUTOMO
MeTPUYECKUMU TOXAeCTBaMu, pe3ynbTupytouiee KonebaHue
MOXHO MPUBECTU K BUAY

x=A cos u)|/+/l cos (n2=

= 2/4 cos jcos™ ¢t2 /. (53,9
MonyumBlueeca BbipaXeHWe eCTb MPOW3BeAeHUE ABYX Kone*
6aHnit. MepBbIl MHOXWUTENb, cOS " MMEEeT YacToTy,
CpeAHI0 ANA ABYX CnaraembiX KonebaHwuii, T. e. 6AU3KYH K UX
yactoTam. BTopoii e MHOXuTenb, cos ~ W ~Au2/j, obnaasor
(8 cuny ycnosua 6amsoctu (o u (or) Manoil 4vactoTol, T. @
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1bIMMM NEepuoAoM. ITO NO3BOMSAET pacCMaTpuBaTb pPe3ynbTu-
YKHUec aBvxeHue (53.9) Kak NMoyTu rapmMoHM4Yeckoe KonebaHue

| cpegHeli yrnoBoii 4acTtoToin co= N MeANeHHO MEHSAHo-

Leca amMnanTyaon

2A cos ( /j. (53.10)

MogobHoe konebaHue m3obpaxeHo Ha puc. 4.11. TIyHKTUp-
Hble MMHWWM MPeACTaBAAT rpank MeA/eHHO MeHsoLWwenca no
ypaBHeHuto (53.10) amnauTyabl. CNNOWHOM NNHMEN Ha TOM Xe

Puc. 4.11.

yepTexe npefcTaBneH rpaduk pe3ynbTupyrowero kKonebaHus
(M.9). B Te MOMEHTbl BpeMeHU, Korga asbl 060MX MCXOLHbLIX
KonebaHun ! n 2 6nmnsku apyr apyry, kKonebaHus cknapgbiBa-
WHCH U aMnanTyja pe3ynbTupylowero KkonebaHua npubnamxaet-
IH kK 2A. TakK KaK 4aCTOTbl MCXOAHbIX KONeGaHWin HECKONbKO
0T/NYaKTCA APYr OT Apyra, To, CAyCTS HEKOTOPbIA MPOMEXYTOK
NprmeHun, 6am3knii K n/(<o|— «r), ogHO u3 KonebaHuii oTcTaHeT
« gpyroro no ase NPMMEPHO Ha /1, ¢asbl 3TUX KonebaHWii
| l.WyT AOYTM NPOTMBONONOXHLIMU U aMNAUTYyAa pe3ynbTUpPYIO-
Wero Kofie6aHNA YMeHbLWNUTCA NOYTU A0 HYNd. Takoe MOCTeneH-
HOoe BoO3pacTaHWe W yOblBaHWE aMnauTyAbl Pe3ynbTUPYIOLLETO
KonebaHUs HOCWUT Ha3BaHWe OGUEHUI.

| env nepunogbl U 4acTOTbl 060UX MCXOAHbIX KonebaHWn cous-
MEPUMbI, T. €. MOXHO HaWTu ABa TakuMX UefblX yucna n\ u 82
yTo

[0 yepe3 NMpPOMEXYTOK BpEMeEHM

281



H,—0)2 1 05,02

aprymeHTbl 060MX cOMHOXKTEeNen B (53.9) M3MEHATCS Ha Lemp»
(X0Ta 1 pasnnyHOE) 4YKUCcno pas 21, UX NPOU3BYAEHME NPUMET U
e 3HauyeHue, YTO M B Hayane 3TOro NpomMexyTka. BennuuH» |
Torga fBUTCA MepuoAOM pPe3yNbTUPYIOLWEro Kosie6aHus.

Ecnn xe yvacToTbl 060oux KonebaHwuit Hecousmepumsbl, T(1
pesynbTupytouiee KonebaHve 6ygeT HenNepuMOAUYECKUM

fBneHvemM 6MEHWIA NONb3YHTCA HACTPOWMLLMKU MY3bIKanbHbI*
WHCTPYMEHTOB, KOTOpble CYAAT MO MWCYE3HOBEHWUW OUEHUIA M
TOYHOM COBMAfEHWU YAaCTOTbl CTPYHbI M 3TAOHHOTO WUCTOYHUKM
3ByKa (Hanpumep, KamepToHa).

CnoxeHue 61M3KMX NO 4vacToTe KonebaHuii wmcnonb3yen'y
TakXe B pagMonpuemMHMKax, HOCAWMX Ha3BaHuWe re ror
poanHOB. B page ciyvyaeB NpoM3BOAUTbL yCUeHWe MOCTYM.1
IOWNX B NPUEMHUK CnabblX CUTHANOB BbICOKOW 4acToThl HeygoJ1’
HO. OTO MMeeT MeCTO, Hanpumep, B pajuonokatopax, pabotato
Wnx Ha pnvHe BoAHbl —0,1 M (T. €. Ha 4acToTe MOPSAKM
3* 109 ru). O6GblYHble pagnonamnbl Ha TakKoi yacToTe paboTaTtb
He MoryT. Kpome TOro, M B O06bIYHbIX MPUEMHUKAX CUrHan
NPOXOAUT HECKONbKO KAackajoB YCUMEHWS, U HacTpamBaTb Kax
AObI U3 HUX HA MPUHUMAEMYH 4YacTOTy OYeHb HeyAobHO. YUTo6bl
YCTPaHUTb 3Ty TPYAHOCTb, B NPUEMHUK BBOAST reHepaTop BbICO«
KO 4YacToTbl (M Manoi MOLWHOCTM) — reTepoAmMH, YacTtoTa KOTo-
poro, npu Heo6XOAUMOCTU, MOXET MeHATbCcA. [MpuHMMaemble
NPUeMHNKOM KonebaHusa cknafblBalOTCcA C KonebaHUsMU retepo-
AWHa, YacToTa KOTOporo nogbupaercs Tak, 4Tobbl B pe3ynbTaTe
nonyyunnucb 6ueHnss 60nee HU3KOW 4vacToTbl. lMpu M3MeHeHUn
4acToTbl NPUXOAAWMX KonebaHUi MeHAeTCA M YacToTa Kofoba
HWli reTepoAuHa Tak, YT0oObl YacToTa OMEHWA ocTaBanach oaHOll
M TOW Xe. B pesynbTaTe nocnefytolyne Kackafbl YCUNeHWn
paboTalT Ha NOCTOAHHOW 4YacToTe, T. €. He TPebYT HACTPOIKM
Takum 06pasom, reTepofuHbl NO3BOAAKT MNPUHUMATb CUTHASbI
CBEPXBbICOKOW 4acTOThbl, Ha KOTOpble OOblYHbIE pajuonamnbl He
paccuuTaHbl, M 4ype3BblYaiHO 06/eryal0T HacTpoliky pagHonpu
€MHUKOB 06bIYHOr0 AManas3oHa 4acToT.

Mpumep 3. ChoXeHWe B3aMMHO NepneHAUKYNAPHBbIX KO
nebaHnii. CnoxeHwe B3aMMHO MepneHAUKYNSPHbIX KonebaHWi
MMeeT MeCTO MPW HafOXeHWUW Ay4vyeil NMONAPU30BAHHOrO cBeTa U
B page Apyrux cnyyaeB. C MOMOLWbK 3NEKTPOHHOFO ay4va U
3/IeKTPOHHO-NyyeBoi Tpybke (ocumnnorpade), coBepluatoLem)
Kone6aHUa B ropu3oHTasbHOM W BepTWKaSbHOM HanpaBneHua\,
yfLaeTca u3yyaTb BecbMa ObiCTpble KonebaTeflbHble MNpoLECCH

PaccMOTpUM CcnoXeHue ABYX B3aMMHO MepneHAUKYNSPHbIX
KonebaHWn 04MHAKOBO 4YacTOThbI:



i(a)/ + cpi

y=B cos (0)/+ qib)-.

UTo6bl NONYUYNUTbL YpaBHEHWE TpaeKTopumn, HYxHo u3 (53.13)
Wcknounts Bpems /. Mbl cfenaeM 3TO He B 06WeM cfyyae, HO
[HA HECKOJIbKMX Hanbosee MPOCTbIX 3HAYEHUIA HayaNnbHbIX (as.

a) Monoxum

(53.13)

thro— dpro- (53.14)
Torga
X _A_
y~B
I c.

(53.15)

TpaekTOopua npefacTaBafeT MPAMYH JIMHWUIO — AMaroHanb
NpAMOYronbHMKa co cTtopoHamu 2A (mo ocu JT) n 2B (no ocu
)), nokasaHHylo Ha puc. 4.12, a.

i
B
A X A
-B

6) b,
Yi

r)

Puc. 4.12.
6) MycTtb
pro=adlo~- " * (53.16)

N )IOM cnyuyae KOCKMHYCbl GyayT OTAMYaTbCS 3HAKOM, UMbl
aHaNorUYHO MONYUYUM:



(puc. 4.12, 6 ).
B) [lycTb

o= hioH—2~ (53.1V)
TpaeKTopUto Nerko HaiTu cnegytowum npuemMom:

~j-=c0s (tt-j- pro),

-A-=cos  (col}-th|0) + -y J = sin (col-|-i]|0).

Bossoaga B KBagpat M cKnagblBafg MOYEHHO, MOAYYUM:

Ul
X AR cosQw/+ ,0) + sinAco/+ ®,0),

nnn

Tr+sr-1- <531

Takum o6pa3om, TpaekTopueir 6yaeT 3nnMNC, MOKa3aHHbIA 111
puc. 4.12, B. MNpu A= B= a TpaekTopus npespawaerca u
OKPYXHOCTb paguyca a. 3a nepuof 3ToT annunc 6yaet o6xo
ANTbCA TOYKOM M B HanpaBNeHWW, MOKa3aHHOM CTpPesKoi.

r) Jlerko nokasaTb, 470 npu ®Pro=Pw—y TpaekTopuun

OCTaHeTcs TOM >Xe, HO U3MEHUTCHS HanpasneHue o06xo0Aa.

4) B cnydyae Npom3BONbHbIX 3Ha4YeHWUn o n G20, TouHee, UX
pasHoCTKU, TpaekKTopusa 6yfeT Takxe annuncom (NojobHbIM 0Of-
HOMY M3 MoOKa3aHHbIX Ha puc. 4.12, r), BAWCAHHbIM B TOT Xe
NPAMOYroNbHUK. JTO caeayeT M3 TOro, 4TO X U y MeHsATCA
BCerja B npejgenax

—A N x MA —B "y "B
Mpamble puc. 4.12, a n 6 cneayeT paccMaTpuBaTb KaK BbIPOX-
[LEHHbI 3nnunc.

Takmm 06pa3oM, B cnyyae paBHbIX 4acTOT CyMMapHOe Kone-
6aHne npoucxoguT B 06WeEM caydyae MNo 3nauncy. AMNAUTYAb
CKnajblBaeMbliX Kone6aHWiA paBHbl MOJOBUMHAM CTOPOH NpsAMU™
YrONbHUKA, B KOTOPbIA BAMCAH 3AAUNC, a CABUT (a3 onpejenset
BWUA 3nnunca v HanpasneHue ero obxoaa.

Bonee cnoXHble KpWBble MOAY4YarOTCA MPU HepaBHbIX 4acTo-
Tax. Mpu 3TOM, ecnn OTHOLIEHWe 4YacToT (MepuofoB) He ABASET-
CA pauuoHanbHbIM 4YKWCNOM, TO KpuBas 6yAeT He3aMKHYTOl (HO
NOBTOPAIOLWENCA) M C TeYEeHWeM BpPeMeHM 3anonHUT coboli Becb
NPAMOYTONbHUK.

B cnyvyae pauuMOHanbHOrO OTHOLIEHMSA 4acToT 6YAyT UMETb
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MECTO Pas3fNnyHble KPUBblE, BUJ KOTOPbIX 3aBUCUT OT OTHOLIEHUS
UMCTOT U CcABMra HauvyanbHbIX (a3. Ha puc. 4.13 nokasaHsl
cnegytolme cnydau:

a)
X=A sin <o,
. (53.20)
y =B sin 20)!;';}
0)
x=A sin (at,
(53.21)

=B sin ~ 2a)/-f
y [ ) 7)1}

(oBV>KEHME MpoOUCXOAWUT BMepes W Hasag Mo TOW Xe Tpaek-
Topun);

B) Of4HA W3 KPUBbLIX MPXU OTHOLWEHUM YacToT 2 : 3;

r) OofHa M3 KPWUBbLIX MNpPW OTHOLIEHUM YacToT 3 : 4

3apaBad, Hanpumep, Kofie6aHUA 3NEKTPOHHOro Jyya B
«HOKTPOHHO-Ny4YeBO TpybKe BAOMb OCM X C U3BECTHOW 4acTOTOM
M OTKNOHAS ero BAO/Mb OCU Y HanpsHKeHMeM, yacToTa KOTOPOro

Puc. 4.13.

M-N3BECTHA, MOXHO C MOMOLbIO TMOyHAeMOro Mn306paxKeHuns
KpBon (urypsl Jlmccaxy) OnNpeaennuTb HEM3BECTHYH
yacToTy.

PaccMOTpeHHble Bblille MPUMepbl MOKa3biBalOT, YTO pasfinu-
Hble CNOXHbIE NMepuoguyeckne ABUXEHUA MOryT 6biTb MpeacTaB-
MMbl B BUAE CYMMbl FapMOHWYECKUX KoNnebaHUin pasHbiX Ha-
npaBfeHWUA, 4acToT, amMnauTyj W HauyalbHbIX (a3.
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Tak, Hanpvmep, paBHOMEPHOe ABUXeHUe Maockoctn X, Y M
OKPY>XHOCTW pajuyca a C YrfioBOn 4acToTol 00 MOXeT Jlbirii
npeicTaBNeHO B BUAE CYMMbl [ABYX FapMOHW4YeCKUX KonebaHui
no ocam JI u Y c opgunHakoBbiMM amnantygamun A= B —L|
M yacToTamu to, CABUHYTbIMMK MO (ha3e Ha +n/2. B 3aBucumocTu
OT 3HaKa cMelleHUs (asbl BpaweHue 6yaeT NMPOUCXOAUTL MO UL
NMPOTMB 4acoBOW cTpenku (cm. puc. 4.12, Bur).

B panbHeiwem Mbl UCMOMIb3YeM TOT (PakT, YTO B PE3Y/NbTHT
CNOXEeHUS ABYX BpalwaTenbHbIX [ABMXEHWUA MOXHO NOAyYU w»
rapmoHuyeckoe konebaHue. B KayecTBe npumepa paccMOTPUM
LBa BpawarTe/ibHbIX [ABUXEHWA MO OKPYXHOCTWM paguyca 4 o
4acToTOoN (0, MPOMCXOASALWUX B NPOTUBOMOMOXHbLIX Hanpas/eH)!
AX. HavanbHble asbl Bbibepem Tak, 4T0Obl ha3bl KONeb6aHWU Hu
ocu X coBnaganu. Torfha spalwiatenbHoe ABUXeHUE, npoucxoan
Lee MPOTMB YaCOBOW CTpenku, onucbiBaetcsa opmynamu

X'=a @0cHe awt, y
y'= a cos " <o/— | (53.22)
a Mo 4acoBOW CTpenke —
X ==acosto/, ']
53.23
y"=a cos((o/+y).J ( )
yL
-2a +2B
Puc. 4.14.
CknafblBasi 3TU ABWXEHMUS, MOMyvaem:
x=x"'-f-x" = 2a cos col,
y—y'-\-y"=acos*bl/—y "+ (53.24)

+ a cos N ut-\—1-~= 0.
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Ha puc. 4.14 noka3aHbl MOMOXeHWA TOYKMU, 3aflaBaemMble N4
MTOrT0 W TOro XXe MOMeHTa BpPeMeHW Hanarawwumuca apyr Ha
Apyra BpawaTtenbHbIMU gBUXEHUAMK [puc. 4.14, a COOTBETCTBY-

I (53.22), a puc. 4.14, 6 — (53.23)]. W3 yepTexa BMAHO, 4TO
<MeuleHMa X' M x" BAONb OCW X CKNaAblBalOTCA, B TO BPEMA KakK
eMeleHns BAOMAb ocu Y, 6yayun paBHbIMU NO BeMYUHE, NPOTU-
HWNONOXHbI NO HanpaBfeHUIO U B pe3ynbTaTe CNOXEHUA B3anM-
HO morawawTca. Takum ob6pa3om, pes3ynbTuUpylollee ABUXEHNUE,
lNMoka3aHHOe Ha pwuc. 4.14, B, Npoucxoaut BAONb OCU X, nNpea-
11.1BNsig coboit, cornacHo (53.24), rapmoHuueckoe KonebaHue
M.H'TOTbl (0 M aMnNAuTyfAbl 2a.

AHanornyHo, nogbupas HauvanbHble (asbl BpawaTenbHbIX
OUVDKEHUI, MOXHO MOAYYUTb pe3ynbTUPYHOLLee rapMOHUYecKoe
KonebaHue BAONMIL OCM Y WMAM BAOMb MPAMbIX, COCTABAAKLWUX
nobble Yrabl C 0Cblo X.

MOXHO TakXe noJy4YnTb rapMoHMYeckoe KonebaTenbHoe
LBvxeHve BoNb noboii Npsamoil, cknajbiBas paBHOMEpPHOE Bpa-
I1l.uensHOe ABMXEHUE U OJHOMepPHOe KonebaTeNbHOe ABMXKEHME.
VK, Hanmpumep, MpU CNOXEHWW BpalwaTenbHOro [ABUXeHUS,
M WHHOTrO (opmMynamu

X'=a cos W,

y'—acos M wH—j- | (53.25)

N Koneb6aTenbHOro ABWXEHUS BAOMAb OCK no qopmyne
x" =a cos (toi-j-n), (53.26)

Monyuyaem pesynbTUpytloliee ABUXKEHWE B BUAE FapMOHWUYECKOrO
Kone6aHus BAONMb OCU Y:

x=x'-\-x"=a cos G)/+a cos (ii)t-\-n)=Q,
t/=il'=acos(o)/+-2-). (53.27)

Mpu cnoxeHnnn BpaweHmns (53.25) ¢ konebaHMem BAOMbL OCU

y" = acos (-H -) (53.28)

Monyyaem pe3ynbTupylolee ABUXEHWE B BUAE TFapMOHUYECKMX
KonebaHuin BAONbL OcCu X:

X—X'—a cos mt,
Yy=Y'+Y"=a coS (arf-f-— )+ (53.29)
+ acos Mtot— "N = 0.

287



PacCcMOTpeHHble MpUMepbl NOHAZ06ATCA HaM MpU U3y4YeHUn
ontuku (tom I11).

§ 54. 3aTyxaloline U BbIHYX[eHHble Kone6aHus. Pe3oHaHC

B ycnoBusx, Korga Ha Teno AelcTBYeT TOMbKO OfHA KB.LU
ynpyras cuna, oHo 6yAeT coBepllaTb He3aTyxarouUiMe FrapMOHU-
yeckne KonebaHuMs C NOCTOSAHHOW amnauTygoin /4=const. Mn
peanbHO Xe [ABMXYLMecs Tena Bcerga O6yayT BosfelicTBounn.
CO CTOPOHbI OKpyXawLlell cpefbl CUNbl TPeHUSA, NPEnsTCTBYHO
Wwre X ABVMKEHUO. Ha npeofoneHue conpoTWBAEHUS cpeabl, HU
TpeHue B onopax, Ha co3faHue BOSH, HA BO3HWKHOBEHWE Heynpy
rmx pegopmaumnii u T. n. 6yaeT 3aTpayMBaThCA  3IHEpruw,
BcnefctBme 3TOro MexaHuyeckas aHeprua Konebntouierocs tenmu
OyfneT HenpepbiBHO YMeHbLlaTbCs, Mepexoas B Apyrue (opmbl
3HepruM U pacceuBasicb B OKpyXxawlyw cpegy. Cornacun
(52.4) c ymeHbleHWEM 3Heprum konebaHus 6yaeT yMeHblUaThCA
ero amnauMTyfa W KonebaHue cTaHeT 3aTyXxawWwum.

MonHas cuna F, peiicTBylOWas Ha KONEOGMAOWYOCSH TOUKY,
6ypeT TOorga cymmoli kBasuynpyroi cunbl f KBymp u cunbl TpeHun
Fip. Mpn ManbiXx CKOPOCTAX ABUXEHUA CONPOTUBAEHUE O0ObIYHO
NPOMoOpLMNOHAaNbHO TepBOli CTEMeHW CKOPOCTU U HanpaB/ieHO
NPOTMBONONOXHO ei, T. e.

/|-|'”: —rv, (54.1)

roe r — Ko3th@uUUMeHT TpeHWs, 3aBUCALWMNIA OT CBOWCTB Cpefbl,
(hopMbl 1M pasmepoB ABUXKYyLLerocs Tena.

UTo6bl pewnTb 3agavyy o0 KonebaTenbHOM [ABVXKEHUWU Mpu
HanMuYMM TPEHUS, Mbl BEPHEMCSH K YXe pa3obpaHHOW 3ajauve
0 rapMOHMYECKOM KOnebaTeNbHOM [BUMXXEHWMW W HaiifieM CTporoe
mMaTemMaTUyeckoe ee peLleHwue.

3aMeHsAs BO BTOPOM 3aKOHe AMHAMUKW YCKOpPeHWe W BTOpPOW
NMPOM3BOAHON OT CMELLEHUSA MO BPEMEHU, Mbl MOYYUM OCHOBHOE
anddepeHunanbHoe ypaBHeHue ABMXEHUA (0gHOMepHOro!):

(54.2)

Mpun  HanMuuu  OAHOM  TOMbKO  KBA3WyNpyrom  Cunbl
~xs.ynp= —bC 3TO ypaBHeHWEe MPUMET BUJ

(54.3)

3T0 M ecTb AndhepeHLManbHOe yYpaBHeEHWE ABUXXKEHUS MaTepu-
anbHOW TOYKM Maccbl T TNoj AeACTBMEM KBa3Mynpyron cunbl
C KO3I(h(PUUMEHTOM «KECTKOCTU» K.

HeussecTHas dyHkuua x(1), xapakTepusyrouias ABMXKeHUe
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TOYKM NOJ LeiACTBMEM KBa3Uymnpyrow cuibl, BXOAUT B ypaBHEHUE
154.3) cama M noj 3HaKoy BTOPOW NPOM3BOAHOW. [na peweHus
KOro augdepeHLnanbHOro ypaBHeHWS BCMOMHUM, Y4TO DYHKLUK-
UMM, KOTOpble MpU [ABYKPaTHOM AuddepeHLMpoBaHUM MpeBpa-
uatTca camm B cebs ¢ 06paTHbIM 3HAKOM, SIBASIKOTCSA CUHYC
M KOCUHYC (MNM noKasaTenbHast (DYHKUMS C YUCTO MHUMbIM
nokasatenem cTeneHu). ByaemM ucKaTb pelleHUE YpaBHEHUSA
(54.3) B BUMAe

x=A cos (0>/-f o) (54.4)

C MPOU3BO/IbHBIMU 3HAYEHUAMU MNOCTOAHHBLIX A, (0 K co. Beege-
HWeM Ha4vanbHOW (a3bl () Mbl 00beAMHSEM CUHYC W KOCUHYC
H O4HY (DYHKLUMIO, MOCKOJ/IbKY OHW OTAMYalTCA APYr OT fgpyra
TWbHKO 3HAYEHWEM 3TOW HayanbHOW (hasbl. BeinonHAs gByKpart-
|||k- anchdepeHunpoBaHune BoipaxeHus (54.4) no / n noacraenas

o d2x i
HalileHHble 3Ha4YeHUss X U -J-T B ypaBHeHue (54.3), nonyuvaem:

—Tw?2A cos (w/+h0)= —kA cos(o)/-(-90)-

11ocKo/bKy 06€ 4acTu 3TOr0 paBeHCTBA MOXHO COKpaTUTb Ha
J1 os (co/+ ¢B), To, CnefoBaTeNbHO, OHO BbIMOMHAETCS MpU Npo-
M3BOJIbHbIX 3HAYEHUSX BENIMUUH A U o- ST NOCTOAHHbIE A 1 (O
MOTyT 6bITb NOGBLIMW, B 3aBUCMMOCTM OT HauyalbHbIX YCNOBWiA
OBU>KEHWS, a yrjoBas 4yacToTa W paBHa

(54.5)

M COOTBETCTBMM C TeM, 4YTO ObII0 NOMYYEHO paHblle.

l.ikiiMm 06pa3oM, Mbl MaTeMaTU4yeCKU [A0Ka3aNn BbICKA3aHHOE
n” 3 yTBepXAeHue, YTO eC/M Ha MaTepuanbHyl TOUKY [AeicT-
usci KBasuynpyras cuna, TO 3Ta Touyka OygeT coBepwaTtb
| dMoOHMuYeckoe konebaTenbHoe [fBWXeHMe MO 3akoHy (54.4)
| vi.loHOW yacToTOl, onpeaensemMoii cooTHoweHuem (54.5).

Pasbepem Tenepb aHanOrMyYyHbIM METOAOM 3aTyXalolme KO-
Hb.WWH npu Hanuumu cun TpeHuna. [Mopctasnas B (54.2)

Mo.-woe BbipaxeHue gna cunel F=F K ynp-\-FTp= — kx—rv=

nnn

(54.6)

unddepeHymanbHoe YypaBHEHWE ABWXKEHWUS MaTepuanbHoA
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TOYKM MacCbl T MOJ [AeliCTBMEM KBasWympyroi CWAbl U CUMb
TpeHus.

He kacascb 06WMX MeTOAOB pelleHUs AuddepeHLnanbHbl»
ypaBHEHUIi, OTMEeTUM, 4YTO B cayyae ypaBHeHua (54.6) MCKOMOM
hyHKUMa x(t) gomkHa o06nagaTb CMeAYHOLWMNM CBONCTBOM: KH<
nepsasi, Tak W BTOpas MPOU3BOAHAA MO BPpeMEHM OT X (t) JO/MKHBI
OTAMYaTLCA OT caMoi (YyHKUMKU X(t) NWUWb YUCNEHHBIMU MHOXN
Tenamu. Takol GyHKUMeiA B caMOM O0OULEM Ccay4yae SABAAMNY-H
nokasaTefbHas QYHKUUA C KOMMNJEKCHbIM MOKa3aTefieM CTeneHu
AN, 4YTO TO >Ke, NPOM3BefeHMEe MNoKasaTeNbHOW QYHKLWM HW
CUHYC WAM KocuHyc. Byaem Torfja uckatb peweHue guddepcH
umanbHoro ypaeHeHus (54.6) B BuUge

x=A0e alcos (co/-+<o) (54.7)

C NpPOW3BOMbHLIMW 3HAYEHUSAMU MOCTOSHHLIX Ao, 0, W U a
Bbluncnss mnepeByld M BTOPYIO MNPOU3BOAHbIE OT BbIpaXeHus

(54.7) wn nopcTaBNAs HaljeHHble 3HaYeHUs X, at " 3t4 B
(54.6), nonyumm, cobmpas 4YneHbl CyMMbl, copepXxauune obwm™

MHOXUTENN:
AlG~af{ [T(a2— w2) —ra-\-k] cos (w/+¢0) H-

+ [*2aw—rw]51'n(0)/+¢o)}=0.

MHoXuntenn ACe~al 34ecb MOXXHO COKpPaTUTb, TaK Kak Ao—

MocTosiHHas, a e~ HM Mpu KakoM KOHE4YHOM 3HauyeHuUu / He
obpawaetca B Hynb. OcTaBlleecs BbipaXeHuWe 6yAeT paBHO
Hynl0 npy No6bIX 3HAYEHUAX t, ecnn NOpOo3Hb OYAYT paBHbI
HYy/t0 KoaduumeHTbl npu co3(o)/+¢o) u BT(a)<+do). AeicTeu
TeNbHO, C U3MEHEHUEM t B HEKOTOPbIA MOMEHT BpPEMeHU, Hanpwu
mep V, ¢yHkyua sin(a)f-fc|)o) obpatmutcs B Hynb. Mpu 3Tom
corwl+do) 6yneTr paBeH 1. CnepoBaTenbHO, 3TO PaBeHCTBO
O6yneT ynoBNeTBOPATLCA, ecnu KoapguumeHT npu cos(w/'-f ¢n)
paBeH Hyn0. AHaNoOrM4yHO [OKa3biBaeTcs HeobXo[MMOCTb pa-
BEHCTBa HY/NK MHOXuTens npu sin(a)/-fro). Takum o6pasom,
nosy4yaem fBa YpaBHeHUA:

m2ao>—r0)=0.
Pewas 3TW ypaBHEHWUS, Haxo4UM:

' (54.8)
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B /* r*
(0= JT 4T1 (54.9)

| KKTOSAHHble A0 U 0O, KaKk W B Npejblgywem npumepe, MOryT
ObITb N1I06bIMK, B 3aBUCMMOCTU OT HayaNbHbIX YCNOBWIA [ABU-
YKEHUS.

BoipaxeHune (54.7), B KOTOPOM 3HAYEHUA a W bl ONpeSeneHsbl
N (54.8) n (54.9), sBnsetca o6WMM PpeWeHNeM YypaBHeHUA
wTyxawwmnx konebaHuii (54.6). OHO oOT/aMYaeTcs OT YMUCTO
I |pMOHMYecKoro Kone6aHus
(54 4) Tem, 4TO amnauTypga
KonebaHus

A(t)=ACe-a (54.10)

elwinseTca yobbiBalolWweh QyHK-
uuneii BpemeHu. Ha puc. 4.15
npescraBneH rpapuk 3aBucu-
MOCTM X OT t pgna 3artyxato-
WMx KonebaHWin, aHanuTmuyec-
K1 OnucbIBaeMbiX (54.7).
11yHKTMPOM Ha 3TOM pPUCYHKe
nwobpaxera 3aBUCUMOCTb Puc. 4.15.

(54.10) amnauTyabl OT BpeMe-

HW, a CMMOWHON NNHMel — nonHas 3aBucumocTtb (54.7). Yem
60nblwe KOIPMMUMEHT TpeHWsa T, Tem OONblle BeAM4YMHA a
W nokasatene CTeneHW W Tem O6bicTpee amnauTyfia 3aTtyxa-
lowmx kKonebaHuin ybboiBaeT €O BpeMeHeM. HanpoTus, npu
MOJIHOM OTCYTCTBUU TpeHud, Korga r—0, To a=0, e~a=e°=1,
\ /li>cos(co/-}-<po), M Mbl MNPUAEM K YXE€ PacCMOTPEHHOMY
r.nyyat YMCTO rapMOHWYECKUX KonebaHW € YrnoBol uac-
TOTOW.

4"

)

Nn
= n/? =co*-

Mpn Hanuunmm TPeHWs He TONbKO YObiBaeT CO BPEMEHEM
amMnauTyga KonebaHuWs, HO W YMeHblUaeTcss YrinoBas 4yacToTa
KonebaHuit:

co= n/<Ou— a2 (54.11)

| » &, yrnosas 4acToTa COGCTBEHHbIX KOMebaHWii TOUKM Npu
OTCYTCTBUU TPEHUS.
("OTBETCTBEHHO Mepuof 3aTyXalWux KonebaHuii paBeH

y*  2n__ 2n
(O m
( yBenuyeHnem TpeHUd nepuofg KonebaHwuii Bo3pacTaeT, U npwu
10* 291

(54.12)



a=(00 nepuoj CTaHOBWUTCA 6eCKOHeYHbIM: T=o00. [lpu pganb-
Hellllem yBenuyeHun a nepuof T CTAHOBUTCA MHUMbIM, a OBU-
XEHNe TOUKM — anepuogmuYecKNM, Kak aTo M306paxeHo
Ha pwuc. 4.16.

ConocTtaBuMm a<w 0 3HayeHMa aMnAUTyAbl B ABa COCeAUT*

MOMEHTa BPeMeHM, OoT/auyarwWmecs Apyr OoT Apyra Ha OAWH
nepuofg, T. e. A(t)=ACGk~al n A(t+T)=ACG~a{lH> n pasgenum
nepBoe M3 3TUX 3HAYeHWI Ha BTopoe. Torfga MNOAy4YUM:

_™L .= e»r=const, (54.13)
T. €. aMnNaMTyda 3aTyxaluWwmnux KonebaHuin 3a Ka>KAblii nepuog
ybblBaeT B OA4HO M TO XKe 4Yucno pas. HaTypanbHbIli norapugm
3TOr0 OTHOLWEHMNA

nml$fT)=aT=d 5414>

HOCUT  Ha3BaHue norapmgpmMmuecKkoro peKkpe-
MeHTa 3aTyXxaHusg.
MaTepuanbHas TOuYKa,
Ha KOTOpyl feicTByeT
KBasmynpyras cuna, 6y-
Lyun BblBefeHa W3 nofo-
XeHus paBHoBecus nr=0,
HauyHeT coBepwaTtb Kone-
6aHMA 0OKONIO 3TOro nono-
XeHusa. WN3-3a  Hanuyus
cun  TpeHMs  NOAO06HbIe
Puc. 4.16. COOCTBEHHBLIE, unn,
KaK WX MHOTrAa HasblBaloT,
cBObGOAHbIE KONebaHMA TOYKM Bcerga OyfyT 3aTyxawlWumu.
LOna nonyyeHus He3aTyxawuwux KonebaHuin HeobXo[uMo
BO34elCTBME LOMOMIHUTENbHOW MEpPeMEHHON BHELIHEeW Cubl, KO-
Topas noaTankuBana 6bl TOUKY TO B OfHY, TO B APYrYl CTOPOHY
n paboTa KOTOPOIi HenpepbiBHO BOCNOAHANA 6bl Y6bINb 3HEPTUN,
3aTpayMBaeMoOil Ha npeofoneHue TpeHusi. Mopob6GHas nepemeH-
Has cuia HasblBaeTCcAd BblHYX gatowein, (FBm), a BO3HUKa-
lowune nof ee [feACTBMEM  HesaTyxaklme KonebaHus—
BbIHYXJEHHbBIMU.
Pa3bepeM npocTeilnii cnyyail BbIHY)XAAKOLWLIEA CUMbl, MEHS-
olelics No 3aKOHY CUMHYCa WAM KOCWMHYCa, T. €. MOJIOXUM

o' FBan= F Ocos(Qt). (54.15)
3pecb FO ecTb amnauTyfa BblHYXJalowel CWAbl, T. €. MaKcu-
ManbHOe BO3MOXHOe ee 3HayeHue, a Q — yrnosas 4actoTa

KonebaHuii BblHYXAatowen cunbl. MonHaa cuna, gelicTeytowan
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MA Konebntoulytoca Touky, 6yaeT anrebpanmyeckoil CyMMOR KBa-
HHynpyroin cunbl, CUNbl TPEHUSA U BbIHYXaloWeh Cubl, U and-
(hepeHUMaNnbHOEe ypaBHeHue ABuxeHus (54.2) npumeT BuUf

mAr=-kx-r~-+ F @cos (Qt). (54.16)

Kak W3BeCTHO U3 Kypca BbiCLUE MaTeMaTuKM, peweHne
NTOro ypaBHeHWA,

*(0 = *cB0o6(0+ *BbIH(O. (5417)

npeacTaBnseT co6oi CymMmy CBOGOAHbIX KonebaHWii xcBoB(/) u
MbINYXAEHHbIX KonebaHuii maH/). CBo6oAHbIe KonebaHma 6y-
XeX0AWTb C  COBCTBEHHOW  yrioBoW YyacToToMn

—. W [JOBOJIbH bICT TYXHYT 1N KOH
o [0OBOMbHO GbLICTPO 3aTYXHYT MO 3aKOHY

(54.7). UTo e KacaeTca BbIHYX[eHHbIX KonebaHuii, 10 uX
yncToTa LO/KHa, 0YEeBUAHO, COBNajaTb C YacTOTOM BbIHYXAato-
Wwe cunbl. AMOANTYAA 3TUX KoNebaHWn AOMXHA 6bITb MOCTOAH-
HOM, MOCKO/MIbKY aMMNAWTyAa BbIHYXAAlOLWen CUNbl He MeHseTcs
CO BpPEMEHEM.

MosTomy, npeHebperas co6CTBEHHbIMKU KONnebaHMSIMM CuUCTe-
Mbl, UFPalOLLMMUN CYLLECTBEHHYIO POMb NIWWbL B CaMOM Havane
npouecca, Mbl 6yaem uckaTb peweHne ypaBHeHus (54.16) B
muzae

X=X,, W, (t)=A cos(Q/-f- ®) (54.18)

| HeM3BECTHbIMMW 3apaHee aMNAMTYA0N A u cABUIOM Gasbl .
MpoauddepeHunpyem BbipaxeHue (54.18) aBaxabl no Bpe-

MEHM U NOACTABMM HalfIeHHbIE 3HAYEHUS X ,-~ W B Andde-

peHuunanbHoe ypaBHeHue (54.16). Bocnonb3oBaBLIMCbL W3BECT-
HbIMU TPUTOHOMETPUYECKUMU TOXKAECTBAMU ANA CUHYCA W KOCU-
Hyca CYMMbl, NONYYUM:

—mi324[cos W cos ® —sin Qt sin ® ]=
= —MJcos Qt cos ® —sin Qt sin ®]-(-

-t-rQ/4[cos Qt sin ® + sin Qt cos ®]-j-F0cos Q/.

MpupaBHUBaA APYr APYry KO3PGWULUMEHTbI, cToAlMe B 06eux
4yneTAX paBeHCTBA MPU CUHYCe W COOTBETCTBEHHO MPM KOCUHYCE,
nofyyaem fBa YpaBHEHMSA, M3 KOTOPbIX HaxoAATCA WCKOMbIe
Me.|M4mnHbI;

(K-mQ2*+rx2”° (54.19)
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Qe =~ (54.20)

CnepyeT ACHO npeacTaBnaTb cebe pasnuume Mexzay peLlevH
aMmn xX@Ht) 1 xsH/). OyHKuma x@G/) cooepkuT Ase Npous-
BOJIbHblE MOCTOsIHHbIE A0 W dD, KOTOpble oOnpeaensatTcs in
[,00aBOYHbIX YCNOBWUIA, HanpuMep HavaslbHbIX YCNOBUIA [ABUXC
HUA. YHKUMA e X&|(/) He coaepXUT MPOU3BOSbHBLIX MOCTOSM
HbIX. Bce Bxopsfume B Hee BENMYMHbI OMpeaensatTca U3 camoro
AnddepeHumanbHOro ypaBHeHUs AswkeHus. [lostomy *,,.(/)
He 3aBMCUT OT HayasibHbIX YC/IOBWUI ABWXEHUA. ITO 3HAYUT, YTU
Korga B Cuny 3aTyxaHus b 06paTuTCs B Hy/b, Konebatesbikm
OBWXeHVe OByAeT onpeaenarbcsi TO/IbKO CBOWCTBAMMU KOMEO/HO
erncsa cuctemMbl U aMnIMTygoOM W 4acTOTOM  BbIHY)XXAAHOLLEN
CUSbI.

Takum o6pa3om, nog AeCTBMEM MEepPUOLUYECKON BbIHYXAAH
weri cunbl (54.15) BO3HUKAIOT FapMOHUYECKUE BbIHY>XAEHHbI)
konebaHna (54.18) c ToW e 4YacToToil Q. AMNANTYAA BbIHYX
OeHHbIX KonebaHwii cornacHo (54.19) nNpsMo MpPonopLUOHasbILL
amMnanTyge BbiHYyXgarowe cunbl FO, 3aBUCUT OT XapaKTepUCTUK
CBOGOAHO Konebnwouweincs To4ku T, K U T WU, KPOMe TOro,
ABnseTca (yHKUMeli yrnoBoM 4acTOThl KonebaHuii BbIHYXAako
Wwen cunbl . padmkm 3aBucumocty A u casura a3 @ or
Q (4na HecKoNbKMX 3HAYeHWi ) npeactasneHbl Ha puc. 4.17,
a unb.

Kak BUAHO 13 3TUX rpadrKoB, XapakTep 3TUX 3aBUCMMOCTEWN
CYLLIeCTBEHHO pa3/iMyeH B Tpex 06/1acTaxX W3MEHEHUs YrioBOM
4acToTbl

1) O6nacTb MasblX 4acTOT:

(54.21)
B atoii o6nactn cagur a3 ® 6/M30K K HY/I0, a BblpaXeHue

4N aMmnanTyabl, ucnosnb3ys dopmynsl (54.8) 1 (54.19), MOXHO
npeo6pa3oBaTe K BUAy

(54.22)

B npenensHoM cnyyae, korga Q= 0 (Npuv MNOCTOSAHHOM Ha
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Ilivwe), /4=-~-="octar. rge xXCOcrar — cTaTU4YeckKoe CcMeLleHne

HTKM Nog, AelicTBMeEM  MOCTOSHHOM cuibl F=Fom [pu
- LK< 00 un maiom TpeHuM (a < WO) NPUBKEHHO MOsy-

u*cm:
X X -j-cos Wl = (54.23)
I C CMeELleHVEe KONEO/MoWENCs TOUYKM MOUTM 6e3 MCKaKeHWUA



crnenyeT 3a WM3MEHEHWEM BbIHYXAaloLWern cuibl. 3TOT crydai
npeactaBnseT NMpakTUYecKUin MHTepec AN U3MEepUTENbHON Tex-
HUKWN. PasnuyHble camonuiuylive npubopsl ANsS peructpauum
ObICTPOMNEPEMEHHbBIX YCUINIA (Hanpumep, MeMOpaHHbIA MHANKA-
TOp, 3anucbiBaloLWKnii AaBieHNe B ObICTPOXOAHOM ABUraTtesne)
npeacTaBNsAlOT COBOM CUCTEMbI, Ha KOTOpble AEACTBYIOT yrnpyrue
WM KBasuyrnpyrme cunbl, BO3Bpallatolime CUCTEMY B MOJIOXEHUE
paBHOBeCKs Moc/e CHATUA Harpysku. MNepemMeHHoe ycunive siBns-
eTca AN Takol CUCTeMbl BbIHYXXAAlOLLEen CUMON CO CBOEN Xapak-
TEPHOW YrnoBOM 4acTOTOW W (UM HECKONbKMMW  YI/10BbIMU
yactoTamu 1,).4YT06bI BbIHYXAEHHbIe KonebaHns npubopa ycne-
Ba/IN cnefoBaTh 3a U3MEHEHMAMU BbIHYXAAKOLWA CUMbl, OO/MKHO
BbIMOMHATLCSA HepaBeHCTBO (54.21), T. e. cO6GCTBEHHAas 4vacToTa
KonebaHmi npubopa b0 Ao/MKHa ObiTb BO MHOMoO pa3 60sblue
4YacTOTbl M3MEHEHUs U3MepseMolr BenuuuHel . Mpu 00> 1()ii
ownbKa M3MepeHUr He byaeT npesbiwaTh —2 %. YBenunyeHue
COOGCTBEHHOM 4YacTOTbl @) AOCTMraeTcs Kak 3a CYeT yBemuyeHus
YECTKOCTU N3MEPUTESNIbHOM CUCTEMbI K, TaK U 3a CYET yMeHblue-
HMs ee maccel T [m3 (54.20) cnegyeT, 4YTO C POCTOM K W
yMEHbLUEHVEM T BennuMHa tg ® -> 0, a cnegosaTesibHO, U COBUT
a3z ¢ -» 0].
2. O6nacTb BbICOKMX 4acTOT:

(54.24)

Mpy Takux yactoTax ® « — /1 N KO/Ie6aHUsi TOUKN MPOUCXO-
OAT B pa3e, NMPOTUBOMOJIOXKHONM KoNebaHUAM BbIHYXAawoLlelr
cunbl. Korga cmelleHve MNOAOXKUTENbHO, BbIHYXAaklas cuna
oTpuuartesnbHa, M HaobopoT. BcneacrTsme 3TOro amnauTyna Bbl-
HY)XOEHHbIX KONebGaHWiAi He MOXET ObiTb 60/bLIOK U ybbiBaeT
C POCTOM 4acTOTbl BbIHYXJAKOLLEA CU/bl MO 3aKOHY

(54.25)

Moao6HbIV cnydall TakXKe UMeeT BaXXHOEe MNpakTUYeckoe 3Hauye-
Hue. Hanpumep, ONnA npeaoTBpalleHus BO3AENCTBUA Kayky KO-
pabns Ha pasnunuyHble Npubopbl MX crnedyeT NoABeLUIMBaTb Ha
CpaBHUTENBHO MSATKUX MPYXUHAaX U MakKCUMalbHO YTSHKeNaThb.
Ecnu mpu 3TOM 4acToTa COGCTBEHHbIX KOMebGaHWii CUCTEMbI M,
OyneT cAenaHa MHOIMO MEHbLUE 4acTOThl Kauky 1, TO COrfiacHo
(54.25) amnnmnTtyga kKonebaHwii noAselleHHOro npubopa 6yaeT
MHOrO MeHblle aMnAuTyabl KosebaHwii TOYKM nonaseca.
3. O6bnactb pe3oHaHca:

0 @ (54.26)
Mpn uyacToTax Kone6aHWs BbIHYXOAKLWENR CUMbl, GIM3KNX
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it yacToTe COOGCTBEHHbIX KOeGaHuii CUCTEMBI, amMmnanTyga Bbl-
HY>XOEHHbIX KonebaHuih CcuibHO BO3pactaeT W HadnHaeT BO
MHOIro pa3 npesbillaTtb CTaTU4eCKOoe CMeELUEHNE:

mipE0i~"~0Cr»T 2a (54.27)

UemM MeHbLlle KO3(hPULMEHT TpeHus, TeM B60/blUe aTa amiv-
Tj.ia. B npepene, NE0~»-00 npu 0. 3TO fAB/eHNEe Pe3KOro
BospacTaHuns aMnnuTyabl BbIHYXAEHHbIX KonebaHwuii npu £<hiwo
Hocut HasBaHMe MeXaHWMYeCcKOro pes3oHaHca.

fABNeHna pe3oHaHca, Kak BpeAHble, TaK W MNofie3Hble, LWMPOKO
pacnpocTpaHeHbl B Npupoae 1 TexHuke. Korga BoilickoBas 4acTb
MHET MO MOCTY, TO 06si3aTe/lbHO MoAaeTcs KOMaHAa WATU «He
n Hory». lepuoguyeckne TOMYKW, CO3faBaemMble CTpoem cosaar
npu xXoapbe «B HOry», MOryT MornacTb B Pe30HaHC C COOCTBEHHbI-
M1 KONebaHMAMM MOCTa U NPUBECTU K ero paspylueHuto. Mano-
MOLLUHbIA ABUraTesb, eC/iM OH M/I0X0 ypaBHOBELLEH M NpWU BpaLle-
HUM «BbeT», MOXET B C/lydyae pe3oHaHca paspyLlunuTb WK CUIbHO
noBpeanTb COOPYXEHME, Ha KOTOPOM OH YKpernieH, v T. .

Mpu 3anycke B Xof4 MallVHbl BUOpauus ee aetanei byaet
MHHCETb OT 4acTOTbl BpalleHWs MawmnHbl. OB603HauYMM 4epes
1 a MakCuMmaslbHyr amnauTtydy, KoTopas nornyctmma npu
MubpaummM OaHHOW aeTann 6e3 OnacHOCTU ee MOJSIOMKU.

M3 puc. 4.17, a BUAHO, 4YTO MNpPU MNPEHEOPEXMMO Ma/IOM
TpeHnn (rxO) B HEKOTOpOl 06nacTu vacToT W, 3aknoueHHOW
n npepgenax

aMmnNnTyga kKonebaHuii getaim CTaHOBUTCA O4YEHb 6GOMbLUOA U
npesbilaeT JIATICL, YTO FPO3UT aBapueil MalluvHbI.

Uem 6onblle TpeHWe, TeM YXe onacHas mnosioca 4acToT,
M Mpy AOCTaTOYHO 60MbLWIOM TPEHUU T > T 2 BCA 06/1aCTb 4acToT
(V .onacHa gnis paboTbl MallWHbI.

OpHako [06MBaTbCA CHWXEHUS aMMNANTyAbl BbIHYXXAEHHbIX
KonebaHuin MallnHbI, yBenuumeas TpeHue, 6bi10 bl Heneno. 310
He O3Ha4aeT, C APYroii CTOPOHbI, YTO MallMHa Ao/mKHa paboTaTb
Hcerga B 06/1acTM MasibIX 4acToT

Nn<mn'.
( nuyeT TBEpPAO MOMHWUTb, UYTO AOBWKEHUE

X "sbH0O
yCTaHaB/MBaeTCs NMLb CAYCTA AOCTATOYHO 60/bLIOY NPOMEXy-
IOK BpemMeHM (MO CPaBHEHMIO C MepuoaoM KonebaHus T ) mocne
HaMOHeHVs1 XapakTepa ABWkeHus, korga x@3 BcneAcTBue Hanu-
YN rpeHus 3aTyxaeT. 3aTyxaHume e TeM MeHblle, YeM MeHbLue
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TpeHve. CnepoBatesibHO, U MPU M3MEHEHUU pexmma paboTbl
MalUVHbI aMNINTyAa BbIHYXAEHHbIX KonebaHuli ycTtaHaB/MBaeT
CA He cpasy. 3TO O3HayaeT, YTO oracHas 30Ha 4acToT OT S2 [0
" mMoXeT 6bITb NpoligeHa, ecn YCKOpeHve Xoaa MallvHbl (1in
3amMe/ieHne) He CAUWKOM Maio. He cneayeT Nuwb 3agepXu
BaTbCA B 3TOW OMacHOM ANs MallvHbl 06M1acTU 4YacToT.

C Opyroi CTOpOHbI, Hanuyune pesoHaHca MO3BOSISeT ObHapy-
XNTb OaXe OyeHb cnabble KOnebaHus, ecrnm yactoTa WX COBWII
[aeT C 4acToTOW COBCTBEHHbLIX KonebaHuii npubopa. Bca npu
KnagHaa akycTMka W paguoTexHuKa, annapaTbl, BOCMPUHUMAKD
Lipe 3BYKOBble U 3/IeKTpuyeckne KonebaHmsi, OCHOBaHbl Ha siBe-
HUAX pe3oHaHca.

BO3MOXHOCTb NoAaAepXkuBaTb HesaTyxawulMe KonedbaHuu
npeacTaBnseT ypesBblyalriHbli MHTepec ANA TeXHUKU. Oco6eHHO
BaXXHbIMU N LUMPOKO MPUMEHSEMbIMU ABNASIOTCSA KonebaTefbHble
ABWKEHUS, BO3HMKawOLMe U noaaepXuBaloliyecs 3a cyeT Mo-
CTOSIHHOIrO, HeKosebaTeNbHOro MCTOYHUKA 3Hepruu. Takue cuc
TeMbl Has3blBalOTC aBTOKoNnebaTenbHbIMW. Teopus
aBTOKOMebaHUn paspabaTbiBanacb r1aBHbIM 06pPasoM COBETCKU

M1 ydeHblMu (MaHpgenswTtam, [Ma
nanekcn, AHAOPOHOB, XalKuH, Teo-
OOpYvK, XapkeBmy u Ap.). B ka
yecTBe NPUMEPOB aBTokosnebaTesb
HbIX CUCTEM MOXHO MNPUBECTU: 4a-
Cbl, B KOTOPbIX NMOCTOAHHbIE KONeba-
HUA MasTHMKa noaaepXusarTcs 3a
CUYET 3JHEeprnm CnUpasibHOW MNpPYXun-
Hbl WM NOAHATOrO rpysa; paavorie-
pefatuvkK, sHeprus KonedGaHwmii Ko
TOPOro noAnepXMBaeTcsa 3a cyeT
SHEPIUMN aKKYMYATOPHLIX GaTapeit;
3/IEKTPUYECKNIA 3BOHOK, MHEBMATU

Puc. 4.18. UECKUI MOMIOTOK U MHOrve apyrue
nprbopbI.

Utobbl konebaTenbHOe ABVKEHVE He 3aTyXasio, K KOneo6sto
Lelica cncteme HeOGXOAUMO MOABOAUTL SHEPIUIO AN KOMIMeHca-
UMM ee noTtepb B npouecce konebaHuwii. Moason aHeprum ocy-
LLeCTBNAETCS B BUAOE «TOMYKOB» B NOAXOAALLME MOMEHTbI BPEMC
HW. TONYOK [OO/HKEH YCKOPUTb, a He 3amMequTb konebaHuve.
B aBTOKONeGaTeNbHOWM CUCTEME BK/IHOUEHME WCTOYHUKA SHEPruv
ONs NOMlyYEHUS HY)XXHOFO TOJ/I4Ka MPOU3BOAUTCA CaMol cucte-
MO, YTO rapaHTUpyeT MoJlyYeHMe TONYKOB B HYXXHble MOMEHTbI
BpPEMEHM.

PaccmMoTpuM, Hanpumep, paboTy MNPOCTEMLUMX CTEHHbIX Ya
COB, B KOTOpbIX 3Heprusi rpysa TpaTUTCa Ha noanepxaHve
KonebaHuii MasATHUKa, pacxoaytoLero CBOK 3HEPIni0 Ha TPeHVe.
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CyLLLeCTBYIOT pas/INyHble KOHCTPYKUUM (TaK HasblBaeMble
«X0[pl»), CBA3bIBAIOLLIME MEXAHM3M YacOB W NPYXUHY C MasTHU-
KOM. B Hambonee pacnpocTpaHeHHOM «aHKEpPHOM XoAe» MeXa-
M1 IM YacoB U MpyXuHa CBsi3aHbl C MOMOLLbIO CUCTEMbI 3yBGYaThbIX
konec. Hag ogHum m3 3y6uatbiX Konec (puc. 4.18) HaxoauTcs
pblyar — «SIKOpPb», K KOTOPOMY MpPUKpPer/eHbl ABa 3yba crneuy-
MIbHOW (hOpMbl — «MNaNeTTbl». JKOPb YKPEN/JeH Ha ocn MasTHU-
Ka M KayaeTcsi BMECTe C HUM.

Mpy KavyaHUM MasTHMKA ManeTTbl MO oYepean TO OMycKawT-
cfl, 3axo4s Mexay 3yObsAMW LIecTepHW, TO nogHumatrotcs. MNpu
rnoabemMe oO4YepefHOV NaneTTbl, KOrga cpe3 ee COCKasib3bliBaeT
i KOHUa 3y6a LUeCTepPHW, LWECTepHs Mnog, AeliCTBUEM MNPY>XMHbI
MOBOPaYMBaETCsA, M KOHYMK 3y6a, CKOMb3A MO HWXKHEN, KOco
Cpe3aHHOWM MOBEPXHOCTW MasieTTbl, MOATA/IKMBAET ee, a BMecTe
C Hell — siIKopb U MasTHMK. B 3TO BpemMsi MPOTUBOMOSIOXHAs
vanetTa Oryckaetcs Mexay 3yObsiMu, MO3BOMAS MOBEPHYTLCA
LUECTEPHE NULWb Ha OAWH 3y6. TakMM 06pa3oM, MasTHUK Mosy-
YyaeT HerpepbiBHbIE TO/YKW, NOAAEPXMUBAIOLLME €ro He3aTyxato-
lwme KonebaHma. B cBOO ouepeab CKOPOCTh BpalleHus 3ybuyaTto-
ro Kosieca, a BMecTe C HAM U BCEro MexaHu3ma 4acoB onpegens-
eTca nepuoaoM KonebaHusi MasiTHUKa.

COoBEeTCKVMM YYeHbIM MNPUHAAEXNT OTKPbITUME HOBOFO TuNa
pe3oHaHca, MOJTyYMBLLIETO HasBaHue napameTpwu-
YecKOro pe3oHaHca.

MpeactaBum cebe, YTO OAHa U3 (OM3UNYECKUX BEMYMH («Ma-
pameTpoB»), onpeaenailollas cBoWcTBa KonebaTenbHOW cucTte-
Mbl, camMa MNepuoauyecky MeHsieTcs. TakMMm MnapameTpoMm B Crly-
Yyasix MasiTHMKa WM Kadesiei MoXeT OblTb paccTosiHMe OT ocu
KonebaHuii 0O LEHTpPa VHEPLUN CUCTEMbI.

Mpn HaMuMn ManblX KonebaHuii CUCTEMbl Meproamnyeckoe
M3MEHEHNEe TaKOro napamMeTpa MOXeT, MpU COOTBETCTBYHOLLEN
yacToTe, MPUBECTU K 3HAUYNTE/IbHOMY YCWU/IEHUIO KonebaHwuin —
3TO U eCcTb MapamMeTpUYecKMii pe3oHaHC.

Ecnn kauenn coBeplUalOT Masible KonebaHusl, TO aTU Koneba-
HUS MOXHO YCUNUTb, MOAHVMAsACb W Mpucedas B «TaKT», T. €
MEHSIS1 MOJIOXKEHME LeHTPa WHEPLUUN CUCTEMbI OTHOCUTENIbLHO OCU
Koneb6aHWiA.



FNABA XIV
BOJIHbI

8§ 55. PacnpocTpaHeHue KonebaHuil. YpaBHeEHME ny4a

Konebniouwieecs matepuasbHOE Telo, MOMELLEHHOe B YMpy-
ryto cpegy, 6yaet yBnekaTb 3a Co60M M NpuUBOAUTL B Koseba-
TeNbHOE ABWXEHWE MpuerawLlime K HeMy 4acTuubl cpefdbl. Mo-
cnegHve B CBOK ouepedb OyayT BO3AENCTBOBATb Ha coceqHve
yacTuUpbl U MPUBOAUTL UX TakXKe B KonebatesbHOe ABUXeHue
M T. O Mpu 3TOM CyLIECTBEHHO, 4YTO YB/IEKAEMbIE YaCTULbI
cpenbl ByoyT HECKO/IbKO OTcTaBaTh MO ha3e OT paHee NMpuxoas-
WMX B ABWKEHME 4YacTul, TakK KakK nepefava kosnebaHwi oi
TOYKM K TOUKEe BCerga OCyLLecTBASAeTCS C KOHEYHOW CKOpOCTbIO,
XapakTepHoOW ANns AaHHOW cpedpl. TakMm obpas3om, Konebnioule-
ecsi MmaTepuasibHoe Tefo, NOMELLEHHOE B YNPYrylo cpeay, SBUTCSH
WCTOYHMKOM KOnebaHuiA, pacrnpocTpaHsoLLMXCs OT HEro B cpeae
BO BCe CTOPOHbLI. 3TOT MNpoLEecC pacrnpocTpaHeHus KosebaHWii
B YMpyrou cpefe HasblBaeTcs BOJTHOIA.

KameHb, 6pOoLLeHHbI B BOAY, BbI3biBAET pacnpocTpaHeHue ot
MecTa nageHus OAHOKPAaTHOW Hernepuoamyeckor MoBEPXHOCTHOM
BO/HbI. Teno, rapMOHWYECKM KonebnoLweecs Ha MOBEPXHOCTU
BOAbl, BbI3bIBAET PaCMpOCTpaHsoLMecs, Nepuoanyeckn MoBTO-
pstoLLMecs MOBEPXHOCTHbIE BOJIHbI.

BonHa, npoxopsias yepes AaHHYH TOUKY Cpefbl, XapakTe-
pu3yeTca onpeaeneHHbIM HanpasneHnem pacrnpocTpaHeHus. O6-
nacTb MPOCTPaHCTBa, BHYTPU KOTOPOW KOMEeGMITCA BCe YacTuLibl
cpenpl, Ha3biBaeTcsi BONMHOBLIM nonem. [paHuua, oTae-
nalwas KonebawLwmecs Yactmubl OT YacTul, eLle He HavyaBLUMX
KonebaTbCs, HOCUT Ha3BaHMe (G POHTa BOMAHbI, 6 OAHO-
poAHON cpefe HarnpasfeHue pacnpocTpaHeHus nepneHauKynsap-
HO K (DPOHTY BOJIHbI.

YacTuua cpefpl, 40 KOTOPOU Aollen GpoHT BOMHbI, NpUXoauT
B KoJiebaTe/NlbHOe ABVDKEHVE, aMrvTy[a, YactoTa M Harpaene-
HVe KOTOPOro B MPOCTPAHCTBE 3aBUCAT OT aMmnUTyAbl, YacToTbl
M Harnpas/ieHus KonebaHuii NpeaLlecTByOWMX YacTul,. Hanpas-
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.deniie gBMKEHUS KONEGMIOWMXCA TOYEK MOXET He coBnagartb
C Harnpas/ieHMeM pacnpocTpaHeHus BOMHbl. Ha puc. 4.19 um3o-
OpaxkeHa A/IMHHaA NPOBOJIOYHAA CNUpPasb, BUTKN KOTOPOW ynpy-
ro cesisaHbl Apyr c ApyroMm. Bos3byanm konebaHusi KpaiiHero
mmtka B Touke O. BonHa HayHeT pacnpocTpaHATbCS BAO/Mb
Cnupav no HanpasneHuto OM. Ha puc. 4.19, a un3obpaxeH
cnyyald, Korga Mbl 3acTaB/iieM KpaliHUA BUTOK KosiebaTbes
M HanpasneHun, nepneHaukynspHom kK OM. B atom cnyvae
U Ons BcexX nocneaylowmx BUTKOB HarpasneHne KonebaHui
OyaeT nepneHAMKYNspPHbIM K HarnpasneHulo KX pacnpocTpaHe-
HuA. TMofo6Hble BOMHLI Ha3blBAlOTCA MNOMepeyvyHbI MU. Ha

————— - 1/

Puc. 4.19.

puc. 4.19, 6 n306pakeH WHOW Ccnyyai, Korga HanpasfeHue
konebaHWn NapannensHO HarnpasfeHW pacrnpocTpaHeHus. [o-
[06Hble BOMHbI Ha3blBAOTCA MNPOAO/IbHbBIMU.

B cnyuyae nonepeyHbIX BOMH KonebaHWs TOYEK coBepLuakTcs
M NJ0CKOCTU, B KOTOPOW NEXUT BEKTOP, YKa3blBaloLLWii Hanpas-
NleHVe pacrnpocTpaHeHus BOJHbI. 3Ta MIOCKOCTb HOCUT Ha3BaHue
M/10CKOCTU KonebaHwms, unm MNOCKOCTMH nons-
punsaynm, a camMa BOSHA HasblBaeTcd JIMHEWHO
nonspusoBaHHOW [pyM AaHHOM HaMpaBlIEHUW pacnpo-
i rpaHeHns, O4eBMOHO, BO3MOXHA pas/iMyHas opueHTauums rioc-
KOCTU nonapusauuy B npocTpaHcTee B crniyyae puc. 4.19, a aTa
OpueHTauns coBrMagaeT C M/IOCKOCTbIO YepTexa.

CKOpOCTb ABUXEHUSI KaKOO0W Kosnebniowenca ToUku Herpe-
pPbIBHO MEHSieTC MO BeMYMHE U 3aBUCUT, KakK Mbl YCTaHOBUIN
Hbiwe [dopmyna (50.7)], oT amnanTydbl, 4acTtoTbl U ¢oasbl
Kone6aHuii. B NpOTUBOMONOXHOCTb 3TOMY CKOPOCTb MepemelLie-
HUA (PpOHTa OaHHOW BOMHbI B OJHOPOAHOVM cpede MOCTOsIHHA.
()na 3aBMCUT TO/ILKO OT CBOWCTB cpeabl U XapakTepa KonebaHus.
Unm BbIACHEHUS OCHOBHbLIX XapaKTepUCTUK PacnpoCTpaHsoLLLEit-
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CA BOJIHbl BblBeEM ypaBHEHMVE, Ha3biBaEMOE ypaBHEHUEM
nyya. PaccMOoTpuM npocTeiwunii ciydvar rapmMoHUYeckoro M=
nebaHus, pacnpocTpaHsoLLerocs Boonbs Npsamon — ocn X (puc
4.20). O603Ha4YMM CMeLLeHMEe KOMebNIoWenca TOUKM 13 NOooXe
HUSA paBHOBecus 4Yepe3 Y. [ns MNpoAosbHbIX BOSH CMeELLEHMne
y napannenbHo X, a anm
rnonepeyHbIX — MepMei
OVKYNAPHO K a.
Ona  HarnsgHocTw
OygemM cuuTatb, UTO HA
puc. 4.20 un306paxkeH
cnyyan rnonepeYHo
BOJSIHbI, pacrnpocTpaHu
lowerica ot Toukm O *
Hayana KoopauHaT, Tak
YTO rOKa3aHHble CcMe
LeHMs OTBevalT pe
Puc. 4.20. aflbHbIM  OTK/TOHEHUAM
KONe6MIoWmMXeca  Toyek
oT ocu A. byaemM cuuTaTb, YTO UCTOYHUK KONebGaHWiA, MOMELLEH
Hblli B Touke O, B MOMEHT BpemMeHM /=0 Hauan coBepLUu n.
rapMoHuyeckoe KkonebaTenbHOe [ABWXEHWE BAOMb OcM Y HO
3aKOHY

ydt)=A sin 2n\t=A sin iat. (55.1)

3To KonebaHMe WCTOYHMKA BbI3OBET FapMOHMYeckoe Koneba-
TeNbHOE [ABWXEHWE YNPYro CBA3aHHbIX C HUM COCEOHUX TOoueK
C TeMU Xe amnauTygoi A U YrnoBoW uvacToToii <i OpgHako
nocrenymoLme TOUKM HaAYHYT KosieGaTbCs C HEKOTOPLIM 3ano3ga-
HUeM, TeM 60MbLUMM, YeM fasiblie OHW HaXoOsATCA OT UCTOYHMKA.
Ons Toukn M , Haxopdslencs Ha PaccTOsHUM X OT MUCTOYHMKA,
Hayano kKosiebaHuii OTCTaeT OT Hayana kone6aHuin Toukn O Ha

NPOMEXYTOK BpeMeHn T=-"-, Ie V — CKOPOCTb pacnpocTpaHe-

HWA BO/MHbI B paccMmaTpuBaemoli ynpyroii cpege.

Taknm 06pas3oM, cMelleHMe TOUYKM M, KOTopoe Mbl 0603Ha-
UMM YM , B MOMEHT BpemMeHU t 6yaeT paBHO CMELLEHMIO /0 TOUKM
O B MOMEHT BpemMeHU paBHbli

t=t—c=t—y. (55.2)

Mo amnAnTyge 3To CMelleHne B6yAeT paBHO UCXOOHOMY B Criyyae
OTCYTCTBUSA 3aTyxaHus, 4YTO Mbl M GyaeM npegnonaratb (415
MPOCTOThl) B AanbHenwem. CrnegoBaTenbHo,

Y\No)— ¥Y<k1'}—A sin co/". (55.3)
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MopactaBnsaa cioga 3HaveHne V n3 (55.2), Haxogum, 4TO OTKIO-
HeHVe OT MOJIOXKEHUA pPaBHOBECUS TOUKM, Haxodsllenca Ha
paccTosiHUM X OT UCTOYHWMKA BOJIHbl, B MOMEHT BPEMEHU t paBHO

yM(/)=A sin a) sin Ntv (*— «")'  (55.4)
11pm ABVMXKEHNWN BOJIHBI CMipaBa HasieBO 3HAK CKOPOCTU MEHSETCS:
YnAO=A sin 2n\ ('+-£-)= (55.4a)

M3 (55.4) cnepgyeT, 4yTO CMeLleHME Yy MPON3BOSIbHOM TOYKMU
M B 6eryuleii BO/MHe 3aBMCUT OT ABYX MNEepPeMeHHbIX: BPeMeHU
Hab6aeHNs t N pacCTosiHMA A0 WUCTOYHMKA X. ECny 3aMeHuTb

H (55.4) yrnoByto 4acToTy 0) NepMOAOM KosnebaHui

K) MCKOMOE ypaBHeHMWe siyya MpuUMeT Bup,

sin* (I-x)=Asin( ( 5 5 . 5 ,

M3 (55.4) wwm (55.5) cnegyeT, 4TO BCE TOYKM BOJIHbI
KONebnTCca C OAMHAKOBOW aMnavTyaoir A, OHUM U TeM Xe
nepviogom T, HO C pPa3NIMYHBIMN HavalbHbIMK ha3amn. Tak, hasa
rodkm M oTanuyaeTca OT hasbl TOUKKM, Haxodsulerca B Havane
KoopAuHaT, Ha

2nx
VT =

PaccMOTpMM Tenepb MNOMIOXKEHUS pPa3/INYHbLIX TOYEK BOJSHbI
H OOVH W TOT K€ MOMEHT BpeMeHW A5 BCel BOSMHbl. [lna 3Toro
H copmyne (55.4) wwm
(=55 dwmkcmpyem 3Ha-
YyeHre / N paccMoTpPUM
(/ Kak dyHKUMO OT X.
Mo cornacHo (55.4),
(55.5) y ecTtb nepuogu-
yeckass  (QyHKUua X
Mpaduk y Kak yHKUUN
K MpW rOCTOAHHOM t
(puc. 4.20) MOXHO pac-
cMaTpuBaTb KakK MrHO-
HEHHYyO  hoTorpadumio
Geryue rnornepeyHomn
HOMHbI (B Ccnyyae npo-
[OMbHOW BOMHbI CMELLLe-
HUS Yy nexaT BAonb ocu X). AN MOMeHTa BpeMeHU
KapTuHa 6yaeT TOl >ke, HO TO/IbKO CABMHETCS BMNpaBO Ha
BenimumHy \x=VvAt. Ha puc. 421 npviBegeHbl ABa nocnenosa-
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Te/NbHbIX «CHUMKa» BOJHbl, CAENaHHble B MOMEHTbI BpeMeHU |
n /3.

TOYKK, B KOTOPbIX CMELUEHME Yy A0CTUraeT CBOEro Makcu
Ma/lbHOrO 3Ha4YeHus y Mekc—= -\-A, Ha3blBalOTCA rPeBHAMU BOJHbI,
a TOYKM, B KOTOPbIX Y MPUMHUMMAET MUHUMaIbHOE 3HayeHune
YUt=—A, — BnaguHamun. PaccTosiHue A Mexnay ABYMs coceq,
HUMWU TPEBHSMM WM BragnMHamMM HOCUT HasBaHME O /TUHbI
BO/THbI. BenmumHa X ecTb TaKXe pacCTosiHue Mexay ABYyMs
NO6LIMM TOYKaMW BOJIHbI, ha3bl KOMiebaHnii KOTOPbIX OT/IHYaKn
cA Apyr OoT gpyra Ha 21, NOCKOJbKY MpU M3MEHEHUMN apryMeHT
Ha 271 CMHYC M KOCUMHYC MPUHMMAOT MepBOHaYa/lbHOE 3HAYEHUN

CornacHo (55.4) Torga vmveem:

( - ((o/=-"x7n))=2n,
uTO [aeT Moc/e COKpaLLeHWii:

— =21 wm — =
Vv n n Vv 1

k="-=vT. (55.0)

Kak BUOHO u3 puc. 4.21, cnycTa MPOMEXYTOK BpemeHun V
BCA BOJIHA NepeMecTUTCsa Ha HEKOTOpOe paccTosHne AX Brnpaso,
B TO BpeMsl Kak caMu KOne6/olmecss TOYKM OCTaHyTCs Ha Tex
e paccTosaHMaX X OT UcTouHuka. OTHoweHne Ax/At npepcras-
nset coboli CKOpPOCTb pPacnpocTpaHeHWs BOJHbI V, KOTOpas
cornacHo (55.6) paBHa

v=-y=*X. (55.7)

CKOpOCTb BOJIHbI paBH/1I ee vacTtoTe (T. € 4nCcay BOSH,
MCMYCKaeMbIX UCTOYHUKOM B CEKYHAY), YMHOXEHHOW Ha [/IMHY
BOMIHbI. 3a BpemMsa T BO/IHA NepeMeLLaeTcs Ha paccTtosHune X

Moactasnsas BblpaxkeHue (55.7) 4N CKOPOCTU BOJSHbI B
(55.5), Mbl MOXXEM MNPUBECTU YpaBHEHUE fiyda K CUMMETPUUYHOMY
BUAY:

y—A sin 21 (-j ——-(55.8)

BBeieHHOE HaMW MOHSTUE AJIMHbI BOJHbI W MOMyYeHHOoe ypaB-
HeHVe Nyya OcCTaloTCs B cWle W A/ MPoAO/bHbIX KoneGaHWii.
B aTOM cniyyae rnog X cnegyeT MoHUMaTb PaccTosiHMe OT UCTOou-
HUKA [0 MOJSIOXKEeHWsI paBHOBeCUs Kose6/toelicas Touku M.
a nog, y — CMeLLeHWe 3TOW e TOUKM OT MOJSIOKEHUS paBHOBE-
cusi. MocKosbKy A1 MPoAo/bHLIX BOMAH Y MapafieNibHo X, o
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m/H 3TOro cny4vas pacrnonoXxeHme KOOPAMHATHBLIX Ocell Ha rpa-
dmkax puc. 4.20 n 421 cnegyet cunTatb YUACTO YC/IOBHbIM M He
COOTBETCTBYIOLWIMM UX pPeaslbHOMY pPacrnosioXeHUt0 B  Mpo-
CTpaHcTBe.

§ 56. CKOpOCTb pacnpocTpaHeHus BOMH B YMpPYrow cpege

Kak BMAHO n3 ypaBHeHus nyda (55.5), npu pacnpocTpaHe-
H/N BOJIHbI B YIMPYrom Tesie CMeLLeHUsA COCeHUX KOMebMoLmxcs
lOYeK 3TOro Tena B OOMH W TOT XXe MOMEHT BpemeHu O6yayT
pasnuuHbiMu. Konebniouleecs Teno HenpepbiBHO M3MEHSET CBOKO
dopmy — pedopmupyeTtcs. B NpoaosbHbIX BOSHAX UMEET MECTO
[JechopmMauys nonepemMeHHOro pacTsHkeHus u cxartud. MNMpu none-
peyHbIX BOSIHAX B CpeAe pacnpocTpaHseTcs nepuoauvecku Ko-
neénwowasca gegopmayums casura.

Ecnn pedopmupoBaTb (CXaTb, pacTaHYTb WM CAOBUHYTb
Opyr OTHOCUTE/IbHO Apyra) KpaliHMe TOYKM ynpyroro Tena, To
aTa Aechopmauus byaeT pacnpoCcTpaHsATbLCS B Tefle ¢ HeKOTopon
CKopocCTblo V. [nsa Teopetu-

YECKOrO BbIMUC/IEHUA BeU-

UYAHbI V PaccMOTPUM CHadva- —

Nna cxemaTtuyeckm npocTem-

WA cnyyah nepepaun  ge-

thopmaumm  yepes  ynpyrui

CTepXeHb. [lycTb B TeyeHue

KOPOTKOro npoMexyTka Bpe-

MeHn At ypapoMm  MOJIOTKa

Mbl COOOLLNAN 3TOMY CTEepX-

HIO  HEKOTOpbIA  UMMyNbC

(pnc. 4.22). 3a aTO0 Bpems Puc. 4.22.

TOYKM TOpLa CTEPXHS CMec-

TATCA Ha HekoTopoe paccTosHume Al BosHuKwas gedopmaums
OyneT nepemMeLaTbCA OT TOUKU K TOUKE, U MO CTEPXHIO NOBEXNT
BO/IHa ©XaTmsa. K KOHUy npomexyTka At cxaTue oxBaTut

yuyacTOK CTepXHs g/mHoi /. OTHoweHue -jf=v npeactasnseT

CoGOIi CKOPOCTb PacnpocTpaHeHus BOSHbI CXKaTWs MO CTePXXHIO.
K KOHUY MpomexyTka At BCe 4acTuLpbl ydyacTKa CTepyKHs

OMHbI | 6yayT ABUraTbCs CO CKOPOCTbIO M=-"- Brnpaso. [1o-

CKOMbKY B Hauyaslie 3TOro MpoMeXyTKa 4yacTuLbl 66111 HEMOABUXK-
Hbl, TO MpUpalleHne KONMYEeCcTBa [OBWXKEHUS CTepXHsa 6yaer
paBHo T —O0, rae T — macca y4vactka /. O603HauMB naowasb
MoMnepeYHOro cevyeHust CTePXHA yepe3 S, a NJIOTHOCTb MaTepua-
na cTepXxHA 4epe3 p, Mbl nonydum m=pSl. Mo 3akoHam
OVHaMVKW, npupalleHre KonnyecTBa ABWKEHUS paBHO UMIMY/ib-
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Cy BHellHeli cunbl F, AelicTBoBaBLUEl MpWU yaape Ha cTepXell
T. e

FAt=pSlu. 56 M

C [Opyroit CTOpOHbI, cunia, CXWUMaBLiasi CTepXeHb, CBs3aH,
c Aedopmauymein Al cokaTtoro yyacTka | no 3akoHy [lyka co
OTHOLUEHMEM

F=ES~ (56.2)

roe E — mogynb ynpyroctu. Mckniouas u3 ypaBHeHuin (56.1)
n (56.2) cuny F, Mbl MOAYyYNM:

ESN-At= 9SINL

W, rocne COKpaLLEeHWiA.

E / /\2 2

- = bl =°2
OTclola CKOPOCTb PacnpoCTpaHeHUs: BOSHbI CXAaTUS B YMPYrom
CTEepXHe paBHa

‘n/T (56.3)

Ansa ctann £=2 <106 k[/cm2r 1,96-10" kr/m-cek2 nioT-
HOCTb p= 7,8 r/cm3= 7,8- 103 kr/mn

mvV— i/1,96/7,8. 104 m/cekxXb- \Nem/cek=b KM/cek.

Ecnu nepBOHavYa/lbHO CTEPXEHb pacTArMBartb, a He CXMU-
MaTb, TO BeNNYUHbLI F, [/ U N N3MEHSIT CBOM 3HAK Ha O6paTHbINA,
a Be/lMYMHa W OCTaHeTCAa TOoW Xe caMOl. TakKuM 0b6pas3om,
BbipakeHMe (56.3) faeT CKOpPOCTb PacrnpoCcTpaHeHusl BOJSIH pac-
TSXKEHUA U CXKaTUsA B yNPyrom ctepxHe. OueBUAHO, C TaKOW e

CKOPOCTBHO MO CTEPXHIO 6yayT
- pacnpocTpaHsiTbcsi U 6onee
pH T C/IOXHbIE  MMMY/bCbl  MoMepe-
MEHHOIO PacTsHKEHMS U CcXa-
VAR NI ' TMs. BennumHa Vv ecTb CKO-
| pOCTb pacrnpocTpaHeHus nio-
6bIX  MPOAOSbHbLIX BOMH B
Puc. 4.23. CTEepXXHe, B YAaCTHOCTU CUHYCO-
MAaNbHbIX BOJH.

B cnyuyae nonepeyHbIX BOMH MprBEAEHHAs CXema pacyeTta u
ypaBHeHVe (56.1) ocTaroTca B cunie, C TOW pasHULEN, YTO Bem
UYnHbl F, JI/ v 1 6yayT neprneHANKYNsSpPHbI K HamnpaBfeHUo pac-
npocTpaHeHus (OCM CTEpPXHA), KakK 3TO U300paxeHO Ha
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pvc. 4.23. Kpome TOro, B 3TOM c/lyyae Mbl MMeeM Apyroi Bug,
AecdopMauyn cTepxHs — Aedoopmaumio casura. Mostomy ypae-
HeHve (56.2) cnegyeT 3aMeHUTb aHaJIOMMYHBIM ypPaBHEHNEM

F=G&j~, (56.4)

|pe G — Tak Ha3sbiBaeMblii Moaynb casura. CKOpocTb pacnpo-
CTpaHeHUs1 NornepeYHbIX BOMH U,aT, TOrga nosyynTcs paBHOMN

Yronep= (56-5)

B ynpyrux TBepAblX Tenax JAedopmMauun pacTsxXeHUs u
CXXaTusi CONPOBOXAATCSH HEBGOMbLUMM M3MEHEHVEM MOMEPEYHbIX
pa3mepoB Ten. Y TOHKUX CTEPXHEWN 3TU U3MEHEHUS MornepeyHbIX
pa3sMepoB MNPOUCXOOAT 6ecnpensTCTBEHHO W CKOPOCTb pacnpo-
CTpaHeHus1 MPOAO/bHLIX BOMH YrQn onpeaensieTcs ypaBHEHUEM
(56.3). B Tenax 60/bWMX MOMNEpPeYHbIX PasMepoB MornepeyHble
OecopMauun 3aTpyAHEHbl U CKOPOCTb pacnpocTpaHeHus Mpo-
[0/bHbIX BOSIH paBHa

> =V f. (S66)

roe E' — mMoaynb cxaTtums cnosi, 64M3Kuii Mo BEMYMHE K
moaynio E.

M3yyasa CKOpOCTb pacnpocTpaHeHnss NPOLO/bHbIX U MNornepey-
MbiX BOMH, MOXHO cAefnaTb 3akK/loyeHUs O NpUpoae BELLECTB,
yepe3 KOTOpble MNPOXOoAAT yrnpyrne BOJHbl. Ha 3TOM OCHOBaHbI
ceMcMmmyeckKme MeTodbl reonoruyeckor passenku. [pu
CWIbHOM B3pblBE OT MecTa B3pblBa 4Yepes 3eM/to 6eryt BOSHbI
Aedopmayumm, CKOpPOCTb KOTOpbIX cornacHo (56.6) mn (56.5)
3aBUCUT OT MEeXaHW4eCKMX CBOWCTB nopod. [oatomy, usmepss
CKOPOCTb pacnpoCTpaHeHUs BOMH Ha Pas3/INYHbIX PacCTOAHUNAX
OT TOYKM B3pPbIBA, MOXHO OLEHUTb XapaKTep 3a/leraHuii.

Takne e BOMHbl AedopMaumn 6eryt rno 3emMHOM kope n oT
MecTa 3emneTpsaceHuns. NMockonbky moaynb casura G B TBEpAbIX
Tenax NpPUMEPHO B ABa pa3a MeHblle mMoAayns ynpyroctu E, To
NpPoAoNbHbIE BOSIHBI OT MecTa, rAe Npou3oLsio 3eMeTpsiceHue,
beryT B 14 pasa ObicTpee noriepeyHbiX. Mo3aTomMy npuéopsl,
pacrnonoXeHHble Ha CEMCMUYECKOM CTaHLUK, PerucTpupytoT Ton-
4YOK OT MpoucLueaLllero Ha paccTtosHMn L OT cTaHumn 3eMneTps-
CeHVA ABax[bl, Yepe3 MPOMEXYTOK BpeMeHU

= —— . (56.7)
~nonep pog,

N3mepsisi 3TOT MPOMEXYTOK BpeMeHu Mexay npuxodom npo-

[ONMbHLIX W MOMNepeYHbIX BOJH, MOXHO OLIeHWTb pacCTosiHMe OT
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celicMnyeckoli cTaHUMM OO0 ouyara 3eMEeTPSICEHMS WM MecTa
noA3emMHOro aToOMHOro B3pbiBa.

B xuakocT v rase pgediopmaumm casura Heynpyru. Ecnm
CABWHYTb OAVH C/oli OTHOCUTENBHO APYroro, TO B 3TMX CryvasX,
B MPOTUBOMO/IOXHOCTL TBEPAbIM Tenam, CABMHYTble C/ion He
CTPEMATCA BEPHYTbCA B UCXOAHOE COCTosiHMe. [M03TOMY B XWUA-
KOCTSIX M rasax MOryT pacnpoCTpPaHsiTbCs TOSIbKO MPOAOSbHbIE
BO/IHbl— BOJIHbI PacCLUMpeHnss N cxkaTusi. CKOpPOCTb 3TUX BOSH
B XXWOKOCTU paBHa

Yk= -y f, (56.8)

roe K — mMoaynb ckaTusi U p — MIOTHOCTb XUOKOCTW.
CKOpOCTb pacrnpocTpaHeHns NpPoAosbHbIX BOMH B rasax Bbl
uncnsieTcs aHa/ornyHbiM 06pa3oM. B MpogonbHoi BoMHe Npuy
O[HOCTOPOHHEM PAacTsHXXEHUU OTHOCUTE/bHOE YA/MHeHWe M/1
paBHO OTHOCUTE/ILHOMY YBENMUYEHUI0 o6bema AV/V. 3TO n3Me-
HeHMe o6Gbema BbI3bIBAETCS YMEHblLUEHWEM AaBneHns — \p H
[aHHOM MecTe, KOTOpPOEe WUrpaeT B 3TOM c/lydae posib Hanpse-

HUA — B TBEpPAOM Tene. Moaynb B rase 6yaeT paBeH OTHOLLE-

HUw— Ap K AV/V, 1 CKOpPOCTb pacnpocTpaHeHnss MpoLosibHbIX
BO/IH OyAeT paBHa

=V -ifA Y- L5

MOCKO/IbKY M/IOTHOCTb rasa p obpaTHa ero yaenbHOMYy 06bemy
V (yepe3 V 0603HaueH ydesnbHbli 06beEM rasa).

Ecnu konebaHwsi MIOTHOCTU ra3a B MNPOAOJSbHLIX BOSHAX
NpoVCXoasAT OYeHb MeAJIeHHO (C Masioli YacToTOW), TO TeMnepa-
Typa cocefHMX Yy4yacTKOB, MOMEepPeMEHHO PACTSAHYTbIX U CXKaTbIX,
OGbICTPO BblpaBHMBAETCA M AehopMauMn PacTsHKEHUA U CXKaTua
NMpovcXoasAT m3oTepmMuuecku. Torga no ypaBHeHuo MeHpenee-
Ba — KnaneipoHa Ons ogHoOro Mons rasa

roe R — yHmBepcaibHas rasoBasi MOCTOsIHHasA, U, — MOJEeKynsp-
Hbih BeC U T — abcontoTHaa TemnepaTtypa rasa.
OTcroga

__/\__T_

[Ona 6bicTpbIX KOnebGaHWi CPaBHUTE/IbHO BbICOKOW 4acTOThbl
cXkaTue U paspexeHve npoucxogdr agnabatuyecku. Mo ypaBHe-
HUIO aamabatbl

pKv=const,
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lao y—-£— OTHOLIEHNE TeMM/I0eMKOCTeld rasa npu MOCTOsH-
y

Hom AaBneHun Cp U NOCTOSiIHHOM o6beme Cy :

<58 " >

COOTBETCTBEHHO 3TOMY W30TEPMUYECKME BOJHbI B razax 6yayT
pacnpoCTPaHATLCA CO CKOPOCTHIO

tw Re= Vpr= VvV 2 (56/12)

N CKOPOCTb pacrnpocTpaHeHnA a,Cl,I/Ia6aTI/ILIeCKVIX BOJ/IH paBHa

Yapem= -fwV= V VT “-  (56/13)

8 57. ddhpekT Adonnnepa

McTouHUK KonebaHuin BO36YxAaeT BOMHbl B OKpyXatoLleii
cpefie, KOTOpble PacnpoOCTPaHAOTCS B Hell CO CKOPOCTbIO, 3aBU-
csllell TONbKO OT CBOWMCTB 3TOW cpedbl (Kak 6bl10 MOKa3aHO
1§ 56), HO He 3aBuCsLLEl OT CKOPOCTU ABUXEHUSA UCTOYHMKA MO
OTHOLLEHWUIO K cpede. OgHako yactoTa (4/MHa BOJIHbI) Habnto-
[aeMbIX BOSIH 3aBUCUT U OT CKOPOCTU WCTOYHWKA BOSH, U OT
CKOpPOCTM HabnwgaTenss Mo OTHOLUEHUIO K cpefe.

PaccmoTpum npocTeinuve cryvan, KoOrga WCTOYHWK BOJIH
N Habnwopatens ABUXYTCA OTHOCUTENbHO cpedbl BAOSb OOHOMN
npsmMori. KoopauHaTHble ocv GyfdeM cumMTaTtb HEMNOABVKHLIMU
OTHOCUTE/NBLHO Cpefibl; CKOPOCTb PacrnpocTpaHeHUs BOMH B cpeae
npumemM paBHOM v. CKOPOCTU MCTOYHVKa BOMH W Habnwoaartens,
OBWXKYLLUMXCS BAOMb ocu X, O6GO3HauMM 4epe3 u, U MU COOT-
HETCTBEHHO.

MycTb Habnwogarens HeNOABWXEH, a UCTOYHUK BOSMH S ABU-
eTca BAOMb OcUM X BMPaBO CO CKOPOCTbIO bl,,<u. [Mpumem, 4To
yacToTa KonebaHwii MCTOYHMKa paBHa Vvo. Bbibepem B KauyecTBe

Puc. 4.24.



Hayana KOOpAMHAT TOYKY, B KOTOPO/ WMCTOYHMK Havaa WeHy
CKaTb BO/IHbl B MOMEHT BpemMeHn /= 0 (puc. 4.24). KonebaHuu,
BO3HMKLWIME B TOuyke Nr=0 B MOMeHT t= 0, 6yayT pacnpocTpu
HATbLCA BNPaBO W B/EBO, W Yepe3 cekyHAy (HPOHT BOMHbI 6yawn
HaxoauTbecsA OT Touku O Ha paccTosHUK v (cnpasa W cnesa, KU*
3TO MNOKa3aHO Ha puc. 4.24), poiiga po Touek A' n A",
VICTOYHMK S KCMyCTUT 3a CEeKyHAy VO BOJIH, KOTOpble CrpavH
pacnonoxatca B WHTepBane S/1", a cneesa — S/I. [OnvHy
BOJIHbI Cripasa n cnesa X' /IErKO MOMyYUTb, pasaenvms OJINHbI
VIHTEPBA/IOB Ha YUC/IO Pa3MECTUBLUMXCA B HUX BOJIH:

(57.1)

roe XO:—%——— [ONMHa BOJHbI, PacnpoOCTpaHsoLLENca B cpeae

B C/lyyae HEMNoABMXHOIO MO OTHOLUEHMIO K HEl WCTOUYHMKM
KonebaHuini 4acToTbl VO.

Takum 06pa3oM, A/IMHA BOJIHbI, pacrpocTpaHstowencs u
HanpaB/eHUN ABWXXEHWSI WCTOYHUKA, YMEHbLUAeTcs, B MpOoTn
BOMOJIOXXHOM — BO3pacTaeT.

®dn3nYeckn 3TOT pe3ynbTaT COBEPLUEHHO OYeBUAEH. BonHW.
ncrnyckaemMasi UICTOYHMKOM B Hamnpas/ieHUM ABVMXKEHMWS, HAroHsieT
cd caMVMM WCTOYHUKOM. WcnycTmB rpebeHb BOJIHbI, WCTOYHUK
WCMYCTUT CNeaylolnii He Ha PacCTosIHUK X0 OT Hero, a npoias

3a 9TO BpemdA Bcned 3a HAM NyTb UUT =— , T. €. pacCTosHue
VO

mMexgy rpebHsmmn 6yaer X0— Vit OT BO/H, WCMYCKaemblX H

06paTHOM Hanpae/feHUN, UCTOUYHUK YXOOUT, «pacTAarmaas» TeMm
camMbIM [/IMHY BOJIHbI.

Ha6bnopgatenn B Toukax A' A" onpenenst COOTBETCTBEHHO
4YacTOTbl BOSH:

1) B TOuke A'

(57.2)

Ha puc. 4.25 noka3aHbl BOJIHbI Ha MOBEPXHOCTU, PacxodsLim
ecd OT WCTOYHMKA, OBUXKYLLErocs BAO/Ib OCM X CO CKOPOCTLIO
n, C v. TllonyyeHHble OpMynbl BepHbl AN Habnogatene,
HErNnoABMXHbLIX OTHOCWUTE/IbHO Cpefpbl N PacrnosIOKEHHbLIX Ha OcCh
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T TLLLLLITLLLN,

X, BOOMb KOTOPOW ABVKETCS UCTOYHUK BOSH. VI3MeHeHue 4yacto-
1bl B Opyrnx HanpasneHusx (MrHOBEHHOe, TaK KakK Afs Bcex
OCTa/lbHbIX TOYEK, KPOME PacrofioXXeHHbIX Ha ocn X, OHO MEHS-
eTca CO BpeMEHEeM) Mbl BblYMCAATbL He Oyadem. YmTtaTenb npu
XeNaHnM C NoMoLblo puc. 4.25 CMOXeT BbluUCAUTL K™' Ons
Noboro  MrHOBEHHOrO  Ha-
npaeneHuss SA"', ob6pasyto-
Wero yron v c HanpasfeHu-
eM OBWXEHNS UCTOYHMKA.

MycTb Tenepb WCTOYHUK
HEMNoOABWXEH  OTHOCUTESIbHO
cpenpl, a Habnwogatens ABU-
XKETCA MO OTHOLUEHMIO K WC-
TOYHUKY CO CKOPOCTbIO W,
(puc. 4.26). YactoTa mCTOM-
HUKa MO-MNpexHeMy paBHa
vo. Ecnn 6bl Habnwopatens
Obl1 HEMoOABWXEH, TO 3a ce-
KyHOYy MWMO Hero npo-
wno 6bl vo BOMH. Mpubnu-
Xasacb K UCTOYHMKY CO CKOPOCTbIO M, OH BCTpPeYaeT Ha CBOEM
nyTV 3a CeKyHAy CTO/IbKO 006aBOYHbLIX BOJSH, CKOJIbKO UX YK/a-
OblBaeTca Ha OTpe3ke A/MHbI M,, T. €

Puc. 4.25.

Av=-£k

Puc. 4.26.

CnepoBartefibHO, Habnogaemas VMM 4YacToTa pasHa
v2= vO+ Av = vO+-"-. (57.3)
HO,qCTaBﬂﬂﬂ BMECTO K ero 3HauyeHue
KO=-T—,
nosy4aem:

v2= vO+ vO~~=v0 (57.4)
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AHa/IOrMYHO, NPV yAaNeHUM oT UCTOYHMKA, Korga Habnoga-
Te/flb AOrOHSET BOJHbI, YacToTa MPOXOXAEHWs BO/H YMeHbLUaeT-
cs. 3Ty yacToTy Vi Nerko nonyuntb, 3ameHss B (57.4) BenMumHy
W, HA — WM

(57.4a)

BolpaxkeHne pAns 4acToTbl V. MNpU OBWXKEHMM W UCTOYHMKA
BOMH W Habnwaartens Mbl IErKO NOAyyYnUM, KOMOUHMpys (57.2:
n (57.4), (57.4a). Ansa atoro HyxHo nn6o (B 57.2) BmecTo \n
noactaeutb vi, v2 ns (57.4), (57.4a), nnéo B (57.4), (57.4.1)
BMeCTO Vo noactasutb V', v" n3 (57.2). Torga Mbl Haigem:

(57.5)

BepxHuin 3HaK 6epeTcs, ecnm MNpu ABUMXEHUUM WCTOUYHUKA Wn
Habngartens NPouUCXoauT WX COAMXKEHME; HWKHUW 3HaAK —
B C/lyyae MX B3aMMHOro yJasieHus.

Mi3MeHeHne 4acToTbl BOJHbI, BOCMPUHVMMaeMoOlr Habnwoaare-
neMm, B 3aBUCMMOCTM OT €ro CKOPOCTW MO OTHOLLUEHWIO K cpene,
B KOTOPOW pacnpOCTPaHAITCA BOJHbl, @ TakKXe OT CKOpPOCTU
MCTOYHMKA BOJIH MO OTHOLIEHWIO K cpede, HOCUT HasBaHue
aphekTa Aonnnepa. Maremaruyeckoe BblpaKeHUe 3TO-
ro ajppekTa B c/yyae ABMKEHUS BAOMb OOHOW MNPSMON AaeTcs
dopmynoii (57.5).

3ameTM, 4YTO XOTHA fABNeHue Jonnnepa Habnwgaetca u
B OMNTMKE, HO TaM OHO MWMEET COBEPLUEHHO WHYIO MpUPOoay.
B cnyvae cBeTOBbIX BOSIH cpefa — HocuTesb KonebaHwii — oT-
CYTCTBYET, CBETOBble BOJIHbI MaTepuasibHbl camu Mo cebe.
B 3TOM cnyyae Henb3s, cneposaTefibHO, BBOAUTbL CKOPOCTb UC-
TOYHUKA W CKOPOCTb Habntoaatens (Mo OTHOLLEHWUIO K cpeae) —
ahhekT 3aBUCUT TOMBKO OT UX OTHOCUTENIbHOM CKOPOCTWU.
K 3aTomy BOnpocy Mbl BepHemca B Tome Ill.

8 58. NHTephepeHLms BOSH

Ecnu uepe3 gaHHyt0 061acTb MPOCTpPaHCTBa pacnpoCTpaHs-
eTcAd OOHOBPEMEHHO HECKO/IbKO BOJSH, TO KosiebaHus 6o
TOYKM cpenpl, Bbi3BaHHbIE KaXXA,0W BOMHOW B OTAENLHOCTU, ByayT
CKnaabiBaThCA APYr C APYrOM MO MpaBu/iaM CIOXeHUs1 Kosneba-
HWI, pPaccMOTPeHHbIM B § 53.

3TO 06CTOATENLCTBO OTHIOAbL HE SIBASIETCA OYEBUAHBLIM U
B psiAe clyyaeB MOXeT He uMeTb MecTa. B § 53 paccmartpusa-
Nl0Cb OBWKEHWE W30/IMPOBAHHOW MaTepuasibHOW TOYKW, 01 KO-
TOpoii pe3ynbTupylollee KonebaHne paBHO CyMMe OTAE/bHbIX
KoneGaHWii, B KOTOpPbIX OHa y4yacTByeT. Celuac e peyb UOET
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O HerpepbIBHOM YMNpyrow cpege, BCe TOYKM KOTOPOW B3aMMO-
CBAI3aHbI.

HanoMHMUM MeXaHu3M BO3HWKHOBEHWS KonebaHuii noboi
YyacTuUpl ynpyroi cpegbl. 3Ta vacTuua NpUXoauT B OBVKEHUE
M pe3ynbTaTe BO3HUKAKOLWWX HanpsKeHui, Bbl3BaHHbIX Aedop-
Maupmen cpefpbl (cxaTmem npy NPOAOSLHOW BOMHE, CABUMOM —
npu nonepeyvHoit). Ecnn cknagbiBarowmecs konebaHms obnaaa-
0T Masioii aMnANTYAOMr, TO COrnacHoO 3akKoHy yka HanpskeHus
OGyayT MponopuMoHasibHbl AeddopMaLmam. PesynbTupytollee Ha-
NMpshkeHVe B 3TOM criydyae Oy[eT paBHO CyMME COCTaBASHOLLMX
CTO, a pe3ynbTupyloLlee KosebaHne YacTulbl cpedbl OyaeT pas-
HO cymMMe KoOfnebaHWii, BbI3BaHHbIX OTAE/IbHbIMWA BOJTHAMMU.

Mpy 60NbWMX aMNAnTyAax KonebaHwi 3akoH yka yxe He
BbINOMHAETCS. Pe3ynbTupylollee HanpshkeHVe NMpuBOAnUT K Kose-
6aHVsAM, KOTOpble OT/IMYHBI OT CYyMMbl KO/ie6aHWiA, BbI3BaHHbIX
OTAeNbHbIMU BOMIHAMW. oao6Hble KONebaHMsa MMEKT MeCcTo Mpu
pacnpocTpaHeHUM TaK Has3blBaeMbIX YA apPHbIX BOJIH, BO3-
HYKalWUX Npy B3pbiBax. CKOPOCTb yAapHbIX BOMH MPEBbILLAET
CKOpPOCTb OO6bIYHLIX BOSIH M TeM 60/blUe, YeM OO/bLUE WX amm-
ntyaa.

Mbl OFpaHMYMMCS 34eCb PAacCCMOTPEHVEM BOSH Masiol aMniu-
Tyabl. B aTOM cnyvae KonebaHve Kaxaol TOUKU cpefbl ABnseTcs
CYMMOW He3aBUCUMbIX KOMebaHWi, BbI3BaHHbIX KaXA0W M3 Npo-
XOAAWMX Yepe3 AaHHYH TOYKY BOSIH B OTAENbHOCTU. JpyrumMm
C/oBaMM, He3aBUCUMble BOJHbl, KOTOpble B MpOLECCe CBOEro
pacnpocTpaHeHsi OAHOBPEMEHHO MPOXOAAT Yepe3 OAHY U Ty Xe
TOUKY cpenpl, CKNaablBalOTCsA, HO Apyr Apyra He WCKaxaroT.
MepekpeLmBatoLLmMecs BOSMHbI, pas3oiigsacb, He HecyT Ha cebe
HUKaKnx cnefoB npouclleiero HasloXeHus.

Ecnn 37O wmeeT MecTo, TO MPUHATO FOBOPUTb, 4YTO MpwU
HaNoOXeHUM BOMH YAOBNETBOPSETCA NPUHLMN cynep-
nosvumnmn.

MpuHUMN cynepnos3nunn hakTuyeckn BnepBble 6bi1 chopmy-
NINPOBaH U3BECTHbIM UTAIbSHCKUM YYeHbIM 3MoXu Bo3poxaeHus
NeoHappo oa BuHuwn. MNpocTeliwein unnctpaumeli ero siBnseTcs
He3aBMCUMOEe pacnpocTpaHeHMe BOMIH MO MOBEPXHOCTU BOAbl OT
[BYyX OpOLLUEHHbIX KaMeLlKOB, M306paxeHHoe Ha puc. 4.27. Obe
BOJIHbI B pe3y/ibTaTe Ha/lloXeHUs He U3MEHWNCL (4TO He VMeso
Obl MecTa B C/lyvyae yAapHbIX BOJH).

MpyHUMN Ccynepnosvuyvi N BbIMUCNEHHbIE HAMW B Mpeablay-
weMm naparpade BbIPaXEHUs O/ CKOPOCTel pacrpocTpaHeHus
BO/IH BbLIMOMHAKTCA B TOYHOCTWM /INWb ANS BOMH OGECKOHEYHO
Masioii amnauTyabl. 05 BOMH KOHEYHOW aMmivTyAbl BCe 3TU
COOTHOLUEHNSI ABASAKOTCA NMWb HEKOTOPbIM MPUGAMXEHMEM K
LEeNCTBUTENIbHOCTU, TeM MYULIWM, YeM MeHblle WX amnauTtyaa.

Huxe Mbl Byaem paccmaTpuBaTb TOMNbKO MPOCTENWNA Cny-
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yaii cMHyconganbHbIX BOSIH OYeHb Masioli amnanTyadpbl, MOAYNHM
FOLLMXCA MPUHLMMY Cyrepro3nLnn.

Ecnu vyacToTbl kone6aHwii ABYX BOSIH OAVHAKOBLI U pa3Hoca
a3 He MeHsleTCs CO BpeMeHeM, TO TakuMe BOJIHbl HasblBaloTCA
KOTFrepeHTHbIMU. B pesynbtate cyrnepno3vumm (Hanoxe-
HKA) KOrepeHTHbIX BOMH HabG/ogaeTcs sBfeHue, Hocswee Ha

Puc. 4.27 Puc. 4.28.

3BaHWE U HTepgepeHUUNM BOMH. [Ona NPocTOTbl pac-
CMOTPUM CYMNePNoO3VLNI0 KOFePeHTHbIX BOJSIH Ha MOBEPXHOCTU
BOApI.

KorepeHTHble BO/IHbI MOXHO MONYYNTb, €C/IN UCTOYHUKU BOJTH
CBsI3aHbl W COBepLUAOT KOsiebaHMsi COBMECTHO, Hanpumep, ecnn
BOJIHbl BbI3bIBAKOTCA ABYMS CTEpP)XE€HbKaMW, MOrpPy>XeHHbIMA B
BoAy B Toukax O\ m Or v NpUKpPenseHHbIMU K OAHOW 13 HOXEeK
KamepToHa (puc. 4.28).

PaccmoTpum pe3ynbTupytollee KosnebaHne B (PMKCUPOBaHHOM
Touke M (puc. 4.29). O603HauYnm pacctosiHne O\M uyepes X\
n 0?M — yepe3 G- B paccmatpuBaeMoOM ciiydae He TOJIbKO
4acToTbl, HO M HayaslbHble ha3bl 06ONX MCTOYHMKOB BOJIH COBMa-
[aloT; Mbl MOMOXUM HayanbHble (dasbl PaBHbIMU HYJILO.

CornacHo (55.8) kone6aHue y\, BbI3BAaHHOE MEpPBOI1 BOMHON
B Touke M, 6yaeT paBHO

(58.1)

W, aHa/lornMyHo, konebaHne y2 BbiI3BAHHOE B 3TOM )Xe TO4YKe
BTOPOW BOJIHOW, COCTaBUT:

(58.2)

roe dvepes A\ v Ar o603HayeHbl amnauTyAbl 06enmx BOSH B
Touke M.
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PacCcMOTPUM BadKHbI ONA AanbHERWVX pa3fenoB Halero
Kypca cfny4aid, korga UCTOYHUKM Oi M Or UMelT OAUHAKOBYHO
MOLLIHOCTb. B 3TOM cniyyae amnantyabl 06enx BOMH 6yAyT rnpak-
TUYECKU OAMHAKOBLI, EC/IM jd U XTI He OYeHb OTNMYaloTcs Apyr oT

apyra:
Ai=A2=A. (58.3)

Pe3synbTupyrouiee KonebaHme y B TOuyke M 6GyaeT paBHO
CyMMe ABYX KonebaHwii, Bbi3BaHHbIX 06eMM BO/HaMKM (TaK Kak

Puc. 4.29.

oba KonebaHua HanpasneHbsl OAMHAKoBO). Kak crnegyer u3
(58.1), (58.2), (58.3), atn KonebaHua 6yayT OTANYATLCS NULLb
Gazamm ¢ n d2 npuxogawmx B TOYKYy M BOSH, MOCKOJ/bKY 3T
(pasbl 3aBUCAT OT PaCCTOSAHUA M WU jc2

¢ |=—2n-"-, 2= —2n-"-
CnepoBatesibHO, CMeLleHMe y B Touke M 6yaeT paBHO
y=As\n2n(-j— sin2n  -j-—-

BblHOCS 06LWMIA MHOXWUTENb A U UCNONb3ys opmyny Afs
CYMMbl OBYX CMHYCOB, HaxoAVM:

y=2A cos( 2 n sin2n

=B sin2n (4_ 2 ) (58.4)
roe amnaityga pesynbTUpPYHLWEero KosebaHus B umeeT BuA
B = 2A cos (58.5)

B BbipaxeHun (58.4) MHOXWUTEeNb, 3aBUCALLUIA OT BpPeEMEHW,
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nokasblBaeT, 4YTo y 6yaeT rapMOHUYECKUM KosnebaHnem c TeM Xe
nepyogom T. 4TO U A8 UCTOYHWUKOB (HadvanbHas asa y ans
Hac MHTepeca ceivac He MpeacTassieT).

Becbma cyLlecTBEHHO, 4YTO amnMTyaa B cymmapHOro korse-
6aHMs y 3aBUCUT OT Pa3HOCTM PACCTOSAHMIA TOYkM M OT uc-
TOYHWKOB.

PaccmoTpmm gBa npegenbHbIX cryyas.

1) MycTb pa3HOCTb XOpga OT UCTOYHUKOB A0 M paBHa
uesioMmy umcny AJ/IMH BOJIH:

X|l—x2=nk, (58.6)

roe vepes n 0603HavYeHO n6oe uenoe (NONOXUTENbHOE WK
oTpuLaTeNlbHOE) YUCO:

n=0, drl, rfc2, £3, +4, .. (58.7)

Bo Bcex Toukax, B KOTOpbIX wumeeT mecto (58.6) gna B
MosyyYnm:

B = 2A cos an— x2/1 (58.8)

— aMnauMTyda pesynbTUpYylolero KosebaHus ygsownacb Mo
CPaBHEHWIO C aMM/IUTYAOW KaxAoW M3 BOSH, CrefoBaTesfibHo,
BO/IHbI B3aUMHO ycuUnunuck. ®opmyna (58.8) OaeT MakKcuMMalb-
HOe BO3MOXHOE 3HauYeHWe amnanTyApl, MOCKO/bKY KOCUHYC He
MOXET MPUHMMATL 3HA4YeHUsi, GOJbLIEro eAVHULIbI.

2) TycTb pasHOCTb XOda paBHA LUEIoOMY YMCY BOSH C
MOJIOBMHOM, WM, UYTO TO Xe, HEYETHOMY YMC/y MOJMYBOSH:

Xl-x2=nk+-~k=(2n-i-1)"-. (58.9)
B atom cnydae
B=2Acos *nn-\-~) — 0O (58.10)

— BOJIHbl B3aUMHO YHUUYTOXWUIW OpYyr Apyra.

®dn3nyeckn MNOHATb 3TOT pe3ynbTaT HeTpyaHo. Ecnu pas-
HOCTb XOAa OT WUCTOYHWKOB BOJSIH OAMHAKOBOW aMnauTyAbl A0
M paBHa uenomy uucny gavH BosH  [ycnosme (58.6)], TO
B Touke M o06e BO/SHbl OAHOBPEMEHHO BbI3OBYT OAMHAKOBOE
cMelleHne— BBepX M60 BHU3. ECM pa3HOCTb Xoda OT/myaeT-
CA Ha Le/ioe YMC/0 BOSIH C MOMIOBUHOM (HEYEeTHOEe YUCIOo Mony-
BOJIH), TO CMeELlEeHUs, BbI3blBaeMble BOHaMW, OOVUHAKOBbI MO
BE/IMUMHE, HO MNPOTUBOMOJIOXHbLI MO HanpasneHuto. B Takmx
TOUKax BOJIHbl racsaT Apyr gpyra.

FeomeTpuyeckoe MecTo TOYEK, PasHOCTb PAacCTOsIHUMIA OT KO-
TOopbIX Ao O; 102 paBHa MOCTOSAHHON BennuuHe, X\— jt2=const,
€CTb, KaK 3TO [0Ka3blBaeTCsd MeToAaMn aHa/IMTUYEeCKOl reomert-
pun, runep6ona.
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MeHsis 3HayeHMe N B  BblpakKeHUAX. Xi— x2=nK n
M —x2=(2n-\-\)-"-, nonyyaem cemeiictBa rmnepbon, nokasaH-

Hble Ha puc. 4.29.

Boonb rvnep6osn, rnokasaHHbIX Cr/IOWHbLIMUA NHUSAMW, KOJie-
6aHMsA NpPOUCXOOAT C MakKCMMaslbHOW amMnauTygon  (34echb
N[—X2=nX).

Boonb runepbos, NokasaHHbIX MNYHKTUPOM, aMnauTyaa pas-

Ha Hyno, Tak Kak X{—x2=(2n + 1)-y. MNpu nepexone OT OAHO/

rmnepbosbl K cocegHeln amMnanTyAa MnaBHO MeHsieTcs B npefe-
nax ot Hyna un go 2A.

B cnyuae, ecim amnautygbl BonH A\ 1 A2 pas/inyHbl, TO
B Toukax (rmnep6on), ygosnetsopstowmx ycnosuo (58.6), pe-
3ynbTUpYOWaa aMmnantyga pasHa

B=Ai+ A2

B Toukax, yposnetsopsowmnx ycnosuo (58.9), nonHoro nora-
LUEHNS MPOU3OATU He MOXeT, HO aMnanTyga AoCTUraetr Hawu-
MEHbLUEro BO3MOXHOIO 3Ha4yeHusi, paBHOro MOAY/0 pPasHOCTU
amnantyn 1 /4 A2\ B ocTaslbHbIX TOYKax MPOCTpPaHCTeBa B 3a-
BMCUMOCTU OT pa3HOCTU (a3 CKIaablBalLWMXCa KonebaHwid,
T €. OT pPa3HOCTU XO4a BOSH, aMnanTyaa rnpuHUMaeT pas/inyHble
3HayYeHus, HenpepbiBHO MEHAACL B Mnpeaenax

\Ax—A2k B < |+ Jlo. (58.11)

3TO siBNlEHNE B3aMMHOIO YCU/IEHUS WM ocnabneHns BoH (B
)JaBUCMMOCTU OT 3HayeHus X\— *:), NAaylmMx OT KOrepeHTHbIX
WCTOYHMKOB, W HasblBaeTCcsl MHTeptepPeHLME BOMH. AHANOMMYHO
MOXHO PacCMOTPETb UHTEP(EPEHLIMIO OT MHOIMX TOYEYHbIX WK
HeMnpepbIBHO pacrnpefeneHHbIX NCTOYHMKOB.

BcnoMHMM Ternepb, YTO, Kak ObI/10 AoKa3aHo B § 52, sHeprus
konebGaHns E nponopuMoHasibHa KBagpaTy amnaitygpl, 4To
cripaBegMBo A/ NGO TOYKM BOSMIHOBOrO Moss. B npocrei-
leM c/lyyae paBeHCTBa aMMuTyh, WHTEP(EPUPYIOLNX BOJSH
Haxo4uM, 4YTO 3Heprusi KosebaHwsi B JAHHOW TOYKe BOJIHOBOIO
nons nponopuuoHasbHa B2 n cornacHo (58.5)

E cofi2=4/42e0s2 ( 2n 5812)

B obnactu makcumyma amnanTyf, 3Heprus Bo3pacTaeT B 4 pasa
(NO cpaBHEHMIO C 3Hepruvenn KonebaHwii, BO36YXAaeMbiX OAHMM
UCTOYHNKOM) B 06NacTU MWHUMYMa — paBHa HyJsio.
ViHTepdepeHUUo BOSIH MOXHO WCMO/b30BaTh A5 onpenene-
HUS OVHBI BOMHbLI X. B TOMe |1l 6yAeT nokasaHO, KaK MOXHO
Takum criocobom onpenensite A/IVHblI BO/IH CBETOBOI0 U3/TyYeHUs.
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Mokaxxem, Kak MOXHO orpeaennTb A/IMHY BOJSIHbI C NMOMOLLbIO
MHTepdepeHUMn oT AByX Lleneil. MycTb NOTOK BOMH C O/IMHON F,
KOTOPYIO HY)>XHO onpefenutb, nagaetT HOpMasbHO Ha 3kpaH 3|
(puc. 4.30) ¢ ABYMS LLeNsMWU, HaXOOAWMMUCA Ha PacCTOSAHUU
N1 ogHa oOT Apyroi (WMpWHY LWenei npumemMm, pagy MNpoCTOThl,
NpeHe6bpexrMmMo Mano Mo CpaBHEHUIO C A/IMHOM BOJHbLI). Pac-
CMOTPUM pacripefeneHne MHTEeHCUBHOCTU KonebGaHunii Ha 3KpaHe

92 nomeweHHOM napai-
NeNlbHO 3KpaHy CO LWensmu
Ha paccTtosHUM R OT nocneg-
Hero.
Wenn / n 2 Ha A\ 6yayT
ABNATLCA TOYEUYHbIMU  UC-
TOYHMKaMW BOSIH  crpasa
oT 3|, npmyem ¢hasbl 060MX
NCTOYHMKOB OyayT coBna-
[fatb. B Touke O' Ha akpaHe
32 nexawen Ha paBHOM
paccTosiHuMm OT 06ouxX Wuc-
TOYHWKOB, Mbl  MOYYUM,
cnefoBatesibHO,  MaKCUMyM
KonebaHwii. Hangem Tenepb
pacctosHMe oT O [0 CUMMETPUYHO pPAaCMO/IOKEHHBIX TOYeK
a n a', B KOTopblX 6yayT 6nmxkanwune kK O' makcumymbl. Co-
rnacHo (58.6) pa3HOCTb Xoda OT MCTOMHMKOB 1 u 2 go/mkHa
OblTb paBHa OAHOM A/MHEe BOJHbLL. O603Havas paccTosHWUS OT
/ 0o 2 po a yepe3 X\a N X2a COOTBETCTBEHHO, MMEEM:

Xia—x28=\ (58.13)

(&Nns TOukM a' Mbl Umenu 6bl X2a— X1a= K, W BbluncneHue 6bI1o
6bl TOXAECTBEHHbLIM C MPOBEAEHHbIM AN TOUkM a). O603Ha4YnMMm
pacctosHne mexay Mmakcumymamm O'a uepes d. M3 uepTexa
BMOHO, YTO X1a ecTb rMNoTeHy3a NPsSMOYIro/IbHOro TPeyrobHuKa

//'a c katetamm 1'1=/? n 1l'a=cl+-"-, a X2 — rUNoTeHy3a
NPSAMOYroJ/ilbHOrO TPeyrosibHMKa 22'a, rae karet 2'2=R, a karteT
2'a=d— y - imeem, cnegoBaTefbHO:

N (58.14)
X*=#24+ (d — 24) <
BOCI'IOI'Ib3yE‘MCFI TEéM, YTO B BbIpaXXeHUU

*fa — *2B=(*l« + *2«) (X\a— X'2a)
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Be/IMYMHa Xla—+>2a BecbMa Manio oT/mn4vaetcs oT 2R (Tak Kak
nJl, nd mHOro meHbwe R). TNonarad npubnmxeHHO

xla+x,a”™ 2 R (58.15)
n xla—x2a= kK [cornacHo (58.13)], wnmveem:
Xa—X2a=2RX.

BHocA ctoga 3HaveHus X]a n x2a u3 (58.14) n npowusBogA
COKpaLLleHNs, HaxoauM:

2dh= 2RK
oTKyaa
k=-~d. (58.16)

MpepocTtaBnsieM unTaTento NokKasaTb (TakMM Xe MyTeMm), 4YTo
He TONbKO paccTtosHMe O'a' 6ygeT Takxe paBHO d, HO M Ans
ApYyrvx, 6nmkanmnx K LueHTpasibHOMY, MakCMMYMOB paccTosiHue
MexXay MakCUMyMaMu OKa3blBaeTC OAMHAKOBbIM W PaBHbIM TOM
Xe BennunHe d.

Takum o06pa3oM, 3Hasi XapakTepHoe A5 WCM0/b3yeMoro
npuéopa oTHoweHne h/R wn onpegenss Ha onbite d, MOXHO
HaWTWU A7MHY BOMHLI A najawwero (HopmanbHO) Ha 3KpaH
MOTOKa BOJH.

8§ 59. OTpaxeHune BoMH. CTOAYME BOJIHbI

BonHa, npuxopfw@as Ha rpaHuly pasgena AByx cpend, 4ac-
TUYHO MPOXOAUT Yepe3 Hee, a YaCTUYHO oTpaxaeTcsa. Mpu 3ToM
B 3aBUCMMOCTU OT OTHOLUEHWI MNIOTHOCTEN 3TUX cpen, npoLecc
npovucxoamt MO pasHOMy. HauyHem paccMOTpeHMe C  ABYX
npeaenbHbIX Cry4aeB:

a) BTOpas cpefa sBNsSeTCSs MeHee M/IOTHOW, a B npederne
BOOOLLE OTCYyTCTBYET, T. €. YMpyroe Tesi0 UMeeT CBOOOAHYHO
rpaHvLy;

6) BTOpasd cpepa 6onee MAOTHasA, YTO OTBevyaeT B npenene
HEMNoOABWKHO 3aKpernsieHHOMY KOHLYy ynpyroro Tena.

PaccmMoTpuM pacnpocTpaHeHue yrnpyrow, Assa onpeaeneHHoc-
TU— NPOAOSLHOWM, BOMHbI B CTepXHe Ana cnydas a). lycTb
NeBbIi KOHEeL, CTEPXHS CBA3aH C WCTOYHWKOM KonebaHwi, a
npasbli — cBo6OAeH. W3yunm oTaensHyio aedopmaluio, Bbl-
3BaHHYK WCTOYHWKOM BOJHbI. [lycTb, Hampumep, B pe3y/bTaTe
OBVXEHMS UCTOYHMKA Yy NIEBOrO KOHLIA CTEpPXHS BO3HMKNA Ae-
opmauusa cxaTtmsa. dTa pgedopmaums OyaeT nepemeLltatbcs
BAO/Ib CTEPXHS cneBa Hanpaso. Korpga gecdopmaums AOCTUNHET
MpaBoOro, He3aKpenjeHHOro KOHLA CTEPXHS, OH B pe3ynbTare
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BO3HMKLUEro C/fieBa CXaTus MOJyYuT YCKOpeHue Bhpaso. [pu
3TOM B CWJly OTCYTCTBMSI YMpYyroii cpefpl cripasa 3TO ABUXKEHME
He BbI30BET HMKAKOro AanbHeliwero cxatus. [dedopmauuns cre-
Ba 6ydeT Bce yMeHblUaTbCsl, a CKOPOCTb ABWXEHUS — pacTu.
K MOMEHTY McUe3HOBEHMS OediopMaLm KOHEL, CTEepPXHs OyaeT
OBUTaTbCs C HanborsblUeli CKOPOCTbIO. B cuiy MHepuuM KOHU@A
CTEPXHS OBWXEHWEe B 3TOT MOMEHT (B MOMEHT WCUYE3HOBEHUS
necopmMauun) He npekpatutcs. OHO 6ydeT Mpoaos/KaTbCs C
3amMefi/leHneM, Bbi3blBas crieBa AepopMaumio, Ho Temnepb yxe —
pacTsxkeHusi. MocneaHss pgedopMaums 6yaeT nepemMeLlaTbest
Tenepb Crpasa HasEeBO.

AHaNIOrMYHO, co3daHHas WCTOUYHMKOM W Mepemellatolascs
BMpaBo AedopmMaLms pacTsKeHUs, OTPa3nBLUMCL OT CBOGOAHOIO
KOHLUA CTepXHs, ByAeT nepemellaTbcs 06paTHO B Buae Aedop-
Mauun cxatms.

Ppc. 4.31.

Korga MCTOYHMK coBepLuaeT rapMOHWYECKOe KonebaHue, OH
BbI3blBAaET B CTEPXHE rornepeMeHHo nedopmMauun cxatus wu
pactskeHus. 3Tn AedopmMauym 6yayT oTpaxaTbcs OT cBoboa-
HOMO KOHL@A CTEpPXXHsi COOTBETCTBEHHO B BUAe AedopMaunia
pacTtaxeHna n cxaTtus. NosToMy B TOUKE OTpaXeHUs 3a Mpuxo-
OAWLMM oKaTnem cnefyeT yxogslwee pacTsXeHue, n obpaTHo,
cKaTue M pacTsKeHue 4vepefyloTca B TOM >Ke nopsagake, Kak u
B CBOOOAHO pacnpocTpaHstoLencs BOMHE. 3TO 3HAYMT, YTO Ha
CBOOOAHOM KOHLIE CTEPXHS BOJIHA OTpPaXKaeTCs, MEHss CBOe
HanpaeneHne Ha obpaTHoe, NMpuyeM HUKaKOro u3meHeHus asbl
BOJIHbl B TOUKE OTPaXKeHUs He npoucxoaut. CkasaHHOe WNCT-
puvpyetcs puc. 4.31, a. K cTepxH gnvHel / B Touke O npwuco-
efVHeH WCTOYHMK rapMoHMYeckoro konebaHusa W. CnnowHom
KPVBOM MOKasaHa BOJSIHA, PacnpoCTpaHAloLWascs B CTEPXHe OT
WUCTOYHMKA Hanpaso. TOHKWIA MyHKTUP MOKa3blBAeT BWA, BOJHbI,
€Cc/n cTepXeHb He 0bpbiBasica 6bl B TOUKe /. XXUPHbIA MNyHKTUP

320



COOTBETCTBYET BOJSIHE, OTPaXeHHOW OT CBOGOAHOro KOHUA
cTepxHs /. lMocnepHas vMeeT Takol BUA, KakK ecrin Gbl BOJHA,
nokasaHHas TOHKUM MyHKTUPOM, Oblsia noBepHyTa Ha 180°, - e
oTpasunacb OT «3epkana» AA'.

Bo BTOpom npedenbHOM cfnyyae, Korga npasblii KOHeL, ynpy-
roro CTEpPXXHS 3akpennieH HenoABWXKHO, Aolleawas [0 Hero
Oedopmauusa cxaTusa He MOXeT NPUBECTU 3TOT KOHeEL, B ABUXe-
Hue. BO3HMKLIEe 30eCb CXaTue HayHeT pacrnpOCTpaHAaTbCs Bre-
BO. AHa/IOTMYHO n Aechopmaymsa pacTsxeHus ByaeT oTpaxaTbes
OT HenoABWMXHO 3aKPEr/IeHHOrO KOHLa CTEPXHS B BUAE TakoW
Xe pecopmaumn pacTtskeHus. MNpyv rapMOHUYECKOM KonebaHun
WUCTOYHMKA 3a AedopMaumsamm cxatma byayTt crnenosaTb Aedop-
Mauun pactskeHus. Ho npu OoTpaxeHWU OT 3aKpersieHHOro
KOHLla 3a cXaTmem B Npuxofslleli BosHe 6yaeT cnefoBaTtb He
pacTskeHne, a cxaTue B OTPaXeHHOW BOSHe. 3a pacTshKeHMeM
B NpuxopsLleli BonHe 6yaeT cnefoBatbh OMNATb-Taku pacTsHKeHue
B OTpaXeHHOl BosHe. CregoBaTeflbHO, MPOLLecC MpPOUCXoauT
TaK, Kak ecim Obl B TOYKe OTpaeHus Tepsnacb MOMOBMHA
BO/HbI. Jpyrumun cnosamu, asa BOJHbI MpU OTPKEHUUN MEHS-
eTcs Ha S WM, KaK roBOpAT, MeHSeTCs Ha MpPOTUBOMOJIOXHYIO.
CkaszaHHOe wunnocTpupyetcs puc. 4.31, 6.

BonHa, oTpaxeHHas OT 3aKpernjeHHOro KOHLUAa CTepXHs,
OT/INYaeTCA B TOYKE OTPaXEHUs OT BOJHbl, OTPAXKEHHOW OT
CBOGOAHOIO KOHLLA CTEepXXHS, obpaTHOW (ha3oii — BCe CMeLLeHUs
MMEelT TY >Xe Be/IMYMHY, HO 0bpaTHOoe HarpasfeHue.

M3 yepTexa MOXHO HernocpeACcTBEeHHO BWUAETb, Kaknm byaet
CMeLLeHMe KOHLIOB CTepXHSi B 0oboux cnyyasx. B cnyyae cBo-
604HOr0 KOHLA CTEepXHS CMELLEHUsi, Bbi3BaHHble npuvleaLei
M OTPaXXeHHOV BOMHaMW, CKNaAblBalOTCH, TaK YTO KOHeL, CTepX-
HS Koneb6neTcs C yABOEHHOV aMnaMTy[on. B cnydyae 3akpenseH-
HOrO KOHL@A CTEPXHS Npuxogflias v OoTpaXeHHas BOJHbl JatoT
Ha KOHLEe paBHble M0 BeVYUMHE, HO MPOTUBOMOMOXHbIE MO
Hanpas/eHMIO CMELLEHUsl, TaK 4YTO KOHeL, CTepXXHS OcTaeTcs
HENOABWXHbLIM, 4YEero u CrefoBasio OXuAaTb, MOCKOMbKY 3TOT
KOHEeL, 3aKperseH.

PaccMmoTpeHHble npuMepbl ABAAKOTCSA npefesibHbIMA cay4vas-
MM CnefylolmMX peasbHbIX. PacnpocTpaHsatowasncs oT UCTOYHUKA
B cpefe / ynpyrasi BO/Ha MPUXOAWUT Ha FpaHuLy pasgena 3Tou
N MeHee MNOTHOW cpegpbl |l. BonHa, nagawowas Ha rpaHuily
pasfena AByX cpef, YaCTUYHO OTpPasnuTCH, a YacTUYHO nponaet
BO BTOpYyK cpedy. OTpaxeHHas BOMHa, Kak M B npenesibHOM
c/lyyae OTCYTCTBMS BTOPOI cpedbl (6ECKOHEYHO Masioii MAOTHOC-
" cpeapl //), Takxe He MeHseT hasbl. OTAnYME OT PacCMOTPEH-
HOro Bbllle npeaesibHOro cnyyas 6yaeT cOCTOoAThb /b B TOM,
4YTO aMnNANTyAa OTPaXKeHHOW BOSHbI ByAeT MeHbLle: 4acTb »Ccp
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rMv najatoLLen Bo/Hbl B 3TOM C/lyvae TpaTUTCA Ha BO30YXAEeHUe
BO/IH BO BTOpOW cpege.

MprMep 3akpensieHHOro KOHLA ABASeTCA npefernbHbIM A5
cnyyas, Korga BTOpas cpefa 6onee MfIOTHas, 4Yem MnepBasi.
OueBMAHO, UYTO M 3[eCb MPOXOAALLAA BOMIHA HEe WCMbITbIBAET Ha
rpaHuue pasgena cpen, vudmeHeHus hasbl. OTpaXKeHHasi BOMHa
MeHseT a3y Ha obpaTHyto (T. €. Ha Nn). AMNINTYyAa OTPaKeH-
HOIA BOMHbI GyAeT MeHblle, YeM MaJatlolleri, Tak Kak MocnenHss
pacxoayeT 4acTb CBOeli 3Heprmm Ha BO30OYXAeHue BOSH BO
BTOpoOi cpepe. CnepyeT MMeETb B BuAy, YTO BO BTOpPOW cpege
CKOPOCTb pacrnpocTpaHeHus1 BOJHbI vn OyAeT, BOOOLLE roBops,
OT/INYaTbCA OT CKOPOCTM PacrpOCTPaHEHUs BOJHbI V: B MEpBOW
cpefe. A Tak KaK 4acTtoTa BOJIHbl COXPaHSeTCs — OHa paBHa
yactoTe konebaHWi Ha rpaHuiLe pasgena AByx cpef, T. €. paBHa
4YacToTe MWCTOYHMKA BOMH v,— TO MEHSeTCA J[/MHa BOJHbI

\ " \

Mpy HenpepbiBHOM paboTe UCTOYHMKA BOMH BOMHA, MAyLLas
OT Hero, ByAeT CKnaabiBaTbCA C OTPaXEHHOW BOMHOW. OrpaHu-
yMMmcs, A8 MPOCTOThl, C/y4yaeM, KOrga OTpaXeHHas BoJHa
VIMEET MpPaKTUYeCKN Ty Xe amMnanTyay, 4To U nagawowias. 310
OyAeT MMeTb MECTO, ecnv npollefllas BO BTOPYH cpefy BOMHA
o6nafaeT BecbMa Ma/loli VHTEHCMBHOCTBHO MO CPaBHEHUIO C
nagaroLein BosHOW (cpefda // oyeHb paspexeHa NMbo e O4YeHb
MI10THA) M KOorga MOXHO MpeHebpeyb MOTEPSMU Ha TpPeEHVe.
Takum 06pa3oM, pe3ynbTupylollee KosnebaHve 6ol Toukm
cpefnbl 6ydeT monyyatbCsl B pe3yfbTaTe C/IOXKEeHUs ABYyX Kore-
PEHTHbIX BOMH PaBHOW aMnANTyAbl, PacnpOCTPAHAILMXCA B
MPOTMBOMOJIOXHbIX HanpaB/feHWsX, BAPaBO W B/IEBO BAOb OCU
X. byaem HasblBaTb BOSHY, UAYLLIYK BMAPaBO, «MNPsSMO», MNpPOTU-
BOMO/IOXHYI0 — «06paTHOM». 3TV BOJIHbI OT/INYAOTCA NULb
3HaKoOM ckopocTu v. UTo kacaeTcs a3, TO, MOCKO/bKY MOJoXe-
HUSA TOYKM, FAe MPOUCXOOUT OTPadKEHWE, U YCNIOBUSA OTPaXKEHUS
He yKa3aHbl, Mbl MOXEM pacnopsaanTbC HaydasibHbIMU hasamu,
KaK Ham yA06HO. 3TO He NMWNT pe3ynbTaTbl OOLIHOCTU.

MoNoXnMM, 4YTO CMELLEHUS, Bbi3BaHHblE MPSAMOI N 0bpaTHOM
BO/SIHaMK1, 3agatTcsa cornacHo (55.4) copmynamm

M-mM):A sin -y- ( )
o / / \ (59.1)
yoeHt)=A sin- y - J

B pesynbTaTe MHTEpthepeHuMn NpsIMOA KU 0bpaTHOW BOMH KOJle-
6aHMe B TOuke X ByaeT MPOMCXOAUTb MO 3aKOHY



Y=Yaa+Y@= A [sin™ ( 2—r)+sinT'(/Hr) ]=

=2Acos(2n”r)sin(2n”™-), (59.2)
unn, Tak Kak vT=h.

y(X, t)=2A cos ( 2n-j-"~sin ( 2n "=

= B(x) sin (*2n~y (59.3)

Takmm o06pa3oM, amMnanTyabl KonebGaHwuii B(X) pas/iMyHbIX
TO4YeK pe3yNbTUPYIOLLE BOJHbI pa3nuyHbl. Nonyymsliasca Bon-
Ha HOCUT HasBaHMe CTOS4YeWl BOMHbLI.

PaccMoTpuvM TOUYKM Ocu X, YAOBMETBOPAIOLLME YCI0BUIO

X, ==-2f+n~Y= (N1+-|") = (« — LUenoe umncno). (59.4)

B atmx TOuyKax

cos 2”(/ FT)T = cos (nn+—}J1—)\= O]

N (rt+4)4-"/] =0- (59-5)

3TV TOYKM BOJIHbI BCE BPEMS OCTalTCA HenoABWKHbIMU. OHU
HOCAT Ha3BaHWe Yy3/10B CTOS.Uell BOSHBbI.

MpoMeXyTouHble MeXxay Yy3namMy TOUYKM C KoopauHartamu,
OT/INYHBIMW Ha BenuuHy /4,

> "
X,=n--"~ (01— Ueqoe 4mcno) (59.6)
B CUy TOro, 4to
cosgﬂﬂ =cos (an)= = 1

06n1agaloT HanbosbLUEN BO3MOXHOW aMnnnTynoii, paBHOW 2A.
3TU TOYKM HOCAT Ha3BaHMe MYYHOCTEeW CTosYEN BOSHbI.
TOUYKM C NPOMEXYTOUYHbIMM KOOpAMHATaMu, T. €. 3HaYeHUs-
M/ X, HE COBMAJaloLMMN C Xy U X[K061a[a0T NPOMEXYTOYHbI-
MW amnanTygamu B COOTBETCTBUMM C chopmyrnoii (59.3).
CpaBHUM XapaKkTep KonebaHwii B CTOsiYEN U OBObIYHON Gery-
el BOMHE MNPV OTCYTCTBMWU 3aTyXaHWUs.
B OGerywein BONMHe Kaxpgas Touka coBepluaeT KonebaHws,
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aMnaMTyga KOTOpbIX He OT/IMYaeTcs OT amnauTydbl Kone6aHus
Opyrnx Touek. Ho kone6aHusi pasnnuHbIX TOYEK MPOUCXOOsT
C pasMyHbiMM (as3amMu. B 060 MOMEHT BpPEMEHU OAHW
TOYKN BOJIHbI AOCTUralOT HaMGO/bLLENO OTK/IOHEHUS, B TO BPEMS
KaK Opyrve npoxogsaT uepe3 Hynb. KapTuHa nonepeyHoint Gery-
We BOJSIHbI MOXeT O6blTb NpeacTaBleHa CUHYCOWAOW, ABUXY-
Lencss CO CKOPOCTbIO V.

®aza=const
1-Wrr
W T iTTTI
ilb
6)

Puc. 4.32.

B cTosiuein xxe BO/He Bce TOUYKM ocn JT o AHOBpPEMEHHO
npoxXoadaT 4epes3 MoJiIoXKeHUda paBHOBECUA:

y(X, t)=2A cos-"sini™-,
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rak 4To
T
y(x,t)=0 npn t=n-2 (n—uyenoe uncno) (59.7)

ONA BCEX 3HAYeHUn X.
T . T
B MOMeHTbI BpeMeHM t= n — —4—j- BCE TOUYKM OAHOBPEMEHHO

L0CTUraloT HanmbonblIMX OTKIOHEeHWH. Ha puc. 4.32 npuBeaeHbl
CEPUN «MIFHOBEHHbIX loTorpadnii» Geryuwen a) u crtosuer 6)
BO/IH, MOKasaHHble 4Yepe3 MNPOMEXYTKU BpPEMEHW, paBHble T/8.

CTpenkamu ykasaHbl BeIMYMHbI M HanpasfieHUs CKopocTel
OTAeNbHLIX TOYEK BOSHbL. [NnA 6erylieii BOMHbI 3TO cAenaHo
TO/IbKO Ha OfHOW «(hoTorpadun», Tak KakK KapTuUHa Ha Apyrux
NoAo6HbIX «(oTOrpadumsax» MNPocTo CABUHYTa OTHOCUTE/IbHO OaH-

. T T «
HOW. B MOMEHTbI /:2—O nt= 67 BCE YacCTuLibl CTOAYEN BOM-

Hbl Ha MIHOBEHME OCTaHaB/IMBAKOTCA: BCA 3HEPrus BOJSHbI Mepe-
XoauT B (hOpMy MOTEHLMANIbHOM 3HEpPruu.

Jlerye Bcero MOXHO MONYYUTb CTOAYYHD BOJHY, MPUKPENUB
OOWH KOHeL, CTpyHbl K cTeHe (puc. 4.33). [Npsimas BOMHa,
beryuwaa cnpasa HasieBO, Noka3aHHas TOHKOW NIMHWEN, OTpa3uT-
ca OT Hee. ObpaTHas BO/HA, MOKa3zaHHas MNYyHKTUPHOWN NNHWEIA,

Puc. 4.33.

OyaeT obnagaTtb TakoWl e amMnauTydoW, Kak W rnpsamasi, Mo-
CKOJIbKY MOTeps 3Heprum, cssa3aHHas C MNPOXOXAEHVWEM BOJHbI
B CTEHY M C TPEHVEM, HUYTOXHA. B gaHHOM criyyae Mbl MMeEeM
OTpaXkeHMe BOJIHblI B TOUKe / OT «BECKOHEYHO MNJIOTHOW cpenpi».
CnepoBaTtesibHO, TOYKa 3aKpenneHus CTPyHbl | HenoaswkHa
M coBMagaeT C OOHVMM W3 Y3/10B CTPyHbl. Pe3synbTupytowas
CcTosluas BOSHA M306paXkeHa XMPHOU nuHVen. CoBMECTUM Hauva-
10 oTcyeTa Mo ocn X ¢ TOYKoW / v onpegenvim a3y B Bbipaxe-
HAM Ona aMnanTyAbl cTosuver BosHbl [cMm. (59.3)]:

B(X)=2A cos (“ 3p+®0 )m (59.8)
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3HayeHVe OO HaxoAUTCA M3 YCNOBUSA, 4TOObI amnaMTyaa
B (X) obpawanacb B Hynb B TOouyke X=0:

fA(0)=0,
oTKyAa
220 i‘"ﬁbﬂ—:‘;‘* T+ 8 CtDE—ﬂz
CnepoBatenbHO, AN paccMaTpuBaemMoro npvmMepa
B (x)=2A cos )= (59.9)

bygem paBuratbca BOO/L OCM X, cnegd 3a  U3MEeHeHVEM
amMnanTyapl CTosveil BofHbL. KoopAuHaTbl Xyl y3M0B Halifiem 13
ycnosus

-~N=nn, (59.10)

roe N — uefioe YUCo; MPU 3HAYEHUsIX aprymMeHTa KOCUHYyca,
paBHbIX (59.10), amnautyga (59.9) 6yaet obpawarbCsi B Hy/b.
OTcioga 3HauyeHve KoopAuHaTbl Xy, M-To y3na

xy=mnn~=nx {NM=0, 1 2 ..). (59.11)

Mpu n= 0 nonyyaem KoopAMHATy y3na B TOYKe 3aKpenseHus
BO=0. Cnepywowmii y3en umeeT KoopamHaty Xy[= 1 3arem

Xy2= 2~ W T. A TakuMm 06pa3oM, Y3/bl PacrnofiokeHbl Ha

pacctosHun X/2 pgpyr ot gpyra. OueBngHo n 6e3
pacueTa, 4TO MyYHOCTU pacrnofnararTcsa Mexay y3-
naMy TakxXe Ha paccTosHum X/2 apyr orapyra mHa | wn 1
paccTtosHuM X/A ot y3noB (cMm. puc. 4.33).
3ameTum Tenepb, 4TO, HasbiBas B(xX) amnauTy-
[OlA cToslYeli BOJHbI, Mbl OOMYCTWIN HEKOTOPYHO He-
TOYHOCTb: BemMumMHa B(X) MeHsieT 3HaK, M aMnanTy-
[0 BOJHBI ABNSIETCA MOAY/b 3TOM BennunHbl \B(X)\.
M3meHeHne 3Haka B (X) npy nNpoxoxgeHun 4epes
TOukKy Xy (y3en) o06£3aHO TOMy, 4YTO B cTOsA4en
BOMIHE KONe6aHMs MO pasHble CTOPOHbI OT Yy3na
MPOVCXOAAT B pPasHbiX HanpaBneHusix (CM. puc.
4.32, 6).
Ecnu npucoeouHUTL KOHEL, YMNPYroro CTEePXXHS plE. 134.
WM BEPXHUIA KOHEL, CBOOGOOHO BUCSLLIENA CTPYHbI
K WCTOYHMKY FapMOHMYECKUX KonebaHuiA, TO Ha CBOOOAHOM,
He3aKpern/eHHOM KOHLIe obpa3yeTcsi NyyHocTb (puc. 4.34). Pac-
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CTOSIHWE MeXAy y3flaMu M NyYyHOCTAMU 34ecb OyAeT TakKum e,
KaKk M B PacCMOTPEHHOM C/lydae C 3aKpersieHHbIM KOHLIOM.
[0 cux nop Mbl paccmaTtpmBasiv 06pa3oBaHMe CTOSUMX BOJH
NPy OTPaKEHWMM OOHOMEPHOM BOJHbI. AHANIOTMYHO MOXHO MOJy-
UUTb OBYMEpPHble CTOsUMEe BOJIHbI, HanMpumMep, MpU OTPaXKeHUU
BO/IH, OErywmx Mo MOBEPXHOCTM BOAbl, OT MIOTUHbLIL. B 3TOM
Cnyyae y3/bl 1 MyYHOCTM 06pasytoTca BAOMb MUHWUIA, napannesb-
HbIX TMHUM Gepera. Mpu N3yuyeHUn ONTUKA U CTPOEHUS aToMa Mbl
BCTPETMMCS TaKXe CO CTOSYMMM BOSIHAMW B MPOCTPAHCTBE.

§ 60. MpuHuun ToireHca. Qudpakuunsa BOSH

Kak Mbl BMOENW Bbllle, YNpyrve KonebaHus repeaaroTcs Ha
6o/blUNE PACCTOAHUS HEe MIHOBEHHO, a PachpOCTPaHSAITCS Mo-
CTEMEHHO, OT OAHOM TOYKWM cpedpl K cocegHel. 3TO 06CToATE b-
CTBO J/IEXXUT B OCHOBE MPUHLUMNE, NPeanoXeHHOro B KOHLE

t
B
Puc. 4.35.

XVIlI Beka ronnaHacknum cursmkom [oAreHcom Ans ycTaHoBre-
HWSi HEKOTOPbIX KOIMYECTBEHHBLIX 3aKOHOMEPHOCTEN pacnpocTpa-
HEHUA BOJH.

CornacHo npuHuMny lolireHca Kaxpgas TOYKa BOJSIHOBOrO
nons, npuvweawas B KosebaHve, CTAHOBUTCA camMa WUCTOYHMKOM
BTOPUYHbIX BOJH. Pe3ynbTupylowas BoJiHa, pacrnpocTpaHsioLa-
AcA Oasiblle, BO3HMKAET BCNeACTBME HaNOXeHUs U uHTepdepeH-
UMM BCEX BOMH OT 3TUX BTOPUYHBLIX 3N1EMEHTAPHbLIX MCTOYHWKOB.

HasoBeMm BONHOBOW MNOBEPXHOCTbLI reoOMeTpU-



YyecKoe MEeCTO TOYEK, KONebnwoWwuxcs B OAMHAKOBOW dhase.
®POHT BOJMHbI TAKXe SIBNSETCSH BOSIHOBOV MOBEPXHOCTHI0, TOUKU
KOTOPOW OLHOBPEMEHHO HauMHaloT KonebaTesnbHOe [ABWMKEHME.
Ha puc. 4.35, a n3obpaxeHO MosoxeHne (POHTa BOMHbLI B
HEKOTOPbLIA MPOU3BO/bHBIA  MOMEHT BpemeHU /. C MOMOLLBO
npyHUuna [oireHca MOXHO HaliTu BuA (OPOHTA BOJIHbI 4Yepes
Masbli NPOMEXYTOK BpemeHn At. [1na 3TOro HY>XHO U3 KaXKaol
TOYKU (PpPOHTaE, SBAAIOLWENCA BTOPUYHbLIM MCTOYHUKOM BOJSH,
MPOBECTM B Harnpas/eHUN pacnpocTpaHeHUs clepuyeckyto BOJI-
Hy paguyca Ar=v At, rge VvV — CKOPOCTb pacnpocTpaHeHus
BOMH. HOBbI (QPOHT BOJIHLI MOJlyvaeTcss Kak ormb6atoulas

3TUX BTOPWUYHBLIX BOSH *.

MpumMeHsiss NocTpoeHvie MoMreHca B c/lyvyae MOCKOW BOJHbI,
n3obpaxeHHON Ha puc. 4.35, 6, Mbl NPUXOAUM K BbIBOAY, YTO
B OOHOPOAHONM cpefe Mnjockas BO/Ha MpU CBOEM pacrnpocTpa-
HEHUWM OCTaeTCsi N/IOCKOW. AHaNIOrMYHbIM CBOMCTBOM COXpPaHEeHUs
dopmbl 06nagaeT n cgepuyeckas BOMHA, W300paXeHHas Ha

puc. 4.35, B.
MocTpoeHue ToireHca
NPYMEHUMO W ANS  BOJH,
pacnpocTpaHAlLWmMXca B
HeogHoOpoaHOW cpefe. B
3TOM C/lydae CKOpOCTb
pacrnpocTpaHeHus v 6yaet
MEHATbCA OT TOYKU K TOY-
Ke N COOTBETCTBEHHO OY-
OyT pas3nUyHbIMU paguychbl
nonycdep, MPOBOANMbIX
13 pa3HbIX TOYEK UCXOAHO-
ro poHta. Ans npumepa
paccMoTpuM npenomMneHve
MOCKOW BOSIHbI Ha FpaHu-
Le pasfena ABYX cpef, C pas3/IMyHbIMW CKOPOCTAMU pacnpocTpa-
HeHna Y] n\V2 (puc. 4.36). NMyctb ABD ecTb nonoxeHne poHTa
M/IOCKOW BOJIHbI B MEPBOI cpede B MOMeHT BpeMeHu t. V13 Touek
B n D onvwem Bnepen nonycdepsl paguyca UNAL. Mx orubato-
was B'D' pacT nonoxeHuve (QpPOHTa BOJSHbI B MEPBON cpeae
B MOMeHT /+ JI/. Jlyy BB', nepneHOMKynsipHbiAi K (POHTY
NCXOOHOW BOSHbI, yKa3blBaeT Harnpas/eHue ee pacnpocTpaHeHUs
B MepBOi cpefe. Yron a MexzAy HarpasfeHVemM najarowmx
nyyeit BB' n nepneHanKynspoM K rpaHuLe pasgena HasbiBaeTcs
yrnom nagneHwus.

Puc. 4.36.

* [loKa3aTe/IbCTBO TOro (PakTa, YTO BTOPUYHbIE BO/HbI He [AlOT 3aMeTHOW
BOMHbI, Geryuieli Hazaz, MOXeT GbiTb MOMYYeHO /MWL M3 CTPOroi MaTematu-
UeCKol Teopun BOJH, paspaboTaHHOl Kupxrodgom.



M3 Toukm A, nexaulein Ha NOBEPXHOCTM paslgena cpeq,
onvieM BO BTOPOW cpede nonyctepy paguyca vZ2At. Ans no-
CTpOeHus ormbatollein MNpoBeaeM Wn3 TOUKM B' KacaTesibHyto
K 3Toii nonycgepe A'B'. KacatenbHaa A'B’ n 6yaeT unsobpa-
XaTb MOMIoXKeHWe (ppoHTa BOSIHbI BO BTOPOI cpefe B MOMEHT
/+0/. Nyuy AA', NepneHauKyspHbIA K 3TOMY (QPOHTY, YKaXKeT
Hanpas/fieHVe pacnpocTpaHeHUs 3TOW BOJHbLL. Yron p Mexay
HanpasfeHneM MpPesiOMIEHHbIX Jlyvyelri 1 nepneHAnKYNnspoM K
rpaHuiUe pasfgena HasblBaeTcs YrJomMm npenomMaeHus.

MpsMoyronbHble TpeyronbHukn ABB' n AA'B' umeloT 06-
Wy runoteHysy AB'. loaTomy

sina sin(

4N = - _= const, (60.1)
smp  y2

T. €. OTHOLWEHMEe CUHyca yrna nageHus K CUHyCy yrna rnpesom-

NleHnsa ecTb BeNUUMHa MOCTOSHHAasA, He 3aBuUCcsLLLaa OT Hanpas/e-

HUA NajaloLWero ayya W YMcieHHO paBHas OTHOLLEHUIO CKOpPO-

CTell pacnpocTpaHeHus BOMH B 0b6enx cpenax.

AHanornyHblMm obpa-

30M MOXHO BbIBECTU W

3aKOH oOTpaxeHusa. Ha

pvuc. 4.37 wn306paxeH

no-npexHemy hpOHT

nagaroLlei M/IOCKOW

BONIHbI ABD B MOMeHT

BpemMeHn / 1 MocTPoeHO

ero npoaokeHue
B"D" B MOMeHT /+ [V/.
N3 TOukm A onuwem Puc. 437-

nonycdepy paguyca

1> B TO XXe nepBoi cpege. ANa MNOCTPOEHUs OrmbdaroLlen
npoBedemM M3 TOUKM B " kKacaTenbHyto A "B " K 3Toi nonycdepe.
KacatenbHaa A "B" ©OyaeTr usobpaxaTb (PPOHT OTpakeHHOM
BOJIHbI, pacrpoCcTpaHsaIoLLecs B TO Xe cpefe B MOMeHT /—{-A
MepneHANKYNAPHbIA K Hell nyy AA" yKasblBaeT HarpasneHue
OTPaXeHHOM BOMHbLI U MNepecekaeT MeprneHAVKynap K rpaHuvue
pasgena nop, HEKOTOpPbIM yr/ioM a', HasblBaeMbiM YT /1OM
oTpaxXeHuna. [llpamMoyronbHble TpeyronbHUkn A A"B" u
ABB", Kak umerowue obLuyto rmnoteHysy AB" 1 oguHakoBble
KateTbl AA" —BB" —vVv iA/, paBHbl gpyr gpyry. OTcioga cneny-
€T, YTO Yrosi MajeHvs paseH Yrjy OTpaXeHus. Ecinm oTcuunTbl-
BaTb YI/ibl OT NepneHAVKyifpa K rpaHvue pasgesna v NnpuHUMaTtb
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Hamnpas/ieHne no yacoBoii CTpesike MoJIOXKUTEe/IbHbIM, a MnpoTnB
yacoBoli CTPESIKN — OoTpulartesibHbiM, TO 3aKOH OTpaXeHuns
MOXHO 3anucatb B BMAe

a'= —a. (60.2)

MpuHUUN TolireHca No3BosseT 06bACHUTL XapakKTepHoe /s
BO/IHOBOIO [IBUXXEHUA AIBNieHNe HEernpsMONMHENHOro pacnpocTpa-
HEHWs1 BOMH, HOCsllee HasBaHWe AU PaKLUK.

Puc- 4.38. Puc. 4.39.

PaccMOTpMM MJIOCKYKO BOJIHY, NaAalollyto Ha MOBEPXHOCTb
3KpaHa, B KOTOPOM WMeeTCA OTBepcTue, Masioe MO CpPaBHEHUIO
c anvHo BoOfHbl (d «C X). Korga bpOHT BOAHbI AoiaeT Ao
9KpaHa, BTOPUYHbIE WCTOYHWKMW, PAaCMOSIOKEHHbIE B M/IOCKOCTU
OTBEPCTUSA, CO34a4yT pPacXoslylocs OT Hero cgepunyeckyo
BOJIHY 3a 9KpaHOM, KakK 3TO Mnoka3aHO Ha pwuc. 4.38. 3710
WAICTpUPYeT NPUHUMN [oMreHca, COriacHO KOTOpPOMY OTBep-
CTMe B 3KpaHe MOXHO paccmaTpuBaTb KakK OOWUHOYHBIA 31eMeH-
TapHbIi UCTOYHMK (ECIM LUMPUHA €r0 MHOrO MeHbLue X).

TaknM 06pa3oM, BOJ/IHA pacrnpocTpaHseTcs, BooOLLe rosops,
HeNpsMONMHENHO. pu LIMPOKOM (DPOHTE BOJHbI MPSMOJIMHEN-
HOe pacrnpocTpaHeHve ecTb pe3y/nbTaT UHTepdepeHUMn BOMH OT
MHOMMX BTOPUYHbLIX WMCTOYHMKOB. OOHAKO W B 3TOM Chyvae
(d » K) Ha GOKOBbIX rpaHuUax BOMHOBOro (hpoHTa 6yayT Ha-
61100aTbCA OTKIOHEHUS OT MPAMOSIMHEHOIO pacnpoCcTpaHeHNs
(puc. 4.39).

AHaNornMyHO MOXXHO MoKasaTb, YTO B pe3ynbTaTe Audpakuum
3a Ma/loli NO CpaBHEHUIO C A/IMHOW BOJHbI MPEerpagor He obpasy-
eTca TeHun (puc. 4.40), a nperpaga, cousmepumas C AJIMHON
BOJIHbI, CU/IbHO paccemBaeT BOMHbI. B criyyae nperpagpl, pasme-
pbl KOTOPO MHOrO 60/blUe A/IMHBI BOMHbI, 3a MNperpagon obpa-
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3yeTcs TeHb. OQHAKO M 34€eCb BOJHbI YACTMUHO OrvGaloT Mpe-
NATCTBUE, 3aX0As B 06/1aCTb FeOMETpPUYEcKoi TeHn (puc. 4.41).

HasoBeM nyyamMu /VMHUW, MOKasbiBaloWMe HarnpaefeHUs
pacnpocTpaHeHusi BOSH. B ofHopogHoi cpepe /yun sBASKOTCS
ceMelicTBamMn JIMHWUIA, NepneHAVKYNsPHbIX K BOMHOBLIM MOBEpPX-
HOCTAM. Ha npegploylmx uyepTexax Nyun yKasbiBasMcb CTpesi-
Kamu.

Puc. 4.40. Pnc.441.

MocTpoeHve ny4yeri NO3BOMSET B pside C/yvyaeB cAenatb
KapTVHY pacnpocTpaHeHusl BOMH 6onee HarnsgHoi. OaHako He
cnefyeT 3abbiBaTb, YTO MOHATUE flyya ABASETCA YMCTO BCMOMO-
ratenbHbIM, W MNPUNUCbIBATL €MY CMVLIKOM 60MblON unsnye-
CKMIA CMbIC/, paccmaTpuvBas, Harnpumep, 6eryuiyt BOJSHY Kak
COBOKYMHOCTb PAacnpOCTPAHAIOLNXCA SyYeidl, Henb3s. [encTBu-
TeNbHO, B CU/Y HaIMUMSA ANPaKkUMN BOSH BbIAEUTb (PU3MNYECKN
Y3KNIA MNYYOK Jlyyeir M3 3TOW COBOKYMHOCTU HEBO3MOXHO. Bo3-
Bpauwascb K puc. 4.39, Mbl BUAVM, 4YTO TMOMbITKA BblAENTb
TOHKUIA My4YOK MapasiefibHbIX Ny4ver, Hanpumep C MOMOLLbIO
9KpaHa C MasbiM OTBEpPCTMEM, He MNPUBOAUT K LEW.

KonuuecTBeHHbI/i pacyeT HEKOTOPbIX ANMPAKLNOHHbIX SB/e-
HAA N X NpaKTUYeckue NpuMeHeHns 6yayT noapobHee pasobpa-
Hbl B onTuke (Tom III).



FMABA XV
3BYK

8 61. lNpupopa 3ByKa

3BYK npenacraenset coboin konebaHus ynpyrowm cpeabl, BOC-
MPUHYMaemble HalWMMKU OpraHamu cryxa.

dn3nonornyeckoe BOCMPUSTME 3BYKa ABNSETCA OTPaKEHUEM
COOTBETCTBYIOLLMNX (PU3NYECKUX €ro XapakTepucTtuk. Tak, rapmo-
HMYeCKoe KosfebaHue orpeaesnieHHOW 4acToTbl BOCMPUHUMaeTCs
HamMK KaK ornpeaeneHHbii MYy 3blKaNbHbIW TOH. ®usnye-
CKOW XapaKTepuUCTUKe — 4acToTe KonebaHuii — COOTBETCTBYET
dm3mnonoruyeckoe rMoHATME — BbICOTa 3ByKa. Masible yacTto-
Tbl KOMe6aHWi BbI3bIBAIOT OLUYyLLEHME TaK Ha3blBaeMOro HU3KOro
TOHa (6ac, 6apuTOH). BonblUMe YacTOTbl KONebaHui Bbi3blBAIOT
ollyllleHNne 3ByKa BbICOKOrO TOHa (conpaHo, AUCKaHT). Yem
60sblIe YacToTa KonebaHuii, Tem 60sbLUEe BbICOTa TOHa BOCMPWU-
HMMaeMoro 3ByKa.

Cnepgyet oTMeTUTb, YTO 6Grarogaps CBOeEMY YCTPOICTBY HOp-
Ma/lbHOE 4YefloBeYEeCKOe YXO CMOCOOHO BOCMPUHMMATL He Ntobble
KonebaHusa, a Nnb Takne, YyacToTa KOTOpPbIX NeXUT B npedenax
ot 16 go 20 OO0 KkonebaHwii B cekyHay. ITOT WMHTEepBasl 4acToT
HOCUT Ha3BaHMe COOGCTBEHHO 3BYKOBbIX KoOsebaHuin. KonebaHus
C yactotamu, O6onbwmmu 20000 repu, HOCAT HasBaHue
YNbTPa3BYKOB W MOryT OblTb BOCNPUHSTbI CNeLMabHbIMN
npuéopamn. KonebaHusa c yacToTamum, MeHbWMMKU 16 repu,
HOCSAT HasBaHMe WHGPa3BYKOB, W AN WX BOCOpUATUSA
TakXe CKOHCTpyMpoBaHbl CheLmaibHble Mpuoopbl, paclunpsio-
e BO3MOXHOCTWU HalUMX OpraHoB 4yBCTB.

HecKoNbKO OAHOBPEMEHHO MPUXOAALLMX 3BYKOBbIX KO/eba-
HWA, 4YacTOTbl KOTOPbIX HaxodAaTcs B OMpefesieHHOM COOTBET-
CTBUW, CO34al0T BrMevyaT/ieHne CO3BY4Y U A, MPUATHOIO (KOH-
COHaHC) WM HEMNPUATHOIoO (AMCCOHAaHC). bosbwoe 4yncno ogHo-
BPEMEHHbIX 3BYKOBbIX KOMe€6aHUin ¢ caMbiMU Pas3/iMyHbIMK 4acTo-
TaMn co3faeT BreyaT/ieHMe wyma.

VIHTEHCUMBHOCTb 3BYyKa MOXET ObiTb OXapaKTepu3oBaHa pas-
NINYHBIMU BeMYMHaAMU. B 3BYKOBOM Mosie Nepvoauvecku Koneb-
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NoTes vacTvubl cpefpl, Nepuoauyecku MEHSITCA WX CKOPOCTU
MU cUibl AaBneHus (B >XUAKOCTU WM rase) WiM HOPMasibHble
MU KacaTeslbHble HanpsbkeHusi (B TBepAblX Tenax). WHTeHcwus-
HOCTb 3ByKa MOXeT XapaKTepu3oBaTb aMnauTyay KosnebaHuin
N060M 13 aTNMX BeNMUMH. OgHAaKO, MOCKO/bKY BCE 3TU BEIMYUHBI,
Kak rnokasaHo B rn. XIIl, cBsf3aHbl Mexay coboi onpeaeneHHbl-
M/ COOTHOLLUEHWSMKW, TO LKeNecoobpasHO BBECTU  e4VHYH
9HepreTMYeCcKY XapaKTepUCTUKy. Takasi XapaKTepuc-
TUKa ANna BOAH N6oro tuna 6bina npepnioxeHa B 1877 r.
H. A. YMOBbIM.

B § 52 6b1710 NOKa3aHo, YTO MOJIHAA 3HEepPrus rapMOHUYECKMN
KOMeb6ntowencs TOUKM OCTaeTcs MNOCTOsSIHHOW. B cnydvae 6Gery-
Wed BOMHbI MOXHO MbIC/IEHHO Bblpe3aTb M3 (POHTE BOJIHbI
nnowaaky dS (puc. 4.42).
3a Bpewmsa dt BonHa pacnpo-

CTPaHUTCS Ha pacCTosiHuE

n dt nepneHAVKYNspHO K

3TOMy (pPOHTY. Ecnmn o6o-

3HaunTbL uepes W OX/Ms

3HEPrm eauHuLBl 0b6bema

Koneo6ntowencs ynpyrow

cpeapl, TO aHeprus BCEX ee

yacTuy, npuveawnx B Ko-

nebaTenbHOe [ABWXEHVE B

obveme dSu dt, 6byaeT pas- P,C.442.

Ha W dSu dt gx. 3Ta 3Hep-

rvs 6blna NprHeceHa 3a Bpemsi dt B gaHHbI 06beM BOJSTHOM, pac-
npocTpaHaLeiica yepes naowaaky ds. Pasfenns noslyyeHHyo
06beMOM 3Hepruto Ha dS n dt, Mbl NOAYYMM BE/IMUYMHY MOTOKa
aHepruun

(61.1)

T. € 3Hepruo, nepeHoCcMMyo pacrnpocTpaHsoLLEeica BOMHOM Ye-
pe3 eouHULYy Nowaanm 3a eouHuLy BpemeHW. Bektop | Hanpa-
BfleH B CTOPOHY pacnpocTpaHeHWsi BOSIHbl W HOCUT Ha3BaHue
BeKTopa YmoBa. BenuunHa 1|/l3mep9|eTc;| B BT/M2 1 Ans
3BYKOBOIO MO Ha3blBaeTcd CUNOWN 3ByKa.

Cuna 3ByKa aBNsetTca IU3NUYECKON XapaKTePUCTUKON WHTEH-
CUMBHOCTM 3BYKOBbIX KOsiebaHuii. Mbl OLEgHVBaeM ee CyObeEKTUBHO
KaKk TPOMKOCTb 3Byka. HopmasibHOe yenoBeyeckoe yXo
CMOCOBGHO BOCMPUHMMATL 3BYKM, CUIa KOTOPbIX MpeBbllaeT He-
KOTOpOe MWHUMaNbHOE 3HayeHwe, pas/nyHoe A1 Pas/INyHbIX
4yacToT,

MH= /(v). (61.2)
BennunHa /,,, HasbiBaeTcds MNOPOFrOM CHAbLIWLUMOCTWU
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3BYyKa U 411 cpegHux vactoT v ga 103 ru, sydwe Bcero Bocnpu-
HUMaeMbIX YXOM, cocTaBnseT okono 10~12 BT/mM2 [Mpun OueHb
60nbLLON cune 3ByKa nopsaka 10 BT/M23BYK HauMHaeT BOCMpU-
HMUMaTbCA, KPOMe yxa, opraHamMmu ocf3aHus, a B yllax Bbi3blBaeT
6oneBoe oLuyllieHre.

MoCKO/bKY Halle yXo criocoObHO BOCAPUHUMATb 3BYKW, OT/U-
yarowmeca no cwie B K13 pa3, TO OHO HEYYBCTBUTENbHO K
M&a/lbiM U3MEHEHMUAM CW/bl 3ByKa W 3amMeyvaeT MpUpoCT rPOMKOC-
TN 3ByKa MNpWU YBEIMYEHUM CWUMbl NOCNEOHEr0 He MeHee, YeM HiA
10—20 %. MNMoaToMy B KayeCTBe XapaKTepPUCTUKU NHTEHCUBHOC-
TM 3BYKa BbIOMPAKOT 0OLIYHO He cuny 3ByKa /, a AEeCATUYHbIN
norapugm nocnefHen, TOYHee, BENUUUHY

(61.3)

roe /0O — ycnoBHO  BblIGpPaHHbIN HyNeBO  ypOBEHb
/=10~ px/m2ecek=\b~'BT/M'2 BennumHa p Has3bIiBaeT-
CA YPOBHEM CUNbl 3ByKa N mn3MmepsieTca B 6enax. W3
(61.3) cnenyet, 4YTO YpPOBEHb CU/bl 3ByKa B 16e1 COOTBETCTBYET
cune 3ByKa, paBHow /= KYo- Hapsay c aTol eguHULEA NONb3y-
totca B 10 pa3 6onee MeNkoOM eAuHWLEN, HasbiBAaemMow fe-
umbenom (46):

p:10Ig—£—_5?6. (61.4)

Ana uyenoBeyeckmx OLUYLWEHUA NPUBAMXEHHO CcnpasenvnB
NCUXOPU3INONOTNYEeCKUN 3aKOH — WUHTEHCMBHOCTb
OLLYLUIEHMSA NPOMOpPLMOHa/bHa florapugmMy CcreneHn pasgpaxe-
HUA. 3TO O3HayaeT, YTO YpOBeHb FPOMKOCTM 3BYKa MPOMoOpLyO-
HaneH

CKopoOCTb pacnpocTpaHeHWsa 3ByKa B pasiny-
HbIX cpefjax pa3nuMyHa. Kak ™Mbl Bugenn Bobiwe (B 8 56), B
TBEpAbIX Tenax MOryT pacnpoCTPaHATbCA 3BYKOBblE YMpyrue
KoneGaHusa AByX TUMOB: MPOAO/bHbLIE U MOMNepeyHble. B mn3oTpon-
HbIX TBEpAbIX Teslax CKOPOCTU 3TUX [ABYX TWUMNOB KonebaHui
paBHbl COOTBETCTBEHHO

(61.5)

(61.6)

roe E — moayns ynpyroctu, G — moAy/nb caBura U p — nnot-
HOCTb cpefipl. B aHM30TPOMHBLIX KpUCTasiiax ynpyrve cBOWCTBa
M MoAOynM YMPYroctT pas/iMyHbl MO pasHbiM  HarpasBneHusM.
MO3TOMY CKOPOCTb 3BYyKa B aHM3OTPOMHbLIX Tenax 3aBUCUT OT



Harnpae/eHNs PacipoCTPaHEHWs] BOJIHbI MO OTHOLUEHMIO K KpW-
cTanlorpacuyeckum ocsiM, a A/ nonepeyHbIX BO/IH — eLle U oT
OpVeHTaLUMN MJTIOCKOCTU WX MOMSpU3aLmn.

B >XXMAKOCTAX MOryT pacrnpOoCTPaHATbCH MPaKTUUYECKM TOMbKO
NPOAO/bHbIE 3BYKOBLIE BOJIHbI CXATUSi U paspexeHus. VX cKo-
pocTb paBHa

roe K — moaynb cxaTtusa Xuakoctu. B TBepApbix Tenax CKOpOCTb
3ByKa cocTaBnseT oT 2 oo 5 km/cek, a B xuakocTtsax or 0,7 oo
2 km/cek (B Boge 03,=1,34 Km/cek).

[ns ckopocTn pacnpocTpaHeHuUs ynpyrux kosnebaHwui B rase
Mbl BbiBEIM B N. XIV pgga BbipaxeHus (56.12) mn (56.13)
B 3aBMCMMOCTM OT TEPMUYECKNX XapaKTepucTuK npotiecca. Pop-
Myna (56.12) npuHagnexmt HblTOHY, KOTOpbIM npegnonaran,
4YTO 3BYK pacrpocTpaHsaeTcs msotepMmuyeckn. O4HaKO OrbIT Mo-
Kasan, 4YTO faxe ANS 3BYKOBbIX KOMe6aHW € MUHUMAaSIbHLIMU
yactoTamu 3a Bpemsi ogHoro konebaHusa (~0,1 cek) Temnepa-
Typa Mexnay oxaTbiMu (M TemM caMblM pas3orpeTbiMu) W paspe-
XXEHHbIMU (1 TeM cambiM OXNXKAEHHbIMW) 06/1aCTAMMU BOSIHbI He
ycnesaeT BblpaBHMBATLCA. [pakTUyYecKu npouecc pacnpocTtpa-
HEeHVA 3ByKa MOXHO cuuTaTb agmabaTtnyeckmm, TakK UTO CKO-
pOCTb pacnpocTpaHeHus 3ByKa B WaeaslbHOM rase ornpenensercs
Bblpa>KeHNeM

ur= (61-8)
rae y——p;/——— OTHOLLIEHME TEeMn/I0EMKOCTEN MPU MOCTOSIHHOM OGb-

emMe 1 MOCTOSHHOWM TemnepaTtype.

Ana oAgHoaTOMHbIX raszosB y=1,67, a ONA MHOroaTOMHbIX
y npubnmxkaetca K eguHuLe. MNo3aToMy, CpaBHMBAs BblpaXeHue
(61.8) co CKOPOCTbIO XaOTUYECKOro TErsioBOro ABMXKEHUS More-
Kyn rasa

TME Y 1X, (61.9)

Mbl BUOMM, YTO MNOCAEAHSS NULb HEeHaMHOro MnpeBbillaeT CKO-
poctb 3Byka. B uactHoctn, pgna  Bosgyxa npu O °C
ynoi= 500 m/cek, a y33= 331 m/cek

AHannanpys BblpaxeHune (61.8), BUANM, YTO CKOPOCTb 3ByKa
B rase 3aBUCUT He OT AaBfieHus p U NJOTHOCTU P MO OTAEbHOC-
TW, @ OT MX OTHOLWEHMSA, T. €. B KOHEYHOM cuyeTe OT abCOoNTHOMN
Temnepatypbl rasza T. Ecnnm nomecTuTb 3BOHOK MO, KOJIOKON
BO34YLUHOrO Hacoca M OTKaymMBaTb BO34yX, TO OAHOBPEMEHHOE



YMEHbLUEHME T/IOTHOCTU W [OaB/IeHUs He W3MEHUT CKOPOCTU
pacnpocTpaHeHnss 3BykKa Mo KosiokoioM. OTkKayka Bo3ayxa
Oy[eT yMeHbllaTb /INWb WHTEHCUBHOCTb 3BYKa, MOCKOJbKY MO
Mepe paspexeHus S3bl4OK 3BOHKa OyAeT NpuBOAUTbL B Koseba-
HVWe BCE MeEHblUME W MeHblUME MaccCbl BO3dyxa. HakoHeu, B
MoMIHOM BaKyyMe pacnpocTpaHeHMe 3ByKa MPEKpPaTUTCs BOBCE
n3-3a OTCYTCTBMS YNpyrow cpegpi.

Taknm 06pa3oM, CKOPOCTb 3ByKa B rasax 3aBUCUT OT Temrie-
paTypbl M cocTaBa rasa, NOCKOJIbKY MOCneaHuii BAUSIET Ha
BE/UNHY ¥ M L. B uacTHoOCTU, gns Hambonee Nerkoro rasa — BO-
gopogda (jo= 2) CKOpOCTb 3ByKa MakcumanbHa v npu O °C
paBHa 1263 M/cCek.

8§ 62. PacnpocTpaHeHue 3ByKa. VICTOYHUKN U MPUEMHUKM 3BYKa

Ecnn pasmMepbl UCTOYHMKA Masibl MO CPaBHEHWUIO C A/MHOM
BO/IHbl, TO OT HEro PacrpoCcTPaHseTCs BO BCE CTOPOHbI cdepu-
yeckasi 3BykoBasi BonHa (puc. 4.43). Ecnn xe pa3vepbl UCTOU-
HUKa BE/IMKM MO CPaBHEHWIO C AJIMHOW BOMHbI, TO BCMeACTBME

VHTepdepeHLMN 1 ANPaKLUN OH U3/ydYaeT HanpaB/ieHHYH 3BY-
KOBYIO BOSIHY (puc. 4.44). B Bo3gyxe npu n=331 m/cek u
viMin,= 16 ry, COOTBETCTBEHHO AvHa BOJTHbI Xvac =

= ~'y -=20,7 m. Npn vMKG=20 000 ru, cooTBeTCTBYIOLAA

[O/MHa BONHbI B BO34yXxe =0,0165 m.
/\) nun CsK

MoaTomy ANa MoslyvYeHust HanpaB/IEHHOro 3BYKOBOIO Myuka
Ha 0OblYHbIX peyeBbiX YacToTax (300—2000 ru) Heob6xoAUMO
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MPUMEHATbL PYrnopbl AnamMeTpoM nopsaka | m. Ons nonydveHus
)K€ HarnpaBneHHbIX YNbTPa3BYKOBbIX My4ykKoB (A < 0,0165 M)
NPUMEHAIOTCA M3MydaroLme MnaacTUHKM MamMeTPOM B HECKOJ/IbKO
caHTUMeTpPOB. [pu yKasaHHbIX Bbille A/IMHAX BOJSH 3ByKa MOX-
HO HabnwaaTh ANPPaKLMOHHbIE ABIEHUSA, B YACTHOCTU OrnbaHme
3BYKOM MpPEnsiTCTBMIA Adaxe 60Nbloin NpOTHKEHHOCTU (CTeHa,
[0M).

Mpu BCTpedye ¢ NpenaTcTBMEM 60NbLUNX pa3MepPOB 3BYKOBbIE
BO/IHbI OTPaXalTCs W BO3BpaLWalTcsa 06paTHO. I3TO fBMeHWe
Has3blBaeTCs aX0. B ropucToil MecTHOCTM Gnarogaps MHOrokpart-
HOMY OTpaXKeHWI0 3ByKa Habnogaetcs O/MTeNbHOe 3X0, MHoraa
po 5 10 cek.

UenoBek o06nagaet A0BOSILHO C/IOXHbLIM annaparom Ans
BOCMPUATUA  3BYKOB. 3BYKOBble KosiebaHus  cobupatoTcs
YWHOW pPakKOBUHOW W Yepe3 CNyxOBOM KaHa/l BO3AENCT-
BYIOT Ha 6apabaHHYl nepenoHKy. KonebaHua no-
cnefHeli yepes CUCTEMY MasleHbKMX KOCTOYEK rMepenarTcs BTO-
poi ynpyroii MembpaHe, TaKk Ha3blBAEMOMY OBa/lbHOMY
OKHY, 3aKpblBalowemMy HebOosbLly0 MOMOCTb YNUTKU, 3a-
MOMTHEHHOM XNAKOCTbIO (1 U M g 0 1). BHYTpU yIUTKM pacnosio-
XXEHO 60/blloe 4MCNOo chneyuasibHbiX BOJMTOKOH, WUMEKLWMX

&

pasnuuHylo AAMHY U HaTsKeHue, a cneposaTesibHO, pasfinyHble
COBCTBEHHbIE 4acTOTbl KonebaHuii. [pu AEeACTBMN  CMIOXKHOIO
3ByKa KaxJoe W3 3TMX BO/IOKOH PEe30HMpyeT Ha TOT
COCTaBMAOLWNMA TOH, YacToTa KOTOPOro coBnagaeT c CO6GCTBEH-
HO 4acTOTOWM BOMOKHA, U pasfpaxaeT COOTBETCTBYHOLLEE OKOH-
YyaHuVe C/yXOBOro Hepsa. Habop pe30oHaHCHbLIX YacTOT B C/yXO-
BOM anmnaparte 1 onpeaenser o06nactb BOCMPUHUMAEMbIX Hamm
3BYKOBbIX KonebaHumii (16—20 000 ru).

Hanuune y uenoBeka [AOByX Yyuleli MO3BONSET onpenenstb
HanpasfeHne npuxodswlero 3Byka (B MHaypan bHbIM
apchekT). Kak BugHo u3 puc. 4.45. pasHOCTb Xoda [ABYX
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3BYKOBbIX Jly4eid Mpu yrne mexay HarnpaB/lieHUWEM Ha WCTOYHVK
3BYKa M M/I0OCKOCTbIO CUMMETPUN YesIOBEYECKOIO Tesla, paBHOM <p
coctasnsetr A/ = asincp, rae a « 20 cM— cpefHee pPaccTosHue
Mexay ywamun. MNpn cp=3° pa3HocTb xoga A/X1 cm, a pas-
HOCTb  BpEMeH  [OOCTUXeHUsA CUTHaJI0M obonx  yLen
At=—V X3 10~5 cek. Mpun nepuoge konebaHms T— \O~A cek

caBur asbl Mexay 060MMU 3BYKOBbIMMW OLLYLLEHUAMU OOCTUra-
eT 0,3 oT nepvofda W BMOSHE OLWyTUM. [15 BbICOKMX 4acToT
M MaJ/ibIX OJIMH BOJIH FO/I0Ba CO34a€eT YXXe 3HAUYNTENbHY akyCcTu-
YECKYH «TE€Hb», UYTO BbI3bIBAET 3aMETHYH Pa3HOCTb aMnanTy[,
CUrHa/I0B B 060MX YyLlax.

Ecnu oT uctouyHmkKa MasibiX pa3mMepoB 3BYK pacrnpocTpaHsieT-
CcA OAVHaKOBO BO BCe CTOPOHbI, TO cua 3ByKa OyaeT y6biBaTb
C POCTOM PacCTOSHUSI OT MCTOYHMKA. CUMTas UCTOYHUK MpakTu-
YecKu TOYEYHbIM, OMULLEM K3 Hero cdepy MpPOmn3BOJILHOIO paauny-
ca r m. NycTb MOWHOCTb UCTOYHMKA paBHa [ px/cek. Torpa
cvna 3Byka | Ha paccTosiHAM I OT UCTOYHMKA, OYEBMAHO, paBHa

/= ——BT/M2, (62.1)
4nr2
T. e. ybbiBaeT 06paTHO MPOMOPLUMOHa/IbBHO KBajpaTy paccTos-
HVA. B MPOTUBOMOIOXHOCTb 3TOMY, ANS HanpaBfieHHOro 3BYKO-
BOro nyyka naowaabs norepeyHoro ceyeHms nyyka, a cnenosa-
TeNbHO, W cwia 3BYyKa [A0/DKHbl MPaKTUYeCKU He 3aBUCeTb OT
paccTosiHMA A0 WCTOYHUKA.

OgHako 1 B 3TOM c/lyvyae Habniogaetcsa 3aTyxaHue 3ByKa,
CBfi3aHHOE C pPas/INYHbIMW HeobpaTUMbIMU MpoLieccamu, Mpounc-
XOOAWMMKN B 3BYKOBOW BOMHe. Mpu KonebatesnbHbIX ABVMKEHUSX
YyacTuL, yNpyrowm cpefpl MeXay HUMW BO3HMKAKT CUJbl BHYTPEH-
Hero TpeHus (BA3KOCTb), W 3@ cyeT paboTbl MocnedHMX 4acTb
3BYKOBOI 3HEpPrvM HerpepbIiBHO nepexoauT B Tersio. Kpome Toro,
KaK yXe YyKas3blBa/iOCb Bbllle, B 3BYKOBOW BOJSIHE B KaXAbll
[aHHbIA MOMEHT B COCEACTBE HaxoAsTCs pasorpetble 0611actv
oKaTusa M oxNaxAeHHble 061acTn  paspexeHus. Bcneacreue
TEeNnIoNPOBOAHOCTN cpefbl Pa3HOCTb TemrepaTtyp Mexay 3TUMn
o61acTaAMn BblpaBHUBAETCH, UYTO CHWUXAET MakKCMMabHOe AaB-
NIeHNe N MaKCUMaslbHOE paspexeHue, T. €. aMnanTyay 3BYKOBOW
BO/IHbl. 3TO B CBOK O4Yepeb CBA3AHO C YMEeHbLUEHWEM 3Heprum
KonebaHuii, nepexogsawein B Terio. Takum 06pa3oM, BHYTPEHHeE
TpeHne (BA3KOCTb) W TErJOMNpOBOAHOCTb Cpedpl MNPMBOAAT K
NOrNOLWEeHWIO 3BYKOBOW 3HEPrMn U HenpepbiBHOMY YMEHb-
LWEHNI0 MHTEHCUBHOCTW PacnpoCTpaHsoLLEeica 3ByKOBOW BOSHbI.
Ecnn BHavyane cuna 3Byka cocTtasnsna /0, TO nocne npoxoxae-
HUS UM ydyacTKa AuHbl X cuna 3Byka | (X) 6ygeT pasBHa
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f(x)= 1@-ax, (62.2)

rie a — TaK Ha3blBaemblii KOoadhdhuuyumeHT no-
rnoweHuna 3Byka. BenmunmHa a BoO3pacTaeT NMPUMEPHO Mpo-
MOpPLMOHa/IbHO KBaApaTy 4acTOThl 3ByKa, NO3TOMY HU3KVE 3BYKU
pacnpocTpaHsaloTca Aanblue BbICOKUX. OCOBEHHO CU/IbHO MOr/o-
warTcs ynbTpasByku. Tak, npu yactote 1 Mr~=10° ry ynbT-
pa3ByK pacnpocTpaHseTcs B Bo3gyxe Ha 5 cm. KoadduumeHt
MorfoweHns 3Byka B BoAe npumepHo B 700 pa3 MeHblUe, Yem
B Bo3ayxe. COOTBETCTBEHHO BO CTOJ/IbLKO >Xe pa3 60/blie fasb-
HOCTb pacnpocTpaHeHns 3BYyKa. Tak, npv yacrtoTte
01 Mruy = 105 ry oHa paBHa B BoAe 3 KM. 3TO 06CTOATENLCTBO
Mo3BOJIET OCYLECTBNATL CBA3b W TMAPOSIOKAUMI0 B BOAE Ha
y/IbTPa3BYKOBbIX 4acToTax, MPW KOTOPbLIX Jlerye co3fartb Ha-
rnpaBneHHble My4Ykn U Kn3bexaTb YMEHbLUEHUS WHTEHCUBHOCTU
C paccTosiHMemM MO 3aKOHy (62.2).

Mpu yactotax v ~ 109 ruy B rasax A/iHa BOJIHbI Y/IbTPa3By-

ka A.=-"-= —9 =3-10-7 M, T. €. CTaAHOBUTCA CpPaBHUMOI C

L/MHOW cBOGOAHOro nNpobera MOMeKyn npu atMoctepHoOM fasne-
HUN. TOCKOJMIbKY MexaHM4eckasi CBSI3b MeXAy COCEOHUMU OO6b-
emMamMy rasa ocyliecTnsieTcas OOMEeHOM MOJEKYN U B3aUMHbIMU
CTO/IKHOBEHMAMU NocnegHUX (CM. TEOpUD SIBEHU MepeHoca),
TO MpU CTOJIb KOPOTKMX BOMIHAX Fa3 y>Ke Henb3si paccMaTpuBaTb
KaK CMJ/IOWHY Yynpyryto cpefy. lNpakTuyecksm B 3TOM cry4vae
BCS 3Heprmna ynbTpasByka OyaeT nornowarbCcs Ha MpoTsHXEeHUU
OAHOW A/INHbI BOJHBI.

B nopuctbix MaTepuanax (BOWIOK, 6GapxaT, LWTyKaTtypka
MT. M.) BO3A4yX 3aK/Il0OYEH B OFPOMHOM YMC/e KaHasbLieB Hernpa-
BUIbHOM hopMbl. [py 3BYKOBbIX KOME6aHUAX 3TU OTAE/bHbIE
ob6beMbl BO3lyXa WCMbITbIBAOT CU/IbHOE TPEHMEe O CTEHKU Ka-
HaslbLIEB, MO3TOMY MOAO6HbLIE MaTepuasibl MHTEHCUBHO MOr/oLLa-
0T MajatolimMe Ha HUX 3BYKOBbIE BOJIHbI.

B apXmTekTypHOW akycTuke A8 60/blMX MNOMeLLeHur (3a-
Nbl, ayauTopuKn) UrpaeT CyLLeCTBEHHYIO posib TaK HasblBaemas
rynkoctTb, wm peBepbepauns 3TMX MNOMELLEHNIA.
3BYKM UCMNbITbIBAIOT MHOIFOKpaTHOE OTPaXeHMe (3X0) OT orpax-
JaloLLnX NOBEPXHOCTEN M BOCMPUHUMAKOTCS CryllaTenemMm B Teue-
HVEe HEKOTOPOro A0BOJSIbHO A/IUTENbHOIO MPOMEXYTKa BpPeMEHMU.
Mopo6Has rynkocTb MOMELLEHUS yBeNnyYMBaeT cuiy AoXoasule-
ro 4O Hac 3ByKa, OAHAaKO Mpv CAULLKOM ONUTeNbHOM pesepbepa-
UMM OTAEeNbHblE 3BYKU PEeYM HauMHAlT HaklaablBaTbCA OAVH Ha
Opyro v peyb nepectaeT BOCNPUHUMATLCA YeHOopasAesbHO.
MoaTOMy CTeHbl 3a/10B U ayAuUTOPWUIA MOKPLIBAKOT CreumasibHbl-
MW/ 3BYKOMOI/IOLAKLWMMN MaTepuanamMmm gas yMeHbLUEHUs ryJi-
KOCTW.
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MICTOUHMKOM 3BYKOBbIX KO/IE6AHUI MOXET CNYXWUTb Jo6oe
Koneo6stoLLeecs Teno: A3bIYOK 3BOHKA, KAMEPTOH, CTPyHa CKpUI-
KA WM posnisi, cToN6 Bo3dyxa B AyXOBbIX WHCTPYMEHTax W T. M.
Te Xe camble Tena MOFyT CNYXWUTb W MPUEMHUKAMU 3BYKa,
Korga OHVM MpUXoAdaT B ABVXEHWe nof, OeiicTBueM KoneGaHuii
OKpyXatollleli ux ynpyroin cpefpl. Korga WCTOYHMKOM WA

. ™Nrrrrrrrerrre®™ S

a)

B)

Puc. 4.46.

NPYEMHUKOM 3BYKa CNYXWUT MPOTSHKEHHOE Teno, obnajatouiee
MHOXECTBOM CTereHell cBOOOAbl, TO XapakTep ero KonebaHwii
OT/INYaeTcs OT PacCMOTPEHHOrNO Bbille MO IM3MPOBAHHOIO Cy-
yas KonebaHwii MaTepuasibHOM TOYKU C OAHOW CTEerneHbk CBO-
604pl.

NS BbIACHEHUS BO3HMKAKOLWMX B 3TOM C/lydyae KayeCTBEHHO
HOBbIX fBMEHU paccCMOTPUM MNpUMep KonebaHwii CTPYHbl OINHbI
I, 3aKpenneHHo’ Mo KpasM U HaTArmBaemor C CUMOoi S HbIOTO-
HOB (puc. 4.46). N3 ycnoBuiA 3aKpenseHns CTPYHbl BbITEKAET,
YTO KOHUpI CTPYHbl OO/MKHbI OCTaBaTbCA HEMNOABWXHLIMU, T. €.
Ha Kpasx CTpyHbl Bcerga A0/DKHbl ObiTb y3nbl konebaHuin. Ecnn
OpYyrnx y3noBbIX TOYEK Ha BCEW OJ/IMHEe CTPYHbl HET, TO CTpyHa
oyaeT KonebaTbCa Kak uenoe (puc. 4.46, a) W O/iviHa CTOSYeEl
BOMHbI X0 OyAeT paBHa YABOEHHOVM A/VIHE CTPYHbI:

X,=2/. (62.3)

Mo aHanornun c copmynamu (61.5) n (61.6) cKOpoCTb pacnpo-
CTpaHeHUs KonebaHwii BOONb HAaTAHYTOW CTPyHbl OyAeT pasBHa

vi= VvVt (624)
roe p'— macca eguiHuubl 4IMHblL CTPYHbI (Kr/m). Cneposatefb-
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HO, YyacToTa KonebaHwui BO3HMKaKOLWEero 3eyka, Tak Ha3blBaeMo-
IO OCHOBHOIo TOHa CTpPYHbI, paBHa

(62.5)

M 3aBMCUT OT AJ/INHbI CTPYHbI /, ee MacCbl p' N HaTsHkeHus 5.

Mo ycnoBmsiMm BO30YXAEHUS CTPyHa MOXET HauyaTb Kone-
6aTbCsi M TaK, KakK 3TO u306paxeHO Ha puc. 4.46, 6, T. e
C OOHVUM AOMOJHUTENbHBLIM Y3/10M MocpeavHe. Torga Ha pactosi-
HUM / 6ydeT yKnaabiBaTbCsA Y)Xe OfHa CcTosiyas BOMHA A/IMHOM

A,,=4p a cooTBeTCTBYylOLlas YacToTa KonebaHuin V| = 2vo. Ecnm

Mo A/IMHE CTPYHbl BO3HUKHYT OBa OOMOMHUTENbHLIX Y3Ma, Kak
nokasaHo Ha pwvc. 4.46, B, TO COOTBETCTBYIOLLAs A/IMHA CTOsYel

BO/IHbI A2=-j 5 a 4acToTa KosebaHuii cTpyHbl v2=3vO u T. L4

Takum o06pa3om, Konebnwollascs CTpyHa Hapsgay € oc-
HOBHbLIM TOHOM 4acTOThl \Sj M34aeT elle Lefblid psg Tak
Ha3blBaeMbIX OGEPTOHOB, WM BbICWIMX FAPMOHMUK
C vyacToTamu

v,=(n + l)vQ (62.6)

Mprmech 3TUX rapMOHMK K OCHOBHOMY TOHY CO34aeT «OKpac-
Ky», WM TemM6b6p 3Byka. PasnnyHble Tena, uigalowme oavH
M TOT >Xe OCHOBHOW TOH, WM pas/iMyHble Mgy, foLwme oaHy
U Ty Xe My3blKa/lbHYl0 HOTY, MO-pasHOMy oOKpallnsaloT ee
NPYIMECbI0 CBOMCTBEHHbLIX VMM FapMOHUK, T €. UX 3BykKn obnaga-
0T pas3nyHbiM TemMbpoM. TeMOp 3ByKa XapakTepusyeTcs Tak
Ha3blBaeMbIM CNEKTPOM 4YacTOT, MU30O6paKEeHHbIM Ha pucC.
4.47. Tlo ocu abcymcc Ha 3TOM PUCYHKE OT/IOXKEHbl 4acTOTbl,
a no ocn opauvHaT — aMmnauTyAbl OTAefIbHbIX COCTaBAKLLNX
rapMOHUYECKNX KonebaHuii.

3a nocnegHve pAecaTUNeTUs LWMPOKO passunack 065acTb
TEXHUYECKNX MPUMEHEHWI 3M1EKTPOAKYyCTUKU, T. €. Npeobpasosa-
HUA 3NEeKTpUYeckUX KonebaHun B 3BYKOBble, Y/bTPa3BYKOBbIE
1 06paTHOro X NpeBpaLLleHns B aneKTpuyeckme KonebaHms. 3Tu
MeToabl 6yayT onucaHbl B Tome Il. Cellvac e yKaxeM Nullb Ha
HEKOTOpble TEXHUYECKNE TMPUMEHEHUS Y/bTpa3ByKa.

Manas g/vHa BOJHbI YNbTpasByka 06YCNOBNMBAET /IErkoCTb
MoJlyYeHUa Harnpas/IeHHbIX Y/IbTPa3BYKOBbIX MYy4YKOB. [1ponyckas
My4YOK Y/bTPa3BYKOBbIX Jlyyelr uepe3 MeTa/VIMYeckylo AeTasb,
MOXHO O6GHapYXWUTb B HEW pPaKoBUMHbI W APYrMe BHYTPEHHUE
OeekTbl N0 XapaKTepHOMY pPacCesHUIO My4yka OT rpaHuvl, aedek-
Ta U MOABMEHUIO YNbTPa3BYKOBOW TeHW. Ha 3ToM npuHUmne
OCHOBaHa Tak Ha3blBaemMas ynbTpa3ByKoBafa pfedek-
Tockonusa, cosgaHHaa C. A. COKONoBbIM.



[ns onpegeneHvst ryGUHbI MOPS Mog, Kopa6nem MpUMEHSIOT
TaK HasblBaeMblii 3XOMOT. VCTOYHUK YyNbTpasByka B OHMLLE
KOpabns nepuvoamMuyeckn MocbiaeT curHanbl. OTpaxascb oT
MOBEPXHOCTM [AHa Mops, 3BYK BO3BpaljaeTca K Kopabnio wu
nonagaeT B COOTBETCTBYIOLMNIA MPUEMHMK. 10 BpeMeHM MPOXOX-
OeHNs curHana go gHa 1 obpaTHo At onpegensetca riy6uHa
Mopst

(62.7)

MprMeHeHne OObIYHBIX 3BYKOBbIX 4acTOT MOXET MpUBECTU
K OlWMbKam B Cllyvyae HEpPOBHOMO AHa, TaK KaK BOJSIHA, OTPaXeH-

Hasi OT GOKOBbIX BbICTYMOB AHa,

MOXXET BEPHYTbCS paHblLe, YeM

OT TO4YeK, pPacrosioXeHHbIX

HenocpeacTBeHHO Mo4 Kopab-

nem. lMoaTomMy B 3X0n0Te Cy-

LLEeCTBEHHO MpPUMEHEHME Ha-

npas/eHHbIX YNbTPa3BYKOBbIX

ny4ykoB. TakuMm Xe o06pas3om

MOXeT OblTb OOHAPY>XEHO Mpu-

CYTCTBME MOf, BOAOW MOCTOPOH-
V  HUX Ten, Hanpvmep noasoaHOM

N0k WM pbIBHOrO  KOCSIKa.

3T MmeToabl YNbTPa3BYKOBOWA

rugponokaymmn 6bln
n306peTeHbl 1. JlaH)XeBEHOM.

YNnbTpa3ByKOBble BOJIHbI 6OMLLLOA amMnaANTyAbl LUMPOKO Npu-
MEHSIIOTC B HacTosilee BpeMsi B TEXHWKE A1 MeXaHU4eCKOoW
06paboTKM TBEPAbLIX MaTepuasioB U T. M.

Kak ykasblBanoCb Bbllle, YNbTPa3BYKOBbIE BOJIHbI B BO3A4yXe
CW/IbHO 3aTyxaloT. ITO O6CTOATENIbCTBO HECKO/IbKO 3aTpyaHseT
OCyLLECTBNIEHNE CBSI3N C MOMOLLbIO Y/IbTPa3BYKOBbLIX CUTHA/IOB
M nepefaus ux Ha 60/blUve pPacCTOSHUSA.

B npupope ynbTpa3ByKOBOW siOKauumeln nonb3ylTcs neTtyyve
Mbiln. Kak nokasanu HabnwaeHus, cnenble AeTydyne Mbilun
OXOTATCA 3a HACEKOMbIMUW, JIerKO MWHYsS nperpagbl — BeTKU
[epeBbEB, HaTAHYTble NposBoda M T. A. OKasanocb, 4YTO neTyuyve
MbILIX B MOSETE NEPUOAVNYECKM VUCMYCKAKT CBUCT B AMarnasoHe He
ynaBfMNBaeMbIX 4YesIOBEYECKMM YXOM Y/bTPa3BYKOBbIX 4acToT.
B oTanume oT 06bIYHbLIX 3BYKOBbIX BOJSIH CPaBHUTENbHO 6O/bLLON
ONVHbI KOPOTKME YNbTPa3BYKOBbIE BOJIHbI XOPOLLO paccemBatoT-
CA Ha caMblX He3HaunTesNbHbIX nperpagax. MpocnywmBas B
naysbl MeXay MWCNyCKaeMblMU CUTHa/laMy OTPaXEHHbIe U BO3-
BpallaloLlmnecs K Heli ynbTpa3ByKu, neTyyas Mbillb NIEFKO OpwU-
E€HTVpYeTCs B MPOCTPaHCTBE.

Puc. 4.47.



KonebaHuss ¢ 4yactoTamm MeHbwe 16 ru— MHgppa-
3BYKW — TakKxke MOryT HaliTu npakTuyeckoe MnpuMeHeHe.
YKaxeM Nub Ha NpUMep TakK Ha3blBAEMOro «rosioca Mops»,
ob6HapyXeHHoro B. B. LynerknHbim. LLTOpM Ha mMope co3gaet
ONVHHbIEe 3BYKOBble BOJHbI, VMeloWMe HU3KYK 4acToTy (8—
13 ru). CkopocTb BeTpa W NepegswkeHWe LUTOpMa Mopsaka
20—30 m/ceK, CKOpOCTb e 3ByKa W B BO3Ayxe W B BOAE
3HaunTeNbHO 60sblie. Mo3TOMYy MH(Pa3BYKOBOW, OYEHb HU3KUIA
«ro0fIoC MOpsi» OrepexaeT LWTOPM U CUTHaIM3UPyeT O ero npu-
6nmxeHnn. HekoTopble MOPCKME XMBOTHbIE CMNOCOGHbLI BOCMPU-
HUMaTb CTOJIb HU3KWE 3BYKU U NMPAYYTCA 3a00ro 40 Npubnnxe-
Hus 6ypu, Korga gaxe 6apoMeTp elle He npeackasbiBaeT LWTOP-
Ma. C. B. [LOGPOKIOHCKMM OblIN CKOHCTPYMPOBaHbI COOTBETCT-
BYHOLLME NPUBOPbI, CUFHATN3UPYIOLLME O NPUBIVXEHUN LUTOPMA.
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