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NMPEAUCNOBUE KO BTOPOMY USOAHUIO

Jlnst BTOpOTo M3aHUA KHHTA MOABEPIach CYIECTBEHHOH nepepaboTke
U pacuipeHuio. Mcnpasnen psag ynyuieHHH M HETOYHOCTEH MEPBOTO
n3ganus. B GonpummHCcTBO NMaparpadoB BBeAeHBI 3amaud. Mbl counn Hene-
necoo6pa3HbIM NPUBOAMTD PELICHHs 3aa4, KaK M0 COOOpakeHHsAM, CBA3aH-
HbIM C 06BEMOM KHHTH, TaK H MOTOMY, YTO CAMOCTOATENIbHOE pElIeHHEe 3a-
Jay MPHHOCHT 3HAYHTENBHO GOMbIIE MONb3bI, HEKEIN YCBOSHHE NPHBEICH-
HBIX B KHUTE peuienni. [103ToMy MBI Janti OTBETHI K GOIBIIHHCTBY 32434 U
JMIIb K HEKOTOPBHIM 3a/1a4aM KpPaTKHe YKa3aHMus.

BBeneHHBIH BHOBL MaTepHall pachpefeneH MO BCEM TpeM pasjesaM
KHATH. B KauecTBe HEMONHOro MEepeyHs HOBBIX BOMPOCOB OTMETHM B 4. I
naparpadpbl, MOCBAIIEHHbIE H3N0KEHUI0 TEPMOANHAMHUKA AUIIEKTPHKOB H
Ia3Mel, ,napagokcy* I'n66ca v npunuuny Hepucta, B 4. II — Teopuro
OpTO- ¥ napamMoabHKaIMi, TEOPHIO TEMIIOBOH HOHM3ALHMA M AMCCOLHALIAH
MoJekyl, nebaeBckoe SKpaHHPOBAaHHE, 3IEKTPOHHBIA ra3 B MOJyNpo-
BoJaHMKaX, GopMyny HaiikeucTa u ocobenno rnaBy ,,{a30Bbie epexoasl”,
B 4. III — maparpads1 ,,bespasmepnas ¢opma ypaBuenuii BoromoGosa“,
»MeToAb! peuleHus ypaBHeHHs bBonbumMana®, maparpadbl, MOCBSIIEHHBIE
3aTyxaHuio Jlanaay, KHHETHUECKOMY YpPaBHEHHIO IJIs TUIAa3MBbl U pobieMe
HeobGpaTMocTy. CymecTBeHHO MepepaboTaHa M paclIMpeHa riasa ,Jle-
MEHTbl HEPABHOBECHOH TEPMOJHHAMHKHM', B KOTOpoi mommumo Gonee ne-
TallbHOTO PacCMOTPEHUA 001acTH, GIM3KOH K paBHOBECHIO, BBEJEH Mapa-
rpad, NMOCBAIIEHHbIH KAYeCTBEHHOMY PacCMOTPEHHIO COCTOSHHIH, JANeKuX
OT paBHOBECHS.

M= xoTeny Gvl, 01HAKO, HOAYEPKHYTh, YTO OCHOBHAS LENb KHHUTH OCTa-
J1ach HEM3MEHHOH (CM. NpeANICIOBHE K NIEPBOMY H3JAHHUIO).

B 3akmoyeHse Mbl BhIpaxaeM IyGokywo 61arofapHoCTb MHOTHM Ha-
HWIMM KOJUIETaM 3a BeChbMa IOJIe3HbIE 3aMedaHus M o0CY)XIEeHNs KaK MaTe-
prana CTaporo W3JaHus, TaK ¥ BHOBb BBEeICHHBIX maparpadoB. Ocobyio
6narogapHocTe Ml XoTHM npuHecTH 1. JI. KoTkuny, I'. T'. MuxainnueHko,
B. I'. 3eneBunckomy u B. C. JIbBOBy 3a OMCKYCCHH, KOTOpBIE NMPHHECIH
HaM GonbIyo nons3y Npu paboTe HaJ KHUTOH.

Mait 1976 r. IO. B. Pymep, M. LLl. Pvigxun



M3 NPEAUCIIOBUA K NMEPBOMY U3JAHUIO

MpennaraeMas KHWra paccuMTaHa Ha CTYAEHTOB, IPHCTYNAKOIIMX K
H3YUYEHHI0 TEOPETHUYECKOr0 Kypca TEpMOJMHAMHKH, CTATHCTHUYEeCKOH ¢u-
3MKH U KMHETHKH. B COOTBETCTBHH C 3THM HPEANOJIAraeTcs, YTO UYATATEND
HMeeT NOCTaTouHble 3HAaHUA Mo obmel ¢wu3nKe, Briciiell MaTeMaTHKe U
KBaHTOBOH Mexanuke. Bonee Tpyausie maparpadsl, Tpebyromue oT unTaTe-
ns Gonblueii MOATOTOBKH, OTMEUEHBI 3BE3I0YKON U MOTYT OBITH OIYyIEHbI
TIPH TEPBOM YTEHHH.

3ajaua KHUTH 3aK/II0YaeTcs B TOM, YTOOBI MOCTENEHHO, HAYMHASA C 3J1e-
MEHTAPHBIX MOHATHMH, MO3HAKOMHTH YUTATENS C METOAAMH TepMOAHHAMH-
KH, CTaTUCTHYECKOH GH3HKH ¥ KMHETHKH, HAYYHTh METO1aM PEUICHHS KOH-
KpPETHBIX 3aJ]a4 M MaKCHMAalbHO OBICTPO MOABECTH €r0 K YPOBHIO, ITO3BO-
JAIOMEMY YHTAaTh MOHOTpaQMH M CTaThbH, TOCBAIIEHHBIE CHEIMANbHBIM
npobnemam. B cBA3M ¢ 9THM B KHHTE, HEM3GEKHBIM 06pa3oM, COCEACTBYET
H3T0XKEHHE BeCbMa 3JIEMEHTApPHBIX BONPOCOB, KOTOpPHIE YAaCTH UHTATENei
MOTYT MOKa3aThCs Yepecuyp NPHMHUTHBHBIMH, C M3JI0)KeHHEM npobiemM, Ko-
TOpBIE APYTOH YACTH YMTATENEH MOTYT MOKA3aThCA YEPECUYP CIIOKHBIMH.

ABTOpaM oOcTaeTcs JHIUb NPHHECTH CBOM M3BHHEHHA TOH W Jpyro#
IpYIIe YHTaTeNneH ¥ NpeII0KUTh UM TIPOITyCTHTL COOTBETCTBYIOMIME Mapa-
rpadpsl.

HWMeHHO cTpeMneHre KaK MOXHO OBICTpee MpOWTH IHEpBOHAYANBHEIE
9Tansbl U NEPEeHTH K KOHKPETHBIM 3aJjauaM AMKTOBAO B 3HAUYHMTENBbHOH Mepe
MeToAbl BBeIEHHS OCHOBHBIX MOHATHHA. Tak, HanpuMep, B paszaene, MOCBA-
MEHHOM (EHOMEHONOTHYECKOH TEPMOJHMHAMHKE, MOHATHA 3HTPOMHH H
TeMIepaTypbl BBOIATCA COBMECTHO YK€ B MEpBBIX maparpadax, 1 B gaib-
HeleM UIMPOKOe HMCMONb30BaHHE AKOOMaHOB TMO3BOJSAET AATh €AMHBIN
crocob pelmeHds MIHPOKOro Kpyra NMpoCTeHIIMX 3ajad, OTHOCAMHXCA K
n06BIM MOHOBApHAHTHBIM (@ B AJalibHEHIIEM M IOTHBAPHAHTHBIM) TEPMO-
JMHAMHYECKHM CHCTeMaM. Te ke cooOpaxkenus moOyaMiayd Hac Ha4athb
H3JI0KEHHE OCHOB CTAaTHCTHUYecKOH (H3MKM ¢ MeToja ,IMKOB U A4eeK™,
TIPUTOJHOrO TOJNBKO AJI MAEAJbHBIX Ia30B, MOCKOIBKY 3TOT METOJ MO3BO-
JISET TIPOCTO pellaTh JOBOJBHO IHPOKUH Kiacc 3agad. B mpansreimem ms-
naraeTcs, KOHeuHo, u 6osiee obmuit MeToa ancambneit ['m66ca.

Msl xoTenu O 0COOEHHO TONYEPKHYTH 37ieCh Clienylomee o6cTos-
TenbeTBO. M3noxenne ocHOB cTaTHCTHYECKOH GH3MKKM HAYMHAETCA HAMH C



THIOTE3bl HEPA3IHUYMMOCTH YacTHI] 1 HE CBA3BIBACTCA HA NEPBOM 3Tane HA
¢ Kak¥MH KBAaHTOBOMEXaHHUYECKHMH INpEICTABICHHAMH. TeM CaMbiM MEI
XOTeNM MOAYEPKHYTh, YTO HAPAAY C ABYMs MCTOPHYECKH PEaly30BaBIIM-
MHCs IMyTSMH OTKPHITHA BOJHOBOH MPHpOABI MAaTEPHH — BO3HHKHOBEHHE
MaTpHYHOH MEXAaHHKH, OCHOBAaHHOH Ha mpuHUHUne cooTBeTcTBUA (I eii3en-
6epr — bop), ¥ co3zaHHe BOJHOBOH MEXaHHKH, OCHOBAaHHOHW Ha ONTHKO-
Mexanuyeckoit ananorun (Lpeaunrep — I'aMHIbTOH), — OBLT BO3MOXKEH
TPETHi MyTh, 110 KOTOPOMY SBHO 1ien A. DWHIUTEHH, MyTh, OCHOBAHHLIH HA
CTaTHCTHYECKON MEXaHHKE. BO3MOXHOCTL 9TOr0O TPEThEro MyTH CBA3aHA C
TeM, 4T0 06beM 3neMeHTapHOH sueliku $a30BOro NpoCTpaHCTBA B CTATHC-
THKE Hepa3lH4KMMBIX OObEKTOB HE NMPOH3BOJIEH, & AMKTYETCA OAHO3HAYHO
3aKOHaMH NpHpoAsl. [lo3ToMy oH B mpuHUuNE Mor 6bl ObITH HaWAeH H3
9KCIIEpUMEHTA, ¥ mocTosiHHaA [Inanka Morna 6bl mosiBUThbCS B QH3HKe HE B
pe3ynbTaTe aHanM3a 3aKoHOB M3nyyenus (M. [Inank) wiy 3akoHOB ¢oTO-
atdexta (A. DHHIITEHH), a B pe3ybTare, HAIPHMED, H3MEPEHHS TeIIoeM-
KOCTH 3JIeKTPOHHOTO Ia3a NpH HU3KHX TEMIIEPaTypax.

Mo 3Toii npyuuHe B Gonpiueii YaCTH KHHUTH MBI MOJB3yeMCs MOCTOSIH-
Hoit [InaHka A, ecTeCTBEHHO BO3HHKawomed B CTaTHCTHYeckoi ¢u3nke B
KavecTBe Mepbl ¢a3oBoro o6peMa, a He NMOCTOSHHOMN 7, Gonee ymoGHO# B
KBaHTOBOH MEXaHHKE.

Mapr 1971 1. 10. B. Pymep, M. ILI. Puigkun
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BBEAEHWUE

TepMoarHaMuKa, cTaTHCTHUYeckas (H3MKa M KHHETHKAa 3aHMMAIOTCA
n3ydeHreM GHU3NUECKHX NMPOLECCOB, HPOHCXOAAIMMX B MAKPOCKOMHYECKHX
CHCTEMAxX, T. €. B CHCTEMaX, COJEPXKALINX OrPOMHOE YHCIO MHKPOUYACTHIL
(B 3aBHCHMOCTH OT KOHKPETHOTO BHJA CHCTEMBI STHMH MHKPOYACTHIIAMH
MOTYT OBITH aTOMBI, MOJIEKYJIBI, HOHBI, JJIEKTPOHL!, GOTOHEI U T. A.).

CymecTByIOT IBa METOAa H3yUeHHS COCTOSHHMH MaKpOCKOIHMYECKHX
CHCTEM — mepMOOuHamudeckui W cmamucmuyeckutl. Tepmoounamu-
yeckuti MemoO He OMHMpAETCA HM HAa KAKHe MOJENbHbIE NPEACTaBIEHNA 06
aTOMHO~MOJEKYJIAPHOH CTPYKTYpe BEIeCTBAa W SBJIAETCA MO CBOel CyTH
METOAOM (HEHOMEHONOTHYECKHM, DTO 3HAUMT, UTO 3amadyeH TepMOANHAMU-
YeCKOT0 METO/a ABJAETCH YCTAHOBJIEHHE CBA3eil MeXIy HENOCPeaCTBEHHO
HabmrofaeMbIMH (M3MEpAEMBIMY B MAaKPOCKOITHUECKHX OMNBITaX) BEIMYHHA-
MH, TAKHMH KakK JaBlieHHe, 00beM, TeMrepaTypa, KOHIEHTpalus pacTBopa,
HanpsHKEHHOCTD 3NIEKTPHUYECKOr0 MIIM MarHUTHOTO OIS, CBETOBOH MOTOK M
Ip. Hao6opoT, HuKakue BENHUYHHBI, CBA3aHHBIE C ATOMHO-MOJIEKYJISPHOH
CTPYKTYpO# BellecTBa (pa3Mephl aTOMa WM MOJIEKYIIBI, HX MacChl, KOIH-
4eCTBO U T. [.), HE BXOJAT B pACCMOTPEHHE NPH TEPMOAMHAMHYECKOM MOA-
X0J€ K PEUICHHIO 3aaa4.

B NpOTHBOMONIOKHOCTb 3TOMY CMAMUCMUYECKUll Memoo W3yueHHs
CBOJICTB MaKpOCKOIIMUYECKHX TeJl ¢ CAaMOTr0 Hayania OCHOBAH HA MOAEbHBIX
aTOMHO-MOJNEKYISAPHBIX NPEACTaBICHNSAX, U TIABHYIO 3aia4y CTaTHCTHUYEC-
Ko# (H3MKKM MOXKHO cHOpPMYIHPOBATh CIEAYIOINM 00pa3oM: 3Hast 3aKOHBI
MOBEJEHUA YacCTHL, U3 KOTOPHIX MOCTPOEHA CHCTeMa (MOJIEKYNbI, aTOMBI,
MOHBI, KBAHTHI U T. [.), YCTAHOBHUTE 3aKOHBI MTOBEJCHHA MaKPOCKOMHYECKO-
TO KOJIMYECTBA BEIIECTRA.

W3 cka3aHHOrO BHITEKAIOT ¥ AOCTOMHCTBA, M HEZOCTATKH KAaK TEPMO-
JHHAMHYECKOT0, TaK M CTATUCTHYECKOTO HOAXOA0B K H3YUECHHIO ABJICHHH.

TepMoguHaMHUECKHI METOA, HE OYAYyYH CBA3aH ¢ MOJENBHBIMH TIPeJ-
CTaBleHHAMH, 0bl1asaeT BecbMa 60NbIIOH O0GIIHOCTBIO, B TO BpeMs KaK BbI-
BOABI CTATHCTHUECKOH (PM3MKH CnpaBeANMBHL NHIIL B TOH Mepe, B Kakoi
CTpaBeUINBBI TIPEATNONIOKEHNS, CAENAHHbIE O MOBEICHHMH Menpuaiimmnx
YaCTHI[ CHCTEME!.

TepMoanHaMudecknii METOJ, KpOME TOrO, OTIHMYAETCH, KaK MpaBHIIO,
Gonpoii MpOCTOTOM M BEAET, MOCNE PAAA MPOCTHIX MATEMATHYECKUX MpO-
HEAYP, K PEICHHIO 1eNIOT0 pAAa KOHKPETHBIX 3ajay, He TpeOysd HHKAKHX
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B 0CHOBe TepMOJHHAMHUKH JIEXKAT MPHHLHUIILI, ABJISIOMHKecs 0600menn-
€M OMBITHBIX JAHHBIX: MPHHLHKIT TEMNEPATYpPhl (4aCTO Ha3bIBaCMBIH HyJle-
BHIM HA4yaloM TEPMOJMHAMHKH), IPHHLIHI 3HepruH (I Hawano TepMoavHa-
MHKH), mpHHOUN suTponuu (I1 Havalo TepMOAWHAMHKH) M IOCTYJIAT
Hepnucra (111 Hayano TepMOIHHAMUKH).

Kaxk MbI yxe yIoMHHaIH BO BBEICHHH, TEPMOANHAMHKA HE MOJIb3yETCs
MOJENBHBIMH aTOMHO-MOJIEKYJIAPHBIMH MPeICTaBIEHUAMH, B MOXHO ObLIO
6b1 M3NIOXKHTh BCE COJAEpKaHME TEPMOIAMHAMHKH, HH pa3y He ymoTpebus
TEPMHHBI aTOM, MOJIEKyJa, HOH, OTOH M T. 4. MBI, ogHako, 6yneM B OT-
JeNBHBIX MeCTax 00palmaTscs K aTOMHO-MOJIEKYJISIPHBIM MPEACTaBICHHSAM,
HO B YHCTO WUTFOCTPATHBHBIX LEJAX.

Heckonpko c110B 0 CTPYKTYpe 3TOM YaCTH.

B §§ i—11 MBI paccMoTpuM o0Imie 3aKOHBI TEPMOAMHAMHUKH, BBOIA U
WUTIOCTPHPYS HX, TJIABHBIM 06pa3oM, Ha NMpHMepe MpocTeieil TepMoIn-
HAMHYE€CKOM CHCTEMBbI — HJ€albHOrO ra3a, XOTs MHOTHE H3 COOTHOIIEHHIA,
MOJIyYEHHBIX B 3THX maparpadax, MpYMEHHMBI M I8 ApYyTHX TepMOAMHa-
MHYECKHX CHCTEM.

B §§ 12—20 paccMoTpuM mpHMephl JpYTrMX MOHOBapHaHTHBIX (MMe-
OMUX OIHY ,,MEXaHHUYECKYI' CTeNeHb CBOGOABI) TEPMOAMHAMHUYECKHX
CHCTEM.

B § 21 MBI npoBeeM BecbMa KpaTKo 06061meHNe TepMOINHAMHYECKHX
METOJOB Ha ClTyyai MOJMBapHaHTHHIX (MMEIOIMX HECKOJIBKO ,,MEXaHHYEC-
KHX“ cTeneneit cBo0OIbI) TEPMOAHHAMHYECKHX CHCTEM.

Haxoren, B §§ 22—31 paccMOTpHM TepMOAMHAMHKY CHCTEM C Iepe-
MEHHBIM KOJIMYECTBOM BEmMECTBAa ¥ 0coBeHHO Bompoc 0 (a3oBBIX paBHOBe-
cusx ¥ Ga3oBBIX MEpEXoaax.

§ 1. PaBHOBeCHbIe COCTOAHUA U PABHOBECHbIE NPOUECcChl

ByneM Ha3bIBaTh mepMOOUHAMu4eckou cucmemou 11060e MaKpOCKOIIH-
YECKOE TeN0, HAXOAAIEeCs B PABHOBECHOM MM GIIM3KOM K PABHOBECHOMY
COCTOSIHHH, 5



Inasa |. OBLLUME 3AKOHbI TEPMOAUHAMMKHA 13

Cocrosnus nr06oit TepMOIHHAMUYECKOH CHCTEMBI MOTYT GBITH 3afaHbI
C MOMOINBIO psAjia MapaMeTpoB. Tak, HaNpUMep, COCTOSIHHS ra3a WM XKHA-
KOCTH (OZHOPOIHBbIE CHCTEMBI) MOTYT OBITh 3a/laHbl C MOMOINBIO MAapaMeT-
poB: P (maBnenwue), V (06bvem), T (TeMIepaTypa); COCTOSHHUSA IUIEHKH JKHA-
- KOCTM — C MOMOIIbI0 MapaMeTpoB: & (k03¢ HLUHEHT MOBEPXHOCTHOTO
HATOKEHHA), O (TI0IAAb MIeHKH) U T, COCTOAHHA CTEPIHA — C MOMOIIBIO
napamerpos: ! (an¥HA), ¢ (MWIOMALs MONMEPEYHOro ceyeHud), f (pactaru-
parotas cuia), E (Moayns IOura) v T. 1.

Cnenyet, 0HaKO, 3aMETUTb, YTO He B JIFOOOM COCTOSHHH CHCTEMBI BCE
ee mapaMeTpsl HMEKOT ONpeAeNieHHbli cMbIc. Tak, HanpuMep, MPEeACTaBUM
cebe cocyn, pa3feNieHHEIN Ha ABe MOJIOBHHBEI MEPErOPOAKOH C KPaHOM, H
MyCTh BHAyale B JIEBOH IOJIOBHHE HaXOAWTCA ra3, a B MpaBo# — BaKyyM.
Ecnu MBI OTKpOEM Tenephb KpaH, TO U3 KpaHa BBIPBETCA CTpys rasa. SIcHo,
YTO B IMepBble MOMEHTHI 3TOr0 Mpouecca o6beM rasa Gyaer HeonmpenaesneH-
HbBIM — IUIOTHOCTb ra3a B NpaBoil MOJOBHHE COCyAa OydeT MeHAThCS OT
TOYKH K TOYKE N0 KAKOMY-TO CJIO)KHOMY 3aKOHY, M YKa3aTh IpaHHLbI 00be-
Ma, B KOTOPOM HaXOAHTCH I'a3, HEBO3MOXKHO.

B03MOXHBI TaloKke COCTOSHNSA, B KOTOPBIX KakoH-THGO mapaMerp cHcTe-
MBI pa3iyyell B pa3sHbIX TOYKAX, TAK YTO €JMHOrO 3HAU€HHs JTOro Mapa-
MeTpa JIs Bceit CHCTEMBI He CyIecTByeT. Mo)KHO, HanpuMep, NpeAaCTaBHTh
cebe cHcTeMy, TeMIeparypa KOTOpoit MeHAETCs OT TOUYKH K TOYKe, WJIH a3,
B Pa3HBIX TOYKaX KOTOPOro AaBleHHe pa3nuyuHo. ONBIT MOKa3bIBaeT, OfHA-
KO, YTO B TAKMX COCTOSHHAX TEPMOAMHAMHYECKHX CHCTEM CYIECTBYIOT O-
TOKH (HOTOK Teria, MOTOK MAaccel rasa u T. 4.), U 3TH COCTOSHHS HE OCTa-
I0TCA HEM3MEHHBIMH, €CJIM OHH HE TMOIJEPKHBAIOTCS HCKYCCTBEHHO C IMO-
MOIIBIO TEIIOHEMPOHHIAEMBIX MEPErOpOJOK, ra30HEMPOHHLIAMEMBIX CTE-
HOK H T. A. [To npolecTBHH HEKOTOPOTro BpEMEeHH YCTaHABJIMBAETCS COCTO-
siHNe, B KOTOPOM Ka)KZBIH Takoil rmapaMeTp MMeeT OJHO M TO )K€ 3HaueHHe
BO BCEX TOYKAaX CHCTEMbI M OCTAE€TCA HEM3MEHHBIM CKOJb YTOgHO JOJrO,
€CIIM He MEHAIOTCA BHEIHHE YCIOBHA. Takue COCTOAHMS HA3BIBAIOTCA pas-
HosecHbiMu. ECIIM paBHOBeCHE HE YCTAHOBIIOCH M B CHCTEME CYILECTBYIOT
rpafiieHTH MaKpOCKOMMYECKNX MapaMeTpoB (IaBlIeHHs, TUIOTHOCTH, TEM-
NepaTyphl U T. I.), COCTOAHHE HA3BIBAECTCSH HEPABHOBECHDIM.

INponecc mepexona TepMOAMHAMHYECKOH CHCTEMBI M3 HEPABHOBECHOTO
COCTOSIHHS B PaBHOBECHOE HA3BIBAETCH npoyeccom penaxcayuu. IIpyn 3ToM
IVl BBIDAaBHMBAHHS 3HAUYCHMs KaXKJOro mnapaMeTpa mno BceMy ob6bemy
CHCTEMBI CYLECTBYET CBOE XapaKTEPHOE BpeMsl — @8pems peraxcayuu s
JIAHHOTO mapamMerpa. Posib MOJHOrO BpeMEHH pesiaKcali HrpaeT, OYeBH]I-
HO, MaKCHMaJIBHOE M3 3THX BpeMeH. BrluncieHne BpeMeH penakcauvi A
Pa3HBIX NPOLECCOB HE MOXKET OBITh BHINOJHEHO B paMKaX TEPMOJMHAMHUKH,
TaKk KaK MEXaHHM3M peJlakcallM¥ €CTh M0 CYIeCTBY MpoLecC MepeHoca
MOJIEKYJIaMH (aTOMaMH, JIEKTPOHAMH H T. J1.) 3HEPTHH, MacChl, UMITyJIbCa H
aHANOTHYHBIX (u3ndeckuX BenuuMH. OLEHKA BPEMEHH pesaKcaulH ecTb
M03ToMy 3ajaya ¢H3nuecKOi KHHETHKH.
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[pencraBuM cebe nmpouecc, NPOTEKAIIMHUI B TEPMOAHHAMHYECKOMH CHC-
TeMe CO CKOpOCTBIO, 3HAYHUTEIbHO MEHBINEH CKOPOCTH PENIAKCALHH; 3TO
3HAYHT, YTO HA JHOOOM 3Tame 3TOro Mpouecca 3HaYeHHs BCeX MapaMeTpoB
OyayT ycrmeBaTh BHIDABHMBAThCA M TaKoi mpouecc GyAeT NMpeACTaBIATh
coboil nenouxy 6eCkoHeUHO ONMHM3KMX APYT K ApYry paBHOBECHBIX COCTOS-
Huii. Takne JOCTaTOYHO MeJUIeHHbIe MPOLECCH NPHHATO HA3BIBATh PABHO-
BeCHbIMU WIIN Kga3ucmamuueckumy. SICHO, 4T0 BCE peaNbHBIE MPOLECCHI
SIBJIAIOTCS HEPABHOBECHBIMH M MOTYT JIMIIBb B GOMblel MK MeHbluel CTe-
NeHn NpuOINKATLCA K pABHOBECHBIM.

3aMeTHM Jajiee, YTO HpPH PABHOBECHOM mpoliecce B J0O0H MOMEHT
BpEMEHH I'DPAIHMEHTHI BCeX MapaMeTpoB paBHBI Hyr0. OTCIOAa CIERYET, UTO
B CHJTy CHMMETPHH IPOLIECC B CHCTEME MOXET MATH KaK B MPAMOM, TaK U B
NpPOTHBOMOJIOKHOM HANpaBleHHUaX (KaK B HANpaBJIeHHH BO3PAaCTaHHsA, TaK
¥ B HampaBleHHH yObIBaHHA MOOOro M3 mapaMeTpoB CHCTeMBI). [ToaToMy
PaBHOBECHBIH mporecc MoxeT ObITh 06palneH Bo BpeMeHH, M NMpH obpar-
HOM TIpoILIecCe CHCTEMA MPOMIET uepe3 Te Ke COCTOAHHMSA, 4TO U MpH Nps-
MOM IIporiecce, HO B 00paTHOM mopsifke. B cBsA3u ¢ 3TUM paBHOBECHBIE
MPOLIECCH] HA3LIBAIOT TAKKE 0OPAMUMBIMU.

B TepMoanHaMuKe IMPOKO HCMONb3yeTcs rpaduieckniit Meton n3obpa-
KEHHs COCTOSHHH M mporueccoB. Tak, HampuMep, B Cliydae OAHOPOAHBIX
CHCTeM (ra3 MIIH XHAKOCTb) COCTOSHHA CHCTEMBI H300paXaloT TOUKaMH, a
MpOLIECCH — JIMHUAMH Ha IIOCKOCTH PV. Jlerko moHATh, YTO Takoe rpa-
¢duueckoe M306pakeHHe BO3IMOXKHO TOJIBKO JJI pAaBHOBECHBIX COCTOSHHH U
pPaBHOBECHBIX (0OpaTHMBIX) MPOLIECCOB, TAK KAaK OMNpe/eNICHHbIE 3HAYECHHA
rmapaMeTpoB (HarprMep, JaBJIeHHs) CHCTEMA HMEET TOJIBKO B PABHOBECHBIX
COCTOSHMAX. B manpneiiineM, BIUIOTH A0 IaBel IX, Mel 6yaem Besge, rae
9TO He OroBapHBaeTca 0c000, pacCMaTpPHUBAThL PABHOBECHBIE MPOLIECCHI.

B 3akrouenye 3TOro naparpaga 3aMeTHM, 4To MapaMeTphl, OMHUCHIBAIO-
ImHe COCTOSHUA CHCTEMBI, HE ABJISAIOTCH HE3aBHCHMBIMH, a CBA3aHBI OAHHM
HJIH HECKOJIBKHMH YPaBHEHHAMH, KOTOpPBIE HA3bIBAIOTCH VPABHEHUAMU CO-
cmosanua. Tak, HaTIpUMep, B ClIydae ra3a CYIIeCTBYET 3aBHCHMOCTb MEXIy
JaBlieHHeM, Temneparypoi u o6semoM — f (P, V, T) = 0, B ciiyuae crepx-
HA — CBfA3b MEXIy BEJIMYHHON PacTATHBAIOIIEH CHIBI, TEMIEPAaTYpoH M
INHHON CTepxHA M T. 4. MeTomamMy TepMOAMHAMHKH BHI YypaBHEHHIA
COCTOSIHHS HE MOXET OBITh YCTAHOBJIEH, M TEPMOJNHAMHKA YepacT 3HAaHHE
YPaBHEHHH COCTOSHMS M3 OMNBITA WIM M3 JPYTHX pa3fenioB TeOPETHYECKOH
¢u3nkH (06BIMHO M3 CTaTHCTHYECKOH ¢u3nKkn). ONHAKO M B CTaTHCTHYEC-
Kol (M3MKe HaXO0XICHHE YpPaBHEHHMH COCTOSHMA NpeAcTaBisieT coboii
BEChMa CIOXHYIO 3aja4y, PeICHHYI0 NHINb i1 HeOoNbIIOoro Yucia npoc-
TEHIINX CUCTEM.

§ 2. Temneparypa. NMpuHUMN TemnepaTypbl

B § 1 MBI yxe MoJb30BaNiCh MOHATHEM TEMIIEPATYphl, CUNTAas €r0 HH-
TYHTHBHO ACHBIM. BBeJEeM TeMmepaTypy Tenepb 6onee CTpOrMM akCHOMa-
THYECKHM IIyTEM.
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HcxonHeIM IMyHKTOM 71 BBEJEHHS INOHATHA TEMIEPATyphl SABJISAETCS
BECbMA CYOBLEKTHBHBIN M pacCIUIBbIBYATHIH TEPMHH — CTENMEHb HAIPETOCTH
Tena. Mel MOoXxeM NpuAaTh €My, OAHAKO, Gojiee OOBLEKTHBHEI CMEICT,
NOJB3YSCh TEM, YTO CYILECTBYET LENBbIH psijl JIerko U3MepseMbIX Gu3ndec-
KHX T1apaMeTpOB, 3aBUCAIINX OT CTEMEHH HArpeToCTH. I[IpuMepaMy Takux
MapaMeTPoOB MOTYT CIYXHTh: JVIMHA CTONOHKA KHAKOH PTYTH B CTEKIAH-
HOl TpyOKe, maBiieHHE ra3za B COCyJe C HEH3MEHHBIM 00BHEMOM, CONMPOTHB-
JIeHHe MPOBOAHHKA, H3JTy4aTeNIbHas CTOCOGHOCTE HAKANIEHHOT'O Tela U T. 1.
H3mepenne m060ro Takoro napaMeTpa MOXET CIYKHTb OCHOBOH JIA CO-
3JaHus IMIIUPHUECKOro TepMoMeTpa. [Ipn 3ToM IIKana H3MepeHHs yCJIOB-
HOHM WM 3MITUPHYECKOH TeMmepaTypsl MOXKET OBITE BbIOpaHa MpOH3BOJb-
Ho. Hampumep, npy nonb30BaHHM PTYTHBEIM TEPMOMETPOM MBI MOXKEM Ha-
3BaTh YCJIOBHOH TeMIepaTypoi JyIMHY CTONOHKA PTYTH, H3MEPEHHYIO B JIIO-
6b1X emmHMIAX, MK JTO0YI0 MOHOTOHHO BO3pacTaloIyl0 (GYHKLHIO 3TOH
JUINHBI. 3aMETHM TaKkKe, YTO KaXKJAbIH 3MIMPHUYECKHH TEPMOMETP HMeEeT
OrpaHH4eHHyI0 (XoTA OBl C OJHOH CTOPOHBI) 0GJIACTh MPHrOAHOCTH. Tak,
HIDKHSAS TPaHHUIA MPHUTOJHOCTH PTYTHOTO TEPMOMETpa OMpepenseTcs
TOUYKOH 3aTBepAeBaHMA pPTYTH, HIKHAS IPaHWLa MPHTOJAHOCTH Ta3oBOro
TEPMOMETPAa — TOYKOM KOHACHCAIMM ra3a, BepXHAs rpaHulla MPHMEHH-
MOCTH TEPMOMETpA COMPOTHBIIEHHS — TOYKOH IUIaBieHus (WIX KHITEHHUA)
MeTania u T. 4. biarogaps Tomy, uyTo 9TH 06JIaCTH IPUTOAHOCTH YaCTHYHO
MEPEKPHIBAIOTCSA, MBI MOXeM, BLIOpaB 32 OCHOBY KaKOH-TO OAHMH SMITUPH-
YECKHH TEPMOMETP, OMpPEAENIHTh YCIOBHYI) TEMIEPATYpy IO HEKOTOPOH
MPOM3BOJILHOM IIKaJe B BECbMA MIUPOKKX Mpeaenax.

BBeneM Tenepb noustHe mepmocmama. Mbl 6yneM 0603HauaTh STHM
TEPMHHOM TeJO, TEMI0EMKOCTh KOTOPOro BelHKa MO CPaBHEHHIO C TEIUIO-
€MKOCTBIO JIFOOBIX NPOGHBIX TN, C KOTOPBIMH MBI 6YZEM NMPHBOIHTH €0 B
KOHTAaKT. DTO 3HAYMT, YTO, C OAHOH CTOPOHBI, NPH CONPHUKOCHOBEHHH C
npo6GHBIMH TeNlaMK YCIOBHasl TeMIlepaTypa TepMOCTaTa He MEHAETCA H, C
JpYToi CTOPOHBI, IO UCTeYEHNH HeOGOJNBILIOro BpEMEHH penakcalnu noboe
npoGHoe Teno, MPHUBEAEHHOE B KOHTAKT C TEPMOCTATOM, MPHHHMAET €ro
TeMIeparypy.

ITomecTM B TepMocTar cocy ¢ razoM U OyaeM ¢ MOMOLIBIO MOPMIHS
M3MEHATH ero o0beM, H3Mepss OJHOBPEMEHHO
masnenue. Eciam Mel OyneM Hanocuth momy- P
YeHHble pe3yJNbTaTHl B BHAE TOUEK Ha PV-
IUIOCKOCTH, TO MbI ITOJY4YHUM KPHBYIO (M30Tep-
MYy), BHI KOTOPO#l CYIIECTBEHHO 3aBHCHT OT 3
COpTa rasa M OT YCJIOBHOH TEMIIEpaTyphl Tep-
MocTata. MeHss yCIOBHYIO TeMIeparypy Tep-
MOCTaTa M MOBTOPAA KaXIBIH pa3 OMHCAHHYIO
BHILIE MPOLIEAYPY, MBI ITOIYYHM CHCTEMY H30- oy
TEpM, COOTBETCTBYIOIIHX PAa3HbIM YCIOBHBIM
TEMIIepaTypaM rasa t , (puc. 1). Puc. 1

Ty
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3amuieM ypaBHEHHS H30TEpM C HOMepamu 1, 2, ... B Buze ¢ 1(P, V)=
=0, ¢2(P, V)=0,.... ByneM npu 3ToM HyMEpOBaTh H30TEPMBI TaK, YTOOBI
yYBENHYEHHE HOMEpA 1 COOTBETCTBOBAJIO MOBBIILIEHHIO YCJIOBHOH TeMIlepa-
TYpBIL.

Iepeiinem Teneps k 6ECKOHEYHO I'YCTOM CHCTEME M30TEPM, CUHTas, YTO
MpH Mepexofe OT OAHOM HM30TEPMBl K COCEJHEH YCJIOBHAas TeMIepaTrypa
TEpMOCTaTa, a CleJoBaTeNbHO, U ra3a Mensercs Geckoneuno mano. Torna
HOMEp HM30TE€PMBI CIIELyeT 3aMEHHTh HEMpPEPBIBHO MEHAIOIMMCS MapaMeT-
pOM T, B KaueCTBE KOTOpOro Ml M OyneMm Gparh YCIOBHYHIO (3MIHpHUEC-
KYIO) TEMIIepaTypy.

[TycTe M30TEpMa, COOTBETCTBYIOINAs YCIOBHOIM TeMIleparype T, ONH-
ceiBaeTCcs ypaBHeHHeM ¢(t|P, V')=0. Pemwas 3T0o HesiBHOE ypaBHEHHE
OTHOCHTEJBHO T, MONY4YHM T =T (P, V). OmBIT NOKa3bIBAET, YTO H3OTEPMBI
OJIHOTO M TOTO )K€ ra3a HUKOrJa He MMEePEeCeKaloTCs, H, CIeN0BATENbHO, YC-
JIOBHAs TeMIleparypa ABJISETCA OAHO3HAYHOH (yHKImeN COCTOsHMS, Olpe-
IenseMoro napametrpamu Pu V.

3aMeTHM, ITO YCJIOBHAS TEMITEPATypa MOXKET ObITH BBEAEHA HE €AUHCT-
BeHHbIM 006pazoM. Hapsny ¢ ycnoBHoO# TemmepaTypoli T ¢ TakuM Xke Ipa-
BOM MBI MOXKEM BBECTH B KaueCTBE YCJIOBHOMN TeMIepaTyphl JII0OYyI0 MOHO-
TOHHO BO3pPACTAIOMIYI0 M HEMpepHIBHYIO ¢yHKIMIO T = f(T). OTO COOT-
BETCTBYET HM3MEHEHHIO (B 0OIIeM ciiyyae HENHHEHHOMY) TeMITEpaTypHOi
IITKAJTBI.

OnbIT MOKa3pIBaCT TAKKE, UTO BIAATH OT TOUYEK CKHMIKEHHA rasa (mmpu
BBHICOKHX TeMIEpaTypaXx M HH3KHX JAaBNEHHAX) M30TEPMBI MpHOIIMKEHHO
NpEeACTaBIAIOT Coboii paBHOGOUHBIE rUNEp6OIILI

PV = const 2.1

H, CleJloBaTeNsHo, T = T( PV ). YpaBHenue v = 1(P, V') Mbl 6yneM Ha3bIBaTh
MepMUYecKum ypasHeHuem cOCmosHus eewjecmsa WIH IIsA KPAaTKOCTH
ypasnenuem cocmosanus. BoobGpaxaeMslii ras, Ui KOTOpPOro CrpaBeIiBO
ypaBrenue T = t(PV), a H30TepMBl MOAYMHAIOTCSA ypaBHEeHHMIO (2.1), Ha3HI-
BAETCS MepMuYecku UOeanbHbIM 2A30M WIH JUIS KPaTKOCTH UOeanbHbiM
2azom. Cnefyer NMOAYEPKHYTh, YTO pealbHbIE ra3sl MOJUHHAIOTCH 3TOMY
YPaBHEHHIO MHIIb NPHUOIMKEHHO, 1 TEM TOYHEE, YeM BBILIE TeMNepaTypa
MeHbILIe MIOTHOCTh rasa.

Wtak, 0600mas naHHbIE ONBITA, MBI BBOAKMM CIEAYIOLIMiA MOCTYyNaT —
npunyun memnepamypul: CylecTBYeT (He eAMHCTBeHHasA) YHKIHSA COCTOs-
HHS CHCTEMBI, KOTOPAas OCTAETCA MOCTOAHHOI IpH M060M Npoiiecce, Mpo-
TEKAIOIIEM B TEPMOCTATE, HA3bIBa€Mas YCIOBHOH TeMITEPATYpPOH.

§ 3. Ourponua. MpUHUUN IHTPONKUK

ByneM Ha3bIBaThb COCYA C HAEATbHO TEIUIOHENIPOHHLAEMBIMH CTEHKAMHU
u nopmseM aouabamom. [omentas ra3 B anpabar, Mel MOXKEM CIEIUTH 3a



Inasa |. OBLLUME 3AKOHbI TEPMOAWHAMUKHA 17

MNMPOTCKAaHHEM B HEM PABHOBCCHOI'O IIporiecca B yC- P

JIOBHAX TEIUVIOM3ONALINKM — aouabamuyeckozo npo-
yecca.

Menss ¢ MOMOIBIO MOPIIHA 06HEM raza U u3Me-
pAs AaBleHHe, MOJIYYHM BHOBb KPHBYIO Ha IUIOC-
KocTH PV, Hocamywo Ha3Banue agouabamsi. Ecin
TeNnepb HApYIIMTh TEIUION3ONALMIO aguabara, MpH-
Befld €r0 Ha BpeMs B KOHTAKT C TeJIOM C Gonbllei v
HJIH MEHBILEe YCIIOBHOH TeMIepaTypo, 3aTeM BOC-

CTAaHOBHTb M3OJIALMIO M BHOBb OCYIIECTBHTH OIH- Puc. 2
CaHHYIO BBILIE MPOLEAYPY, Mbl MOJYYHM JPYTYIO

anuabaty. [Ipomomkas 3TOT Mpolecc, Mbl NMPUAEM K cHcTeMe aauabar Ha
PV-mnockoctn (puc. 2), nogobHo TOMy Kak, OCYIIECTBIAS MpOLIECCH B
TEPMOCTATe, MbI IIPHIUIN K CHCTEME H30TEPM.

3anuieM ypaBHeHus aanabat ¢ Homepami 1, 2, ... B Buge Y1(P, V)=
=0,y2(P, V)=0, ... YcnoBuMcs npu 3TOM HyMepoBaTh aanabaThl Tak, YTo
Ut mepexofia oT aanabaTel ¢ HOMepoM # K aanabate ¢ HOMEpPOM n + 1 MHI
NpPUBOANM aguabaT B KOHTAKT C TEIOM, HMeIOIHM Goree BBICOKYIO yClOB-
HYIO TEMIIEPATYpY, UeM annabart.

[epeiineM k 6eckoneyHO rycroii cucteMe aauabat. s aToro cnenyer
YCTpaHATh TEIUIOBYIO HM30MsLHMIO agnabara kaxAplil pas Ha BeChbMa Majnoe
BpPeMs U MPUBOJANTH aquabaT B KOHTAKT C TEJIOM, HMEIOLINM JIMIb HEMHOTO
Gonee WIH HEMHOrO MeHee BBICOKYIO TeMIleparypy. lorma HOMep ajamua-
6aThl n cnefyeT 3aMEHHTb HEMNPEPHIBHO MEHAOIINMCA MapaMETpoM O,
KOTOpbIif MBI OyZeM Ha3blBaTh YCJIOBHOH 3HTponueil. Pemas ypaBHeHue
Y (0| P, V' )= 0 oTHOCHTENLHO O, HalineM 0 = o( P, V). Boons kaxaoH aana-
6aTbl 0 COXpaHsAeT MOCTOSAHHOE 3HAYeHHe, U MOXKHO BMECTO HOMEpA 71 Xapak-
TepH30BaTh anabatel, 331aBast 3HAUEHHUS YCIIOBHOH 3HTPOMHH 01,02, ..

OmnbIT MOKa3sIBAET, YTO aAHabaTsl OJAHOTO M TOTO XK€ ra3a He Nepeceka-
IOTCS APYT C APYTOM H, CII€AOBATENbHO, YCIOBHAA YHTPONHKS SABISAECTCS OA-
HO3HAYHOH (YHKUMEH COCTOSHMSL.

Tak xe xak 1 ycloBHas TEMIIEpATypa, YCIOBHAs IHTPONHS MOXKeET OBITh
BBeleHa HE €AMHCTBEHHBIM 00pa3oM. JIro6as MOHOTOHHO BO3pacTaromas u
HenpepsiBHAasA QYHKIUA 0 = f(0) MOXKET paccMaTpUBaThes KaK yCJIOBHAs
9HTPOMNHS.

OneIT TaKKe C JOCTOBEPHOCTBIO TOBOPHT 00 eIe OJHOM BaXKHeHIeM
CBOIICTBe CeTKH aanabaT u u30TepM — Kaxas agupabara mepecekaeTcs ¢
KaXJ10# H30TepMOii B OAHOI M TOJIBKO OJHOM TOUKe PV-IIOCKOCTH.

W3 3TOrO0 ClenyeT, 4TO COOTHOIIEHHE MEXY MapaMy MepeMeHHbIX P, V
U T,0 SABISETCH g3aumHo oonosnaunvim. Kaxnoil Touke PV-IIOCKOCTH CO-
OTBETCTBYET OJJHA M TOJIKO OJJHA Mapa 4Yucel T, ¥, TaK KaK uepe3 3Ty TOUKY
NPOXOAAT TONBKO OJHA M30TepMa T =const ¥ ogHa agmabaTta o = const
(M30TepMBI He MepeceKaroTCs APYr ¢ ApYyroM u aauabaTel He MepeceKaloTcs
IZpyr ¢ apyrom). HaoGopoT, eciy Mbl BBeAeM TS H300paKeHis COCTOANUS
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rasa T0-IuI0CKOCTh, TO KaXI0H TOYKE 3TOH IIOCKOCTH COOTBETCTBYET OfHA
M TONMBKO OJHA mapa uucen P, V, Tak Kak u3otepMa T =const u anuabarta
O = const mepeceKarTcs ApYT C IPYroM, NpHYEM TONBKO B OJHOH TOYKE
PV-mnockoct. O1crofa clieqyeT, YTO COCTOSIHHE rasza CTOJIb JK€ XOpPOIIO
MOXeT OBITE 0XapPaKTEPH30BAHO 3aJAHHEM MApsl YNCeN T, O, KAK U 3aJaHH-~
eM mapsi uucen P, V, n 1 n3o6paxkeHus COCTOSHHH raza 0IHHaKOBO XO-
POIIO NMPHroAHbI PV-II0CKOCTE M TO-TUIOCKOCTD.

JUns TepMHUUECKH MAEaTbHBIX ra3oB B HEKOTOPOM HHTEpBalle TeMIlepa-
Typ aanabaTel OMUCHIBAIOTCA YPABHEHHEM

PV?Y =const, 3.1

rJe BeJIHYHHA Y > | HAasBIBAaeTCA noKasameaem aouabamsl W UIS JAaHHOTO
rasa sBJISETCS MOCTOsAHHOM. 3akoH (3.1) BRIMOMHAETCA U1 OIHOATOMHEIX Ta-
30B NpH JIIOOBIX TeMIepaTypax, MEHbIIHX XapaKTepHOH TeMIepaTypsl HOHH-
3alMM Tra3a, a i MHOTOATOMHBIX — B JOBOJBHO IIHPOKOM JAHANa3oOHe
TeMmnepaTyp. B § 8 mbl ybeauMcs B TOM, uTO Y MpeAcTaBiseT coboH OTHO-
IIeHHE TeIUI0EMKOCTH TPH MOCTOSHHOM JaBiieHHH Cp K TEILUIOEMKOCTH IIpH
MocTOAHHOM 06beMe Cyp. Ml OyaeM Ha3bIBaTh COOTHOIIEHHE 0 = g(P, V)
KANOPUYECKUM YPAasHeHuem cOCmosiHus éeujecmsa, a BOOOpaskaeMBlii ras,
I KOTOPOTO CIpaBe/UTHBO ypaBHeHHWe 0 = g(PV'7), a annabaTsl MoguH-
HAIOTCH ypaBHeHHIO (3.1), — xanopuvecku udeanbHblM WIH COBEPUIEHHBIM
2azom. OTMETHM, YTO COBEpIUCHHBIH ra3 06A3aTeNbHO SABIACTCA U Tep-
MuueckH npaeanbHbiM. O6paTHOE yTBEpXkieHue, Boobme roBops, HEBEpPHO,
M TEpMHUECKH HACANBHBIA ra3 MOJXKET MMETh B JOCTATOYHO IIHPOKOM HH-
TepBalte TeMneparyp otHomenue C p / Cy , 3aBUCsAIIEe OT TEMIIEPATYPBI.

B cuny Toro uto y > 1, Ha nmnockoctu PV annabatsl (3.1) kpyue Hakio-
HEeHHI K ocH V, ueM um3oTepmsbl (2.1). [TosToOMy TOT BakHeHmuii ¢akT, 4TO
Kaxcias aguabaTa mepeceKaeTcs ¢ KaxaoH M30TepMoii B OJHOM M TOJIBKO
OJIHO# TOUKE, IVl COBEPLICHHOTO ra3a CTAHOBHTCH TPHBHANBHBIM, TaK KaK
cHcTeMa ypaBHeHuil PV = a, PVY = b uMeeT 0JHO pelieHHE

1 -
= e
a b

Msb1 MoxeM Temepb, 0600mas JaHHbBIE OMBITA, CHOPMYNIHPOBATH Clle-
OYIOMUK MOCTYNaT TEPMOAMHAMHUKH — NPUHYyun 3HMponuu: CymecTByeT
(He eIHMHCTBEHHAA) OAHO3HAUHAS (DYHKIIMA COCTOSHHSA, OCTAIOMAsACS [MOCTO-
SHHOM mpu Mr0OBIX mporeccax B aapabate, Ha3biBaeMas YCJIOBHOH 3HTpO-
nueii. Mexay napamu nepeMeHHBIX P, V 1 T, 0 cymecTBYET B3aMHO OJIHO-
3HAYHOE COOTBETCTBHE. s ra30B yCIOBHAS SHTPOMHSA MOXET pacCcMaTpH-
BaThCA Kak QyHKIMA OaBieHus u obbeMa o = o(P, V). [lna kanopuiecku
uaeansHoro rasza o = o(PV7 ) v 3aBHCHT TOJILKO OT MPOM3BeaeHus PVY.
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§ 4. AGconoTHan Temnepartypa 1 aGCONIOTHAA AHTPONUA

B npenpiaymux nmaparpadax Mbl ONpeAennIn YCIOBHYIO TEMIIEpaTypy
M YCJIOBHYIO 3HTPONHIO ¢ TOYHOCTBIO A0 mpeobpasoBauuit T = f1(T) u
o' = f1(0), rae fi ¥ f, — MOHOTOHHO BO3PACTAIOIHE M HENPEPHIBHBLIE
(YHKIMH CBOHX aprYMEHTOB.

[MpousBon B BbiOOpe YCJIOBHOH TeMIepaTypbl H YCJIOBHOH SHTPOIMHH
MOXET OBbITh, OJHAKO, YCTPAHEH CIEOYIOIHM 00pa3oM.

YcnopreM B3apMHO OJHO3HAYHOI'O COOTBETCTBHSA Map 3Ha4eHuil P, V' u T,
o s aByx b6eckoHeuHo Manbix obnacteit PV- u T70-mnocKocTell sBuseTCs,
KaK M3BECTHO, OTNInune Axobnana mpeobpazosauus D = a(P, V') / d(z, o) ot
Hyns ¥ oT Geckoneunoctn: D #0, D1 #0 (cM. ,,MaremaTnyeckoe mpH-
noxenue”, 1. I).

I'eoMeTpHuecknii CMBICT AkoOHaHA 3aKIIOYAETCA B TOM, YTO €ro Mo-
IyJlb qaeT Ko3(QQUIHEeHT H3IMEHEHHS IEMEHTAPHOH IUIOMAAN MIPH Mepexo-
ne oT PV- x T0-IOCKOCTH

dP dV - |D| dr do.

Ecny Mbl notpebyeM MOJIHOTO paBHOMpaBus PV- M TO-IUIOCKOCTEH, TO
€CTECTBEHHO HAJIOXKHTh TpeGoBaHKe, YTOOb! AKOOHAH [ paBHAJICA €IHHHULIE.
Takas HopMHpOBKa skoGnaHa IIPUBOJUT K oNpeaeeHHOMY BbIGOpY (C ToY-
HOCTBIO J0 Hauana oTcueTa M Mmaciraba) TeMnepaTypHOH M IHTPOMHHHOMN
mwkan TeMneparypy M 3HTPOIHIO, OTCYHTAHHbIE MO 9THM INKanaM, Mbl Oy-
IIeM Ha3BIBaTb abcoromuou memnepamypou T v abcomomnoll sumponuet
S (B mocnexgyromux naparpagax Mbel OyaeM Jis KpaTKOCTH CJIOBO ,,a6co-
JIOTHAA“ OITYCKAaTh). ’

3ameTnM, 3aberas BEpeA, YTO CYIIECTBYIOT TEPMOJHHAMUYECKHE CHC-
TeMBI, Ui KOTOpBIX KannOpoBka abCONOTHOM TeEMITepaTyphl H aGCONIOTHOM
9HTPOITHH C MOMOIIBIO COOTHOMICHHA

aP, V)

TS 4.1
BO3MOXKHA HE Ha BCeH PV-mnockocTH. [IpuMepoM Takoi CHCTEMBI SBJISIOT-
ca Boza (cM. § 1R), HEKOTOpBIE APYyTHE KUAKOCTH ¥ TBepAble Tena. Peus,
OIHAKO, HAET 0 Hebonbmnx 061acTax PV-IIOCKOCTH, B TO BpeMs Kak Ha
OCTaNILHOH YACTH 3TOH MIOCKOCTH Kanubposka (4.1) ocTaeTcs BO3MOKHOI.

VYcnosue (4.1) no3BoiseT onpeneNuTh TEMNEPATYPY H DHTPOIMHIO KaK
¢byHKuMN gaBnenus U obseMa mns 6o TepMOAMHAMHYECKOH CHCTEMBI,
IUTs KOTOpO# M3BECTHHI YPAaBHEHHS M30TEPM M anuabat. Mbl HCTIONB3YeM B
KayecTBe paboyero BemecTBa Wi KalnGpoBKH aGCONIOTHOIM TeMmepaTypbl
¥ abCONMIOTHOM HTPONHHK COBEPILCHHEIH ra3. Tak Kak A1s Hero TeMIepary-
pa 3aBHCHT TONbko OT PV, a autpomus ot PVY, to, o6o3nauas PV = x,
PVrY =y umeeMT=T(x), S=S(¥)n
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T3 psy—ty=1, r=—T—
apry L S WTYEL e Ty

(4.2)

3necy cumBonamu I u S’ oGo3nauens! nmpoussopubie T(x) u S(y) mo ux
apryMenTaM. Tak kak B (4.2) npaBas 4acCTb 3aBHCHT TOJIbKO OT y, a JeBas
TOJIBKO OT X, TO KOKAAsd M3 HUX paBHA ONHOH M TOi e MocTosHHOH 1/R.
Torpa nonyvaeM ypaBHEHHS

Tw=7 SO =715, (43)
HHTErpHpYA KOTOPbIE, HAXOAUM
T=%X49=C+9,
K K (4.4)
S =%1ny+€=%ln(PV7)+C,

rze 6 u C — noctosiHHble HHTErpupoBaHus. IockonbKy yao6HO B KadecTBe
apryMmeHTa y yorapudma uMeTh 6e3pazMepHOe YHCIIO, BEIOepeM MOCTOSH-
Hy!0 C paBHOH

R
So _y—:; In (P()Vg ).

Torpa ¢ momompio (4.4) monydaem

T-ow? !

S—So=L-mEL R _
y—1 y y-1 y-l
R . @-eyp?
= 1ln =y
Y7L (@ -0)YP,

rae So, Po, Vo, To — MapaMeTpsl HEKOTOPOrO NMPOHU3BOILHOTO COCTONHHAL,
Taxum o6pasoM, MBI onpenenuian abCoNOTHYIO TeMnepatypy u abcomoT-
HYI0 JHTPOIHIO C TOYHOCTBIO A0 Hayajga orcuera (nmocTosHHble 6 n Sp).
IMocTosiHHAsA SHTPONMHM B TEPMOAWHAMHKE OCTAETCH MPOM3BOJIBLHOH M MO-
KeT ObITh HaiiieHa TOJBKO B CTaTHCTHUECKO# dusuke (cM. § 40). B mpoTu-
BOIOJIOKHOCTB 3TOMY MOCTOAHHAA 8, Kak Mbl y6equMcs B § 8, 01HO3HAYHO
onpepensercsa TpeGoBaHHEM MOCTOSHCTBA TEIUIOEMKOCTH Cy M OKa3bIBAET-
cs paBHo# HyJO (6 = 0).

B pansreitmeM BIioTh 10 § 8, B kOTOpOM 3TO yTBEpXKIeHHe OYAET Lfo-
Ka3aiio, Mbl OyJieM MMoJIb30BaThCSA 3THM BHIGOPOM Hauasa oTCHeTa TeMrnepa-
Typsl. B uactHOCTH, popMysl (4.4), (4.5) MPpUMYT BUA

PV =RT,
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y y -1 ypl=vy
S—S()=R1nPV —RlnTV _ R T'P

_ _ -1 ., -
R Z SR AL N4 v=1 glp 7

(4.6)

[MTocTtossHHas R ompejenseT Jumb MacluTal IIKaJl TEMIEpaTypel M SHTPO-
nuH, U ecnu BHIOpaTh R = 8,31 JIx/K - Monp, IKasna TeMmepaTyphl COBIAAET
co wkanoi KenpBuna.

M= onpenenuny, TakuM 06pazom, abCoMoOTHYIO TeMIepaTypy u abco-
JIOTHYIO SHTPOIIHIO AJI HACAIBHBIX a30B.

PacnipocTpaHeHHe MOHATHUA TEMIIEpATYPHl Ha J100ble TEPMOAMHAMHYEC-
KHE CHCTEMBI MOXET OBITh TEMeph NMPOBEACHO TPHBHAJIBHBIM CIIOCOOOM.
BriGepeM B kauecTBE TepMOCTaTa HAcanbHBIH ras. IIpHBOAA B KOHTAKT C
HHUM 11060€ TeNno, Mbl, MO OMPEAENEHHIO, cO00IIaeM 3TOMY TENly TeMIepa-
Typy TepmocTtaTta. [lo cymiecTBy 3TO O3Ha4aeT, YTO MBI YCIaBIHMBacMCs
H3MEPATH TEMIEpaTypy 00O CHCTEMBI ra30BBIM TEPMOMETPOM HIIH, YTO
TO K€ CaMoe, MOOBIM 3MITHPHIECKUM TEPMOMETPOM, HO NPOrpagyHpOBaH-
HBIM C ITOMOILBIO ra30BOTO.

Bonpoc o ToM, Kak pacmpOCTPaHUTh MOHATHE abCONMIOTHOH 3HTPOMHH
Ha mo6ble TEpMOJMHAMHUYECKHE CHCTEMBI, MBI paccMoTpuM B § 10. HaiineM
BHJ M30X0p, H306ap, n3otepM M H303HTpon (aauabat) Ha PV- u TS-nnoc-
KOCTAX JUI YaCTHOTO ClIy4asi COBEPILICHHOTO rasa.

Ha PV-nmnockoctn nmuuuu V = const, P = const, T = const, § = const
H300paxeHsl Ha pUC. 3 (ypaBHEHHe H30TEpMBl PV = const, ypaBHeHHE
H303HTpOITEl PV'Y = const).

YpaBHeHHs M30XOPH M H306aphl Ha TS-MNOCKOCTH MOJNY4YHM, BHIPA3HB
Pu Vuepes T S ¢ NOMOUIBIO ypaBHEHHH

PV=RT, PV =const e’ DS/R
(BTOpOE M3 3THX YpaBHEHHH creayeT u3 (4.5) unu (4.6)).

Hcxmovyas M3 3THX ypaBHEHHH OaBlneHHE HnH 00beM, MONYyYHM ce-
MeiicTBa u30x0p M H306ap Ha T:S-NIOCKOCTH:

npu V=const T=Ti(V)ey"DS/R

S = const
P = const

T = const

Puc. 3 Puc. 4
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npu P =const T =T,(P)e¥DS/VR

rae T1(V) u T, (P) HMe0T pa3MEepHOCTh TEMIIEPATYPEI.
Ha T'S-nnockocTH MBI HMEEM ABE CHCTEMEBI 3KCMOHEHT (pHc. 4). Tak kak
y > 1, H30XOpPBI KpyUe HAKJIOHEHBI K OCH S, 4eM H3006apHl.

3agavum

1. 3agaHo ypaBHEHHE TIpoLECcCa C COBEPLIEHHLIM ra3oM Ha PV-miockoctu: P =
= P + aV (B, a — nocroauusie). Haiitu ypasuennue storo npouecca Ha (T, S)-TUIOCKOCTH.

R T JP? + 4aRT - B

In —+yRln ———+ 8¢ .
y=1 To 2aVo

OTBeT. S =

2. Ha mnockoctu TS nana npamMas T = aS. Kakoif nponiecc 3ToMy COOTBETCTBYET Ha
Py-nnockoctu?

2 14
OTBeT.PV=&h’l—EK‘—+aRS().

y=1 pv{

§ 5. Pa6ora

[MonsatHe paboThl MPHUINNO B TEPMOAWHAMHKY M3 MeXaHMKH. Eciu B
Cllyyae OJHOMEPHOro JBH)KEHHS 3aJaHa CHIA f, TO 3neMeHTapHad paboTa
onpeaensercs GopMynoi

0d= f dx.

3aMeTHM, 4TO YK€ B MEXaHHKE BBIPAXXEHHE Ul 3eMEHTapHOM paboThl He
ABIsETCs, BOOOwLIE roBops, AuddepeHIHaNoM HEKOTOPOH (QYHKIIMH KOOp-
JMHATHI X, TAK KaK CHJIa MOXET BHO 3aBHUCETh HE TOJBKO OT X, HO U OT Bpe-
MEHH H OT NPOU3BOAHBIX X 10 BPEMEHH — B 3TOM CITy4ae rOBOPAT O HEIo-
TEHIMAIBHBIX CHJIaX.

B cnydae pacmmpeHHs WM cxaTHA ra3a paboTa, Kak H3BECTHO, BhIpa-
xaetcs hopmynoit

dA=Pav. (5.1)

Tax xe Kak ¥ B MeXaHuKe, BeIpaxkeHHe (5.1) B obwem ciyvae He ABNs-
eTca auddepennnanom kakoid-nu6o GyHKIMH COCTOSHHUA ra3a. ITO CTAHO-
BHUTCSl 0COOEHHO SCHBIM, €CIIH PACCMOTPETh rpadHYECKYI0 HHTEPIPETALIHIO
paboTel Ha PV-puarpamme. Pabota, coBepmaeMas MpH pacllMpeHHH Ta3a
ot o6beMa V1 go ob6sema V,, paBHa

v,
A=[pPav, (5.2)
14

U rpaduvecky oHa n3obpaxcaeTcs MIOWAABI0 (GHUTYpHI, JeXallel Moa Kpu-
Boii P(V) (puc. 5).
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Tak xax maBneHHe rasa He OIpeJeNsAeTCs
OJHO3HAYHO ero 00BeMoM, a sABaAeTcs (yHK-
el cocTosHUA ra3a (KOTOpOe Mbl MOXEM 3a-
JIaTh, HAIPUMED, C MOMOIIBIO NIEPEMEHHBIX V U
T), To naBneHue rasza B NPOMEXYTOUYHBIX TOU-
KaX MOXXET OBITh Kak OoJbIle, TAK M MEHbIIE
JaBneHus Ha rpaduke I (Hanpumep, rpapukH
II u IIl), u, cnenoBaTenbHO, paboTa HE onpeae-
JAETCA HAYAJIBHBIM H KOHEUHBIM COCTOSHHAMH
rasa, HO 3aBHCHT OT BCEro XoAa mpolecca.
CnenoBaTenbHO, KPUBONHHEHHBIH HHTErpa

P

ﬁ

m

v, v, Vv

Puc. 5

(5.2) 3aBUCHT OT MyTH MHTETPHPOBaHMS, U MOABIHTErPAIbHOE BHIpAKEHHE
(5.1) He sBnAETCA MONHBIM AHU(dEpEHIHANIOM KaKoi-mHbo yHKIHMH co-
CTOSAHHUA ra3a. OU3MYECKH 3TO 03HAYAET, YTO HE CYIIECTBYET BENHYHHH A
(pabota, akKyMynHpOBaHHas B rase B JaHHOM €ro COCTOSHHH), MpHpallie-
HHMEM MIH YOBUIBIO KOTOPOil GbLta Obl BenuuuHa OA4. MBI moJYepKHUBaeM
3TOT aKT TeM, 4To 0603HaYaeM OECKOHEUHO Maylo paboTy CHMBOIOM 04,
a He dA. B npoTHBOMONOXHOCTE TaKMM BeNH4YMHaM, Kak I, S, P, V, saB-
JAMKMES GYHKIUAMH COCTOSHHSA ra3a, pabora sBiseTcs GyHKUHE#H mpo-
1ecca M NMpHOOPETaeT CMBICH TONBKO MPH YKa3aHHM YCIOBHH COXKaTHA HIH

pacIIHpeHHA rasa.
Tak, B cniy4ae COBEPIICHHOTO ra3a UMeeM:

H3orepmudeckuii npouecc: PV, =PV, =PV,

Vay Va
AT = f PdV=P1V1f d7V=P1V1 ln%

4] h

Anuabatuueckuii npouecc: PV} = PV) =PV?Y,

=RTIn2%. (5.3)

"

V: y -1 y -1
ds=py) [ AN 1—(—’1) = &0 1—(—"‘—) . (5.4)
7 vy y-1 Va y~1 Va
M3ob6apuveckuii nponece: Py =P =P,
¥,
Ap=P[ dV =PV, —V1)=R(T» — Ty). (5.5)
14
H3oxopuyeckuii nponece: V=V, =V.
Ay=0. (5.6)

3agavuva.

B numuuape, 3akphITOM NOPIIHEM € NOTIEPEYHBIM CEYEHHEM O, HAXOAUTCSA COBEPIICH-
HelH ra3. Bueinuee AaneHHe NOCTOAHHO U paBHO Po. BHEIIHAS cHlla MOAHMMAET NOpLICHD
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OT BBICOTHI /] JI0 BHICOTHI A3 ) H30TepMHuuecKH; 6) aanabarudecku. Haiitu pabory suewm-
Hell CHITBL

h
OTseT.a) Ay =P(,a[h2 - h —h,ln;’—};

-1

B 14

6) As = Py {hy — = 1—1(1"—)
y=1 7

§ 6. ApmabaTMuecKum U M30TEPMUUECKUIA NOTEeHUMaNbI

O6paTUMCA ONATH K MEXAaHHYECKOH aHAJOTHH M JOIYCTHM, YTO CHia
(pH ONHOMEPHOM IBUMEHHUH) €CTh (DYHKIIUA TOIBKO KOOPAHHATH x. Toraa
BBIDOXXCHHE AN SNEMEHTapHO# paboThl 04 = f dx MOXHO NPEACTAaBHTH
Kak yOpLib HekoTopol ¢yHKuuH U (X), KOTOPYIO Ha3bIBAIOT MOTEHI[HAJIOM
CHJIBI f HIIH MOTEHIHAJIbHOMN SHEprueH

0A=f dx=—du(x),

OTKya
—_ou
f ax

B TepMoannamMuke, kak ciegyer U3 ¢popMmyinsl (5.1), ponb CHIBI HTpaeT
JasneHue P H pois KoopaHHatH — o6wveM V. [lo aHanoruu ¢ Mexanuuec-
KHMM MOTEHLHAJIOM BBEIEM mMeEpMOOUHAMUYECKUE NOMEHYUAanbl TaK, YTOOBI
NpOU3BOAHAA 1O 00BEMY OT TEPMOJMHAMHUYECKOrO MOTEHIMANA PaBHANACH
JABIEHHUIO C OOPaTHBIM 3HAKOM.

BBeneHHbIH TakuM 06pa3oM MOTEHIMA] 3aBUCHT OT TOrO, NMPH KAKHUX
JIOTIOJIHUTENBHBIX YCIOBHAX BEACTCA CKAaTHE WM paciiupeHHe rasza. Mel
TpebyeM, OaHaKo, 4TOObl KaXkIblil BBEACHHBIH MOTEeHIMaN OBl GBI ONHO-
3Ha4HOH QYHKIMEH COCTOAHMA ra3a. PaccMOTPHUM JIBa YaCTHBIX ClTydas.

Ammnabaruueckuii npouecc. [IpupaBuseM paboty mpu aguabatuuec-
KOM Tpolecce YOBUIH aduabamuyeckozo nomenyuana, 0603HaunB ero U.
HMeem

0As =PdVs =—dUs. 6.1)

OueBnaHbIM 00061meHHeM (6.1) Ha ciyvall mpoM3BONBHOTO Heaauaba-
THYECKOTO MPOLIecca ABNAETCA PaBEHCTBO

dU =—PdV +a ds. (6.2)

Tak xak Beipaxenue (6.2) AOKHO OBITH MONMHEIM K hdePEHIUAIOM, TO

(32), =~ (%),
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YTO MOXET OBITh 3aIIMCAHO B BHE
a, §) &P, V)
o, s) o, s)’

OTKY/1a, MONB3YysCh CBOHCTBaMH sKO0OHaHa, HAXOAUM
ia, S)
ap, vy =

YmMuoxas 0be 4acTH 3TOro paBeHCTBAa Ha sikobuan d(P,V)/a(T,S), pas-
HBIH eIUHHUIIE, TOTYUHM

¥a.8) (a_a
aT,S) \oT

) =1, a=T+¢(S),
s

rae ¢(S) — npousBonbHas QyHKIMA SHTponmuH. B cuimy dopmynsn (6.2)
anuabaTHYECKHH MOTEHIMAN ONPEIENAETCA TAKkKe C TOYHOCTBIO JO MpO-

U3BONBHON (PYHKLHMHU 3HTPOIUH f(p(S)dS, YTO HEYAHBHTEIBHO, IMOCKOJb-

Ky TpeboBanue dU g =— P dVs ocraercs mpu 3TOM BBHINONHEHHBIM. Cy-
IIECTBYET, TAaKUM 00pa3oM, OecHMCIEHHOE MHOXECTBO aJHabaTHUECKHUX
MOTEHIIMAJIOB, OTIHYAIOIIUXCA APYT OT APYyra Ha MPOH3BONBHYIO QYHKLHIO
oT 3HTponHH. MBI HopMHupyeM U, nonaras ¢(S)=0,a=T. Toraa

dU=TdS—PdV. (6.3)

Otcroaa BUAHO, YTO €CTECTBEHHEIMH HITH ,,CBOMMH'* IEpEMEHHBIMH aiuaba-
THYECKOTO MOTEHIIMANA ABJNAIOTCA SHTPOMHA U 00BEM, H MPOU3BOAHEIC IO
9THM MIEPEMEHHBIM PaBHBI

r-(2),. r-(29),

M3orepmuueckuii npouecc. [IpupaBuuBas paboty nMpH H30TEpMHYEC-
KOM mpotiecce 0Ar yObUIH H30TEpMHUYECKOTO MOTeHIHANA F, moimyyaeM

0Ar = PdVy =— dFr.

EcrecTBeHHBIM 060011€HHEM 3TOr0 paBeHCTBA HA CITydai MPOH3BONb-
HOTO HEH30TEpMHYECKOr0 IpoLiecca ABNAETCA COOTHOLICHHE

dF =BdT—PdV.

Tak kak 3TO BBIPAXXEHHE NOKHO OBITH MONHBIM AHGGEPEHLUAIOM, MBI

HMCEM
)~
v/, ar/y’
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WM, IIepeXos K sKoOHaHaM,

0B, T) _aP.V)  BT) _
aw,T)Y o, T op.v)

YMHoxas 06e 4yacTH mocneaHero paseHcTBa Ha d(P,V)/d(T,S)=1, mo-

JTYYHM
0BT _ (B _, L
P (as)T_l’ B=—S+y(T).

Taxum o6pa3zom, cymiecTByeT GECUHCIEHHOE MHOKECTBO H30TEPMHUYECKUX
MOTEHIHAJIOB, OTJIHYAIOLIUXCS APYT OT APYTa Ha NMPOU3BOJBHYIO QYHKIHIO
ot Temreparypsl (tpebosanue dFr = — P dVr BHIONHAETCA [ BCEX ITHX
noTeHuanoB). HopMupyeM BHIGOp M30TEPMHUYECKOrO MOTeHLHana Tpebo-
BanueM Y(T)=0,=— §. Toraa

dF=—SdT—Padv. (6.5)

Orcoga BHAHO, YTO €CTECCTBCHHBIMH NEPEMCHHBIMH IJ1s1 H30TEPMHUYCCKOTIO
NMOTCHIIHAJIA ABJIAKOTCA TEMIIEpATypa H OG’BCM, H IIPOHU3BOAHBIC 10 3THM IIC-

peMeHHLIM paBHBI
S=—(£) P=_(i£) (6.6)
ar/y’ ovip )

HaiineM cBsa3b MexIy agHabaTHYeCKMM M M30TEPMHUYECKHUM MOTEHI[HA-
namu. Beruuras u3 (6.3) Beipaxkenue (6.5), Haxoaum

d(U — F)=TdS + S dT = d(TS).

Ortcrona cnenyer, 4To
F=U-TS, 6.7

Il MOCTOSHHYIO HHTErPHPOBAaHHA MBI BEIOpany paBHOM HYIIO,

3angavua.

Nons3ysace BeIpaxkeHueM pis 3HTponuu (4.6), HAHTH BHYTPEHHIOW 3HEPTHIO
COBEpILEHHOrO ra3a a) Kak ¢yukuuio T; 6) Kak QyHKIHIO ,,CBOUX™ TIepeMeHHEIX S, V U B)
cB00OHYIO IHEPTHIO B ,,CBOMX ™ IEpeMeHHRBIX T, V.

R(T—-T
OTBeT.a)U—U0=(—'—(‘)l‘,
y—1
y—1
6)U —Uo =RT0 (ﬂ) oV —1XS —So¥R _ 1,
y ~1 vV

RT -To) __rr , 1r?”!

B)F —Fy = .
y=1  y=1 op27!
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§ 7. NpuHumn aHeprun. NMoasoa 1 OTBOA, TENna

BBeneM noHATHE 6HympelHell S3Hepzuu TEPMOAUHAMHYECKOH CHCTEMBI,
ompeJensas €€ Kak IMOJIHYH SHEPTHIO 3a BBIYETOM KHHETHYECKOH H
MOTEHITHAJIBHOM SHEPTHH CHUCTEMBI KaK Lenoro. BHyTpeHHAs 3HEpPTHSA CHC-
TEMBI MOXET OBITH H3MEHEHa ABYMA (H3MUYECKH pa3NUYyHBIMH crocobamu:
1) coBepmenne pabotsl 04 ra3oM WM BHEIIHUMM CHIIAMH Haj rasom; 2)
NpUBEICHHE ra3a B TEIUIOBOI KOHTAaKT ¢ 6onee HarpeThIM (HarpeBaTenb)
WM MEeHEE HarpeTsIM (XOJIOJUIBHHUK) TenoM. Eciu mpu 3ToM pabota He co-
BEpILAETCA, TO KOJMYECTBO SHEPTHH, NMOMYUEHHOE (MIIH MOTEPSAHHOE) ra3oM
IpH TaKOM KOHTAKTE, MPHHATO HAa3bIBaTh MOJBEACHHBIM K rasy (HJIH OTBe-
JIEHHBIM OT Ta3a) KoIuyecmeom menaa W 0003HaYaTh €ro CHMBOIOM O Q.

D70 yTBepKIEHHE, NPEACTABNIAIONIEE N0 CYLIECTBY 3aKOH COXpaHEHHA
SHEPTHH, MBI OyJeM Ha3BIBATh NPUHYUNOM DHep2uu UM MEPBBIM Ha4alIoM
TEPMOAUHAMHKH.

3aMeTHM cpasy ke, 4TO [y MPOLIecCOB B aguHabaTe BTOPO# cnocod u3-
MEHEHHA SHEPrHH MCKIIOYEH H paboTa coBepmiaeTcs 3a cyeT yObUIM BHYT-
peHHell SHepruH. 3TO 3HAYHUT, YTO BBEJACHHBIH B § 6 aguabaTHyeckuit mo-
tentHan U TOXIECTBEH ¢ BHYTPEHHEH sHepruei.

TakuM 06pa3oM, IPUHLIMI SHEPTHH MOXKET OBITH 3amKcaH B BUIE

dU =80~ 04=60Q— PdV, (7.1)

MpHYEM KONHMYECTBO TEIIA CYHTAETCSA MOJOXHTEIBHBIM, €CIH OHO MOA-
BOJAUTCA K CHUCTEME, U OTPHLATENBHBIM, €CIIH OHO OTBOJMTCS OT CHCTEMBI.
CpaBuuBas ¢opmymnsl (7.1) u (6.3), HAXOAHM COOTHOILIEHHE, CBA3BIBAIOLIEE
KOJHYeCTBO Teria 0Q ¢ I pEepeHIHanoM SHTPOMHH

00 =Tds. (1.2)

UpesBbIuaiiHO BaXKHO OTMETHTH clleayiomiee oTIH4Ke GopmMyasl (7.1), ¢
0JHO#1 cTOpoHHL, OT opmynel (7.2) K oT HOpMYIBI

dU=TdS—-PdV, (7.3)

¢ apyroii croponsl. @opmyna (7.1), MOCKONEKY OHA MPEACTaBIsAET 0CO0YIO
¢opMy 3aIlCH 3aKOHA COXPAHEHHS M NMPEBPAIICHHA 3HEPTHH, CIIPABEANHBA
Ut NMIOOBIX MPOIIECCOB, KAK PAaBHOBECHBIX (00paTHMBIX), TAK H HEPABHO-
BECHHBIX (HeoOpaTHMBIX). B mpoTHBOMONOXKHOCTE 3TOMY (opmynsl (7.2) u
(7.3) cnpaBeUTHBBI TOJIBKO AN PaBHOBECHBIX NMPOLIECCOB, a B CITyyae He-
PaBHOBECHBIX MPOLECCOB, Kak OyaeT mokazaHo B § 23, OHM JOJMXKHBI OBITH
3aMEHEHBl HEKOTOPBIMH HEpaBeHCTBaMH. C Apyroil CTOpoHBI, OrpaHHYHBa-
AICh PACCMOTPEHHUEM TOJIBKO PABHOBECHBIX MPOLIECCOB, MBI AOKHEI KOHCTA-
THPOBATh, YTO COAEpxAHHE paBeHCTBa (7.3) 3HAYMTENBHO IIHpE, YEM CO-
JepxaHue paBeHcTBa (7.1), Tak kaxk paseHcTBO (7.3) omMpaeTcs Ha MocTy-
JaThl O CYLIECTBOBAHHH TEMIIEPATyphl M SHTPONHH H TEM CaMBIM 00BeIH-
HAET MPHHIIUIBI TEMIIEPaTyphl, SHTPOIMH M SHEPTHH. B CBA3H ¢ 3THM COOT-
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HomenHue (7.3) 4acTo Ha3pIBAIOT OCHOBHBIM TEPMOJHHAMHYECKUM TOXKJIECT-
BOM (JJI1 pABHOBECHBIX MPOLIECCOB).

3ameTnm, uTO ycnoue KanubpoBkH (T, S)/d(P, V)=1 (cMm. (4.1))
ABJISETCSA, B ONPENEIEHHOM cMBIcie, cieacTBHeM (7.3). OHO npencTaBiseT
coboii ycnoBue TOro, YTO mpaBas 4acTb (7.3) ecTb monHbI quddepennuann,
OJTHAKO JTUIb B TOM ClIy4ae, eciii Npou3BoaHas (0P /9S')y oTnuuHa oT Hy-
ns. Kak Mpl yBHOHM B § 18, 3TO HEpaBEHCTBO MOXET I pAJa BELIECTB
HapymaThcs B HEKOTOPBIX TOUKax PV-InocKocTH.

dopmyna (7.2) cxomna ¢ dopMynoit aneMeHTapHoil paboThl 04 =
= P dV (cM. (5.1)). Bugy atoro cxonactBa I'mb60c mpemoxun Ha3bIBaTh
SHTPONHIO S TEPMOJHHAMHYECKOH KOOpAHHATO, a TeMneparypy 7 — Tep-
MoAMHaMHYecKOH cunoil. Tak ke kak paboTa cBA3aHa ¢ M3MEHEHHEM Me-
XaHHYECKOH KOOpAHHATHI, MOABOA HIIH OTBOJ TEIUIA CBS3aH C H3MEHECHHEM
TEPMOAMHAMHYECKOH KOOPAUHATH — 3HTPOIHH.

[MogBox Temna K CHCTEME 3KBHBAJICHTEH YBENHUYEHHIO TEPMOAMHAMM-
4eCKOH KOOpAMHATH — IMOJBOAY 3HTPOINHH, OTBOJ TEILIA OT CHCTEMBI 3K-
BHUBAJICHTEH YMEHBIICHHIO TEpMOAMHAMHYECKOH KOOPAHMHATHI — OTBOAY
SHTPONHHU. MOXHO CKa3aTh, 4TO TEPMOAMHAMHKA PABHOBECHBIX MPOLIECCOB
npeacTaBiseT co60if B HEKOTOPOM CMBICNIE PACIIMpEHHE MEXaHHKH, CBs-
3aHHOE C BBEJCHHEM JOMOJHUTENBHOM HEMEXaHHUECKOH CTemeHH cBOOOAbI.
Ecnu B MeXaHHKE OJHOMEDHOTO ABIXXEHHS BO3MOXHO TOJNBKO M3MEHEHHE
KOOpAMHATHI X (B MEXaHHKE ra3za — HU3MeHeHHe 00beMa V), TO B TepMOIH-
HaMHKE CYLIECTBYET TAKXKE M3MCHEHHE BHTPOIMH S, 03HAYAIOLIEE MOIBOST
n160 OTBOA Tema.

N3oTepMHYECKHI NOTEHIMAN F Ha3bIBAIOT TAKXKe c60600HOU snepauell,
a pazHocte U — F =TS — ceszannoli 3Hepaueli. ITH Ha3BaHUA 00YCIOB-
JIEHBl TEM, YTO F MOXHO ONpEIEeNUTh KaK Ty 4acTh BHYTpEHHEH SHEpruu,
yOBIIb KOTOpO# JaeT paboTy MpH M30TEPMHYECKOM MpOLIECCE, B TO BpeMs
Kak y6binb yacTu TS, paBHas —7T dS npu T = const, KOMIIEHCHPYETCA MOA-
BEACHHBIM TerioM T ds.

3aiiMeMcsa Oonee nmeTanbHBIM aHanu3oM ¢opmyns (7.2). T'eomerpu-
Yyeckass MHTEpNpeTallis KONMHYecTBa Tella Ha AHarpaMMe 7.5 COBEpIIEHHO
aHQJIOTHYHA MHTepnpeTalMH paboTel Ha aHarpamMMe PV, MMenHo konu-
4eCTBO TeIl1a, MOABEACHHOE K CHCTEME, aHAIMTHYECKH BBIpaXkaeTcs ¢op-

Mynoi

Ay
o= [ rads, (7.4)
St

a TeOMETPHUUECKH BBIPAXAETCA IUIOWIAABI0 GHUIYDHI, exauiel mog KpuBoi
T(S) (puc. 6). .

Tak kak TeMmeparypa sBisgerca GyHKIHEH He TOJBKO SHTPOIMMH, HO H
¢yHknueil cocTosHuA ra3a (Hampumep, GyHkuuel S U V, unu ynxuueii S
# P), To mnouaAp (KONMHYECTBO TEIIAa) 3aBUCHT HE TOJNBKO OT HAYAIBHOTO H
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KOHEYHOTO COCTOSAHHH, HO M OT BCEro xoma |
npoiiecca. B MpOMeXyTOYHBIX COCTOAHHAX
Tporiecca TEMIeparypa MoxeT ObITh U OoJbiire g
U MeHbIIE, YeM TEMIlEpaTypa, COOTBETCTBYIO- o
mas rpapuky I. [103TOMy KONMHYECTBO TeILUla
Juta npoueccoB I, II] u T. A. OyaeT cOOTBETCT-
BeHHO Oonpie H MEHBIIE KOJNHUYECTBA TeEIa,
COOTBETCTBYIOLIETO mpomeccy /. DTO 3HAYMT, S S; S
YTO KPHUBOJHUHEHHBIN HHTerpan (7.4) 3aBHUCHT
HE TONBKO OT HA4YaJbHOM M KOHEYHOH TOUEeK, HO
M OT BCEro KOHTypa HHTerpupoBanus. Cneno-
BAaTENIBHO, MOABIHTErpasibHOE BhIpaxeHue 0Q = T dS He ABNAETCA MOJHBIM
IuddepeHIIHaNoOM KaKkoi-mH60 GYHKIHMH COCTOSAHHA raza. dusmyecky 310
3HAYHUT, YTO MOAOOHO TOMY, KaKk HE HMEET CMBIC/Ia MOHATHe PaboTHI,
»AKKYMYJHPOBaHHOH* B ra3e B HEKOTOPOM €r0 COCTOSHHH, HE CYLIECTBYET
U BenuuuHel ( (KONHMYEeCTBA TeIUa, ,,aKKYMYJIHPOBAaHHOTO“ B rase B
HEKOTOPOM €r0 COCTOSHHUH), IPUpPAIIEHHEM HITH YOBIIBI0 KOTOpO# 6bLna 661
BennuuHa 0Q. (MBI MOaUEpKUBAaEM 3TO, TaK e Kak U B ciydae paboTsl,
ynotpebnenneM cuMBona 00, a He dQ anst 6ECKOHEYHO MAJIOro KOIHYECT-
Ba TeIJa.)

Tak xe kak U pabota, xoruvecmso menna ecmo (pyHkyus npoyecca, u
OHO MPHOOpETaeT OAHO3HAYHBIH CMBICT TOJBKO B TOM Cly4ae, €ClH yKa-
3aHBI YCIIOBHs HAarpeBaHUs WM OXJaXACHHSA raza. Takum oGpaszoM, U pa-
60Ta, H KOMHYECTBO TEINa CyTh (GYHKIMH MpOLIECca, a HE COCTOSHMA rasa,
¥ Benuuuusl P dV u T dS ne aBnsworcsa B 00LIEM clydae MONHBIMH Audde-
pennuanamMH. Tonpko pasHocts T dS — P dV npeactaBnseT coboit monHeli
Juddepennran axuabaTHYECKOTO MOTEHIIHANA — BHYTpEHHEH 3HEPruH, —
sBnsAomerocs ¢yHkIHel coctosnus raza. CleJoBaTENbHO, HE HUMEIOT
cMBICHIa MOHATHSA: 3amac pabOTH M 3amac Temna B rase, H MOXHO FOBOPHUTh
JIMILB O 3armace SHEPTrUH.

[MoxaxeM aHAOTHYHO BEIYHUCICHHIO PabOThl, KaK pPacCUHTHIBAETCA
KOJIMYECTBO TEIUIa, MOABEACHHOE HITH OTBEISHHOE NP Pa3HBIX MpOIIeccax.

H3orepmudeckuii mpouecc.

Puc. 6

§2
Or=[ TdS=T(S,~5)). (1.5)
S

Hcnone3ys dopmyny (4.6) st SHTpOMUH
S—So=—_-1m 2L
y=1 "y}

H 3aKoH boiing — Mapuorra
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Py =P,
TONY4HM
_ _RT , BV 4 _
QT—;t:hlﬂV =RTIn m‘ (7.6)

H306apuyeckuii npounece. M3 (4.6) naxomum npu P = const dS =
Rydv

=w—DV"

deV - de__(VZ_Vl)__(TZ_TI) (7.7)

H3oxopuuecknii npouecc. U3 (4.6) momyyaem mpu ¥V = const dS =
R dP

=—y
v -npP
R ?po _ Ry ~T1)
QV—y_1 R 1 (P2 1’1)——),_1 - (7.8)
A
AnuabaTuyeckuii mpoumecc.
Os=0.

§ 8. TennoeMmkoCTb rasa

BBeaeM NOHATHE menroemkocmu ra3a Kak KOJIHYECTBa TEIIa, KOTOPOe

HY>HO NOABECTH K ra3y, 4ToObl MOBBICHTE €ro TeMnepaTypy Ha 1 K:
4Y
C I 8.1

OueBHAHO, 4YTO, KAK H KOJHYECTBO TEIUIA, MENI0EMKOCMb eCMb (HyHK-
yus npoyecca W IpHoOpeTaeT OAHO3HAYHBIH CMBICI MPH YKa3aHUH YCIOBHi
HarpeBaHus rasa.

YacTHBEIMH NMPHUMEPAMH TEMIOEMKOCTEH ABNAIOTCA TEIUNIOEMKOCTH IPH
NOCTOSHHOM gaBneHHMH Cp M mpu moctosHHoM obbeme Cy. Anmabaru-
YyecKoMy mpoueccy B cuny ycnoBus 6Q = 0 COOTBETCTBYET M TEINIOEMKOCTh
paBHas Hynwoo, Cs = 0. HakoHer, MBI MOXKEM YCIOBHO HPHIIMCATh TEIJIO-
eMKOCcTh C'7 = * 0 u3oTepMUyeckoMy mporieccy (7 = const), paccMaTpUBas
€ro Kak npeaenbHbli cnydail mpounecca, B KOTOPOM TEMIIEpATypa YpE3BbI-
4aiiHO MEIJIEHHO MOBHINIAETCA MM MOHKKAETCA NpH moaBoae temna (60 >
>0, 0T =*¢, |g|>0). Tak kaK ycIIOBHS HarpeBaHHs ra3a MOXHO Oecko-
HEYHO BapbHPOBaTh (TaK UTO MOCTOAHHBIMH OyAyT ocTaBaThca HE P, V, S,
T, a mpousBosbHBIE PyHKIUHU OT P 1 V), TO CyIIeCTBYET 6ECKOHEUHOE MHO-
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XECTBO PA3MMYHBIX TEMIOEMKOCTEiH raza. 3aMeTuM, B YaCTHOCTH, YTO BO3-
MOJXHBI TaKue TPOLECCH], MPH KOTOPBIX TEMIOEMKOCTh OTpHiaTensna (00
d 0T HUMEIT MPOTHBOMOJOXKHEIE 3HAKH). ITO BO3MOXHO B TOM CIy4ae,
€CJIM Ta3 NIPU HArPEBAHUH AOCTATOYHO CHIBHO PaCUIMPSAETCS ¥ IPOU3BOIAUT
paboTy 6onpmyio, YyeM NOABENCHHOE K HEMY KOJIM4ecTBO Telia. Tornaa,
HECMOTpPsi Ha TMOABOA TeIU1a, €ro BHYTPEHHAs DHEPTHs M TEMIepaTypa
Oyayt ymeHpinatees U oTHoweHue 0Q /0T Gyner orpuuarensibiM. Haii-
JeM TernoeMkocTd Cy U Cp, BEIPa3UB MX Hepe3 MPOH3BOAHBIE OT SHTPOIIHH,
Cornacto gopmyne (7.2) umeeM

_r[9s —7|9s
CV—T(aT)V, CP_T(&T)P' (8.2)

Berucnum temoemkoctd Cy ¥ Cp AJI COBEPIIEHHOTO Ta3a U JOKaXKEM,
YTO MOCTOsSHHAs @ B BBIpaKEHHHM A abcomoTHOH Temmnepatrypel T =

= -P}TV + 6 nomkHa 6bITh BHOpaHa paBHoii Hymo. Jluddepenunpys no 7 BeI-

paxkeHHe 3HTpoNHH (4.5)

PR S A (T -6y p ~Y
—So= -

-1 y -1 -1 1-y
14 (To - )V, 14 (To - 0)! P,

OJHH pa3 Npu V = const, a apyroii pa3 npu P = const U noJae3ysck Gopmy-
nami (8.2), HaxoIUM

R T RyT
cy=-L2-T_  cp=—V___
4 P v -na -6

y=1T-6" 83)

Otcroaa BUAHO, 4TO TEMNOEMKOCTH Cy ¥ Cp ABISIOTCS TIOCTOSHHBIMH TOJIb-
KO TipH @ = 0; pH 3TOM

CV=y—’i—~1, Cp=£'—1, (8.4)
OTKyJa
o=y 8.5)
H
Cp—Cy =R, (8.6)

Tocnennee ypaBHenue Ha3bIBaeTCs ypasuenuem Matiepa.®

* Ypaenenne (8.6) 6610 Mcnone3osano B XIX B, 414 TOro, 4To6H ONpenennTEL MeXa-
HHMYECKHI 3KBHBAIICHT TEINOTH J. DKCEPHMEHTH IS Pa3HBIX Ia30B B LIMPOKMX HMHTED-
BajaX TEMNEPaTyp M JIaBIEHMH JaBajlH OAMH M TOT xe peaynwtar J = 4,18 JIx/kan, uro
SBHJIOCE OJ(HMM M3 NMEPBHIX NOATBEPKACHHI NPHHIMNA IHEPTHH.
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Wtak, MBI ONpeNeauIN Hayano oTcyeTa abCOMOTHOH TeMIIepaTyphl.
OO6paTuM BHHMaHHE YUTATENs HA TO, YTO HaM MPHUIUIOCH NI 3TOTO MO-
MHMO HM3MEpeHHH AaBlieHHs U oObeMa (MOCTPOEHHME CHCTEMBI H30TEPM B
TEPMOCTATe U CUCTeMBI afauabaTr B aguabare) MPOU3BECTH U3MEPEHHE OX-
HO# KaJIOpHYECKOH BelTHUHHE — TermoeMkocTH Cy (umu Cp) u ybeautbcs
B €€ HE3aBHCHMOCTH OT TeMmIepatypsl. CHTyauHs He U3MEHHNACh OBI, €ClU
6bl B kauecTBe pabouero Tena s KATMOPOBKH TEMIEpaTypHON U SHTpO-
NUIHOM KA MBI BEIOpasii OBl HE COBEPIIEHHBINA ra3, a HHYIO TEPMOINHA-
MHUECKYI0 cucTeMy. I B 3TOM ciiydae JUis OnpejeleHds Hayana OTcyeTa
TeMIepaTyphl HaM NMPHILIOCH OB TOMUMO U3MEPEHHs AAaBIEHHH U 06bEeMOB
6a3upoBaThCs HA OHOM KaJOPHUMETPHYECKOM H3MepeHuu. [mybokas npu-
YHHA 3TOr0 3aKNIOYaeTCs B TOM, YTO TEPMOAMHAMHYECKOE OMpeAeTeHHe
TEMIIEPAaTYPHO# IIKaJBl B KOHEYHOM cdeTe Oasupyercs Ha dopmyie (7.2).
Herpyano Buaers, 4To 3Ta (HOopMylna HEHHBAPHAHTHA MO OTHOLIEHHIO K
CIBHUTY Hayajia OTCYeTa TeMIIepaTypsl U NPEANoNaraeT onpeaeeHHbIH BbI-
6op Benuuunel 8, a umenno 6 =0, :

§ 9. Kpyrossie npoueccsl. Uukn KapHo

PaccmoTpum Ha PV-nmockocTu oOpaTHMBIH (paBHOBECHBIH) KPYroBOi
npouecc (uukn) (puc. 7), 4 MycTh TOYKA, H300paKaroIas COCTOSHHE rasa,
06XOOUT LMK B HanpaBieHUH YacoBoi crpenku. Ha ydactke abc ra3s pac-
IIUPSAETCSA U COTIacHO (5.2) coBepuIaeT MONOKHUTENbHYIO paboTy, H3Mepsie-
MYI0 TUIOmaabio QUIypHl, nexaineil noa KpuBoit abe. Ha yuactke cda ras
C)KUMAETCs BHEIIHUMHM CHJIAMH, H 3TH CHUJIBI COBEPINAIOT OTPHULATENBHYIO
paboTy, usmepsieMyro (10 aGCONMIOTHOH BeNMYHMHE) IUIOIAABIO (QUIYDBI,
nexamed noa KpuBoi cda. Ilpu BeIGpaHHOM HampaBleHUH 006X0oxa mocie
3aBeplIeHHs LUMKIAa MBI TOJy4aeM BBIMTPHIL B paboTe 4, H3MepseMEBIi
TUIOMIAABI0 (PUIYpPEI, OTpaHHYEHHON UMKIOM abcda. PaccMOTpUM TOT ke
KpYyroBoii mpowecc Ha mnockocTd TS (puc. 8). OueBnano, on usobpaxaercs
Ipyroi 3aMkHyTOH Qurypoit @' b’ ¢’ d’'a'. JomyctuM, yto usoOpaxaromas
TOYKa MpoberaeT LMK TaK K€, KaK ¥ Ha PV-IIOCKOCTH, B HaNpaBIEHHH
4acOBOH CTpeNKH (MBI YBHIUM, YTO 00paTHOE NMPEANOIMKEHHE PUBEIO ObI

P T
b b'

ol|l-----<
- —_———-

Puc. 7 Puc. 8
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Hac k NpoTuBopedHio). Torma Ha yvacTke a' b' ¢’ dHTpoNHUs pacTeT U
cornacHo (7.4) Ha 3TOM y4acTKe TEIUIO MOABOJUTCH K ra3y, pHyeM KOJIH-
YeCcTBO TeIlla, MOJBEJCHHOTO K rasy, U3MepseTcs IUIomanbio GUrypsl, ae-
xamei o kpuBoit a' b’ ¢'. Ha yyactke ¢’ d’ @’ sutponus rasa ymeHsiaerc-
i, M TEIUIO OTBOJHMTCS OT rasa. DTO KOJNHYECTBO Tersa Mo abCoMOTHOH
BeJIMYMHE U3MEPSAETCS IUIOMAAbIo QUryphbl, Nexameil noa kpusoii ¢’ d' a'. B
pe3ylbTare 00X04a MOJHOTO LMKIA ra3 MoiaydaeT H30HLITOK Tema, H3Me-
PAEMBIH MIOMIAABI0 (HUTYphl, OTpaHHYeHHOM KpuBoi @' b' ¢’ d' d'.
CornacHo npuHuuny 3Heprud (7.1) umeem

$ o0=¢ au +§ o4.

Tak Kak BHYTpEHHssl SHEPTHs eCTh YHKLHUS COCTOSHUSA ra3a, TO gﬁ dUu =90
H, ClIeIOBaTENBHO,

0=A. ©.1)

Takum o6pa3om, NIOMIAAM HUKAOB HA PV- u TS-INOCKOCTAX JOJIKHBI OBITh
OJMHAKOBHI (3aMETHM, YTO TEM CaMBIM MBI JOKa3aJiH, 4YTO HanmpaBJIeHUs 00-
X0Ja LMKIa Ha PV- U TS-nocKoCTAX JODKHBI OBITH OAMHAKOBBIMH, B IPO-
THBHOM clTyyae MBI TIONyYHIH Obl PU3MYECKH U MaTeMaTHyecku GeccMbic-
NIEHHOE PAaBEHCTBO MOJOXUTENBHOM pabOTHI M OTPULIATENBEHOTO TETLIA).

Taxum oOpa3om, kpyroBoil npouecc, mpoderaeMbsll H3o6paxaromeit
TOYKOH B HaNpaBIEHHH YaCOBOH CTpesikH, NMpeAcTaBaseT coboil cxemy
paboThl M06OH TEIUIOBOH MalIMHBI, TpaHC(OPMHUpYIOIEH TerIo B paboTy
(puc. 9). 'a3 nomyyaet OT HarpeBaTels KOJIUYECTBO Tellla (Jy, 4aCTh 3TOTO
tera Qp (@2 < 0) oTmaeT XONOAMIBHHKY, a pasHocTs Q=01 — |01 |
npeBpamaet B pabory. U3 dopmynsr (9.1) Brrekaer, uto ecnu Q = 0, To U
A = 0. CiegoBaTenbHO, HeNb3si MOCTPOUTH TEIUIOBYIO MAlIHHY, KOTOpas Aa-
Bajia OBl BHIUIPHINI B paboTe Oe3 NPUTOKA SHEPTHH HU3BHE (BEeYHBIN ABHra-
Tenb NMepBoro poga). OueBUAHO, KO3 HHLHEHT MONE3HOr0 NeHCTBUS Tell-
JIOBO#f MaIMHEI enecoo6pa3Ho ONpenenuTs Kak OTHOHIeHHe paboTel A K
TIOJTy4YeHHOMY OT HarpeBaTelst KONUYecTBY Terna OJ):

4 O -102]
=4 =" %9.2)
1 o
Ecnu MBI paccMOTpHM Temneph LMK,
; .
KOTOpBI#l 06X0uTCs M306paXkarowei Tou-
KOil B HampaBJIEHHH NPOTHUB 4HAaCOBOH
CTpEeNKH, TO NMepeMeHsATCs Ha obpaTHbIe A=Q-1Q

HalpaBJICHHUA BCEX MPOLIECCOB H 3HAKH KO-

2
NHMYecTBa Teria U paboTel. MBI MOXy4uM
cXeMy IEHCTBUS XOJOOWIBHOH MaUTHHEL,

KoTOpas notpebiuser paGoTy, HO 3aTO Te- Puc. 9

2 Jaxaz Ne 222
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Hazpesamernb

PEBOJMT TEIUIO OT MEHee HAarpeToro K 60-
nee Harperomy teny (O < 0) (puc. 10).
- A=Q,-|Q PaccMOTpUM B KkaudecTBE NMpUMepa Tak
Ha3bIBaeMBbIH yuxn Kaphno, coctosinmii U3
IByX aauabat u Byx uzorepM. Ha puc. 11
u 12 usobpaxen wui Kapno na PV- u
Puc. 10 TS-nocKOCTIX. 3aMETHUM, 4TO B TO BpeMs
Kak Ha PV-nmockocTH ¢opMa LMK 3aBU-
CHT OT COpTa rasa ¥, B YaCTHOCTH, Pa3dHYHA JJI1 PEAIBHBIX U HACAIBHBIX
ra3oB, pukiI KapHo na 7S-minockocTd HMEET YHUBEPCAIBHYIO OpMY U AT
MOOBIX TEPMOIMHAMHYECKHUX CHCTEM MNpeAcTaBiseT co00H NpsAMOyrois-
HHUK, CTOPOHBI KOTOPOTO Napajiie]bHbl COOTBETCTBYIOIUM KOOPAHHATHBIM
ocsM.
BerynciuM k03pQPHLHEHT mone3Horo neiicteua (xng) uuxia Kapho
(o6patumoro). CornacHo gopmyine (7.5) umeem

O01=T1(S2—51), Q2=TN(51—3S2)

OTKyJa

01 -1021 T -1
17= ——1

o T (@1>0, 02<0). (9.3)

13 ¢opmynsl (9.3) BEITEKAIOT CNEACTBUS.

1. Ko uukna KapHo He 3aBucHT OT BEIOOpa pabouero BerecTBa.

2. Kna uuxna KapHo 3aBHCHT OT OTHOIIEHHS TeMIlepaTyp HarpeBaTens
U XONOJWIBHHUKA H HE 3aBUCHT OT JeTajiell KOHCTPYKIMH TEeIIOBOH Malru-
ubl. Yem menbuie otHomenue 7>/7), Tem Goneite kna nukna Kapho.,

3. Kng uuxia KapHo Bcerga MeHbIe eIMHHULBI H IPUOIMXKAETCS K eIH-
HHLIE TONIBKO B TOM CJIy4ae, €C/IM TEMIIEpPaTypa X0JOAUIBHUKA CTPEMUTCS K
abCOMOTHOMY HYIIIO.

3ameruM, 4yTO HUMKI KapHo sBNseTCs eCTECTBEHHBIM M €JHUHCTBEHHO
BO3MOXHBIM pabOuYMM LIMKIOM JUIsS TEIIOBOH MAalIMHBI, HUMEOLIEH OXMH
HarpeBaTenb U OJUH XOJOIAUIBHHK C NOCTOSHHBIMH TeMIlEpaTypamMH, Tak

P T
Q
T, b--- !
T, |---
2 1 Q, ;
v S, S; S

Puc. V1 Puc. 12
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Kak Jj1s TakoH MAalIMHBI NPOLIECCHl NOABOAA U
OTBOAA TeIUIa JOMKHBI OBITh M30TEPMHUYECKH-
MH, @ TPOMEXYTOYHBIe NpOLECCH 00s3aHH
OBITh aaHabaTHUYECKUMH, MOCKOIBKY IPYTHX
HarpeBareneil U XONOAUIBHUKOB HET.

JlokaxxeM Tellephb CIEIYIOMYIO TEOpeMy:
K03 HLHUEHT oJe3Horo AeicTBUS Lukia Kap-
HO Oonbmie, 4eM Kk03QPULHUEHT I10IE3HOTO
JEHCTBUA NOOOT0 JPyroro paBHOBECHOTO L{HK-
N3, Y KOTOpOro MAakCHMaJIbHas TeMllepaTypa
HarpeBaTeNs ¥ MHHHMaJIbHAS TeMIlepaTypa XONOAMIBHHUKA PABHEI COOTBET-
CTBEHHO TemIiepaType HarpeBaTelsi M TeMilepaType XONOAMWIbHHKA LIMKIa
Kapno.

Jlna pmokasaTenbcTBa HM300pa3suM 3adaHHBIA LMKI Ha 7T.S-TJIOCKOCTH
(puc. 13) u onumem Bokpyr Hero uuiiI Kapno. O6o03nauum cymmy mio-
waneit ¢puryp adb u bBc yepes q;, a cymmy nnomanei aDd u cCd depes
lg2| (g2 < 0). UMeeM, o onpexaeneHuo, Kny 7¢ s uukia Kapno

=Q1—|Q2|
o

2]

Puc. 13

(9.4)

rae Q) u300pakaeTcs IUIOMAAbI0 MpsMoyronsHuka ABFE, a |y — mo-
maneio npaMoyronsauka DCFE, JIns uukia abeda imeeM

_O1-q =02+ g2
O1—q )

9.5)

IoacraBuB cornacHo (9.4) B YMCIUTENb NMOCAEAHEr0 BhBIpaXkeHHs (O —
—102]|=nc 01, nonyunm

_nco —q ~ 2|
O -a ’

OTKyza

|q1 |

=nc — 1— -

n=1nc Q o =g (A=7c) —
Tak kak BTOpPOE M TpeThe claraemble NPaBOH YacTH OTPHLIATENbHBI
(nc 1), 70 ¢ = 1, NpUYeM PAaBEHCTBO UMEST MECTO TONBKO MIPH g1 = 2 =

=0, T. €. 47151 LHKJIA, TONHOCTBIO COBMajaromero ¢ koM Kapro.

3aMeTHM, 4YTO YCJIOBHSIM TE€OPEMBI YOOBJIETBOPSET HE TOJIBKO LHKI
KapHo, onycaHHBIi BOKpYr 3aJaHHOrO LUKIA, HO H HUKA KapHo ¢ HHBIM
NONOXKeHHeM aguadaT (CM. INTPUXOBBIE MUHUHM Ha pHc. 13). Tak kak, oa-
HAaKO, 77c He 3aBHCHUT OT S) U Sz, TO TeOpeMa U I TaKHUX LUKJIOB OCTAeTCs
B cuie. Panee Mp1 y6eaunuce B TOM, 4TO 7j¢ <1, MO3TOMY H AJs APYTHX
nukaoB 7 <1 Orcroga BEHITEKaeT OAHAa M3 KIaccHyeckux (GopMyIHpoBOK
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P
P T.
2 Pyloee
v\

o L) =

T1| : T3 E E E I:

1 1 P H.

1 1 ;! , o
V1 V2 v V1 V4 V2 V3 v

Puc. 14 Puc. 15

8MOpoz0 HAwAAQ MEpMOOUHAMUKY: HEBO3MOXHO MOCTPOUTH BeYHBIH
JBHTaTeNb BTOPOTO poJa, T. €. TAKYIO IEPHOJUYECKH AeHCTBYIOIYIO MallTH-
HY, KOTOpas npeBpaiyaia Obl Bce TeIUIO, MOTY4YEHHOE OT HarpeBarens, B
paboty (uMena 65l KIJ, paBHbIHA eAHHHIIE).

Takas BooGparkaemas MamMna moriaa 6sl paboTaTh, HapUMEp, 3a CYET
OXJIAKJCHHUS OKeaHa HUIIH 3eMHOH KOPHI U, XOTs OHA He Hapyiaia OBl 3aKOH
coXpaHeHHs dHepruH (He OblIa ObI BEYHBIM JBHUraTelieM MEPBOro poaa),
NpakTU4ecky Obuta Obl HeorpaHMYEHHbIM MCTOYHHKOM AApOBOH 3HEpruH.
OpaHako 3aKOHBI NPHUPOIHl TAKOBHI, YTO CO3JaHHE TAKOH MAlMHBI HEBO3-
MOXHO. Y CJIOBHEM BO3MOXKHOCTH NpEBPallieHHs TEILIOTH B paboTy SBIsAET-
sl HUIMYME Hapsdy C HarpeBaTenaeM M XOJNOIUIBHUKA, T. €. CYLIeCTBOBaHHE
Pa3sHOCTH TEMIIEPATYP.

3amaua.

Jna nuxinos 1 (puc. 14, ThT3 — aguabata) u 1l (pc. 15) ¢ coBepIIEHHBIM razom
1) HaiiTH KOMMYECTBO TeMaa ¥ paGoTy A BCEX YUacTKOB LHMKIR; 2) ybeauTsca, uto O = 4,
3) naiitv kng.

Otser Unknl:1,2)Q=A4=Cy (T2 =T1)=CpT1 [(T2 /THV? —1};

T, /THY ~1

By =1-y T 71

(T,/T))—-1

Unknll: 2)Q=A=R(T2 =T1)In (V3 /V3);
R(Ty =T) I (V3 1V3)

T Cp(Ty, =T+ RT, In (V3 / V)

37

§ 10. AkcnomaTtuka TepmoaMHammukun. O6obueHrne NOHATHA
3HTPONMK Ha NPON3BONbLHbIE TEPMOANHAMHUUECKNE CUCTEMbI.
MpuHunn HepHeta

B aToM naparpade MBI pACCMOTPHUM HEKOTOPBIE BOIPOCHI, CBS3aHHBIE C
CHCTEMOMH aKCHOM TEPMOIMHAMHKH.
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TMockonbKy B 3TOH KHHre HCIIOIB3YETCS CHCTEMA aKCHOM, OTIHYHAS OT
TPaJULIMOHHOM, MBI CYMTAEM NONE3HBIM U3NOXHUTH 371eCh HAOOp MPHHLIMIIOB
UM Hayan, MPUMEHseMBIid OOBIYHO NMPH H3MOKEHHH KIACCHYECKOM
TEPMOIMHAMHUKH, H BBISACHHTB, B KAKOH JIOTHYECKO} CBA3M C 3TO# cUCTEMOH
aKCHOM HaxOJMUTCS NMpUMeEHseMast HaMH.

B TpaaMUHOHHBIX M3T0XEHHSX B KayecTBe dyHIaMeHTa BCErO 3AaHHSA
KIaCCHYECKOH TEPMOAMHAMHUKH NPUHUMAIOTCS CNENYIOMHe TOCTYAATHI.

1. Hynesoe nauano mepmoounamuxu, NOCTYTHPYIOLIEE CYILIECTBOBaHHE
Temneparypsl. (Cnegyer OroBOPHTBCS, YTO HYJIEBOH NMOCTynaT BBOAUTCS
Jajieko He BO BCEX H3NOKEHHAX TEPMOAMHAMHKH, XOTA €ro JIoTHUecKas
HeoOX0IUMOCTE AOBOJIBHO OUeBHAHA (CM., Hanpumep, [1—3]).)

2. Ilepsoe nawano mepmoounamuxu, BHIpaXKarouee NPHHLHUI cOXpa-
HEHHs 3HEPTHH NPUMEHHUTENBHO K TEIITIOBBIM IIPOLIECCaM:

dU =60 — 64. (10.1)

3. Bmopoe nawano mepmoouHamuxu, NONyCKamouee BeCbMa 3HAYH-
TEJILHOE YHCIO Pa3lHYHBIX, HO 3KBHBAJIEHTHBIX (QopmMyaupoBok. Ipexae
BCETO yNoMsiHeM 00 HCTOpHYECKH Haubolee PaHHHUX KauyeCTBEHHBIX ¢op-
MynupoBkax 3toro Havana (Kapuo, Knaysuyc, Kenssun, OctBansn):

a) HEBO3MOXKHO TIepeBEeCTH TEIUI0 OT MeHee HarpeTroro Tena k Gonee
HarpeToMy Tely 6e3 Kakux-mu60 HHBEIX H3MEHEHHUH B MPUPOE;

6) HEBO3MOXKHO TeIUIO, OTHATOE OT HEKOTOPOro Tena, LIEAMKOM IIpe-
BpaTUTh B paboTy 6€3 kakux-1160 HHBIX H3MEHEHUH B IPUPOLE;

B) HEBO3MOXHO IIOCTPOUTE BEYHBIH JBUTATENb BTOPOTO POJA.

B nmpuMeHEeHHH K PaBHOBECHBIM IIpoLieccam mobas M3 3THX JKBUBa-
JIEHTHBIX (POPMYJIHPOBOK NMPHBOJHUT K CYINECTBOBAaHHUIO (YHKLHMH COCTOS-
HHSl CHCTeMBI (SHTDPONHH), CBA3aHHOH C KONHYECTBOM TeIula COOTHOLIE-
uueM (cM. (7.2))

0Q=Tds. (10.2)

O6nveaunss Gopmynsl (10.1) u (10.2), nory4aeM COBMECTHYIO 3arUCh 1
u Il nayan tepmoaunamuxu B Buje (cM. (7.3))

dU=TdS —PdV. (10.3)

YcnoBueM TOro, 4To mpaBas 4acTh — MONHHI AubdepeHLHan, IBIseTcs
COOTHOLIIEHHE
oT, S) o, V)

av,S) oaw,S)’

otkyaa npu (P, V)/ oV, S)# 0 nonydaem yxe u3BecTHy0 (cM. (4.1))
KaJIUOGpOBKY

aT, S) _

TR (10.4)
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BepHeMcs Tenepp Kk Hamedl cucTeMe akCHOM. MBI NMOCTYJIHPOBAIH
TpeXK/ie BCETO CYIIECTBOBAaHHE TEMIEPATYpPHl U 3HTPONHH (TPUHLMI TEM-
nepaTypbl ¥ NPHHLHUI 3HTPONHUH). YCIOBHE KanuOpoBKkH abCOMOTHOM
TeMmInepaTypbl H aGCOMIOTHOM SHTPONMH MPUBOJUT K TOMY, YTO B BHIpaXKe-
HuM (7.3) npaBas YacTe ecTh MONHBIA AuddepeHunan. Tak kak A npo-
tecca B aguabare 370 BbIpaxkenue pasHo P dV = 04, To agnabatuyeckuii
nortenumax U gomxeH GBITh OTOXKIAECTBIEH ¢ BHyTpeHHEH aHeprueil. [1pu-
COENUHSsS K HaIllel CUCTEME aKCHOM MPUHLIKM 3HepruH (7.1), MBI Monyyaem
Kak cnenctBre ¢opmyny (7.2). Takum o6pa3oM, KpoMe TIPUHLIMIIA TeMIIepa-
TYpBl ¥ NPUHLUIA DHTPOMHH U CBA3BIBAIOILETO MX YCIOBHS KaXMOPOBKH
(10.4) B cucreMy akcuoM He0OXOAMMO BKIIOYHUTH NIPHHILUI 3HEPTUH (TIEep-
BO€E HAYaJio TEPMOAMHAMUKH).

HecMmotps Ha TO, 4TO Takas cHCTeMa NMOCTPOEHHS TEPMOIHHAMHUKH He
ABnsieTcss Haubolnee dKOHOMHOH B CMBIC/IE YHCIA AKCHOM, MBI CUHTAaeM,
OJHAKO, YTO OHa 061aaeT onpeAeIeHHBIMH METOAUYECKHMHU JOCTOMHCTBA-
MH. OTH JOCTOMHCTBA 3aKIIOYAIOTCS B TOM, YTO C CAMOTO Haydaja nogyep-
KHBaeTCs BHYTPEHHSS CBS3b NOHATHH TeMmmepaTypbl W sHTponuu (T —
TEpMOAMHAMHYECKAA CHIIA, S — TepMOAMHAMHYeCKas KOOPJAHUHATA) H CHM-
MeTpHS MeXay napaMu nepemeHHeix I, Su P, V.

YkaxkeM Ha erme 0JuH BO3MOXHEIH ¢cToco0 BBeIeHHA aOCOMIOTHOH TEM-
nepatypsl U abCONIOTHOM BHTPONHUM, He TPeOYIOIHIl HCMONb30BaHUS CO-
BEpUICHHOTO ra3a B KayecTBe ,3TAJIOHHOro“ Tena mus usmepenus T u S.
3ToT cnocob 0CHOBaH Ha nocmyname Kapameooopu, COTIIaCHO KOTOPOMY B
OKpECTHOCTH 1000r0 paBHOBECHOTO COCTOSIHUS CHCTEMBI A UMEIOTCS Ipy-
THE COCTOSIHHA B, B KOTOpBIE HENb3s NEPEHTH U3 COCTOAHHUS A IyTeM aana-
6aTHueckoro nporecca — npuHyun aouabamuieckou HedOCMUNICUMOCMU.
3aMeTUM, YTO 3TOT NMPHHLUI COAEPXKUTCSA B HAlIeM NPHHLHINE 3HTPOIHH.
JelcTBUTENBHO, NIPEANONA0KEHHE O TOM, YTO aAuabaThl He MepeceKaroTcs
JpYT C APYTOM, U 03HAYAET, YTO JBA COCTOSHHUS, JeKAIUE HA PA3HbIX aina-
6arax, He MOTYT ObITh CBA3aHBI TPETHUM aqHa0ATHYECKUM MIPOLIECCOM.

PaccMoTpUM 1BE paBHOBECHBIE TEpPMOAMHAMHUYECKHE CHCTeMBI | U 2,
HaxXOAALMECs B KOHTAKTe APYT ¢ APYrOM M MMEIOLHE OAUHAKOBEIE YCIOB-
HBIE TeMIlepaTyphl 71 =72 =7. (B npoTuBHOM ciny4yae 7| # T3 CHCTEMEI
JOJKHEI OBUTH OB1 OTHENATHCS APYT OT APYTa MOABHXKHOM, HO TETIOU30IU-
pytomeit neperopoakoil. Jns Takux TEPMHYECKH HEOTHOPOIHBIX CHCTEM
npuHuun Kapareogopn mMoxkeT Hapymarbes.) COCTOSHUS Kaxaoi U3 cHC-
TeM 1 ¥ 2 ONUCBHIBAIOTCS HEKOTOPBIMHM TEPMOAMHAMHUYECKUMH TapaMeTpa-
M. [Tonb3ysACh TEPMHUUECKUM H KaJIOPUYECKHUM YpaBHEHHSIMH COCTOSIHHH,
MBI MOXKEM CYHTATh, YTO JBA MEPBBIX MapaMeTpa NpeAcTaBisoT coboil 7 u
o; (i=1,2). Torna coctosinue cucTeMbl | 3agaercs napaMeTpamMu 7,01,X1,
COCTOSIHME CHCTEMBI 2 — TapaMeTpamMH T,02,X2, a COCTOsiHHE 06nemu-
HEeHHOH cHCTeMBl — TNlapaMmeTpamu 7,0,x1,Xx2 (0],02,0 — YCIIOBHBIE
SHTPOMHH, X| H X3 — COBOKYITHOCTH OCTaJIbHBIX TEPMOAMHAMHYECKHX Ma-
paMeTpoB cHCTeM | ¥ 2 COOTBETCTBEHHO).
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IlycTe NpPH HEKOTOPOM pABHOBECHOM MpoLecce K 0O0beXUHEHHOM
CHCTEME MOABOAUTCS KONHUYECTBO Tera 00, K MOACHCTEMAaM — KOJNHYECT-
Ba terna 00 U007,

80 =60, + 60,. (10.5)

Tak kak Ha moboii aguabare 00 =0 u do =0, TO NpH MaNbIX Nepeaayax
Terna BenuuuHsl 0Q, 00y, 002 NPONOPUHOHANLHE d0,do|,d0 ) COOT-
BETCTBEHHO, NPHYEM KO3GhQHULHEHTB MOI'YT .3aBHCETh OT NAPaMeTPOB CO-
CTOSIHUS ¥ SIBJISIOTCS NONOKHTENbHBIMH:

001 = fi(zr,01,x1)do1, 002 = f2(r,02,x2)do3,

(10.6)
0Q = f(t,0,x1,x2) do.
Moncrasass (10.6) B popmyny (10.5), nonyuum
JSix,01,x1) N2(T,02,x2)
do = do,. 10.7
7= Feasan) T S, T (10.7)

BcneacTBue He3aBUCHMOCTH ITAPAMETPOB X; OT T U 0 ; OTCIOAA CIIEAYET, YTO

1) 0 ecTb HyHKIHS TONBKO 01 U O 2,0 =0(01,072);

2) xo3pbHLHEHTH! f1, f2, f 3aBHCAT TONBKO OT YCIOBHOH TeMIIEpaTyphbl
U ycnoBHO#H sutponuy f1 = f1(t,01), f2 = f2(r,02), f == f(r,0) 4 He
3aBHUCHT OT X|, X2;

3) otnowenus f1(t, 01)/ f(t, o) u f12(t, 02)/ f(r, ) HE 3aBUCAT
OTT.

M3 nocneaHero CBOACTBa clieayeT

i o
—"—(ﬁ _al M, (i=1,2)
ax\ S N2 »

OTKyJa HaXOAuUM f; (Infi)= fr-(ln ) =8 (1) (Tak xak ln f1 He 3aBHCHUT OT
02,aln f2 — ot o). CnenoBarensHo, uMeeM
S1(z, o)=y(@)Fi(01), f2(7,02)=y(T)F2(02),
S (z,0)=y(r)F(0),

(10.8)

rae Y(t)=exp| f €(7) dr] — npoU3BOIbHAA TONOXKHTENBHAS QYHKIMA T.
IMoactapnsas nocneanue Beipaxenus B (10.7), Haxoaum

F(0)do = F\(01)do, + F2(02) do,. (10.9)

Onpenenum Teneps aGCOMOTHYIO 3HTPOIHIO S C TOYHOCTBIO 1O Hayana oT-
cuera Qopmynoit S = f F(0) do, a aGcomoTHyI0 TeMneparypy — (opmy-
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noit T = (7). Torma u3s popmyn (10.6) u (10.8) naxogum 6Q / T=dS, 1. e.
06BIUHYI0 (OPMYIHPOBKY BTOPOro Hayana TEPMOAHMHAMHKH, a ¢dopmyna
(10.9) yka3piBaeT Ha aaJUTUBHOCTH abCOMIOTHOHN 3HTpomuH dS = dS) +
+dS,,§5=851+S5:.

BrisicHuM Teneph, Kakas CTeleHb NMPOH3BOJa B BEIOOpe abCOMOTHOM
TeMIepaTypbl U abCOMIOTHOH 3HTpONUH Aolryckaercs dopmynoi (10.2).
JlonycTHM, YTO BO3MOXKHEI ABE abcomoTHele Temnepatypsl 11(t) u T2(T) u
IBe abcomoTHeie 3HTPoNHUHU S1(0) U S2(0). Torma Ha ocHoranuu (10.2)

30 = TydS| = T»dS,

1300
T)(x) _ d81(0)
== (10.10)
Ti(r) dS200)

Tak kak Jepas yacte (10.10) 3aBHCHT TONBKO OT 7, a NMpaBas 4acTh —

TOJIBKO OT @, TO 00€ YaCTH paBHBI OAHOI U TO e MOCTOAHHOM! a U

Ty(7)= ali(z), dS,(0)= i dS1(0), S2(0)= —2 S1(0)+ b.

TaxkuM 00pa3oM, MPOU3BON B ONpeleNeHUH abCOMIOTHOM TeMIepaTyphl
SHTPOIHMH 3aKIIOYAETCS TONBKO B TOM, YTO MBI MOXKEM H3MEHHTH OIHO-
BPEMEHHO ,,lIeHy JeleHHUs" TeMnepaTypHOil M SHTPONUNHOM ImKal B @ U
a~! pa3s ¥ NPOU3BONBHO BHIGPATH HAYAJIO OTCYETA SHTPOIHH.

O6o6menre MOHATHA SHTPONHMM HA CIy4ail NPOHU3BONBHEIX TEPMO-
JUHAMHYECKHX CHCTEM NPHUHLHIHAIBHO MOXHO OCYILIECTBHUTE C MIOMOILBIO
tdopmynsr (10.2). B camom nene, puH¥Mas paBHBIM HYNIO 3HAaYeHHE
SHTPOIHHU paccMaTpHBaeMOil CHCTEMBI B HEKOTOPOM IIPOU3BOJIBHO BEIOpaH-
HOM COCTOSIHMH (TIPOM3BOJIBHOE HAYaJl0 OTCYETa SHTPONHMHOHN IIKayibl)
TIOABOJS K 3TOH cHcTeMe (06paTHMEBIM 00pa3oM, T. €. pH OecKoHEYHO Ma-
NOM Tiepenaje TeMIEPaTyp MeXIy CUCTEMOM U HarpeBaTelieM) KONHYeCTBO
tera 6Q, MbI MOXeM ¢ Nomombio GopMyisl dS =0Q / T nporpagyupo-
BaTh SHTPOINMHHYIO KAy 000 CHCTEMBI.

BBeneM emie oAMH BaKHBIH NPHUHLMI TEPMOAMHAMHKH — HPUHYUN
Hepxcma, unu mpembe nawano mepmoounamuxu. B paMkax TepMoauHaMH-
KH 3TOT NPHHLUIT HE MOXKET OBITh JOKa3aH U BBOJHUTCS MOCTYJAaTHBHO KaK
06001IeHHe HEKOTOPBIX 3KCIIEPHUMEHTANIBHBIX CBEICHHUI, OTHOCALIMXCA K
XMMHUYECKOH TepMOaUHAMHUKeE.

Jloka3atenbcTBO TeopeMbl HepHeTa BO3MOKHO B paMKax cTaTHCTHYEC-
KO (HU3NKM H CYIMIECTBEHHO CBS3aHO C KBAaHTOBOMEXaHHYECKHMH Ipen-
crapnenusamu. OHo Oyaer paccmotpeno B §§ 39, 63. 3aecs ke orpaHu-
yuMmcs GopmynupoBkoi npuHupuna HepHcTa U ero TepMOAMHAMUYECKUMHU
CNIe ACTBHUSAMHU.

IIpunyun Hepnema: sutponus Mo6oi paBHOBECHOH TepMOAHHAMHYEC-
ko#t cuctems! ipu T = 0 ABIsETCS BENMYUHON NMOCTOAHHOM, HE 3aBUCAILEH
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HH OT KaKHMX MepeMeHHBIX MapameTpoB (AaBlieHHs, 00beMa, HanpsKeHHOC-
TH TIOJIEH U T. 1.).

Bo MHOrux ciy4asix 3Ta MocTOSHHAs .OKa3bIBAETCs PABHOM HYIIO, U MO-
ToMy npHHUHMN HepHcTa YacTo Tak U popMyTHpyeTcs:

Slr=0=0,

XOT4 3Ta (GOPMYJIHPOBKA U He ABIAETCS YHUBEPCATBHOM.

W3 npuHuMna HepHcTa BeITEKAET psif BaXKHBIX CIEACTBHIA.

1. JIiob6as Tenmoemkocth cHcTeMsl nmpu T = 0 obpaiaercss B HyIb.
JeficTBHTENEHO, SHTPOIHMSA NPH TeMIlepaType OIU3KOH K HYJIH0 MOXET OHITh
npescTaBieHa B BUIE

S(T)= S(0) + A(x)T",

rae S(0) — nocTosiHHas, He 3aBUCAINAS HH OT KaKHUX IEPEMEHHBIX Ia-
paMeTpoB, X — MapameTp, CYHTAIOLINNACS MMOCTOSHHBIM TIPH BBIYHMCIECHHH
teroemkoctH (V, P u 1. A.). CornacHo dopmyne C, = T(3S /aT), umeeMm

CT) = nA(x)T"
H, CJIENOBATENBHO,
C(0)=0.

2. Benuuuna (¥ /dT)p, xapaktepusyiomas o6beMHOe paclIHpeHHe,
obpamaercs B Hynb npH T = 0. [leficTBUTENBHO, YYUTHIBAsA OCHOBHOE TeEp-
MoJIHHamMHueckoe ToxaecTBo (10.4), momyuyaem

(ﬂ) A, P)_aS,T) __(ﬁ)
aT/p o, P) o, P)  \oPlr

150> 0
Tak kak mpu T = 0 3HTpONHUs He 3aBUCHT OT JaBJICHUA.
3. Benuuuna (8V / dT)y obpamaercs B Hyas ipu 7= 0:

(Q) =a(P, V)=a(T, S)=(§_S_) e
aTly —aT,v) aT,V)y \av/)y T=0

4. HenocTHIKUMOCTS aOCOMIOTHOTO HYIIA.

Teopemy HepHcTa uacTo Ha3pIBalOT MPHHLHMIIOM HEOOCMUNCUMOCHU
abcomomnozo nyas Mo cnenymomed npuyuHe. IlpenctaBum cede muka
KapHo, y KOTOpPOTO XOIOAMILHHMK UMeeT Temreparypy 7> = 0. Jlns Taxoii
o0paTiMOii MallTMHBI MOJIHOE U3MEHEHHE DHTPOIHMH B IHKIE PABHAIOCH OBl
HU3MEHEHHUIO €€ Ha yyacTKe M30TepMHUUECKOro HarpeBanus 7 = 7:

AS = fdQ Q1
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TaK KaK y4acTOK M30TepMHUYeckoro oxnaxaenus T = T, = 0 npeacrtaBaser
co6oii uzosnTpomy S = 0 ¥ oCTasIbHBIE Ba IIpoLiecca H303HTponHiHkIE. Ho,
C JpYroi CTOPOHEI, TOJTHOE H3MEHEHHE SHTPOIHH B LIHKIE

AS=$ds =0

Bosnukaroliee npotuBopedne (1 # 0) qoka3sBaET HEAOCTH)XKUMOCTD
HyneBoii u3oTepmbl T = 0, koTOpas OZHOBPEMEHHO SBISETCS M303HTPONOM
(amnabatoil) ¢ S = 0 wmu S = const. 3ameTumM, 4To LMK KapHo ¢ Temmnepa-
typoit T, = 0 U KoHe4YHO#! IIoIaaki0 BooOlle He MOXET OBITh U306paxeH
Ha TS-nuarpamme. JlefictButensHo, uzomepma-uzosumpona T =0, §= 0
BHIpOXKJaeTcs Ha TS-TNIOCKOCTH B TOUKY (Hayano KOOPAHHAT), H BMECTE C
TeM MPSMOYTONBbHHUK, H300pakaroumi uuxn KapHo, BEIpoxkaaercs B oTpe-
30k ocu T.

Jloka3zaHHoe cleICTBHE, KOHEYHO, HE 3ampellaeT NpuOIMKaThcs K TOY-
ke T = 0 ckoib yroaHo 61u3ko.

§ 11. TepmoauHamuueckne KoaphnumeHTbl.
Monutponuueckune npoueccobl

ByneMm HaswBaTh TEPMOAUHAMHYECKHMH KOIDPHIIMEHTAMH BEIPAXKEHHA
Buaa (9A / du),, roe cumBonamu A, u,v obo3HadaroTcs Benuyunsl P, V, T,
S. TepmomuHamuyeckue Ko3GPHUUHEHTH XapaKTEpH3YIOT ONpeAc/ICHHBIE
cBoiicTBa rasa: Benuuuusl (dV /0T)p ,(0V /9dT)s cBs3aubl ¢ koadduuuen-
TaMH 00bEMHOrO pacUIMPEHHs ra3a — M300apH4YecKuM & p B agHabaTudec-
KUM @5 — QopMyIaMH

—y-1 ﬂ) = —1(&)
ap=V (aT e =V 5] (11.1)

Benuuunst (0P /0T)y u (0P /0T)s cBA3aHBI ¢ TEPMUUECKUMH K03 HHULH-
€HTaMH JaBJIE€HUA — HU30X0pHUecKuM Sy U anuabatuyeckum S :

By =P-! (g—’;)V, Bs =P-! (Z—’;)S. (11.2)

Bennuunet (oV /3P)r u(dV /dP)s cBa3aHbl ¢ H30TepMmHueckod Kr U
agnabatudeckoi Kg c:KHMaeMOCTSIMH ra3a

Kr=—V-1@V/oP)r, Ks=—-V~1(3aV /dP)s. (11.3)

Benuuunst (S /dT)y u(dS /dT)p cBs3zansl ¢ u3oxopuyeckoit Cy H u3oba-
pudeckoit Cp TEMIOEMKOCTAMH

Cy =TS /dT)y, Cp=T(3S/dT)p. (11.4)

Bermuwtst (3S /0P)y =T~1(0Q /8P)y u(aS /aP)r =T~1(8Q / 6P)r om-
penensoT KONIHYECTBO TEIUIa, KOTOPOE CIeAyeT MOABECTH (OTBECTH) K rady
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NpH YBEJIHYEHUH AABIEHHS HA €AMHUILY, YTOOBI MOAAEPKATh HEU3MEHHBIM
o0beM unu TemnepaTypy. COOTBETCTBeHHO BenUYHHBI (S /9V)p =
=T-1(8Q/6V)p u(8S/0V)r =T~ (6Q / 8V )r onpenenstoT KoaUYeCT-
BO TeIUIa, KOTOpoe ClIeAyeT MOABECTH K rasy mpH yBeJHYeHHH oObeMa Ha
eIUHULLY, YTOOBI MOAAEPXKaTh HEU3MEHHBIM JaBJeHHE UK TEMIIEPaTypy.
CoctaBuM Tabnuuy TepMOAMHAMHYECKHX KO3(DGDHUIHEHTOB Tak, YTOOBI
niepBasi CTPOKa He colepxaina S, BTopas — P, TpeTbst — V U YeTBEpTast —

T
oV /1 oP)r (aP/aT)VI T /oV)p

@S /aT)y| T/aV)s (aV 19S)r
(3S/0T)p (3T /dP)s (3P/0S)r|"

3V 10P)s (8P /3S)y (3S/0V)p

(11.5)

Mub1 umeem 12 TepmoauHamuyeckux koddduuuentos. Herpyano, oxnako,
M0KAa3aTh, YTO TOJILKO TPH M3 HHX SBJSIOTCSA HE3aBUCHMBIMH, @ OCTAJIBHBIE
JEBATh MOTYT OBITh BBIpaKEeHBI uepe3 HHUX. [eiicTBUTENBEHO, HETPYIHO 3a-
METHTB, YTO MPOU3BEAEHHE TpeX KOIPPUIHEHTOB, CTOAIMUX B OAHOH CTPO-
ke Hawrei Tabnuupl, papho —1. Hampumep, s nepBoil cTpoku TaGIIHIBI

(ﬂ) (E) (ﬂ) _awnae, »ar, p_ (116)
aP/p \aT/y \av/p a@, T)a@T, V) (¥, P) :

H, aHaJJOTHYHO,

(), (), 65), = a1
(), (G7), (), = a9
(), (), (), - ae

Fllle naTh COOTHOIIEHHH MeXIy TepMOAHHAMHYeCKUMH Kod(dHuieHTaMU
JAeT OCHOBHOE TepMoaHHaMHu4deckoe ToxaectBo (7, S)/ (P, V)= 1. Ym-
HOXas ofe 4acTH 23Toro ToXIecTBa Ha sikobmamer A(T,V)/o(T,V),
aT, Py/o(T, P), (S, V)/a(S, V) u o(S, P)/d(S, P), TOXAeCTBEHHO
paBHbIE €AMHHUIIE, U NPHMEHAA TEOPEMY YMHOXKEHHUS IKOOMaHOB, MOMYyYUM

PaBE€HCTBA
T, $)aT, V) (ﬁ) (ﬂ) _
o vy oy \ar) \ap), =1 (11.10)

R ), (), -
aT, P)a(p, V)—l’ aPlr\av)p ], (11.11)
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aT, S) as, V)_ (ﬂ) (ﬁ) _
as, vyar, vy 7 \avlg\erl, L (11.12)
aT, S) as, P

@3 h_y (ﬂ) (ﬁ) =1 (11.13)
as, P) aP, V) aP/g \av/p

IaT0E COOTHOUIEHHE MEXKIY TEPMOIHMHAMHYECKUMH KOdhDPUUHEHTAMH T10-
Jay4aeMm, pacKpbiBas sko6HaH

wn ), 3), -, G), e
aP, vy \ar/y\av/p \av/p\erly '

VTak, MBI HMeeM JeBIATh COOTHOLIEHHUH MeXy ABEHAJUATHIO TEPMOAHU-
HaMHYECKUMH KOIPPHULHEHTAMHU.

BeIGop Tpex HE3aBHCHMBIX TEPMOAHUHAMHYECKHUX KOIDPUUHEHTOB OC-
TAeTCA elle JOBOJBHO MPOM3BOJIBHBIM — JIHIIb OB OCTaJIbHBIE KO3 hHULH-
€HTBI MOTJIH OBITh BBIpA)XKEHBI Yepe3 BHIOpaHHBIE TPH C MOMOILBIO HALIUX
JEBSATH ypaBHeHHH. EcTecTBEHHO, 0JHaKO, NIPH BEIGOPE TpeX HE3aBHCHMBIX
TEpPMOAUHAMUYECKHX KO03(D(DUIUEHTOB PYKOBOACTBOBATHCS €ILE CIEAYIO-
IUMH COOOpaKEHHUAMH: TOCKOJIBKY TPHU OCTaBLIHECs KOXpPHLUHEHTa B
paMKax TepMOJHHAMHYECKOTo METOJa HaiAeHsl ObITh HE MOTYT, HX 3Hade-

HHe JOJDKHO OBITh MOYEPIHYTO U3 OMbBITA WK U3 CTATUCTHYECKOH QU3UKH.
Bribepem B kayeCTBE HE3aBUCHMBIX KOIDPUIHMEHTOB

vy __ Y _ 8) _Cv
(aP)T_ Krv, (aT)V BrP, (aT)V T

ITH K0dPPHUILHEHTHI CPaBHUTETBHO HECIOXKHBIM 00pa3oM MOTyT OBITh Haii-
JeHbl M3 3KcrepuMeHTa. UTo KacaeTcsi BO3MOXXHOCTH HX BBIYHUCIEHHS, TO
MepBBIE JBA HEMOCPEACTBEHHO BBIYUCIAIOTCSH, €CIM HU3BECTHO ypaBHEHHE
COCTOSHHS BELIECTBA; 3aBUCHMOCTh TPETHETO KOYPQHUIHEHTA OT Temmepa-
TYpbl MOXeET OBITh HaiifieHa TONBKO METOJAMH CTaTHCTHYECKOH (DHU3UKH.
Onnako 3aBucuMocTs Cy oT 00bemMa MoXeT OBITh HallieHa B paMKax Tep-
MOJHHAMHUYECKOT0 METOJa, €CJIH W3BECTHO ypaBHEHHe cocTosHHS. MIMeH-
HO, U3 (11.4) HaxoauM

aC
(), =rale), ], =r (3, -
v/ av [\aT/y |, aT [\oV/r |,
S, T) a(v, P) 2
_pa[XD] _pafan] _pap
aT | a(V,T) v aT | a(V,T) v aT
Ecnu faBlicHHe SBISETCA JUHENHOM QyHKIHEH TeMepaTyphl, YTO UMeeT

MeCTO M IUIs HaeanbHoro rasa P = RT/V u nnsa raza Bau-gep-Baansca (cM.
§12), T0(82P /8T?)y =0u Cy= CHT).

(11.15)
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- Takum obpa3oM, Ha NOMIO CTATHCTHYECKOH (U3NUKH MOMHMO BBIBOJA
ypaBHEHHsI COCTOSHHsSI OCTAeTCs 3aJa4ya YCTAaHOBJIEHHS 3aBHUCHMOCTH Tell-
J10eMKOCTH OT TemnepaTypel. OTaenum B Tabauue (11.5) Tpu BRIGpaHHBIX
koa(dunrenTa U BpIpa3HM uYepe3 HUX oCTajdbHble kod(duuuents. Cor-
nacto (11.6) umeem

@B, e
avip aV/ir\oP/y
u3 (11.10) Haxoaum
(ﬂ) =("—T—) . (11.17)
Hanee Ha ocHoBanu# (11.11) momyuum
dP) __[3T)] _|8P] (oL
(as)r (aV)p (aV)T(aP)V' (11.18)

Bo BTOpOI#i cTpoke Tabauupl (11.5) u3BecTHo ABa kKo3hdHLUHEHTA, qanee C
nomoikto (11.7) Haxogum TpeTUi

), -6, -5, aw
avlg as/y\ov/r Cy \aT/y’ ’
au3 (11.12) nonydaem
(E) =_(£) =L(£) (11.20)
as vV aV S CV aT V. )

Koadduuuent (oS / 0V ) p naitmem u3 (11.14)
(@), =), (), ) ), -
av/p av/y\arly [\oT/y

=i ()
TGV /aP)r @P/aT)s |\oT/y’

a ko3¢ unuent (07 / 0P) s cornacuo (11.13) siBasiercs eMy o6paTHBIM

(ﬂ) ___T@V/aP)yr@P/aT)y
aPls  T@V /aP)r @P13T)s —Cy

(11.21)

(11.22)

U3 dopmyn (11.9), (11.20) u (11.21) BeIipazum
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-1

(), =-(2), (%), =-S5 -
aP/g aP/y \aS/p T \éP/y av

(), (=),

B tperneit crpoke Tabnuupr (11.5) u3BecTHB ABa KOd(p@HULUMEHTA H COT-

nacho (11.8)
(ﬁ) =C_P=_(£) (@)
aT/p T aP/p\aT /g’

0TKyZa, ucronb3ys (11.18), MoxkeMm 3anHcaTh TPU BBIPOKEHHUS IJis pa3sHOC-

TI/ICP—CVi )
—_ 78] [8P) _
Cp=Cy T(aP)T(aT)V

2
-7(35), (), == (), G,
aT / p\aT/y av/p\ar/p

Tak kxak mns Bcex BemiectB (0P /9V)r <0 (em. § 25), To Cp > Cy (ansn
HIeaNbHBIX ra30B 3TO OYEBHUAHO, TaK KaK, HarpeBas ra3 npu ¥ = const, MbI
pacxofyeM TMOABEAEHHOE TEIUIO TOABKO Ha YBENHYEHHE BHyTpeHHeH
SHEPrHH rasa, B TO BpeMs Kak IpH u306apuyecKkoM HarpeBaHHH ras AOMNON-
HUTEIBHO COBEpIIaeT paboTy NMPOTHB BHEMIHUX CHI).

B TepMoaMHaMMKE YacTO CTaBAT 3aJavy BBIPA3HTh IJIOXO H3MEpHMBIE
Ha onbiTe KO3 HLHUEHTB Yepe3 XOpomlo H3MepHMble, a He uepe3 TpH
ko3¢ duHenTa, BEIOpaHHBIE HAMM B KayecTBe He3aBHCHMBIX. [Ipu aTom
IJI0X0 M3MEPHUMBIMH K03 HLHeHTaMH O0ObIYHO Ha3BIBAIOT BCE, COAEPXKa-
K€ DHTPONHIO S, TaK KaK B apceHasie dKCNEPUMEHTANbHOH QU3HKH HMe-
IOTCS Pa3THYHBIX THIIOB MAHOMETPHI, TEPMOMETPS! U T. ., HO HET SHTPOIIO-
METPOB, U MpsiMOe M3MEpEHHe DHTPONHUM HEBO3MOXHO. Bo3nukaeT 3ajada
06 ,,U3rHaHUK* DHTPOIHHU U3 sikobuaHoB. s ee pelreHHs MBI CPOPMYITH-
pYEM TpH NpaBHia.

1. Eciu B ssko6KaHe SHTPOIHS CTOUT B MApe ¢ TEMIEPATypoii, TO B CHIY
OCHOBHOTO TEPMOJUHAMHYECKOTO TOXKIAECTBA

(11.23)

oI, S) AT, S) aP, V) _ aP.V)
3oeyr) AP, V) 3Cnser) s’

2. Eciiu HTpONHS CTOHT B nape ¢ 06beMOM, TO
as, vy _ as, vy aT, V) _Cy aT, V)
3reyerr) AT, V) (eryer) T 3eyerd)
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3. Eciu OHTPONHUA CTOHUT B IMap€ ¢ JaBJICHHEM, TO
3rs..) AT, P)aCe,.) T 8,

B kavecTBe npuMepa BEIMHCIUM Mpou3BoAHYI0 (8T / dP) g :

(ﬂ) _ aT,s) _ aT,8) aP, V) a(P,T) _ L(BV)
S

aPls  aP.S) a(P,V)a(P.T) a(P,S) Cp \oT/p

(11.24)

Ota dopmyna mpoBepsiaach B ONBITAX CO CXKATHEM >KHUAKOCTEH (OMBITHI
Jhxoynst). Tak kak U3MEHEHHUs! TeMIEpaTyphl MPU CHKATHH SKUAKOCTH MaJIbI
JaXXe TPH JOBOJBHO 3HAYHTENBHBIX H3MEHEHHAX NABJICHHS, ypaBHEHHE
(11.24) MmoxHO nepenucaTh Ui KOHEYHBIX U3MEHEHHI B BUAE

apVT

ATg = cr

APs .

OkcnepuMenTHl J[Koysi MpeacTaBIsid co6oit ofHy M3 MEPBBIX OMBITHBIX
MPOBEPOK CIPaBETHBOCTH BTOPOro HAyasia TEPMOAMHAMHKH M MPHUBEIH K
BeCbMa XOpOIIEMY, YYHTBIBasA yPOBEHb TEXHHUKH DKCIIEPUMEHTA, COINIaCHIO
C OMBITOM.

3aMeTHM, YTO MCXOAS M3 MEPBOro Hayajia TEPMOAMHAMHUKH, HEIb3s OT-
BETUTh JaXe Ha BOMNpOC o HampaBneHuH 3¢ddekra. lelcTBUTENBHO, NIPH
annabaTHYeCKOM COKaTHH XHIKOCTH €e BHYTPEHHSS DHEPrHs BO3PacTaeT Ha
BeJTMYHHY Mpou3BeAeHHO# paborsl. OnHako, He 3Has, Kak U3MEHsETCs MTPU
3TOM MMOTEHIHANbHAS JHEPTHs MOJIEKY XXHAKOCTH, MBI HE MOJKEM TPEACKa-
3aTh TakXxe, KaKk OyJeT MEeHAThCS WX KHHETHYeCKas dHEprus H, CleJoBa-
TeJBHO, Temrieparypa. [ls peleHus 3Toro Bompoca Mbl JOMKHBI ObuTH ObI
BOCIIOJIB30BAThCS METOA2MH CTaTHCTHUYeckoit ¢u3uku. OmHako nmpuUMeHe-
HHe BTOPOro Hayajxa TePMOAMHAMHKH AaeT mpsAMoi, XOTsa U (opMaIbHBIH,
OTBeT Ha Bonpoc — 3Hak (97 / dP)s coBmagaeT co 3HakoM Koddduurenta
H300apHYECKOro PaCUIHPEHHUS QL p .

[IpumeuaTensHo, YTO AJA BOABI IIPH TeMmIiepaTypax MeHbIIKUX 4 °C ko-
3(GHLMENT @, OTPHLIATENEH, H B COOTBETCTBHH € 3THM BoJia B 3ToH obnac-
TH TEMIepaTyp ACDKHA OXJIAXKAAThCSA MPH CXKATHH, YTO MOJHOCTBIO TOA-
TBEPXKAAETCS OIBITOM.

Mp1 paccMOTpend BOMpoc O BBIYHMCIEHHH TEPMOAMHAMHUYECKHX KO-
bULHEHTOB, T. €. TPOU3BOAHBIX BUAA (04 / du)y, TOE A, 4, ¥V TPEACTABIAIOT
coboii oIHy M3 YETHIpEX OCHOBHEIX TepMOAMHAMHUYeCKUX Benuuuu P, V, T,
S. B TepMoAMHaMHKE MPHUXOAMTCA TaK)Ke BCTPEUaThCS C BBIYHUCIIEHHEM
TIPOM3BOIHBIX TOTO )K€ BUAA, TIE€ BETUYHHBI A, (4, V WIH HEKOTOPBIE U3 HUX
MOTYT TPEICTaBIATh COOOH TepMOAMHAMHYECKHE MOTEHLHANbl (BHYTpEH-
Hro10 sHepruio U, cBoboanyio sHepruio F, a Tak)ke MOTEHIHANIBI, KOTOPEIE
MBI BBEJIEM B NOCIEAYIOMHX naparpagax). B 3Tom ciryyae TeXHHKa BBIYHC-
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JIEHH# HECKOIBKO MEHSETCS, U AJIsi TOro 4TOOBI BHIPa3UTh HHTEPECYIOUIYIO
HAC NMPOU3BOJIHYIO Yepe3 JIETKO U3MEpUMBIE BEIUYHHBI, HaZl0 B COOTBETCT-
BYIOIIUX siKOOMaHax NMepedTH K ,,eCTeCTBEHHBIM' I NAHHOTO TEPMOMAH-
HaMHUYeCKOTo MOTEHLHAIA nepeMeHHbIM — B cay4ae U x nepeMeHHBIM S,
V, B ciiyyae £ — k nnepemeHHbM T, VU T. O.

PaccMoTpuM B KadecTBe mpuMepa (PU3MHECKH BaXKHBIH BONPOC O 3aBH-
CHMOCTH BITyTpEeHHEH 3HEpruu oT o6beMa npu T = const. limeem

(ﬂ) _ aw.,T)
avip av,Ty

Ilepexons k mepemMeHHBIM S, ¥, MOXIO0 3anHcaTh

(ﬂ) _B(U, T) a(S, V)__(ﬁ) %
avly 8, vyaw,T) \aTly

{(2),(2),-(2), (@), ]--r-1(2) (@),

 cornacuo (11.19)
WY —rl[e2] _2
(aV)T T[(aT)V T]' (11.25)

Bripaxenue B mpaBoii yactu (11.25) MoxeT OBbITh HalifieHO, €CTH M3BECTHO
ypaBHEHHE COCTOSIHHA rasa.

B vacTHOCTH, AN HAEATBHOTO rasa, Noib3ysich YpaBHEHHUEM COCTOSHHUS
PV = RT, naxoaum

(‘;—‘;)T =0, U=U(D). (11.26)

Jlns Toro yto6bl HaiTH 3aBUcHMOCTE U(T), 3aMeTHM, YTO MPU MOCTOSHHOM
obneMe

dUy =6Qy =CydT, (ﬂ) =Cy.
arly
H03TOMy JJI4 UACAJIbHOI'O ra3a
U(T)= [ Cy(T)dT,

a JUTsl COBEPIIIEHHOTO ra3a
U(T)y=CyT + const.

C ToukM 3peHHs MOJEKYNSPHBIX MpeAcTaBleHUit paBencTso (11.26) o3na-
YaeT, YTO MEXIY MOJIEKYJIAMH H€aIbHOTO ra3a OTCYTCTBYeT B3auMoaeict-
BYe Ha PACCTOAHMM (HOT@HMM&H})HM OHEPIrus B3aHMO£€I\:ICTB.W}i parHa ny-
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JI0), H IO3TOMY HU3MEHEHHE PACCTOSHHI MeXIy MOJIEKYJIaMH i€ BIUSET Ha
BHYTPEHHIOIO DHEPTHIO, €CITH CPEeNusis KHHETHYECKas SHEPrus MoCTOsHHA
(T = const).

PaccMOTPUM B 3aK/II0UEHHE MPOIECC C MPOU3BOABHOM, HO MOCTOAHHOM
TEII0EMKOCThIO C — noaumponuueckuti npoyecc. imeeM

80 = CdT, dU=chT+(ﬂ) v,
avly

OTKyZa corjaacHo MpUHIMITYy 2HepruH (7.1) u ¢ yuetom (11.25) Haxoaum

CdT = CydT + T(E) dav.
aT/ly

CremoBaTelbHO,

c-C
(ﬂ) =7 (11.27)
aT /e~ T@P/aT)y

Ecnu usBecTHO Tepmuueckoe ypapHeHue coctosHus P = P(T, V), To coot-
Howenue (11.27) mMoxeT OBITE MPOHHTETPHPOBAHO, YTO MPHBOIUT K Ha-
XOXKJIEHHIO ypaBHEHHSs MOJUTpoIbl B nepemennbix I, V; P, V; P, T.

Tpomenaem 310 moapo6Hee Ans YaCTHOTO CAy4as COBEPUICHHOTO rasa.
Hmeem B aTOM ciyqae P = RT/V, Cy = const. Ypasuenue (11.27) npunuma-
€T BU]

dr

v _
 Te=D= =0, (11.28)

rAc BEIUYHHA )} HA3bIBACTCA HoKA3ameleM noaumponsl U paBHa
Cp-C
HX=—""—"7.
Cy -C

Unterpupys (11.28), monyyaeM ypaBHEHHE MOJUTPONBI B TEPEMEHHBIX

TV *~1 =const,

a ¢ MOMOMIBIO YPAaBHEHHS COCTOSIHHUS 11aXOJUM YPaBHEHHE MTOJUTPOIHI TaK-
X€E B IepeMeHHbIX P, V:
PV * =const,

U B nepeMeHHbix P, T
P*~1/T* =const.

PaccMoTpUM psi HacTHBIX CIyYaes.
U3zobapruecknif mpouecc. Mmeem C =Cp,x =0 U nmolyuaem ecTecT-
BEHEBI pesysib.al
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P=const, V/T=const

— 3akoH T'eii-Jlroccaka.
U3oTepMuvecKkHii nponecc. B atom ciiyyae C =+ o, 3 =1 1 nonydaem
TPUBHAJIBHBINA pe3ynbTaT

T=const, PV =_const

— 3akoH boiins — Mapuortra.
AnuabaTnueckuii npouecc. B atom cnyyae C = 0, x=y = Cp/Cy u
HMeeM
TVY~1=const, PY~1/TY =const, PV = const

— 3akoH [lyaccona,

H3oxopuueckuii npouecc. B atom cnyyae C =Cy, »x »* 0 U nocne
BO3BENEHHUs ypPaBHEHHUH TONUTPONH B CTENeEHb %! U Mepexoaa k npeleny
NoJTy4aeM paBeHCTBA

V=const, P/T=const

— 3axoH [llapns. 3aMeTuM, YTO M3 ompenesieHHs TI0OKa3aTes MOJUTPONHI
crenyeT

Cp—xCy

C= (11.29)

1—2

PaccMmarpusas nepaBeHcTBa C > 0 u C < 0, HAX0AUM, YTO MOJIOXKHUTENb-
HeIM TermoeMkocTsM C > 0 COOTBETCTBYIOT 3HAueHHs MOKa3aTeds MoJu-
TPOIBI B HHTEpBaJIaX —©0 < ¥ <1 u y < % <00, a UHTEPBAX 1< % <Y COOT-
BETCTBYET OTPHIATENBHBIM TemnoeMKkocTaM C < (. DTo 3HAYMT, 4TO Ha
PV-nnockoctd 061aCTh MONUTPOIN, MPOXOIAIMX Yepe3 3aJaHHyI0 TOYKY H
COOTBETCTBYIOLIMX MPOLIECCaM C OTPHLIATENBHON TEIIOEMKOCTBIO, JIEXKHT
BHYTpH yria, o6pa3oBaHHOro u3oTepMoii U aguabaToi, NpOXOAAIINMY Ye-
pe3 Ty ke Touky (puc. 16). DTOT pe3ynbTaT COBEpIIEHHO €CTECTBEH, TaK
Kak Ha aguabate k ra3zy BooOuie He moaBogutcs Terio U C = 0, a Ha U30-
TepMe K ra3y MoABOJUTCS KOMUYECTBO TeIUIa, KaKk pa3 AOCTATOYHOE, YTOOB!
KOMITEHCHPOBaTh paboTy, MpoH3BeACHHYI0 ra3oM (U1 HAEAIBHOTO rasa
U= U(T) u ipu T = const umeem dU =0, 6Q = 0A). ]I NPOMEXYTOUHBIX
e TIONUTPON MMeeM NpH pacuupenuu raza 0<0Q <04 u dU =00 —
—04=Cy dT < 0. Cnenosatensho, dT<0uC =00 /0T <0.

Haiinem ypaBHeHus mnoautpon Ha 7S-miuockocTH. YrnoBoH Koad-
¢unueHt nonurpons: Ha TS-rockoct paeen (87 /dS)c =T/ C, otkyna,
HHTErPUPYS, HAXOIUM

T=Ty eS/C =Toexp[(x—D)(y— 1S /(x—y)R],  (11.30)

rae To — TMOCTOSIHHAs, UMeEIOWIas pa3MepHOCTh TeMIepaTypsl (MBI BOC-
nonb3oBanuck popmynoi (11.29) ans C u dopmynoit Cy =R/ (y —1)).
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p T

Puc. 16 Puc. 17

MBI UMeeM CHCTEMY 3KCHOHEHIHANbHBIX KPHBBIX (pHC. 17), KOTOphIE B
4acTHBIX caydasx x¥=0, ¥=1, x¥=y, x>+ coBnagawT ¢ H3obGapamu,
U30TEpMaMH, aauadaTaMi M H30XOpaMH COOTBETCTBEHHO. JIerko BHIETSH,
YTO JJIf TIOJIUTPON C MOKA3aTeNsIMU X, JIKAUMMH B HHTepBaie 1< x <y,
npousBogHas (4S /dT)¢c oTpuUUaTeNnbHA H, CNEAOBATENLHO, OTPHIATENbHA
TeroeMkocTb C =T(3S /0T )¢ .

Jagavua.

3anan npouecc a) B nepemeHublx (T, V), ¢(T,V)=0, 6) B nepeMmeuusnix (7T, P),
¢(T, P)=0; B) B nepeMeHHbIX (P, V), ¢(P,V) =0 HaliTh TemnoeMKocTs rasa npH 3THX
nporeccax. PaccMoTpeTh YacTHBIH Ciiyyait TEpMHYECKH HICANBHOTO rasa.

OTBeET.

a)Cyp =Cy -T(i) ‘p_'T,uaeanLHmﬁrasc,p =Cy _P(P_,r;
T /y o'y o'y

6)Cyp =Cp -T(ﬂ) ‘pfr,uaeanbnblﬁrasc,p =Cp + V‘pTT;
0 /p ¢ Pp

_Cy@T/oP)yp'y =Cp@T/3V)pp'p

© @T/3P) ¢’y —@T 13V)pg's

VCyvp'y —PCpy'p
Vp'y —Pp's

B) C(p

uaeanbHeli ra3 C o=

§ 12. TepmoauHamuka raza BaH-pep-Baanbca

Kak MBI yke YNOMHHaNH, peanbHbIe Ta3bl MOAYHHAIOTCA YPaBHEHHUIO
coctoaHusa PV = RT nuwbs npubnuKeHHo, H TEM TOYHEE, 4YEM BBILIE
TeMIepaTypa rasa ¥ 4eM MEHbIIE €ro IUIOTHOCTh. IIpu HHU3KHX Temmepa-
Typax ¥ OONBIIKMX IVIOTHOCTAX HapylIeHHE TEPMHYECKOH HIealbHOCTH ra3a
CTaHOBHTCS BEChbMa CYIIECTBEHHBIM. PelieHde 3alaud O TEOPETHYECKOM
BBIBOJIE YPAaBHEHHS COCTOSTHUS PEAJIbHOTO ra3a JIEXHUT BHe cdepsl heHome-
HOJIOTHYECKO# TEPMOJAMHAMUKH H OTHOCHTCA K KOMIETEHLIMH CTaTHCTHYEC-
Kot Pusuky (cM. § 65). CymecTByeT OrpoMHOE KOJIMYECTBO MONTYIMITHPH-
YECKHX YPaBHEHHH COCTOSHHA, TPEIUIOKEHHBIX pPa3sHBIMH aBTOpPaMH LI
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ONHCAHUs PEaNbHBIX Ta30B W BBIMOTHIIOMHUX 3TY
GbYHKUHIO ¢ GONBIIEH WK MEHbLIEH CTENEHBIO TOY-
HocTd. IIpocrefiiuM u Haubonee ynorpeGuTeNn-
HBIM M3 3THX ypaBHEHHH, XOTA M He Haubolee
TOYHBIM, sBNsieTcs ypaBHeHHE Ban-nep-Baannca.

OneMeHTapHBIH ,,BHIBOA 3TOTC ypaBHEHHS OC-
HOBAaH Ha CIEAYIOIHX Ka4yeCTBEHHBIX coOOpaxe-
Husx (bonee cTporoe JOKa3aTeNhCTBO CM. IOJAPOO-
Hee B § 65).

[TonsTHe TEPMUYECKH HACAIBHOIO ra3a ¢ MoJe-
KyJISIPHO# TOYKH 3peHHs MoJpa3yMeBaeT npeHeo-
pEeXEHHE CHJIAMH B3aHMOJAEHCTBHS MEXIy MOJEKY-
namH rasa. Ha camoM Jiene Monekynbl pealbHOro ra3a B3anMOJEHCTBYIOT
JIpyr ¢ JPYroM, ¥ NOTEHLHAaNbHAas DHEPrHs B3aUMOAEHCTBHS 3aBHCHT OT
PAacCTOSHUSA ¥ MEXNY ,,LleHTpaMH“ MoJIeKyJ1. MBI pacCMaTpuBaeM Uit TIPOC-
TOTBI MOJIEKYJIBI B BHJIE ChepHYecKH CHMMeTpHYHBIX 06pa3oBanuii (hakTu-
YECKH 3TO 03Ha4yaeT yCpeJHEHHE N0 BCEM HANpaBiECHUIM JIMHHH ,,LIEHTPOB*
Monekyn). Bua 3aBucumoctH U () kauecTBenHo u3obpaxen Ha puc. 18. Ha
PACCTOSHHUAX # < 7o NPEBAIHUPYIOT CHUIbI OTTAJKHBAHHA MEXIY MOJEKY-
JaMH, BO3HHKAIOIIHE BCJEACTBHE JehOpMalMH 3JIEKTPOHHBIX 000J04eK.
OTH CHBI BEChMa OBICTPO BO3PACTalOT NMPH COMHXKEHHH MONEKYT, H COOT-
BETCTBYIOIIas BeTBb KPHBOW I (#) MOXET OBITh ¢ XOpoOlIeH TOYHOCTHIO
3aMeHeHa TIPAMOH, mapannenbHoi OCH OpAMHAT M yXoIsmeil B Geckoned-
HocTh (mpubnmxenne abconroTHo TBepABIX chep). [Ipu » > rg Mexay Mo-
JeKynaMH AEHCTBYIOT cnabble CHIIBI MPUTSHKEHHS, BOSHHKAIOINE BCIEACT-
BHE JUMONBHOIO B3aHMOACHCTBHSA MOJEKYN M MEUIEHHO CNAJAlouiHe C
POCTOM PaccTOSAHHS MEXTy Mojekynamu — U (r) ~r~S. TIpu r = rg (ro
NpHONMKEHHO MOXET CYMTAThCS PABHBIM ,,JUAMETPY” MOJIEKYJIBI) CHIIBI
OTTAJIKMBAHHUA U TPUTDKEHHUS ypaBHOBELIMBAIOTCH. BO3HHKaromas noTeH-
LHalbHas AMa SBJIAETCA BECbMa MEJNKOH, ee riyOHHA MMeeT MOpSAAOK Be-
nuanner (1071—1072) 3B. B npakTH4ecky HHTEPECHBIX cTyyasx npu T =
1-10 K, T. e. BBIlIIE TOUKH KOHJAEHCALIUH, HAJTMYHE 3TOH IMBI HE IPUBOMHUT K
BO3HHKHOBEHHIO CBS3aHHBIX COCTOSHHH.

Vka3zaHHbIe CBOMCTBA CHJI B3aMMOJEHCTBHS N1O3BOJIAIOT BBECTH ABE T10-
[PaBKH B YpaBHEHHE COCTOAHHS TEPMHYECKH HieanbHoro rasa P = RT/V.
IepBas monpaBka CBS3aHa C JEHCTBHEM CHJI OTTANKMBAaHHA MEXIY MOJE-
Kynamd. B mpuGnmkeHHH TBepabiX chep Kaxaas MOJEKylna OKpyKeHa
cdepoii paauyca ro = 2pg, ,HEAOCTYTHOH " ISl LEHTPOB APYTUX MONEKYI
(po — ,,pamuyc* Monexynbr). O6beM 3Toi chepsl paBeH BOCbMHKPAaTHOMY
o6beMy Monekynbl. Tak kak Takoi 00BEM NMPHUXOAMUTCA HAa Mapy MOJIEKYIN
(BO3MOXHOCTBIO CONMKEHHS TpeX WK OONpIIero YUCaa MOJIEKY MBI TIpe-
Hebperaem, cYuTas ra3 paspeKeHHbIM), TO ,,HEJOCTYIHBIN 00beM, mpHxo-

JSILMHACS Ha OAHY MONEKYNy, paBeH 4 %npg = 4Vy. [loaToMy MBI 3aMeHS-

~

Puc. 18
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eM o0beM cocyna V, BXOAAMMIT B ypaBHEHHE COCTOSHHS HAEANbHOTO ra3a,
00beMoM, ,,CBOOOIHBIM™ IS IBHXKEHHS Mojekyn V — b, rae mompaBka b
paBHa N4 - 4V, U nony4aeM ypasnenue Knaysuyca ans oaJHOTO MOJs

_ _RT
p=-t (12.1)

U3 KOTOpOro ciieAyeT (B OTIHYME OT ypaBHeHus P = RT/V), 4yTo paxe npu
P >0 00beM rasza crpeMHTCS HE K HYJMIO, a K KOHEYHOH BelHuuHe b
(puc. 19).

Bropas nonpaBka CBsi3aHa C JEHCTBHEM CHJ PHUTSDKEHHS MEXIy MoJie-
KynaMH. B TOHKOM NOBEPXHOCTHOM cJioe BOJIM3H CTEHKH COCyJa Ha Mole-
KyJly, TOAJIETAIOMIYIO K CTeHKe, ACHCTBYeT CHIIO-
BOE TI0JI€ CO CTOPOHBI OCTaNBHBIX MOJIEKY I, TOPMO-
3j1iee MOJIEKYTy M yMeHbLIaroliee CHIy yAapa
MOJIEKYJIBI O CTEHKY COCYyJa, a CIeJOBATENLHO, H
napnenue. TonmuHa 3TOro CNost mopsKa o — pa-
JUyCa CHJ1 MOJIEKYNAPHOTO B3aHMOJEINCTBHA, BHE
3TOrO CJIOSA CHIBI, ACHCTBYIOHNIHE HA MONEKYNY,
KOMIIEHCHPYIOTCS. BCeACTBHE 3TOrO Mbl JOJKHBI
YMEHBIIUTh JAaBJIEHHE, ompenenseMoe GpopMynoi
Knaysuyca (12.1), na Bennuuny AP, KOTOpyw
MOXHO CYHMTaTh NMPOTOPLHOHANBHON KBaapaTy
IIOTHOCTH uHcna gactul (N4V)?, T. e. obpaTHo Puc. 19
nponiopuyonansHoii V2. [IpHYHHa COCTOHT B TOM,

YTO CHJIa, ACHCTBYIOIIAS Ha KAXAYIO MOJEKYITY, U

YHCNO YJApOB MOJIEKYJI, PUXOAAIIeecs Ha €ANNHIY TUIOMAAN CTEHKH 32
eIUHHLY BpeMeHH, MponopLHoHanbhel N4/V. B pesynbTate umeem ypas-
HEeHHE

P

P=VR—_Tb—Vi2, (12.2)
HIHN
(P+;‘17)(V—b)=RT, (12.3)

KOTOpOe Ha3bIBaeTCA ypasHeHuem Ban-dep-Baansca ans 0AHOTO MOJIS Ta3a.
B sTOM ypaBHeHMM @ M b — TIOCTOsAHHBIC, 3aBUCAIIHE TOJBKO OT COpTa
rasa.

OG6paTUM BHHMaHHE YUTATeNs Ha HECTPOTOCTH MPHBEAEHHOTO PaCCy kK-
naenus. HuoTkyna He cnenayer, 94TO BENHYHHBI @ H b HE MOTYT 3aBHCCTh OT
TEMIIEPATYPHI U TUIOTHOCTH rasa. bonee Toro, B § 65 MbI yBHIHM, YTO CTpPO-
TMi BBIBOJ YpaBHEHHS COCTOSHHS PEANBHOrO ra3a MpHBOAMT K GeckoHed-
IOMY sy AJIs JaBAEHHUS 110 CTENEHaM V!, nuuib nepBbie KO3POHUIMEHTEI
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KOTOPOTro COBNAAaT ¢ kodpduuueHTaMu pasnoxeHus Beipaxenus (12.2).
TeM He MeHee, B onpeaencHHOH ob6nacTH TeMneparyp ¥ AaBIEHHH ypaB-
Henye Ban-nep-Baanbca, ¢ HEKOTOPBIMH OrPaHH4EHHSIMH, O KOTOPBIX MBI
OyzneM roBOpHTh HUXE, MOXET CITY>KHTh PabOYHM HHCTPYMEHTOM JUIsl HC-
CJIEJIOBaHHA TEPMOAMHAMHYECKHX CBOHCTB rasa.

3aMeTHM mpexae Bcero, 4to ypaBHenue (12.3), paccMaTpuBaeMoe Kak
ypaBHEHHE AN OompejeneHus o0beMa Ipu AaHHBIX 3HadeHusX P u T, ecth
ypaBHeHHE TpeTheil creneHH. B npeoOpa3oBaHHOM BHIAE ONO BHIITIAIHT
clieaytoIumM obpa3om:

3_ RTYy,2  ay _ab_
14 (b+ P)V +PV P—O. (12.4)
Tak Kak ypaBHEHHE TPEThEi CTENEHH ¢ BEIIECTBEHHBIMH K03hdHIIMEHTaMH
MOXET HMETh JTUO0 OJIMH BEIIECTBEHHBIH KOPEHb U JBa KOMIUIEKCHO COTIPS-
MEHHBIX KOPHS, NTHOO TpH BELIeCTBEHHBIX KOpHS, To Ha PV-mnockocTH
p npaMas, rapajuiensHas ocH V, MOXeT repece-
KaTh H30TepMy b0 B TpeX TOYKax, OO B oJ-
Hoil. IlocTpoenne mo ToykaM u3oTepmbl Ban-
Jep-Baanbca npy He CIHILKOM BBICOKHX TeMIie-
paTypax MpUBOIUT K KPHUBOH, H300pakeHHO# Ha
puc. 20. JleBas KpyTO CHajaromas BETBb H30-
TEPMbI COOTBETCTBYET XHJIKOMY COCTOSHHIO Be-
IIECTBA, MpaBas INoJioras BETBb — ra3oobpas-
HoMy. Ilepexol U3 KHUAKOTO COCTOSHHA B ra3o-
obGpa3Hoe u 0OpaTHO MPH OOBIYHBIX YCJIOBHAX
MPOUCXOAUT HE BIOJb H30TepMbl Ban-aep-Ba-
Puc. 20 ansca ABCDE, a Bnonb usobapel AE (m306pa-
KEHHOH INTPUXOBOI JIHHHEl), KOTOpas OJHO-
BpEMEHHO SBISAETCA W peanbHOM H30TEPMON.
Kak Mbl mokaxkeM B § 26, nosnoxeHnue u300apbl onpeensieTcs: paBeHCTBOM
mnomanei duryp ABC u CDE — npasunom Maxcgenna.

Touku u306apsI-u30TEpMBl AE n300pakaroT AByx(a3Hble COCTOSHHS
BemecTBa. Yem Onmxe u3oOpaxaromas Touka K A, TeM Oonblie B CHCTEME
XHUJKOCTH, H yeM Onmxe oHa k F, Tem Gonbiie B cucteMe napa. Ecnu o60-
3HAYUTh MaKCHMANBHBIA 00bEM MONA JKHAKOCTH ¥ MHHHMANBHBIH 00bheM
Mons mapa npd temneparype 7 uyepe3 V| v V> COOTBETCTBEHHO, a 00BEM
nByxdasHoi cuctemsl B Touke G uepe3 Vo (cm. puc. 20), To Vo =xV +
+(1—x)V2, the x — pmons KUAKOCTH B cocToanud G. OTCroga HaXOoAuM
COOTIIOIIEHHS

Vo -V x Vo = Vo
x= s =
Vs = V1 1-x Vo-"

, (12.5)

HaspIBaeMbI€ (110 aHATIOTHH ¢ MEXaHHKOH) npasuiom peluazd.
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Beteu AB u DE usotepmbl Ban-nep-Baanbca P

H3006paxcaroT MeTacTabHIIBHBIE COCTOSIHHS BEIECT-
Ba: MEPEOXNAKIACHHYIO JKHAKOCTh M TIEPECHILIEH-
HBIH map, KOTOpBIE MOTYT CyIIECTBOBATH NPH
H3BECTHBIX YCNoBUIX. YdacTok BCD, Ha KOTOpOM
(0P / 9V )r >0, cooTBeTCTBYET abCOJIIOTHO HEyC-
TOHYHBBIM COCTOSIHHSIM BEILECTBA H HH MPH KaKUX
YCIOBHAX HE peanusyetcs (cM. § 27).

Tot ¢akrt, yTo ypaBHeHHe Bau-mep-Baannca
NPHBOAUT K TaKUM COCTOSIHHSM, elle pa3 CBHIe-
TENILCTBYET O €ro OrpaHW4eHHOH HeHHocTH. IIpu Puc. 21
JIOCTAaTOYHO HH3KHX TEMIlepaTrypax 4acTh H30Tep-

MBI, OTHOCAIIAACA K JKHAKOMY COCTOSHHIO, MOXET
ONyCKaThCH HUKE OCH 00beMOB, Takue MeTacTaOMIbHBIE COCTOAHHSA KU~
KOCTH € OTPHLIATENBHBIM JaBJICHHEM (pacTAHYTas )KUAKOCTD) AEHCTBUTENb-
HO MOTYT HaONIONAThCH JKCTIEPHMEHTaNbHO. C POCTOM TeMnepaTyphl 00-
nacte ropOoOB W BnaauH Ha H3orTepme Bam-gep-Baanbca yMeHbmiaeTcs
(puc. 21) u npu Temneparype Tx — Kpumuueckas memnepamypa — Tpe-
Bpamaercs B TOUKy neperufa ¢ ropu3oHTaNbHON KacaTenpHOH. B aToi Tou-
Ke (kpumuueckas mouka) UMeeM
2
, (%) =0. (12.6)
K

5
v/ v

W3 ypaBuenuit (12.2) u (12.6) MoxHO HalTH Bce TPH TNapaMeTpa KpH-
THYECKOH TOYKH — KPHUTHYECKYIO Temniepatypy Tk, KpHTHUECKOE JaBleHHE
Py v kpuTHUECKHH 00BEM V.

MoxHO Takke BOCHONB30BaTHCA TEM, UYTO B KPHTHYECKOH TOYKE TpH
KopHs KyOudeckoro ypaBHeHHs (12.4) CIHBalOTCA B OAMH, TaKk 4YTO 3TO
ypaBHeHHE BONH3H OT KPUTHYECKOH TOUKH HMEET BUJ

V=V =V3 =3 V2 +372V -V =0. (12.7)

o

b v, v

IpupaBuuBaa koddduimentsr B (12.7) u (12.4), nomyyaem CHCTEMY
ypaBHEHHH

3 _ _a _ RTK
ve = PK w2 = P.( W=b+
peas KOTOpyEO, HaXOJHM
Te==2% p=—S4_ V. =3b (12.8)

27Rb’ 2752

Benem BMecTo naBicHus, o0bema U TemnepaTyphl Ge3pa3mepHble mapa-
METPBI P= P/ Py, V= VIV u T = T /Tx — npuBeJicHHbIE NaBIEHHUE,
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o6beM u TeMmnepatypy. YpaBHeHHe Bau-mep-Baanbca nmpuHuMmaer Toraa
BHJ

(P+ = )(3V—1) 87, (12.9)

U3 KOTOpPOrO Teneph HCKIIOYEHBl BCE MHAMBHIYANbHBIC XapaKTEPHCTHKH
ra3a — MOCTOSIHHbBIE g U b. DTOT pe3ynbTaT npeAcTaBiseT co60i 4acTHBIN
cny4aji Gonee 00mEro yTBepXXICHHU — 3aKOHA COOMBEMCMBEHHBIX COCMO-
anui. COrnacHo 3TOMy 3aKOHY JUIS BCEX ra3oB npu OJIMHAKOBBIX 3HAYCHHUSX
JByX TIPHUBEACHHBIX IapaMeTpoB (M3 Tpex P,V u T) aBTOMaTH4eCKH OKa-

3bIBAIOTCS OJMHAKOBBIMU M 3Ha4EHHs TPeThero napamerpa. B Takoii obmeit
(bopMyJTHpOBKe, He CBA3aHHOW C KOHKPETHBIM BHAOM ypaBHeHus (12.9),
3aKOH COOTBETCTBEHHBIX COCTOSIHHH COINAcCyeTcs ¢ ONMBITOM 3HAYHTEIBHO
6onee TouHO, YeM ypaBHEHHe BaH-nep-Baansca.
p H3obpasuM Ha PV-mIOCKOCTH CHCTEMY H30-
TepMm Ban-nep-Baansca, HcnpaBieHHBIX B COOT-
BETCTBHH C npaBwiom Makcsemna (puc. 22) (00-
nacTh TopboB W BIaJuH 3ameHena uzobapoii). Kpu-
Bble, COEAMHAIOIINE HaYalbHbIE H KOHEYHbIE TOUKH
u306ap, CXOAATCS B KPHUTHYECKOH TOYKEe M JENSAT
PV-nnockocts Ha Tpu obnactu. OOnacTh, orpaHu-
yeHHast KpuBod AK W BepXHEH 4acThIO KPUTHYEC-
KO# M30TEPMBI, IPEACTaBNAET coboit 00nacTh Ku-
A g v Koro coctosnus. O6nacts, examas BHYTPH Kymo-
Jnoo6pasHoii kpuBoi AKB (oHa Ha3bIBAETCH KPHBOH
Puc. 22 COCYIIECTBOBAaHHA), OMMCHIBAET ABYX(asHbie CO-
CTOSIHUS — >KHAKOCTh M HACBIIEHHBIHA map. B 00-
TIACTH, Jiexallel BBIIIE KPUTHYECKON H30TepMBl M mpaBec KpuBoil BK,
IByX¢a3Hoe COCTOSHHE HEBO3MOXKHO, H ¢ POCTOM TeMneparypbl H o6beMa
M30TepPMBI PUOTHKaAOTC N0 GOpME K H30TepMaM HJealbHOro ra3a PV =
= const. CrneroBaTenbHO, MBI MOXEM TPHAATh CIEAYOMHH QU3MIeCKUi
cMbIch apameTrpaMm Py, Vi, Tx. Kputnueckoe naBneHue ecTh MAaKCHManbHOE
JIaBIeHHe HACBIIEHHOTrO Mapa, KpUTHueckuii o6beM mnpencrabiseT coboi
MaKCHMAaNlbHbI 00beM 1 MONS >KHAKOCTH M KPHTHYECKas TeMIiepaTypa
€CTh MaKCHMalbHas TeMNEpaTypa, NpH KOTOPOH BEIECTBO MOXET CyILIECT-
BOBAaTh B )XHAKOM cOCTOsHHH. [1o Mepe mpubamxeHus k KpUTH4IECKOH TOY-~
K€ pa3HoCTh MOJIAPHBIX 00BEMOB napa U XUAKOCTH F2 — I| yMEHBLIAETCH,
H B KPUTHYECKOM COCTOSHHM OHAa 0OpaIlaeTcst B Hylb. DTO 3HAYHUT, YTO B
KpUTHYECKOH Touke BooOIe HCYe3aeT pa3nyie B HH3IHUECKUY CBONCTBAX
XHJKOCTH U mapa.
Me1 BepHeMcs K 00CyXIeHHIO TOBEJEHHS raza B OKPECTHOCTSIX KPUTH-
yeckoii Toykd B rnase VIII, mocesmenHoH cTaTHcTHYECKOH Teopuu dazo-
BBIX riepexosioB. [lepelinem Tensps K TEPMOJUHAMHYECKHM COOTHOLICHHAAM
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U HaiiJleM OCHOBHBIE TepMoJHHaMH4eckue PyHkuuu rasa Ban-aep-Baane-
ca, ¥ B IEPBYIO 04EPE/Ib €r0 SHTPOIIHIO.
Cornacno (11.17)

38 o8 gy=Cr i)
ds = (T) dT+(aV) av == dT+(aT v,

OTKyJa ¢ oMoIbio (12.2) Haxoaum

R

ds =<V ar +
T V=5

dv. (12.10)

Kak mb1 Buzenu B npeasiayuiem naparpade, Cy ans raza Ban-nep-Baanbca
He 3aBHCHT oT 06sema: Cy = Cy (T). [loatomy B (12.10) 06a cnaraemerx —
nonusle auddepeHnnans, v, HHTErPUPYS, OTydaeM

s= LD ar+ Rinw - b)+const. 12.11)

Ecnu cuutats Cy = const, 4TO MOXHO J€J1aTh B JAOBONBHO IIMPOKHX TEM-
TiepaTypHBIX HHTEPBANIAX, TO

S—8So=Cyp ln—+Rln

vV —b
Vo —b°

(12.12)

Iepexoas x nepemeHHbiM P, V' ¢ nomompio ypaBHeHus Ban-aep-Baansca,
HaxOJIuM JBe Apyrue GopMyist s S:

P+alv? V—b
S—=So=CyIn 2+Cpan e
Py+alVy 0 (12.13)
T P+alv?
§S—So=Cpln——Rln———.
To Py+alVy

Hckmouuts u3 (12.12) unu (12.13) o6beM U TIPeACTaBHTH SIITPONHIO KaK
bynkuuio 7 u P MOXHO nuiub, pemas Kybuueckoe ypaBHenue (12.4), yto
TIPHBOAMT K KpaiHe rpoMo3akum Gopmynam.

Haiinem BHyTpenHo dnepruio rasa Bau-nep-Baannsca. C nomompio
(12.2) u (12.10) nony4aem

dU=TdS—PdV=CVdT+Vi2dV.

HHTerpupys, HaxoauM

U = [ Cy(T)dT =+ const (12.14)
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u npd Cy = const
U-Uo=Cy(T-Tp)—-2+-2%. (12.15)
14 Vo

Hetpyato BHIpa3suTh BHYTPEHHIOK 3HEPTHIO Kak OYHKIHK €CTECTBEHHBIX
nepeMennbix S, V. Uckmoudas u3 (12.15) TemnepaTypy ¢ moMolusio ¢hopMy-
ael (12.12), Haxoaum

S—§ R
* (Vo -b\Cr a a
U-Up=CyTple ¢ -1 ——+V—. (12.16)
0

V-5 Vv

Beraucnum Taxke pasnocte Cp — Cy ans raza Ban-aep-Baannca. Cor-
nacHo ¢opmyne (11.23) umeeM

—c., =7[92 aT
Ce CV_T(OT)V/(OV)p

H, HaxoJs ¢ moMompio (12.2) cooTBETCTBYIONIME TPOU3BOAHBIE, IONTYyYHM

_ _a __a , 2ab
CP_CV_R(P+V2)/(P V2+V3)'

Cuutan a/V?2 << P, b << V ¥ COXpaHss TONBKO MAaJIHe BETHYUHH TIEPBOTO
TOpsAAKa, HalieM

~ 2a ] _2a_
Cp CV~R(1+PV2) R(1+RTV). (12.17)

Haiinem, nanee, nsMeHneHue TeMrnepatypsl NpH aaHabaTH4eCKOM pac-
HIMPEHHH ra3a B 3aBHCHMOCTH OT JaBneHHs. Mmeem cornacho (12.2) u
(11.24)

(ﬂ) =L(ﬂ) = RT ~ BT (1+ “2). (12.18)
aplg  cp\aT/p ( o 2ab) PCp PV
Cp P——2+—3
V V

Tak Kak npaBas 4acTh 3TOTr0 BhIpaXkeHHA NOJNOKHTENBHA, TO (97 / 0P)s >0
H C yMeHbleHHeM JaBjieHHs (paclIHpeHHEM rasa) TeMIiepaTypa rasa
[ajaer, MpUYEM ITO MOHMKEHHE TEMIEPaTypsl ABageTca Oojiee CHIIBHBIM,
4YeM [JIS HAEANbHOTO rasa.

YkaxeM B 3aknouenue (6e3 mogpoOHOro aHainza) HEKOTOPHIE IPyTHe
ypaBHEHHS COCTOSIHUS, TPUMEHSIEMBIE ISl OTTHCAHKS PeabHBIX ra3oB.

IlepBoe ypaBHenue Jutepuun

P(V — b)= RTe%/RTV | (12.19)
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Btopoe ypaBHenue Jlutepudn
(P+'V—g7~3—)(V— b)=RT. (12.20)

Vpasuenue beptino

(P+ )(V—b)=RT. (12.21)

a
vir
Vpasuenue Kamepnunr — OnHeca (MM BHpHANBHOE pas3siokKeHHE (CM.

§ 65))

_ A A3
PV—RT(1+ s +) (12.22)

Benuuuuel A; Ha3bLIBAIOTCA SUPUANLHBIMU KO3Pduyuenmarmu W BHIpaxa-
10Tcs hopMynaMH Buja

Jagaum.
1. Hafitu cBo60Hy10 3Hepruio ra3a Ban-nep-Baansca.

V-5
Vo—b.

OtBeT. F—Fy =CV(T—T0)—CVT1n[TL)-—RT In
0

2. Haiitu paGoTy npH H30TEPMHYECKOM pacHIHpeHHH ra3a Ban-pep-Baansca ot
obwrema V) mo Va.

Vs —
OtrBeT. AT =RT In 2 +-2 4
Vi-b V2 Wi

3. Haiitu konuyecTBO Tema, KOTOpPOC HaJI0 NOABECTH K 1 Moo ra3a Bau-nep-Baanbca
NpH yBeTHYeHHH 00BeMa Ha eIUHHUILY, YTOGBI €ro TeMnepaTypa ocTanach HEH3MEHHOMH.

(6Q) _RT
OrBeTr.|—]| =——.
ov r V-0

4. HaiiTy KpUTHYECKHE apaMETPBI U 3alHcaTh YPABHCHHE COCTOSHHSA B 6€3pa3zMepHBIX
nepeMeHHsIx P,V ,T i ra3a, NoJYHHSIOWErocs a) NepBoMy ypaBHeHHIo [{utepiuu; 6)
BTOpPOMY ypaBHEeHHIO [lutepuyn; B) ypaBHeHHIO BepTno.

OTBeT.

) Pk =—5—5, Vx=2b, Tx=—2— P= I 207 D

4b“e 4Rb, 2V -1 yr

Y ___l5a __ 5__I5T __4_
6)P"’216/3b5/3’ Vi = 4b, T“‘216/3Rb2/3’ P‘4,7_1 g3’
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R 1/2 g 172 - 8f 3
B)P=("),V=3b,r=(“),1>=~—NN.
21683 : * A 27rp W-1 V2T

§ 13. MeToAblI OXNaXa,eHUA rasa.
Mpoueccel Men-Nioccaka u Jxxoyna - TomcoHa

Kak Bugno u3 dopmynst (12.18), o6patumoe aanabaTHueckoe pacuin-
peHHe ra3a MOXeT OBITh HCTIONB30BAaHO Kak crocob ero oxnaxaeHus. Ox-
HAKO MeajieHHoe oOpaTUMOe pacuIMpeHHe ra3a B yCJOBHAX aguabaTHuec-
KO# M3014IIMH He npecTaBnsieT coboil TexHuueckn yao0HBIH NpHEM NOJTy-
YeHUs HU3KUX TeMmneparyp. PacCMOTpUM B CBS3H C 3THM elnie JiBa IKCTIepH-
MeHTa.

IlepBoiif U3 3THX 3KCTIEPUMEHTOB ObLT mocTaBiieH I eif-Jlroccakom. I'a3
u3 cocyna A (puc. 23) B pe3ynpTaTe OTKPhIBAaHHsA KpaHa B BhIPHIBAeTCA B
cocyn C, KOTOpBIH TEpBOHAYaNbHO OBUT OTKadaH, NMPHUYEM BECh NMPOIECC
MPOMCXOJUT B YCIOBUAX Terou3onsuud. [lo mpouecTBHHM HeKOTOpOro
BpeMeHH (Oonbliero, 4eM BpeMs pelakcaluH JaBJEHHS, HO MEIBLIEro Xa-
paKTEpPHOr0 BpeMEHH TEIUIONPOBOJHOCTH CKBO3b TEIUIOH3OJHUPYIOMIHE
CTEHKH) B COCyAaX YCTAaHOBHTCS TepMOJAMHAMHYECKOE paBHOBECHE M MO-
KeT ObITh M3MepeHo H3MeHeHHe TemmepaTypbl 72 — 77. B ombitax I'ei-
Jroccaka B mpejenax MOrpenIHoCTH OMbITa 0Ka3anock, uto 1> = Ti. Jlerko
BHJIETD, YTO OTCIO/A CJIEAYET HE3aBUCUMOCTb BHYTPEHHEH dHEPTUH OT 005-
eMma. JlelicTBHTENbHO, IOCKONBKY Tiporiece I'eit-Jlroccaka agHabaTHaeckui
U npoTekaeT Oe3 coBepuieHUs paboThl MPOTHB BIEIIHUX CHI (ra3 paciiu-
pSeTCs B MYCTOTY), TO BHYTPEHHSIS SHEPrUs OCTAeTCs IOCTOSHHOH

U, )=UWV,, Ty).

Otcroaa, Onaromaps Tomy, 9to 11 = T, IPUXOAUM K BBIBOAY O HE3aBUCH-
MOCTH BHYTpeHHe# 3Heprud oT obbeMa. [TOCMOTpHM, KaKHUM H3MEHEHHEM
TEMIIEPaTyPbl JOJDKEH Ha CAMOM JIeJie COTIPOBOXKAaThes npouecc I'el-Jlioc-
Caka B pealsHOM ra3e. 3aMeTHM Mpex/Ie BCEro, YTo 3TOT MPOLECC ABISIECTCSA
HeoOpaTHMbIM aqHabaTHYECKHM TMPOIIECCOM H, CTPOro roBOps, JIEKUT BHE
PaMOK pa3BUTHIX 0 CHX MOp NMpeAcTaBieHHUH. B 4acTHOCTH, MBI HE MOXEM
yTBEpXaaTh, uTo B mpouecce I'eit-Jltoccaka 3HTponHs OCTaeTcs MOCTOSH-
HOM: KaK Mbl YBHUIUM HECKOJbKO mo3xke B § 23, npu HeoOpaTHMBIX aguada-
THYECKHX TIpOIECCaX DHTPONHA BO3pacTaeT. MbI MOXEM, OJHAKO, PacllH-
PHTh KPYyT pelIaeMpIX HAMH 3aiad ¥ BKJIOUHTH B Hero npomnecc I'eif-Jlioc-
cakKa ¢ MOMOUIBIO CAEAYIOIEro, 4acTo HCIoJb3ye-
MOT0 B TEPMOJAHHAMHKE PACCyXKACHUS.

TTockoneKy HAc HHTEPECYET TOJMbKO KOHEUHOe
PaBHOBECHOE COCTOSHHE ra3a Iocjie ero pacuu-
penus g0 obbema V3, 3aMEHHM MBICIEHHO HEOO-
patumblii npouece I'eif-JIroccaka BooGpakaeMbIM
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0o0paTUMBIM POLIECCOM, BEAYIIUM K TOMY jX€ KOHEYHOMY COCTOSIHHIO. MBI
MOXEM MBICIHTh cebe 3TOT mpolecc Kak 6ECKOHEYHO MEJIEHHOE
pacminpenue rasa ao obsema V3, mpoTekawinee NPH MOCTOSHHOMU
BHyTpeHHe# 3ueprun U. ITOT BooOpaxkaeMBbId mpolecc, KOHEe4HO, He OyaeT
HH afnabaTHYeCKUM, HH H303HTponHitHeIM. HampoTuBs, kak Mel ybenumcs B
§ 23, OH IOKCH CONMPOBOXAATHCS MOJABOAOM K ra3y HEKOTOPOro KOJIHYECT-
Ba Temia.

IMTockonbKy Hac MHTEpeCyeT H3MEHEHHEe TeMNepaTyprl ra3a, COMPOBOX-
naromnee mpouecc I'eit-Jlioccaka (370 M3MeHeHHe, 04eBHIHO, OyIeT TaKUM
ke, KaKk U B BoOoOpakaeMOM H303HEPreTHYeCKOM MIpolecce), HaiaeM npo-
n3Boauyto (07 / 3V )y . Tlepexoas K ,,eCTECTBEHHBIM' NEPEMEHHBIM BHYT-
peHHeH 3Hepruu S 1 V, noay4yum

oT, U T, U)oW, S
(i) ST O )=i[T(£) +P(£) ] (13.1)
wvly av,U) oV, S)aV,U) T avlg as/y
IMonb3ysce hopmynoit (11.19), uMeeM OKOHYATENBEHO

Beglm) e

Jlerxko BHAETh, YTO JJIS HACANBHOIO ra3a 3TO BhIpaXKeHHe oOpaiuaeTcs B
HYJIb.

Onanako 17 peansHOro rasa, monb3ysach B Ka4eCTBE MOJENH YpaBHEHH-
eM Ban-nep-Baansca, naxoaum

(i) —__a

iy v2c y

U3 a0l GopMynel BUIHO, YTO AJIS peannioro rasa nponece I'eii-Jlroccaka
JOJDKEH CONpPOBOXKAATHCS OXJIAXKAECHHEM, MpaBAa, He6oIbIINM, TaK KaK MNo-
npaBka a/V?2 B ypaBiennn Ban-nep-Baansca Mana no CpaBHEHMIO ¢ JaBlie-
HHeM P u noumkeHue Temnepatypbl — (a /V 2Cy YAV malo no cpasHe-
Huto ¢ T. [Toatomy B onmitax I'eii-Jlroccaka, CBA3aHHBIX C GONBLIMMH 1O-
IPEIHOCTAMH (TaK Kak TeIUIOEMKOCTh CTEHOK cOCyla BelHMKa MO CpaBHeE-
HHIO C TEMIOEMKOCTBIO ra3a), TakHe Mallble U3MEHEHHs TeMIlepaTyphl He
MOrJTH OBITE 3aUKCHPOBAIIBI.

B cBia3u ¢ atum xoynem n TomcoHoM OBl MOCTaBJIEH 3KCHEPHMEHT,
HO3BOJISIIOLIMHA [TPOBECTH 3HAYMTENBHO Ooyieg TOUHBIE H3MepeHus. [Ipexae
4eM MEpPEeXOIUTh K ONMMCAHUIO 3TOT0 3KCIEPUMEHTa, HaM MPHAETCs BBECTH
elle OJlHy TEPMOIHHAMHUYECKYI0 (PYHKIHIO MOMHUMO aguabaTHYECKOro 1o-
TeHnuana — BHyTpcHHeEH sHepriHM U M M30TepMHYECKOro MoTeHnHana —

cBOOOIHOM 3Hepruu F. DTa HOBas (DYUKIHA HA3BIBACTCS IHMAILAUEH, LN
mennocodepoicanuer, U onpelensercsa GopMynon

W=U-+PV. (13.3)
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Ee nuddepenunan pasen
dW=dU+PdV+VdP,

505041
dW=TdS+ V dP, (13.4)

U eCTeCTBEHHBIMH mepeMeHHBIMU it W sBnstores S u P. TlpousBoaHsie
SHTANBIHH 10 9TUM NEePEMEHHBIM PaBHbI

(%)p =T (Z_Z)S =V. (13.5)

PaccmoTpumM Temeph Hpolecc, Ha3wslBaeMblil npoyeccom [coyna —
Tomcona, uaeanbHas cXeMa KOTOporo usobpaxkeHa Ha puc. 24. I'a3 B Ten-
nou3onMpyIolei Tpybe npoaaBiuBaeTCs C HO-
P, V,E5] Py, Vs MOIIBEO MOPIIHSI CKBO3b MOPHUCTYIO Heperopos-
T, Ky. CneBa u cmpaBa OT NeperopoKu mozzep-

KHUBAaeTCs C MOMOLILIO MOpPINHEH MOCTOSHHOE

nasnenue Py u P (P > P;), Tak 4T0 Bech Opo-

Puc. 24 ecc ABSETCA CTAalMOHApHBIM. (B peansHBIX

NpPOM3BOACTBEHHBIX YCNOBUAX mpouecc xoy-

151 — ToMcoHa ocyniecTBIsAETCH HECKONBKO HHa-~

ye: poJib MOPIUHEN BLIMOIHAET KOMIPECCOp, CO3JAIOMMI nepenaj AaBie-

HUH U CTAal[HOHApHBIN MOTOK rasa, a pojb MOPUCTOH NeperopoaKH — BEH-
THITB.)

JHokaxeM, uro npouecc Jxoyns — ToMcoHa MpOMCXOIUT MIPU MOCTOSIH~
HOHM SHTANBNMKA — HW303HTANBIMIHBIA mpouecc. [IycTh HEKOTOpOe KONH-
4YecTBO rasa, 3aHUMaBllIee ClieBa OT eperopoaky obrvem Vi, 3aHMMaeT noc-
Jie MPOJABNMBaHUA CIpaBa OT NMEpPeropoiku obbeM V. M3MeHeHne BHYT-
penHeil sHepruu raza U; — U paBHO paboTe, NpOBENCHHOH Hal ra3oM
PVy — PV;,, otkyna

U,=U1=PVi— PV, Wry=W|. (13.6)

OO6paTyM BHHMaHHE Ha TO, 4TO mpouecc Jxoyns — ToMCOHa Tak ke,
Kak u npouecc I'eii-JTioccaka, sBnsercss HeoOpaTHMBIM agHabaTHYeCKUM
nporeccoM. Paccyxzas Tak e, Kak U B Cioydae nponecca ['efi-Jlroccaka,
3aMEHHM €T0 BOOOpaKaeMbIM H303HTAJIBIHMAHLIM MPOIIECCOM, BEAYIIUM U3
TOrO K€ Ha4allpHOro cOCTOSIHUA Py, V1, T1 B TO e KOHEUHOE COCTOIHHUE Py,
V3, T, uTo ¥ peansHsiil mpouecc Jxoyns — Tomcona.

TToCKONBKY Hac MHTEpECyeT H3MEHEHHE TeMITepaTyphl ra3a, COMpoBOXK-
naromee mpouece Jxoyns — ToMcoHa (3TO U3MEHEHHE, 04EBHAHO, Oyaer
TaKHM K€ M B BOOOpaXXaeMOM HM303HTAJILIHIHOM MpoIlecce), HaliAeM npo-
ussoanyo (07 / dP)w . MeeM, mepexods K eCTECTBEHHbIM Ans W mepe-
MeHHBIM S, P:



'nasa |. OBWKWE 3AKOHbI TEPMOJUHAMKWKA 63

(), == wes e~ 7| G, (), - (G5), (5F)
aply o, W) op,S)ap.w) T|\er/g\as/p \oS/p\opP/g |
B cuny pasenctBa dW = T dS + V dP naxomum
9,22
Plw \oP/g Cp
Ions3yscek ¢popmynoii (11.24), nonydyuM OKOHYATEILHO

(), (), -5) @

B cnyuae mpeansHoro rasza monyd4aeM (07 /dP)w =0, T. e. apdekr
Jixoyns ~ ToMcoHa OTCYyTCTBYET.

Jns uccnenoBanns gopmynsi (13.7) B cnyyae peanbHbIX ra3oB yao0HO
NepelTH B MpaBoil 4acTH K MepeMeHHBIM 7, P, HONb3yACh COOTHOIIEHHUEM

(ﬂ) _¥.P) _aV,P) a(V,T)=_(£) (ay) .
P V T,

oT/p _ aT.P) o(¥,T) oT,P) o/, \oP

Torja nojaydacm

2@V / oP)
(QZ) =—[V (E) +T(£) ]L(ﬂ) =T (13.8)
P 74 14 T aT 174 CP apP T CP

Tak kak (dP /dV)r <0, To 3HaK npousBoaHoii (a7 /dP)w coBmagaer
€O 3HaKOM BeuauHbl A =V (9P /dV)r + T(dP /dT)y .

PaccMoTpuM moBeaenue rasa, moAYHHSIOIIErocs ypaBHeHHio BaH-
IJep-Baansca. B aToM cnyuae

(E) __R_ (@) _2a _ _RT _
aTly  v=b> \avly v (w-p?

A=t R (13.9)
v:  (r-b)

Ilpu A <0 umeeM oTpunartensHsli 3¢ dexr xoyns — ToMcona — mpo-

Ca4yMBAaHHE ra3a CKBO3b NEPEropojiKy CONMPOBOXAACTCA HarpeBaHHEM, NMPH

A >0 — nonoxuUTeNnbHbIN 3¢ PeKT — ras oxnaxaaercs u npu 4 =0 — Tak

HA3bIBAEMYIO TOYKY HMHBepcHH (CMeHa 3Haka 3¢¢ekra). Toukn HHBEpCHH

ONpeneNnstoTcs YpaBHEHHEM

l=£— RTib  _

iyl (13.10)
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Tak xak HAC MHTEpECYeT TeMnepaTypa MHBEPCHH KakK (YHKIUSA JaBJICHUS,
HCKJIIOYHM U3 9TOTO ypaBHEHHs 00bheM C MOMOMUIBIO ypaBHeHus Ban-mep-
Baaneca. 13 ypasHenus (13.10) Haxoaum

V—b _ |RTib

vV 2a

Beenem o6o3uauenne \/RT;b /2a = x. Toraa

yv=—t y_p=

l—x

bx
l—x

(13.11)

IloactaBnss B ypaBHeHHE BaH-nmep-Baanwca, monmydum ans x KBagpaTHOE
ypaBHEHHe

2
xz—ix+l(l+5”——)=o, (13.12)
3 3 a

OTKyJa

a

_2| 41 [j_3pp?
x—3[1t2 1 } (13.13)
Y TeMIIepaTypa HHBEPCHH paBHa

) 2
Ti:ﬁ[li% 1_3_1»1,_} |

9Rb a
Broas KPUTHYCCKYIO TEMMepaTypy T, = 8a/27Rb n KpuTHUECKOE
mapnenue P, = a/27h*, mepemiieM mocneaH00 GopMyITy B BUAE
2
L1 [P
T; =3T [1 5 1 o, ] . (13.14)

Ms! Bugum, uTo npu P < 9Py CyIleCTBYIOT ABE TOYKH HHBEPCHH: BEPXHAA
T; v umxHsAs T;, pasHHIA MeXAY KOTOPHIMH YMEHBIIAETCA C POCTOM AaB-
neuns; opu P = 9P, obe Toukm HHBCpCHH cnuBatotcs B omauy I;' = 37k.

HaoGopor, npu P = 0 umeeM 1; -4 TK, I ->%T k. g OOnBIIMHCTBA

ra3oB Mpd HH3KHX JAABICHHUSX HIDKHAS TOYKAa HHBEPCHH HAaXOAHUTCS B
obnacTH XUAKOro cocTosinuA. Ha nmockocti PT KpuBasi HHBEPCHH HMeEET
Kynonoobpasnyio ¢opMy, u3obpakeHHY0 Ha puc. 25. O6macTe nouno-
KHUTENBHOrO 3()($eKTa NeKUT BHYTPH KPHUBOH. ITO BUAHO XOT4 ObI U3 TOrO,
uto cornacHo ¢popmyie (13.9) npu T - 1 PuKcHpoBaHHOM V BenmuunHa A
CTaHOBHUTCS OTPHUIIATELHOM.

Jlns GONBIIMHCTBA ra3oB (32 UCKIIIOYEIIHEM BOIOPOAA M Treisl) Bepx-
HHE TEMITEPATYPbl HHBEPCHH BENHKH MO CPABHECHHIO C KOMIIATHBIMH, U JUTA
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HHX yXe NpH KOMHATHBIX TeMmepaTypax ©
A>0. CnengoBatensuo, s¢ ekt Jxoyns —
ToMcoHa PUBOIUT K MOHMXKEHHIO TEMIepa-
TYpHI ra3a, C Y€M CBS3aHO €ro TEXHHYECKOe
HCIIONIF30BalNE B YCTAHOBKAX AJIA CHKHIKCHHS
a30Ta U T. 1.

Hns Hy u He BepxHue TemnepaTypsl HH-
BEPCHH TIpH OOBIYHO ymoTpeOsieMbIX AaBiie-
HHUAX OYEHbL HHM3KH, H MPH KOMHATHBIX TeMITe-
parypax npouecc xoyns — Tomcona npuso-
IUT K HarpeBaHHIO rasa. B CBA3M C 3THM AJiA
cxmwkenns Hy 1 He Heo6x0auMO npeaBapUTENbHOE UX OXJIAXACHHE HIDKE
TeMIepaTypbl HHBEPCHH JPYTHMH MeToAaMH. JIis Bogopoaa UCronb3yeTcst
OXJIAKJCHHE C IOMOIIBIO TEIMJIOBOTO KOHTAKTa C JKUJKHUM BO3AYXOM, a s
renvs — € )KHAKUM BOJOPOAOM.

Kak Buano u3 BeipaxeHus (13.9), monoxurensuolit ag ekt uMeer mec-
TO B yCIIOBUAX, KOT/Ia GONBIIYIO POJb UTpacT NonpaBka a/V 2 B ypaBHEHUH
Ban-gep-Baannca, a orpunatensHblii 3 QekT — Korga mpeBalupyeT mHo-
npaBka b. ITo 00CTOATENBCTBO JIETKO MOHATH, MONBL3YICH COOOpaXKEeHHAMH
MonekyspHoii Teopun. ITonpaska a/V 2 cBsA3aHa ¢ AeHCTBHEM CHI MPHTS-
KEHHS MEXIy MOJIEKYJaMH, 1 KOTJa 3TH CHJIbI MpeodNafaloT, OHH TOPMO-
39T OBIKEHHE MOJIEKYJ NpH MX yAAleluH APYT OT Jpyra — HpH paclliu-
PEHHH Ta3a MOCe MPOX0KACHHS Yepe3 MOPHUCTYIO meperopoaky. [Ipu atom
KHHETHYECKas SHEPTHS MOJIEKYJ H, CIeIOBATENLHO, TEMIIEpATypa ra3a CHU-
xaroTcd. [lonpaBka b CBsAi3aHA C KOHEYHOCTHIO O00beMa MOJIEKYN, T. €. C
JEeCTBHEM CHJT OTTANIKMBAaHHS MEXAy HUMH NPU HENOCPEACTBEHHOM cOnu-
elnu. ECNu 3TH CHNBL PEeBaNNpPYIOT, TO OHH YCKOPSIIOT MOJIEKYJIBI IIPH HX
yaaneHud Apyr oT apyra. IIpu 3ToM KUHETHYecKas SHEPrus MOJEKYN U
TeMIIepaTypa ra3a Bo3pacTaoT.

M1 paccMaTpuBanM A0 CHX Hop auddepeHnranbHeii d¢ ekt Jxoy-
1 — TomcoHa, uMeromKil MeCTO NMpu OECKOHEYHO MajIbIX Nepenagax
JaBneHHi., TexHH4YecKuid MHTEpEC NpeACTaBNseT WHTErpalbHbIN 3¢ ¢eKT,
U1 KOTOpOTO

aT

Py
-1 = (—) dP. 13.15
2 — 1) _[E op )y ( )

B peanbHbBIX ycnoBusx BenuunHa 7 (HKCHpOBaHA BBIGOPOM MeTona
NpeABapUTENILHOTO OXJAKICHHUS rasa, a BelH4YMHA P; NMpUOTH3UTENBHO
coBnajaeT ¢ aTMocdepHbIM AaBieHHeM. Hakaem, mpu kakoM BriGope
Havajeloro Aaenenus P abdekt OyneT MakcuMansHbIM. uddepeHunpys
(13.15) mo P, naitgem (8T; /0P)w =0 npu P = Py, T = T}, HO 3TO eCTh
YCIIOBHE TOTO, YTO [Ia4aJIbHOE COCTOSIHHE JISKHT Ha KPUBOM HHBEPCHH IS
mupepernnansaoro 3¢ dexra [Jpxoyns — ToMcOHa;, cleaoBaTeNbHO, BBIO-
3 3ukas Ne 222
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paB Temmneparypy 7| MpeABapUTENIBHOTO OXJAXICHHS, MBI N0 KPHBOH HH-
BEpCHH HaXOAHMM ONTHMAJIbHOE HadalbHOE JaBJICHHE.

3aMeTHM B 3aKITIOYEHHE, UTO BCE MOJIyUEHHbIE PE3YJbTaThl TOJILKO Ka-
4YeCTBEHHO COTJIACYIOTCS C ONMBITOM, TaK Kak ypaBHeHue Bau-mep-Baanbca
JMIIb TPUOIMXKEHHO OMUCHIBAET MOBEACHHUE PEAJIbHBIX Ia30B.

3agavya.

HaiiTi ypaBHCHHME KPUBOH MHBEPCHM B NEpeMEHHBIX P, T 1j1d a) NepBOTrO ypaBHEHUS
Jurtepuuy; 6) ypasuenus Beprio.

OTBCT.a)E:8(1—-;—f)exp(—;-__%);
2
oF-wial1-23)- 3| -22)

§ 14. TepmoaAHaMuUKa CTep)KHEN

IlepeiigeM Tenepb OT PAaCCMOTPEHHUS TEPMOIHHAMHYECKHX CBOHCTB OJ-
HOpPOJHBIX CHCTEM, OMHCBIBAEMBbIX HapameTpaMu P, V, K pacCMOTPEHHIO
JpYTHX TEPMOJHHAMHYECKHUX CHCTEM.

B kauecTBe mepBoro npuMepa pacCMOTPHM CTEepXKeHb AJIMHBI /, pac-
TATMBAEMbIi MPoAONsHOMH cuioii f, PaboTa, coBepiiaeMasi IpH pacTsHKECHHH
CTEep KHS Ha BENMYHHY d/, BbIpaXkaeTCsl B COOTBETCTBHH C BHIOpaHHBIM Apa-
BHJIOM 3HaKOB ¢opMyon

SA=— £ dl. (14.1)

Cpasuubas ¢ dopmynoii paGoTs s razoB 04 = P dV, Mbl BUANM, 9TO ISt
mepexoJa OT COOTHOLICHUH TePMOAMHAMHUKH ra3oB K COOTHOIIEHHAM Tep-
MOJIMHAMHUKH CTEpIKHEH HYKHO BO BCex (opMynax caenaTh 3aMeHy

P>—f, V>l (14.2)
Takum 06paszom, ponb 06001IEHHON CHITBI B TEPMOAMHAMUKE CTEpXKHEH

BBIMOJIHAET BenuuvHa —f, a ponp 0600IIeHHOH KOOpAMHATBI — JUIMHA
ctepxHa /. OCHOBHOE TEPMOAMHAMHYECKOE TOXIECTBO 3aMHUILETCS B BHIC

dulS,h=TdS+fdl (14.3)
HJIM C IOMOIIBIO AKOOHaHa
T, S
7.5) =—1 (14.4)
af.

B TepMomnHamuKke crepxuell ypaBHEHHE COCTOSNHHS, KOTOpOE AJIA Ta3os
3anuceIBanoce B Buge P = P(V, T), 6yneT, O4eBHAHO, PEACTABIATH COOOM
cootHomenue Buaa f = f(I, T). SIBHBIA BUJ 3TOro COOTHOLLCHHS B 061acTH
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GonpMX AedopManuil 1 B LIMPOKHUX TEMIEpaTypHBIX HHTEpBanax AOCTa-
TOYHO CJIOKEH M MOXKET ObITh HAaHAEH TONMLKO 3MIHpHieckn. OJHAKO B 10-
BOJILHO LIMPOKHX HMHTEpBajlax TeMIepaTyp, AATeKHX OT TOYKH IUIABICHHUS,
¥ B 00nacTH HeGONMBIINX YNpYrHX AedOpMariil Mel MOKEM MOJIb30BAThCA
IUTS JJTMHBI CTePXKHS Kak GYHKIHY TEMIEpPaTyphbl U pacTATHBAIONIEH CHITBI
U(T, f) popmynamu

(T,0)= Ty,0)[1+ a(T —To)], (14.5)

rae To = 273,15 K, & — k030 dumeHT THHEHHOro TeMmepaTypHOro pac-
IIMPEHUs CTEIKHS, 3aBHCALICH TOJIBKO OT MaTepHala CTepKHs, HO HE OT
ero AJIMHBI ¥ TeMIEPaTypPhl, U COTNAcHO 3aKoHYy I'yka

I(T,f)—I(T,O)__l_ 14.6
KT, 0) _Eaf’ (14.6)
rac £ — monyne IOHra, 3aBHCAILMIA OT MaTepHala CTEpXKHA U cnabo 3aBu-
CALMA OT TEMIEPATYPhI, 2 ¢ — MIOLIAb NONEPEYHOr0 CeYEHHs CTEPXKHSI.

O6neannss cootHomenus (14.5) u (14.6), mony4uM ypaBHEHHE COCTOS -
HUS UAEATIBHOTO CTEPXKHSA

_ |
f—Ea{IO[Ha(T_TO)] 1}, (14.7)

rae lp= I(To, 0).

B nanbHeiimeM Mul OymeM CYHTaTh AJNA ,,MACANBHOrO™ CTEPXKHA BEJH-
uuHbl £ U  MOCTOSHHBIMH, a TaKk)Ke NpeHeOpeKeM M3MEeHEeHHEM MpH pac-
TSDKEHUH MOINEPEYHOro cedeHHs O (y4eT 3TOro M3MeHEeHUs AaeT 3¢ (eKTsl
BTOpOTO MOpsiAKa MaJIOCTH N0 OTHOCHTeNbHOH AebopManmu Al / [). Tak Kak
Ins OONBLIIMHCTBA TBEPABIX Ten KO3(pPUIHEHT NHHEHHOro pacuInpeHHs
a 103 K~!, To npoussenenne a(T — Ty) OCTaeTcs BeChbMa MajbIM [0
CpaBHEHMIO C €IMHUIEH BIUIOTH A0 TeMmepaTyp, OMM3KUX K TeMmeparype
TUIAaBJICHUA, U MBI OyAeM B JalpHellleM npeHebperaTs BeNHYMHAMH BTO-
poro nopsiaka Manoctu no aI. B dactHocTH, dpopmyny (14.7) MbI MOxeM
3anucaTh B IpeJeniax yKa3aHHOH TOYHOCTH B BUIE

f=Eo {i[l—a(T—To)]—l}. (14.8)

B nanbreitmeM Mbl 6yaeM Nonbp30BaThCS YPABHEHHEM COCTOSHHSA CTEPKHA
HCKJIIOUHTENHHO B opMme (14.8).

Takum o6pa3oM, Ha miockocTH (f, /) H30TEPMBI HIEANBLHOIO CTEPXKHS
UMeIoT BUI, M300pakeHHbINM Ha puc, 26. LIITpUXOBble YacTH KPUBBIX —
M30TepMbl BHE 00MacTH ynpyrux aedopmanuii, rae moayns HOHra craHo-
BUTCS 3aBHCAIIMM OT AedOpMAlMH U yMEHBLIAETCs MO CPAaBHEHHIO CO
CBOMM 3HA4YCHHEM B YNIpyroi obactH,
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Haiinem Temepp BakHelllMe TepMOAMHAMHYECKHE (DyHKIMH Haealb-
HOr'0 CTEpI)KHS, U MpeXAe BCErO ero SHTPONHio. Iyl 3TOro BOCHONB3yeMes
dbopmynoit (S /dl)r = =—(8f /dT);, koTopast nomydaercs U3 GHOPMYIsI
(11.17) cranpapTHOii 3ameHo# (14.2), Toraa

of

_[9s a8y »_Ct . (&
dS—(aT)IdT+(al)le— - (aT)Idl. (14.9)

Ha ocuoBanuu ypaBaenus cocrossus (14.8) naxoaum

(i) _ _ akol
{

aT ip °
TOrga
C
ds ==L gr + 252 gy (14.10)
T lp

Jnsa toro 4ToOBI MPOMHTErpPHPOBaTH MOCIEAHEE PABEHCTRO, HAAO 3HATH
3aBucuMocTh C; oT T 1 . HecMOTps Ha TO, YTO MBI pacCMaTpUBaeM CTEpXK-
HH — TE€PMOAMHAMUYECKHH OOBEKT, COBEPLICHHO

f ) OTJIMYHBIA MO CBOEH mpHpode OT ra3oB, KaK HAc-

o aNbHBIX, TAK U PEAJILHBIX, UMEETCS BaXXHOE, XOTA
- U (opManpHOE, CXOACTBO MEXKAY YPaBHEHHSMH

T, [T .*”" COCTOSIHHMSl B 3THX TpeX CIydasX — HJ€albHbIE
T3 rasel, peajbHbIe Ta3pl, HACANBHBIE CTEPIKHH. DTO
CXOJCTBO 3aK/IIOYAETCH B TOM, YTO BO BCEX TPEX

IL cnyvasx o6o6mweHHas cuna (P B cimydae rasos, f B
cllyyae CTep)kHel) sBisercs JHHEHHOH (QyHK-
—Eo I el temneparypsl (ypasaenue (14.8)). Otcrona
cneayeT, 4To Ais uaeanbHoro crepxus C; He
3aBHUCHUT OT /, TOAOOHO TOMY Kak JJIsl HAEAJIbHOrO
Y peanbHOro ra3oB Cy He 3aBUCHT OT V.

JloKa3aTensCTBO 3TOr0 YTBEPKICHHS MOXKET
OBITH MOJTyYeHO MmyTeM 3aMeHsl P - — f | V = [ B popmyne (11.15):

(&) =_T(02_f o
al )p or2),

HuTterpupys Teneps paBercTso (14.10), Hailnem

Puc. 26

Ci(T)YdT 2
s=[ ’(T) + 2Bl 4 const. (14.11)

21y

3apucuMocth C; OT TeMmrepaTypsl, aHanoruguo Cy s Ta3oB, HE MOXET
ObITh HaiiicHa B paMKaX TEPMOAMHAMHUKH U OIpeAesseTcs B CTATHCTH-
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dyeckoit ¢u3nke. B § 53 Mp1 ybenumcs, 4to Ans 1eNoro psaa TeNn NpH He
CIIMIIKOM HHU3KHX TeMmepaTypax C; NOCTOSHHa M COCTaBIfET OKOJIO
25 Ix/(K - monsb) (3axkoH [rononra u Iltn). JIns Takux (COBEpLICHHBIX)
crepxHeit gpopmyna (14.11) nprobperaer Bug

aEol?

S=C;InT+ 2o

+ const. (14.12)

Haiimem BbIpaxkeHHe AJIS BHYTPEHHEH 3HEPrHH HAEANBHOTO CTEPIKHIL
Cornacao (14.10) u (14.8)

-1
dU=TdS+ fdl=C, dT+(aEaTi+f)dlzC1 dT + Eo 100 dl
. 2
Eo(l-1
U=fC1(T)dT+(T0)=const, (14.13)
U AJI51 COBEPLUEHHBIX CTEPXKHEN
Eo(l - 1p)?
U=C; T+ T+const. (14.14)
0

B oTnnune 0T HaeanbHBIX ra3oB, JHEPrUsl KOTOPBIX HE 3aBHCHT OT 00beMa,
9Heprus UAealbHBIX CTEP)KHEH sABNsAeTCH KBagpaTHYHOH GyHKIMel nedop-
MalmH.

Mpil MOXEM COCTaBHThH JJIsl TEpMOJMHAMHKH CTEp)KHEH Tabnuiy Tep-
MOJMHAMHUYECKHX K03 dHUIMEeHTOB, aHanornynyto tabmune (11.5) mns ra-
30B, KOTOPYIO YAOOHO MpeACTaBUTHL B BUAC

(ﬁ
oT

(), (%),
=) &)

), (),

=)
=),

()|

(14.15)

=), &, @

Tak ke kak U B ciydae ra3oB, TOJNBKO TPH M3 3THX KO3()(UIMEHTOB sB-
JSFOTCH HE3aBUCHMBIMH. B TepMoanHaMuKe cTepikHeld yaoOHO B KauecTBe
OCHOBHBIX Tpex Koadduuuentos Beibpate (8//9T)ys, (df /)y m
(85 /8T)y =Cy /T. TlepBble aBa U3 3TUX KO3GPUIMEHTOB, C OTHOH CTO-
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POHBI, JIETKO MOTyT OBITh M3MEPEHBI U, C APYTOH CTOPOHBI, ONPEAENAOTCS
YPaBHEHHEM COCTOSIHUSA CTEPXKHS.
B yacTHOCTH, 1S HACANIBHBIX CTEPXKHEN HMeeM

(;_;)f = aly, (14.16)
(ﬂ) =B _gqr-1y)=£, (14.17)
al, I lo

Tennoemkocth Cr Ansi cTepXkHEH n3MepseTcs nerde, yeM C;. Hadpem pas-
HocTh C y — C; Ans MAeanbHBIX CTepKHEH, [IpoBOas cTanAapTHYIO 3aMEHY
(14.2) B dopmyne (11.23), nonyuyum

¥\ (o)
Cr—-Cy =T(—) (—) . (14.18)
Y al) \aT)
IMoactaBnsisi (14.16) u (14.17) B (14.18), Haxoaum
Eol
C;—Ci=(aT)? % (14.19)

M TaK Kak npaBas 4acThb SBJIETCS BENHYHHOHN BTOpOro mopsjaka mo a7, To
pasnocTh C y — C 04eHb Majla U B BLIOPaHHOM HaMHM NpPHOIIMKEHUH JOMXK-
HA CYHUTATHCS PaBHOMU HYIIIO.

BeipazuMm B kauecTBe HILTIOCTpanvi koaddumuent (37 /9f )s, xapak-
TEPU3YIOMMI U3MEHEHHE TeMITepaTypsl NP agHabaTHYECKOM pacTsHKEHHH
CTEPXKHSA, Yepe3 JIerko H3MepHMble BelMuHHbl. [1onb3ysice ¢opMynoi
(11.24) 1 npoBoas cTanmapTHYIO 3aMeny (14.2), nomyunm

T\ __ T (o) __ahl
(af)s_ Cr (ar)f cr '’ (14.20)

Taxk kak ans 6onpmrHCTBa TBEpABIX Ten @ >0, 0 (37 / df )s <0, T. e. npu
YBEJIMYCHHNH HArpy3KH CTEpXHH oxnaxaarorcs. OnsITel mo aguabatuyec-
KOMY DPaCT)KEHHIO NMPOBOJIOK cTaBuiMCh JIxoynem ¥ Xara M NMpHBENH K
BeCbMa XOpOLIEMY COTJIacHIO ¢ Teopueil. OTMETHUM, 4TO 3TH 3KCIIEPHMEHTBI
HApAAy C ONBITAMH IO aaHMabaTHYECKOMY CIKATHIO )KHUAKOCTEH SBUIINCH OX-
HOH M3 NEpBbIX ONMBITHBIX MpoBepok I Hauana TepMOAMHAMHUKY — NIPHUHIU-
na SHTPOIHNH.

JIns HeKOTOpBIX Tenl (pe3uHa, HEeKOTopble mosuMepsl) @ <0, Tak 4To
NIPY HarpeBaHHHM CTepXKEHb M3 TAKOro MaTepHana coxpamaercsa. Toraa us3
dopmynst (14.20) cnenyet (7 /df )s >0, T. e. CTepKeHb U3 TaKOTrO MaTe-
puaia MpH PacTSDKSHHH HarpeBaeTcs. JTO OOCTOATENbCTBO JIETKO IPOBE-
PHThH Ha OMBITE C PE3HHOBBIM XTIy TOM. :
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3agaym,
1. Mennublit cTepxeHb Iy = 1 M pacTarueaercs usotepmudecku npu T = 300 K cunoit
S = 103 H. Moayns 10Hra E = 1,2 + 10!! [Ia, xoaddbHUMEHT IHHEHHOTO pacTXEHHS

a=16:10" K~!, nnomazs nonepeyHoro ceuenns o = 0,1 cm2. Haiitu pa6oty, npoge-

JIaHHYIO HaJl CTepKHEM A, U KOJHYECTBO Tena (0, MoABEAcHHOE OT TepmocTata. (O6paTuTs
BHHMaHHE Ha Pa3HULY B NOpsJKax BEJIHYHH O U A, U OGbACHUTL (HH3UYECKYIO IPHYHHY
3TOit pa3HHIIBL.)

lof?
OrpeT A=——=04 %, Q=aTfl) =48 Ix
2Fo0

2. H3obpa3uth Ha fI- U TS-MIOCKOCTAX UMK, COCTOAMMUN M3 CIEAYIOUHMX TPEX
NIPOLIECCOR! A) CTEPXKEHb H3O0TEPMUYECKH NpH TeMmmnepaType T} pacTaruBaetcs cuioit f; 6)
npH f = const CTEPXKEHb OXJAXAAETCa A0 TeMnepaTyphl T7; B) anHabaTHueckn CHHMAeETCA
Harpyska, ¥ CTCp>Kellb BO3BpalaeTcs B HCXOAHOE COCTOSHHE. Kak BHIDIAANT Takol LMK,
€CJIH OH NIPOBOJHTCS C PE3HHOBRIM XIyTOM?

§ 15. TepmoaAvHaMUKa MarHeTMKoB

Msr 6ynem paccmaTpHBaTh B 3TOM maparpade TepMOIMHAMHYECKHE
CBOWICTBA Mapa- ¥ JAHAaMarHeTHKOB, MMOMELICHHBIX BO BHEILHEE MarHUTIIOE
none H. TepMoInHamMuka (eppOMAarHETHKOB OKa3bIBA€TCS 3IAYHUTENBHO
Gonee cnoxHOM, 6GnaroJapsi TOMy 4TO B HHX MPOHCXOAAT (a3oBbIe mepe-
Xo4pl —— MpeBpalleHHe (peppoMarHeTHka B mapaMarHeTHK. MBI paccMoT-
PHM TeopHIO (deppoMarHeTHkoB B riaBe VIII, MOCBAIEHHOH cTaTHCTHYEC-
kot Teopnu (azoBeix nepexonos (§ 78). Tak ke kKak U B ClIy4yae CTepXHEN,
HaM HeoOXOIHUMO HMETh, BO-MEPBBIX, BHIPAXKECHHE AIIEMEHTAPHOU paboTHI H,
BO-BTOpBIX, 3HATH YpPaBHEHHE COCTOSHHS.

Kak u3B€CTHO U3 3NIEKTPOJHHAMHKH, OJHAs 3JIeMeHTapHas pabora, Ko-
TOPYHO COBEpIIAIOT MUCTOYHHKH MArHUTHOTO AOJS MO M3MCHEHHIO MOJA U
N0 HaMarHMYEeHHIO BelleCTBA NPH H3MEHEHHH BEKTOpa MHAYKLHH Ha BEJH-
4uHY dB, OTHECEHHas1 K OZHOMY MOJIIO ¢ 00BeMOM ¥, BeIpaxkaeTcsi hopMy-

noit 04=— Z—}Z dB*. Mbl OrpaHMYMMCS PaCCMOTPEHHEM OJHOPOMHBIX MO-

JIed ¥ OJHOPOJHBIX M M30TPOMNHBIX MarHETHKOB. B 3TOM cnydyae Hanpagne-
HHUC BekTopoB H u B coBnaaaeT, u ¢popmMyna paboTel NPHHAMAET BHI

__v
s4=~"2Lap. (15.1)

3nak MuHyc B popmyne (15.1) ykasbiBaeT, Tak k€ Kak ¥ B TePMOAMHAMHKE
cTepxHeEH, Ha TO, 4To mpu dB > ( paboTra coBepUIA€TC BHELIHUM MOJIEM
Hax marHeTHkoM. M3 (15.1) BuaHo, 9TO Ui MEpeXoda OT TePMOAMHAMHUKH
ra3oB K TePMOAMHAMHKE MarlieTHKOB HYXHO B COOTBETCTBYIOIINX GOPMY-
7ax JenaTh 3aMeHY

* B §§ 15 1 16, DOCBSIEHNBIX dMEKTPHYECKUM H MArHHTHBIM SABICHHAM, MBI NIOJB3Y-
eMcs cucTeMoit equnuy ["aycca.
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P->—Z—1;, vV > B, (15.2)

U IuddepeHnman BHyTpeHHEN SHEPTUH 3aNHCaTh B BUJE

dU=TdS+Z—1;dB. (15.3)

OCHOBHOE TEpPMOAMHAMHUYECKOE TOKAECTBO B AKOOHAHHOM QopMe 3amUChHI-
BacTCA B BHAC '
AT, S)

T =1
aHV, B)

(15.4)

Msl cynTaem B 3TOM maparpage o6beM MOJsS MarHeTHKa V MOCTOSHHBIM,
T. €. MpeHeOperaeM sBICHUSAMH MarHMTOCTPHKIMH U MbE30Mar{eTH3Ma —
OHHU OyAyT KpaTKO pacCMOTPeHbI B § 21.

Beipaxkenne ans pabotsl (15.1) yno6HO npeacTaBHTh U B HECKOJIBKO

uHoit popme. C momomisio cooTHomenuss B = H + 47” M, rnie M — BekTop

HaMaTHUYEHHA, UK CPEAHUH MArHUTHBIH MOMEHT MOJIS, MBI MOKEM
npeAcTaBUTh BhipaxkeHHe (15.1) B Buae CyMMBI IBYX cliaraeMbIx
vH?

6A=6A’+6A"=—d(—87—r-)—HdM. (15.5)

2
BBoas HOBYIO TepMOAMHAMHYECKYIO (yHKIHIO U Y=U - —Vgin—, U1 KOTO-

poii CBOUMH AEpEMEHHBIMH ABIAOTCA S M M, nonyduM 1 ee anddepeH-
uana
dU*=TdS+ H dM. (15.6)

VYcnoBue kanuOpoBKkH abCOMIOTHON 3HTPONMMHM B sIKOOHaHHOW (opMe
3alMIIeTCs TeNeph TaK:
T, S)

=— 15.7
a(H, M) ’ (15.7)
a craHJapTHas 3aMEHa Ui nmepexofa oT GopMyn TEpPMOIHHAMHKH ra3oB K
¢dbopMyaM TepMOAWHAMHKH MarHeTHKOB 6yJeT UMEeTh BHI

P>—H, VM. (15.8)

CrienyeT IpH 3TOM OTAaBaTh cebe ACHBIH OTYET B TOM, uTo U™ OTHIOIB HE
HMEET CMBIC]T BHYTPEHHEH 3HeprUH 3a BBIYETOM 3HEPTUH MarHUTHOIO [OJIs
B BakyyMe. DJTo clefyeT U3 Toro, uto H mpeacraBnser coboii HampshkeH-
HOCTH TOJISI, YK€ M3MEHEHHYIO MPUCYTCTBMEM MarderHka. Jlnd Haxoxae-
HHs H B KaX0il KOHKpETHOHN 3a/1a4e cielyeT peliuTh YpaBHEHHS 3JIEKTPO-
IHHAMUKH C TPaHUYHBIMH YCIOBUAMH (B1, = Ba,, Hiy = Hy,), ¥ pe3ynb-
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TaT 3TOTO pelIeHHs CYIIECTBEHHO 3aBUCHT OT (OPMBI U pa3MepOB MarHe-
THKa.

IMepeitnem Temeps K 0OCYXAeHHIO ypaBHeuus cocrosHus f(B, H,T)=
=0 wm f (M, H, T) = 0 1 HauHEM C PaCCMOTPEHHUS NaApaAMazHEemuKos, T. .
BELECTB, KOTOPble HAMarHM4YMBAIOTCA TOJBKO B MPHCYTCTBHM BHELIHErO
AOJIg U IS KOTOPHIX HampaBjicHUE HaMardHd4YeHWs COBMajaeT C Ha-
NpaBlICHHEM BHELIHEro NoJyisi. Mel MOrnu Obl MOCTPOMTH TEPMOIMHAMHUKY
NapaMarHeTHKOB YHCTO (CHOMEHOJNIOTHYECKUM MyTeM, He mpuberas k
aTOMHO-MOJIEKYJISPHBIM MOJENAM, B3SB U3 CTATUCTHYECKON (PU3IUKH TOINb-
KO BHJ YpaBHEHHS COCTOSHHA. MBI, OJHAKO, MPEANOYTEM TaKOMY YHCTO
(EHOMEHOIOrMYECKOMY OMHCAHUIO KaYeCTBEHHOE PAacCMOTPEHHE MOJIEKY-
JSPHOI MOJenH mapaMarHeTHKa, Tak KaK OHO MO3BOJIAET NpeABHACTh BaX-
HBIE CBOWCTBA YPaBHEHHA COCTOSIHMA (HACBILIIEHHE WM NMpEeAENbHOe HaMar-
HUYCHHE), HE MONb3YSCh €r0 SBHBIM BHIOM.

C MoneKynspHOH TOYKM 3pEHHS MapaMarHeTHK MNpeAcTaBiseT coboi
BELECTBO, KaX/1as MOJIEKyJia KOTOPOrO MMeeT MarHHTHBIH MOMEHT. B oT1-
CYTCTBHE BHELIHEro MoJjisi OpHEHTallls MarHUTHBIX MOMEHTOB OTAENBbHBIX
MOJIEKYJl XaOTH4YHA, U B CpelHEM CyMMa MarHUTHBIX MOMCHTOB pPaBHa
HY/I0. BriroyeHne MarHUTHOTO MOJIS C HaNpsDKEHHOCThIO H NMPHUBOAMT K
NpPEUMYIIIECTBEHHOM OpPMEHTAIMH MAarHHTHBIX JHUIOJNIEH MO HampaBJICHUIO
HOJIs ¥ K BOSHHKHOBEHHUIO OTJIMYHOrO OT Hyssl HaMarHuueHus M. C poctom
HANpPSHKEHHOCTH Mons H v ¢ yMEHbIIEHHEM HHTEHCHBHOCTH TEMIOBOTO
IBHKeHus (C yMeHblIeHeM ') cTelmeHb OPUEHTAMH 3JIEMEHTapHBIX Mar-
HHTHBIX JAMMOJCH yBenuuuBaeTcs. ViMeercs a¢deKT HacheHNs (Ipelesb-
HOro HaMarauueHus): npu H = unu T -0 cTeneHp opreHTallud MarHuT-
HBIX AWMONEH cTpeMHUTCs K eauHune u M - M. Kaxaomy d¢ukcupo-
BaHHOMY 3HAu€HHIO HANMpPSHXKEHHOCTH mons H u 3agaHHO#i Temnepatype T
COOTBETCTBYET MPOMEKYTOUHOE 3HauUCHHE HaMarHuueHus Mexay M = 0 u
M= M.

Oka3piBaeTCsl BO3MOXHBIM MPOBECTH AHAJOTHIO MEXAY HIACaTbHBIM
rasoM ¥ mapaMarHeTHKOM. Y HIealbHBIX ra30B BHYTpeHHss dHeprusa U 3a-
BHCHT TOJILKO OT TEMIIepaTypsl U He 3aBHUCUT OT obvema U = U(T).

Haiigem oOmuit Bua ypaBHEHHS COCTOSIHHS Ta30B, Y KOTOpBIX U =
= U(T). U3 ¢popmyinsl dS = 0Q / T nony4aem

_4u P
ds = T +TdV.

Eciu U = U(T), To dU/T — nonuwiit quddepenuran. Toraa u uneH ?d 14

SIBIIAETCA MOJHBIM Auddepenimanom. IlocneaHee BO3MOKHO TONBKO, €CITH
V ects dynkuus P/T. VigeanbHbli ra3 sBaseTCs 4aCTHBIM CIy4YaeM rasos,
ypaBHEHHs1 COCTOSHHS KOTOPBIX UMetoT Bun V = f(P/T).

Mo ananoruu ¢ MIeanbHEIM ra3oM NPENOI0XKUM, 9TO I TapaMarHe-
tnkoB Tarke U” = U*(T) (uaeansubiit napamaraetvk). OTCroAa HEMeIJIeH-
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HO cieayeT M = f(H/T). 3amuiueM 3TO ypaBHEHHC COCTOSIHHS HICANbHOTO
mapaMarHeTika B Ge3pasMepHON ¢opMe, BBOAS B KadeCTBE apryMeHTa

oTHouieuue MgH/RT:
M _ (MoH
Mo —L( RT ) (15.9)

AHanuTHyecKkuit BUI QYHKUHH L(x) MOKET OBITh HalieH TONBKO METO-
JaMH CTaTHCTHYECKOW ¢Gu3ukd. Mbl OyAeM Ha3bIBaTh €€ 0606uyeHnOl
Gyuxyueti Jlandxcesena, ui Ui KpaTKOCTH NMPOCTO ¢yHKIucH JlaHxeBeHa;
[0 CBOeMy (PH3HUECKOMY CMEICITY OHa NpeACTaBiseT COOOH CTeneHb OpH-
SHTAIlMK JIEMEHTAPHBIX MArHHTHBIX MOMEHTOB. MEI YBHAMM B JajbHEH-
IIIEM, YTO CYLIECTBYET HECKOJBKO Pa3NUYHbIX QyHKIHH L(x) — Knaccudec-
kas pynkuus JlanxeseHa u psad KBaHTOBBIX GyHKuu# JlaHxkeneHa. [o aToii
ApUYMHE MBI He OyJeM MOJb30BaThCS SIBHBIM BHIAOM ¢YHKIHH L(X), TeM
Gonee, 4TO AN MONy4YeHHUs OONBIIMHCTBA (HU3UYECKHX DPE3YNBTATOB CY-
IIECTBEHHB! TOJILKO CIEAYIOUIHE KauyeCTBEHHEIE CBOMCTBa BCeX (YHKIHH
L(x): npu x = MoH/RT >> 1 (cunbHbIe MONS U HU3KHE TEMNEPaTyphl) UMeeT
MecTo 3¢dekT HackmeHus u L(x) =1 nmpu x =, Hao6opot, mpu x << 1
(cnabble Mo ¥ BHICOKHE TEMIIEPATyphl) CTEMEHb OPHEHTALMH MarHHTHBIX
MoMeHTOB Mana U L(x) << 1. TaHreHc yrna HaknoOHa KpuBOH JlamxeBeHa
npu x = 0 ornuuen ot uyns: L' (0)# 0, u pasnoxenue ¢pyHkuun L(x) npu
MAaJNbIX X HAUHHAETCS C WieHa, MPOMOPIIMOHAIBHOTO X:

L(x)=L(0)x. (15.10)

Hakonen, u ¢pyHkuus JlaHxeBeHa U ee Mpou3BoaHas L' (x) MOHOTOHHBI
(L(x) MOHOTOHHO BO3pacTaeT, a L' (x) MOHOTOHHO yOBIBAaeT), TaKk 4TO
KaueCTBEHHO KprBas JlamxeBeHa HMeeT B, H300paXEeHHBIH Ha puC. 27.

Ilpy AOCTMXXHMMBIX B HacTOsmiee BPEMs MArHMTHBIX MOJIAX MOYTH
BCera, 3a MCKIIIoYeHHeM 00J1acTH TeMIepaTyp, odeHb OJIM3KHX K HYJIO,
uMmeet Mecto ciyuail MoH/RT << 1 n

MOH) _ MGL(0)
RT RT

M=M0L( H=x,,,H=fH. (15.11)

Bemuunna x ,, = MgL’ (0)/ RT wnazwl-

BaETCH MAZHUMHOU 60CNPUUMUUBOCINBIO GE-
wecmea, n dopmyna (15.11) Beipaxaer
saxon Kiopu, corllacHO KOTOpOMY MarHHT-
Has BOCHPHMHUMYHBOCTL FapamarHeTHKa o0-
P paTHO MPOMOPIMOHANBEHA TEMIEpaType.

a tg a=L10) YcTaHOBUMM Teneph BUI YPaBHEHHS CO-
CTOSHHS OJIs JHamMarHeTkoB. Kak u3BecT-
HO M3 3JICKTpOAHNHAMHKH, aTOMBI IHAMAarHe-
Puc. 27 THKa He 00J1aZlaloT B OTCYTCTBHE MAarHUTHO-
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ro mojii MarHUTHEIMM MOMEHTaMH. Ilpu BKIIOYEHHH MOJS BO3HHUKAET
Apelneccus 3JEKTPOHHBIX 000J04YeK BOKPYT HAmpaBiICHHS MarHUTHOIrO
nons — npeyeccusa Jlapmopa. Eme 6onee saneMeHTapHOE ONHCaHHE 3TOrO
ApoIecca TaKOBO: MPHU BKJIIOYEHHH MAarHUTHOTO MOJiS B 3JICKTPOHHBIX
00onoYKax aToMa WHAYNHPYIOTCS TOKH, OHH HE 3aTyXaloT, KOraa moJne
NepecTacT MEHATBCS, TAK KaK B aTOMHBIX KOHTypaX OTCYTCTBYeT COMNpO-
TuBnerne. [lo n3BecTHOMY npaBuny JleHna HanpaBeHHUE 3THX TOKOB TaKo-
BO, YTO HHAYIHPOBAaHHbIE MArHUTHBIC MOMEHTHI H, CJleIOBaTeNLHO, HaMar-
HHYEHHE MPOTHBOMOIOXKHEI MO HANPaBICHUIO BHEWIHEMY AONI0. B amekT-
pOAMHAMHKE AOKa3blBAETCH, YTO HAMarHWYCHHE JHAMAarHeTHKOB MpOMOp-
[[MOHAJILHO HAaNpshKeHHOCTH monsi H (Tak ke KakK M Al MapaMarHeTHKOB
BJaNd OT OOJIACTH HACHIIIECHHA), HO B OTJIMYHE OT MAapaMarHeTHKOB BOC-
AIPHHMYHBOCTH JUAMArHETHKOB OTPHIIATENbHA X , < 0.

Takum ob6pa3oM, ypaBHEHHE COCTOSHHS M I MApaMarHETHKOB BIAJIH
oT obNacTH HACHINICHUS, U U1 AHAMArHETHKOB MOXKET OBITH 3almHCaHO B
eauHoi Gopme

M=x (DH, (15.12)
HUJIn
B=u(DH, (15.13)
rac /,t — MAarnuvTHas rIpOHHHaeMOCTB BCIICCTBA, paBHaﬂ
wW(Ty=14 Znd) (15.14)

Otnuune B CBOICTBaX pa3NIMYHBIX MarHETHKOB (KpOME TOTO 4TO Uil AHa-
MarHeTHKOB X ,, < () MpOSBIAETCS B XapaKTepe 3aBUCHMOCTH ¥ , U M OT
TeMmeparypsl. s KIacCHYeCKHX JIAHKEBEHOBCKMX MapaMarHeTHKOB, Kak
Mel Bugenu (popmyna (15.11), » ,, = A/ T), cnpasemnup 3akoH Kropu u
# » 00paTHO NPONOpLIHOHANBHA TeMmepaType. s pa3speskeHHBIX AHaMar-
HHUTHBIX ra30B BOCTIPMHMYHBOCTB NPH NOCTOSHHOM IUIOTHOCTH HE 3aBHUCHT
OT TEMIIEPaTyphl; 3TO OOBACHAETCA TEM, YTO TEMIOBOE ABIKEHHE HE Mpe-
HATCTBYET U HE CHOCOOCTBYET BOSHMKHOBEIIHIO HHAYIIUPOBAHHBIX MarHUT-
HBIX MOMEHTOB. B KpHCTalIM4eCKMX MarHeTHKaX XapaKTep 3aBHCHMOCTH
X m U Y OT TEMIEPaTYpbl MOXKET OBITH CYIIECTBEHHO HHBIM: C TIOBBIICHH-
€M TeMreparypbl aTOMBI HIIH MOJIEKYJBl NEpEXOAAT B BO30yXIeHHbIE
COCTOSIHHS, B KOTOPBIX M NOCTOSHHBIC MarHWTHbIE MOMEHTHI (TapaMarse-
TH3M), 1 HHIYLUHPOBaHHBIE MarHUTHBIE MOMEHTBHI (JHaMarHETH3M) MOTYT
CTaTb CYLIECTBEHHO WHBIMH, 4€M B HOpPMAalbHBIX cocTosAuusx. [ToaTomy
TEMIIEPATYPHBIN XOA BEJIMYHUH ¥ ,, U Y 3aBUCHUT OT KOHKPETHBIX CBOICTB
BEINECTBA, U » 1, (T) 1 4’ (T) MOTYT OBITh U TONOXKHTENBHBIMU, H OTPHLA-
TEJILHBIMH.

Haiigem Teneps OCHOBHBIE TEpMOAMHAMHUYECKHE (PYHKLHM MarHeTHKa,
U TIPEXAe BCETO €ro IHTPONHIO, OrPaHUYMBAACH JIMHEHHBIM IO MOJIIO TIPH-
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ommwkenneM M = x ,, (T)H. Tlone3ysce (15.7), umeeM ans dS B nepeMeH-
HbIX T, M BeIpakeHHE

s
aT

) dT+(ﬁ) dM=C—MdT—("’—H—) M.  (15.15)
M T T M

ds =( M aT

VYuuteiBas ypaBHeHne cocTosuus (15.12), monydaem

: 'm M dM
ds =M gr4 20 (15.16)
T %2

Tak xak B nuHeiinoM npubmikenud H ~ M, 1o (aC pr / oM )r =0 (Tak xe
Kak (dCy /dV)r =0 nna uaeansHbIX U peanbHbIX razoB u (6C; /dl)r =0
INA HAcaNbHBIX CTEpiKHEH), U nepBoe ciaraemoe B (15.16), a cnemoBa-
TEJIbHO, U BTOpOE MpeacTaBnsaoT coboit nonHele adddepeHumansl. Jns
muddepenuuana ¢pyuxuun U nonydaem Ha ocHoBaruu (15.6)

14+ o'y 126

dU*=CydT+—— M dM, 15.17)

m

rie BHOBB 00a cjlaraeMbix — NOJHBIE QU epeHunarsI.
Taxk, nns NaHXeBEHOBCKHX HICANBHBIX [IapaMarHeTHKOB % , = A/ T u
BBIPOKEHHSA ISl SHTPOIUM U BHYTPEHHEH 3HEPTHH UMEIOT BUI

S=fE—AL(;T—2-£—A—g-+const, (15.18)
U = [ Cu(T)dT +const. (15.19)
B yacTHOCTH, 19 COBEPIIEHHBIX NapaMarHeTHKOB (Cys = const) HaXOAUM
S=Cpyn T—A—g-+const, (15.20)
U =CpyT+const, (15.21)

JInsa auamMarHuTHBIX ra30B ¥ , (T)=const, u cornacuo (15.16) u (15.17)
nostydaeM npu Cys = const

S=Cupm InT + const, (15.22)

M2
U=CpyT+-—+const. (15.23)
2% m

Mrl Mornu OBl Tak e, KaKk ¥ B ClIydae CTEp)KHEH M ra3oB, BBINIHCATh
Tabnuiy u3 12 TepMOAMHAMHYECKUX KOI(QQHUMEHTOB U BBIPA3UTh UX Yepes
no6sie TpH K03 duuueHTa. B ciyyae MarHeTHKOB yAOOHO B KaueCcTBe He-
3aBHCHMBIX KO2((HULIHEHTOB BEIOpaTh BEIHYHHEI
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(%)H =x'm(DH, (%)T =xm, Cu(D)

Haiimem pasnocte TemnoemkocTedt Cy — Cpy. C noMOLIBIO CTaHAAPTHON
3amens! (15.8) B popmyne (11.23) nonyyaem

2
oM
Cn—-Cuy= T(aM) (BT)H. (15.24)

TlopcTapnas (9H /oM )y = x5 n(9M 18Ty = ¥ H, Haxomum

TG, )
Cy-Cy=—"—H?2, (15.25)
*m
Jns ra3oo0pa3sHbIX JHAMarHeTHKOB pasHOCTh Cpy — C )y obpamiaercs B
HyNlb, a JUIs JIAHXEBEHOBCKHX IapaMarHETHKOB, MOAB3YACh (GOpMYJIOn
(15.11), nonyuaem

Cu —Cu ——T——L’(O)R(MOH) - (15.26)

H, clemoBarenblo, npu MoH/RT << 1 (Bmanmd OT 00NacTH HACHIILCHHSA)
pasuocTh Cpy —C )y CTaHOBHTCS BecbMa MajOid, Tak K€ KaK pPa3sHOCTh
C r — C B TepMOJMHAMHUKE CTCPXKHEH.

Beraucnum  koagguunent (07 /0H)s, ONHUCHIBAIOMIHHA HW3MEHEHHE
TeMrepaTypsl IIpy aanadaTH4eCKOM pa3sMarHHYMBAHHH (HaMarHMYMBaHHH)
MardeTuka. C nmomMonisio cTaHaapTHo# 3ameHsl (15.8) B ¢opmyne (11.24)

HaxXoauM
(iT_) =__T__(m) _ (1527)
oH S CH oT H

KonkpernsupyeM 3T ¢GOpMyJsl AN Clydas NapaMarHeTHKa, HCIOJb3ys
(15.9). Vimeem 5

(), -3 ()

0H/g RTCy RT }°
Ecnu obpasen ganek ot naceiuenus, MoH/RT << 1, 10

2
M§H
(ar) —p(o) o _an

3H / RCHT CHT

Ilpn HU3KNX TeMNEpaTypax, Kak Mbl yoeaumes B § 53, TenoeMKOCTh TBep-
IBIX Tesl nponopuyonanssa 73, Cy = aT3 n

AT _ AH
(aH)S = (15.28)
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-~

My M

Puc. 29

Tak kak (87 /dH)s >0, To agnabaTrdyeckoe BBIKIIOYEHHE MO IPHBOAUT
K oxnaxjaenuio. B cuny Ttoro uro (87 /8H)s ~T~*, stoT MeTon mony-
YeHHA HH3KMX TeMIepaTryp CTaHOBHTCA OCOOCHHO 3()(EKTHBHBIM, €CJIH
UCXOJHAs TeMIlepaTypa y:Ke Hu3ka. I103TOMy BIUIOTH A0 TOCHEIHHX JIET
MeToa aanabaTHYeCKOro pa3sMarHMYUBAHHUA ABJISETCs HauOonee AelCTBeH-
HBIM METOJIOM TIOJIy4€HHs CBEPXHH3KHX TEMIEpaTyp. 3aMeTHM, OIHAKO,
uro 3amena L' (M oH / RT) na L' (0) cTaHOBUTCA HE3aKOHHOM IpH CBEpX-
HHU3KHX TeMneparypax. bonee toro, npu T - 0 npousBognas L' (M oH / RT)
CTPEMHUTCS K HYJIIO, W, CJIeA0BaTeNLHO, METOJ MArHUTHOTO OXJIaXXKJIEHHA
CTaHOBUTCH Hea(peKTHBHEIM, PaBHO KakK U JIOOBIE Apyrie METOAB! OXJIaX-
JIEeHUs, Kak 3To clieayeT U3 npuHuuna Heprera.

ITone3no o6paTUTh BHHUMaHHE HAa HEKOTOPYHO 0cobeHHOCTh MH-mnoc-
KOCTH IpH ONHCaHWH SABJICHUI B IapaMarHeTHKax M quaMarseTukax. Pac-
CMOTpPHM cneayromuit npouecc. [loMecTM HeHaMarHHYEHHBIH MarHeTUK B
TepMOCTaT M BKIIOYMM MarHMTHOE none H. JIOCTUTHYB TOYKH C HaMarHu-
geHHeM M, TOMECTHM MarHeTHK B aguabaT 1 npoBeJeM npouecc aguabaTu-
4yeCcKOro pa3MarHM4YMBaHusi. He 3amaBasch BOIIPOCOM O TOM, KaK BBITJIAIAT
9TH Tpouecchl Ha MH-nnockocTH (cM. 3aJady K 3TOMy naparpady), 3ame-
THM, YTO K KOHL Ipolecca aaunabdaTH4ecKkoro pa3MarHMYMBaHUSA MBI BEp-
HeMcsa B Hauano koopauHat (H =0, M = 0) (puc. 28).

B pesynbsTaTte MBI IOyYaeM ,,LIUKI ‘, COCTOSILIUHA U3 OAHOH H30TEPMBI H
OIHOI annabaTel, T. €. BEYHLII JBUraTeNlh BTOPOro pojaa (Bce Teno, noaBe-
JeHHOE Ha HM30TEPMHYECKOM YyuacTKe, NpeBpamiaercs B pabory). MHaue
roBOps, BOIIPEKH TOMY, YTO rOBOpuioch B § 3, annabaTa n u3oTepma nepe-
CEKJIMCh B JIBYX ToukaX. PaspenieHre nmapagokca 3aK/IIOHaeTcs B TOM, YTO
Ha4yajo KoopAuHaT MH-noCKOCTH He ONHCBHIBACT OJHO3HAYHO COCTOSIHHE
Mardetuka. HenamarauueHuslit marueTuk (H = 0, M = 0) MOXeT UMeTh
NPOM3BONBHYIO TEMIEPATYpPy, U PaCCMOTPEHHBIH MPOLECC JIMIIB HILTIO30p-
HO SIBJIAETCS KPYTOBBIM. DTO XOPOUIO BUAHO, HANpUMep, Ha MT-NIIOCKOCTH
(puc. 29). PopManeHO HEOAHO3HAYHOCTH COOTBETCTBUS MEXKIY TOYKAMH
MT- u MH-nnockocTedl NposABIsAeTcS B TOM, UTO AKOOWaH mepexoja OT
MH- x MT-110CKOCTH
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M’l_(g&) _H
aM, Ty \oT /)y~ T

obpamaeTcs B HyJb ipu H = 0, SIcHo, 4TO B OKpecTHOCTH TOUkH H = 0,
M = 0 craHOBUTCS HEBO3MOXHON M Kanubposka (T, S)/ (M ,H)=1, Tak

KaK
aT,S) _ aT,S) T, M) __(BS) (_al'.) __ar .
T M

oM, HY T, M)aM,H)  \am/p\oH H’

34€eCh g — TeIo, KOTOPOe HaJO0 MOABECTH K MArHETHKY NPH H3MEHEHHH
HAMarHMYCHHUs Ha eIHHHULY, YTOOBl TeMIlepaTypa O0CTaBalach MOCTOSHHOM;
nupu H = 0 70T sko61aH HeOrpaHUYECHHO pacTeT.

3agaumu.

1. Haiitu ypaeHcHHe aguabaThl nmapaMarHeTuka Ha MT-mockocTH W Ha MH-mutoc-
KOCTH B JIHHelHOM npuOMmxeHun. M300pasuTs ,,iHKI", COCTOAMMI H3 H30TEPMHYECKOTO
HaMarHHYHBaHHA K agHabaTHYCCKOro pasMarHHyYMBanud, Ha MH- u MT-nockocTH.

P e w e H ¥ e. B muHeliHOM NpUOMINDKEHHH HMEEM

2
M=ﬁ—1-{—, SM,HY=Cpy lni—-M—-+const,
T M 24

OTKYZa HaxoAuM YpaBHCHHA aquabaThl U H30TEPMHI, IPOXOJAIIMX Yepes TouKy H oM Ha
MH-nnoekocTH:

MZ — M2
Hy M exp Ll npu § = const,
H= M, 2AC y
T,
M npu T =T, =const.
A
O6e kpupble H300paxKeHsI Ha puc. 28.
M?*—M§
Ha MT-nnockocTn ypapHeHHe aauabatel uMeeT BHA T =T, exp ——-275——- , U Ha
M

pHe. 29 BUAHO, YTO MarHETHK ,,BO3BpamiaeTca” B HeHaMarHW4YeHHoe cocTosHHe ¢ M =0 ¢
apyroit Temnepatypoii T; =T, exp (—M 2 /2A4C ).

2. TlokasaTe, yto ecnu 9C pq /M = 0, TO 3aBHCHMOCTS ¥ p, OT T 00A3aHa UMETh BUA
#m = (BT + C)™} (B u C— NOCTOAHHEIE) U YTO 3TOT PE3Y/IETAT CAMOCOIJIACORAH.

VY ka3 aHue. HenonbiopaTs yeosHe nonHoro aubdepenunana ms dS (M, T) (dop-
myna (15.16)).

§ 16. TepMoAnHaAMUKa ANINEKTPUKOB

PaccMmoTpumM B 3ToM mnaparpade TepMOAWHAMHYECKHE CBOWCTBA IOJA-
pu3yromuxcs cpell (AMANEKTPHKOB), TIOMEIIEHHBIX BO BHEIIHEE 3JIGKTPH-
geckoe none E. Kak H3BECTHO M3 3NEKTPOAMHAMHKH, NOJHAs JIEMeHTap-
Has paboTa, COBEPIICHHAs HCTOYHHKAMH 3JIEKTPHYECKOrO TNOJs NPH H3Me-
HEHMH BEKTOpa MHAYKUMH Ha dD, OTHECeHHas K OJHOMY MOIO I
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OJHOPOAHOIO M u3oTpornHoro amanekrpuka (D || E), Belpaxkaercs ¢op-
MyJnoit

o4=—-L EdD. (16.1)
4

Pabota, onpeaensiemas dopmyinoit (16.1), ects monuas paboTa UCTOU-
HHKOB I10JIs, KOTOpasi paCXOAyeTCs Kak Ha u3MeHeHHe 1o E, Co30aHHOro
3THMH HCTOYHHKAMH COBMECTHO CO CBSI3aHHBIMH 3apsiiaMH JH3JICKTPHKA,
TaK M Ha NoJsapu3auuio Judnekrpuka. 13 (16.1) cnegyer, 4ro ans nepexoja
OT (hopMyJ1 TEpPMOAMHAMHKH ra3oB K (HOpMyJIaM TePMOAHHAMHKH JHIJICKT-
PHKOB HaJI0 CAENaTh 3aMEHY

P>—YE v-sD, (16.2)
4n

a Auddepelinan BHyTpEHHEH SHepruH 3anucarh B BHIE

dU=TdS+ﬁEdD. (16.3)

Msbl cuntaeM 00beM IHINEKTpHKA (UKCHPOBAaHHBEIM, T. €. NMpeHeOperaem
INMEKTPOCTPHKLHEN U MTbE303IEKTPHUECKUM D HEKTOM.
OcHOBHOE TepMOJMHAMHYECKOE TOXKIAECTBO B AKOOHAaHHOW (OopMe Ipu-
obpeTaeT BUL
aT,S)

-4 =1 16.4
i ¥(E, D) (164)

IlpencraBuM Belpaxenue s pabotel (16.1) B Heckonbko HHOH hopme —
aHanoruyHo# ¢opme (15.5) npeasiaymero naparpada. ITons3ysce u3BecT-

HBIM cOoOTHOmeHueM D = E + 47” P, TAe p — BEKTOp MOJspH3alyH (cpel-

HHii JUNOJBHBIIE MOMEHT OAHOTO MOJIsi), ¥V — 06beM OJAHOrO MOJIA, pel-
cTaBuM paboTy 04 B BUAE CYMMBI ABYX CllaraeMbIX

YT vE?
0A= 04+ 04 =—d(g)—Edp. (16.5)
* VEZ A4
Broas TepmoaunHamuueckyo dyskuupo U™ =U — Tg, > MU KOTOpOt

€CTECTBEHHBIMH MEPEMEHHBIMHU SBJSIOTCSA S U p, NONy4uM 1uis ee audde-
peHLHana BEIPa)XXEHHE
dU* =T dS + E dp, (16.6)
a ycJioBHe KanOpOBKH aBCOMIOTHOM 3HTPONNH 3alMIIETCS B BUE
aT,S)
a(E, p)

-1 (16.7)
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CranpapTHas 3aMeHa JJIs niepexoaa oT ¢opMysl TepMOAWHAMHKH Ta3oB K
TEPMOJIMHAMHKE AUBJIEKTPUKOB UMEET TeNeph BHA

P>—E, V-p. (16.8)

Tak ke Kak U B cliydae MarHeTHKOB, CJIefyeT UMeTh B BUAY, uTo E npen-
craBisieT co0Oi HANPSHKEHHOCTh TOJS, YK€ W3MEHEHHYIO NPHCYTCTBHEM
Juanextprka. OHa CylleCTBEHHBIM 00pa3oM 3aBHCHT OT (OPMBI U pa3mMe-
poB auonektpuka. Iostomy dynkuus U" He MMeeT HENOCPEACTBEHHOTO
¢$H31IeCKOro CMBICIa BHYTPEHHE! 3HEPrUH 3a BBIYETOM SHEPrHH 3JIeKTpH-
4eCKOT'O MOJISl B BAKYYMe.

JUIs mONApU3YIOIMXCS B SJIEKTPUYUECKOM TI0JIE Cpel — IHUIJIeKTpH-
KOB — ypaBHEHHE COCTOSHMA NMpeACTaBIseT CoOOH COOTHOUIEHHE MEXKITY
BEKTOPOM TIOJIApU3allUK P, HANpsHKEHHOCTBIO 3JeKTpuyeckoro nons E u
TeMmriepatypoil. Bua ypaBHeHHs COCTOSIHHS pa3fiMyeH Ui ABYX THIIOB AH3-
JIEKTPUKOB — HenON[APHbIX U nonspHelx. K HENONAPHBIM AU3JIEKTPHKAM OT-
HOCSTCS TaKue, Yy KOTOPEIX MOJIEKYNHI (aTOMBI, sSHefikd KpUCTaIn4ecKoi
pELIETKH) B OTCYTCTBHE BHEIIHErO MOJIsi HE UMEIOT JUMONBHEIX MOMEHTOB.,
IMocne BrmovueHns noiust E nonoxuTeNnbHEIE 1 OTpULIaTENbHEIE 3apAABI CMe-
IIAfOTCS B MPOTHUBOIOJIOKHEIX HAMPABJIEHUAX, U MOJIEKYJIBI IPHOOPETAIOT
JUTIONILHEIE MOMEHTEI, TIPUYEM [N He CIIMIIKOM CHJIBHBIX NOJiel BO3HH-
Karolas NoJIspu3aLHs NPomopUHOHaIbHA PUIIOKEHHOMY TOJII0

p=1x.E. (16.9)

BennunHa » . Ha3BIBAETCA SMEKMPUYECKOU 60CHPUUMYUBOCMBIO BEIIECTBA
W U HETIOJIIPHBIX ra3000pa3HBIX AUAJIEKTPUKOB HE 3aBHCHUT OT TeMIlepa-
Typsl. KauecTBeHHO 3TO ciefyeT U3 TOro, 4TO TeIUIOBOE ABHKEHHE HE BIIH-
sieT Ha npotiecc aedopMaumy MoJIeKyJl AU3JIEKTPHKA IO AeHCTBUEM DIIEKT-
PHUYECKOTO 1oJIsl, MOAOOHO TOMY Kak OHO He BIIHMsAET HA HAMarHu4yeHue Ana-
MarseTikoB. YpasHenue (16.9) u npeacrasisier coboit ypaBHEHHE COCTOSA-
HHS HENIOJISIPHOTO JU3JIEKTPHKA.

K monsapHBIM AM3JIEKTpUKaM OTHOCATCS TakHe, 3JleMEHTapHBIE EIWHH-
1Bl KOTOPHIX (2TOMBI, MOJIEKYJIBI) O0JNAajaloT AWIIONBHBIMM MOMEHTAMH
Jaxe B orcyTcTBHe BHemHero nois. Ognako npu E = 0 3TH IMDONBHEIE
MOMEHTEI OPHEHTHPOBAHBI Xa0THYECKH, 1 BEKTOP MNOJISAPHU3ALMH PaBCH Hy-
mo. Briodenre 31eKTpHuecKoro nojs E BRI3BIBa€T MOMHMO cyaboro 3¢-
¢dekra gedopMalMi MONEKYJ MPEUMYUIECTBEHHYO OPHEHTALMIO JHUIIOJb-
HBIX MOMEHTOB I10 HampaBJICHHIO TIOJiS M CO3AAET OTJIMYHYIO OT HYJIA
noyisipu3auMio. Teopus NONApU3auMHd NOJAPHBIX AMSJIEKTPUKOB BeChMa
CXOJlHA C TEOpHeil HAaMarHMYEeHHs apaMarHEeTHKOB W NPHBOJAUT K pe3yJib-
TaTy, aHAJIOTMYHOMY TIOJydYeHHOMY B § 15:

E
pLO=L(%), (16.10)
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rAe po — TNoJspu3alus HacellleHHs (gocturaeMas B npenenie poE/RT =
> 1), a L — ¢yukuns JlamxkeBeHa, umeromas B 3ToH (opMylie CMBICT
CTEeNEeHH OpHUEHTAlIMH 3JIeMEHTAapHLIX AWMoJeid M obnajgarowias cBolcTBa-
MH, ONIMCAaHHBEIMU B TIpeAblAyiieM Naparpade. B wactHOCTH, B Ciiydae cna-
ObIx moneif M BBICOKMX TemrepaTyp poE/RT << 1, ¢ KOTOPBIM IPUXOAUTCA
HUMeTh Aeno B OOJBIIMHCTBE MPaKTHYECKH BaXKHBIX 3aja4, ¢yHkuus Jlan-
KeBeHa MOXeET OBITh B3gTa B MMHEeHHOM npubmxeann L (x) = L' (0)x, 1 MbI
JeHCTBUTENBHO NOJy4YaeM, aHaJOTHYHO (1)20pMyne (15.11) npenwsigyuiero

naparpada, Beipaxkenue (16.9), rae » . = %0; L= -?— .

Takum 0b6pa3oM, HMeeTCs HEKOTOPOE CXOJCTBO B 3aBUCHMOCTH BOCIIPH-
HMUYHBOCTH OT TEMIEPATYPhl MEXY TEPMOJMHAMUKON MOJISAPHBIX JUAJIEKT-
PHKOB 1 napaMarHeTHKOB, C OOHOM CTOPOHEI, U TEPMOAUHAMHKOH Henosp-
HBIX AU3JIEKTPHKOB M AHAMAarHETHKOB, ¢ Apyroil cropoHsl. B To >xe Bpems
CYLIECTBEHHOE OTJIMMHE MEXKAY NIEKTPUIECKHMMH U MarHUTHHIMH SIBJICHHUSA-
MH 3aKJII0YaeTCs B TOM, YTO 3JIEKTPUYECKas BOCIPUMMYHBOCTS X o AT JIIO-
OBIX JAUDJICKTPHKOB ITOJIOXKHTEJIBHA, B TO BPEMs KaK MarHUTHasi BOCIIPHHUM-
YHUBOCTh AUAMArH€THKOB OTPHLIATE]IbHA.

Taxum 06pa3oM, ypaBHEHHE COCTOSIHUS U AJIS TIOJIAPHBIX AUAIEKTPHKOB
BAAJHK OT OOJIACTH HACBILUCHHUS, U IS HENOJISIPHBIX JU3JIEKTPHKOB MOXET
OBITH 3amUCaHo B eAMHON dopMe:

p=x (T)E, (16.11)

HIIN
D =¢(T)E, (16.12)

rae &(T) — ousnexmpuyeckas npoHuyaemMocms BeleCTBA, paBHas

e(T)=1+47”x o(T). (16.13)

DopMyIBl TEPMOAHHAMHKH JUIJIEKTPHKOB BECbMa CXOAHHI C (hopMynamMu
TEPMOJMHAMHKHA MardHeTHMKOB W MOTYT OBITh MOJY4€HBI U3 COOTHOIIEHHIH
npeneigyumiero naparpadga nyrem 3ameHm H = E, M - p ((popmanpHbIii
XapaKTep 3TOro COOTBETCTBHsA BHJEH U3 TOro, 4to Bekrop E mpeacrasnsiet
co00ll MCTHHHYIO YCPETHEHHYIO HANpsHKEHHOCTh MHKPOIIONS, B TO BpeMs
Kak BeKTOp H ecTh Hekasl BCioMoraTellbHasi BEIM4YMHa, a UICTHHHON ycpea-
HEHHOH HaIpsHKEeHHOCTBIO MATHUTHOIO MHUKPOTIONS ABJIAETCA HHAYKUUs B).
C moMouIplo 3TOM 3aMEHHl Noly4aem, Hanpumep, 13 popmyisl (15.15) BeI-
paxkeHHe

_Cr _(ﬁ)
ds =—dr-|22 pdp. (16.14)

Hanee, npu p = const HaNpsXEHHOCTh E sBnseTcs nHHEHHOM QyHKuMei
TEeMIEpaTyphl JUls TONAPHBIX AHUIIEKTPHKOB (3TO cieayeT u3 (hOpMYIIEI



naga |. OGLLIME 3AKOHLI TEPMOAWHAMWKH 83

(16.10)) vnu NOCTOSHHOMN AJIA ra3000pa3HBIX HENOJAPHBIX AUIJIEKTPHUKOB.
Orcrona cnemyer Tak ke, Kak AJis ra3oB, CTEP:KHEH U MarHETUKOB, YTO Tel-
n0eMKoCTh Cp, 3aBHCHT TOJIBKO OT TEMIIEpPaTyphl W NEpBOE CJlaraeMoe B
(16.14) ectp monubiit auddepenunan. Kosbduument so BTOpOM crarae-
MOM IJIs TIONAPHBIX AUJICKTPHUKOB BAANIH OT 06JIaCTPI HacChIILICHHUA PABEH

(_aé_) _Hep
- ]

a JuIsl ra3000pa3HbIX HEMOJIPHBIX AU3JIEKTPHKOB OH PaBEH HYJIIO.
B cuny sToro nmeem 11 NONAPHBIX AUBJIEKTPUKOB

_% #e™ o _Cp o PP
dS ==FdT+ o pdp=—rdT-= (16.15)
H ansa HCHOJIﬂpHLIX }IPI:)JICKTPPIKOB
Cp
ds == dr, (16.16)
OTKYyAa, HHTCI’pprﬂ, HaXoauM A HOJISIpHLIX AUBJIEKTPUKOB
2
s=c, 1nT—’2’—A+const, (16.17)
a ans HCHOJISIpHLIX }IPI:)JICKTpPIKOB
§=Cp, InT+const. (16.18)

Iins yskuun U B ciydae TONSPHBIX AMNEKTPHUKOB Ha OCHOBAHMH
(16.6) n (16.15) umeem

dU* =C,dT, U"* =C,T+const. (16.19)

Jinst ra3000pa3HbIX HEMOJSPHBIX AWUDJIEKTPHKOB C YYETOM TOrO, YTO
(dp/oT)g =0, nonyyaem

. pdp
dU* =CpdT+Edp=CpdT+——,
e
OTKyJAa NIPH X . = const HAXOANM .
U*=C,T+-~—+const. (16.20)
2% ¢

Mpb1 npefoCTaBIsieM YHUTATENIO B KaYeCTBE YNpPaKHEHWA HAHWTH pas-
HOCTh C g — C , ¥ M3MEHEHHE TEMIEPATYPhl IPH aAnabaTH4eCKOl nonspu-
3alMH JUTS CITydas TIOJIAPHBIX M HETOJIAPHBIX AMAEKTPHKOB. HekoTophie 13
3THX 3aja4 OyAyT JOMOJHUTENBHO peuieHsl B § 19 apyrum meronom. 3a-
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METHM, HaKOHell, YTO JJIA AUIIEKTPHUKOB TaK)Xe HMEET MECTO ,,l1apajlokc”,
PacCMOTPeHHBIN B KOHLE NpeAbIayiero naparpada 1 CBs3aHHbIH ¢ HenpH-
TOAHOCTRIO p E-1i1ockocTH BOIM3H oT ToukH p =0, E= 0.

3agauwu
1. Haiitu pasnocte C g — C p 114 MONAPHBIX H HEMOJAPHEIX AU3NICKTPHKOB.

0 — HemoNApHBIH AUIEKTPHK,

N2
*
OtseT.Cg —C)p =T£-—1"-)—-E2 =1 g2
Xe T TIONIAPHBIH JU3NEKTPHK.

T

2. HaliTh u3MeHeHME TeMmneparypbl npH aguadaTHYeCKOM BKIIOUEHHH nond E jus
MONSIPHOrO U HEMONAPHOrO JHINEKTPHKOB.

(aT) % TE
OrperT.|—| ==—————;
0E /g Cg

AE
(ﬂ) _1CgT
IE /g

0 — s HETOJAPHBIX AUIICKTPHKOB,

~ A4 TOJIAPHBIX AUMICKTPHKOB,

§ 17. TepmoaMHaMMUKa U3NyYeHUA

PaccMoTpuM 3aMKHYTYIO TIOJIOCTE, CTEHKH KOTOPOH HMEIOT TeMIlepary-
py T. bnaronaps n3ny4eHHIO CTEHOK IOJIOCTh 3allONIHEHA 3JIEKTPOMAarHiT-
HBIM H3JIyY€HHEM CO BCEBO3MOXKHBIMH HANPaBJICHUSMH PaclpOCTPAHEHHUS,
MOJIAPU3AIUAMHE M 4acTOTaMH. B paBHOBECHOM COCTOSIHUM BO BCEX TOYKAaX
MIOJIOCTH YCTaHABJIMBAETCA OJMHAKOBAs U HE 3aBUCHIAS OT BPEMEHU niom-
Hocmb 3Hepauu usnydenus, onpejenseMas Temnepatypoil 7. bonee toro,
PaBHOIIPaBHE BCEX TOYEK MOJIOCTH M CTallHOHAPHOCTh PABHOBECHOIO CO-
CTOSIHHS TIOAPa3yMEBAIOT, YTO B KAXAOH TOUKE MOJIOCTH YCTAHABIIMBAECTCA
OJMHAKOBOE M TIOCTOSIHHOE paclpefelieHHe 3HEPriH 110 CIEKTPY, UTO Io-
3BOJISET BBECTH CHEKMPAIbHylo niomuocms suepeuu p (v, T), Tak 9To 1Ipo-
uspegenne p (v,7)dv ecTb KOJNMYECTBO 3HEPrMM M3NIy4eHHs B €AWHHLE
obbeMa ¢ 4YaCcTOTAaMH B HMHTEpBajie OT v 10 v + dv. OueBHAHO, MeXay
cOeKTpanbHOH U 00beMHOH IUIOTHOCTBIO SHEPTHH CYLIECTBYET CIIEHyIOas
CBA3b:

u(D)= [ p,T)dv. (17.1)
0

BHyTpeHHsIs SHEPTUs U3Ty4eHHs CBs3aHAa ¢ 0OBEMHOH IIOTHOCTBIO COOT-
HOUIEHHEM
U=u()V. (17.2)

3aMeTHM, YTO Majoe OTBEPCTHE B CTEHKE MOJIOCTH € XOpoIuei ToY-
HOCTBIO TpeACTaBisieT co0oit Moaens abCOMOTHO YEPHOrO Tejla, TaK Kak
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H3JTy4eHHe, Majampoliee U3BHE Ha 3TO OTBepcTHe, OyAeT 4acTHYHO IOrJo-
IIAThCA TIPHU KaXIO0M NaJeHHU HA BHYTPEHHHME CTEHKH HOJIOCTH U NpPaKTH-
4YeCKH LIEJIMKOM TOTJIOTUTCS, TIpeXae 4eM Koraa-audo BHIAET U3 OTBepc-
THs. B CBA3M C 3TUM paBHOBECHOE H3JIyYeHHE B MOJIOCTH IPHHSATO HA3BI-
BaThb AOCONIOMHO YEPHBIM U3YHEHUEM.

Jlerko BHIETh, YTO chneKTpajbHas (M 00beMHas) IJIOTHOCTh JHEPTHH
YEpHOIo U3JIyYeHHs He 3aBHCHT OT CBOHCTB CTEHOK NOJIOCTH M NpEACTaB-
nser coboif yHHBepCanbHYI0 (QYHKLHMIO HaCTOTBI U TeMnepaTypnl (00beM-
Hasl INIOTHOCTb — TOJIBKO TEMIIEPATYPHI).

JelcTBUTENRHO, IYCTh IBE TaKHe IMOJOCTH ¢ Pa3HBIMH MaTepHalaMHu
CTEHOK, HO OINHAKOBOI TeMmepaTypoil HMeIOT X0Ta OblI 47 OAHO# yacTo-
TBI ¥ pa3HBIE CIIEKTPAJbHEIC INIOTHOCTH. TOraa, COeAHHAA UX CBETOBOJOM C
¢GUNBTPOM, TPOMYCKAIOMMM CBET TOJNBKO 4YacTOTHI ¥, MBI MOJNY4YHIIM OB
CHa4aja MOoTOK SHEPTHH OT OJHON MOJIOCTH K APYroil IpU PaBeHCTBE TEM-
mepaTyp, a 3aTeM OT MOJIOCTH ¢ foJiee HU3KOH TeMIlepaTypoit K IOJIOCTH C
Oonee BEICOKOI TeMIepaTypo#, UTo 3alpelieHo NpUHUHUNIAMH TepMOAHHA-
Muku (cum. § 10).

Beenem napsay ¢ ¢yukuueit p(v,T) CeKTpaJIbHYIO H3Ty4YaTeNbHYIO
cnocoOHOCTE abcomoTHO YepHoro tena € (v,T), onpenenns ee Kak KOJH-
YEeCTBO DHEPrHH, U3TydaeMoii ¢ eQUHHUIBI IIOMAAH IOBEPXHOCTH YEPHOrO
Tesa 3a eIMHULY BpeMenu. ITokaxeM, 4To € (v,T) JHIIL MHOXHTENEM c/4
otTinyaercs oT pyHkuuu o (v, T). BeneacTsie H30TPOIIHH HEPHOTO H3ITyUe-
HHUSA U3 KaXJOH TOYKH NOJIOCTH HCXOAUT IIOTOK 3HEPriH, paBHOMEPHO pac-
TIpe/ieNIeHHBI 110 BCEM HAIIPaBJIEHHSM M paBHbIA (B pacueTe Ha €AUHHLY

TEJIECHOTO YTIJIa) i p (v,T). Ha eqyHMIy IUI0MIAAH TOBEPXHOCTH MOJIOCTH

3a €MHMIYY BPEMEHH NOA YIJIoM 6 K HOpPMall B TEJNECHOM yrie dQ =

=27 sin 8 df nagaer MOTOK SHEPTHUH 4L p(v,T)cos 6dQl= g pw,TYX
14

X sin 6 cos 6 df. B paBHOBECHOM COCTOSIHUM TaKoe )K€ KOJIMYeCTBO SHEPruH

n3nyqaercs. VHTerpupys 310 BhIpaxxeHHe N0 nosrycdepe, NoJyddM CIeKT-
PAITBHYIO H3JIy4aTeNIbHYIO CIOCOOHOCTh

n/2
e(v,T)=§p(v,T)fsinecosedf):fp(v,r). (17.3)
0

Hurerpupysa (17.3) no yactotam, NONy4YMM BRIpAXKEHHE A MOJHON (MH-
TerpajbHOi) H3ay4aTensHOi cnocoOHOCTH abCcOMOTHO YepHoro tena E(T)

E(T)=fe(v,T)dv=fu(T). (17.4)
0

Ecnu paccMaTtpuBath M3nydeHue Kak ra3d GOTOHOB, TO TOT (paKT, 4TO
IJIOTHOCTH 3HEPruu # (1) 3aBHCUT TOJIEKO OT TEMIIEPATypPEI, HO HE OT 00be-
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Ma, fgenaeT ¢oToHHBINA a3 MOXOXKHUM Ha HACHIEHHHIH map. JeiicTBUTeND-
HO, IIpY OIyCKaHMH MOPIIHS HaJA MapoOM 4acTh €ro MOJIEKYN NEPeXOAUT B
KUKy a3y, U IpH HEU3MEHHO TemIlepaType IUIOTHOCTh 3HEpruu (Win
3HEpruu, mpuxosiieiics Ha OAHY MOJIEKYJy) OCTaeTCs HEU3MEHHOMN. AHa-
JIOTUMHO MOKHO OXHAATh, YTO NPH CXXAaTHUH (POTOHHOrO rasza ¢ INOMOUILIO
MOPIIHSA 4acTh (JOTOHOB MOIJIOMIAETCS CTEHKAMH TOJIOCTH U MOPIIHEM, H
MJIOTHOCTh 3HEPTHH OCTAeTC HEM3MEHHOH. M3 HaraaHeix coobpaxeHuit
CIIeAyeT NO3TOMY OXKHAATh, YTO (JOTOHHEIH ra3 Tak *xe, Kak 1 HaChIIIEHHBIH
map, He NPYXHWHUT, T. €. AaBjeHHe (OTOHHOrO rasza, HoJ00HO AABJICHHIO
HACHILIEHHOTO 11apa, He 3aBUCHUT OT 00beMa, a 3aBUCHUT TOJILKO OT TeMIle-
paTypHL.

ITpuBeneHHble cCOOOpaXKeHNs, KOHEYHO, HE MOTYT PacCMaTpPHBAThLCS Kak
J0Ka3aTeabCTBO M BOOOLIE JIeKaT BHE paMOK TEPMOJMHAMHUKH; OJHAKO OHH
MOSICHSIOT BHJ YPaBHEHHS COCTOSHUS JJI U3NTyUeHHUS.

310 ypaBHeHHe OyAeT HaMH JOKa3aHO B § 52 B paMKax NpeACTaBJIeHUs
00 H3nmydyeHnH kak o GoTOHHOM raze. OHO MOXET OBITH TAKXKe MOJy4eHO Ha
OCHOBE YpaBHEHHMH KaccH4YeCKOH ayekTpoHaMUk MaKcCBeia 1 3aKITio-
4aeTcsl B TOM, 4YTO AaBJIEHHE CBETOBOTO M3JyYEHHs, MAAAIOLIEr0 H30TPOI-
HO, T. €. II0J BCEBO3MOXXHBIMH YTJIaMH, Ha JIIOOYIO NOBEPXHOCTh, PaBHO
ofHOM TpeTH 00BEMHOM TMJIOTHOCTH 3HEPrUH M, CIEAOBATEIBHO, 3aBHCHUT
TOJIBKO OT TEMIIEPATyPhI:

P=§u(T). (17.5)

Ypasuenns (17.2) u (17.5) coBmectHO ¢ BoipaxkenueM (11.25) ans npous-
BojHoM (U / 3V )y
(a—’i) =T[(£) —5] (17.6)
v/ aT/y T

MO3BOJISIIOT HANTH 3aBUCUMOCTH U/ OT TeMmnepaTyphnl. Iloacrasnas (17.2),
(17.5) B (17.6), nony4aaem

4u(Ty=Tu'(T).

Hurerpupys, mony4aem oTCroAa i 0ObEMHOH IUIOTHOCTH 3HEPTHH (op-
Myity
u(T)=aT*, (17.7

a s ONHOH M3nyyaTennHoU ciocobuoctu E(T) BeIpaxkenue

E(T)=—CfT4=aT4. (17.8)

Ota ¢opmyna BeIpakaeT u3BecTHbIH zaxon Cmeghana — bonsymana nns
06BEMHOI MIOTIIOCTH 3HEPrHH UTyHeHHs. UHcnenHoe 3HaYEHHE BEIHIHH
a U O He MOXeT OhITh HallIeHO MEeTOAAMH TEPMOAMHAMHUKH. DKCIeprMeH-
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TaJIbHOE 3HA4YEeHHE O (0110 MOKET OBITh BEIYHCIIEHO METOJaMH CTATUCTHYEC-
Koit hu3uKH, cM. § 52) paBHO

o=567-10"8 Br/(m2- K%).

BBIYHCINM SHTPOTIHIO PABHOBECHOTO M3lTydeHus. Meem

dU+Pdv  d@V)+ 1/ DudV

— -4 =3 2
S T p 3aT dV + 4aVT+4dT,

OTKYAa, UHTETpUpyA MoJHEH Anddeperunan, Haxoanm

S=%aT3V+const. (17.9)

Takum obOpa3oM, ypaBHeHHE anauadaTel A PAaBHOBECHOTO H3JIy4YeHHsS
HUMeEET BUJ

T3V = const.

C nomousio (17.9) MoxHO HallTH TENITIOEMKOCTh

CV=T(ﬁ) = 4aT3V. (17.10)
aT/y

TennoeMKoCTh IPU NOCTOAHHOM JAaBJIEHHH, OYEBUAHO, HE UMEET CMBIC-
na (tak kak P = P(T)) u popmansuo Cp =(0Q /0T)p = £,

Yto KacaeTcs CHCKTPaJIbHOM MJIOTHOCTH 3HEPrud uinydenus p (v, T),
TO METOAAaMH TEPMOJMHAMHMKHM €€ HalTH He yJaeTcs, U ee OompeleNeHHe
MpeAcTaBIfeT 3afady CTaTHCTHueckod ¢u3ukv. OpHako U B TEPMOAMHA-
MHKE YAAeTCs MOJYy4YHTh HEKOTOPhIE Ba)KHLIE CBEJEHHS O BuAe (QyHKUMH
p (v,T). DTH CBEAECHHS COCTaBIAIOT COAepKaHUEe 3axkoHa Buna, K BHIBORY
KOTOPOTO MBI TeNephb U MPUCTYIINM.

JUis BeIBoAa 3akoHa BHHA Oka3bIBaeTCd AOCTATOMHO BOCIIOJNIB30OBATHCA
co00paKeHHsIMH, CBSI3aHHBIMH C pa3sMEpHOCTSMH, U 3akoHOM Credana —
BoneuMana.

C ToYKM 3peHHs KnacCHyeckod ¢u3nku B GopMyiy, OnpeacisIonyo
CNEKTPaJIBHYIO INIOTHOCTH 3HEPTHH P (v, T), MOTYT BXOAHTE BEJIHYHHEI v, T
1 ABE YHUBEpPCANbHEIE TOCTOSHHEBIE: CKOPOCTh CBETA B BaKYYME ¢ M razoBas
noctosiHHass R. Y100HO, BIIpo4YeM, BBECTH BMECTO Ta30BOH IOCTOSHHOMH
CBA3aHHYIO ¢ Hel nocmosnnyio boxvymana k = R/IN4. Ecnu npuHATE B Ka-
4YeCTBE OCHOBHBIX BEJMYMH JHEPruio (pasMepHOCTh €), ANHHY (pa3mep-
HOCTb 1), BpeMmst (pa3MepHOCTh T) U Temnepatypy (pasmepHocTs 6), TO Be-
anumnnst p (v,T),v,T, c, k MMEIOT pa3MEPHOCTH

[pl=et A3, v]=17!, [T]1=6, [cl=At7!, [k]=€67.

TMonoxum, dro p(v,T) ¢ TouHocThIO A0 Oe3pasMepHOoro MHOXHTens A
€CTh IPOU3BEJIeHHE HEKOTOPKRIX cTenenei v, T, ¢, k:
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pWw,TY=Av™T"cPk4.

IIpupaBHMBasi pa3MEPHOCTH OCHOBHBIX BEJIHMYHMH B JIEBOi U NpaBoil 4acTax
TIOCJIEAHETO PABEHCTBA, MONy4yuM m=2, n=1, p=—3, g=1, u, cnenosa-
TEJILHO, HCKOMas 3aBUCUMOCTh UMeeT BUI

pv,N=A L2, (17.11)
[

B § 52 MBI yBHAMM, YTO K TOYHO TaKOMY K€ Pe3yJhTaTy NPHUBOJAUT
Kilaccu4eckass CTaTHUCTHYecKas (pu3Mka, NpUYeM OCTaBIUHMiicS Heomlpene-
JIEHHBII MHOXHUTENs A Oka3biBaeTcs paBHBIM 87. 3akoH, BhIpakaeMbIi
¢dopmynoit (17.11), HocuT HasBaHMe 3axona Panes — [acunca n xopomo
COTJIACYETCS ¢ OMNBITOM MPH MalbIX YacTOTaX M3JIy4eHHS; ONHAKO NpH
Gonbmnx yacrotax ¢gopmyina Panes — JHkuHCA pe3ko pacXOAUTCA C OMBIT-
HBIMH JAHHBIMH, YKa3bIBaIOIIMMH Ha TO, 4To p (v,T) Kak (yHKUHS HacTo-
TBI UMEET MaKCUMYM IIpH HEKOTOPOii 4aCTOTE U AaNblie C POCTOM YaCTOTHI
y6riBaeT. 3akoH Panes — [xknHca, conepxamuit yrBep>xieHHe 0 HeorpaHu-
4yeHHOM pocTe P (v,T) ¢ poCTOM 4YacTOTH ¥V, IPUBOAMUT K aOCYPJHOMY BEHI-
BOJAY O TOM, YTO OOBEMHAs IIOTHOCTh 3HEPTHH B PABHOBECHOM COCTOSHHH
u (T) (cMm. (17.1)) GeckoHeHHO Benvka — NapajoKc, KOTOPHIH B HCTOPUH
GH3MKK ONTYYHIT Ha3BaHHE YIbmpaguonenoso Kamacmpogsl.

Yrto6rl U30€XkaTh 3TOr0 napajgokca H MOJyYHTh OCMEICIEHHBIH pe3yib-
TaT, NPUXOJUTCS BBIMTH 32 paMKH KilacCH4eCKo# (HU3UKH U AONYCTHTH, YTO
CYIIECTBYET ellle OiHa YHUBepCaJbHas IOCTOsSIHHAA /1, He (PUrypHpYyIOLas B
KJIaCCH4YeCKHX 3aKOHAaX, M YTO OHa BXOAMT B ompenenenue p(v,T). Do
3HAYUT, 4YTO Oe3pa3MepHEIl MHOXUTENL A He SIBIAETCA NOCTOSHHOM BesH-
YHHOM, a 3aBUCHT Ha CaMOM JieJie 0T HeKOTOPOiif KoMOHHAaIIMH HOBO# 110CTO-
SIHHOM U Benu4HH v 1 T. MBI MO)keM, He Hapymast OOIIHOCTH, CYMTATh NIPH
3TOM, YTO B 3Ty KOMOHMHALIMIO YaCTOTa ¥ BXOAHT B NepBOil CTeNeHH (B Npo-
THBHOM CJly4ae MBI BO3BeNH Obl BeCh apryMeHT ¢yyHKUHH B MOAXOAALIYIO
CTeleHb, YTOObI CAENaTh NO0KA3aTeNlb CTENEHH NPH V PaBHBIM €AMHHLE), a
Temnepatypa T B HEKOTOPOil CTenexHH .

Koaddpuuunent npu v o6o3naunm uepes h/k. Toraa nonyaum

_ hT" — WT" Y kT 5
A—A( P ), pv,T) A( P )C3v.

OmnpenennM Tenepr nokasatens » TpeboBaHueM, 4ToObl 1 u(7) BHIION-
Hsyics 3akoH Credana — boneimana. Mmeem u3 (17.1)

u(T)=k—§fv2A(hv—zr-)dv,
o

WJIH, BBOJS NIEPEMEHHYIO HHTErpHupoBanus y = T’ / k,
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u(T)=—Tfy2A(y)dy

Tak Kak BCS 3aBUCHMOCTh OT TEMIIEPATYPHI ONpEIeNAeTCs TENeph MHO-
xuteniem T! =37 1o nns cornacus ¢ 3akoHom Ctedana — Bonbumana He06-
X0AuMo, uToObI 1 —3r=4,T.e. r =—1

Wrak, Me1 nony4usm ans p (v, T) BepaxkeHHE

pv, T)—— 2A( ) (17.12)

YTBepxaeHue, coaepxxaiteecs B (17.12), Ha3piBaeTcs 3akonom Buna.

HerpynHo BHAETh, YTO pa3MEPHOCTh HOBOH NOCTOAHHOH A paBHa pa3-
MepHOCTH AeiicTBUs [h]= ¢ 7. 3aberas Bmepen, 3aMeTHM, YTO B CTaTHC-
TH4ecKo# (H3nKe IOCTOSTHHAS A 0Ka3hIBAETCS COBNAfaroniel ¢ moCTOAHHOH
Ilnanka, U ee MOABJIEHHE B 3aKOHAX M3JIy4YeHHs CBA3aHO C CYIeCTBeHHOH
POJIBIO B 3THX SIBJIEHUSIX KBAHTOBBIX 3aKOHOMEpPHOCTEM.

YMHOXasi YUCIUTENb U 3HaMeHaTenb BeipaxkeHHs (17.12) na v, 3anu-
ureM 3akoH BuHa B 6osee pacnpoctpaHeHHOi (opMe

p(v,T)=v3f(%). (17.13)

Takum o6pasoM, 3akoH BuHa CBOAMT oOThickaHHe (YHKUMH ABYX Mepe-
MeHHBIX 0 (v,T) K OTBICKaHHIO (h)YHKUMH ofHOH nepemenHoit f (v / T) (Mu
A(hv 1 kT).

3akoH BuHa no3BOJSeT YCTaHOBHTH Ba)KHOE MPABUIIO, OMNpefesiollee
TOJIOXKEHHE MAKCHMYMa H3/1y4aeMOii SHEPruH B CIIEKTPE YEPHOTO U3Ny'e-
mus. Auddepenumpys (17.12) no v ¥ npHpaBHHBas NPOM3BOAHYIO HYIIIO,

MONTY4HUM
op(v, T
ﬂl:%[m( ) B A’(””)] 0 (17.14)
ov kT kT
MPUY =V py
O0bo3uavas hv ,, / kT = z, nony4uM ypaBHeHHE
2A(2)+ zA' (z)=0. (17.15)

W3 s3kcnieprMeHTa U3BECTHO, YTO Ha KpHBOM, H300paxaroweil 3aBUCH-
MOCTB £ OT YacCTOTHI [IpH (HKCHPOBAHHOH TEMIIEpaType, eCTh JIMIIL OJHUH
MaKCHUMyM, H, CllefloBaTeIbHO, YpaBHenHe (17.15) umeeT ToabKo OAMH MO-
JIOXKUTENBHBIH KOPeHb Z = b, T. €.

hm | KT=b (17.16)
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— MBI TIOJTy4HIIM 3aKOH CMelleHus Buna, koTopsiif oka3ssiBaeT, 4to ¢ poc-
TOM TEeMIIepaTyphi M3JyYaroumiero Teja MakCHMYM SHEPruM CMeIaeTcs B
BBICOKOYACTOTHYIO 4acCTh ClIeKTpa U HA00OPOT.
IMoacranas (17.16) B (17.12), nony4yum 3Hauenue p(v,T) B Mak-
CUMyMe
p(Vm,T)=AT3, 17.17)

322
23 :2 A(b) — nocrosuHas. 3Hauenue P (v, ,T) NPONOPUHOHATE-

rae A=

HO KyOy abConioTHOH TeMnepaTyphl.

IMoguepkHeM ee pa3s, YTO YCTaHOBJIEHHE 3akOHAa BHHa npexacTasniser
coboif MAKCUMYM TOTO, YTO MOXET AaTh TEPMOAUHAMHUYECKHI METOA B TEO-
pun u3ny4eHus. Touneil BUa GyHKumn A(Av / kT), a cienoBaTensHoO, H
YHCJICHHOE 3HaYeHHE TIOCTOAHHOM b B 3aKOHE CMelleHHs M TIOCTOSIHHOM a B
3akone Ctedana — bonsuMaHa MeToAaMH TEPMOANHAMUKH HeJlb3s HaliTH, U
3Ta 3ajja4a OCTaeTCs Ha JOJII0 CTATUCTHYECKOr0 METOA.

3amgauw.

1. AGcomoTHO 4epHblit Wap ¢ paguycom R = 0,1 M 1 HavaneHOH TemnepaTypoii 7 =
= 1000 K oxnmaxnaerca nyreM u3nyuenus. Okpyxaromas cpega umeet 7= 0 K. 3a kakoe

BpeMs TemriepaTypa mapa ynageT go T2 = 100 K? Ternoemkocts C = 5 - 102 Hx/(xr - K),
IOTHOCTB p = 8 - 103 kr/n3.

CR  _ -
OTBeT.t=p9—(T2 3-1,73)=220u.
a

2. Haiitu usotepMuueckyro K7 U aguabaTHueckyio CxkHMaemocTh Kg 4YepHOro
H3NyUEeHHS.

OtrBeT. KT =%, Kg =9/4aT*.

§ 18. TepmoanHaMmuka BoAbI

Me1 Buzenu B §§ 15 u 16, uro kanubpoBka abCOMOTHON TeMIlepaTypht
u abcomoTtHo#t sHTponMH (15.7) 1 (16.7) cranoBUTCS HenpUroAHOW BOH3H
OT Havana koopAuHAT MH-TIOCKOCTH (COOTBETCTBEHHO pE-TIIOCKOCTH)
H3-32 HEOAHO3HAYHOrO COOTBETCTBHA MEKAY TOUKaMH 3THX IUIOCKOCTEH M
$U3UUECKUMI COCTOSHUAMU cUCTeMbt (cocTosiure M =0, H=0 umm E =0,
p = 0 BO3MOXHO npH JIIOOBIX TeMIepaTypax).

PaccmoTpuM Teneps npHMep TEPMOIHIIAMHUYECKON CHCTEMBI, AJs
KOTOpOi KannOpoBka abCOJIIOTHOM TeMnepaTyphbi U abCOIIOTHON SHTPOIINH
a(T,S)/o(P,V)=1 (cMm. (4.1)) He MoxeT OBITH MCIOJBL30BaHA B OKPeECT-
1I0CTAX HeKoTopod nuuuu. Toraa npuMenenne PV- u TS-muiockocTed ans
ONUCAHHUA TEPMOAMHAMHYECKHX CBOHCTB BechMa iieyAo0Hno M SBHO He
afeKkBaTHO (u3ndecKoil CyTH npobeMstl.

Cnenyer, oqHaKo, NOAYEPKHYTh, YTO peib MJET O JAOBOJBHO PEAKHX
UCKITIOYCHHUAX (HanmpuUMep, BOJA U ellle HEKOTOphIE XUAKOCTH, a TaKXe He-
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KOTOpBIE TBEpABIE BELLECTBA), IPUYEM IIENIPUTOAHOCTE KannOpoBku (4.1)
OTHOCHTCS JIMIIEL K He0OJbwIOH yacTH PV-mnockoctd. s GONBMIMHCTBA
ke TCPMOAMHAMHYECKHX CHCTeM Ha Oonbiueit yactH ¥ TS-TUIOCKOCTH, H
TIOCKOCTH ,,000011eHHas cuna — o0o0imeHHas koopAnHaTa® KannbpoBka
3Ta SIBJISETCA MPUTOAHON M MpHUMeHeHHe MeTo/la IKOOHAHOB JJI pelleHus
KOHKPETHRIX 3a4a4 — AONYCTHMBIM.

BonkmmHCTBO TepMoAnHAMHYECKHX (OpMYI1, NOTyYeHHbIX B §§ 1—11,
CIpaBeJIMBEI HE TOJILKO JUIS ra3oB, HO U I XHUAKocTeld. OfHaKo B Cllydae
UJKOCTEN 3HAYHUTENLHO TPYAHEE U3BJIEUh U3 00MHUX TEPMOANHAMHYECKHX
(hopMyJ1 KOHKPETHEIE pe3yJIbTaThl, IOCKOJIBEKY HE CYIIECTBYET YHHBEPCAIh-
HOTO YpaBHEHHS COCTOSAHHUS, IPUTOJHOTO JIs BCEX XHUIKOCTEH — B IPOTH-
BOMOJIOXHOCTh WAEANBHBIM ra3aM, A8 KOTOPHIX CIPaBeJIMBO ypaBHEHHE
RT = PV, u peanpHBIM ra3am, CBOICTBAa KOTOPBIX MPHOINXEHHO ONHUCHIBA-
10TCa ypaBHeHHeM Ban-pep-Baankwca. [{nd kuaKocTel MOXHO JHMOIL Ka-
YeCTBEHHO YKa3aTh HEKOTOPKIEe 001e UX CBOHCTBa (HanpuMep, TO, YTO UX
CXKMMaeMOCTh 10 CPaBHEHHIO C Ta3aMH O4YeHb Maja), B TO BpeMs KaK OcC-
TaJbHBIE CBOMCTBA XkMAKOCTEH BeChMa MHAMBHAYAIBHEI M ONHMCHIBAIOTCS
Yaiie BCero 3MIMPUYECKUMH COOTIIOIIEHHSAMH, Pa3JIMUHBIMU AJIS Pa3HBIX
HKNAKOCTEH.

MpI OrpaHMYMMCsl Ka4e€CTBEHHBIM pPacCMOTPEHHEM TEepPMOANHAMHYeC-
KX CBOUCTB BOJKI H HEKOTOPRIX JPYTHX XHUAKOCTEHN, HampuMep HOAUCTOrO
cepebpa, IS KOTOPHIX XapaKTepHOH 4UepToi SBJISETCA Tak Ha3biBaeMas
mennoeas axHomanuss — N300apHyeckuil Ko3ddHuHEHT TenaoBoro pacim-
peHHs NpH HeKoTopoH TemnepaType Ty MeHsieT 3HaK. Tak, AJIst BOABI IPOH3-
BozmHas (dV /9T )p monoxuTeNLHa npu ¢ > 4 °C, oTpunaTensta npu ¢ < 4 °C
¥ paBHa HyJo ipu ¢ = 4 °C.

Jlns BewecTB ¢ Takoi aHOManueit kanbpoBka (4.1) CTaHOBUTCS HEBO3-
MOKHOHM B TouKax aHoManuH. JeiicTBUTENEHO, $HU3MUECKUM TIPHHIIUIIOM,
CIpaBeAIMBEIM AJIsL JIIOOBIX OMHOPOAHBIX (H3NYECKHX CHCTEM, SBJIICTCH
OCHOBHOE TepMOJAMHAMHYIECKOE TOKAECTBO

daU=TdS—PdV.

Ycnosue nonsoro Audipepenumana qaet
(), ()
WVig aS/y

oT,S) _o(P,V)
av,s) aw,S)"

HJIN

(18.2)

Onnako ayis TOTo YTOOR! NONYYUTL KanuOpoBky (4.1), ciepoBano 6wl pa3-
JeJINTH TIOoCTIeHee paBelCTBO Ha sskoOuair
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6(P,V)_6(P,V) P, T) a(V’T)_L(aP) (ﬂ)
P’

aV,S) a(P,T)a(V,T)o(W,S) Cy \ov/;\oT

oOpaalomuiics B HyJIb B TOUKaX aHOMAJIMH; B CBA3H C 3THM B 3TOM Iapa-
rpadye ykazaHHast KaTHOpOBKa HE HCIIOJIb3YeTCS.
PaccMoTpHM TepMOAHHaAMHYeCkHe CBOICTBA BOAKI Ha I'V-IIOCKOCTH.
3ameTnm, uTo sskoOHaH npeobpasoBanis oT PV- k TV-miockocTH paBeH
P, V) AP, V)IPT) (_Q_Ii) (a,,)
oT, V) P, T)aT. V)  \ov/)p\eT/p

(18.3)

u obpailaeTcs B HyJIb Ha JUHHM aHoMmanuil L (puc. 30). Ito aenaer oco-
OeHHO MOYYHTENLHEIM PaCCMOTPEHHE TEPMOANHAMHYECKUX CBOHCTB BOJRI,
TaK KaK B 3TOH CHTyalHH CTAaHOBHUTCS HeCNpaBeUIMBON TeopeMa O B3aUMHO
OJJHO3HAYHOM COOTBETCTBHHM MEXJYy TOYKaMH Manbix obnacrteit TV- u
PV-nnockocteii.

Haiinem kauecTBeHHO BUA M300ap M aguabaT Ha TV-mockocTH. YTio-
BOH ko3¢ ¢uumeHT n3obapsl Ha TV-IIIOCKOCTH paBeH

(ﬂ) .
aV/ip @VieT)p’

OH SIBJISIETCS MOJIOKUTENIBLHEIM BBIIIE JIMHIH L, OTpUIIATEIFHEIM HIKE Hee U
obpamaercst B * o Ha camoi JuHHM L (cM. puc. 30). CnenoBarensHoO,
n3o0aphl nepecekaroT IHHUIO L, HMes BEpTUKANLHYIO KacaTeJLHY0, U caMa
JMHHUA L ABJISeTCS reOMETPUYEeCKIM MECTOM TO4YeK, B KOTOPBIX 00beM IpH
P = const HMeeT MUHHMAaJILHOE 3Ha4EHHE.

OG6paTuMcs Teneps K pacCMOTpeHHIO aanadaT Ha TV-muockoctd. Cor-
nacno (18.1) umeem st yrioBoro kosdhduunenTa agnabaTel

i royiy
aVig B aS/y - o, S) a P, T) oV, T) oV, 5) ) (18'4)

- (5), (%)
Cyv \oV/¢\oT/p’

Tak kak (dP/dV)r <0, To Beimue JUHUK L aguabaTel UMEIOT OTpPHU-
LaTeJILHBIA HaK/IOH K OCH 00BEMOB, a HHXeE ee — IOJIOKHTEIbHEI. Y0e-
JAUMCSA B TOM, 4YTO JIMHUSA L sABIsEeTCA H30TepMoil. [{eiicTBUTENRHO, AONYC-
THM, YTO Ha HEKOTOPOM Yy4acTKe JIMHHA L Ha TV-IoCKOCTH HMEET, HallpH-
Mep, oTpHuaTeNsHEIil HakioH. Torma cornacHo (18.4) B obnacty, nexaineit
HIKe JUHUHU L, HaiineTcs agnabata (puc. 31), koTopast B HEKOTOpoi TOUke
nepeceueT JuHUIO L (3Ta agmabaTa MMeeT NOJNOXHUTENBHBIH HakiIoH). B
TOYKe mepecedeHus oHa OyaeT MMeTh FOPU3OHTANEHYIO KAacaTeLHYIO, a B
o6J1acTH BhIIIE JMHUHA L ee HaK/IOH CTaHET OTpHUUATENLHBIM. Takium obpa-
30M, agMabaTa S = const Ha TV-IUIOCKOCTH MMelia OBl B 3TOM Clly4ae MaKCH-
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T
S=const
r P= t
N
T1 S 47
To |---- L
Ty Looo. g - -
CEAN
/// DU
S=const . :
Vp1 sz v
Puc. 30 Puc. 31

MyM U nepecekanach Obl ¢ HEKOTOPBIMH M30TepMaMH B ABYX TO4YKax, 4TO
NPOTHBOPEYHT NPUHUHUIY 3HTpONHH. COBEPLIEHHO TaK e, €CJH OBl THHUA
L MMena Ha HEKOTOPOM y4acTKe MOJIOKUTENBHEIM HAKIIOH, TO HEKOTOpHIE
aauabartel MMenu Onl BOJIM3H OT JIMHUM L TOYKH MHHMMyMa M Takxke Iepe-
cekamuch Ol ABaXAbI ¢ H3oTepMaMu. TakuM oOpa3oM, JHHHA L ABinsercs
H30TEepMOii U, Kak 310 cienyeT U3 (18.4), oqHOBpeMeHHO npeAeLHOI agua-
Oatoil ¢ waknonoM (47 /dV)s =0. Kapruna aguabat ¥ msobap na TV-
TUIOCKOCTH MMeeT BHA, H3o0paxkeHHbIH Ha puc. 30.

NurepecHo OTMETHTE, YTO TpeOOBaHHE TOTO, YTOOK! IHHUA L Onlna n3o-
TepMO#, mpHBOaUT K paBeHctBy (dV /dT)p = f(T), uHTErpHpys KOTOPOE,
[OJIy4aeM HECKOJEKO HEOXHIAHHBIA BHA YpPaBHEHUS COCTOSAHHA V =
= f1(T) + f2(P); 3TOT BUA, OJHAKO, AOJDKEH OBITHL CrIpaBEeUTHBBHIM TOJIBKO
B MaJioii OKpecTHOCTH JHHUHM L (B ManoHl OKpeCTHOCTH Temmeparypsl Ip).
DTOT pe3yNbTaT COryacyeTcsl ¢ 4acTO NPHMEHSEMBIM 3MIHPHYECKHM
ypaBHEHHEM COCTOSIHHUSA xuakoctu V =Vy[l+ a (T —273)— K1 P]

PaccMoTpuM Teneph kaxyuHiics MapaJokc, ykKa3zaHHBIH 3oMMep-
densaom [1].

YmMuodxas obe wactu (18.2) na siko6uan a(V,S)/ o(T, P), nonyuum

), o

rae (60Q / 6P)r — Terio, KOTOPOE HYXHO MMOJABECTH WM OTBECTH MpPH U3~
MEHEHHUH JaBJIEHHUS Ha eTUHHUILY, YTOORI TEMIIEPATYPa OCTABAIACK IOCTOSAH-
woit. [TpeacrasuM cebe 1pkn KapHo, B KOTOpOM BOJa CIIY)XHUT paboyuM Be-
INECTBOM, IPUYEM TEMIIEpaTypa HarpepateNs Bhime 4 °C, a TeMmnepaTypa
xonoguinsHmka HIke 4 °C. Toraa Ha yyacTKe H30TEPMHUYECKOTO paciimpe-
HHUA JaBiieHHe najgaet, 0P <0 u, ¢ apyroii cropousl, (dV /dT)p > 0. Cie-
JoBaTelkHO, cornacHo (18.5) 40 >0 — rtemno noasoaurcs k pabouemy
BelecTBy. Ha yyacTke H30TepMHUYECKOr0 CkaTHA AaBlieHHe pacteT, AP > (),
Ho (dV /dT)p <0. CnemoBarensHo, M Ha 3TOM ydactke 0Q > 0. Tak kak
OCTaNbHEIC TIPOUECCH B LMkie Kapno aanabaTHueckde, TO MBI MOJNYYHIH
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MalIHHy, KOTOpasi BCe NMOABEACHHOE TEIUI0 TPAHC-
¢dbopmupyeT B paboTy, T. €. BEUHBIH JBUraTeNh BTO-
pOro pojaa, 4TO 3anpeineHo 3aKOHaMH TepMOAHHA-
MUKH. Paspemienue ,apajfiokca” ciemyer Hemes-

p neHHo U3 paccMotpenus puc. 30. Kak Buano u3

i Hero, He cyulecTByer ajanabar, COCOMHSIOMIMX

HM30TEPMEI, JIeXalllHe BhIIE U HUXE W30TEpMHI L,
D% U, clefoBaTeNbHo, HUKI Kaplio ¢ TeMnepaTypoit
Harpesartens 1) > Tp U TeMrepaTypoil XonoaWiIs-

1MKa T2 < Ty HEeBO3MOXKEH.

v PaccMmoTpuM Teneps TepMOAMHAMHUYECKOE TIO-

BeJieHHe BOABI Ha PV-mnockocTH. 3meck H3oTep-

Puc. 32 Ma-agnabata L nzobpaxaercs KpyTo cnajaronei,
Oyaroaps Manoi CKMMaeMOCTH BOABI, KpUBOH L,

nesiieit PV-nnmockocth Ha Ase yactd — [ u I (puc. 32). Jlerko BUAeTh,
uyro 00NacTh { npeacTaBiser coboil HehUznUeCKy0 00J1aCTh: TOUKaM 3TOH
00J1aCTH HE COOTBETCTBYIOT HHKaKHE peallkHO CYIIECTBYIOUINE COCTOSIHMA

XKUAKOH BOABL. DTO CleAyeT W3 TOro, 4tro, Kak BHAHO Ha puc. 30, mpH

KaXI0M (PMKCHPOBAaHHOM AaBJIeHHH P CyuleCTByeT MHUHHMAaNLHEIH O0BbeM

Vp, cOOTBETCTBYIOIMH TOUYKe mepeceyedus u3odapel P = const ¢ u30-

TepMoil L.

Haoboport, kaxnoil Touke 061acTH /I COOTBETCTBYIOT JBa Pa3jIMYHBIX
¢dbuznyeckux cocrosuus. JdeHcTeuTensno, u3 puc. 30 BUAHO, YTO KaXkaas
H30X0pa mepecekaercs ¢ HM300apoil B MBYX TOUKAaX, WMEIOINMX pPa3HBIE
opauHaTthl 77 U 75, U, CJIEIOBATENLHO, ABC Pa3HBIC TOYKH 7 V-INIOCKOCTH
[IEPEXOMAT B OJHY U Ty Xe TOUKY PV-TUI0CKOCTH, Jiexalyio B obnacth 1.

OTtMeTHM eie 0AHO JIOOOMBITHOE CBOMCTBO JABY3HAYHOrO COOTBETCT-
pus. EciM paccMoTperh Ha PV-TIIOCKOCTH B ABYKPAaTHO BBIPOXKACHHOH
obyactH /I We TOUKY, a MaJklii KPYrOBO#M IPOIECC, TO €My COOTBETCTBYIOT
JIBa Pa3HBIX KPYTrOBHIX Ipotiecca Ha TV-TUIOCKOCTH — OJHII, JIeXamui
BhIILIE, M APYro#, nexamuil Hike THHUH L. [lokaxkeM, 4TO 3T ABa LHKIA
Ha TV-IIJI0OCKOCTH HMEIOT MPOTHBOIOJIOXHEIE HATIPABIEHHA 00X0Aa.

PaccMmotpHM B ofutacTH [I PV-mockocTH Manelil KpyroBoii npouecc D
(cM. puc. 32), cocTosupii U3 ABYX H30TEPM U JIBYX H30XOp C HalpaBlIeHH-
eM o0xoza 1o 4acoBoit crpenke 04 > 0. Ha TV-miocKOCTH €My COOTBETCT-
BYIOT ABa uukia — D' u D'’ na puc. 30. Inomaan o6oux UHMKIOB onpene-
JA0TCA GopMyIIoit

L

= aT =542
6T6V_6P(3P)V6V_6A(3P)

14

MBI BOCIIOJIL3OBATMCE TEM, UTO HA KaX0# M30X0pe MOXXHO NPHOJIMKEHHO
JUI MAJIOro UHKia 3ameHuTh OT na OP(dT / dP)y. Ho mns uukna D', ne-
*alero Bellie JUauY L, Bennuuna (0T / dP)y TNOJNOXKUTENbHA, U TaK KaK
04> 0, To NoJIOkHUTENIRHA H ero miomans. CleqoBaTensHo, uukiI D' 06xo-
IHTCA 110 4acoBoit crpenke. Jng uukia D', nexawero Hxe Nuiuu L, Bce
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0OCTOUT NPOTHUBOIIOJIOKHEIM 00pa3oM, 1 OH OOXOAMTCA MPOTHUB YacOBOH
CTPeJIKH.

HTtak, Kpyrosoi npouecc, padoTaromuil no cxeMe TEMIOBOH MalIHHEI,
Jaromuil BRIMIpeI B pabore 4 > 0, nzobpaxkaercst Ha TV-NJIOCKOCTH 3aM-
KHYTO# KpHBO# C HampaslieHHeM 00X0Ja 10 YaCOBOH CTpeJiKe, eClIH OH Jie-
HT BRIIIE JTUHUM L, U ¢ HanpaBlieHHeM 00X0Jia MPOTHB YaCOBOM CTPEIIKH,
€CJIN OH JIEKHUT HUke UMK L. [{ng kpyrosoro nporiecca, paboraromero mno
cxeMe xolionwisHOH Mammuel — A < 0, Bce HampasiieHHst 00XO#a Me-
HAIOTCS Ha IIPOTHBOIIONIOKHBIE.

Mukn Kapuo ¢ H3oTepMoil HarpesaTels ¥ XONOAWIKHHKA T BRIPOK/Ia-
eTCs B OTPE30K M30TepMEI-aanabdaThl L.

Urak, monp3oBaHne PV-IIOCKOCTBIO JUIS M300pakeHHs TepMOJIHHAMH-
YeCKUX CBOMCTB BOJAKI MaJIO YAOOHO BBHY OTCYTCTBHSI B3aHMHO OJTHO3HA4-
HOTO COOTHOIIEHHS MeXAY (H3NYECKUMH COCTOSHHUAMH BOABI U TOYKaMH
3TO# TWIOCKOCTH. Elne Xye 00CTOUT [1eN10 ¢ HCNoIb30BaHHeM T.S-TIIIOCKOC-
TH. H3oTepma-anuabata L Ha 3TOH MmiIocKoCTH BOOOmIE HE MOXeET OITh
n300pakeHa KaK JByMEpHBIHi KOHTHHYYM — OHAa BBIPOKHACTCA B TOUKY.
IoatoMy Haubonee agekBaTHa (HU3NKe ABJIEHHUHE B 3TOM cilydae T V-moc-
KOCTh. 3aMeTHM, OJHAaKO, YTO COCTOSHUS XHUIKOI BOARI, AaJIeKHe OT TOUeK
aHOMAJIUH, BIIOJIHE MOTYT paccMaTpuBaThes Ha PV- u TS-nnockocTsix, H
nojs30BaHue kalHoposkoit a(7T,S)/d(P,V)=1 nans TaKHX COCTOSHHH
JIOITYCTHMO.

3agmaua.

Hcenenorars npurogHocth TP- 1 SP-NIOCKOCTEH B OKPECTHOCTH H30T€PMBI-aAHabaThl
L xns onucanus TepMOIHHAMHMYECKOTO momeacHus Boiabl. H3o6pazuth kavecTBEeHHO
aguabaTel M H30XOpH! Ha TP-IUIOCKOCTH H H30TEPMEL H H30XOPH! Ha SP-IUIOCKOCTH.

§ 19. TepmoaUHaMUUECKUM NOTEHLMAN.
Meron, repmoguHamuuecKux PyHKLUK

B §§ 6 1 13 MuI BBeJIH TPHU TEPMOAMHAMHYECKHX NIOTEHI[HANA.
Brympennsns snepeus (apnabaTH4eCKHH MOTEHLMAN), I8 KOTOPOi
€CTEeCTBEHHBIMH IIEPEMEHHEIMH ABIAIOTCA S U V,

U=U(S,V), dU=TdS—-PdV,

(19.1)
(8, (),

Ceobodnas ynepzus (M30TEPMHUYECKHH TOTEHUHAN), IS KOTOPOH ec-
TECTBEHHBIMU NIEPEMEHHBIMH ABIAIOTCA T U V,

F(T,V)=U-TS, dF=—SdT—PdV,

S=—(%)V, P=_(%)T' (19.2)
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Onmanvnus, AN KOTOPOH €CTECTBEHHBIMH NEPEMEHHBIMH SIBISIOTCS S
uP~P,

W(S,P)=U+PV, dW=TdS +V dP,

__(aW) _(aW) (19.3)
=) | y=(2)
as/p P /g

ITpeobpasopanus F=U —TS u W = U + PV Ha3bIBAlOTCA Kacamenb-
Humy TIpeoOpazoBaHUsIMKU WK npeobpazosanusmu Jlexcanopa (no nepe-
MeHHBIM 7, S 1 P, V COOTBETCTBEHHO) U JAIOT OOMUIl METOA MOJNYy4YeHUs
HOBBIX TEpMOJHHAMHYECKUX (yHKUHIL.

MMeercs eme ofHa napa NEPEMEHHEIX, a MMEHHO 1T U P, KOTOPYIO MOX-
HO COCTaBHTH U3 ABYX map 7, S u P, V, Geps no oHoi nepeMeHHoH 13 Kax-
no#t napel. s Toro 4ToOBI MONYYHTE XapaKTEPHUCTHYECKYIO TCPMOANHA-
MHUeCKy0 (YHKUHIO Il 3THX IIepeMEHHEIX, mpoaenaeM ¢ U npeobdpaso-
BaHue Jlexausapa no obenm napam nepeMenusix 7, S u P, V, T. e. npubasum
K JIeBOH M npaBoif yacTam paBenctea (19.1) senuunny d(PV — TS). Torma
MONYYUM mepmodunamuyeckuti nomenyuan I'nobca (WIM NpocTo TepMo-
JWHAMHUYECKHH NOTEeHIHaNn), JJI1 KOTOPOro eCTECTBEHHRIMH IlepeMEHHBIMH
apnsaores T'u P;

O=U-TS+PV=F+PV=w-TS, db=—-SdT +V dP,

(19.4)
so-(3)7-(3),
T/ p P/

3Has M0y U3 TepMOAHHAMHUYECKHX (YHKIHMH B CBOMX NEPEMEHHBIX,
MEI MOXXEM B NIPHHLIMIE HAMTH BCe TepMOAMHAMHUYECKHE CBOICTBA CHCTe-
MBI, BKJIIOYas €€ TeI0eMKOCTh, H ypaBHEHHE COCTOSIHHS.

Tak, nanpumep, 3uas (T, P), Haxoaum no popmyne S = — (%) 3HT-
P

PONMIO M, clenoBarenkHo, TemioeMkocth Cp =T(dS /dT)p, a u3 ¢op-
Mynel (0P /0P)r =V uaxoguMm cBs3e Mexay P, V, T, T. e. ypaBHeHue
COCTOSIHHS.

Crnenyer, oiHaKo, IOAYEPKHYTh, YTO, C APYroif CTOPOHEI, TEPMOAMHA-
MHKa JaeT HaM TOJILKO COOTHOIIEHHS MeXIy TepMOAHHAMHYECKUMH (YyHK-
UHMSAMH ¥ MX TPOHU3BOJHBEIMH, TIO3BOJISIONHE PELUIUTE PAA KONKPETHRIX Tep-
MOJMHAMHUYECKHX 3ajadv, eClii XOTA Onl oaHa TepMOAHHAMHYecKas (yHK-
U U3BecTHa. Haxoxaeuue xe SBHOro BHAa JII000# TepMoaHHAMHYECKOH
¢yHkunn Tpedyer 3HaHHA YPaBHEHHSA COCTOSHHA M 3aBHCHMOCTH TEIUIOEM-
KocTH ot TemrepaTypel. (HanomuHaewm, uto npownssoausie Tuna (aCy /¥ )r,
(8C; /dl)r u 1. A. MOTYT ORITH HajiieHBl TEPMOAMHAMHYECKHM METOJOM.)
Je#icTBUTENRHO, yXe A8 HaXOXJAeHHs BHyTpenneil sHeprun U tpebyercs
3HAHHE IPOU3BOIHBIX
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(55),=cr. (), =-r+7(5),.
aT Jy av/r T /y

TakuM 00pa3oM, COOTHOLIEHHE Mex Ay HHbOpMalHeii, KOTOPYIO CoepkaT
TepMoJMHaMuueckue noreHuuansl (U, F, W, ®), ¢ oxuoil CTOPOHEI, H
nndopmMarmeii, coaepxaieiics B ypaBHEHHH COCTOSHHA M B 3aBUCHUMOCTH
TEIJIOEMKOCTH OT TEMIIEPATYPHI, C APYrOf CTOPOHEI, UMEET ABONCTBEHHHBII
xXapakrtep.

3nas TepMoarHaMHueckue (GYHKUHH B CBOUX IIEPEMEHHEIX, MBI MOXEM
C TIOMOIUBI0 TEPMOAMHAMHYECKHX COOTHOIIEHHHM MONYYHTh MOJHYIO Tep-
MOAHMHAMHYECKYI0O MH}OPMAUMIO O CHCTEME W, B YaCTHOCTH, HallTH BHA
YPaBHEHHsI COCTOSIIUA M TEIUIOEMKOCTh, a TaKXe CXHMaeMOCTh, kK03ddu-
11eHT 00BEMHOTO pacIIMpeHHs U JIIoOkle TepMOANHAMHYECKHE Ko3ddHuuu-
eHThL. MEI YBHAHMM, YTO B CTATHCTHYECKOH (H3NKEe UCIONB3YETCA MMEHHO
TakoH NMyTh — BBRIYHCIAIOTCA HE3aBUCHMBIM 00pa3zoM mo dopmyiam
cTaTHCTHUECKOH (YM3MKH TepMoAMHaAMHuYeckHe (GyHKUHMH, mociie vero ¢
MIOMOINBIO TepMoAHHaMHueckuX cooTHomenmit (19.1)—(19.4) waxonurcs
YpaBHEHHE COCTOSIHUA U TETJIOEMKOCT.

C npyroii cTOpOHEI, AJIS HAXOXAEHHS TEPMOAMHAMHYECKHX (DYHKUMI B
paMKax TepMOAMHaMHKH HEOOXOJAMMO 3HATh YpaBHEHHE COCTOSHUS H
3aBUCHMOCTEL TEIJIOEMKOCTH OT TeMIepaTypel. Bua 3THx 3aBucuMocTeit
JOJXKEH OBITh IOUEPITHYT U3 CTATUCTHUECKOH HU3NUKHU HIIH U3 OTIITA.-

3aMeTHM, YTO MHOTHE COOTHOLIEHHS MEXIy TEPMOJAHHAMHYECKUMH KO-
s¢pduurentamy, nonyuyeHHele HaMd B § 11 MeTonOM SIKOGMAHOB, MOTYT
OBITH HAliIEHBI ele Npolle Ha OCHOBE TOro, YTO BeIpaxkeuus mis dU , dF,
dW ,d® mpenctasnsaioT coboit nonueie guddepesunanst. Tak, Gopmyia
(11.11) mpeacrtaBnsier coboit ycnosue toro, uro dP(7T,P) ecTh NONHLIH
auddepenunan, a popmyna (11.10) — ycnosue toro, uro dF(T, V) ects
nonueiit qudbepeHupan.

3aMeTHUM, OAHAKO, YTO YPaBHEHHE COCTOSHHS, SHTPONHMS U TEIIOEM-
KOCTH Haxo[iTCs IyTeM npocTtoro auddepeHunpoBanus TONLKO B ClyYae,
€CJIM TepMOAHHAMMUECKHEe MOTEHIHaJbl 3aJaHkl Kak (YHKIHH CBOUX
apryMenToB. Eciy sxe TepMoaMHAMHYECKHH [TOTEHIMAN 3aaH B YYXHX IIe-
PEMEHHEIX, TO 3ajaya CBOAMTCA K AHddepeHUHANBHOMY YpPaBHEHHIO B
YaCTHRIX NPOM3BOAHEIX, IS pEUIeHHs KOTOporo TpedyeTcs yKasaTh
HEKOTOpOE IPaHHYHOE YCIIOBHE.

ITone3no OTMETHTH, UTO ClyyaH, KOrAa TepMOAHHAMHUYECKas (GyHKUHs
3ajlaHa B YYXHX [EPEMEHHBIX, MOXHO Pa3fIc/IMTh Ha ABa THma (MBI Orpa-
HHUYHMBaEMCs PaCCMOTPEHHEM TAaKHX CJIydyaeB, KOrja M3 ABYX apryMEHTOB
TepMOANHAMH4eCKO# (yHKUHMH TONBKO OAHH ,,4YXKOH™),

Cayuaii I. Apryment T 3aMened Ha S Win HaoOopor. B sToM cityuae
HeoOXoqUMOe IpaHHYHOE YCJIOBHMe AaeT mpHHuUMn HepucTa, coriacHo
KOTopoMy 3HTponus npu T = 0 paBHa HYJIIO.

4 3uxas Ne 222
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ITycTs, HanpHMep, HaM 3aJlaHa BHYTPEHH:AA 3Heprus kak ¢pyHkuus T H
V Bmecto S u V. Tak kak nepemeHssle T, V ABIAIOTCA COOCTBEHHBIMU
nepeMeHHBIMH cBOOOJHOM 3HepruH, mepeiiieM K CBOEMY, JUIS 3THX Ie-
PEMEHHEIX, IOTEHLHANY, HCTIONB3YS CBA3L MeXAy U U F:

U=F+TS=F—T(£) : (19.5)
aT/y

310 ypaBHEeHME Ha3mIBaeTcs ypaeHenuem [ubbca — [envmzonvya. [ns ero
MHTErpHpOBaHHs MOJENUM 00€e yacTd Ha T2 U Tpe[CTaBUM MOJyYEHHOE
ypaBHEHHE B BUAE

M_i(f_)__i
3 =7 \5)=—77 (19.6)
OTKYJa UMeEM
Lua,v
F=—T [==>2dT"+ p(V)T, (19.7)

y (T)?

rae ¢(V) — npousBoinHas QyHkuus odneMa. [ ee ompeneieHHs BbI-
qHCIISeM SHTPOIUIO

T ua,v) U(,v)
S__(%) _f_(_T’)_z_dT'+———~—<p(V) Y(T,V)— (), (19.8)
0

oTKyfAa cornacHo npuHuuny Heprcra nHaxoauM ¢o(V)=y(0,V) u tem
CaMBIM TI0JIy4aeM c306o;myfo 3HEPTHIO KaK (YHKUMIO CBOUX MEPEMEHHEBIX
TuVvr.

AHanornyseIM 00pa3oM MOryT ORITH PaCCMOTPEHHI ClIyyaH, KOrja CBO-
6oauas 3Heprus 3ajaHa kak GpyHKuus S u V, sHranenus kak ¢pyskuus T u P
u noreunpan I'nbbca kak pynkuus S 1 P. Bo Bcex 3THX Cityyasx IPHHIMI
Hepucra no3possieT HAfTH OAMH W3 TEPMOAHHAMHYECKHX MOTEHLHANOB B
CBOMX MEpEeMeHHRIX H, CJIeJOBATENILHO, TOIYYHTE MOJHYIO TEPMOJHHAMH-
4ecKyro HHpopMauHio o cucteMe. Clienyer, 0HaKO, OTOBOPHTHCS, UTO BHI-
MOJIHEHHE HAMEUEHHOM BhIIlIe IPOrpaMMEI IIEpexoia K CBOEMY NOTEHUHATY
WHOT/Ia HE MOXET OBITh OCYIECTBJIIEHO, €CIIM UCXOMHEIH, 3aJaHHBIH B 4y-
XHX [MEPEMEHHBIX, TOTEHLIHAJ H3BECTEH B HEKOTOPOM JHana3oHe llapaMeT-
poB U 3kcTpanonsuus k T =0 Heso3MoxHa. Torga cTaHOBUTCS HEBO3MOXK-
HBIM HCIIONIB30BaHHe npuHUMNa HepHera.

IMpocreiimMii mpUMep AaeT HAM HAEaNBHHIH ra3, 1id koroporo U B me-
pemennsix T, V Beipaxaercs ¢opmyinoit U = CyT 1 unTerpan B popmyiax
(19.7) u (19.8) okasnisaercs pacxoasupmcs (Cy 11 UAEaNLHOrO rasa mnpH
T >0 cTpeMUTCA K IOCTOSHHOM 3R/2, cM. § 40). DTO 3HaYMT, UTO MOHATHE
MIEaNBHOrO ra3a HENpPHUroJHo B 00NacTH OYeHh HM3KHMX Temmeparyp. Ha
3TO yKa3biBaeT U (opMyJla 3HTPONMHM HaeanbHOro rasa (4.5), kortopasd
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¢dbopManEHO NPUBOAMT K S > — o 1ipH T > 0 B IpOTHBOPEUHH C IPHHLIMIIOM
Hepucra. Bee ckazanHOe, ECTECTBEHHO, HE 3HAYHUT, UTO MBI HE MOXEM Haii-
TH ¢BOOOAHYIO SHEPryi0 HAEaJbHOro rasa, a YKa3slBaeT JIUIIL Ha TO, YTO
nudopManus, 3akilovaroiaici B ¢popMysle U = CpT, nnsd 3TOro HEAo-
craTo4Ha (CBOOOAHYIO 3HEPruI0 MOXHO HaHTH mo dopmyine F=U — T8,
MOCKOJILKY HAM U3BECTHA SHTPOIHSA).

Cayuait II. Apryment P 3ameHeH Ha V win Haobopor. Hampumep,
mycTh CBOOOAHAA SHeprus n3BecTHa kak Gpynkuus T u P smecto T ¥ V. MEl
ybeauMcst B TOM, 4TO Takas HHpOpMauHs mnoutH Oecrose3ssa A Ha-
XOXJEHHU TEePMOAHMHAMHMYECKUX CBOJCTB cuUcTeMEl. [lepexoas k cBoeMy
U1t nepemennbix T, P notennpany I'ntbea, nmeem

F(T,P)=®—-PV =& - P(aP) (19.9)

Jenst obe yacTH 3TOro paBeHCTBa Ha P2 U MHTETpUPYs, TIONYYUM

P Y ’
F(T,P")dP
‘1’=—P{"W+P¢(T),

OTKyJa HaxOAUM

B F@,P)HdP ,
S=_( ) P{ PP

n ybexnaemcs, 94To npuHUMN Hepucra nossonser Jums HailTH ¢’ (0), uTo,
OYEBHJIHO, NOYTH HE YBEJIMUMBAET HAIHX cBeAeHHi O cucteme. [lostomy
dopmyina (19.9) nozsonser TOILKO CyAUTH O 3aBUcuMocTH P oT naBneHus.
B yactHOCTH, U depeHurpys o0e yacTH N0 P, HaX0aHM

B R, PP F(T,P
V=(@) __| @ ra.p
P P

+o(T), - (19.10)
0

H TOJIBKO CXXHUMACMOCTh

(ﬂ) __EBTP
oP/r J3

MOXeET ObITh HajizeHa OAHO3HAYHO Oe3 HeONpEeAEJICHHOrO CJIaragMoro
(7).

IMoguepkHeM B 3aKJIIOYEHHE, YTO METO] MCCIEAOBaHHUSA TEPMOAMHAMH-
4YECKHX CHCTEM C IIOMOILBI0O TEPMOAHHAMHYECKHX QYHKUMIL ABIsAETCS HaH-
fonee ynoOHBIM B HACTOSIIEE BpeMsA JJIA pelleHHs] KOHKPETHRIX TEPMO-
JAUHAMHYEeCKHUX 3ajgad. DTOT Meron Ol coszman Jixk. Y. I'mb6coMm. Heko-

TOPHIE NOMOJIHUTENBHAIE aCTIEKTHI 3TOr0 MeToja OyIyT HaMH PaCCMOTPEHHI
B § 24.
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IMpuBeneM npuMepsl pemeHHs TePMOINHAMUYECKHX 330a4 ¢ TIOMOIIKIO
METO/1a TEPMOIHHAMHUYECKUX (QYHKIIHIA.

Jagaunm

1. Halitu konH4ecTBO Tenia, BRIAENAOmEccs (MOINIOMECHHOE) B JHAJICKTPHKE TpH
H30TEPMHYECKOM BKITIOUEHHH MO C HanpsHkeHHOCTHIO E (e, § 16).

P ¢ w e 1 u e. BeibepeM B kauecTBe He3aBUCHMBIX nepeMennblx T u E(V = const). Tle-
pexons or BHYTpeHHeH anepruM U (cm. (16.3)) x norenimany I'mb6ca ® =U — TS —

— — , NOJIyYHM
4n

dd =—Sdr - D dE.
4

Hurterpupys ato BelpaxkeHue npH T = const M nonb3ysack cootHourenueM D = g(T)E,
HaxoIMM

(T, E) = D(T, 0) — L¢E2.
8t
Tak kak § = — (0P /9T ) g, nony4yaem
S(T,E)=S(T,0)+ sLe'(T)EZ,
JT

OTKY/1a MIMEEM

' 2
07 =T[S(T,E)- ST, 0)1=—V~T€—;?i.

JInst HENONAPHBIX OMINEKTPUKOB (€ = const) nmomydaeM Qr = 0, 1S MOJNAPHEBIX AHAJIEKT-
pukoB &T)=14+ A/T, e€(T)=~ A/T? n Qr =- VAE? | 8T. OTtpuuaTenbHBIH 3HAK

(7 yxaselBacT Ha TO, YTO TEIJIO BhIZeNAseTcsA. JIErko Zarh HAINIAOHYIO (PHIHYECKYIO
HHTepnpeTauuio 3toro addexra, HCXOAs M3 MOJNCKYNSAPHBHIX npeacraBiacHui. Ilpu
BKJIFOYCHUH NOJIA HaJl JH3JIEKTPHKOM coBepluaercs pabora. Bmecte ¢ TeM noTeHumansHas
SHEPrHs IUIONCH YMEHBLIAETCA, MOCKONBKY OHHM OPHEHTHPYIOTCS BIONL nois. IToatomy
KHHETHYECKas 3HEPTHs, a C HEil M TeMnepaTtypa JOJDKHB 6bumu OBl BO3pacTath. Tak Kak
npouecc uaer npH T = const, TO TEMIO TOMKHO OTAABATHCS NPH 3TOM TEPMOCTATY.

2. ITokazatk, 4TO /I paBHOBECHOTO H3JTy4YeHHs noTeHuHan ['n66ca paseH HYIO.

3. Yto MOKHO CcKazaTh 00 YpaBHCHHH COCTOSIHHS CHCTEMBEI, JUIL KOTOPOH MMOTCHIHAN
I'n66ca pasen nymo?

oTBeT.(E) =0, P= f(T).
v/,

4. CrepxeHb ¢ HavanbHOM JTHHOH lo pactaruBaercs cunoi f. Haiitm temumo, Belae-
nsieMoe (IIOrOEHHOE) cTepkHeM. JlaTh pellicHHE ¢ oMo ¢cBoGoaHO#H aneprun F(T, [)
U ¢ noMoueK noteHuuana F'n66ea O (7', f).

f
——i=allyf.
250) Tl

OTrBeT.Qr =aTlof(l+
§ 20. TepmoauHaMMKa NNasMb|

MEI paccMOTpHUM B 3TOM naparpade TepMOIHIIAMHMKY CHILHO HOHHU3M-
POBAHHOro rasa, B KOTOPOM INOJABJAIOMAs 10JI YacTHL objajaer 3/eKT-
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PHYECKUM 3apsifioM (RJIEKTPOHBI U HOHBI). MHKpOCKONHYecKas TEeopHS
IUIa3Mbl, OCHOBaHHAas Ha CTaTHCTHYEeCKO#l ¢usmke, OymeT paccMoTpeHa B
§§ 49, 66. Cnenyer NOAYEPKHYTh, YTO ILIA3MEHHOE COCTOSHHE BELIECTBA
BECbMa DPACIpOCTpaHEHO B OKpYyxkamwlieit Hac BceneHHOH — BewecTBo
3Be3J, HOHOC(EPHI [IAaHET MPEACTABIAIOT Coboii mna3My. B 3eMHbIX ycio-
BUAX MBI CTAJIKHBAEMCS C ITa3MOH IIPH M3YUECHHH ra3oBOro paspsja, Ina-
MEHH, B3pPBIBHBIX BOJIH, a TAKXE B CBS3H C IPOOJIEMaMH KOHCTPYHPOBaHHS
MarHUTOTHAPOJAHHAMHYECKUX T€HEPATOPOB U TEPMOSIEPHBIX peaKTOpOB.

B BHICOKOTEMIIEpaTYpHOH MNa3Me ¢ TemnepaTypamu mopsaka 10° K u
BHIIIE YACTHI(BI MJa3Mbl H3NMy4alOT MHOTO KBAHTOB, BCIIEJICTBHE 4Ero
CYNIECTBEHHYIO JOJIIO0 DHEPTHH IUIa3Mbl COCTABNACT HEPTUA H3ITyUEHHS.
Jns rpy6oii oreHkH (10 MOPSAKY BETHUYHHBI) TeMIIEPaTyphl, IPH KOTOPOi
KUHETHYeCKash DHEpPrusl YacTHI| CTAHOBHTCS CPaBHMMOH C JHEprued u3my-
YEeHHS, MOXKHO IIOJIOKHTb, UTO IIPH 3TOH TeMIIEpaType AaBJICHHE H3Ty4eHHA
(1/3) 6T# CcTaHOBUTCA CPaBHMMbIM C Ta30KMHETHYECKHM JaBJIEHHEM B
nnasMe P, otkyna nonyuaeM ouenky T ~(P/o)V4. Tlpu naBneHnn o-
psinka 107 —10_4 MM pT. CT. 3TO JaeT TeMIlepaTypy MopsikKa 10*—10° K.
Mb1 orpaHHuMMCs B 3TOM Naparpage pacCMOTpEeHHEM HH3KOTeMIIepaTyp-
HO# Mmna3Mbl, npeHeGperas ponbio HanyyeHus. Kak Oyjaer nokasaHo B § 66
JUISl pa3pexKeHHOH Nia3Mbl, B BbIPAXXCHHUH JUIA BHYTpEHHEH 3HEPrHH BO3-
HHMKaeT 0GaBKa K BHYTPEHHeEHl 3Heprud HAeaqbHOTO ra3a, CBA3aHHas C
KYJIOHOBCKMM B3aHMOJICHUCTBHEM YaCTHIl [1a3Mbl, UMeromas Bug AU =
=—AN3/2 [TV2yV2) 4 = const. OTpHIATENbHBIH 3HAK 3TOH A0GAaBKHU
0GBACHAETCS NpeobNafaHHeM CHI IPHTSKEHHS HaJl CHIIAMH OTTATKHBAHHA.
Jto mpeoGnajiaHHe CBA3AHO C TEM, YTO KAXABIH HOH B IUIa3Me OKpYXeH
,O0JaKOM® 3apAI0B IIPOTUBOIOJIONKHOTO 3HAKA,

IMonHas BHYTpPEHHSAS 3HEPTHA OAHOTO MOJIA paBHa

4

U=U,,,1+AU=CVT—;172—V1'/3‘.

(20.1)

MBI NONYYIIH BBIpRKEHHE U BHYTPEHHEH 3HEPTHH B UYXKHX [EepeMeH-
HbeiX T, V (BMecTo S, V). B coOTBETCTBHH C OOLUIMMH NPHUHIHIIAMH, H3JIO0-
EeHHBIMH B § 19, MBI JOIKHBI NEPEHTH K OMHCAHUIO TEPMOAMHAMHUECKUX
CBOMCTB IJ1a3MBl C IIOMOLUBIO CBOEH TepMOAMHAMHYeCKONH (GYHKIMH AJA
nepeMeHHbIX T, V, a uMeHHO cBoGoaHOM dHepruu F. Ucnonb3yem ansg aToi
uenu ypapHenne I'n66ca — I'enbMronbiia # BhITEKAOL(EE U3 HETO COOTHO-
mieHue

F=—TfTU—2 dT + (V)T (20.2)

(¢(V )— npousBonbHas ¢pyHKIHA 0O6beMa).
MblI cTankuBaeMcs, OIHAKO, ¢ 3aTPyAHEHHEM, OTMeueHHbIM B § 19. Bol-
pakenue (20.1), comepskauiee BHYTPEHHIOK YHEPTHIO HACANBHOTO rasa, He
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MOJET ObITh IKCTPATONHPoBaHo B o6nacts 7 —> 0, u ans onpenenenus ¢(V')
HeNb3sl BOCIONb30BaThCa MpHHIMIOM Hepucra. Uuterpuposanue B (20.2)
MIPUBOAHT K BHIPAXKECHHUIO

F(T,V)=—cVT1nT—;722"++<p(V)T (20.3)

HenpuroaHoMy npu T - 0. Oyukuus ¢(}) MoxeT, TeM He MeHee, ObITh oI~
peneneHa ¢ IOMOIIBIO NpefensHOro mnepexonaa ¥ ->o npu T = const, Tak
KaKk Jyf O4YeHb pa3peskeHHON mnasmbl BelpaxeHue —CyT InT + (V)T
JOJKHO COBIIACTb CO CBOGOAHOM dHeprueit uaeanbHOro rasa (monpaska Ha
KYJIOHOBCKOE B3aHMOJICHCTBHE B 3TOM IIpejene ucyesaeT). CnenoBaTenbHo,
u3 (20.3) nonyuaem

2 4

F= F’m 3rlizyv2

(20.4)

oTKyna o ¢popmynaM S =—(0F /dT )y u P=—(0F / 0V )r mony4am 3HT-
pOmHIo

= 14
H ypaBHEHHE COCTOAHHUA
4
P P“ll m (20.6)

paspexenHoil mnasmbl. Juddepentmpys dopmyny (20.5), HaxoauMm Tern-
noeMKocTh Cy I1a3Mbl

=T[5 Y
Cv=T (aT) = Con)v +3 737,77 (20.7)

®opmyna (20.6) noka3bIBaeT, YTO JaBJIEHHE B IJIa3Me MEHbIIIE, YEM B HJle-
albHOM Tase, YT0 OOBIACHAETCA TaK >K€, KaK H OTPUIATENbHbIH 3HaK II0-
npaBkd AU, npeobnagaHueM B IUIa3Me CHJI NPHTSKEHUS MEXIY HOHAMH.
®opmyna (20.7) yka3bIBaeT Ha TO, YTO TEINIOEMKOCTD IIa3Mbl Golblile, YEM
y HIEadbHOro ra3a. OTo ABNAETCS CIEACTBHEM TOrO, YTO TEIUIO, IIOABOJIH-
Moe€ K Ij1a3Me mpu ¥ = const, TpaTHTCS HE TOJNIbKO HAa YBEIHYCHHE KHHETH-
4eCKOi HEPruH YACTHIL, HO U HAa YBENHYEHHE IOTCHIHABHOH SHEPrHU CUI
B3aHMOJACHUCTBUA MEX Ty YACTHIIAMH IJIa3MBbl,

PasHocTs Cp — Cy ANA mIa3sMbl MOXeET ObITh HaiifieHa mo dopmyle

(11.23)
ar? 4 2
T(}E)V (H 6RT3’2V”2)
R

aP 1__.A—
_aVT . S RT Y2y 112
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HJTH C TOYHOCTBIO 710 MaJIbIX BEJHYMH nopsijka A/(RT321112)

_R{1+5—4
CP—CV—R(I+6RT3/2V1/2). (20.8)

Haiinem, HakoHell, H3MEHEHHe TEeMIepaTyphl mpH aauabaTHUYECKOM Impo-
iecce B mnasMe. CornacHo gopmyne (11.12)

(aT) T (ap) P 1+A/(6RT3/2V1/2)
Wi 14 Cunlv I+A/[2(CM)VT3/2V1/2]'

Cy \oT

B yactHocTH, 11 01HOATOMHOTO Ta3a (Cyuy )y = (3/2)R, ¥ € TOYHOCTHIO 10
MaJIbIX BEJIMYHH NIEPBOTO MOPAJIKA IOTYIHM

aT) __3P({;_1 Y
(aV)S_ 2R(1 6RT3/2V”2)' (20.9)

Jagaua.

Haiitn konnyecTRO TeIa, HeOGXOMHMMOE JUIl HarpeBaHHA OXHOTO MOJIA IUIA3Mbl NPH
P = const ot Temiepatypsl T 10 T3 (C TOYHOCTBIO KO Manblx nopsanka A /[RT 32172 s
M paboTy, COBREpIICHHYIO IJ1a3MOH.

V2
OteerT. QP =-5-R 1+—8—-——Af——
2 15 RS/ZTsz

}(Tz -T1),

12
Ap =R[1+ 142" V) —1py.
3RYITT,

§ 21. NMonvBapUaHTHbIE CUCTEMbI.
MarHMTOCTPUKUMA U NEE3OMarHUTHbIM adpdpexr

IMonBeneM HekOTOpble MTOTH H3NOXKEHHOMY B MpEeAbLAYNUX [apa-
rpadax, B KOTOPbIX MbI PACCMAaTPUBAIH TEPMOJHHAMHKY pa3IHYHBIX MOHO-
BapHAHTHBIX, MMEIOIMX OJIHY MEXaHHYECKYIO CTEIleHb CBOOO/IbI, CHCTEM. B
obmeM crmydae NpPOH3BONBHOH MOHOBApHAHTHOH CHCTEMBI OCHOBHOE
TEPMOTHHAMHUYECKOE TOX/IECTBO 3allHCHIBAETCS B BHJIE

dU=TdS— X dx (21.1)
HJTH C IIOMOLUBIO sKOOHaHa B BHJIE
(T, S)
=1, (21.2)
(X, x) :
rje BeauuyuHa X HasbiBaeTcs 06oOmeHHo# cuioi, a x — 0000menHoi
KOOpAMHATOH (B cnydae cTepHs X =— f, x =1[, B ciyyae MarHeTuka

X=—-H,x=Mur. 1)
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3aMeTuM, 4TO II1 MOHOBAPHAHTHBIX CHCTEM BTOPOE HAYalo TEPMOJIH-
HaMHKH, yTBepxaaoLiee, 4To Beipaxkenue 6Q / T ectb monublit quddepeH-
IIHaJT, CTPOTO T'OBOPS, HE ABNAETCA B IIOTHOM OObeMeE MOCTYNaTOM, a €CThb
YaCTHYHO CJIEJCTBHE M3BECTHOH MaTeMaTHYECKOH T€OPEMBI O TOM, YTO JIH-
HeiiHoe aubdepeHIHanbHOe BhIpaXeHHE JUIS JBYyX IepeMeHHbx dU +
+ X dx Bceraa umeer MHTErpupyooumii aenurens. [ToctynaT, KoTopslit Ml
BBOAUM B TEPMOJIMHAMHUKE, 3aK/IOYAETCA B TOM, YTO ITOT HHTEr pUPYIOIIHi
JIeJTUTENb MbI OTOX/IECTBIAEM C TEMIIEPATYPOi.

MbI MOXEM A TPOU3BONBHOH MOHOBAPHAHTHOH CHCTEMBI 3alIMCaTh
TaKKe TabMHIly TEPMOAHHAMUYECKHX KO PHIHEHTOB

(ﬁ
ox

), &),

G, (0,

), (G,

(), (),

(%),
(),

(3,

(

:
S/ y

(21.3)

¥ BbIpa3uTh 9 k03 dunueHToB yepe3 3 ko3dpuuHeHTa — Haubonee Jerko
U3MepHMBbIe HIIH JIETKO HaXOAUMbIE B CTATHCTHYECKOH (H3HKe, BHIOPAHHbIE
B KayecTBe He3aBHCUMbIX. Ompeaenenue cBo6oAHo# 3Hepruu F =U — TS
OCTaeTCs B CHJIE U I IPOM3BOJIHBIX MOHOBApHAHTHBIX CHCTEM, a Olpejie-
JIEHHS SHTAIbONH W MoTeHuHana I'ub0ca 0600IMAIOTCS OYEBHAHBIM 00-
pazoM:

W=U+Xx, &=U—-TS + Xx.

IlepeiineM Tenepb K PacCMOTPEHHIO CHCTEM, HUMEIOWMUX HECKOJIbKO
MeXaHHUYECKHX, HETEIUIOBbIX CTeleHei CBOOOAbI, — Tak Ha3bIBAEMbIX noO-
AugapuaHmHuuix cucmem. BolpaxeHue I8 3neMeHTapHOH paboTel UMeeT
JUIs TAKMX CHCTEM BHJ

04 = i Xidx;,

i=1

(21.4)

rae X; — o6Go0uieHHas cuia, conps:keHHas ¢ i-H 06o0LeHHoH koopauHa-
TOH X;, M N — YHCIIO MEXAaHUYECKUX cTeneHel cBoOoabl. [IpHuiun sHep-
MM NIO-TIpEXHEMY BBIPAXKAETCA YPaBHEHUEM

dU =60 -64=56Q~ Y, Xdx;.

i=1

(21.5)

Mpb1 MOrIH Obl, IOJXOOHO TOMY KakK 5TO ObLIO CIENaHO AJiS MOHOBapH-
AHTHBIX CHCTEM, CHOPMYITHPOBATh NPHHIMII TEMIIEPATYPHI U IIPUHIMIT JHT-
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POINHMH U JiIsl IOTMBAPHAHTHBIX cucTeM. [Ipu 3TOM ycloBHas TeMIeparypa T
U YCNOBHAsg JHTPONHUS O OKA3aIHCh Obl (QYHKIUAMH BceX 00OOIIEHHBIX
KOOPAMHAT X; H 06001eHHbIX cii X;. OqHako CHMMeTpHs Mexay PV-onu-
CaHHEM H TO-OIIMCAHMEM COCTOSHHUH Mcue3aeT AN MOJHBAPHAHTHBIX
CHCTEM, TaK KaK BMECTO napsl P, V' uMeercs n ap MexaHHYeCKHX I1apaMeT-
poB X;, X;, B TO BpeMs Kak TEIUIOBast CTeneHb CBOGObI OCTAETCH €IUHCT-
BEHHOH M B Cllyyae IONMBAapHAHTHOH CHCTeMbl (OJHA Mapa CONPSHKEHHBIX
TEIJIOBbIX BeNHYHH T,0). [Io3ToOMy B cnyvae NMOMMBapHaHTHOH CHCTEMbI
11e71€C000pa3HO HEMOCPEACTBEHHO NIEPEHECTH B TEOPUIO B KaU€CTBE MOCTY-
nata cootHomenue 0Q =T dS. Crnenyer ocoOGeHHO 0OGpaTHTh BHHMaHUE Ha
TO, YTO JUIS TIONTMBAPUAHTHBIX CHCTEM YTBEPKIEHHE O TOM, UTO BbIpasKeHHE
n

dU + 2 X idx; UMeeT UHTErpUPYIOIUMH AENUTENDb, YXE HE €CThb TPUBH-
i=1

aJlbHOE CIIEACTBHE MaTEMaTHYECKHX TeOpeM, a IIPECTaBnseT co00i HCTHH-

HBIHl NOCTYNAT, COTIACHO KOTOPOMY i oOpaTHMBIX IPOIIECCOB BbIpa-

JKEHHE

n
dU+ 2 Xidx;
oQ i=1
- 21.6
T T (21.6)
€CTb NONHBIH AH(depeHIma.
OCHOBHOE TEpMOJHHAMHYECKOE TOXKAESCTBO 3alIUINETCSA B BHJE
n
dU =T dS - Y, Xidx;. 21.7)

i=1

VYcnoBHeM TOro, YTO MpaBas 4yacTbh 3TOTO PaBEHCTBA €CTh MONHBIH Audde-
peunyan pyuxpu U(S,x1,x2,...,%, ), SBIAETCA CIIPaBEATHBOCTh COOTHO-
LIEHHH

T, S) -
) (i=12,..,n). (21.8)
MXjaxj) _ o
3(X[,x,‘) =—1 (1¢J_13 2a ---an)- (219)

Takum oOpazoM, BMecto oaoro paBexctBa o(7T,S5)/d(X,x)=1B cnyuae
MOHOBAapHAaHTHOH CHCTEMBI OCHOBHOE TEPMOJHHAMHUYECKOE TOKAESCTBO Ja-
nn—=1 nm+1)

2 2

€T HaM B Clyyae n-BapHaHTHOH CHCTEMBI 1 +

(21.8) u (21.9).

PaBEHCTB
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JIns monuBapHaHTHBIX CHCTEM olpejeneHne cBoOoaHOH aHeprun F =
=U — TS ocTaercs NpeXHHM. JHTAIBIHIO W U TEPMOAHHAMHYECKHH I0-
teHuman ¢ onpenenum gopmynamu

W=U+2Xix,', ¢=U—TS+iXixi=F+iXixi.

i=1 i=1 i=1

3aMeTHM, 4TO MBI MOXeM MpoAenaTh npeobpasoBanue Jlexanapa Hag U
unu F He 1o BceM 0000IEeHHBIM KOOPAMHATAM, a TOJILKO [10 4aCTH UX, JI0-
m

6aBuB K U unu F cnaraemoe 2 Xixi(m<n)
i=1

Toraa Msl HONYyYyHM psi HOBBIX TEPMOJHHAMUYECKHUX (QYHKIHMH, AN
KOTOPBIX €CTECTBEHHbIMH IEpEMEeHHBbIMH OyayT 4acTHYHO 000O0LIEeHHbIE
cunel X (i=1, ...,m) 1 yacTHuHO 0000NMIEHHbIE KOOPAHHATHI X; (i=m+ |,
m+2,...,n). OTH QYHKIMH HE UMEIOT CIIEIMANbHBIX Ha3BaHHi, HO MOJb30-
BaHHE UMM HHOTAA MOXeET ObITb YOGHBIM.

PaccMoTpuM B KavecTBe NPOCTOTO MpuMepa OMBapHAHTHYIO CHCTe-
My — CTEpeHb B MATHUTHOM Iojie. BrlpaskeHue ans paboTsl MMeeT BH]

dA=—f dl~ H dM, (21.10)

T. €. Mbl HMEEM
Xy=—f, xi=l, Xo2=—H, x2=M.
PasencTBa
iT,S) ~1 aT,S)

=, ———= (21.11)
HX1,x1) HX2,x2)

BHOBb JafyT HaM paHee IONY4YEHIbIE Pe3yabTaThl — BBIPAKEHHS JUIS U3-
MEHEHHSs TeMIepaTypbl UK NpH axiabaTHUYECKOM PACTSXKEHHH CTEPXKHS C
JOIONHHUTENbHBIM YCIIOBHEM IOCTOSHCTBA HAMAarHWYEHMs, MM IIPU pa3-
MarHUYMBaHHH CTEPXKHA C MOCTOSHHOM mnuHOHN. [N pacCMOTpeHus HHTe-
pecyromux Hac Gusnyeckux 3¢ dekToB y106HO NepeiiTH OT nepeMeHHbIX /,
M x nepemennbiM fu H. J{ns 5TOH LeNH BBEJEM SHTANbOUIO W *:

W*=U*—=fI-HM, dW*=TdS—-1df —MdH. (21.12)

VYcnoBreM TOro, YTo IpaBas 4aCTh €CTh NOJHBIH A depeHIHan npy S =
= const, ABNAETCA PABEHCTBO

"—1) =(w_) 21.13
(aH S.f of S,H' ( )



naea |. OBLLIME 3BAKOHBI TEPMOAWHAMWUKHU 107

IMpousBoaHas, croswas B neBoit yactu (21.13), xapakrepusyer spie-
HHe aauabaTHyeckoll MarHMTOCTPHKIMHU: AeopManuio CTepkHs (YIIH-
HEHHE MM COKpall€HHEe ero) IpH M3MEHEeHMH MaruuTHoro nons. [Ipous-
BOJHAsA, CTOALIAs B npaBoif yactu (21.13), cBa3ana ¢ aguabaTHYECKHM IIbe-
30MarHUTHHIM 3¢ dexkToM — 3ddexkToOM HaMarHuuMBaHHUA (pa3Mar-
HUYUBAHHA) CTEPKHA NpH JeHCTBUH pacTATHBAIOIEH (CKUMAIOLIEH) CHITBI.
AHanornyHo, BBOAS NoTteHmman [u66ca ®* =U* —TS — f |— HM, u3
BbIpa)KEHHSA

dd*=—-SdT—1df — M dH (21.14)

MTONyYHM
("—1) = (ﬂ) (21.15)
oH T,f af T.H

— CBSA3b MEXJy H30TEPMHYECKOH MArHUTOCTPHKIMEH H H30TEPMHUYECKHM
nbe3oMarHuTHBIM 3¢ dexToM. CooTHommenus (21.13) u (21.15) 6e3 Bcsakoro
aHanu3a BHYTPEHHEro (MOJEKYIAPHOro) MeXaHH3Ma SBJIEHHH yKa3bIBalOT
Ha TNyOOKyI0 (H3HYECKYI0 CBA3b 3THX 3((ekToB. MarHUTOCTPUKIHSA U
NbE30MarHUTHHIH 3(¢eKT MOTYT CymeCTBOBAaTh TONBKO OJHOBPEMEHHO,
T. €. ECITH JUIsl HEKOTOporo cTepxHs (0M /df )s . n =0, Ton (3! /dH)s 5 =
= (0 (aHanoruyHo u npu T = const).

Hanee, cootHomenus (21.13) u (21.15) yka3piBaloT Ha CBA3b MEXAY
HaIpaBleHUAMH 000oux 3¢ ¢exToB. Ecnu npu yBenuyeHHH pacTATHBAOIEH
CHJIbl HAMarHHYeHHE CTepXHA Bo3pactaeT (0M /df )s u >0, To cTepeHb
YATHHAETCA NPU YBENHUEHHH HANpsHKEHHOCTH nions, (d//0H)s r >0, u
Hao6opoT. B npHpoe cylecTBYIOT BelecTBa H TOro, ¥ APyroro THIA.

JBa qpyrux ycnoBus, BeITeKaromux 13 (21.12),

4, -
oH S, f i H,f

5,
af S.H 0S/y, f

OIIMCBHIBAIOT YK€ U3BECTHBbIE HaM d(QQeKTh: OXNaxJeHHEe NpH aaHabaTH-
4eCKOM pa3MarHU4MBaHu (§ 15) 1 M3MEHEHHE TEMIIEpATyphl CTEPXKHS IIPH
angrabaTuueckoM pacTskeHum (§ 14).

JBa Ipyrux ycnoBus, BhITEKAOWHX U3 (21.14),

6Q) (as) (31)
—=| =7\ =71(%] =ler,
(df T,H of T,H T/ H o
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6 r
(—Q) =T (ﬂ) =T (M) = HT% »
oH )7 oH T g T f 1

CBA3BIBAIOT TEIUIOBOH a¢dexkT npu nedopMaiMd ¥ HAMarHUYHUBAHUH C
K02 QUIHEHTOM JIHHEHHOTO PaCIIMPEHHS H IIPOU3BOAHON OT MarHHTHOM
BOCIIPHHMYHBOCTH COOTBETCTBEHHO.
Elue oayH HHTEpecHbI# npuMep GHBapHAHTHOH CHCTEMBI €T HaM Be-
IECTBO, HaXO/iAlIeecs OAHOBPEMEHHO B 3JIEKTPHYECKOM M MarHUTHOM I10-
* A * *
nax. Onpenenum sutansnuo W popmynoit W' =U " — HM — pE. Hmeem

dW* =TdS — M dH — p dE. (21.16)

AHanoruyHo s nortenuuana I'u66ca ®* =U* — TS — HM — pE Ha-
XOJHM
dd*=-8SdT— M dH — pdE. (21.17)

H3 (21.16) u (21.17) nOMUMO y3ke U3BECTHBIX COOTHOIMIEHHH CIeyIOT, KaK
yCNoBHUA NONHOTO guddepernuana, GopMysi

9, 9,
(w) _ (,ﬂ) , (M) _ (_P) _ 01.18)
oE H.,S oH E.S oE H,T oH ET

®opmynsl (21.18) MoryT oka3aTbCcs TPUBHAIBHBIMU TOXAESCTBAMH BHAA
0 = 0. Ecnu aT0, on1HaKo, He Tak, TO 3TH GOPMyJBI IpeiCKa3bIBAlOT OIpe-
JENCHHYIO CBA3b MEXAY IBYMS HOBBIMH II€pEeKpeCTHbIMH 3¢ dekTaMu: Ha-
MarHu4eHHe BELIECTBA B 3JIEKTPUUECKOM IIOJI€ U MONSAPH3alis BELIECTBA B
MarH{UTHOM IIOJIE.

ITtH (aKTBl MOTYT, OYEBHIHO, CYLIECTBOBATh B MONSPHBIX JHANEKTPH-
Kax (mapaMarHeTHKax), €CIIH B MOJIEKYJIaX CYyLUECTBYET KOPPENAIHA MEXIY
HaIpaBJIEHUSIMH AHIIONBHOTO H MAarHHTHOIO MOMEHTOB, a TaKkKe B KpHC-
TaJU1aX HEeNMONAPHBIX JUINEKTPHKOB (JIHAMarHETHKOB), ECITH KOPpPENHPOBa-
HbI HallpaBlieHHs Haubonee JerkoH MoNSpH3alHH U HauboJee JIErkoro Ha-
MarHuueHus. Takue 3¢ ¢dexThl B KpHCTa/Iax ObUIM ASHCTBUTENBHO OOHa-
PY>KEHBI U HCCIIEIOBAHBI TEOPETHUECKH H IKCIIEPHMEHTANBHO (CM. [4]).

3anmaua.
HaliTi cBA3BL MEXKIY MEKTPOCTPHKLHEH H NbE30IMEKTPHUECKHM b PekToM.

OTBeET. (-‘1) = (a—p] (-‘1) = (a_p) .
oEls,; \of)g g \oElr ; \oflp g



nasa ll. CUCTEMbI C NEPEMEHHEIM KONMUMYECTBOM BEUECTBA 109

naea Il. CUCTEMbI C NEPEMEHHbIM
KONMMUECTBOM BELLLECTBA.
$A30BbIE NEPEXOAbI

§ 22. Cucrembi C NEPEMEHHbIM KONMUYECTBOM BELLECTBA.
XumMHUyecKuit NoTeHuMan

Jo cux mop MBI paccMaTPHBAIIN CHCTEMBI C IIOCTOSHHBIM KOJIMYECTBOM
BelecTBa. IlepeiineM Tenmepb K PpaCCMOTPEHHIO TAKMX TepPMOIHHAMHYECKUX
CHCTeM, B KOTOPBIX KOJHMYECTBO BENIECTBAa MOKeT H3MeHAThes. [Ipumepamu
MOJOOHBIX CHCTEM MOTYT CIYXXHTh Tella, B KOTOPHIX NMPOHUCXOIAT T€ HIH
HHBbIe XMMHYECKHE TIpeBpallieHus (Tora KOMHYecTBO JAHHOTO XUMHYECKO-
IO COeTUHEHHUS SBNAETCA NEepeMeHHbIM), HIIH CHCTEMBI, B KOTOPHIX MPOHC-
X0aAt ¢a3oBbie MpeBpalleHus (IU1aBleHHe, KPUCTAUIM3AIHUs, HCTIapeHue,
nepexoj M3 OMHOH KpHcTaTHueckod MoaudHkanuy B APyTyiO U T. A.), —
B 3TOM clly4ae NepeMeHHBIM ABIAETCA KOIHYECTBO BELecTBa B ONpeeieH-
Ho#t dase.

BHyTpeHHss 2Heprus Takoi CHCTeMBI ¢ NepeMeHHOH MacCcoi, OueBU -
HO, 3aBHCHT He TOJIbKO OT CBOHX €CTECTBEHHBIX NepeMEHHEBIX S U V, HO H OT
KOJIHYeCTBa BelecTBA, KOTOPOe MBI Oy/eM XapaKTepHu30BaTh UHUCIOM MO-
neit N. CnegoBaTensHo,

dU=TdS—PdV +udN, (22.1)

TJe BeIMYHHA (4 UMeeT Pa3MepHOCTh 3HEPTHM B pacueTe Ha MOJIb U Ha3bl-
BAETCA XUMUYCCKUM ROMEHWUANOM BeuecTBa. XHMHYECKHH MOTeHIHa,
OYEBUIHO, onpenensercs popmyoit

= (g—fv’)s L (22.2)

Pa3znenuM BCe TepMOJMHAMHYECKHE BETHYHHBI HAa IKCHMEHCUBHbIE
(anmuTHBHBIE) H unmencusHvie. K mepBoMy KilacCy BeNMYHH OTHECEM Te,
KOTOpBIE C POCTOM KOJNHYECTBA BEHIECTBA B CHCTEMe NPH HEH3MEHHBIX
MPOYUX YCIOBHUAX BO3pacTalT npomopuuoHansHo N. K umeny takux
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BEJIHYHH, O4YEBHIHO, OTHOCATCA 00bEM BELIECTBA V, BHYTPEHHSs 3HEPTHA
U, nns kOTOpBIX HMeEM _ _
V=NV, U=NU, (22.3)

rde ¥ u U — o06beM u BHYTPEHHSA SHEPrHs OJHOro Monsd. B mporHBo-
MOJIOXHOCTh 3TOMY TaKHe BeJIHYMHBI, Kak TeMnepaTypa T U JaBiieHue P, He
MEHSIOTCS TP YBENHYEHHH Pa3MepOB CHCTEMBI H OTHOCATCS K Kjaccy
MHTEHCHUBHBIX BeJTH4YHH. B cuny dopmynsl dS = 6Q / T 3HTponHs ABNSETCA
TaKXe aAJAUTHBHOH BEIMYUHON — IHTPOMNHSA PaBHOBECHOH CHCTEMBI PaBHA
CYMMe 3HTpOMIHI ee yacTeil, ¥ MBI MOXEM BBECTH MOJIAPHYIO JHTPOMHIO S,
CBSA3aHHYIO € TIOJIHO SHTpoOMNHel COOTHOILEHHEM

§=NS. (22.4)

HakoHen, B cuny popmyn

F=U-TS, W=U+PV, &=U-TS + PV
BCE TePMOAMHAMHYECKHE TOTEHIHaNbl SBJIAIOTCA BEJMYHHAMH 3KCTEH-
CHUBHBIMH, H MbI MO>XeM BBECTH MOJIsipHbIe BenuuuHbl F, W ®. QueBHIHO,

BCE MOJNSpHBIE BEMHUHHBI — MONAPHBIA 00beM V', MongpHas HTponus S,
MOJIspHBIe BHYTPEHHsss ¥ CBOOOJHAsA 3HEPTHH U, F, MONsipHas JHTAIIBIIHA
W 4 T. 1. ABNAIOTCS HHTEHCHBHBIMH BETHYHHAMH.

3aMeTHM, YTO MOJISPHBIE TEPMOAHHAMHYecKHe QYHKIUH 3aBHCAT OT T,
P u ot MonApHBIX apryMeHToB V =V /N, S = S/N, T. e. MbI IMeeM

~(S vV = V
U(S,V,N)=NU(-—,——), F(T,V,N)=NF(T,——),
N'N N (22.5)

W(S,P,N)= NW (-]%,P) , ®(T,P,N)= N&(T,P).
BepHeMCﬂ TeNnepb K XUMHUYECKOMY MNOTEHHAITY H 3aMETHM, YTO B CUITY

onpeaenenuii pyukuuit F, W, P cnaraemoe u dN BoiineT B nuddepenim-
anbl BCeX TePMOJHHAMHYECKUX (YHKIMA

dU=TdS—PdV+udN, dF=—S dT—PdV + udN,
dW=TdS+V dP+udN, db=—SdT+V dP+ udN,

o), 48,3, ),
N/s,v \oN/ry \oN/gp \oN/rp

U3 cooTHommeHuH# (22.7) MbI BUTHUM, YTO XHMHUECKHIT MOTEHIHAT Haubollee
NPOCTO CBA3aH ¢ TEPMOJMHAMHYECKHM MOTEHIHAIOM, apTyMEHTAMH KOTO-
poro kpome N ABNAIOTCA TONBKO HHTEHCHBHBIE BETUUMHBI T ¥ P, HMEHHO,

(22.6)

OTKyna



nasa |l. CUCTEMbI C NEPEMEHHbLIM KOMNMUYECTBOM BELLIECTBA 111

(%)T’P = u(T,P)=&(1,P)=2, 22.8)

T. €. XHUMHUECKHIl MOTEHIMAN €CTh TEPMOJHHAMUYECKUI MOTEHIHAal, OTHE-
CEHHBIN K OJHOMY MOJIIO BeliecTBa. BeneacTsue atoro uMeeM s audode-
peHIHANa U BBIpaXKECHHE

du=—SdT +V dP. (22.9)

3aMeTuM, 4TO CHCTEMa C MEPEMEHHBIM KOJTHYECTBOM BelECTBa MPEl-
craBnAeT co00ii 0coObIi ciiyuali GUBApHAHTHOM CHCTEMBI, HMEIOLIIEH TOMH-
MO MEXaHHYECKOH KOOPAHHATHI V elle 0fiHy CBOEOOpa3Hyr0 KOOpAUHATY —
quCII0 MOJeH N, A KOTOopo#i conpskeHHOH 00001LeHHOM chIloii aBngeTcs
XUMHUYECKUH MOTEHIIHAN U.

PaccMoTpuM BhIpaxenne it AuddepeHnnana BHyTpEHHEH 311€pruu

dU=TdS — PdV + udN. (22.10)

VcI0BHS TOrO, YTO TpaBas 4acTk NpeAcTaBaseT coboii nonubii guddepen-
IdaJl, MOTYT OBITH 3aITMCAHBI B BH/E

(ﬂ) __ (@) (ﬂ) _ (6_#) (i) __ (6_#)
Vs N aS/y N  \oN/g y \aS N’V’ aN/s.y Vs N
TNepexons k akobuaHam, HMeeM

oT,8) _AP.V)
av,s) aw.,S)

mpu N = const,

AT,S) _ AW, p)
aN,S) aN,S)

mpu V = const, (22.11)

aP.V) o, N)
AN,V)  aN,V)

npu S = const,

HIJIN
a(T’S)—l N= t
) npH N = const,
oa.s) _ 1 V = const 22.12
RS npu ¥ = const, (22.12)
apP,v)

N 1 mpu §S=const.
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Ipn aHanoruuHoOM paccMoOTpeHHH TUddepeHIHanoB cBOGOHOM dHEp-
THH, SHTAIBIHH U TEPMOJHHAMHYECKOr0 MOTEHIHANA MOJYYHM AOMOJIHH-
TensHO K (22.10) — (22.12)

AP, V)
200 N) =1  npu T = const, (22.13)
TS _ npu P = const. (22.14)
du, N)

B kadecTBe WILTIOCTPHUPYIOILEr0 NMpHMEpa BBHIPa3HMM MPOH3BOAHYIO
(0N /du)r vy uepes JeTko U3MEPUMEIE BENHUYHHEL. C MOMOIIBIO (GOPMYIBI
(22.13) monyuyaem

(M) _l:a(N’V) _l:a(N,V) N, P) a(P,V)] _
ou T,,,— u, V) T_ N, P) P, V) o, V) T_
-(%) (ili) [M] () (a_g) (@)

P In.r\w]y p LGN Iy /N, T\, \m N,T'

XUMHYECKUH MOTEHIMAN, KaK HHTCHCHBHAA BENWYHHA, HE 3aBHCHUT HH
OT YHCIa MoJeH, HH OT 06beMa, U B cHITy popMyIsl (22.9) numeem

aP aP 1 _N '
— =]= ===, 22.15
(a”)y,r (a'u)N,T vy —

N =_(i'i) N2
Wiy  \PInT VI
Jagaya.
JHoxazats popmyny u(T, P) = O, P)=D(T, P)/ N, ncxons u3 onpeneneHuit
), -],
NIsy \aN/ry \oNJg p

§ 23. PocT 3HTpOnuH B npoueccax BbipaBHUBaHUA.
Napapokc M66ca

Orcrona

Jlo cux mop MBI 3aHHMAJMCh M3YHEHHEM PaBHOBECHBIX TEPMOIHHAMH-
YECKHX CHCTEM M paBHOBECHBIX mponeccoB. OnHako TEpMOAMHAMHKa
MO3BOJIAET CAENATh BaXXHbIE BHIBOJBI H O HATIPABJICHUH MPOTEKAHUS HEPaB-
HOBECHBIX MPOIECCOB, A8 KOTOPHIX M HAa4YaJILHOE W NMPOMEXYTOUYHBIE CO-
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CTOSAHHA HE ABIAIOTCA PAaBHOBECHHIMH. B 4acTHOCTH, K TaKHM Mpoleccam
OTHOCATCS BCE Npoyeccsl 8bIpasHUEAHUS, T. €. TIPOLIECCH, B XOA€ KOTOPBIX
3aMKHYTas CHCTEeMa, COCTOAILAA U3 IBYX WM HECKOJBKHX YacTeil, Haxoas-
IIHXCA B PABHOBECHOM COCTOSIHHH, HO MEXIY KOTOPHIMH PaBHOBECHE OT-
CYTCTBYET, MEPEXOAUT B MONHOCTBIO PABHOBECHOE COcTOsAHUE. PaccMoTpuM
HECKOJILKO MPUMEPOB MOAOCHEIX MPOIIECCOB U MOKAXEM, UTO €CJIH MPOIIECC
BBIpAaBHUBAHUA MPOMCXOJHUT B TEIUIOW3OIHPOBaHHON cucteMe, 0Q =0, TO
SHTPOIIHA 3TOH CHUCTEMBI HE OCTAETCA MOCTOAHHOM, Kak ObUIO OBbI B Cllyuae
PaBHOBECHOrO aHabaTHYECKOro MPOILEcCca, a BO3pacTaer.

BripaBHuBanue Temmneparyp. [IBa Tena.c temneparypamud 11 U T
(Th > T,) npuBOAATCA B TEIUIOBOH KOHTAKT, B LIEJIOM CHCTEMa 3THX ABYX
TeN Temnou3onupoBaHa. [IycTe 3a HEKOTOpPOE BpeMs IEPBOE TEIO OTAAET
temwio 0Q (60 =— 0Q), a BTopoe Teno noiy4aer temwio 00 (60> = 0Q).
Ecnu 611 mponiecc Temionepeaaur 6su1 00paTHMBIM (TIPOUCXOAUI MpH bec-
KOHEYHO MAJIOM MEPENaje TEMIEPATYpP), TO SHTPOMHUA TEJl H3MEHHIACH OB
Ha dS1=—0Q /T u dS,=0Q /T, coorBercTBeHHO. Tak Kak, OJHAKO,
SHTPOIMHUSA KaXJOT0 U3 TEJ ABNAETCA (QYHKIIHEH €ro COCTOAHHSA, TO €€ H3Me-
HEHHE HE MOXET 3aBHUCETh OT TOr0, KAKUM 06pa3oM Temio 6 OTBEACHO OT
Tesa — 0OpaTHMO WIIH HeOOpaTUMO, a 3aBUCHT JIMILB OT 3TOT0 KOJHYECTBA
Teria. [Jo3ToMy U And peanbHOro HeoOpaTHMOIO MPOLECCa BHIPAXKEHHA
dS)=—0Q /T, dSy; =0Q /T, ocraroTci BEpPHBIMH, a AJI1 U3MEHEHUSA
CYMMapIIOi HTPOITHH HAXOIHM

dS = dS) + dS» =6Q( i)>0.

1 _
) Tl
BripaBHMBaHue NaBjieHUA. B TEMIOH30JMPOBAHHOM LUIHHAPE HME-
eTcA 3aKpeIUICHHBIH MOpILIEeHb, Pa3AeNsOMUi IBe MOPIHH ra3a ¢ OAUHAKO-
BOH TeMmepaTypoH, HO pa3HBIMH JaBieHuaMH Py u P, (P > P;). [opuiens
0CBOOOXIaeTCs, 1 HAUMHAETCA MPOIECC BHIPaBHHBaHMA AaBleHuUsA. Peans-
HBIF HEOOpaTHMEIN MPOIECC ABNAETCA H30IHEPTETHUECKHM, TAK KAK CHC-
TeMa He coBepiIaeT paGoThl HaJl BHEUIHUMH TEJAMH H HE TIONyYaeT TEIUIo
u3BHe. Jing Toro 4toOBl MMETH BO3MOXKHOCTEH IMOJIE30BaThCA (HOpMyIoii
dS = 0Q / T, 3aMeHHM 3TOT pealbHBIN Mpouecc BOOGpaaeMpIM H303Hepre-
THYECKHM PaBHOBECHBIM IMpoLeccoM. [IpeacTaBUM AJig 3TOro, 4TO Ha mop-
IICHb CTpaBa JCHCTBYET BHEIUHAA CHJIa, Ha OECKOHEYHO MATYIO JOJIO
MeHblIasg, yeM P — P, (Ha eguHHNy Iuomald mopiuHsa). Toraa cuna
JIaBJIcHUA Ha MMOPILEHb OYAET MOYTH YpaBHOBEIICHA BHELIHEH CHJION U Mpo-
IIeCC pacIIUpeHHs ra3a Oyaer oOpaTHMBIM. Tak Kak HaYalbHOE H KOHEUHOE
COCTOSHUA OJWHAKOBBI i peanbHOro HeoGpPaTHMOro H BooOpakaeMoro
obpaTiMoro mpoueccoB (OHH JIEXAaT Ha OJHOW H TOH e H303HepreTHYec-
KO JIMHHH), TO U3MEHEHHSA IHTPOIHH OAWHAKOBBHI [UIA 3THX IBYX MpOLEC-
coB. B xone BooGpaskaeMoro mporuecca npu pacCUIHpeHHH ra3a B JICBOM OT-
cexke Ha dV cucteMa COBEpIIAeT MPOTHB BHEIUIHEH cunbl paboty (P —
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— P»)dV. Tak xax mpouecc H303HEPreTHYSCKHH, OH COMPOBOXKAAETCA MOA-

BogoM termia 0Q = 04 = (P, — P;)dV u, cneaoBatesHO, MPUPOCTOM 3HT-

POIHH Ha

_e_h-h
T

ds dv >0.

TakuM 06pa3oM, B paCCMOTPEHHBIX MPOLIECCAX BHIPABHUBAHUE TEMITE-
PaTypHI ¥ aBJICHHSA CONPOBOKAACTCA BO3PACTAHHEM SHTPOIHH.

MoauepkHeM mpH 3TOM (YHAAMEHTAIBHOM BaXXHOCTH (aKT: MOCKONBKY
B 3THX JIByX NPHMeEpax CHCTEMa JIByX PacCMaTpHBAacMBIX TeJl TEILIOH30JIH-
pOBaHa, SHTPOIHA B 3THX MPOIIECCaxX HE MOABOJUTCA H3BHE, a BEIpabaThIBa-
eTcd BHYTPH CHCTEMEBI. OTO 3HAYHT, YTO KOT/Aa B CHCTEME HJIET HeoOpaTu-
MBIil Tporiecc BEIPABHHBAHHA TEMITEpaTypsl U JaBICHHUSA, B Hell paboTaroT
BHYTPEHHHE HCTOYHMKH, KOTOpbIE NPOAYLHMpYT 3HTpomuro. Ilo Mmepe
NMpUOTHXKEHNS K COCTOAHHIO PABHOBECHS 3TH HWCTOYHHKH HCCAKAIOT H
MEPECTAIOT MPOMU3BOIUTH SHTPOITHIO, KaK TOJIBKO CHCTEMA MPUXOJUT B PaB-
HOBECHOE COCTOSHUE,

H3y4yuM c 3Toi TOUKH 3pEHHS elle ABa HEPAaBHOBECHBIX MpoIiecca, pac-
CMAaTpUBAaBLIHXCS HAMH paHee,

Ipouecc Ieii-JIroccaka. DKBUBAICHTHBIH 00paTHMBIA MPOLIECC A0J-
JKEH MPOTEKAaTh MPH MOCTOSHHOH BHYTPEHHEN JHEPTHH:

dU =TdS —PdV =0,
OTKyJa
) _P
(aV)U =>0, (23.1)

T. €. 3HTPONHS B MpoLecce HEOOPaTHMOTO paclINpeHHs ra3a B BAaKyyM yBe-
JIMYHBAETCA.

TNonesHo comoctaBuTh peanbHEH mpouecc Iefi-Jlroccaka n BooOpaxae-
MBI MPOLIECC, KOTOPHIM MBI €r0 MBICJICHHO 3aMCHHIIH, ¢ MOMOIIBIO Clle-
JIyIo1EeH TabuLbL:

Peanshblit npouecc I'eit-Jlroccaka BooGpaxaeMblii nponecc
HepaBHOBECHBH # PaBHOBecHB #
AnuaGatugeckuif 00 = 0 Heanmabaruyeckuit 00 # 0
Hewusoaurponuituniit dS # 0Q /T Hewusoaurponuitusiit dS =60 /T
M3o3uepretudeckuit dU = 0 UsosHepretudeckuit dU=0

Ipouece Jmoyias — TomcoHa. DKBUBICHTHBIH 00paTHMEI mpoLecc
MPOTEKAET MPH MOCTOSHHOM TETIOCOAEPKAHHH

DW=TdS+VdP=0,
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OTKyaa

(ﬁ) =-Y<g (23.2)
P/ y T

U Tak Kak B mpouecce J[xoynd — ToMcoHa ra3 mpocauynBacTCd CKBO3b I10-
PHUCTYI0 MPOOKY B OGJNACTh C MOHWXEHHBIM [JaBJI€HHEM, TO JHTPOMHUA B
3TOM TPOLIECCE TAKKE BO3PACTAET.

ComnocraBuM peansHslil npouecc /Hxoyna — Tomcona u BooGpakaeMblii
MPOLIECC, KOTOPBIM MBI €r0 3aMEHHITH, C TOMOLIBIO TaGJHIIE]

Peanshbiit nponecc Jlxoyns — ToMcoHa Boo6paxaemslit nponecc
HepaBHoBecHBI i PaBHOBeCHB i
Anuabatudeckuii 6Q =0 Heanuabarudeckuii 6Q # 0
HeusosuTponuiiusiii dS # 0Q /T Heusosurponuithuiit dS =80 /T
W3osuTansnuiiieit dW =0 W3osnTtanenuiiueiit dW =0

Jnsa Toro 4to6bl pacCMOTPETH €ILE OAWH BaXHbIH MPUMEP BO3PAaCTaHUA
SHTPOIHH, HaM TIOHaJOOUTCA TIpEABAPHUTEIBHO PACIPOCTPaHHUTE GOpMyITy
(4.6) MONAPHOH SUTPOIHH COBEPIICHHOTO rasa
Sy — 1
S_3 R v?Y
S—S8o= o In T
1A CTy4ad MPOM3BOJIBHOTO KOIMYeCTBa rasa. (Msl 0603HaYUM SHTpONHIO S

1 00beM V', 4TOOBI MOJUEPKHYTH, 4T0 (popmyna (4.6) oTHOCHTCA K OAHOMY
MOJTIO Ta3a.)

BeneactBue afiuTHBHOCTH SHTPOMUH U 00beMa 3aMeHHM B (4.6) S =
=SNuV =V/N(SuV— suarpormus u ooseM N Monei). Gopmyna mns
SHTPOITHH MOXET OBITH TENEPH 3aMHCAHA B BULE

S=;’%1n(TVr-l)+A, (23.3)

TJie MOCTOSHHAA A 3aBUCUT OT YHCIIa MOJIEH
A= N[§0 ";'R-_l 1n(T0170V“)]— NRInN=BN—R N In N.(23.4)

IlocTrosiHHag B, 3aBHCAIIAsA TOJBKO OT MHTEHCHUBHBIX BeNMW4YuH S¢,Vo, 7o,

OT YHCJ1a MOJIEH HE 3aBHCHT.

PaccMoTpuM Teneps BOMPOC O BBIYHCIEHHH 3HTPONHH CMECH JBYX pas-
JMYHBIX COBEPLICHHBIX ra30B. IlycTh B cocyAe ¢ o0peMoM V HaxoauTcs N
MOJIeii mepBoro raza u N, Moneit Broporo rasa. Cnenyd I'u66cy, nposemem



116 Yactk |. TEPMOAWHAMUKA

MBICJIEHHO 3KCMEPUMEHT, MOKA3BIBAIO-
LIMH, YTO 3Ty CMECh MOXHO 00PaTHUMbIM
o6pa3oM 6e3 coBepieHHd paboTHI U MOJ-
BOJa TEIJa MOJIyYaTh U3 COCTaBHBIX
koMmnoHeHToB. [lpencraBum cebe aBa 1u-
muHApa / U 2 ¢ OTUHAKOBEIMH 00BbEMaMH
V (puc. 33), cBoGoaHo 6e3 TpeHus BXO-
JAIIUX OpYT B Apyra H OKPYXEHHBIX
Temnonsonupyromeit obonouxoii C. Ha-
YaJbHOE TOJIOKEHHE 000X LIWJIHHIPOB
n3o6paxeHo Ha puc. 33, a, B unwiuHape /
Haxomutcs ra3z 4, B IwIHHApe 2 — ra3
Puc. 33 B. TlpaBas creuka a uunuHapa / nMpoHHU-
aeMa AJiA MOJIEKYN ra3a B U HEMpOoHH-
aeMa JiyIs MOJIEKYJI rasa a, a JieBasd cTeHka b mwuHapa B obGnamaeT mpo-
THBOIOJIOXHBIMH CBOMCTBaMH. HauHeM MENJIEHHO BABHIaThH cocyn 2 B 1
(cM. puc. 33, 6). B obnactu, nexauieli neBee Meperopoaku b, HaXoAUTCA
ra3z A, B obnactu ba — cMech ra3oB 4 u B, B 0061acTH, nexaiueil mpapee
a, — ra3 B. 3aMeTuM, YTO mepeMellneHne cocyaa B mpoucxomut 6e3 co-
BepLICHUSA pabOTHI, TAK KaK AAaBJICHHS Ha JICBYIO U MPaBYIO CTEHKHU cocyaa 2
OJIMHAKOBBI ¥ PaBHBI MapIHANBEHOMY JaBieHuio P; ra3a B. I'a3 4 cBoboauo
MPOHHKAET Yepe3 Neperopoaxy b U He OKa3bIBA€T Ha HEe AAaBJICHHS, U CYM-
MapHas cuJ, AeHCTBYIOIIAas Ha cocyl 2, paBHa Hymo. K koHIy 3Toro npo-
necca B 00neMe V COBMELICHHBIX IMIMHAPOB (CM. puc. 33, ) 6yaer Haxo-
JUTBCA CMECH ra3oB A U B, npu4eM, MOCKOJIBKY MPOLIECC CMEILCHHS H30-
snepretHueckuii (4 = 0, 0 = 0), reMnepaTypa ra3oB He U3MeHUTCA. Tak kak
mporece, KpoMe TOro, 06paTHMBIH, TO SHTPONHUSA ra30B 1€ MEHAETCS, H MBI
HMEEM JJI SHTPOINHH CMECH BBLIPAXKECHHE

S(T, V)Y=S8\(T, V)+ Sy(T, V). (23.5)

Taxum 06pa3oM, MpuXoAuM K meopeme Iubbca: Nnd BBIYUCIEHHS SHTPO-
IIMH CMECH COBEPIICHHBIX Ta30B HAAO CIIOXKHUTh IHTPOITUH KOMIIOHEHTOB
CMeECH, CUHTAasdA, YTO OHH UMEIOT TY XK€ TEMIIepaTypy H 3aHUMAIOT BECh 00b-
€M CMECH.

PaccMoTpuM Temneps eiie 0JuH NpuMep aanabaTHUYeCcKoro HepaBHOBEC-
HOT0 MpoLecca, COMPOBOXKAAEMOr0 BO3pacTaHHEM
HTPOIHH.

Berpeunan nuddy3una nsyx razos. B temo-
H30JIMPOBAHHOM cocyae (pHc. 34), pa3nencHHOM
MEPEropoKoii Ha JABE YacTH ¢ obveMamu Vi u 13,
HaxonATCA [IBa PA3JIHYHBIX COBEPIIECHHBIX ra3a C
OJIMHAKOBHIMHU JIaBJICHHAMH H TEMIIEPaTypaMH.
Cornacio ¢opmynaM (23.3) u (23.4) ux aHT-
Puc. 34 POITHH PaBHBI COOTBETCTBEHHO
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S1=="E @V ")+ BN - R Ny In Ny,
2 (23.6)

NaR -
2_1 In(T¥]* 'Y+ BaN2 —R N In N».

Sy =

Y2

[Mocne ynaneHus MeperopoAKH MPOHCXOJUT H30TEPMHUECKOE CMELICHHE
razoB (A A=0, AQ=0, AU =0). B xoune mnpouecca cornacio (23.5)
UMeeM AU SHTPOITHH CMECH BEIpaXXeHHE

NIR
S = ‘_1 In[T(Vy +V3)""~1]+ Bi1N1 — R N1 In Ny +
yi (23.7)
N2R -1
+y lln[T(V1+V2)}'2 ]+ BaN; —R N3 In Nj.
5 —
Hnsa namenenus sutporuu AS = S — §1 — 57 HaxoauM
i+ Ve M+
AS=NI RIn——+ Ny3RlIn———>0, (23.8)
_ " Va
TakuM 00pa3oM, U B 3TOM HeoOpaTHMOM aauabaTHYeCKOM mpolecce —
mpolecce BHIPABHUBAHUA KOHIEHTpAaLMii — OJHTPOMNHS CHCTEMBI BO3pac-
Taer.

®opmyna (23.8) MPUBOAUT K TaK Ha3eiBaeMOMy napadokcy I'ubbca: Tak
KaK B NMpaBOH 4acTH 3TOH (GOpMYNBI BETHYHHBI, XapaKTEPHU3YIOIIHE HH/IH-
BHIYaIBHOCTB Ta30B | H ¥ 3, BBINAIH, TO MOIJIO OBl MOKA3aThCA, UTO BO3-
pacTaHu€ SHTPONHUH NMPOUCXONUT U NPH CMEILIEHHH ABYX MOPLHUI OJHOTO H
TOro e rasa. OHaKoO B 3TOM Cy4ae yAaleHHE NEPEeropoJKH HE MPUBOIUT
BOOOIIE HU K KAKOMY H3MEHEHHMIO COCTOSHHSA, U JHTPOIHA HE JOIKHA H3-
MEHSATBCA.

Paspemenue mapagokca I'n66ca B paMkax TEpMOAMHAMHKH 3aKJIIOYa-
ercsa B TOM, uTO GopMynbl (23.5) u (23.7) OTHOCATCA TOJNBKO K CMECH ABYX
pa3HBIX r'a30B. B nMpOTHBOMONIOXHOM cilyuae ABYX MOPLMH OJHOTO H TOTO
XKe raza NeperopoAxd a U b B MBICIIGHHOM 3KCIIEpUMeEHTE (CM. puc. 33)
ABIAIOTCA MO0 HE MPOHUIAEMBIMU JUIA 00eHX MOpIHii ra3a, THO0 MPOoHH-
[IaeMbIMH A1 06eux nopuuid. Y1 B TOM u B JpYroM Cily4ae B pe3ysbTate
JBIKEHHA COCyAa B NpOHCXOJUT HE CMELIMBaHHE JBYX INOPIMH rasa, a
cxatue ra3za. OHO COMPOBOXIAETCA COBEPLICHHEM PabOTH HaJ ra3oM H,
€CJIM MPOLIECC MPOHCXOAUT B TEPMOCTATE, OTBOJOM Teruia. TakuM obpa3om,
SHTPOMNHA B 3TOM MpoIiecce YMeHblIaeTcs, U TeopeMa ['nbbca oka3piBacTCs
HenpuMeHHMOM. [ToaTomMy sHTpONHIO MOGOro YNCIa MOJeH COBEpILIEHHOTO
rasa HaJi0 BBIYHCIIATE 10 dopMynaM (23.3), (23.4), He npuberas k popMmyne
(23.5).

®opMmynsl (23.3), (23.4), kOTOpBIE MBI U MOTYYHIH U3 TpeOOBaHUA IKC-
TEHCHBHOCTH JHTDPOIHH, ECTECTBCHHO, HH K KAKHM IMapaJioKcaM He MPUBO-
Ja1. Ocob6eHHO 3TO ACHO BUAHO, €CIH 3aMHCATh 9TH (GOPMYJIbI B BUJIE
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y—1
s=N|-2n||L| 7r|+B
y—1 N

Ecnu yBenuuuth uucno Moneii N u 00veM V' B o pa3, He MEHAA TeMIepa-
TYPY, TO ¥ SHTPOITHUS YBEIHUHTCH B TAKOH K€ IPOMOPIIHH.

PaccMoTpeHHBIE TIPUMEPEI MOKA3BIBAIOT, YTO B MPOLIECCAX BHEIPABHU-
BaHUA B 3aMKHYTOH CHCTEME 3HTPOMUA BO3pacTaeT. B momHoM o6peMe 3ToT
3aKOH MOXeT OBbITh J0Ka3aH TOJIBKO C HCIOJB30BAHHEM aTOMHO-MOJIEKY-
JSAPHBIX NIPEJCTABICHHH, H 3TO JOKA3aTENbCTBO MBI PACCMOTPHM B pa3Jene,
MOCBALICHHOM KHHETHKE (§ 91).

Me1 npuHuMaeM, TakuMm 00pa3oM, NOKa B KaYeCTBE MOCTY/aTa, IOJIO0-
XKEHHE O TOM, 4YTO B NPOILIECCaX BHIPABHUBAHUA YHTPOMHA H30JHPOBAHHOM
CHCTEMBI Bo3pacTaeT, dS > 0. KoneunsM pe3ynsTaToM Npotiecca BHIPaBHHU-
BaHHA ABJIAETCA MONHOCTHIO PaBHOBECHOE cocrosHHe. [Ipu Manbix OTKIIO-
HEHHAX OT COCTOSHHA PaBHOBECHA IPaJHEHTHI BCEX MapaMETPOB CHCTEMBI
TaKkKe MaJlbl, U BCE MPOLECCH BONU3U OT COCTOSHHUSA PaBHOBECHS CTAHOBAT-
CA MEIUICHHBIMH, NMPHOIHXKEHHO PaBHOBECHBIMH mpoueccamu. CrenoBa-
TENBHO, B COCTOSHUM paBHOBecus dS = 0. OTCIoa BBITEKAET BaXHBIH BHI-
BOJ] O TOM, YTO IO Mepe NMPHOIHKEHNS K COCTOSHHIO PABHOBECHS SHTPOIHS
H30JIHPOBAHHO} CHUCTEMBI BO3pAacTacT M B COCTOAHWHM PaBHOBECHA AOCTH-
raet CBOEro MakCHMaJIBHOTO 3HaUEHHS.

3aKOH BO3paCTaHUA YHTPOITUH B H3OJTHPOBAHHOH CHCTEME UIPAET upes-
BBIYaHHO BaXXHYIO poib. MOXHO CKa3aTh, YTO B H3BECTHOM CMBICIIE OH (u-
3HUECKH cofepKaTelbHee, YeM 3aKOH COXpaHeHud 3Hepruu. B camom ferne,
3aKOH COXpAaHEHHUS JHEPTHH [/ W3OJHUPOBAHHOW CHCTEMBI YTBEPKAAET,
YTO MEPEX0/] U3 COCTOSAHUSA / B COCTOAHUE /] BO3MOJKEH JIMIIb MMPH YCIIOBHH,
yto Uj = Uz — 3HEprus CUCTEMBI B HAYAJILHOM COCTOSHHH PaBHa SHEPTHH
CHCTEMBI B KOHEYHOM COCTOSHHH. Ho eCnu 3TO ycioBHE BEHIMOIHEHO, TO C
TOYKH 3pEHHSA IHEPTETHUECKOH CTOJIb XK€ BO3MOXKHBIM ABJIAETCS U 00pat-
HBI1 IPOIIECC MEPEX0/Ia CHCTEMEBI U3 COCTOANUA /] B cOCTOAHUE /.

Hampumep, ¢ TOYKH 3peHHUA 3aKOHa COXPAaHEHHS JHEPTHH OJHHAKOBO
BO3MOJKHBI CJICAYIOIIHE ITPOLICCCHI.

1. TIponieccsl nepexosa Terna ot 6onee HarpeToro Tena K 6onee Xomoa-
HOMY u 06paTHBIH mpolecc (ecnu cobnrogaerca 6anaHc YHEPTUH).

2. Tlpouecc MOCTENEHHOro 3aMEMJICHHA W OCTAHOBKH Onaromaps Tpe-
HUIO TENA, JBHKYILET0CA IO IIEPOXOBATONW MOBEPXHOCTH (IIPH 3TOM KHHE-
THYECKas SHEPTHA TeJa NMEPEXOAUT B IHEPTHIO -0ECOPAAOUHOTO ABHKEHHS
MOJIEKYJ), ¥ OOpaTHBIH mpouecc (FHEprus GecrnopAmaOUYHOrO ABHKCHHS
MOJIEKYJI MEPEXOAUT B IHEPTHIO YIOPAAOUCHHOIO JBHXXEHHA TEMa), B X0/C
KOTOPOTO MOKOAIIEECH TEJO HECKONBEKO OCTHIBAET, HO 3aTO NPHXOJUT B
JIBUXKEHHE,

3. Pacummpenue rasa B mycrory (mpouecc ['eii-Jlioccaka) H oOpaTHBIA
MPOLIECC CAMONPOU3BOJIBHOTO CXATHA ra3a.
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4. Berpeunas augdy3us ABYX PasHUHBIX Ta30B H CAMOMPOH3BOIBHOE
pa3zieNieHHe CMECH.

KonnuecTBo mogoOHBIX MPUMEPOB, €CTECTBEHHO, MOXHO ObLIO GBI YM-
HOXHTB.

3akOH BO3pAaCTaHHA SHTPOIMHUH Pa3peUIaeT JJIA TEMIOH30JIMPOBAHHBIX
CHCTEM MpAMBIE MPOLECCH 1—4, CBA3aHHBIE C BO3PaCTaHUEM (nponyunpo-
BaHMEM) SHTPOIIHH, HO 3ampemaeT oGpaTHEIE, CBA3aHHBIE ¢ €€ YORIBAHUEM .

Takum oGpa3om, ITyOOKHH CMBICT 3aKOHA BO3PacTaHHA IHTPOIHH
3aKJII04aeTCd B KOHCTATAIlUM CYLIECTBOBaHHA HEOOPATHMBIX MPOLECCOB, B
YaCTHOCTH, BCEX MMPOLIECCOB BRIPABHUBAHMA. Bce 3TH MpoIecChl CTAHOBATCA
00paTHMBIMH, KOTJa CHCTEMa MPHOIHKAETCA K COCTOAHHIO paBHOBECHA, a
SHTPOMHA JOCTHIAET MAKCUMAJIBHOH BEIHYHUHBI.

3aMeTHM B 3aK/IIOYEHHE 3TOro maparpada (OTBIEKAasACh OT OCHOBHOH
€r0 TEMBI — BO3PAaCTaHUA IHTPOIHH), UTO MBI HECKOJBKO PACILIMPHIIH PaM-
KU PaBHOBECHOW TEPMOJHHAMHKH H PaCCMOTPEIH HEKOTOPEIE HEpaBHOBEC-
HBIE mporecchl. MeToa, KOTOpBIHA MBI ITPH 3TOM HCIMOJB30BAIH, 3aKIIOYaNCs
B 3aMEHE peaJbHOr0 HEPaBHOBECHOTO MPOILIECCa 3KBHBAIEHTHBIM BOOOpa-
a€MBIM paBHOBECHBIM MPOLIECCOM.

Cy1ecTByerT €1ie 0AUH Cocod pacCMOTPEHHA HEPaBHOBECHBIX MPOIIEC-
COB, MPUMECHUMBIH B T€X CIy4Jasx, KOrJa HCXOAHOE U KOHEUYHOE COCTOAHHS
CHCTEMBI! ABIAIOTCA MONTHOCTHIO PABHOBECHBIMH HJIH PAaBHOBECHBIMH MO He-
KOTODBIM MapaMeTpaM. JTOT METOJA HECKOJIBKO HAIIOMHHAET 3aJauy O ,,4ep-
HOM fAlIMKe B KUOEPHETHKE: AaHO HEKOTOPOE YCTPOMCTBO C HEM3BCCTHOM
BHYTPEHHEH CTPYKTYPOH — YEpHBIH AIIUK, U 33/1a4a 3aK/IIOYaETCA B TOM,
YTOOBI HAYYHTHCA CBA3BIBATH BXOAHBIE CUTHAIIEI U BBIXOAHBIE. AHAJIIOTHYHO
3TOMY TEPMOJHHAMHKA PaBHOBECHBIX MPOLECCOB HE AAET HAM HHKAKHX
CBEJIEHHIT 0 x0Je HeobpaTUMOro mporecca. Mpl MOXEM, OAHAKO, TOJE30-
BAaThCA JIOOBIMH YpaBHEHHAMH, CIIPaBEJTUBBIMU 111 HAYAJIBHOTO U KOHEY-
HOTO (paBHOBECHBIX!) COCTOSHHH, B YaCTHOCTH, MPHUHIIMIIOM 3IHEPTHH,
YpaBHEHHEM COCTOSHHSA U T. 1.

PaccMoTpuM B kauecTBe HILTIOCTPALMH CIEAYIOUIYIO 33/1a4y: B COCY/, B
KOTOPOM NEPBOHAYANEHO OBUI BAKYYM, YepE3 Malo€ OTBEPCTHE BPBIBAETCA
ra3. TemnepaTypa u gaBncHue B aTMocthepe To H Py CUMTaIOTCA MOCTOATI-
HbiMU. Tpebyercs HalHTH TeMIepaTypy rasa B COCyA€ K MOMEHTY BbIPaB-
HHBaHUA JAaBICHUH BHYTPH M BHE Cocyda. Bpemsa penakcanuu TeMmepaTyp
ropasao OONbIIEC BPEMEHH BBIPABHHBAHUS AABJICHHSA, U HEPABHOBECHOE 110
TEMIIEPATYPE COCTOAHME rasa B cocynae ¢ T > 1o MOXKHO CYMTAThL METACTA-
OUIBHBIM 33 BpeMs U3MEpeHHd. ["a3 CUNTaeM COBEPIICHHEIM.

OTBeT Ha NOCTaBICHHEBIN BOMPOC AACT MPHHLIMII 31IepruM. Tak Kak Ter-
7000MEH HE YCTEBAE€T COBEPLIMTHCH 3a BPEMsA BTEKAHHS a3a, TO U3MEHE-

* Mo o6pasHoMy BEIpaXeHHIO 30MMeEPdENLIa, ,,B rHraHTCKOR (habpHKe eCTECTBEHHBIX
NPOLECCOR MPHHIMN YHTPONKH 3aHUMAET MECTO THPEKTOPA, KOTOPHIH MPEANHCHIBAET BU H
TEYEHHE BCEX CHENOK. 3aKOH COXPaHEHHs Mrpaer UL polb Gyxraarepa, KOTOPHIH mpu-
BOIUT B paBHOBecHE neGeT u kpeaut™ [1].
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HHUE BHYTpeHHEH sHeprum Bomeamero raza nCy (I — Ip) paBHO pabote
BHELIHeH cuibl (aTMochepsl) Haj razoMm. Ecnu ras, BouweAmudii B cocyn,
3aHUMan B aTMoctepe obbeM Fp, To 3Ta pabora (n30bapuueckas) paBHa
PyVy = nRTy. Orcroma umeeM ypaBaenne Cy (T —To)=RTy, T=(Cv +
+ R)Tp / Cy =+yTo. IHTEpECHO OTMETHTD, YTO MBI HUT/IE HE TMOJIB30BAIHCH
YCIIOBHEM BHIDABHHBAHHUA NABICHUH, H, CIEIOBATENHHO, YXKE MEpBas CKOJb
YIOHO MaJias MOPIMA ra3a, BOLISAUIET0 B COCYI, Mpro0peTaeT TeMnepaTypy
yTy. Tocnenyromue mopuu ra3a, BTEKas B COCYJ, HArpeBarOTCHd 0 MEHb-
LIMX TEMIIEPATyp, TAK KaK OHU BTAJIKHBAIOTCA B COCYZ JAaBieHueM Py — P,
rae P — AaBleHHE B COCYIE, HO 3aTO OHH CXXHMAIOT M HAarpeBaloT paHee
BOILUEJIINE MOPIMH. Pe3ynpTaT MOKa3bIBaeT, 4TO 3TH 3P(HEKTH B3AUMHO
KOMIICHCHPYIOTCSA ¥ MOBBIILICHHE TEMIEPATYPHI HE 3aBUCHT OT KOJMYECTBA
BOLIEIIErO B COCYA r'a3a.

3agaga.

Cocyn obpeMoM 2V HaxoauTcs B aaMabaTe M pa3fieNieH Neperopoixoil Ha ABe OJH-
HAaKOBble 9acTH. B 00enx monoBHHaX HaXOAMTCA ra3 ¢ Temneparypolt Tg W pasHBIMH
JapneHusMH Py u Py (P; > P;). B neperopoake OTKpLIBaeTcs OTBEPCTHe (pa3Mephl
KOTOPOTO BENMKH M0 CPAaBHEHUIO C ANHUHOH cBOGOAHOro npoGera) M nMpOUCXOIHT BLIPAB-
HHUBaHHWe JaBneHuid. Haliti obiiee JaBneHuc P, TeMneparypsl raza B o0eHx noJoBuHax 7T
u T2 (BpeMs HaOmOJEHHA MAJO MO CPABHEHHIO CO BPEMEHEM TENN000MEHa) U YHCIO MO-
neif rasa, nepelieAmero U3 OJHO MOJOBHHEI B APYIyIo AN

y =1

Ty P+ P
OTBCT.P=l(P|+P2), —+= _1__2) r,
2 Ty 2p

Y k a3aHu e Beuaenuts Ty Maccy ra3a B NE€pBOii MONOBHHE COCYAa, KOTOpas Moce
OTKPBITHA OTBEPCTHs 3aMOJHUT €€ LENHKOM, H MPUMEHHUTH K 3TOl Macce ypaBHEHHE paB-
HOBecHOro aauaGaTHyeckoro npouecca.

§ 24. OkcTpemanbHble CBOUCTBA
TepMOANHAMUUECKHUX (PYHKLUN

Y6eaumcsa Ternepb, YTO MOJOOHO 3IHTPOIMMH SKCTPEMATIBHBIMU CBOMCT-
BaMH 00J1aJaroT ¥ APYTHE TEPMOAHHAMHYECKHE (DYHKIIHH.

PaccMoTpuM mpeskae Bcero HeoOpaTHMBIH MPOLECC B CHCTEME, KOTOPas
HE SABJIAETCA TEIIOM30JIMPOBAHHOM, a MOJMY4aeT WJIH OTJAET KOJIHYECTBO
teria 0Q. MBI MOXXEM MBICIICHHO MPEACTABHTH ceGe TaKoH MpOLECC Kak
MOCJIEA0BATEBHOCTh ABYX TPOLECCOB — MPOLIECC MEPEX0JA CUCTEMBI B
paBHOBECHOE COCTOsIHHE 6e3 moagBoJa TEIUIa, MPH KOTOPOM 3HTPOINHS BO3-
pacraer: dS; > 0, 1 mocnenyromui 06paTUMBIK TMOABOJ MM OTBOJ TEIIa,
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MpU KOTOPOM JHTPOIMHS W3MEHHUTCA Ha Benuuuny 00 /T =dS; >0, ecnu
TEMI0 MOJABOAUTCH, HIH dS; < 0, €C/IH TEIUI0 OTBOAUTCA OT CUCTEMBI.
OO0benuHas 3TH ABa COOTHOLICHHS, ITOJTyYyaeM HEpaBEHCTBO

J
dS = dS + dS, zTQ, 8Q=<Tds, (24.1)
Hpﬂqu 3HAK paBeHCTBa HUMECT MECTO TOJIBKO AJA paBHOBCCHBIX, 06paTPI-
MBIX IIPOLIECCOB. FicTIONB3ys Termeph MPUHLMIT SHEPTHH
dU =60 — Pav,

MOJIyYHM HEPaBEHCTBO, 3aMEHAIOLIEEe B CIy4ae HEOOPaTHMBIX MpPOLIECCOB
OCHOBHOE TEPMOAMHAMHYECKOE TOKAECTBO,

dU<TdS—Padv. (24.2)

Hcnone3ys onpeaenenus cBoboaHoM 3Heprun F = U — TS, suTansmuu W =
= U + PV u tepmoanHaMuueckoro moreHiuana ® =U — IS + PV, nony-
yaem U3 (24.2) Takxe HEpaBEHCTBA

dF <—-SdT—-Pav, (24.3)
db<—SdT+V dP, (24.4)
dW < T dS +V dP. (24.5)

OOpaTuMcd BHauasle K CICACTBUAM, BBITEKAKOINIMM W3 HEPAaBEHCTB
(24.3)— (24.4). PaccMoTpuM TIpOLIECCHI, MPOTEKAIOIIHE B TEPMOCTATE
(T = const) nmpu AByX Pa3HBIX JOMOJHHTENBHBIX YCIOBHAX: V = const u
P = const. limeem cornacho (24.3), (24.4)

dF <0 npu V=const, T = const, (24.6)
d® <0 mpu P = const, T = const. (24.7)

TaxuMm 06pa3oM, MpH MPOTEKAHHU HEOOPATHMOIO Mpoliecca NpUONHKeHus
K paBHOBecHIO Ipu V = const u T = const yOpIBaeT cBOGOHAsA dHEPrHd, a
npu P = const u T = const — yOBIBaeT TEPMOJAUHAMHUECKHUI MOTEHIIHA.
B6nmu3u 0T paBHOBECHOTO COCTOSIHHS BCE MPOLIECCH CTAHOBATCHA PaBHOBEC-
HBIMH, U MBI HMCCM

dF=0 npu V=const, T=const, (24.8)
dd =0 npu P=const, T=const. (24.9)

OTcrona cneayeT, 4To B PABHOBECHOM COCTOSIHHM CHCTEMBI C V = const,
T = const mpuHUMaeT MHHMMAaJbHOE 3HaueHHE CBOOOAHAA JHEprus F =
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= Finin, @ B cucteme ¢ P = const, T = const — TEpMOJHHAMHUYECKHIH MTOTEH-
maan O = P i .

Cnenaem Teneph clenyoilee BakHoe 3aMeuaHue. HepaBenctsa (24.2)
— (24.5) uMeIOT CMBICH TOJIBKO B MPEAMONIOKEHHH, YTO mapaMeTpsl P, V,
T, S uMEIOT ompeAcTIcHHBIE 3HAYCHUA W I HEpaBHOBECHBIX COCTOSHHUH
cucteMbl. TOT QaKT, YTO SHTPOMUA UMEET ONpENCTICHHOE 3HAUYEHHE U B
HEpPaBHOBECHBIX COCTOSHHAX, MOAPAa3yMEBACTCA U B caMOH (HOpMyIHpOBKE
3aKoHa BO3pacTaHus SHTpomuu. Brocneactsuu B §§ 35 u 63 Ml yBuauM,
4yTo (HOPMYNBI CTATHCTHYECKOH (H3UKU AEHCTBUTENBHO OMPEACNAIOT
SHTPOIHIO TI000r0, KaK paBHOBECHOTO, TAK M HEPaBHOBECHOTO, COCTOSHHA
cuctemsl. Uto xe xacaetca mapamerpos P, V, T, To MBI orpaHHYuMCS pac-
CMOTpPEHHEM TAaKHX HEPaBHOBECHBIX COCTOAHHI, B KOTOPHIX H 3TH BENH-
YHHBI UMEIOT OTpPECICHHBIC 3HaU€HHsA. B 4acTHOCTH, B 3THX COCTOSAHHAX
OTCYTCTBYIOT 'PalHEHTHI AABNEHHA U TemnepaTypsl. OTCIOAa CeAyeT, UTO
HMEIOTCA B BHIY TAKHE TEPMOJAWHAMHUYECKHE CHCTEMBI, COCTOAHHUA KOTO-
PBIX XapaKkTEPU3YIOTCA KpoMe BenuuuH P, V, T, S elie ofHUM HITH HECKOJIb-
KHMH TCPEMEHHBIMH TapaMeTpamu & ;, 1 TEPMOAMHAMHYECKHE MOTEHIHA-
aet U, F, W, ® 3aBUCAT NMOMHMO CBOMX E€CTECTBEHHBIX APTyMEHTOB OT
napameTpoB & ;. B COCTOSHUH TEPMOIMHAMHYECKOTO PABHOBECHS ITH Mapa-
METphI NIPUHUMAIOT 3HAUYCHHS & l_0), KOTODBIE U JOJ/DKHBI OBITH HaliIEHE! U3
yCIIOBUH MHHUMANBHOCTH cBOOOAHOM 3Hepruu F mpu T = const, V = const
WM TEPMOAHHAMHYECKOT0 noTeHnuana ¢ mpu 7= const, P = const.

[MpumMepamu mMOAOOHBIX CHCTEM MOTYT CIYXHTh, HAlIPUMEp, CUCTEMBI,
COCTOAILME M3 HECKONBKHX XHMHYECKHX BEILIECTB, PEaTHPYIOUIHX APYT C
JIPYTOM, WIH CHCTEMBI, COCTOAIHE H3 HECKOJBbKUX (a3, B KOTOPBIX MOTYT
MPOUCXOAUTE NMPOLIECCH IIABJICHHSA, KHMIEHNA U T. A. B 3THX cnydasx pons
MapaMeTpoB &; BBIMONHAIOT YHCIA, OMPEACIAIONIME COCTAB CHCTEMBI, Ha-
OpUMEDP YHCNIa MOJIEH BCEX XMMHYECKUX KOMIIOHEHTOB HJIH BCeX ¢a3
CHCTEMEL.

PaccMoTpuM Teneph Teno, HaXOAAIIECECHd B KOHTAKTE C BHELIHEH cpe-
JIoii, mpHyem OyleM CUMTaTh, YTO TEPMOAMHAMHUECKOE PABHOBECHE TENa
CO CpeJioii elle He YCTaHOBUWIOCEH, TAK YTO TéMrepaTypa 1o u JaBneHue Py
cpefpl OTIHYHBI OT TeMrepaTypsl I' U gaBneHus P Tena. JHEPruio U 00beM
cpenpl OyeM CUHTaTh HACTONBKO OOJIBLIMMH, YTO NMPH JIOOBIX MpOIECccax,
MPOUCXOAAIMX C TEJIOM, BETHUHHBI T H Po MOXXHO CUMTATh MMOCTOSHHBIMHU.
Cpena BMecTe C HaXOAAIMMCS B HEH TenoM 06pa3yeT 3aMKHYTYIO CHCTEMY.
BcneacTsue 3TOro UMEEM

AU =~ AUog=—ToASo + PoAVy=—ToAS o — PoAV (24.10)
(Bce BenuuuHb ¢ HHACKCOM 0 OTHOCATCA K cpene, 6€3 HHICKCa — K TEny).

C nmpyroii CTOpPOHBI, B IpOIleCCE BHIPABHUBAHHA CyMmapnasd SHTPOMHUS
JIomxHa Bo3pacTath AS ¢ + AS = 0, oTKyqa Haxo UM HEPABEHCTBO

AU = ToS + PoV)<0. (24.11)
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B uactHoM cnyuae T = T = const, ¥ = const MBI BHOBbL MOJTy4YacM He-
paBeHCTBO dF < 0 M ycnoBHE TEPMOJUHAMHUYECKOTO paBHOBECHA F = Fjn.
B cnyuae T = Ty = const, P = Py = const mony4yaem HepaBeHCTBO dP <0 wu
ycnoBue paBHoBecHd ® = D iy . Onnako B obmem cnyuae 7 # T, P# Py
u3 (24.11) MbpI BUAUM, UTO B XOA€ MpPOLIECCA BHIPABHUBAHUSA TEMIEPATYP H
naBneHnii  y6piBaeT mortenmman D =U —ToS + PoV/ u B COCTOSHHM
paBHOBecus P* =D . .

PaccMoTpuM B KauecTBE WITIOCTPALIMH J1BA MMPOCTHIX MPUMEPA.

1. IlununAap, pa3aeneHHEIH JIETKO CKONB3A1LHM ITOPIIHEM Ha JABa OTCEKa
c obveMamu Vi U V3, B KOTOpBIX Haxoaatca N, u N, Moneii coBepieHHOTO
rasa, MOMEILEH B TEPMOCTAT € TeMnepatypoil 1. Buauane nmopiuens 3aKkpen-
JIEH, U B OTCEKaX CYHIECTBYIOT pa3Hble JaBneHus P, u P,. 3aTem moplieHb
O0CBOOOXAAETCA, U B CHCTEME TIPOUCXOANT yCTaHOBNIEHHE paBHOBecHA. Co-
rnacHo (24.8) ycnoBueM paBHOBECHSA ABJIAETCA MHHUMAIBHOCTH CBOOOAHOM
sHeprun. J1na Fy u F, uMeeM BBIpaskeHUA

N ;RT

Fi=U;=TS;=N:CyT == n(Tv} ~"y—14; =
-

=f,-(T)—N,-RT1nV,-,

OTKyza
F=f(T)=— N\RT nV) — NRT In(V = ).

CBoGoaHas 3HEPrHa HEPAaBHOBECHOH CHCTEMBI IOMHMO CBOHX apI'yMEHTOB
T, V, xotopsie (UKCHpPOBAHEI, 3aBUCHT OT MapaMerpa Vi, Mo KOTOpOMY H
cnefyeT MHHAUMH3HPOBaTh F. Heo6XoquMbIM yClIOBHEM paBHOBECHS ABIA-
€TCs PaBEHCTBO
SF __ NIRT | NoRT _
14| " V-n
T. €. PABEHCTBO JAaBJICHHH B 0TceKax P = P,, mpuuem V>/Vy = Na/Njy.

2. 3aMeHHM B MPEABIAYILIEM MPHUMEPE JIEBYK) CTEHKY BTOPBIM JIETKO
CKOJIB3AIIMM MOpIUHEM, HaXOAALIMMCS TMOJ MOCTOAHHBIM JaBICHHEM TEp-
MocTtaTa Py. B HauansHBIIT MOMEHT MOPIIHH 3aKPEIUICHBI U JaBJIEHHE B OT-
cekax P, # P, # Py. 3aTeM MOPLIHA OCBOOOXKAAIOTCA U UAET MPOLIECC YCTa-
HOBJIeHHA paBHOBecHs. CornacHo (24.1 12 paBHOBECHE JOCTHTaeTCs MpH yC-
JIOBUH MHHHMaJbHOCTH ToTeHuuana @ =U — TS + PyV, KoTOphIH, aHa-
JIOTHYHO TOMY, YTO MBI HMEJIH B MPEABIAYILEM MPUMEDPE, PaBEH

NiRT N2RT)
B Py

®*=f(T)+ N\RTInPi+ N2RTIn P, +P0(

(MBI BOCTIONB30BANTHCh HOPMYIIOH

14
s=2 T_ + const
y-1 \pr-!
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1 paBeHCTBOM V; = N;R T/P). Motennman ® * nomumo cBoux aprymenton I
H Py, KOoTOpBIE (PMKCHPOBaHBI, 3aBUCUT OT IapameTpoB P u P;, mo Koto-
PBIM €T0 U CIeayeT MUHHMH3UPOBaTh. IMeeM

NiRT
=0, P=Py, Vi=——.
P? h

]

ad* _ NRT  PRyNRT
oF; B

MMepeiinem Tenepb K pacCMOTPEHHIO HEPABHOBECHBIX MPOLIECCOB, MPO-
TeKalmux mpu S = const ¥ ABYX AOMOJHUTEIABHBIX YCJIOBHAX: JHOO
V = const, nu6o P = const. [loquepkHeM, 4TO B OTJIHYHE OT MPOLIECCOB C
T = const, JleTko peanu3yeMbIX B TEPMOCTaTe, HEOOPAaTHMBIE MPOLECCH C
S = const MOTYT OBITH PeaIU30BaHbI TOJBKO B BEChMa HCKYCCTBEHHBIX YC-
noBusx. B camoM aene, mpu HeoOpaTUMEIX Mpolleccax B CHCTEME MPOAY-
LIMPYETCA SHTPONHA, W IJIA TOTO YTOOBI MOJJEPXKUBATH €€ MOCTOAHHOM,
HeoOXoauMo KHOEpHETHUYECKOE YCTPOHCTBO C 0OpaTHOH CBA3BIO, KOTOPOE
OBI OTBOAMJIO SHTPOMHIO (TEIIO) KaK Pa3 B HYXKHOM KosHuecTBe. [ToaToMy
yCIIOBHA

U=Umin 1pH S=const, V= const

W= Wnin 1pu S =const, P=const,

KOTOpbIE MOTYT OBITH MONY4EHBI U3 HEpaBeHCTB (24.2) u (24.5), He UMEIOT
MPaKTHYECKOTO 3HAYE€HHUA U NPHUBOJAATCA TOJBKO C METOANYECKOH IIEIIBIO.

3aMeuYeHHOe HaMH 3JIECh pa3nuue MexAay noTeHianamu U u W, ¢
OJIHOH CTOPOHBI, U moTeHIManaMu F u O, ¢ Ipyroii cTOPOHEI, HIMEET B CBO-
e#l OCHOBE CIEAYIOMHHA (HyHIaMEHTAIbHBIA (aKT.

HNotenuumansl U n1 W HEe HMEIOT HU HUCTOYHHUKOB, HH CTOKOB BHYTPH
CHCTEMBI H MOTYT TOJIBKO ,,TOABOAUTECA K CHCTEME M3BHE HIH ,,0TBOAHTH-
ca“ U3 CHCTEeMBI HapyKy. JIng BHYTpeHHEH 3HEPTHH 3TOT (HaKT HEMOCPEACT-
BEHHO OYEBHJCH — BHYTPEHHAA SHEPTUA MOXKET MEHATHCA TOJIBKO 34 CUET
MOABOJA WM OTBOJA TEIUIa M COBEPLICHHS MOJOXKHTEIBHOH MM OTpHIA-
TeNbHOH paboTHL.

JAns SHTanbMmuu 3TO CAEAYET U3 TOTO, YTO JaHHas QYHKIHS MOXET pac-
CMaTPHBATHCA KaK FHEPTHA HEKOTOPOH ,,pacIIMpeHHO cucrempl. Hanpn-
Mep, AJIA Ta3a B [IWIHHAPE, 3aKPBITOM MOPIIHEM C MUIOLIAABIO O H TPY30M
MacCoii m Ha MOpIIHE, UMEEM IS MTOJIHO 3HEPTHH

Uuoms =U + mgh=U + Poh=U + PV =W

(h — BbIcOTa cTOs0A ra3a MoJ MOpUIHEM).

Mostomy dyHkuun U u W oaHO3HAUYHO ONMpEAETICHB H B PABHOBECHBIX
H B HEPABHOBECHBIX COCTOSHHAX CHCTEMBI, H IIPH HEPABHOBECHBIX MpPOIIEC-
cax BhIPaBHHMBAHUA OHH HE MeHstoTCA: mpu 0Q =0u V = const ans BHYyT-
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peHueii 3Hepruu, nmpu 0Q =0 u P = const qus sutanenuu. Koneuwo, B He-
PaBHOBECHBIX COCTOAHMAX BHYTpEHHAA 3Heprus U, ABNAACH OAHO3ZHAYHOH
GbYHKIHEH COCTOSHHSA, YK€ HE MOXKET PaCCMaTPHBATHCA KaK OJHO3HAYHAs
¢byHKLIHA mapaMeTpoB S U V, a SHTaNbNHUA, ABIAACH OAHO3HAUYHOH QyHKIIH-
il COCTOAHMSA, HE MOXET PACCMAaTPUBATHCA KaK OAHO3HAYHAA QYHKIHA Ma-
pameTpoB S 1 P (3TH mapaMeTpEl, B 00IEM Cllyuae, He UMEIOT ONpeaeIcH-
HBIX 3HaY€HHI B HEPABHOBECHBIX COCTOAHHSAX).

OTCyTCcTBHE BHYTPEHHHMX UCTOUHHMKOB Aa GYyHKUHH cocToguus U u W
MpOSABIAETCA B TOM, UTO MOMHMO HEPABEHCTB

dU<TdS—PdV, dW<TdS+V dP
ANA HAX CNIPpaBCAJINBBI PaBCHCTBA
dU=8Q—PdV, dW=8Q—PdV +d(PV),

MOKa3BIBaIOIIHe, YTO BEMUUHUHB U u W MOryT MEHATHCH TOJNBKO 3a CUET
nmoABoAa (0TBOJA) TEIIa U coBeplueHuA paboTel. [na W ato pabota Hag
»PACIIMPEHHON" CUCTEMO#, BKJIIOUAIOaA paboTy MOAHATHA Tpy3a, JIexKa-
mero Ha nopuse, d(PV) = d(mgh).

B npoTHBOMONOXKHOCTH 3TOMY, AnA pyHKuHi F 1 O, mockonbky B HX
onpeseneHus BXOJUT SHTPOMUS

F=U-TS, ®=U+ PV —TS,

CYIIECTBYIOT OTPHIATENbHBIE HCTOUHMKH (CTOKH), (YHKIMOHHMPYIOIIHE
BHYTpH CHCTEMBI NMPU HeoOpaTHMBIX mponeccax. Mx cyiecTBoBaHHe €CTh
CIIEICTBHE TOTO, YTO MPH 3THX MPOLECCaX IHTPONMHUA HUMEET MOJIOKHUTEINb-
Hble HCTOYHHKH BHYTpPH CHCTeMbl. Beneacteue storo ¢yHkuuu F u P, B
MPOTHBOMOJIOKHOCTh yHKIHAM U u W, B HEPaBHOBECHBIX COCTOSHHAX HE
OMpeeNIOTCS OAHO3HAUHO 3HaueHHaMH T U V unu T u P, a 3aBHCAT OT
Jpyrux napaMmerpoB. FIMeHHO MO3TOMY OHH 001aJal0T OTMEYEHHBIMH BEI-
1LIe 9KCTPEMAJIBHBIMU CBOHCTBaMH, KOTOPBIX He UMEIOT GyHKuuu Un W.

Paccmotpum B 3akmioueHde 3Toro maparpada TEpMOAHMHAMHUYECKOE
PaBHOBECHE MPH HAJNHYHH HE 3aBHCALIETO OT BPEMEHH MOTEHIHAIBHOTO
BHELIHETO MOJIA.

B Brlpaxenue ana aubdepennmana noreHurana ['m66ca npu Hanuuuu
MOJIsA, OYEBHHO, BOHIET MOMOJNHHUTENRHOE crnaraemoe U (x,y,z)dN (rnme
U (x, y, z) — NOTEHIHANIBHAs YHEPTHA BO BHEIIHEM IOJIE, pacCUUTaHHas Ha
OJIUH MOJIIB):

db=—SdT+V dP+[u+ U(x,y,z)]dN. (24.12)
U3 (24.12) umeem

) u(T,PY+ U,y 2) (24.13)
aN T,.P
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OTKY/a JJIs IOJIHOTO rmoTeHuHana O Haxoaum

@ = [[u(T,P)+ U(x,y,2)]dN, (24.14)

rae dN — 4ucio Monel B MaJIoM 3JieMeHTe o0beMa dV.
VYcnopue MUHUMANBHOCTH P 1o QTHOIICHHIO K MaJBIM BapHALIHAM
O0(dN) ¢ IOTIONHUTENBLHBIM YCIIOBHEM f 0(dN)=0 (ycnosue HOPMHPOBKH)

TIPHBOJHUT K PABEHCTBY
[T, P)+U(x,y,2)~ 216 (dN)=0
(A — MHOXHuTeEND JlarpaHxa), OTKyaa
w(T,P)+ U(x,y,z)=A=const. (24.15)

Tak kak ApyruM yCJIOBHEM paBHOBECHS aBysgeTcd I = const, To u3 (24.15)
CIEIyeT, UTO AABICHHE MpPH HAJIHYHH MO MEHAETCH OT TOUKH K TOYKE.
BbIunCHIAA TpaJIiEHT OT JIEBOH H mpaBoii yacTH (24.15), momyuum

1 _
(ap)TVP+ VU(x,y,z)=0,

WIH _
VVP=F(x,y,z)=—VU(x,y,2). (24.16)

PaBeHcTBO (24.16) MOKa3BIBAET, KaK 3aBHCHT B PaBHOBECHOM COCTO-
SHUU JIaBJICHHE OT KOOPAHHAT MPH HAIWYHM BHEIIHeTO MoJjs. B uacTHOCTH,
JUI MACANBHOIO ra3a B OAHOPOJHOM mone TsxecTu U (x,y,z) = Mgz no-
JyuuM (M — MongpHas macca)

RT dP _ _
P d: &

OTKYAa, HHTErpHpYs, HAX0IHM H3BECTHYIO 6ApOMEempuiecKyio yopmyny
_ Mgz
P= Pye RT .

3amgaywu.

1. Cocyn o6seMoM 2V ¢ upean,LHBIM ra3oM pa3JIeicH Ha BE OIMHAKOBBIE YaCTH JIETKO
CKONB3SIUMM MOPIUHEM C BECOM Py0 (0 — miow@anb MONEpPeYyHOro CEYeHus) W pacmo-
JaraeTcs ropu3OHTAILHO B TEpMOcTare ¢ Temneparypoli 7. Jlanenue B o6eMx NONOBMHAX
paBno P. Cocyn nosopauuBator Ha 90° Bokpyr ueHTpa Tsoxkectd. Halith HoBEIE 06BEMEI M
naBnenus Vi, Va, Py, P;, u3Menenue sHTponuu AS| M Temno, OTAaHHOE TepMocTary, AQ.
(Jlath 2ncMEHTapHOE PEILeHHME 3afa4YM M PEILCHHE, OCHOBAHHOE Ha MPUHUMIIE MMHMMANE-
HOCTM COOTBETCTBYIOLIEH TepMopHHaMuucckoil dynkunu). Cocyl elue pa3 NOBOPaYHBAIOT
na 90° BOkpyr HOBOTO LEHTpA TsKecTH. HaliTh HOBble H3MEHEHHS YHTPONUH H Temno, AS;
uAQ,.
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O 1 B ¢ 1. [Tocne nepBoro noBopoTa

Vi =V[l+x—\}l—x2 ], V, =V[l—x+ 1—x? ],

P

1—x+ 1+ x2 T

AQ, =P0V(x—\/l+x2)< 0, x=Pi (AQ, #TAS)).
0

[Mocne Broporo nosopota AS, =—AS,;, AQ,; =0.

VY kx a3 aHue. CroboaHas dHEPTHs C BKIIOYECHHOI B HEE MOTEHUMATLHOM IHEpruei
MOPLIHA, kKak (GyHK1MA oaHOro H3 00bemoB Vi umu V, (HepaBHOBeC-
HBIH MapaMeTp), MMEET MUHUMYM B COCTOSIHHM paBHOBecus. Vi, V>, X
P,, P, morytr GBITb TakxXe HaWIE€HBl 3 ypaBHeHuit P, — P = P,
Vi + V, = 2V u ypaBHEHUSA COCTOSIHUS.

2*, Kakas TepMoauHamMuyeckas QyHKIIMS CHCTEMBI ra3 — Mpy-
xHHa (puc. 35) UMEeT MMHMMATLHOE 3HAYEHHE B COCTOSTHHH paBHO-
Becun? [lopwens Ha npyMHe NOMELIEH B TEPMOCTAT € TEMIEPATY-
poii 7. Koapduument sxectkocTu mpykuuel x(7) U paccTosHHE
MEXy MOPIIHEM M JIcBOH CTEHKOH, korJa NPY>KHHA Ha HampsKeHa, Puc. 35
PaBHO X, MIOLIAAL MONEPEYHOTO CEYEHHS LIMAUH/IPa J.

HaiiTn paBHOBECHOE 3HaYE€HME X M JaBlcHHE ra3a P u3 coobpa-

KEHUI IKCTPEMATLHOCTH H 3JIEMEHTAPHBIM CIIOCOGOM.

O T B € T. B cocroanuu TEPMOJHHAMHYECKOIO PAaBHOBECHA MHHUMAJIbHA CyMMapHas
CBO6011H35( JHEPIrHA CUCTEMEI ra3 — NpYy>XXHHaA

2
X(x—x
Fom P 422750 220y e

aRT |
2 2 xc

J, P=x(x—xy)/o.

§ 25. TepmoauHamuueckue HepaBeHCcTBa

YcnoBrueM TEpMOAMHAMHYECKOTO PaBHOBECHA MPH MOCTOAHHBIX TEMIIE-
parype M JaBJICHHH ABJIAETCS MHHHMAIBHOCTH TEPMOAMHAMHUYECKOTO MO-
TeHIMaNa, JTO 3HAYUT, YTO €CJIH B PABHOBECHOM COCTOSHHH MapaMeTphl S
U V (P = const, T = const) moay4ar Mainsie npupamenas 65 u 6V, 1o
TpUpAILCHHEe TEPMOJMHAMHUYECKOro noteHuuana 0P HomKHO OHITH HEOT-
pUIaTENbHEIM TIpH JIOOHIX 05 U V. HeoGX0AUMBIM YCIOBHEM 3TOIO
ABNACTCA 0OpalleHHe B Hyb K03¢GdunuentoB npu 0S5 u OV, Tak Kak une-
HBI, cofepxatune 0S u 0V NuHEeHHO, MEHAIOT 3HaK PH NepeMeHe 3HaKa 05
U 0V. B KauecTBe JOCTAaTOUHOrO JUIA MAJbIX OTK/IOHEHHH OT PaBHOBECHS
YCI0BUA MUHHMAaNBHOCTH P ocTaeTCsa TpeOOBaHHUE NOJIOKUTEABHOCTH qud-
(eperumana BTOpOro nmopsaaka. PacCMOTpUM 3TO yCIIOBHE IS OJHOPOAHON
CHCTEMB.

*
3anaua npeanoxena I'. JI. KOTKUHBIM.
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ITpu peGONBIIOM OTK/IOHEHHH OT PaBHOBECHOTO COCTOSHHUS mpu P =
= const, 7= const uMeeM

6B =0(U — TS + PV)= (—%) 6S+(§%) oV +
§ (25.1)

+%[(as ) (65)2 +2"’U (3S6V+( ) (6V)2} TOS+POV>0,

IZie BCE MPOHM3BOJAHBIE BHYTpeHHeEH dHeprud U Gepyrcs B paBHOBECHOM
COCTOSHUH. B paBHOBECHOM COCTOSHHH

(%)V =T, (_g%)s ——p, (25.2)

H B BBIpaxeHHH (25.1) 0CTal0TCA MMIIB YWICHBI BTOPOrO MOPAIKA.
JHanee u3 (25.2) naxoaum

(az_U) =(ﬂ) _ T (aZ_U) =_(£)
as%/), \as/y Cv’ \avi/g v/
(), -2

asav \av/g Sy’
3anumieM HepaBeHCTBO (25.1) B Buze

(%)V(as)z +2(§T) 08 oV — ( ) (6V)?>0. (25.4)

(25.3)

YcnosusMu BeimosHeHus (25.4) npu mpousBOJIBHBIX 05 U OV aBnsAOTCH,
KaK U3BECTHO, HEPABEHCTBA

(ﬂ) =L 5y (25.5)
a5 14 CV

P

(ay)s <0, (25.6)

2
(37), +(6), (), == (7). 8), +(38), (), <o esm
WVis aS/y\aV/gs aV/s\oS/y asS/y\aV/g
IlepBo€ HEPaBEHCTBO AACT
Cy>0. (25.8)

HepasenctBo (25.8) umeer npoctoii pusnueckuit cMbici. ITycTb B HeKoTO-
pPOM (UKCHPOBaHHOM 00beMe MPOU30LLIA QIYKTyanus TEMIEPaTyphl, Ha-
npuMep, TeMrepaTypa Bo3pocia o CPaBHEHHIO C PaBHOBECHOH TEMIIEpaATy-
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poii To Ha AT. Torna npu Cy <0, Bcneacteue onpeneneuus (6U /oT)y =
= Cy, BHyTPEHHAA JHEPTUA BBIICICHHOr0 06beMa yMEHbIINIACh 6b1. JTO
ObI BBI3BAJIO NMOTOK TEIUIa U3 OKPYXAIOUIMX YYaCTKOB K BBIICIICHHOMY H,
CIIeIOBATEIILHO, IPHBENIO K JAJBHEHIIEMY POCTY TeMmepaTypbl. TOYHO TaK
%€ U (QIIYKTYallMOHHOE MOHHXEHHE TEMIIEPATYpPhl B HEKOTOPOI 06JNacTH
npu Cy < 0 He paccachiBasioch Obl, a UMENO OBl TEHAEHIMIO K JanbHEH-
ureMy pocty. TakuM o6pasom, coctoguue ¢ Cy < 0 6610 GBI aGCOMIOTHO
HEYCTOHUYMBBIM 1O OTHOIUEHHIO K MaibiM (IIYKTyallusiM TEMIIEpaTyphl: B
OJHUX 00JIACTAX MPOMCXOAHI ObI KaTaCTpOPUUECKHii pa3orpes BELIECTBA, B
JPYTHX — OXJIKACHHE 10 aOCONIOTHOTO HyJIS.
Hepasenctso (25.7) MoxeT OBITh 3alTUCAHO B BHAC

aT,P) aT,P) a(T,V)_L(aP) <0

aS,V) aT.V)aS,V) Cy \aVlp

H, BcaeacTeue (25.8), maet
aP
(_aV)T <0. (25.9)

B yCTOHYHBBIX COCTOSHHSAX OJHOPOJHOH CHCTEMBI H30TEPMHYECKOE CiKa-
THE, KaK W anuabaTuueckoe (cM. (25.6)), IpHBOIUT K POCTY JaBJICHHSA H
Hao0opOT.

Harnaaasrit cMbeicn HepaBeHcTBa (25.6) i (25.9) coBeplIeHHO SCEH: B
YCTOHYHUBOM COCTOSIHHH ra3 JOJDKEH ,,[IPYXHHHTb — yMeHbIIeHHe 00be-
Ma HEKOTOpOH MacChl ra3a JOJDKHO CONMPOBOX/IATHCA yBEIHYEHHEM JaBie-
HUs BHYTpH 3TOH Maccel 1 Hao6opoT. ITpu 3TOM HebGonbiine QyKTyaruu
IUIOTHOCTH ra3a OyayT paccackiBaThbes. HaoGopot, npu (8P / 0V )r > 0 (ua-
IpUMEpP, Ha BOCXOJsAIIEH BETBH H30TepMbl Bau-aep-Baanbca, cM. § 12)
¢bnyKTyanuu MJIOTHOCTH HE paccachIBaloTCs, a pacTyt. [IycTh, HanpuMep, B
HEKOTOPOiH 06NacTH MmpoH30LLI0 HeGonblmoe (QIyKTyalMOHHOE CKaTHe
BemecTBa. [Ipu (8P /8V)r >0 oHO OyAeT CONpPOBOXAATECA YMEHBIICHHEM
JIaBJIEHUA BHYTPH 3TOW MacChl, BHEIIHee JaBlieHHe OyaeT W Jaiblie ee
CXKHMMaTh, IIOKa HE BO3HHKIET Karid XUAKOCTH, HaoGopot, obnacth, B
KOTOpOH Mpou30LIIO0 (IyKTyallHOHHOE yMEHBIIEHHE IUIOTHOCTH, Oyaer
pacCIIMPATECA BO3POCIIMM BHYTPEHHHM IaBJICHHEM, [OKAa HE IepeiaeT B
HOpMaJbHOE ra30Bo¢ cocTosHue C (0P /dV)r <0. Muaue roBopsa, Touka,
Jexalas Ha BOCXOJAuIeH BETBH H30TepMbl BaH-nep-Baansca (puc. 20),
eciau 6Bl Takoe COCTOsHHE Ha MTHOBEHHE BO3HHKJIO, MTHOBEHHO ,,CBAJIH-
nack* ObI Ha W30TepMy-u3obapy A CE, nzobpaxaromnryio apyxdasmoe cocro-
AHHE BelecTBa. Takum obpa3oM, coctosuud ¢ (8P /aV)r >0 abcomoTHO
HEYCTOHUYHUBBI N0 OTHOLICHHIO K MaJbIM (PIYKTyalusaM IUIOTHOCTH HJM K
pacriagy Ha ase ¢a3sl.

5 Zaxas Ne 222
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§ 26. PaBHoBecue cas. Pa3oBble nepexonbl NepBoro poaa

o cux mop Mbl paCCMOTPENTH TEPMOAHHAMHUECKOE TIOBEICHHE CHCTEM,
OJHOPOAHBIX IO CBOUM (u3HueckuM cBoHcTBaM. [lepetinem Teneps K pac-
CMOTPEHHIO CHCTEMBI, COCTOAmIEH H3 HECKONBKHX (a3, HaxoJALMXCA B
PaBHOBECHH APYT C PYTOM.

@a3zoti MBI Ha3bIBacM (PU3HUECKH OAHOPOAHYIO HaCTh CHCTEMBI, OTJIH-
YaONIyI0C CBOMMH (PH3HUECKUMH CBOHCTBAaMH OT JPYTHX €€ yacTed H OT-
JEJICHHYIO OT HUX YeTKO BhIpaXkeHHOM rpaunuei. [lpumepamu aByxda3Hbix
CHCTEM MOTYT CITYXHTb JXHIKOCTh M HACBIIIEHHBIH 1ap, XUIKOCTh H KpHC-
TaJl1, IB€ KPUCTAUIMYECKHE MOAU(HKAIIMH OJHOIO M TOrO K€ BEHIECTBa,
HaxOJAILIMECs B CONPUKOCHOBEHHH JPYT C APYTOM, U T. 4. 3aMETHM, 4TO B
cHCTEME, B KOTOPOit (pa3bl HaXOHATCA B paBHOBECHH, HE3HAUMTENIBHOE H3-
MEHEHHE BHEIUHHUX YCJIOBHH (HampuMep, MOABOJ HJIH OTBOA HEKOTOPOIo
KOJIMYECTBA TeIJIa) APHBOJUT K TOMY, YTO HEKOTOPOE KOIHYECTBO BELIECT-
Ba MEPEXOAUT W3 OAHOH ¢a3bl B ApYrywo (IaBleHHE, KHIIEHHE H T. 1.).
IMo3ToMy, u3y4yas YCIOBHSA paBHOBECHS (a3, MBI OJHOBPEMEHHO H3y4yaeM
NpPOTEKaHHE TAaK Ha3bIBAEMBIX (A308bIX NEpex000s.

Mb1 OyaeM paccMaTpuBaTh NpoTeKaHue (a3oBOro mepexoja npu IMoc-
TOSHHBIX JaBJICHHUAX U TeMIepaType. TepMoaMHAMUYECKHi TOTEHIHAN I
IByx(a3HOH CHCTEMBI 3aBHCHT KpoMe 1 W P OT uMCia Mosed B KaxIon
¢aze Ny u Ny:

O=&(T,P,N|,N3), db=—-SdT+V dP+ u1dN| + u2dN,, (26.1)

rae
u1=0P/0N\)r, p, Ny, H2=(0P/0N2)r P N,

— XHMMHYeCKHE IIOTEHIMANIBI IEPBOii U BTOPOii a3kl COOTBETCTBEHHO, HIH
d®r p = pu1dN1 + pu2dN;.

3anuchBag cooTHomenue (26.1), MBI mpeanojaraem, 4ro B CHCTEME
OTCYTCTBYIOT T'PAJiHEHTHI [aBJICHHA U TeMIIEpaTyphl, TAK YTO COCTOSHHE
PaBHOBECHO MO 3THM NapaMerpaM. HepaBHoBeCHbIE 3HaUeHHA MOTYT UMETh
JMING Yucia Moneit Ny u N,, u Hac MHTepecyeT, Kak OyAyT MEHATBCH 3TH
YHCNa B MPOIecce BHIPABHUBAHHA.

Ecnu B cHCTEMe NPOHMCXOHHT NPOLECC BHIPABHHBAHMA, TO, KaK OBLIO
BBIACHEHO B § 24, TEpMOJMHAMHYECKHH MOTEHMaN yMeHpmaeTcs: dd <.
Ho N; + N, = const, dN 3 =— dN) u, cneoBaTesbHO,

(1= p2)dN =0, (26.2)

OTKyJAa cienyer, uto dN, <0 mpu g1 = u, ¥, Haobopot, dN| =0 mpu
J1 < M2, T. € TIOTOK BEmECTBa HampabyieH OT $asbl ¢ 6OBIIMM XUMHYeC-
KUM MOTEHIHAIOM K (a3e ¢ MEHBLIMM XHMHYECKHM ITOTCHLHANIOM.
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B COCTOSIHHM TepMOAWHAMHYECKOTO PaBHOBECHS TEPMOJHHAMHYECKHUI
noTeHUHan cucreMsl @ umeer MuHHMYM, d® =0, oTkyAa cnenyer 9TO
paBHOBECHE IBYX (a3 JOCTHIAETCA IIPU J1 = i 2.

Takum o6pa3om, 1N MOTOKA BEIIECTBA W3 OAHON (a3bl B JPYTYIO XH-
MHYECKHH MOTEHLHAN UIPAeT TaKylO Xe poNb, KaKyIo TeMIIepaTypa HIpaeT
IUIS TIOTOKA TEIUIa WK K€ AaBiEeHHE IS IOTOKA ra3a B COOTBETCTBYIOLIHX
npoleccax BolpaBHuBaHUA. IToTok Temna HampaBiaeH OT Touek ¢ Gonplueit
TEMIEepaTypoil K TOYKaM ¢ MEHbIIEH TeMIepaTypol U Ipekpauiaercs,
KOT/la TeMIEeparyphl BeIpaBHHBAIOTCA. [IOTOK ra3a HampaBleH OT TOYEK C
OONMBIIMM AaBJEHHEM K TOYKAM C MEHBIIHM JAaBJICHHEM U INpeKpaniaeTcs,
KOTZa JaBjeHHs BhIpaBHUBawOTCs. I10Tok BemiecTBa HampaBieH oT (a3sl €
OOMBIIMM XMMHUYECKHUM IOTEHLHAJIOM K (a3ze C MEHBIIMM XMMHYECKHM I10-
TEHLMAJIOM H INpeKpauiaeTcs, Korja XHMHUYECKHE NMOTEHLHaNbl BBHIPABHH-
BAKOTCA.

3aMeTHM, YTO B CNlyyasiX, KOrJa B BELIECTBE BO3HHKAET BCJIEICTBHE
rpagMeHTa TEMIepaTypbl MIOTOK TEIUIa WIH BCIEACTBHE IpajHeHTa HaBJie-
HHA TIOTOK MacChl ra3a, O4€BHHO, YTO ITH IOTOKH BEAYT K BEIpaBHHBAHHIO
TeMIepaTypsl H JaBiieHHsA cooTBeTCTBeHHO. HepaBeHcrBo (26.2) HMeeT
CBOHM HEIOCPEACTBEHHBIM CIEACTBHEM M3MEHEHHE yHcen Moneid Ny H Ny,
U BO3HHKAET BOIPOC, KaKUM 00pa3oM mepexo] YacTHLl U3 OfHOH (asbl B
IPYTYIO MOXET BECTH K BBIPABHHBAHHIO XUMHUYECKHX IIOTEHIHAIOB (a3 i)
U py. OTBeT Ha 3TOT Bompoc OYAET JaH B KOHLIE 3TOro maparpadga, korjaa
MBI Ka4€CTBEHHO U3yYHM 3aBHCHMOCTh XHMHUYECKOTO MOTEHUHANA OT TEM-
HepaTyphl H JaBJAeHUS.

3aMeTHM, YTO €CNH B HEKOTOPBIH MOMEHT BPEMEHH PaBHOBECHE MEXAY
(azaMu OTCYTCTBYeT (HalpuMep M > g2 ), HO TEMIEPaTYPhl U JaBJIEHHUS B
CONpHKAcaroUMXcs (a3ax OOMHAKOBBI, TO MPOLECC Nepexoa MOJIEKYH U3
niepBoii (ha3sl BO BTOPYIO NpeACTaBaseT coboil HeoOpaTHMBIii agnabaTuyec-
KHii mpouecc (cucreMy aByx (a3 cuMTaeM TEIUIOH3ONHPOBAHHOH) M J0J]-
*EH COIPOBOXKAAThCA BO3PACTAHUEM IHTPOIHH.

IMTokaxxeM, YTO 3TO AEHCTBHTENBHO TaK. Mbl MOXeM HPEICTaBUTH cede
HArJIAAHO ATOT MpPOLIECC, HAMpUMep, CleayiolMM obpa3oM. B Termnousomn-
POBAHHOM 3aKPBITOM COCYZ€ HaXOAUTCS XUIKOCTh U HAJ Heil HeHaChIIeH-
HbIii nap. OTCYTCTBHE paBHOBECHS (HEHACHIIEHHOCTH [1apa) rapaHTHpyeT-
Cs TeM, YTO Ha MOBEPXHOCTH >KUAKOCTH JIOXHT IUIEHKa, HENpOHHULaeMas
IUTS. MOJIEKYN BeliecTBa. 3aTeM IUIEHKa yOHpaeTcs U NPOHCXOAHT Heobpa-
THMBIH NPOLIECC BhIpaBHHBAHUA XMMHUYECKUX NMOTEHIHanoB. Cnexys oObIu-
HOMY METOJy TPAaKTOBKH HEOOPaTHMBIX NPOLIECCOB, 3aMEHUM ero MbICIIEH-
HO BOOOpaXcaeMbIM MEIJICHHBIM OOpPAaTHMBIM NPOLIECCOM HCmapeHus. Mel
MOXe€M, HanpHMep, He CHUMAaTh IUICHKY, a CYMTaTh, YTO OHA CTAHOBHUTCSH
BCe Oonee U Gonee NpoHHLIaEMOH.

JUis BoOOpaXkaeMOro paBHOBECHOTO MpPOLIECCa MBI MOXKEM BOCIIOJb-
30BaThCs OCHOBHBIM T€PMOJAHHAMHUECKUM TOKAECTBOM

dUi=TdSi—PdVi+/li dN;
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(i=1, 2, nupgexc | OTHOCHTCA K XHAKOCTH, HHAEKC 2 — K mapy). Otcroa
JUIS USMEHEHHSA CyMMAapHOH SHTPOIIMH UMeeM

ﬁ=¢&+¢%=%hﬂh+Uﬂ+Pﬂm+Vﬂ—yﬂM—yyWﬂ.

Tak kak BOOOpakaeMbIii MPOLIECC, TaK K€ KaK H peaybHbIH, SBIAETCA H30-

sHepretnueckuM dU =— dU ,; u uszoxopuueckum dV| =—dV,, npuuem
MOJIEKYJIBl TOJNBKO MEPEXOAAT W3 MepBOi (a3sl Bo BTopyio dN; =— dNy,
MOJTYYHUM
H1—H2
dS =——dN; >0,

TaK Kak 41> fo, 7>0.

Htak, paBHoBecHe IBYX (a3 BellecTBa TpeOyeT MOMHMO pPaBEHCTBA
JaBjaeHud Py = P, u paBeHcTBa Temneparyp 1) = T ellle paBeHCTBa XHMH-
YECKUX [MOTEHLIHAIOB 06enx das:

#(T,P)= p2(T,P). (26.3)

JT0 ypaBHEHHE B IPHHLIMIIE ITO3BOJIAET BHIPA3UTh OJWH U3 apryMEHTOB XH-
MHYECKOTO NOTEeHLHAala yepe3 APYroi, T. e. HaiTu 3aBUCHMOCTh P = P(T)
umu T = T(P) (nanpumep, HaiiTH HaBiE€HHE HACHIIEHHOTO Mapa Kak (yHK-
LMIO TEMIEPATYphl WM TEMIIEPATyPy IUIaBICHHS KaK (QyHKIMUIO JaBneHus
H T. 1.), U, CJIe0BaTENLHO, ONpeAeHseT Ha IockocTH PT KpHBYIO paBHO-
Becus ¢a3. Ho qns Toro ytoGr HaiiTn ypaBHenue kpusoit P = P(T) B KoOH-
KPETHOM ciIyuae, HaJ0 MMETh aHAIUTHYECKOE BBIPaXKEHHE IS XUMHYECKUX
NOTEHLHATIOB 06enx ¢as.

Mb1 MOXeM, OJHAKO, HE 3Hass KOHKPETHOTIO BBIPaXEHHS XHMHYECKHX
notenuuanoB U (T, P), u2(T,P), naiitn auddepeHunansHoe ypaBHEHHE
KpuBoi (azoBoro mepexona. YpasHenue (26.3) moka3ssiBaer, uTo Ipu da-
30BOM MpEBpAlllCHHH XHMHYECKHH MOTEHLHAN H3MEHAETCS HeNpEephIBHO
Oe3 ckauka. B ofmem cnydae MpOM3BOAHBIE XMMHYECKOIO IMOTEHLIHANA
(Qu/oT)p=— S u (6u / 8P)r =V mnpu (a30BOM NpeBpalIeHHH MEHAIOTCA

CKauKOM, T. €. MOJIAPHBIA 06beM U MoJIspHAad IHTPONHUs nepBoi (asbl He
paBHbBI MOJIIPHOMY OOBEMY U MOJISPHOW SHTPOIHHU BTOPOi (assl: V) #V,,
S # S5. Takue da3zoBble mepexoapl HA3BIBAIOTCH (a308bIMU Nepexooamu

nep6ozo poda. Tak Kak (a3oBblil EPEXOA MPOUCXOIUT NPH HEM3MEHHOH
temrepatype T, To u3 gopmynsl 0Q =T dS naXoaum, 4TO CKauyOK 3HTPO-
nuu S2 — S| CBA3aH C MOJIAPHOM TEIUIOTOM mepexona A hopMynoi

A=T(S2-5)). (26.4)

_ VYiBepxaeHune O ToMm, uTO mpH (pa3oBoM nepexole NEPBOro poAa
S2 # 81, sxkBuBaneHTHO yrBepxiaeHuo A # 0. Takum o6paszoM, (asoBble

nepexosl MEPBOro poja COMPOBOXAAIOTCA CKaYKOoOOpa3HbIM H3MEHEHHEM
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o6beMa U NOTJIOUIEHHEM WIM BBIAEJNEHHEM TEIIOTH mepexoja. K Takum
nepexonaM IpuHaIIexKaT BCE M3MEHEHHs arperaTHOro COCTOSHHUA (Kulle-
Hue€, IUIaBJACHHE U T. [.) © MHOTHE B3auMMHbIE IpeBpallieHHs KPHCTAIHIec-
KuX MOJu(HKaLKi OJHOTO U TOTO Xe€ BEIIECTBA APYT B APYra.

MoJsipHas TerioTa nepexoaa A MoXeT ObITh BBIUMCIIEHA IIOMUMO (op-
Myabl (26.4) eme u apyruM cnocoboM. CornacHo NpuHLMIY 3HEPrUH
uMeeM L _ o .

A=U=U+A=U=U,+ P(Vy = V))=W, — W, (26.5)

rae A — pabora, coBepimaeMas MpH NEPEX0e OJHOTO MOJIA BEIIECTBA 3
nepBo#i ¢a3bl Bo BTOpyI0, a W — MonspHas 3HTansnusA. BeneacTsue sroro
BEJIMYHHY A 4aCTO HA3bIBAIOT JHTAJBIMEH Mepexoaa (MCapeHus, KUIeHus
HT. I.).

IMepeiineM k BeIBOAY Au(depeHIHANTbHOTO YpaBHEHHS KpPHBOH paB-
HOBecus Ha PT-NINOCKOCTH.

IMepeMecTuMcsa BIOJL KpUBOH (a30BOro Inepexoja IEpBOro poja 3
OJHOH TOUYKH B JpYrylo, BeCbMa ONM3Ky nepBoi. B cuny ypaBHeHus

(26.3) mpu 3TOM
du\(T,P)=du>(T,P), (26.6)

H, BOCHOJB30BaBIMUCH (Gopmynoit (22.9), monyuuM auddepeHUManbHOE
ypaBHEHHE KPUBOH Iepexoja

dp _ 52 -5
— ==, 26.7
T vV, -1 ( )
KOTOPO€ MOXET OBITh ¢ TOMOIIBEO (26.4) 3ammucaHo B BUJE
dP A
= ~_ . 26.8
a1tV —=V) ( )

JT0 ypaBHEHUE Ha3bIBAeTCH ypasHenuem Knanetipona — Knaysuyca.
Ypasnenue (26.8) nokaseiBaet, uto npu A > 0 (mepexol ¢ MOTTIONIEHHU-
em Teruia) dP/dT > 0 npu V2 > V) 1 Ha060pOT, T. €. IpH NIEPEXOJIe, CONpPOo-

BOXJIAIOLIEMCS yBelHueHHeM o0beMa, TeMItepaTypa nepexoja Bo3pacraer
C YBEJHUYEHHEM JaBneHus (HampuMep, KUIIEHHE XUIKOCTH), a MpH mepe-
X0jie, COMPOBOKAAIOIIEMCS YMEHBINCHHEM 00beMa, CHHXKAETCS (HalpuMep,
TIaBJAeHUE J6Ja).

JAns Ttoro uto6Bl HpOWHTErpHpOBaTh ypaBHeHue (26.8) u HaliTH B
ABHOM BHuA€ 3aBuCUMOCTh P(T) unu T(P) B1oab KpuBoi (a3oBoro nepexo-
Ja, HaJlo 3HATh YPaBHEHHE COCTOSHUA AN Kaxaoi ¢aswl V) = f1(P,T) u

V3 = f2(P,T) u 3aBHCUMOCTh TEILIOTHI Mlepexoja OT TeMreparypbl. OaHa-

KO B HEKOTOpBIX ClyyasX 3afaya MHTErpUpOBaHus ypaBHeHus (26.8) cy-
IIECTBEHHO YNpOIIaeTcs,
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PaccMoTpuM B KadyecTBe NpHMeEpa PaBHOBECHE XHIKOCTH W Iapa IpH
TEMIepaTypax, HU3KHX [0 CPAaBHEHMIO C KpPUTH4ECKOH. B 3Toi obGnactu
Temneparyp V; >V, u nap saBagercs HaCTONBKO pa3peXEHHBIM, YTO €ro

MONAPHEIA 00BbEM V) € XOpomeHd TOYHOCTHIO MOJYHHAETCS YPaBHEHHIO
COCTOSIHUA HAealbHOro rasa Vo = RT / P. YpaBHenue (26.8) mpuHHMAET B

3TOH 0051acTH BUJ P ip

dT ~ RT?’
Cuurtas A = const U HHTErpupys, HAXOIUM

P = Px exp(—A/RT), (26.9)

rie P — HaeimeHue, KoTopoe uMen Obl ra3 mpu I - . Ha camom gene,
BeIpaxkeHue (26.9) cTaHOBHTCS HENMPUrOAHBIM IIpU T ~ Ti.

VYpasuenue KnaneiipoHa — Kiay3uyca nossonser pemartb pag 3ajady,
OTHOCALIMXCA K ¢a30BBIM IepexojaM mnepporo poja. IlycTe nmeercs He-
KoTOpas (usnueckas BENMYHHA, 3aBUCAINASA OT JABJACHHA U TEMIIEPaTyphl,
A(P, T) (B xauecTBe TakOH BEIMYHUHEI Mbl MOXEM BBIGDATh MOJAPHBIH 00B-
eM V; mo6oi u3 (a3, MonapHyro 3HTponuo S; noboi u3 a3, Ternoem-
KocTh C;, TEIUIOTY Tepexofa A u T. 1.), U HaC MHTEpPeCyeT H3MEHEHHE 3TOH
BEIUYHHBI BIOJb KPHUBOii paBHOBeCHA (a3 mpH u3MeHEHWH JaBlEeHHA WIH
TeMneparypsl. UMeeM cienyromue oueBHAHbIE GOPMYIIBL:

T(Vy -V
(ﬁ) =(M) +(M) d_T.=(6_A;) +(M) W2 27 6.10)
dp/, \oP/r \oT/p dP \aP/p \oT/p i

(1) (), (), 260, ),y o
ar/, \oT/p ~\aP/p dT \oT/p ~\oP/r T(V2 - V1)
rae (dA/ dP)y v (dA/ dT), — TpoU3BOAHBIC BIONb KPHBOH PaBHOBECHS

das.

IIpuBeneM OBa MpuUMepa, WITIOCTPUPYIOUIUX NpPHMEHEHHE (opMyn
(26.10) u (26.11).

1. BelyHcnuM NMPOH3BOJHYIO MO TEMIEPATYpPe MOJAPHOH TEIIOTHI
nepexoga. Cornacio dopmyne A=T(S, — 1) u ucnonssys (26.11), Ha-

XoauM
dl) ~ ~ aS> as
—| =8, =-51+T (—) —(—) }+
(dT u aT P aT P

() -(8) |
0P Jp \oP)p | T072 =P1)






