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“Hexomopuvie sewju Ham HENOHAMMHDL,
HE NOMOMY, YWIMO HAWY NOHAMUL CAGOL,
HO AUWD NOMOMY, WMO 6EUU CUL
ewe He 8TOOAM 6 Kpye HawWur nonImui.”
Kospma PpyTros

IIpenucnoBue

[enbio mpenaraemoro KoHcrekTa JIeKIIUI M0 TePMOINHAMUKE SBIISIETCS TOCTENO-
BaTeJbHOE M3JI0KeHUE OCHOBHBLIX WIOEH W METONOB KJIACCUYEeCKOW paBHOBECHOW TepMOInHa-
vukn. Crenys monxomam M. Tlopma m K. Kapateomopu, obcyxmatorcs manbosee TpymHo
ycBamBaeMble CTyAeHTaM (pr3andecKiie MOTUBUPOBKI MaTeMaTHYeCKOro annapaTa TepMOoIn-
HaMUKK OOpaTHMBIX TPOIECCOB, BBEACHUS MOHSITHUI TeMIepaTyphl W SHTPONNUM, KaK Hapa-
MeTpPOB ((PYHKIINIT) cOCTOSHUS, (POPMYTUPOBKHI MEPBOTO W BTOPOTO Hadasla TEPMOTTHAMEIKI
I 06paTUMBIX 1 HeOOpaTUMBIX TpolieccoB. M3naraercs mMeTon TepMOOMHAMUYECKUX TI0-
TEeHIIMAJIOB, C TIOMOIIBIO KOTOPBLIX 3aTeM OOCYKIAlOTCs YCIOBUS YCTOWYUBOCTH COCTOSHUS
TEPMONMHAMIYECKOTO paBHOBecHs. [NMHCTBO MpUMEHEHUS >TUX METOMOB MPOCIIEKNBAETCS
Ha TpUMepax PazfiMYHbIX TEePMOAMHAMUYECKNX CUCTEeM: MalHETUKOB, MUK TPUKOB, CBEPX-
MTPOBOMHNKOB, a TaKzKe siBJIeHWH (Pa30BOTO Nepexoia B OMHO- 1 MHOIOKOMIIOHEH THBIX CuCTeMax
1 XUMHUYECKOTO PaBHOBECHS.

HawHbIll TeKcT TpU3BaH OTHIONL HE 3aMeHUTH cobOoil cTaHMmapTHbIE yueGHblE PYKOBOI-
CTBa, HO CIYXKWUTh, IpekKAe BCero, My TeBoIuTeIeM 10 TpeaMeTy U COOTBeTCTBYIOMEN JuTe-
paType (20 mammenoBanuii). [losTomy, YacTh MaTepraia BhIHeceHa B 3a1a4i TTOCTe Kak 10
JIEKTIAT, SBIISIIOININECST HEOTBLEMIIEMON 9acThio Kypca. OHEN cOCTABISIOT OCHOBY obs3aTerh-
HBIX 3a7laHWil W 5K3aMEHAalMOHHBIX BOMNPOCOB M CHabXKeHBI MOAPOOHLIMU YKa3aHUSIMU WJIN
U TepaTypPHLIMHI CCBITKaAMU.

Samevanus u mpemsoxkenus npuBeTcTByoTcs. Y 6maromapen mpodeccopy C.U. Cume-
TOBCKOMY 3a TOJIe3Hble 0OCY KIIEHUs U pelleH3eHTaM 3a leHHble 3amedanus, M. ['opbaueBoil u
B. UBonuny 3a BHUMaTeTbHOE UTEHIE TEKCTa I YCTPAHEeHe 3aMeYeHHbIX OMeYaTOK, a TaKKe
. Husumnesoit, U. [lepeBamoBoii, A. CeMeHIOK 3a TBOpYECKOE BBITIOIHEHNE PUCYHKOB.

C.11. Kopeubsut
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Jlekiina 1

TepmonuHaMuueckoe paBHOBECHE.
I-e Hauaso TepMonunHaMuKM

TepymonmaaMuKa, — 5T0 QEHOMEHOTOTTIECKAS TEOPIS, OMIMCHIBAIOIIAS TTOBE-
meHnme MAKPOCKOIMIIECKOH CHCTeMbBI I Tela, PAacCMaTPUBaeMbBIX KaK COBO-
KYIHOCTB OTPOMHOTO umcia, > 10°, Gomee mam meree ommmaxoBerx MUEpo
00BEKTOB: TACTHUIl, aTOMOB, MOJEKYJ, COIUHOB, U T.O. P puMepaMu TakmX
cucTeM OYIOYT CAYyKHUTH Ta3bl, KIIKOCTH, TBEPAbIe Tejla, MATHOTUKN, U T.1.

PpemveroM m3yueHnsT paBHOBECHOH TePMOTMHAMUIKH ABIAIOTCS TaKme CO-
CTOSHUS 3TOH MAKPOCHCTeMBbI, KOTOPBIE BIIOJIHE ONPeIeIII0TCS JTIIb Heb0Thb-
UM TICAOM “BHEIMTHNX W “BHYTpPeHHHX (IO OTHOIICHUIO K 5TOi MAKpO-
crcTeme) MAKpomapaMeTpoB, HampmMep: obbeMoM V' u maBrmeHmeM P, mianm
BHEIITHIM MATHUTHBIM mojleM H U ee HAMarHUIeHHOCTHI0O M 1 T.1.

B mpocTteitmmem cayTae, Korma cmcTeMa He OOMEHHBAeTCS ¢ BHEITHIMI
TelaMU HHI SHeprueil, HII BeIIleCTBOM, HII HM3/IyJIeHIeM, OHa Ha3bIBaeTCS 3a-
MKHYTOII WIN H30/1HpoBaHHON. Pa ocHOBe ombITa B TepMOOUHAMUIKE TOCTY-
AUPYeTCs, ITO BCSIKas M30TMPOBAHHAS CHCTeMa 0 MCTeUeHU HEKOTOPOTO
BpeMeHI {, IPEBBIMIAOIIEr0 XapakTepHOe Mg Hee BpeMs PeTakCAIlIN T, IP-
XONUT B TaKoe COCTOSHIE TePMOTIMHAMITIECKOI0 PABHOBECHA, M3 KOTOPOTO B
maabHelIeM, Ipu ¢ > 7, OHa yKe He MOXKeT BHIITHU CaMOIIPOU3BOJIBHO.

NnerHO Takme paBHOBECHBIE COCTOSHUS BIIOJTHE XapaKTePU3VIOTCS TeM
CcaMBIM HeGOIBIIIM THC/IOM CBOUX MAKpoOmapaMeTpoB Kak (DYHKIIIH JIHIIIB
COCTOSHIA CUCTEMBI, TaKUX KakK o0beM V u maBrmenue P. PosTomy mpencra-
B/IIeT WHTEPeC TO, KAKAM O06PA30M DeaTm3yIOTCS ST COCTOSHUS, & TaKKe
K KaKuM (U3MTeCKIM CIeACTBUSM IPUBOAUT Kak caM (GakKT UX CYIIeCTBO-
BAaHIS, TaK U Pa3INTHBIE BO3MOKHOCTH UX HapyIIeHmsI. Pa3meneHme mapa-
MEeTPOB CHCTeMbI Ha BHEITHIe U BHYTPeHHIe BeCbMa YC/IOBHO I 3aBHCHT OT
cTocoba BBIMEICHNS CUCTEMBI I3 €€ OKPYKeHTIS.
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1 TepMmuueckoe paBHOBecre I TeMIIepaTypa

PosToMy mpu BBEIOETCHUN TePMOOMHAMIYIECKIX CICTEM I3 OKPYZKAOIIETO

ITPOCTPAHCTBA UM OTAeIeHNN UX OPYT OT APYTa BaXKHYIO POIIbL UTPAOT CBOII-
cTBa pasnuuaHoro poma crerok. Cmemys M. Popry [9], nneammsamnuio cyire-
CTBYIOIINX B IPUPOJie CTEHOK MOKHO CBeCTH K TPeM OCHOBHBIM BapHaHTAaM.
¢ AnumabaTmueckas CTEHKA TaKOBa, UTO COCTOSHIEC TePMOTIHAMITICCKOTO
paBHOBecHST HaXOMAIIeNcs B ATON aanadaTIdecKoil 000T0UKe CUCTeMbl (Tena)
MOZKHO HAPYHIINTh TOIBKO Iy TeM IIepeMeIlleHn s CTeHOK 000T0IKI, T.€. TOTBKO
IIyTeM COBEPIIEHN CICTeMON MeXaHIMIecKol paboTel 0. A Hal cBOIM OKpYyiKe-
HueM Wi paboTel okpykennda 0 A' = —0 A manm cucremoit. B Takoit o6omouke
3aKIi0UeHa BCAKAsI M30IUPOBAHHAS CHICTEMA (PI/IC. 1.1).
e JlmaTepMumueckas CTEHKAa TakKoBa, UTO IBE MOICUCTEMBI (I/IJII/I TeJIa) 1
1 2, pa3neeHHBIe TAKO HEIPOHUIIAeMON HeIOABIZKHOI IIeperopoaKorl, HaXo-
IACh B OOITTell aqmadaTIIecKoil 0607109Ke, MOCTUTAIOT COCTOSHISA OOITIeTo Miis
142 TepmommHAMITIECKOT0 PaBHOBECHSA TOIBKO B CIydae BBIIIOTHEHUIS OIIpe-
meTeHHBIX COOTHOIIEHI MeXKIY nX MAKpomapaMeTpaMu:

fl—l—?(Pla ‘/1|P27 ‘/2) = 0. (11)

B »Tom cmygae ToBOpAT, 9TO moncucTeMBl 1 2 TepMommHAMIIECKH PABHO-
BECHOIT CICTeMHEI 142 HaXOmaTCsS B COCTOSHUN T€PMUYECKOTO PAaBHOBECHUS
Mexmy coboit (Pme. 1.2),

¢ IIpornnaemrie (BooGpaxkaemble) CTEHKH, MOMyCKafollime oOMeH I da-
cTumaMn (auddy3uo), aHATOTTTHO HO3BOISAT TOBOPUTH O COCTOSHIIN XIMII-
TeCKOTO paBHOBecIs Mexay momcncremamu 1w 2 (Pue. 1.3).

B ocHoBe BBemeHMS MOHATHNS SMITIPIIECKOT TeMIEePaTYPHI TeKNT CITeAyIO-
AT SMOTPUIECKNH PakT TPAH3UTUBHOCTHM COCTOSHUS TePMITIECKOTO PaB-
HOBecIIs: nBa Tela | m 2, HAXOMATIIECS KaKIOe B COCTOSHUNN TePMITIeCKOT0
PaBHOBECHA C TPETBUM TeIOM 3, aBTOMATUIECKN OKA3bIBAIOTCS B TepMIIe-
CKOM paBHoBecHI W MeXmy cobom. T.e. cocTosame cuctembl 14243 OymeT
MOTHOCTHIO TePMOTMHAMUTIECKT PABHOBECHBIM T He M3MEHUTCS, eCIN OUeHb
MIJTABHO 3aMEHUTH annmabaTHIecKylo CTeHKY Mekny 1 m 2 mmaTepMUtTIecKoi:

f1—|—3(P17 ‘/1|P37 ‘/3) = 07
f2—|—3(P27 ‘/2|P37 ‘/3) = 07

To xe PaBHOBECHOE COCTOAHNE YCTAHOBUTCI, €CJIN TEJIO 3 Pa3sme/InTh JHarep-

= Fio( P, V1| P, V3) = 0. (1.2)

MIYeCKIMI CTeHKaMII ellle Ha IIPOM3BOJIbHOE WIICI0 JacTell. PTa cuTyarms
BO3MOKHA, TOIbKO ecnn ¢pyrknun F B (1.1), (1.2) mpemcTaBAMEBL B BIIe:
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f1—|—3(P17 ‘/1|P37 ‘/3) = fl(Ph ‘/1) - f3(P37 ‘/3)7
f2—|—3(P27 ‘/2|P37 ‘/3) = f?(P27 ‘/2) - f3(P37 ‘/3)7 (13)
Frea(Pr, Vi[Po, Vo) = fi(Pr, Vi) = fo( P2, VA),

T.e. Firpi(B, VI|P, Vi) = fi( P, Vi) — fiP, Vi), | # i, u o3HaTaeT, ITO YCIOBIL

TEePMUYECKOTO PABHOBECH I (1.2) PaBHOCIIIBHEL cooTHOImeHIsIM (Pme. 1.4):

[i(PL, Vi) = fs(Ps, V3) = fo(P, Vo), tme fi(Pr, Vi) = fo(Po, Vo) (1.4)

I eCTb YC/IOBUE TePMHIYIECKOro PaBHOBECHUs NMBYX Teld. DBriOpaB, HampumMep,
Tero 3 B KavuecTBe TepMoMeTpa, momaraeM f;(FP;, Vi) = ;. Torma ycmoBms
(1.4) TepMmIeckoro paBHOBeCHS ¢ HOM Tela 1, #) = fs, m Tema 2, 6, = 63,
03HAYAIOT OMPEIeIeHHYIO 3aBUCIMOCTH MeKOY UX mapamerpamu P, nw V; n
STO SMIUPUUIECKON YCI0BHOI TeMmepaTypoit #; = f3. Taxum obpasom, Bes-
KO€ PABHOBECHOE COCTOSHIIC TIPON3BOIbHON TePMOIIHAMIICCKOH TOICIICTEMEI,
moMuMo P u V', xapakTepusyeTcs ellie OTHUM “BHYTPEHHUM MapaMeTPOM —
byHKIIEN cocTosHUS 6, 3amaBaeMoll TepMUIECKIM YPaBHCHICM COCTOSHUAL:

6= f(P,V), nm: T=U(0)=0(f(P,V)=T(P.V), (L5

— I7Is HeKoTopoil abcomoTHON Temmeparypsl 1T = W(f), ecnn 3aduKCIPOBATE
HCOTHO3HATHOCTD IIEPBOTO SMINMPITIECKOT0 onpeneaeHns B (1.5) momomanTens-
HBIM yCIOBIEM HOPMUPOBKI, KOTOpoe 6yIeT yKaszaHo HIKe, B (2.31).

Yxe m3 caMoro paKTa CYIIeCTBOBAHNS TEPMIIECKOTO YPABHEHMS COCTOS-
Hist (1.5), CBSA3BIBAIOIICTO STU TPH PA3IMIHBIC (GYHKIII COCTOSHIA CICTEMEL
myTeM OUPOepeHIUPOBAHIS CaMOTr0 O0IIero BUA 3TOT0 yPaBHEHU:

o=
Z(P,V.T)=0, d2=ZpdP+=ZydV +Z0dT =0, =, = (—) , (1.6)
oT
mpourernoro kak:  dI(P, V) = ( ) (—) dV, (1.7)
oV ) p
mmbo xax: dP(V,T) = ( ) (—) dT’, (1.8)
T
A%
wn xak: dV (P, T) = (8—P) dP + (8—T) dT, BHITEKaeT, UTO: (1.9)
P
T =, (0P =, (aV) =,
Py —_zp (&) v (&) __Zr 1.10
(ap)v = (av)T =, \ar/)p =, UM (1.10)

oP oT ov oT opP\ !
nMeemM ( ) ( ) ( ) :—1, tITOBCI/IJIyi (—) = (—) ; (111)
ov)r\or), \oT ) p or),  \oT )y,

BUOHO 1 U3 mioboro 3 ypasuenuit (1.7)—(1.9) [cpasuu ¢ (1.7)/dV npu dT = 0].
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COOTBGTCTBYIOIHI/IG SKCIIepUIMEHTaJIBHO Ha6JIIOI[a€MLI€ BeJIMYNHEBI €CTh.

1 /0P .
By = —= (—) = TepMUUIecKIH KO>POUINIMeHT MaBIeHN, (1.12)
P\oT )y
;1 oV
ap=3ap=—|=x| = xodxdppunmerT obvemuOro pacumperns, (1.13)
V\OT ) p
P 1(3V) (1.14)
\r=—=|==] = m30TepMUIeCKas CKIMAEMOCTE; :
II OKa3BIBAIOTCA CBI3aHBI TOIHa COOTHOImeHHmeM «p = POy K. (1.15)

Hyerno moToMy, 9T0 3HaUeHI TepMoamHaMIIecknx mapamerpos PV, T, xa-
paKTepU3yIOMINX PaBHOBECHOE COCTOSHIIE, IO OPeNeIeHIIO SBIMIOTC 3Hade-
HIAMU (yHKIII COCTOSHIA CICTEMBI, TO €CTh 3aBHCAT TOJIBKO OT CAMOI0 DaB-
HOBECHOTO COCTOAHIA, HO He 3aBUCAT OT TOTO0, KAKIM IIyTeM CHCTeMa B _Hero
HolraJIa, NX IPUPAIIeHIIs 3aTal0TCA TOIHEIMI (g depeHnmaIaMn STIX QyHEK-
IIiT, T IMEIOT MECTO I CMBICT Bee paBeHCTBa (1.5)-(1.15). BBemernnere mapa-
MeTpPEI, OTHAKO, He HCYePIBIBAIOT BCEX BO3MOKHEIX (DYHKIIIIT COCTOSHI.

2 l-e Hagano TepMognuaMukn

BosmoxkHOCTD cmcTeMe (HIN HAIl CHCTEMOI) coBepIIaTh PaboTy, ocTa-
BaiCh B amubaTHIUIecKoil 060I0UKe, 03HAYACT, UYTO CICTeMa MOKET 3allacaThb
SHEPIUIO, a IMEeHHO: BHyTpeHHI0I sHepruio U. Tax kak Ha OmBITe OKa3bI-
BaeTCA, UTO AJIA aamabaTHIeCKOro mepexoia CUCTEMBI MEXIY 3alaH-
HBEIMHI HAYAJILHBIM M KOHEYHBLIM PABHOBECHBIMHI COCTOSHUSAMH TPe-
GyeTcs Bceria ofiHa m Ta ke paGora (JA4)7 HesaBuCEMO OT cmocoba
I cKopocTu mpoiecca mepexona (Puc. 1.1), To, mo amamornm ¢ MexaHmn-
KOIT, MOXKHO Ha3BaTh ATy BeJINUUHY “agnadaTmiecknM moTeHnmagom . T.e.
[-e HaUaI0 MOCTYIUPYET, UYTO ¥ CHCTEMEI IMMeeTCs eIrle ONUH “BHYTpPeHHNIT
TepMOAMHAMIIECKIIT IapaMeTp — ee agumadarmdeckuili moTeHmuan U — Kak
QYHKIIS ee COCTOSHIS, 3aBUCAIMI B cuay (1.5) or mobexX (IBYX) He3aBH-
CHMBIX HapaMeTpoB. Tax aTo paboTa IpHl I0O60M aguabaTIYecKOM IPOIecce
COBEPIIAETCA CICTEMOI TOIBKO 3a cUeT yOBIIN ee BHyTpeHHeN sHeprun U Ha:

(dU)g = —(0A)g, tme: U=U(T,V) (= U(P,V)=U(T,P)), (1.16)

— €CThb KaJIOpHYIEeCKO€ YpaBHCHUEC COCTOAHUMIA CUCTEMBI, a4 MHIEKC Q CHIIMBOJIN-

3mpyeT anmabaTuaecKnii mpotecc. Ecmm Temeps, obpalaich K muaTepMUIIe-
CKIIM CTeHKaM, OIMPEAEJINTh MOHITHe KOMmIecTBa Telta 0(¢) Kak TOT eIre
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ONIIH CII0CO0O mepemadr >HepPrun MeXTYy moacucTeMaMu 1 m 2, KOTOPBII OBIT
3amperrieH aanOaTIIecCKIMI CTeHKaMI, HO CTaj BO3MOZKEH I MUaTepMI-
YeCKIX CTCHOK B IPOIecce YCTAHOBICHHS TepMHIIeckoro papHopecus (1.1),
To OGallaHC 3aKOHA COXPAHEHUS SHEPTUN yiKe Mg JII060ro Takoro mpolecca
BeIpaBHIBaHIA, BMecTo (1.16), mpmHIMaeT B

(I-e IMagamo) dU =6Q —0A, mmm: dQ =dU +64A=6W.  (1.17)

T.e. mpuparmerme KomumTecTBa Telma 0() eCTh IPOCTO MOJHAS MOABEECH-
Hasd K cucTeMe 3Heprusd 6, KoTopas umeT Ha IpupallleHne ee BHY TpeHHeH
saeprun OU 1 Ha coBepIeHHIe STOH CICTEMON d/TeMeHTapHOI paboTh d A TpH
MIPOM3BOIBHOM, B TOM UIHC/Ie HeaauabaTmaeckoM mpotecce. Ppupartenns 0()
m 0A 3aBUCAT OT myTH, cmocoba W CKOPOCTH IMPOIecca, T.e. SIBIAIOTCS €ro
(YHKITITOHATAMII, 8 TIOTOMY He MOTYT OBITH IIPeACTaBIeHBI TOTHLIME nudde-
peHMamaMu. Torma Kak A7 TpUpAIleHNs BHYTpPeHHeN SHePTUN CUCTEeMEL,
Kak QYHKIIIN TOTBKO ee cocTosHus, mMmeeM: ol = dU.

Pasubre TepmonmmuamMmaeckune mapameTpsl P, V,T m T.0. mMeioT pas3HbIe
BpeMeHa peIaKCallil Tp, Ty, Tp Hazke IS TPOIeCcCOB B OMHON cmcTeMe. DBBe-
IeHHOE BBIITIE BPEMsI PETIAKCAIINN BCell CHCTeMBL T = max(7p, Ty, 7r). Ipomecc
U3MEHEHHS TepMOIMHAMUUECKOTO mapaMeTpa Y Ha Benumunay AY, mpore-
Kaforuit 3a Bpemst At > 7 co ckopocthio Y = AY/At < AY/7, mHOrO
MeHBITTeN CKOPOCTU pelTakcalii BCeX TapaMeTpPOB CUCTEeMBI, MOXKHO TIpel-
CTaBUTh KaK MOCTEAOBATETIBHYIO HMEMOTIKY 0€CKOHeTHO OIM3KNX PAaBHOBECHBIX

COCTOSHUNI C orpene/JIcHHbIMI 3HaYCHIIAMNI Y. Taxme MeIOJICHHBIC ITPOIECChI

Ha3bIBalOT PaBHOBECHBIMI, KBa3UCTATHYCCKHMI HJ/JIH O6pELTI/IMBIMI/I7 T.K. IIO-
CJI€eJOBATEJIIBHOCTE PAaBHOBECHBIX COCTOSHII Bcerga MOZKHO HpOfITH B o6paT—
HOM IIOpAIOKe. ATK B KaKOOM 13 TaKHX IIPOMEXKYTOYHBIX COCTOSHIIII BCe

IX IapaMeTPhl IMEeIOT OIpefeleHHbIe 3HAYeHNS, TO IX MOZKHO I300pa3uTh B
BIIe TTankoil kpusoil Ha wiockoctu (P, V), wnu (T, V), mnu (T, P) u 1.1,

kax: (P, V) =const, ¢(T,V)=const, ¢(T,P)= const, (1.18)

roe OJId IIpOCThIX CUCTEM YPaBHCHIEC IIPOTECCA (p(, ) = const cBI3BIBaeT He
0oee OBYX IIapaMeETPOB. HepaBHOBeCHLIe COCTOAHIIA I HEPaBHOBECHEBIE IIPO-
OecCbl HEe NOIIYCKalT OOJHO3HAYHOTO rpaqmquKoro I/1306pa}K€HI/I}I. Po ecan
HavaJ/IbHOE I KOHEYHOC COCTOAHUIS ITPOMU3BOJIBHOTO IIPOIIeCCa ABIAIOTCA PaBHO-

BECHBIMI, TO 0 OTHEIBHOCTH B KazZKIOM I3 HIIX BEIIOTHAIOTCI YZKe I TePMI-
geckoe (1.5), m kamoputaeckoe (1.16) ypaBreHus coctosums. PTo mossomser
714 M060T0 TaKoro Ipollecca HallTH M3MeHeHIe JE000i (GYHKIIIT COCTOSHIL,
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HaIIpUMep, I3MeHeHIe PYHKINN BHY TPeHHENl YHePT U CUCTEeMBI:
AU =U(Ty, Vo) = U(Th, V1) = Uy, = U} = AQ — AA. (1.19)

Koneunpre mpupammenns AA, AQ), kax um 6A, 0(), HempencTaBAIMBI B BIIE
Pa3HOCTU COOTBETCTBYIOIINX 3HAUCHUM, T.K. /IS HUX, B oTjiname oT U, He

OIrpene/ICHO CaMO IIOHATHE 3HAYCHHNA B JaHHOM COCTOJHII. POBTOMy nmHTe-

rpupoBaHne ypasHeHns I-ro magama (1.17) x Bumy (1.19) Tpebyer ymernms
IHTerpupoBaTh >TH npupaimmernd 0A m 6Q). Ima paBHOBeCHBIX HpoHeccoB
srIeMeHTapHad paboTa TepMOOTHAMIYIEeCKON CICTeMEL Hall BHEIITHIMI TeIaMIT
[OJTHOCTHI0 HHTErPHPYeTC 3HAKOMBIM I3 MeXaHIKI BEIPazKeHIIeM /I JII000I
Hmaphl TePMOINHAMIYCCKN CONPAKEHHBIX CII Y I KOOPAWHAT Y, HaIpIMe],

P n V| unm wanpsxennoctn maranTHOTO Mosts H w mamarumdaennoctn M (6.10), KaK:
0A=Fdl=PSdl = PdV, wm AA=[Fdl =[PV [Ydy. (1.20)

P omrpo6yem mponHETerpupoBaTh IpupallieHne KoandecTBa Temta 6() ¢ 1mo-
MOITTBIO TTOTHOTO nuddepennuana d1’ ycTaHOBICHHON BHITTe GYHKIIINI COCTOS-
HUS — TeMIePaTyPhl CACTeMBI 1, HAITpuMep, I 3alaHHBIX 00PATUMEIX TTPO-
meccoB Tuma (1.18). i »Toro mpumeTcst BBECTH TaKyl XapaKTePUCTUKY
KOHKPEeTHOT'O PaBHOBECHOTO IIpoIecca ¢ = const, KaK ero TemmoeMKocTh Cly:

5Q = dU + A = dU + PdV, umpn U =U(T.V), (1.21)
0Q) = (3_(]) dT + [(3_(]) + P] dV:¢> (0Q), = CdT, ortkyma, (1.22)

T )y oV )r
8U) , To ecTh (1.23)

mpu ¢ = V, 1.K. dV ﬁo’ nmeem: Cy = (8—T g

Vo: (Cp,—Cy)dl = l(g—g) + P

maeT, mpudeM BHOBb Vo : (Cy, — Cy)dl = = (Cp = Cy) (

dV, uro mpu p — P (1.24)

oT

av) v, (1.25)

Uckmiouas orcoga d1' monctanoBkoit (1.7), momym:

oT oT
(Cy, —Cy) (8P) dP = (Cp —Cy) (W)Pdv, a mpusrexas (1.11)
I moiaras Ve : ng Eg gv HAXOIIIM: (Z—le)gp (g—‘lj)T, (1.26)

u 1ast JI00bIX TUMG-MBIX QYHKIUT g(P), f(V) : (g?éi)) ) SDZ Ny (g?éi)) ) T. (1.27)
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Coorromenns (1.26), (1.27) mo3BOIAIOT BEITHCIATH IPOM3BOMHEIC IS JTIO-
6oro mpomecca ¢ = const I0 cTaHZAPTHBIM TEILIOeMKOCTIM I IPOM3BOLHEIM

(1.10) oT TepMmuIeckoro ypasHeHUs coctosans (1.5)-(1.9), ecan Tompko »>TH
IPOM3BOIHBIE MMEIOT CMBICT IJI TAHHBIX CHCTeM U MPOIeccoB (m3mydeHne!).

P pumep MuOrOUnCIeHHBIX crrencTsuil (1.26) maeT moamTpommdecKii mpo-
mecc, T.e. Tpu mocTogHHON TemnoemkocTu Cy, = C'= ¢ = const. Torma
n,=nc — HoKazaTenb HoauTponel. Ppu Cy p — const, T.e. ng=-n = const,

OJIsT MaCCBI 1M naea/IbHOTO T'a3da € MOJIEKYJIAPHBIM BECOM [ B obbeme V:
m

PV = vRT, rtme v = — — amcio Mosell »Toro rasa, mMeeM  (1.28)
I
oP P dP dVv
(W)T — — v P = —n, OTKYAA: PV"™ = const. (1.29)

s pasrOBecHOTO ammabaTmaeckoro mporecca C, = Cg = 0, T moKasaTems
MOTUTPONEL N7y CBOAUTCA K TOKA3aTeTio annabaThl 7, OTKYIa, ¢ yIeTOM Ope-
nernerns (1.14) m3orepMmtueckoil cxmvaemoctn, m3 (1.26) mHaxommM:

~r 1 (a_v) (1.30)
Cvj V \OoP Q ‘

- aI[I/Ia6aTI/ITI€CKa}I CZKIIMa€eMOCTDb OJIA PV7 = const B ToM Ke noeaJIbHOM I'a3e

Ky =n,K,=~vRg, roe ng=7= n kg=-—

(1.28). ®opmyma (1.27) mo3BomIgeT TerKo HAITH B HEM I CKOPOCTD 3BYKa Cg!

RT m oP oP RT
P=p—, p=— BBHUIE = (—) = (—) — ~v—. (1.31)
1t |4 dp/g p/r 1t
Bameuanue A. 3nech MOIEKYISPHbII (ATOMHBI) BeC [ €CTh Macca OmHOI Momekyinl My B

caHInax MacCChl IIpoTOHAaA mp7 a TOYHee — B aTOMHBIX €¢JUHNIaX MaCChbl (aeM) mo:

Ml(clg) _ MbB Ml(X)
My & 2 m = —— o~ 1,66 10 *r a2 931,45 — w(X) = e (1.32)
wampumep: wu(Hy) =1, p(Hz) =2, wp(H0)=2+16=18, u(02) =32, (1.33)
rae npenebperaercs: |m, — m,| < T o om, < (1.34)
P = 725 — 1800

Torma B omroM TpaMM-Morie (KpaTKO — MOJIe) — KOIMYecTBe JTI060To BelllecTBa X B IpaMMax
YUCIERNHO PaBHOM ero Mosekyisipaomy Becy M(X) = p - 1r — comepKutcs onmHo m To XKe
YUCII0 MOJIEKYJ 5TOT0 BellleCcTBa, paBHOe YNCIIY HYKJIOHOB € OOIlell MacCOd B ONWH TpaMM:

M(X) p-1r 1r 102 ’
= = — =Ny = =6,02-10 A (1.35
M(X) g o 4 166 \ ———, TO eCTb "menty ABOranpo (1.35)
-1 N
[lo Tax xax My = pmg = MNAF = %, TO YMCIIO MOJIel I/(MOJIB)EN—A = P ?T;r' (1.36)
PV
Tax uto v = BT npu onnHakoBbiXx P, V,T ecTb omHa u Ta Xe BeIndnHa (1.37)

IUTS pasHbIX WAeaTbHBIX [a30B, 9To n obHapyxma Aorampo. Us (1.36) suawro, 9To ymoGHO
IPUTNCATDH BEMYUHE [i PAa3MEPHOCTD I'/MOJTb, 4TO U mpennonaraiocsk B (1.28), (1.31), Torma:



Tk T i 3. arMm

R= 831441 ——— = 831410’ Lj, — 1,9872 &[ — 82,057 &

MOJTb K MOJTb K MOJTb K MoJTb K

(1.38)

IIpumep I: Puxe mokasaHo, 9TO BHYTPeHHSS SHePIUd HIIeaIbHOTO Ta3a
(1.28) me 3aBucut ot oobema V: U(T, V) = U(T). Ppu ¢ = P B (1.21) xax
B (1.24): (C, —Cy)dT = PdV = d(PV)—VdP = d(PV) = d(RT), ato
O714 ODHOTO ero Moy maeT cooTHomerme Maitepa: Cp = Cy + R. Jlo6oi
raz ¢ C'y = const Ha3BIBAIOT COBEPIIIEHHBIM. PyCTh Takoll moeaabHBII CO-
BePIICHHBIN Ta3 gepe3 Majloe 0OTBePCTHE BPEIBACTCA B COCYH € BaKyyMOM II3
aTMocdephl ¢ QUKCIPOBaHHBEIM maBiaeHmeM Py m Temmeparypoit 1y. Paiimem
IJ714 3TOT0 HeoOpaTHMOIo IIpolecca TeMIepaTypy 1’ raza B cocyme K MOMEHTY
BEIDABHUBAHUS [aBJIEHNN, CIUTAs Tp, > Tp,, T.€. COCYI aaubaTHIeCKH W30-
JUPOBAHHBIM, a 5TO HepaBHOBECHOE IO TeMmieparype coctosuue T # T —
MeTacTaOWILHEIM. PyCTh B COCYM IPH 3TOM BOIILIO ¥ MOJCH ras3a, 3aHIMaB-
mux paree B aTMocdepe obovem V). T.x. AQ) = 0, mpupalneHme BEy TpeHHeII
sHeprum Bomemmmero rasa AU paBHO paboTe Ham HIM CII aTMOC(HEPHOTO
HaBIIeHNS paBHOBecHOI aTMochepbr AA':

T Vo
AU = [vCydTy =vCy(T = Ty), AA' = [ RdV = RV =vRT),
TO 0

AU = AAI, = VCV(T - To) =vRTy, CyT =CpTly, T =~Ty)>T.

[Tockonbky paboTy coBeplilaeT paBHOBeCHas aTMocdepa, OTCIOfa BUIHO, UTO YiKe HepBas
MaJtast TopIins rasa nMeeT TemnepaTypy 1. Cremyiolnue mopium, BpBIBasCh MO MEHLITHM
nmasinenneM AP = Py — P;,, mMeioT TeMmiepaTypy MeHbIe 1, Ho, C:KHUMas ra3 B cocyme, Ha-
rpesaioT ero Berme 1. Ilpu 74 ~ 75 5TH 5GPEKTH TOTHOCTHIO B3ANMHO KOMICHCHPYIOTCS
[2] B pesynbTaTe GLICTPOTO BhIpaBHUBAHES TeMIepaTyphl rasa B cocyne. Jlerko wmaiitu na-
BIICHEE Ta3a B cocyme obbeMoM V, 3akpbiToM B MoMeHT P, = Py, mocje BoIpaBHUBAHWS €TO
remneparyphl ¢ armochepuoit: FoV =vRT, — P,V = vRTy, otkyna: Py = Py/v < F.

Kax gBcrByer ms obcyxmerus (1.22)-(1.30), Beipaxenue (6Q)), = C,dl' B
(1.22) He mo3BONIACT MOTHOCTHIO, T.¢. HezaprucnMo oT Buga (1.18) kBasmcra-

THTIeCKOT0 (00pATIMOTO0) IPOIecca, TPONHTEIPIPOBATH Y7IeMEHTAPHOE TIPI-
pallleHne KOIITIeCTBa Tellla, T.K. caMa TelIoeMKocTs C, ocTaeTcs QyHK-
IIIOHAIBLHO 3aBICIIMOII OT Ipollecca ¢. Peobxommmo HallTH MHOE MpencTa-
BJIeHUe 171 0C). B orsmune or dU,dP,dV,dT — 0 npenen (6Q), — 0 3 kax cocTosuue
JUITG [T 33JaHHOTO TIPOTiecca ¢, HO He3aBUCUMBIN OT mpolecca  mpeneit 6¢) — 0 e 3.
Samaun
1.1. Yunrsemas (1.11)(1.14), HafiTn ABHBIA OYHKOINOHATIBHBIN B TePMI-
YECKOTO YPaBHEHNS COCTOSHUS KIIKOCTH, B KOTOPOIl CKIMAeMOCTh I KO3(]-
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¢urmmeHT 06BeMHOTO pacmimpeHnst pasHel: (a)—Kp = b(P), ap = a(T); (b)
— Ky =r(T), ap = A(P); (¢) =VEKr =1/w(T), xorga TepMITIecKIil Kod¢-
¢unment nasnenus PSy = B(V). Beerna mu mponsBonbHEL 5TH QyHKINI!

ou
oV
Maittepa mas momspaEIX Temnoemkoctei: Cp = Cy + R, rme Cy = Cy (7).

1.3. PafiTu TemmoeMKoCTh MO MICATLHOTO Ta3a MO MOPIITHEM C IPYKITHON

1.2. Ppumanmas, aTo ( ) = (, o umealbHOTO Ta3a, BEIBECTH (OPMYITY
T

KeCTKOCTH K, ecan xg = 0, Cyy # const, U oM TOPIITHEM B [OJIe TAKECTH (.
1.4. OmuH MOIb HOeaIbLHOTO Ta3a HaXOOUTCA B obbeme Vi = V., mom 3akper-
JeHBIM IOPIIHEM Ha M3HAYAIBLHO CBOOOMHON NPYKNHE XKEeCTKOCTH k. Ppn
ocBoOokmeHNN nopraHa: Vi — Vo =2V, Paitn Ty u Ps.

1.5. U3 3am. 1.3. HATH TeITOEMKOCTD T MEHTP TAKECTH CToIba BO3OYyXa B
atMocdepe mpu T’ = const, i cp. ¢ 6apomeTpudeckoit popmymoit ([11] N 42).
1.6. Hnsa cuctem ¢ PV/U = A = const HaiiTu ypasrenne anmadater 1 Kg(P).
1.7. Paiitm ero mms mmeanbHOTO raza B mepemenusix (P, V), (T,V), (T, P).
1.8. PailTu rpagmeHT TeMmepaTypbl ¢ BBICOTON IPHU amnabaTIIeCKOM Pac-
IIIpEeHI IeMeHTa 00beMa BO3AYyXa I YCIOBHE €r0 YCTOMIIMBOCTH IO OTHO-
MICHNIO K KOHBeKIIN B aTMocdepe uxm. raza ([11] N 95,96, [5] sam. 1.5,1.8).
1.9. Omue MoIb HOeadbHOTO coBepIleHHOro rasza, Cy = const, CKIMAIOT
MOPIIHEM B K pa3 Tak, 4To BEIAeISeMOe M TEILIO BCe BPeMsA PABHO M3MeHe-
HIIO ero BHyTpeHHell sHeprun. Pavanbaas TeMmmepaTypa 1. Paiitn Temmo-
eMKOCTB IIPoIlecca, YpaBHeHIIe Ipollecca, I paboTy Ha CKaTile.

1.10. U3 (1.26), (1.30) maittm, aTo mist T0060TO IpoIecca @ = Const, mpi:

Cp Kr C o 1— Aygp / [(@ A’Q — [(SD
T TRy TN Oy T 1K Ky KoK, Y $(1.39)
W
Puc. 1.1. Puc. 1.2. Puc. 1.3.

O--©

Puc. 1.4.



Jlekiiua 2

I1I-e Hauasgo TepMoamHaMUKIA.
1-g vacTh. OO6paTuMble NPOIECChI

POBGI[GHI/IG TepMOHHHaMquCKOﬁ CICTEeMBI ITPU IIPOU3BOJIBHBIX ITpoIeccax
YIIpaBIdeTCd 3aKOHOM COXPaHCHUA SHEPIUI B BIIOE [-ro mHagama TePMOIOIMTHA~
MUK, IIP YCJIOBHI, 9YTO €€ BHYTPECHHAA 3HEPTUA ABIACTCA HE SaBI/IC}IHIGfI oT
IIponmecca (I)YHKHI/Iefl COCTOMHIIA. TOI‘I[& JIST TUKJIIMTYICCKUX IIPOTMECCOB ¢ = W:

j{dU:o, n Tk AU =6Q—564 TO f&@:;ﬁmzfpdvzww. (2.1)

T.e. cylecTBYIOT AeficTBYIONINE TIO HYTOMY IHKIY w TeroBble Matmuibl (Ilne. 2.1), mpespa-
mafolme 4acTh NepeqaHHoTro ux pabodyemy Tesy Temia B pabory W, = miomanu sToro

3aMKHYTOTI'O INKJIa, WIn Ke. obpaTHo, pabory — B nepenady terna (Orryna? Kyma?).

1 CymecTBoBaHIe U CBOMCTBa, SHTPONNH

PaccMOTpIM Takyio TEITOBYIO MAIINHY, Y KOTOPOH HAPEBATEIb (MCTOT-
HIIK ) TMeeT TOCTOSHHYIO TeMIepaTypy 1), XOMOOuIBHAK — TOCTOSHHYIO TeM-
nepatypy 1y < T, m abe pabodee Teso coBepIIacT 0OPATUMBIN (KBa3ICTATI-
gecknil) nuka Kaprao C' ¢ mepemernabiMu mapaverpamu 1, P,V cocTosrmmit
I3 IBYX OTEBUIHBIX TOTIA M30TEPM, 3aMKHY TBIX IBYMS XKe agmabdaTaMu (a) m
(b) (Pmc. 2.2). Ypoxu mpenbInyImeil TeKINN I IXHETHOCTD nuddepernaia
dU (2.1) mo mo6BIM IPUpPAIICHIIM TOICKA3BIBAIOT CICTYIOIIIIT BI IPIpa-
IIICHUS KOJINIeCTBA TeljIa y pabodero Teaa B TAKOM 00PATUMOM IIPOIECCe:

Codl' <= 6Q =T6S, te. mas T #0: (0Q =0) < (05=0), (2.2)

roe BeJIIMYMHa S c Pa3sMEpPHOCTBIO TEIIJIOEMKOCTH, HO COBEPIICHHO ITHBIM (pI/I—

3MYeCKNM CMBICTIOM HeW3MeHHa JINMIb TPU 00PaTUMBIX aanadaTHIecKIX IIPo-
meccax. Torma opmeHTUPOBAHHOE TEIIo, “ToydaeMoe’ Ha H30TepMax dTOTro

14
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3aMKHyTOoro nukiaa ()1 > 0 ot HarpeBatens m (J)o < 0 oT XoIomUIbHUKA,
pPaBHO:

(v) (v) (v)
QTE/B@T:/dﬁszzj&szTAsm[

299

rﬁs T(S - 8], (23)

(a) (a) (a)
nrn Q1 = T1ASy, >0, Qo =TH0AS, = _TQAS[)G < 0, (Muc. 2.2), (2.4)
)
OTKyHa IJId 5TOTO INKIa: %55 = j{?Q % + % = ASp, + ASy = 0. (2.5)
C C 1

Pockoapky o060l oO6paTUMBIT 3aMKHYTHI UK W MOXKHO TPHUOIMAKCHHO
“Hape3aTh’ amgmadaTaMU U W30TepMaMU Ha CKOJIb YTOTHO y3Kme UKLl Kap-
HO, IPeICTABIB €T0 KaK Hpemel’ Taxkoil IX “ceTKn”, TO OId MHTerpasa Io w:

90 uer ey
j{&g j{— hmng lim Y | W

= 0. (2.6
N—oo 7 CZ”1

Cramo 66ITh, 0S = dS mercTBHTEIBHO €CTh MOMHBIN AuddepeHnan OmHO-
3HAUYHON QYHKIINN cOCTOSHUS — sHTpontn S, u mpu 1 # () m30TepMbl U agna-
6aTHl JeHCTBUTETHHO 0OPA3YIOT OMHO3ZHATHYIO KOOPDIMHATHYIO CeTKY KaK Ha
mnockoctn (P, V), tax um #a mmockoctn (71,.S). T.e. Ha mo060il m3 HUX Ka-
KOas m3oTepMa obg3aHa HepeceKaThbCs ¢ KaKIoul aamadaToil, HO TOIBKO B
OMHON eMMHCTBEHHON TOYKe, ITO OTpakaeT GOPMYITIPOBKA

¢ II-ro Ilauasna TepMoOAMHAMUKHM B BUAc MPUHINIA aAnadbaTHIeCKOn
HenocTtuxkumoctu Kapareomopm: B oKpecTHOCTHU TIOO0TO PAaBHOBECHOTO
COCTOSHIS WMEIOTCS CKOTh YTOMHO ONMm3Kme K HEeMY COCemHIe PAaBHOBECHBIE
COCTOSIHIS, HEAOCTHUKMMBIE I3 Hero (MOoKa IT0) O6GpaTUMBIM annabaTi-
YeCKIM IIyTeM. (qu yCTaHaBIMBaETCAd HAJININE 00OPaATUMBIX M30TepM.)

¢ II-e Ilauasno B Bune npurnuna Kaaysmyca yreepxnaer: IIEBo3moxHa
(camMompoM3BOIBHAL) TIepemata Telllia 0T XOIOLHOTO Tella K TopsadeMy 6e3 Ka-
KIX I100 MHBIX M3MEHCHI B YIACTBYOIINX B 9TOM IIPOIECce TPEThUX (pa-
6ounx) Temax (6e3 KOMICHCAIINN B BIZE 3aTPATHl pabOTHI).

e II-e IIauasio B Bume npuanmuna Tomcona rimacut: IIEBo3MoxkeH -
KJIMIeCKN TefCTBYIONNI BeIHBIN IBUTATEIb BTOPOTO POMA, IIeJIHKOM IMTpeBpa-
mamoImi B paboTy BCe M3BIIeUeHHOE W3 MCTOTYHUKA TOTOKUTETHHOE TeTITo
(21 > 0 6e3 xakux 16O W3MEHEHUN B yIACTBYIOIINX B ATOM IIPOIECCe TPe-
ThuX (pabounx) Temax. T.e. XomonuapHUK ¢ Q9 < 0 Hemsbexer m obs3aTemIcH!

L(Puc. 2.3). Panpuwmep, s Mosis ujlealibHOrO raza ypaBHeHUs 3TON0 3aMKHYTOTO MPOILecca

taxkosul: 1) PV = RTy, 2) PV" =const(Sy), 3) PV = RT,, 4) PVY = const(S,), (Puc. 2.2).



16—
T.x. (MAxpo)paboTy, HAIPOTUB, BCETOa MOKHO IITIKOM IPeBpaTuTh B (MU-
KPO)TeII7I0, TO HapyIleHne npuHnna ToMCOHa ¢pa3y IpUBEIeT K HapyIICHIIO
npuHnna Kraysmyca. YoequMcsa B SKBUBaJIeHTHOCTH TPWHOINTIOB IkapaTeo-
mopu m Tomcorna. Tak Kak mepBBHITT 03HATaeT OMHOBHATHYIO B KazKIONW TOTKe
ceTky agnmabat u m3orepM (Puc. 2.3), Ha KOTOPOI HeTB3S HANTH IBYX PA3IId-
HBIX COCTOSHUN 1 W 2, cBA3AHHBIX MeXKOY co00l KakK 0O6paTHMOIl M30TEePMOil,
Tak m obpaTuMoil ammabaroil, To momyctuM mporusHoe (Pme. 2.4). Pycrs

IpU W30TEePMUIECKOM Trepexome 1 Ly 2 cmeTema HOrToOMAeT TeILTO Q12 > 0,
o I-my Pagamny, paBuoe: ()19 = Uy — Uy + Aj9, a mpu obpaTHOM anmadbaTude-
CKOM TIepexoie 2 BN 1, apamormusno: 0 = U —Us+ Ay;. CxiambeiBas, HaXOLIM,
ITO B 3TOM IUKTIIeCKOM Tipotiecce | L 92 5 1 Bee moroMmeHHOe CHCTEMOT
OT HarpeBaTeNls MOJOKITEeTbHOE TETJIO TPEBPAIeHO B TMOTOKUTETHHYIO Ke
pabory: W, = Q19 = Ay —I—ngl > () 6e3 Kakmx MO0 WHBIX N3MeHEeHNN yIacT-
BYIOIIIIX B ATOM TIpoliecce Ted. Po 3To mpoTuBopednT mpmHINTY T oMcoHa.
Tax aTo yxe caMm pakT CyIlecTBOBaHNISA 3aMKHYTOoro nukia Kapuo oTpa-
JKaeT CYIIeCTBOBAHUE SHTPONNN, KaK OMHO3ZHATHON GYHKIIUN COCTOSHIUS.
Urax amamoruuno 0A = PdV BeIpamenume miasd 371eMeHTaAPHOTO KOJTITE-
CTBa MOABEIEHHOTO K CHCTeMe Tellila 0() TpHU mepexome U3 COCTOSHUS 1 B
cocTogHIe 2 ToIMHOCTHIO mHTerpupyercs mo II-my Ilauany Tepmomuua-
MUKH OIS KBa3UCTaTHIECKHX, T.e. 00paTHMBIX IPOIECCOB TIyTeM BBeNeHMS
OBYX (GYHKINI (HapaMeTpoB) COCTOSHIA: TeMmmepaTypel 1T m sHTpommn S:

2 2
Q)
7:1/655:52—51, (2.7)

rze, B oTImAne oT (2.3), Iy Th HHTETPUPOBAHIS | — 2 Temepb IPOM3BOICH!

0Q)
6Q =TdS. Te. dS =" fds =0,
C yuaerom I-ro Pagama tepmonmaamuxm (2.1), mveem nis II-ro ITavasma:

S ov

B ornutume ot 3akoHa coxpaHeHns >Hepruu (2.1), CIpaBenInBoro TOIBKO IS

AU =TdS — PdV = dU(S,V) = (a—U) ds + (a—U) dv. (2.8)
V S

peaTbHEIX IPOLeCcoB, IPUCY TCTBIE JINIIE IT0JIHEIX AI(¢epeHnnanos I Gy HK-
IIIT COCTOSHIIS OCTABIISICT PABCHCTBO (2.8) CIpaBEIIINBBIM yKe KaK IS JTIO-
OBIX GeCKOHETHO MAJIBIX PABHOBECHBIX (0ODATHMBIX, KBA3IMCTATUICCKIX ), Pe-
AJIbHBIX IJIN BUPTYaIbHBEIX IIPUPAIICHIIIl, TaK I B caMoIl IpemeIbHOII TOUKe
IIPON3BOJILHOIO PABHOBECHOI'O COCTOAHIA. P OCKONIBKY CyIleCTBOBAHIE B TaH-
HOIl Touke momHOTO nuddepentuana dU (2.8) pyrakuun U (S, V') sKkBuBaIeHTHO
PaBEHCTBY ee HeIIPePHIBHLIX B TOI TOYKE BTOPBIX CMEIAHHEIX TaCTHBIX IIPO-



W3BOMHBIX [15], TO, MOMUMO U B CHIIY PDABEHCTB I MEPBBIX MTPOM3BOMHEIX:

ou ou oT oP
(as)v’ (av)s’ e (av)g (as)v’ (2.9)
ITO HaeT OJid SKobmaHa: g((ij 5)) =1 %, u, B cormacun (2.10)

¢ (2.1), mrormans W, m060T0 06paTIMOT0 3aMKHYTOTO INK/IA W HA ITOCKOCTI
(P, V) coBmamer ¢ ero mmomansio Ha miockoctn (717,.S) raoe mpoms3BOIbHEIT
ks Kapro C' nMeeT GopMy OpAMOYTOIbLHIKA. 10rma, BIICAB STOT IMUKIT W
B mopgxomsimii Tukn Kapro, Buanm, wTo ero KP I 7, me mpeBocxomuT IKP T
ne mocmenuero ¢ Temu ke 17 > Th w3 (2.4), 1.x. Q1 < Q1, |Qu| > [Qa], m:

Ww:Qlw_|Q2w|:1_|Q2w|< _@—nczl—g

e Q1w Q1w Quw — Q1 T

(Ilme. 2.5). Ucnonbsyst mpencrapienne 9acTHLIX TPON3BOMHBIX depes SIKOOUAHBI I N3BECTHDIE

(2.11)

CBOIICTBA IMOCNIEAHNX MOZKHO JIETKO BHOBL TTOJIYYUTL COOTHOIIEHNE (111) HepBOfI JICKII I

e Bl = o = o), o), o), (), =5 e
= (), =wn (), =sn (), =5y Cm s

CpaBHUB OBa BRIpaKeHH O DuddepeHIrmaga HoBoil (GYHKIIINI COCTOSHILL
SHTpoufn S oT HezaBucHMBIX mepeMenusix 1 u Vi ¢ dU(T, V') (1.22) B (2.8)

dU P 1 (90U 1 [(0U

dS(T,V)—?—FTdV:T(a—T)VdT-FT (W)T-FP] dV, u (214)
_ (0S8 93 _Cy opr B

IS(T,V) = (a—T)VdT + (W)Tdv = rar+ (aT)VdV _ s, (2.15)

i d(S,T) 9(V,P) (OP
W)T T oV, T) T a(V,T) (8T)v’ (2.16)

~ ou 0S ou oP
nMeemM CV — (a—T)V — T (a—T)V 1 CBA3b (W)T — T (a—T)V - P7 (217)

MEAKIOY KaJOPpUYEeCKUM M TEePMHUIYCCKUM YVPaBHEHUAMNI COCTOIHI. Econ U

roe ¢ yaerom (2.10), (2.13) kak (

He 3aBHCHT OT o0beMa, 5TO BEIpAXkKCHIE paBHO HyTO, a (2.14) ecTs cymma
IIOJIHBIX OU(pepeHInaaoB, UTo GUKCIPYeT 3TU yPaBHEHNU COCTOSHNIS B BIUIE:

U(T,V) = Uy(V) :/Tde Cv(0,V), — U(T) = Uy = /Tde Cv(0), (2.18)

_ dU(T Py P y
Cy = vCy, LT( ) = d=(T), — (—ZT) === (V) = —”‘f, (2.19)
Vv
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KOTODBIIl IIMeeT MecTO, B TaCTHOCTH, AJs mpeanbHoro rasza (1.28), (1.37).
Cy- MoJIpHas TeIToeMKOCTb. Ml OymeMm masee “3a0bIBaTh’ TPO TUIBIY,
BOCCTAHABINBAS c¢ B KOHIE BBRITHCICHMI, ecan v # 1. Cormacuo (2.15), mas
moboro mponecca ¢ = const Buga (1.18) Bmecto (1.24) Temeps mveem:

5@ Codl'=TdS = CvdT—i—T(g;) dV, m, mens wa dT wmm T'dS, (2.20)

HaIeM: Cgo = Cv-l—T (a—P) (a—v) mnn 1 = CV + (ap) (8‘/) ‘ (2-21)

or )y \oT /], C, oT )y \0S/,
T.e. mna p = P: CP—CV:T(Z—;) (g—g) ,amt o =p(T,V): (2.22)
Vv P

oS\ oP\ ¢ _ ,
T (8—T)¢: C,=Cy—T (8—T)V S 0 dp = ghdl 4 GV (223
Pa sseike muddepernnmaabHex dhopM [15] cyirecTBoBaHme >HTDOMNN O3HA-
JaeT, 9TO TeMIepaTypa 1 sBiasercs mETerpupyfommnyM meanteraeM (a 1/7
COOTBETCTBEHHO — MHTET PUPYIOIINM MHOKITeTeM ) niis popMer P dpadda mpu-
paleHns KoImIecTBa Temna 6Q)(r) oT AByxX mepeMeHHBIX I = (V, U):

iQ P dU

T TdV T (2.24)

Hns romagkoit pyukmmn P(V,U) mome Bektopos R = (P, 1), kax opToroHa h-

dQ(r) = PdV +dU = (R(r) - dr), +— dS(r) =

HOe MHTETPATIBHBIM KpUBEIM GopMer (2.24) 0Q)(r) = 0, Ha AByMepHOII TIOC-
xoctu (V,U) ogHO3HATHO 3amaeT MOMTe KacaTeIbHBIX K KPUBBIM BeKTOpoB L ¢
(R-L) =0, kag peureHNsIM 00BIKHOBCHHOTO NU(HePCHINATIBHOTO YPABHCHIS

dU dr (1 dU

v —P(V,U) nns »toro moms: L = W ,W) = (1,—P), (2.25)

BCerja CyIecTBYOIIIM B 5ToM AByMepHoM ciaytdae B Bume U = U(V, ¢) mn
S(r) = S(V,U) = ¢ = const, rme const ¢ QUKCIpoBaHa HATATBHBIM yCIOBIEM

samaun Kormu. Crasmo OBITH, CYIIECTBYET U WHTETPUPYIONIN menuTeab 1.
Onnaxo 714 60IBIITEro YNcaa He3aBUCUMBIX ePEeMEHHBIX TaKOl MHTET PU-
PYIOIINT OeanTeTb CYIIIeCTBYyeT He Bcerma. ETo Hammdme oTpakaeT HETPU-
BUAJBHBIN TomoJormaecknii ¢axt cyiiectBoBanus | R maTerpambHOll rH-
meproBepxHocTH S = const B { > 3- MepHOM IIPOCTPAHCTBE BCEX HE3ABUCH-
MBIX TTapaMeTpPOB CUCTeMBI, comepzKalllell Bce MHTeTpaIbHble KPUBEIe (OPMBI
dQ(r), mpoxomaIme Tepe3 3aTaHHEYI0 TOUKY Iy (cM. myHKT 4). PTor daxt
7 BBIpaKaeTcs MPUHITNTIOM aanabaTIIecKol HeqoCcTIKIMOoCTI KapaTeonopm,
HO3BOILSISL K TOMY 7K€ OIPENeNINTH I abCoMOTHYO TeMiepaTypy (1.5)!



2 AbcomioTHad TeMIepaTypa

C 9701l IeIhI0 CHOBA PACCMOTPHIM COCTOSHIE TePMITICCKOTO (TEIIOBOIO) DaB-
mogecrg (1.1) mByx mopcumereM 1 m 2 cOCTABHOM CHCTEMBL 1+2 TIPH YCITOBHOM
temmepatype ¢ (Puc. 1.2). Torma, cormacuo (1.22), (2.14), nmeem mas xa-
xpoit w3 Hux dopmer P dadda B mepemennsix (6, V7)), (6, V,) coorBeTcTBeHHO:

U U
501 = (—1) a9 + [(—1) + a] V) = A (6, Vi)dy1 (6,11),

aag Vi g(‘jl 0 (2.26)
50y = (—2) a0 + [(—2) n PQ] AVy = M6, V3)dips (8, V3),

2 )., ),

maTerpupyeMbie B Bume: ¢1(6, Vi) =1, a(0,V2) = o, (1,2 j). (2.27)
CoBOKyIIHas CICTeMa 3aBUCUT yiKe 0T TPex mepeMeHHEIX #, V), Vo 1 mits Hee 1Mo
IT — my ITauanmy Tax:ike DOIKHEI BEITOIHITHCI paBeHCTBaA: 0() = 0()1 +0()9,
5@ = A1(67 ‘/1)d<}91 + AQ(ea ‘/2)d<}92 — A(ea ‘/17 ‘/2)d99(€7 ‘/17 ‘/2)7
0Q = Mi(0, p1)dor + Aa(8. pa)dps = A0, 1, 02)dp (0, 01,902, ),
MOCKOJIBKY Temephb BMecTo #, V), V5, B KauecTBe He3aBHCHMBIX ITePeMEHHBIX

(2.28)

MOZKHO BBIODATH ) 1 caMIm BeIWTIMHEL @1, @9 (2.27), B KoTopwx m3 (2.28), mpn
Ai(6,V)) = A0, ¢;), maxonnm, 1T0 ¢ = ¢(¥1, P2), Tak Kak

0 A 0 A 0
o
8991 @2,9 A 8992 @1,9 A ae ©¥1,¥2
AL .
a 3HAUNT I ), Taxme He 3aBHCAT OT 0, OTKyZma >TH A; pn j = 1, 2:
Ai(0,0)) = g(0)Pi(¢;), 1 MO, ¢1.92) = g(0)D(01, ¢2), (2.30)

HOJIZKHBL OBITH IIPOIIOPIIOHAILHEL OMHOI I TOI ZKe YHHBEePCAIbHOI (yHKIII
g(0) ycmoBHOI TeMmepaTyphl #, OMMHAKOBOI Kak IS TOICUCTeM, TaK U s
COCTABJICHHON 13 HIX CHCTeMBI. PTa (QYHKINS OTINYHA OT KOHCTAHTEI, IOO
IHaTe caMI BhIpakeHIS 0(); (2.26), (2.28) ymxe Oblim 6B HMOTHBIME Iub-
pepermuagamMn. To ecTh, OJId KaiKIOI M3 3THX TPeX TePMOTNHAMNIICCKIX
CICTEM MHTeTPUPYIOIINe eTHTEIN Aj, A PACTATAI0TCI Ha 1B COMHOKNUTEIIS
(2.30), ommH U3 KOTOPEIX, ¢(#) 3aBHCUT TOTBKO OT TEeMIEPATyPH f, a Opy-
roif, ®; — TOIBKO OT OCTATBHBIX HAPAMETPOB COCTOSHIS ;. CTamno 6BTH, IO0
5TOIl YHUBePCATBHON GYHKINN ¢(f) MOKHO YCTAHOBUTH abCOTIOTHYIO MIKAILY
TeMIepaTyp, 3alaB X 00y abcomoTHYIO TeMmepaTypy (1.5) dopiymoi

T = U(0) = Cy(h). (2.31)



rme KoHcTaHTa C TpagyupyeT 3Ty OOIIyIo TeMIepaTypHYIo mKany. Torma

. T
nas j=1,2: 0Q; = \dy; = Eq)j(goj)dgoj — T'dS; , (2.32)
1
Tax ITo HTpondm: S;(y;) = c / D;(¢j)de; + So) (2.33)

ILJISL TIOOCUCTEeM OKa3bIBAIOTCS YZKe OIpedesleHBl ¢ TOYHOCTHIO OO0 aTUTUBHBIX
TIOCTOSIHHBIX, I, COKpaIas B (2.28) Ha ux obriyo TemmepaTypy 1, HaXommM:

Q1 (p1)dpr + Papa)dps = (p1, 2)dep. (2.34)

P 0cKoIBKY ] I (o9 He3aBUCHIMEL 110 OIIPeIesIeHITI0, CYMMa MOTHEIX Auddepen-
IajIoB ClleBa eCTh TaK:Ke MOJHBLI muddepernman. PTo BO3MOZKHO TOIBKO
ecnn cipaBa P (1, p2) €CcThb GYHKINS ITUIIH 0T UX KOMOIHAIIE ¢ = ¢(¢1, ©2)
m3 (2.29): O(p1,p2) = 5(99(991,992)), I, CTAI0 OBITH, IpaBas 9acTh (2.34)
aramormaHo (2.32), (2.33) Takke OKa3bIBACTCS MOTHBIM TI(dePCeHINATIOM He-
KOTOPOII HOBOII (DYHKIINI COCTOSHIS yZKe IJIS COBOKYIIHOM CHCTeMBI 1+2:

Tak ato dS;+dS; =d(S 1+ Sy) = dS wm S+ 5, = S. (2.36)

T.e. SHTPOIINA TEePMHIYICCKHI paBHOBeCHOfI CHUCTEMBI IIPU ITOOXOIAIIICM BLI60p€
Had9a/Ia OTCUeTa OKAa3BIBACTCA CYMMOfI BHTPOHI/IfI COCTaBJ/IAIOIINX c¢ IIOICII-
cTeM MJINn aﬂI/ITI/IBHOfI (pYHKIII/Iefl COCTOAHIIA CICTCMBI.

0
dbopmarbro n3 (2.34): Gy(¢1) =P 8—997 Py(pa) = 8i Huddepentupys mepBoe u3
1 P2

5THUX PaBEHCTB IO (3, & BTOPOE — TI0 (P1, & 3aTeM BBIYMTas NX APyl U3 Ipyra, NMeeM, T.K. B
cuny (2.29) p(@1,92) yKe ecTh QYHKIIS COCTOSHIS COBOKYITHON CUCTeMBI 1+2:

0P dp D% 0P dp 0%
+® =0, +® =

8992 8991 89928991 8991 8992 89918992

0® dp 00 Oy a(P, )

Op10ps  Dpadpr  Ip1, 02)

0, oTxyna, T.K.

0P

~ ~ 0
=0, o & =(p), —ac,o‘ = CI)’@(c,o) Ld
j

s’

IIpumep II: PaccmoTpuM paBHOBECHOE He obs3aTenbHo depHOTeNbHOE [4] M3y Te-
HITe, 715 KOTOPOTO OyIeM ImojlaraTh U3BECTHON “UOeaTbHYIO CBI3b TepPMUIUe-
CKOTO T KaJIOpUIeCKoro ypaBHeHUi coctosaus PV = qU B Bume:
u(o
, tme P= P(#) = Q, (2.37)
3

m

U = u()V =3PV, mpu ¢ =

Wl

— maBmeHne PP U TII0THOCTH SHEPTUN U 3aBUCAT TOIBKO OT TeMIIepaTypsl !



Torma dopma Pdadda mas paBHOBECHOTO UM3IYUeHNS TPUHIMAET BIII:
0Q = dU + PdV = 3VdP + 4PdV = My = PVd (In (P?V")),  (2.38)
re. p=In(PVY), A=PV=P(PVY" ) orxyma
NO2) = PG esp (2], gl8) = PYO). 0e) = e (%),
Te. T — CP1/4(€), nmn w(T) = 3P(T) = oT", tme o= %,
_ 1 _ 4 AT 4 3/4 _ 4 3 _ 4 3
n S= E/Cb(go)dgo = 5 XD (Z) = EVP = @VT = gO'VT : (2.40)

ecIN TIOCTOSHHYIO MHTETPUPOBAHUS BHIOPATh paBHOW HYTIO. B mTore ma-

(2.39)

BJIeHIE, IUIOTHOCTH BHYTPEHHEN SHEPIrum I SHTPOINN PaBHOBECHOIO II3Iy-
TeHNS BRIPazKeHEl JIHNIIL depe3 abCOTITHYIO TeMIepaTypy 1 I MOCTOSHHYIO
Credana-PoabiiMaHa ¢, CBI3aHHYIO ¢ KOHCTAHTOH I'paayupoBku C, a ero Te-
mnoeMrocts Cy = 40V,

3 1ll-e Hawamo. Hpurnun Heprcta

Yenosue HesapucmMocTn mpu 1 = 0 KoOHeUHOI SHTPOIUITHON KOHCTAHTBI
S(0,x) = Sy 0T APYTUX TEPMOTUHAMIICCKIX TaPaMeTPOB &, IIn 6o7ee pai-
KampHOe TpeboBanme B (2.40) paBencTBa ce Hymwo siusercsa [II-m ITaganom
TepMOAMHAMUKI Win TpuHOunoM Peprcera. Ero crporoe obocHoBanme, kKak
I ypaBHEHII COCTOSHIS TePMOANHAMIIECKIX CICTEM, TaeTCS B CTaTHCTIIYe-
CKOII MeXaHNKe ¢ YIeTOM HUX CYIIECTBEHHO KBAHTOBOMEXAHITIECKOTO IIOBEIe-
uug npu 1T — 0. YacTHoe pelreHne 5TOT0 yCIOBUS ¢ TIOOBIM & B BILIE:

%ii% [S(T,x9) — S(T,21)] =0, S(T,x) = So+ B(x)T®, B,a >0, (2.41)
ompenernsgeT moBenenne mpu 1 — 0 TepMOOMHAMIYUECKIX BEINUNH: TEILIOEM-
KOCTH, BHYTPEHHEN SHEPIUI [HO JININD /IS HEKOTOPHIX © — Tuma (2.18)]:

C,(T) ET(Z—;) LRaB()T" 0, U(T.x) = Uia) ﬁ%ﬂwﬂ, (2.42)
kosummenta (1.12) Py = (g—i)v = (Z—i)T ~TU 0, (243)
kospmmmenta (1.13) Vap = (g—;)]) == - (g—i)T ~TU 0, (244)
caxmuaenocrn (1.14) VEy = — (g—‘;)T = ‘%ﬁ ~ const % 0. (2.45)
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I3 (2.42) sakmiouaeM, 9TO B 9TOM Ipemelle OKa3bIBAeTC B IPUHIINIE HEBO3MO-
KEH HUKAKOI HOIITPONNIecKIil Ipotecc, kKpoMe angnabarmaeckoro (Cg = 0).
P ockompky BhITeKamomee m3 (2.15), (2.19) BbIpakeHme OIS SHTPONNN NICATH-
HOTO (mazke I HECOBEPIICHHOTO) Ta3a He YIOOBICTBOPSET yciaoBuio (2.41):

dS(T, V)= @“V(T)‘%T + uRd7V = Cyd (In (TV'") = Cyd (In (PV")),(2.46)
v

~ T ~
S(T, V)= Sy=Cyln (To) +vR In (70) , mpu Cy= %iconst, (2.47)

V+ AV
orkyma VT (I/I mpu 1 = O) (AS); =vR In (%) # 0, (2.48)

TO IPUXOOUM K BEIBOLY, 9YTO ypaBHeHIe cocTogans Mermeneesa-IKmameipona
(1.28), (2.19) He MoxeT BHINOMHATHCS mpu I — 0, T.e. IMeeT MeCTO BBIPO-
JKICHIe MAeaTBHOro (I B TOM 9HCIe HeCOBEPIIEHHOTO) rasa.

Onrako ¢hopMaIbHOE 3HAUEHIE TeMIePaTyPhl abCOTIOTHOIO HY IS PeaabHO
pU3HITIeCKN HEAOCTIKIMO, T.K. B CIILY COOTHOIIeHNT (2.2), (2.4), (2.7), (2.41)
upu 1y = 0 xomonnasank B TakoM mukite Kapuo C (2.5) yxke He paboTaer,

u o npuHIIIy ToMcoHa Takoll 3aMKHYTHII MUK HEBO3MOXKEH.

Heticteurennio, pu Ty = 0 B (2.41) S = Sp, n sTa “HyneBas” n30TEpMa OKa3bIBAETCS
B Toxke Bpems u ammabatoir AS; = 0. Torma paBHoe HYIIO TOIHOE W3MEHEHWE SHTPOITNAN
B 5TOM 3aMKHYTOM obparumoM mukie Kapmo (2.5) ompemensercs TOIBKO MOMOKNTETHHBIM
KOJTMYeCTBOM Tellla ()1, HOIyueHHbIM Ha n3orepme 11 > 0, Torma kak:

00 _ 9 (2.49)

Q2 =T2A5, =0-0=0, orxyna: 0:%([5: T .

Co Co
[Ito mpoTuBOpeume u o03HaUYaeT KaK HEBOBMOXKHOCTDH NOCTHYL TeMmnepaTypbl 15 = 0, Tak n
camoro Takoro tmkiaa Kapuo Co. Ila miockoctn (T,5) o cTsruBaeTcs B OTPE30K HYIIEBOI

momany [T, Ty — 0], npoxomnumerit nBaxaer mpu S — Sy (Ilme. 2.7).

4  “Tonomorng — Cuma’

Pokazkem, cremys M. Popay [9], wro npuaInn (annabaTmdeckoll) HeTOCTHKI-
MOCTH 3KBIBaJIeHTeH CYIIeC TBOBAHIIO NHTETr PUPYIOIIET0 MHOKITEIL Y (POPMEL
P padda nmag Tpex (a mo mEIYKIHN, I 6o7Iee) IepeMeHHBIX &' = (2, ¥, 2):

0Q(r) = Xde +Ydy+ Zdz = (R(r)-dr), R(r)=(X,Y,Z). (2.50)

T.e., ecaam B 10001 OKPECTHOCTH, CKOJIb YTOMHO OJIM3KO K HPOMH3BOJIbHOI
TOUKe I'y, MMeIOTCS TOUKI, He JOCTIKIMBbIe IO MHTeT PAIbHBIM KPUBBIM (OPMBI
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dQ(r) = 0, (2.50), TO mms 3Toil GOPMEI CYIIECTBYET MHTETPUPYIOIIIIT fIe-
JTATEIb /\( ) (mMmEOxHTTENs 1(r) = 1/A(r)), Takoit ato (Puc. 2.8):

0Q(r) = A(r)dp(r), p(r)dQ(r) = (uR(r) - dr) = dp(r), vme: p(r) = ¢(re),
(2.51)

eCThb HHTerpajbHad HOBEPXHOCTH YTOI (hOPMEL, comepiKalllag BCe MHTEerPab-
HBIe KpHUBLIe I' = r(t) dopmer 6Q(r) = 0, (2.50), mpoxomsiime Tepe3 TOUKY ¥y,
©(rg) = const, a R(r), - ecTp HOpMaIB K 5TOI MOBePXHOCTI B €€ TOUKE T,
IleitcTBUTEIBHO, Iy CTh BEKTOP ¢ 3aaeT HaIpaBIIeHIe IIPOM3BOILHOI IPs-
Moll Ty(t) = rg + gt, dvy(t) = gdt, mpoxomsutiell Tepe3 TOUKY Iy I HE YIO-
BIeTBOpsomeil ypasaeHmio Pdadda (2.50): (R(rg) - g) # 0. Pa mobdoit ma-
panensHoil eit mpsamoit ¢’ || g Hafimercs Toura M, MOCTHAKIMAL U3 TOUKH
() II0 eIUHCTBEHHON HHTeTr PaIbHON KPUBOI k Ha HEKOTOPOH IIIIMHIPITIEeCKON
nosepxHocTu C', comepKaitieil obe mpamMele g,g' € C'. EnmacTBeHHOCTS KpHI-
Boil k € C' TapaHTHpPOBaHA MHTETPUPYEMOCTHIO GopMBl Buoa (2.24) oT mByX
IePEMEHHBIX, TTOIYIeHHOIT orpaHmderneM dopMsl (2.50) Ha moepxrocTn C:

r=% r(u,v) = (x(u,v), y(u,v), z(u,v)), dr e v, du + 1 dv, (2.52)
0 <= 0Q(r) =% 0Q (r(u,v)) = Q¢ (u,v) = Udu + Vdv = 0, (2.53)
U= (R (u,0)) = Xay Vol + 22, ¥, = 00fOu = (&1 ),

V= (Ror)(u.0) = Xal, + Yy, + 2z 1), =0r/dv = (a4, 2).

v

T.x. dopMa OT IBYX MepPEeMEHHBIX BCeTIa UMeeT THTETPUPYIOIINIT TeTuTe b,
TO Uepe3 KaK Ay TOUKY ITPOU3BOIbHOI ToBePXHOCTH C' TPOXONUT B TOUHOCTH
0 OIHOI WHTErPaIbHOI KpuBoil k GopMer 0Q)¢(u,v) = 0 ¢ nauanom B pasuuix ro.

“SamkaeM” Telleph MUWINHAD APYTOil, PACTAHYTON MeKIY g U ¢', IHIINH-
mpirdeckoit moBepxHOCThI0 C' # (', Kak IPOmOJIZKeHmeM moBepXxHOCTH C I
IPONOIIKIM Ha Heil NHTerPAIbHYIO KPHBYIO k HHTErpPaIbHON KPUBOH k 10
mepeceveHns ¢ TPIMoil g y&e B HeKoTopoll Touke N. CyllecTBoBaHIe WHTe-
TPUPYIOIIETo mennTers Iyt GopMel 0Q)(r) o3HaTaeT, TTo ToUKa [N COBIAmaeT
¢ Toukoll rg. JHade, HEIPEPLIBHO medopMupys moBepxHOCTh C B C' MOKHO
6EI7T0 GBI HEIIPEPEIBHO me(OpPMEIPOBATH MHTETPATBHYIO KPUBYIO k B k, I BCe
Toukn N Mexny N I Iy OKa3aimch 6bI DOCTHAKIMEL PpH TalbHeHmeil me-
dbopMaIum JOCTHAUMbBIC TOTKH MOKPOIOT HA MPIMOI g HeIPEPLIBHBIN MHTEP-
BaJI, COMePKAIINII BHYTPHU ce0s TOUKY Iy, & MeHsdsd HallpaBJIeHIe YTON TP IMOI
g MOXKHO TOCTHAKHUMBIMI TOYKAME 3alIOJTHUTH BOKPYT Iy HEKOTOPBII 00BeM
(Puc. 2.8). Ecmm xe Touka N coBmamaeT ¢ TOUKOM Iy, TO "BepXHIL I “HIK-
Hssg BIOJTH g 007IaCTU IPOCTPAHCTBA BOKPYT I'g 3AMI0THEHBI HEIOC T K ITMBIMI
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TOYKaMIH, a pa3Iesaiollell IX TPaHNIell ABIdeTcd ABYMepHad HHTerpaIbHadL
moBepxHOCTH (2.51), ¢(r) = (1)), 3ameTaemas npu medopmanun k B k, T.e.
COCTOAIIAL NI I3 TOCTUANIMBIX TOYeK I ComepzKallasd, TaKIM 06pa3oM, BCe

mHTerpaabHble Kpuskle GopMe (2.50). T.e. 3 ee mHTerpupyOIMIT DeINTENb.
[Tpumepom HewnTerpupyemoint popmbl [lpadda ot 3-x mepemeHHBIX sBIsleTcs popMa:

0Q(r) = ydx — ady + hdz, R =(y,—x,h), nas xotopoit 6Q(r(n)) =0 (2.54)
2
a

YV a ma xpusoit r(n): x(n) =acosn, y(n)=asinn, z(n)= 5 (2.55)

“saMeTarorell” Mpy pa3IndHbIX 3Havennsx a u 0 < n < 27 Bech 06beM BOKPYT TOUKHT Iy. T.e.
Takume “BUHTOBBIE” WHTETPATLHbIE KPUBLIE TPU PA3HLIX ¢ TPUHAIIEKAT PA3HBIM IBYMEDPHDIM
IATHHAPTIECKIM MOBEPXHOCTSIM, U WHTETPUPYIOMINil neauTenn miis Gopmbl (2.54) He cyie-
crByet. llafinem moctaTodnble W HEOGXOMMMbIE YCIIOBUS CYIECTBOBAHUS WHTETPUPYIOIIETO
mMuOXRUTENs (= 1 /X # 0 nas popmsr (2.50) B oxpecTHocTH Toukn r. [lycTh:

woQ(r) = p(R-dr) = pXde + pYdy + pZdz = de(r), torma: uR =V, Te.

(V 5uR) = 0. S(X) = SLV ), ) = o), () = 5 X). (250

ay o0X :Xa_,,b_ya_,,b

F\or ~ dy dy oz
‘ 0z Iy  _ou au B
OTKyma: 7 o )~ Y@Z - Z@y , T.e. (VxXR)=(RXxV)lnu(r).(2.57)

ox o7\ _ o o
a 0z oxr ) oz 0z

Ywuuoxkas wa R, nmeem mmmn neobxonumoe yenosue: (R-(V x R)) = 0. Ecau g = const,
1o (2.57) comsitest croa k: (V x R) =0. B (2.54): (V x R) = —2es.

Samaun
2.1. PafiTu ypaBHeHIe OINTPONNTIECKOTO poTecca B mepeMeHHBIX (17,5).
2.2. Paiitu nuddepeHmaabioe 1 GYHKINOHATIBHOE YPABHEHNS TTOINTPOIII-
TeCKOTO Tpoltecca /I m3aydeHns. Bo3moxken mqu Takoi mpotecc mpu 1° — 07
2.3. Wcmomesys amanorn (2.20)-(2.23), (1.39) HaflTH TEIIOEMKOCTH IPOTIEC-
coB: const = (T, V), (S, V), o(T, P), (S, P), o(P,V), o(T,S) ([2]).
2.4. B npomeccax ¢ pasroBecHBIM m31yderneM Hailtu: Cp, Cy, K, Ks = Kg;
otHomerune Cy,/Cy: Vo, nns ¢(P,V), nng ¢ = PV" opu n = const.
2.5. PafiTu sHTpoIuio I BHYTPEeHHIOIO YHepruio rada Bar-mep-Baambca:

vRT a

PAVI=v 592

cantag Cy = const. (2.58)

2.6. Kax msMeHseTcs TeMIepaTypa IpU M3MEHeHNIN IVIOTHOCTH KIOKOCTI B
3BYKOBOIT BOJIHE, €CIII CKOPOCTD €€ PACIPOCTpaHeHUs ¢s = +/(OP)/0p)s?



2.7. Paiitu cxopocTs 3ByKa ¢ = (/(0P)/0p)s B umeaIbHOM ra3e MaCCUBHBIX
TACTHIl, HATPETOM [0 TAKOWl TeMIepaTyphl, ITO JaBIeHIe er0 PAaBHOBECHOTO
3Ty IeHns CTA7I0 CPABHIMO ¢ TaBJIeHIEM caMoro rasa ¢ p, = mmn ([17] §64).
2.8. Pantu obmmit BuA ypaBHEHUH TOJIUTPONTIECKNX W anmabaTmIecKnuX
mporeccos B nepemennwx (1, 5), (T,V), (T, P), (P,V).

2.9. PaiiTu K.1I.1. TemITOBON MAaIlIWHEBI, paboTatorell To 06paTIMOMY ITHKITY
3 M30TePMBI, anmabaThl I MOINTPONEI, ¢ MaKCHIMAIbHON U MIHIMAIbLHOM
temmepatypamu 17 > Ty (nBa BapmanTa). CpaBHNTH € K.I.I. OHKIa [KapHO.
2.10. Pasitu Cp — Cy upu T' — 0, ecm:, (a) Cy — 0T, (b) S — Sy — BT,
2.11. PasmepHOCTH 06BeMHOI TITOTHOCTH BHYTpeHHel sHeprunm u = U/V
n masiaeHus P cosmamaior: PV = AU, rme A = MNT,V) -~ 6e3pasmepHast
yukmmst. Vcmonssys cBsse (2.17) maa “nmeanbrOil” cmcTeMbl — ¢ A = const.
HAWTH: OO BUI KaJOPUIECKOTO M TEPMUTECKOTO YPABHEHHUH COCTOSHIS,
terwmoemrocteit Cy, Cp, v = Cp/Cy, saTponnn, xumnoTennnata, Kg(P)
(cp. 3am. 1.6.), Bo3MOKHBIE GOPMEL YPaBHEHHI aqnabaTIIecKOT0 IPOIecca.

2.12. Kax u3 (2.10) caenyet (2.1): W, = j{TdS = %Pdv = —j{SdT = —j{VdP, [4]7

2.13. Hns ommopomuoit Gyukuuu m-ro nopsinka U(x,y,z) = A7"U(Ax, Ay, Az) nokasaTn
ypasuenue lliinepa:

ou ou U

— — — =mU . 2.59
2.14. Haiitw naterpanst (2.24) popmer (2.54) mpu h = 0. Bee nu onn onHosuadnbie GyHKIN !
2.15. KaxoBa ckopocTh 3Byka B doTorHOM raze (2.39) ¢ p, = u(T)/c?, u

nodemy?! CpaBHUTS ¢ 3am. 2.7. mpu p = p, + p, ¢ yaeToM (3.47).

HarpeBartenb P

XONOAMIbHMK v
Puc. 2.1. Tennoeasa mawuHa Puc. 2.2. Uukn KapHo C' ana waeansHoro rasa, v > 1.
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Puc. 2.3. Uuknbl KapHo, BnucanHble B npusBonbHblit unkn Ha nnockoctn (P, V) u (T,5)

A
P (1)

T=const

S=const (2)

Puc. 2.4. K skeuBaneHTHoCTH npuHuunos TomcoHna n KapaTteomopu

1
T >
1 \\
Qe C
1 I~ T
o) T—

>
S

Puc. 2.5. KPA n, v KPA ne



S(U,V)=const

Puc. 2.6. K cyluecTBOBaHMIO UHTErpUPYIOLLIETO AeNNTENA B ABYX U3MEPEHUAX
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Puc. 2.8. K unTerpupyemoctu dopmbl §Q(r) = 0 B Tpex usmepenuax. Py = rq.



Jlekiiuga 3

I1I-e Hauasgo TepMoamHaMUKIA.
2-1 yacTth. HeobpaTumMblie npoiiecchbl

1 3axoH Bo3pacTaHUSI SHTPOINN

PaccMoTpmM BHOBB Be TePMHITECKH KOHTaKTHpyfoiine cucteMsl (Puc. 1.2).
IlaBHOBECHBIC COCTOSHIIS COBOKYIHON M30MHMPOBAHHOH cmcTeMbl 142 (2.26)
3aBICAT OT Tpex He3aBHCHMBEIX mapamerpos (2.28) (Vi, Vs, T), BmecTo KOTO-
PBIX MOXKHO BEIODATh TPH APYTHX Takze HesaBHcHMBIX mapamerpa (Vi, Vs, S).
Pycth cucrema nepexomut m3 coctosans (V0 VY, S%) B coctoarme (V1, V5, S).
II-e IIauaso TepMOOAMHAMMKN 715 M30IMPOBAHHON cCTeMBI 142 yTBep-
KIaeT, UTO MIPH JIOBIX TAKUX IMepeXomax ee MoIHas SHTPonus S 1m0 HIKO-
roa He pacTeT, JAn00 HIKorga He yObBaeT. IellcTBUTENBHO: BCErHa MOZKHO
HEKBa3HCTATHIeCKIM, HePABHOBECHBIM, HeOODATIMBIM aalabdaTHIeCKIM IIy-
TeM, 6Qne = 0 (0A,. # 0) mpuBecTn cucreny cmepsa B cocTosmme (V/, V), S)
¢ HyZKHBIM 3HaUeHIeM SHTPOINN S, a 3aTeM 00paTHMBIM aanadaTHIeCKIM 13-
MeHeHIeM 06BeMOB, He MeHSI S, IPUBECTH ee B KoHeTHOe cocTosHme (V, Vs, S).
Ecan mpu Takmx HeoOpaTHMBIX HepaBHOBECHBEIX (me) IPOIECcaX BO3MOZKHEIL
oba mepasercTBa: S < SYu S > S, To xaxkmoe cocennee cocrosame (Vi, Vs, S)
COCTABHOI CHCTEMBI OKa3BIBACTCA HEPABHOBECHO amnabaTIIecKI TOCTUKIMO
3 ncxopuoro coctosans (V0, V), S%), T.x. o6beMbI MOKHO 06pATHMO MEHSTH

IPOM3BOILHO. P To MpoTHBOpednT 00IIeMy IPIHINIY aanabaTHdecKol He-
mocTmxuMocTn Kapareomopn. T.e. BO3MOXKHO TOJBKO OTHO W3 3THX Hepa-
BEHCTB, Uell 3HaK CBA3aH CO 3HAKOM KOHCTAHTHI C B OIMpemeIeHnn abcoIoTHOIN
TemmepaTypsl T’ (2.31): ecan agmabaTmaeckn oOpaTIMO BePHYTh 00BEMEL K
Ipe:KHIM 3HadeHnaM, V; — V., To sHeprua Taxoro KoHeTHOTO COCTOSHIIS
U(V2, VY. S) me moxer 6prth Membie sueprun UC(VP, V), S%) magamsroro
coctogama: U > U, mmade cmcTema oKazKeTcs BEUHBIM IBOTATelIeM BTO-

28
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dS 1
poro poma. Po, cormacuo (2.14), | —— = —, uapu T" > 0 »>uTponus
Wiviw, T
S(U,V1,Vy) — Bospacratommas dymkmus U, t.e. S > S° mpm V)5 = const,
a 3HAYNT, MPHU JIIOGbIX HEPABHOBECHBIX aAMabaTHUYECKUX IIPOoIeccax
ASne:S_SO>O.
TaK KaK [9] 3Ha4dYCcHUA pa6OTbI 110 IIpOou3BOJIBHBIM aﬂHa6aTquCI&'HM nepesogaM CUCTEMbBIL
3 paBHOBECHOI'O COCTOSAHN 1 Bo BceBO3MOXKHEIE coceqHuE PaBHOBECHbBIE COCTOAHMA 2 O6pa—

3YIOT CBA3HOE uncioBoe MHOKecTBO: AAjy € [A, A], u nas moboro Takoro nepexoma 1o [ -my
Hawany u l-oit wactu Il -ro Hawama: Us(S2,{V2}) — Ui(S1,{V1}) + AA1; = 0, TO coot-

BETCTBYIOIINE KOHEYHEBIE 3HAUYCHIA SHTPOIINN SQ, 11O COO6pEL)K€HI/I}IM HETTPEPBLIBHOCTN, TaKXKeE

3all0JIHAIOT HENPEPBLIBHO HEKOTOPBIN oTpesok Sy € [S, S|, pasymeercs, comepkaliuii u ee Ha-
JaslbHOe 3Hadvene 51, MOCKOIbKY K 9MCITy BO3MOKHBIX 0013aTEILHO OTHOCATCS 1 oOpaTuMble

KBasUCTaTHUeCKue aanabaTudyeckue nepexonsl, rue Sy = 57 € [S,5]. Honyuienune, uto S
— BHYTPEHHSI TOUKa 3TOTO OTpe3Ka, o3Hadajo ObI, ITO OHa OKpYKEHAa JUIb aAmadaTrde-
CKU [OCTIZKUMBIMU COCTOSHUAME, T.K. obbeMbl {V)} Bcerma MOXKHO TpuBeCTH K HYKHBIM
spavenusm {V5} kBasuctaTudecku, we Menss Sy. [lTo mporuBopeunT npunnuny amnuabaTu-
YeCKON HEOCTHAKMIMOCTH. SHAUNT, S HOIKHO COBIaIaTh Jinbo ¢ S, aubo ¢ S. U moctaTtouno
OMHOTO YKCIEPUMEHnTa, 9TOObI y3HaTh, ¢ YeM nMeHHo. [IkcmepumenTannmo: S; = 5.

T.e. paBHOBeCHbIﬁ n HepaBHOBeCHbeI aﬂﬂaﬁaTV[quKI/Ie Inponeccel 13 OOHOI'O 1
TOI'o 2k€¢ HAQUaJIbBHOT'O COCTOAHUSA MMPUBOOAT K IIPUHIOUIINAJIBHO Pa3sHbIM KOH€YHBIM
COCTOAHUAM: €CJIN P KaKOM anbo M3MEeHEHNN COCTOSHIS aﬂﬂa6aTquCKH HSOJIHpOBaHHOfI
CIICTEMBI €€ SHTPOIIN He oCTaJllaCh HOCTO}IHHOI?I7 TO He cylmecTByeT HUKaKOIr'o aﬂﬂa6aTqu—
CKOT'O KBa3UCTaTHUYECCKOTO IIpolecCa, IIepeBOOMAIIEro CUCTEMY O6paTHO 13 KOHCYHOT'O COCTO-
SHISA B HavaJlbHOE: JI1I000e M3MeHeHIEe COCTOSHIS aﬂﬂa6aTquCKH HSOJIHpOBaHHOfI CHUCTEMBI,
IpU KOTOPOM MeHseTcs 3HadeHle ee SHTPoIul, aguabaTudeckKn yxke HeoOGpaTuMo.

Toraa mpu 3aBeIoMO HEOGPATHMON PeJIaKCAIMHN TAKOHW CHCTEMBI

K COCTOSHHUIO PABHOBECHS €€ SHTPOMMUS NOJIXKHA BO3pacTaTh, HJOCTH-
rasg B PABHOBECHOM COCTOSHHMH CBOEro MakKCHMyMa.
Ing IBYX BapHaHTOB Hepexoma 1 = 2 1 1 LNy (Pme. 3.1) Mexmy 6mm3xmMn
PaBHOBECHBIMII COCTOSHIAMI 1 1 2 HEKOTOPOIT TePMOTIMHAMIIECKON CICTEMEI,
rze (a) - HepaBHOBECHBIN, HCOOPATUMEII mepexor, a (b) - paBHOBeCHEI, 06pa-
THUMBIIT IePeXoH, eCTeCTBEeHHO, ¢ TeM ke HarpeparesaeM, o I-my ITawasmy

mveeM: (a) : 6Qne = dU + 5 A,,., (b) : 6Q =dU + 0 A. (3.1)

Ob6parmas o6patumeri mpouecc (b) xax (b'), 3ammimeM ero ypaBHEHIe B BILIE:

(b)) : —0Q = —dU — 6A, {r1e: 0Q =—dU +4"}. (3.2)
CxmageBas (a) u (0'), nis HepaBHOBECHOTO “KPYyroBOro” mpoIecca:

)
1 %25 1, momyuaem: 6Qn. —0Q = A, — A = W. (3.3)
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Pra Bemmunua W “mmomann nnkma” #Ha (Puc. 3.1) #e Moxer ObITH paBHa
HYyTIO, T.K. HHaIe HeobGpaTUMBII mponecc (a) oxazascs 6b1 o6parnmeM. OHa
He MOXKeT OBITH MOTOKUTETBHON, T.K. WHaUe B TaKOM ~KPYTOBOM IIpoIecce
(3.3) Bce oTHATOE HAIIEH CHCTEMON Y EQIHCTBEHHOIO HATPEBATEIS TTOTIOKI-
TenbHOe TerTo 0 W IeInKoM IpeBpaIlaIioch ObI B MOTOKUTEIBHYIO Ke paboTy
0e3 Kakoit 1160 KoMmmeHcanuu, 9To mpotuBopeunT II-my Ilagasy, samperia-
IOITIeMY U TaKOil BEUHBIN ABUTATEIb BTOPOTO poma — Ha HeoOpaTUMOM “IIH-
ke’ . Homyctumoe mutib HepaBeHCTBO W < () 03HATAET, ITO MMEIOT MECTO:
(A) Ipuainn makcumMaapHOI paboTsl. Ppu HeammabaTHIeckoM Tepexole
MEKIY OBYMS PaBHOBECHBIMU COCTOSHISMIU COBepINaeMas CUCTeMoil paboTa
MaKCIMaIbHA [T 00pAaTIMOTro (paBHOBECHOTO) mepexona, A > SA,..

(B) [punIimnm MakcuMaapHOTO HOTJIOIIeHHS Tema. PoromaeMoe crucTeMoi
IpU HeamsnadaTHIeCKOM TIePeXole KOTUIeCTBO TeIIa TaKikKe MaKCUMATbHO
171t 06paTIMOTO (PABHOBECHOTO) Hepexona, 0¢) > 6Q e

Bemovmumast, uto mias obpatumoro mepexoma 6¢) = T'dS, mveem 11-e ITauaso
TEPMOAMHAMUKYU AJII HEPABHOBECHBIX, HEOOpPATHUMBIX HPOLECCOB:

5@716
e
(3.4)

Tax aTo mepexon 1 — 2, coBepImaeMbIll CICTEMON aqNMadaTIIeCKNT PABHOBECHO

5~7’L6
5, OGne

Td Q.. d
S >0Qn., dS -

2
, a. HHTerpupys 1o Iy TH (ne), S — S > /
1

(kBasmcrarnaeckn) mo Tumy (b): (0Q = T'dS = 0), HemTB3s OCYIICCTBUTH
ammabaTmaeckn HepaBHOBecHO 1o TuIy (a): (6Qn. = 0, dS,. > 0). T.e.
mporteccsl (a) I (b) MeXKITY OOHIMI I TEMIH K€ COCTOSHILIMI 1 I 2 He MOTYT
OBITH 00a anmmabaTmaecKnMu (unnexc (ne) y muddepernmmana dS, koneuno, ycnosen!).
Hpyrmvn caoBamu, HepasercTBa (A) u (B) o3HauaoT, 9T0 HEBO3MOKHO
HmepeBeCTH cucTeMy U3 1 B 2 IpH, Ka3aloch ObI, OOHOX II TeX K€ YCIOBHIAX,
mampmep 6Q) = 6Q,, = 0, (wmm 0A = §4,, = 0), xak paBHoBecHO (b), Tak
II HeDABHOBECHO (a), T.K. IPH TAKUX “ONMHAKOBBIX YCIOBHAX COOTBETCTBY-
JOITIIe KOHCUHEIC COCTOSHIS OKAKYTCA PA3HBIMI: 2 # 2, I COOTBETCTBYIOIIIIE
smadenns 0 A 1 6 A,, (wm 5Q 1 6Q,, ) yixe He 6ymyT cpasamMe o (Pme. 3.1).
T.e. B To BpeMs kak II-e IIauasio TepMogMHAMUKHN OJIg 0OpaTIMBIX
IIPOIECCOB — eT0 1-ad YacTh — oTpazKasd HaJImdie CeTKI 00paTIMBIX aauadaT I
I30TePM, YTBEPKIAET JINIIb OTHOCHTEIbHYIO KBa3ICTATHICCKYIO agnabaTi-
TeCcKyIo HeTOCTIZKIIMOCTH cocTogHT Kak ¢ S > SY, Tax ¢ S < SU, 1.x. axmba-
THYeCKI PABHOBECHO (06paTHMO) MOCTIKIMBL TOTbKO cocTosHms ¢ S = S,
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o II-e Ilavyaso TepMOAMHAMMKHU OJII HEOOPATHMBIX HPOIECCOB, €TI0
2-ag 9acTh, B popMytupoBke KapaTeomopu, mis Ti000M 3aMKHYTOH CHCTEMBI
yTBepKIaeT aGCOMIOTHYIO aauabaTnIecKyo HeJOCTUXKMMOCTD U3 CO-
cTosHNA ¢ maEEEM SU T006bIx cocTogHmit ¢ S < SY. T.e. agmabaTudeckn
HepaBHOBECHO IOCTIKIMEL TOIbKO cocTosHndt ¢ S > SY, - 3akoH Bo3pa-
CTAHMS SHTPOINMU, — YHTPONNUS 3aMKHYTOH CHCTEMBI MOKET TOJIBKO BO3pa-
CTaTh, U CJCMTOBATEILHO B PABHOBECU OHA OVIET yAKe MaKCHMAaJIbHA.

¢ II-e IIauasto, 2-as wacTs B dopmyanpoBke Kiaaysmyca: [B anmabarmaeckn m3o-
nwpoBamHOl crcteme] Ppoliecc mepemadn Temma 0T TOPAUETo Teaa K XOTOTHOMY
6e3 cosepireHns paborsr HeobpaTuM. (T.x. obpaTHSIT npomecc moTpedyer,
KaK MBI 3HaeM, 3aTpPaThl pa6OTLI.) [qTO U JaeT IpuUMep Heo6paTMMOCTM].

e II-e I1auaJso, 2-as wacTs B dopmyaupoBke Tomcora: Pporecc, mpu KoTo-
pom Bes (MAxpo)pabora AA' mepemna B (MUkpo)Tenmo — AQ = AU,y
6e3 Kakumx nmbo MHBIX m3MeHeHnf (BHemHEUX {V;}) mapaMeTpoB COCTOSHILI
cuctembl, Heo6paTuM. (T.K. HEKaxmM o6paTHEIM IPOIECCOM HEMb3s IIpe-
BPaTHTH 9TO XK€ OTHATOE Y HarpeBaTells TEIJIO CHOBA B Ty 2Ke pabory.)
Ob6wenunenne obenx vacteir I1I-ro Ilavasa npunaer eMmy xapaxTep OINeHKIH:

T94S > 6Qp. = dU + POdV + Y YO dy,, E8 §Q = TdS,  (3.5)

ITO €CTh OCHOBHOC HEDABEHCTBO (>) IS HEPABHOBECHBIX IIPOIECCOB, I
OCHOBHOE yPaBHEHIIE TePMOIMHAMIKI (=) 171 paBHOBeCHBIX. COOTBETCTBEHHO,
(3.4) m (2.7) m3BeCcTHBI KaKk HePaBEHCTBO I paBeHCTBO Kiaysmyca:

5@ 5@ 44 2 g
dsS > T 0 —de > f T H7f “HePaBHOBECHOTO MNKTA” &, (3.6)
) )
dS = 762, 0 :de = f 762 I7IS. PABHOBECHOTO IHKJIA W, (3.7)
roe T(e), P(e),Yn(f) ABISIOTCS BHEIIHeII TeMIepaTypoil, a0COTIOTHON BeTmdl-

HOIl JTaBJIeHUSA NI 000OITIeHHON CUIBI CO CTOPOHBI BHEITHeII cpedbl M, BOOOIITe

TOBOpP4d, B HEPAaBHOBCCHOM COCTOAHNI H€ OIIpeOc/ICHBbI HJIA CaMOIT CIICTEeMHBI.
[Tanpumep, npu GLICTPOM pacIIMPEHNN CKATOTO B IMUINHIIPE Ta3a HEMOCPENCTBEHHO O]
nopiirHeM obpasyeTcsl pas3pekeHne, 4TO NPUBOAUT K MEHBLIIEeMY HaBJIeHUIO Ha TOpIIeHb M,
COOTBETCTBEHHO, MEHBbIIIEH MPOU3BOMUMON T'a30M paboTe, 4eM NpHU MeIJIeHHOM O0paTUMOM
npotiecce pacimupenus [4], B coorsercrBun ¢ npuniunom (A) MakCUMaILHON paBGOThL:

PO <P s §A= /P<6>dv < /PdV _ §A.

Onnrako sHTponMsA — (QPYHKIUS COCTOSHUS CHCTEMBI, I €e WU3MeHCHIe
BTIOJTHE OTIpeNesleH0 M TP HepaBHOBECHOM Mepexome MeXKTY PaBHOBECHBIMIT
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COCTOAHIAMII CHCTEMBI IyTeM ero 3aMeHBI JTIOOBIM HMHBIM SKBIBAJICHTHBIM,
HO yiKe paBHOBCCHBIM IpomeccoM mepexona (equ) [2] §23 ¢ T = T (unpexc
mnporiecca y dS u dU, xoneuano, yCJIOBeH). Hns wero, am6o nas CECTEMBbI B IIeJIOM,

mp: T'9dS > 6Q £ dU +6A, dU = dU,p,, 6A <64y, 06Q < 0Qeg.
nosaraioT (Pmc. 3.1): T 4s = TdSeq = 0Qequ L AUeqy + 0 Acqu, (3.8)

100 OeJIST €€ Ha TaKne IIOACUCTeMBl, KOTOPBIe B 3TOM IIpoIecce MOXKHO yKe
CINTATh PABHOBECHBIMI I MCHOJIB3YIOT ANINTHBHOCTH SHTpornm (2.36).

2 MGTOI[ TECPMOONHAMUYICCKUX ITOTCHINAJIOB. CrcreMbl
C IICPEMECHHBIM 9YMCJIIOM HaCTHUII

HomomHNTe TbHBIE TIEpeMeHHBIe MOTYT BOSHUKATH M Y MPOCTON TOACUCTEMEI C
eMMHCTBEHHBIM TTapaMeTpoM obbeMa V' m maBaeHus P, HO 0OMeHUBAIOIIENCS
¢ BHemmHOM MupoM wactumamu (Pme. 1.3). Ecmaum p; ects msMmeHeHme BHy-
TpeHHel 3Heprui CUCTeMBbl, CBA3aHHOEe ¢ TaKHM cIIocoboM mobaB/IeHHA B Hee

OﬂHOfI JaCTHIIbI 1-TO THUIIa, IIPX KOTOPOM CHCTEMa He IIoJdydaeT TEIlJla I He

coBepiriaeT paboTsl [3], [4], To mpuparltieHme BHY TpeHHe SHePT U AT TI000TO
IpoIecca B TaKOI CHCTeMe ¢ IIepeMeHHBIM YIC/IOM 9acTIHIL IPHoOpeTaeT BII:

dU = 00Q) — 0A + > p; dN;, wnu, nas paBHOBECHBIX TIPONECCOB I COCTOSHU: (3.9)
dU(S,V,N)=TdS — PdV + > u; dN;, rme: 1 < dN; < N;. (3.10)

Tak aro, ecnn U m3Bectra, kak dyukaus U(S,V, N), To B 5THX mepeMeHHBIX
OHA SIBILIETCS TePMOTIMHAMITCCKIM MOTCHIINAIOM, B TOM cMbIcie (2.9), aTo:

oU oU oU
=% p=_ (% = () . (311
(aS)V,Nj (3‘/)5,N7 : (3Ni)5,v mmazee:  (3.11)

U (I T (BU)_0n) 1
052 V,N_ 0S V,N_CV7 oV?2 S,N_ oV S,N_ VA’S' '

B obmem caygae Ha 7-Mb mepemenssix U, S, V, N, T, P, u, (i = 1) nmeorcs:

ypasaerne (3.10), tepmmueckoe (1.5), xamopmaeckoe (1.16) ypaBHeHHIS co-
cTosHES U ypaBHeHHe mporecca (1.18). Prtu 4-pe ypaBrerus, xa3amoch O8I,
OCTaBIIAIOT HEOIPEHOeTeHHBIMIL eIl TPI MePeMEeHHBIX I3 (-MIL.

OnmHako npu 3aJaHUN BHYyTPEHHEH HEPruu B “CBOUX €CTeCTBEH-
HbIX” mepeMeHHBIX (3.10) ocrampHBIe GYHKINI (mapaMeTpBI) paBHOBEC-
HOIO COCTOSHIA CHCTEMBI IIOJTHOCTBIO OMPENeIATCA €€ HeIOCPEICTBEHHBIM
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nugpdepernupopanmeM (3.11), (3.12) B cooTBeTCTBHU ¢ yKA3aHHBIM BEIIIIE €€
CMBICTIOM TepMOAMHAMIYeCKOT0 IIOTeHIINAda B 5TUX mepeMeHHBIX S, V, V.
TepMommHaMIYecKne IOTeHIIAIEL I OPYTUX HabOPOB “eCcTeCTBeHHBIX
He3aBICIMEIX IIePeMeHHBIX MOZKHO HallTH, HaIpUMep, IIyTeM IIepe3alllcll
Buna (2.14) u3 Toro xe ocHoBHOrO ypasueHus (3.10). Pampmmep, B Bume:

_du P i 1 (05 P (05 no S
= b fav, 1 (2) Eo(2) Eo(2) o
dU p T 1

T oV oV uo[(ov

Hpyrum myTem sBiaseTcs mpeobpasopanme Jlexxanapa ypasaerns (3.10):

F=U-TS, d{U—-TS)=dF(T,V,N)= —SdT — PdV + X 1;dN; , (3.15)

?

oF oF oF
: = — | — P=—-(— i — ) 1
o S=—(p) o P==(5),, m=(55),, ©

(EE) () S () () - e
oT? V,N_ oT V,N_ T’ V2 T,N_ oV T,N_VK’T7 '

1, B YacTHOCTH, oTciona — (dF)py = (PdV)ry = (0A)r N, T.e. (3.18)

F(T,V,N) ects m3orepmmaecknii moTeHmat. C »Toil ¢cBOGOLHON »Heprmert
I'eapymronpna cBa3ana 4-ags popmynupoBka I1I-ro ITavana: AnmabaTuue-
CKHM 3aMKHYTas CHCTEeMAa He MOXKeT OTIAATH BCIO CONepKAaIIylocs B
Hell BHYTPEHHIOI 3Hepruio B Buae paGorsl. T.e., xors, cormacao (1.16)
u npuamuny (A) mMakcmvanbaoil pabotsr, mpu U(S,V,N) = U(T,V,N) u

—(dU) s = (0A)sn > 0: —[U(S. Vo, N) = U(S,V.N)] = (Ad)gn, (3.19)
HO 3TOT /O(M)S,N = (AA)sx # — [Ur=o(Vo, N) = U(T.V.N)|g y. (3.20)

T.%. o mpuannny Pepacra (2.41) cocrosame ¢ T =0 upm S > S; Heocy-
mectBuMo, 1 [Uy(V), N)]|sy me cymectsyer n # Up(V) w3 (2.18), (2.42). B
cumy (3.15) BryTpenrnss sHeprus cuctemer U = F+T'S cocTont n3 mocTymHOM
I7Ig TIpeBpallleHns B paboTy cBobomuoil »Heprun F' u “cBA3aHHOI X HHEPTUN
TS, KxoTopyio yiKe HHKAKIM, Mazke aanabaTUTIecKIM KBa3UCTATUIECKIM IIy-
TeM S = const, HeIb3I IPEBPaTHTh IMEINKOM B PabOTy BBULY (PH3HTeCKONT
HepocTiznMoct (2.49) abcomorroro Hyms: 1S > 0 (mpuamun Tomcona).
T.e. sHTpOIUS eCcTh Mepa 06eCIeHNBAaHISA BHYTpeHHen sHeprun cucTeMbl U.
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Ananormanoe mpeobpasoBanue Jlexanmpa ypasrerus (3.10) mo mpyroit
mape mepeMeHHBIX P,V ompenensgeT sHTA/IBIINIO, WIN “TeIIOCOAePKAHEE

H =0+ PV, dU+ PV)=dH(S,P,N) =TdS + VdP + % 1;dN;. 1)
(dH)pn = (6Q)pn, [rorma xax B (3.10): (dU)yn = (0Q)vn]. '

OHna paBHa SHEPTUN PACIIHPEHHON PABHOBECHOI CUCTEMBI, BKITIOUAOIIECH, Ha-
npuMep, HapAOy ¢ Ta30M B PABHOBECUU TOJ TAKeIBIM HTOPIITHEM, I caM 3TOT
nopiess B mose Taxectn: U+ Mgh = U+ PYh =U+ PV = H, (Puc. 3.2).

Cpobonmuas sHeprus ['mbbca — morennuman ['mbbca — ecTh oObemmHEHIE
IBYX IPEOBIOYINIX IpeobpasoBanmii Jlekannpa (ji- XUMITeCKIT TOTCHINTAT):

P=U-TS+PV=F+PV=H-TS=9(T,P,N), (3.22)
d(F + PV)=d®(T,P,N) = —SdT + VdP +_ p;dNj, (3.23)
0P 0P 0P

N el N il ;= : 24

oTEyHA 5 (aT)RN’ v (ap)nN’ : (aN)Tf (3.24)
5P (85) Cp (anb) (aV) ]

_ | I =L (= — [ = VK- (325

(aTQ)P,N aT PN T aPQ TN aP T.N LT ( )

WNuTerpupys BhITEKaOIe U3 >TUX GopMyd nuddepeHInaIbible YPaBHCHIS
['u66ca-I"enbpMroOTBITA, MOXKHO BCETHA TEPEHTHN K MIOTEHITHATY B €T'0 €CTECTBEH-
HBIX HepeMeHHBIX. Pampmvep, T.x. Uy = FympuT =0, roupu U = U(T,V),
nonctasisis S u3 (3.16) B (3.15), mna AU =U — Uy u AF = F — Fy nmeem:

OF OAF
8T) . w AU(T,V) = AF — T( 8T) . (3.26)

0 AF\  AF( T V) AU( e V)
Te. AU(T,V) = —TQ(a—T T) =) —/de

Ananormano, momcTaBiss sHTponuio S u3 (3.24) B (3 22), T.x. Ho Oy npu T = 0, umeem:

H=0+TS=0— T(a@) ——T(aq)) M)TP /d@AH@P. (3.28)

U=F+TS=F—- T(

. (3.27)

orT aor T

pu samanwoiit F' = F(S,V) ¢ yaerom (3.11) nunTerpupyem (3 15), Ha060p0T KaK ypaBHeHHe
wa U(.S, V') no nepemenuoii S, rae popmarbio cioa Uy(V') = Fo(V') Tenepn mpu S — Sy = 0,

U AU(S, V) _ /d AP V) g0,

a5 S 2
CxonnmocTh Beex muTerpason B (3.27)—(3.29) rapantupyercs npunnunom llepructa B Bune

(2.41), (2.42), T.x. AS(0) = S(0) ~ 0 pm 6 — 0, wn T(o) ~ o'/ npu o — 0, o > 0.

F(S,V)=U - S( ) AF = AU — ST,

g
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Oxa3spIBaeTCs, CBOMCTBO AIIUTUBHOCTHI BCEX TEPMOIMHAMUIIECKIX TOTECH-
IIITAJTOB TIO3BOIIeT HANTH UX ABHEIHN Brg. Ilemo B TOM, ITO BCe TEPMOIIMHAMI-
TecKre mapaMeTPhl Kak QYHKIINNI COCTOSHUS PABHOBECHON CUCTEMBI METATCS
Ha Ba KJIacca: 3KCTCHCHBHBIC = aAITHUBHBIC — PACTYIIE ITPOIOPIINOHATHHO
obvemy u/mian wmcay dactun B cucreme: V. N, S U F. H, ®..J; unn uareH-
CHBHBIC — HEM3MCHHBIC IPH (MBICTICHHOM) METICHII PABHOBECHON CICTEMEL HA
gactm: T, P,pu.m = N/V. Bce TepMmommHaMutieckie MOTEHIINATE KaK afl-
NUTUBHBE GYHKINN TOTOA NOJKHBEL 1) OBITH OMHOPONHBIMU (GYHKITHAMI 1-
To TOPAIKAa OT CBOUX ANINTUBHBIX €CTECTBEHHBIX TEPEMEHHBIX, a IMOTOMY:
2) X0Tsa OBl OMHA W3 WX €CTECTBEHHBIX IICPEMEHHBIX HOJIXKHA OBITH TOXKe
AIMUTUBHON; HE CYIIECTBYeT TAKOTO TePMOINMHAMUYIECKOTO TOTEHITNAIA, KakK

(pYHKIII/II/I TOJIBKO HHTEHCHBHBIX TEPMOANMHAMNYECKUX ITapaMeTPOB:

Vi AV U= AU, &= A\,
(t=1) N—AIN =< H— H, J— \J, }, maopumep: (3.30)
S AS F— M., 0=0

TS, AVAN) = AU(S, V. N), orxyma U(S,V,N) = N= (%%) - (3.:31)

1
xax 1 F(T,V,N) = Nf (T, %) (T, P.N) = No(T,P), A . (3.32)

3 (3.24) mpu i = 1 u (3.32) HeMenmeHHO 06HAPYKIBACM, TITO:

)= (g—ﬁ)m: ST, P) = u(T, P), t.e. &(T,P,N)= Nu(T,P). (3.33)

Pompmroit (“BepxoBHBI") TepMOAMHAMITCCKIIT TOTeHTNAT J BBOIUTCS Kak
npeobpasoBane JlexkaHmpa o mMocIeIHelT 0CTaBIIeCs mape MepeMeHHBIX ¢, [V :

J=F —uN, d(F — uN)=dJ(T,V,p) = —SdT — PdV — Ndu, (3.34)

= — — P__ - P —_— N__ - - .
OTKyZma S ( ) " ( ) " ( M) | . (3.35)

Ho m3 ero anmnruBHOCTH (3.30): J(T,V,u) = —Vx(T,u), azmaunt
Pﬁﬁﬂﬂmzpaw%Tﬁgwnwm:_vmﬂmEF_¢ (3.36)

B ITOTHOM co0TBeTCTBHN ¢ (3.34), (3.33), (3.22). PonbITkn BBeCTH MOTEHITIAT,
3aBUCAIIIIT TOIpKO 0T T, P, i, B coTacuu ¢ myHKTOM 2), IPUBOASIT K TOZXKIIe-
crBenHOMY Hymio: ® — uN=0 =.J 4+ PV, mpeBpariias, cOoTBeTCTBEHHO, KaK
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(3.23), Tak m (3.34) B omHO U Toke ypaBHeHHIe ['mb6ca-lorema (mpm i = 1):

Ndpu = —-SdT +VdP, umm: du(T,P)=—5dT +vdP, roe: (3.37)

_ S op\ (0P V1 o
S—Nﬁ—(aT)P—U(aT)ﬂ,n U N_ﬁﬁ(aP)T ecth (3.38)

COOTBETCTBEHHO yIeIbHAaS SHTPOIUL M YACIbHEI 00beM. OHO oTpazkaeT TOT
GaxT, OUCBIIHEIN yiKe I3 MepPBBIX paBeHCTB (3.33) u (3.36), aTo Tpu mHTEeH-
cUBHBIX mapameTpa 1, P, i ABIAI0TCA 3aBHCHMBIMI BeJIMYIHAMI, a II0TOMY

nx nud@depeHnnanbl CBI3aHbl IMHEIHEIM COOTHOIICHIeM. YIBHAA TepMomu-
HaMm4ecKas (pOpMysla IS BHYTpPeHHeNl SHepIUN BHITeKaeT I3 IOACTAHOBKIL
(3.33) B (3.22) u ¢ ygerom (3.11) ecTecTBEHHO BOCIPOM3BOANTCS YPABHEHIEM
Piinepa (2.59) s omHOpOmHON GyHKINE mepBoro mopsaka (3.31):

oU oU oU

v vN) =8 (Gg), 4V (50) oY (G, = STV PHYe 339

ams (3.31)-(3.33): w(T,P)=2(570)-T5+ Pv= f(T,v)+ Pu. (3.40)
POCKOJIBKy THTCHCUBHBIC TePpMOIMHaAMIIYICCKIIE IIapaMeTPhl MOI'YT 3aBHCEThb
TOJIBKO OT NMHTCEHCHUBHBIX ZK€ KOM6I/IH6LIII/II71 (OTHOIHGHHfI) A OIITIIBHBIX BECJIII-
YNH, TO, HAIIpIMep TepMHIYecKoe YpaBHEHIIe COCTOSHNIA (1.5) nMeeT BUI

P=PTv), um v=v(P,T)=v(p,T), tx. P=P(T,pn), (3.41)
cormacao (3.36) mam (3.33). Orcioma n u3 (3.35), (3.36), mwan (3.38) ms

ITOTHOCTH GHCTIA TacTHIl 7 1 cxnMaeMocTn Ky = Ky (3.25) maxomm:

__1_5_(8_10) o L(a_v) _ 1(@)_1(@) (3.42)
"TTT Vv  \ou); CTT T V\or) ey w\oP)r m\oP)7

() - ey o) i) Capom o

A 1.x. Bce Boipaxenus mus: U (3.10), F' (3.15), H (3.21), ® (3.23), J (3.34), nuis Bcex BBe-

JEHHBIX BbIIE TEPMOAMHAMNYECKUX MMOTEHIUAJIOB ABJIATOTCH HOJTHBIMI ,ZII/I(p(pGpGHHHaJIaMI/I,

YCIIOBUS WX WHTETPUPYMOCTH OOOTAIAIOT HaIll HabOp TOJEe3HBIX TOXKIECTB IS COOTBET-
CTBYIOIINX CMETTaHHBIX JaCTHBIX TPON3BOMHBIX BUIA (2.9) KaK IJIs SKOOMaHOB BUIIa (2.10) C
YIEeTOM TPETHEN MOMOTHUTENBHON (PUKCHPOBAHHON TEPEMEHHON’:

a(Tv Sv V) — a(T, S) o a(T7 S) _ M
op.Vv.S) _[op V] _ _[apWV)] _ AP VT
(i, N, S) ~ [%@ML == [a(M,N)L = 9L N.T) (3.46)



Samaun
3.1. Paitrm (0Cy /OV), =7 (0Cp/OP), =7 Temmoemrocts C'y Kakux m3 ra-
30B (4.48) MOXKeT 3aBHCETH TOTBKO OT TeMiepaTypsl. Cunmras ee M3BEeCTHOM,
HAITH UX SHTPOIMIO I BCe TePMOTNHAMIYECKIe IOTEeHIINAIIEL.
3.2. Hoxasars, uro mpu 5, U m3 (3.38), ap m3 (1.13), n cxmMaeMocTIxX

oo 1 (aV) . (8lnﬁ) L _ 1,1V (8P)2 (3.47)
4 =_ | —— : = .
MU= VAoP) sy \ 0P Jspy Ks — Kp ' Cy \OT )y

™V . S (0P OH\ \ /0P
Ke=Kr=goab o= (Gp)  cr=co= (V= (55) ) (57),
1

()= o)) (), (r (), ).

a8 ONY? ON OP OP
Cyw(T.Vop) = T[(a—T)V; (or),,/(50) . (57), = (57); 849

3.3. Paiitu C'p — C'y B Touke maBepcun xoxdduruerTa Hxoyas - TomcoHa.
3.4. B BepTUKaIbHO PACTIONOKEHHOM TeINIONM30TMPOBAHHOM IIIINHIDE PAIN-

yca 1 3aKpeIieH TeILIOMPOBOMAINNIT MOPIIeHb MAaCChl 1, TeIAIIN TIITHID
Ha [Be PaBHBIE YaCTH, B KaXkKOOIl M3 KOTOPBIX COHEPKUTCI Mo 1 MO0 L.
raza ¢ C'y = const, npu Temmeparype T u gapmerun P. 3aTeM mopimeHsb 0T-
IIyCKAIOT I OH OIIyCKAeTCd MOM AeCTBIEM CHUIIBI TAKeCTH. PailT n3MeHeHIe
SHTPOINN Ta3a B OBYX IpelebHbIX cIydadx: a) mg < 72 P; 6) mg > wr’P.
3.5. IIBa omUHAKOBBIX Teja € MOCTOSHHBIMI TeIIoeMKOCTIMI C' I TeMIepa-
rypayu T > Ty anmabaTHdecKn N30INPOBAHEL BMeCTe ¢ IAeaIbHOI TeIIOBOI
MalnnHoI. Paiitu paBHOBecHBIe TeMmepaTypsl 1,, T}, ecim mepexon K paBHO-
BECIIO IPOUCXONNT: (a) HeobpaTmmo (Temmonepenata), (b) obparmvo. Pafitn
II3MCEHEHIIE SHTPONNN B CIIydace (a), I MaKCIMaIbHYIO paboTy B ciaydace (b).
3.6. Tpu onMHAKOBEIX Tella ¢ OMUHAKOBBIMII IIOCTOSHHBIMIE TEIITIOeMKOCTIMII,
npu Temuepatypax 1] =T = x = 300K, n T5 = y = 100 K, BmecTe anmaba-
TUYeCKN M30InpoBabl. 1o KaKoil MaKCIMAaIbHON TeMmepaTyPsl 1),q, MOKHO
HaIpeTh OQHO I3 HIX ¢ IOMOIIBIO ABYX OPYIUX, UCIOIL3Y S JINIIL HaeaIbHYIO
TeIIOBYIO MAIIIHY, PaboTaloIylo B 00e CTOPOHBLI I IIPH TI00M Iepemame
TeMmmepaTyp? Kakx MoXKHO oCyIIecTBUTH 5TOT IpoIecc’

3.7. OmpemenuTs TepMOTIHAMIUECKIE MOTEHIIAIL B mepeMeHHbIX P, H n
T.F, 1 cOOTBeTCTBYIOIIUI BUI YPABHEHIIT COCTOSHILA.

3.8. Pafitu ypaBHEHIS COCTOAHIS I CMBICT HapaMeTPOB HJIA CHCTEMBI ¢ II0-

rernnaaoMm ['n66ca: (T, P) = aT(b—InT)+ RTIn P — T'S,.
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3.9. PaiiTn obmuit B ypaBHEHNI COCTOSHUA I TeIlI0eMKoCTh (', B TepMII-
Hax I, K (3.47) cucTemsl ¢ HymeBbIM moTerImazoM I'ub6ca ®(T', P, N) = 0.
3.10. Pomyunts u3 (3.40) ypasuerue ['u66caHorema (3.37), yGenusimucs,
TTo, B cuy (3.10), (3.31), (3.39), mnu nums (3.11): d&(5,v) = T'ds — Pdv.
aU(NS)  9U(S)
o0%S) ~ as

3.11. Pposeputs Teopemy o mMameix mobaskax ([7] §24), mpu Hammanm y cu-

[B (3.39) unrencupnas T =

, OMHOpONHast GYHKIIMUS HYJIEeBOTO HOp}II[KEL.]

CTEMBI JOLIOTHITEILHEIX TePMOTHHAMITIECKIX IAPDAMETPOB ¥;:
J

3.12. Pa mpumepe nmeaabHOrO ra3a MOKa3aTh SKBHBAJICHTHOCTH PA3INUHBIX
ompeneaeHnit xummoTernnnata (3.11), (3.16), (3.24), m dopmy (3.40), (3.41).

) B oP A% [0S B 8_/,L ‘
3.13. Haiitw (3.44)-(3.46) u Cpy —Cyn =T (aT)MN(aT)P’N. (8N)T7V_ (aT)Ny,

AN o\  _Cp  Kr . (&) _ [(Pf(T0)\
(8—N) M—T(a—T)U,’)/:C—VjE, U[XT——(W T— W T. (3.51)

TV
Kaxwe ¢pymknmm myxno nuddepennnpoBaTh B aHAJIOTHIHBIX (opmyrax mias v g?.

Puc. 3.1. K BbiBoay u3 (3.3) npunumnnos makcumansHoi pabotsl (A) n nornowenus Tenna (B).

gy

h

LY
Puc. 3.2. K onpegenenuto sutansnuu (3.21): H=U 4+ Mgh=U + PXh =U + PV.




Jlekiinsa 4

Y ciaoBusa PaBHOBECHUA N YCTOfI‘{I/IBOCTI/I
TEPMOANHAMMYICCKNNX CUCTEM

Beemennsie Brimne Tepmonunaammaeckne norenmuanst S(U, V., N), F(T, V. N),
®(T, P, N) mo3BOIAIOT IPOCTO CHOPMYIUPOBATH YCIOBIS PEATIN3AIINI MHTE-
PECYIOLIEeTO HAC COCTOSHIA TePMOIMHAMIIECKOTO PABHOBECUS I KPUTEPHUH €I'0
YCTOMIUBOCTU IJIS PA3INTHBIX TEPMOIMHAMUYICCKIX CICTEM, UCIOTb3Y I

1 HKCTpeMaﬂbele CBOUCTBa TEPMOONHAMMICCKIX
INIOTCHI N AJIOB

HeficTBUTEIBHO, W3 OCHOBHOTO HEPABCHCTBa TePMOOUHAMUKN (3.5) mms He-
PaBHOBECHBIX, HEOOPATUMBIX TpoTieccoB, Ipu N = const 3aJaHHOTO B BUIE:

0> dU + P9V —T94S = d (U + POV - T)S) = dd* <0, (4.1)
crenyet, aro dyuknus ¢*(U, V. S) = U+PEV TS, kak xapakTepusyemas
mepemenabsiME U, V, S paccMaTpuBaeMoil CICTeMBbI, HaXOOAIIEHCs B HepaBHO-
BeCHOM KOHTAKTE CO CPENoit ¢ ¢ukcupopanasiMi mapaMerpamir T P y6r-
BaeT (He BO3PACTACT) B TaKHX IPONECCaX BBEIPABHHBAHII I TIOTOMY HMeeT B
COCTOSIHIT PaBHOBECUS HaNMEHbBIIee 3HaTIeHIIe.

Torma nis agmabGaTHYecKn N30JIMPOBAHHOM cumcTeMsbl, 6() = 0, ¢
yuerom I-ro Pauama Tepmommaamukn (1.17), npu T > 0 B (4.1) maxommu:

CHOBa, T.K.: d (U + P(e)V) =dU + P94V = dU + 64 = 6Q = 0,

yro: dP" = d(—T(e)S) =-T4S <0 orxyma: dS=5;— S > 0. (4.2)
T.e. dusmaecKuil mepexon N30TMPOBAHHON CHCTEMBI 113 HePaBHOBECHOIO CO-
CTOSIHUS ¢ DPHTPONNelT S B PaBHOBECHOE COCTOSHIE ¢ SHTPOMNCH Sy He MOKET

OBITH O6paTI/Il\/H:>Il\/I7 ABJIAACH 3aB€IOMO HEPAaBHOBECHBIM IIPOIIECCOM, a €€ 3H-

TPONUS B_HEM MOKeT TOIBKO BO3pacTaTh, I 1Mo 2-off dacTu II-ro Pagama ee
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S() B COCTOAHUN PAaBHOBECUA YK€ MaKCHIMaJIbHA. Y caoBue YCTOfIqHBOCTH ee
paBHOBeCHA KaK YCJIOBHE€ MaKCHMYyMa €€ 3HTPOIINHN ITPU Pa3JI0ZKCHIUI 110 MaJIbIM

1
BUPTYanbHbIM BapuanusM Ha (Ilmc. 4.1): S — Sy = AS =05 + 5525 < 0, (4.3)

maet: 0S5 =0 — Kak obIree ycoBme PaBHOBECS (9KCTPEMyMa),

n §°S < 0 — Kak ZOCTATOTHOe YCIOBIE VCTOIIIBOCTII PABHOBECIIA.

IeobxonmmocThs TOCTIEOHETO YCIOBUS MOYKHO HOKa3aTh, JUIIH OMUPAICh HA
CTATUCTHYCCKYIO TPUPOAY TePMOOMHAMUICCKIX CUCTEeM U Haamdme obycyo-
BJICHHBIX €10 QIYVKTYaInil BHYTPeHHUX mapaMeTpoB. CaMo xKe ICXOITHOe YCITo-
Bue (4.3) OIg 5TUX BHPTYAIbHBIX OTKIOHCHI SBIISCTCS U HEOOXOMIMBIM, 1T
TOCTATOTHBIM YCIOBIEM YCTOHUNBOCTU TEPMOIMHAMUIIECKOTO PABHOBECHS.
Ecnm cuctema, He coBepmtas paboTsl, V' = const m oOMeHTBasSCHh TEIIIOM
CO CPeMoii, yKe MOCTUTIa ¢ Hell TepMIUYEeCKOT0 PABHOBECHUS KakK ¢ TE€PMO-
crarom: T = T®) = const, To m3 (4.1) c P, N = const craemyer, aro:

19" = d(U - T¥9S) = d(U-TS)=dF = F,— F <0, (4.4)
II B 3THUX HOBBIX YCJIOBHAX ITPpHI HeO6paTI/IMLIX IIpomecCaXx BbIpDAaBHUBAHI A y6LI—
BaeT BenW4mHa cBobomHoi sHeprun ' = U — T'S, mocTuras B COCTOSHUM

PaBHOBECHA CBOETO MITHUMYMa }707 I TeIlepb €€ Pa3JIOZKEHII 110 MaJIbIM
1
BUpTYanbHbIM Bapuamusm Ha (Ilnc. 4.2): F' — Fy = AF =0F + 552}7 > 0, (4.5)

maer: 0F =0 — kak obIree ycroie paBHOBECHS (9KCTPEMyMa),

n §°F > 0 — Kak ZOCTATOTHOE YCIOBIE YCTOIIMBOCTII PABHOBECIIA.

Ecman xe cmerema msorepymaeckn, T = T, coseprmaer paGoty, dV # 0,
TO, cormacHo (4.1), sTa paboTa He MOKeT IpeBHIIATh BennanHbl —d F (3.18):

(64)r = PYdV < —dF = {y6pun ee cBOGOIHOM SHeprmm}. (4.6)

Il msoTepMmaecknx mMenennit B cucteme, T = T(¢) | maxomsmeiics u mon
IOCTOSHHBEIM pPABHOBECHBIM masierneM P = P yemosme (4.1) o3matacT:

(N = const), dP* = d(U-TS+PV)=dd=P,—P<0, (4.7
T.e. PaBHOBeCUe B TAaKNX CHCTEMaX peam3yeTcs mpu MuHuMyMe Py moTeH-
nnana ['mboca ¢ = U — TS + PV, nas BUPTYaTIbHBIX OTKIOHCHUI KOTOPOTO,

1
cormacuo (Puc. 4.2): & — &y = AP =P + 552<I> > (0, cHOBa (4.8)

mveeMm 6P = 0 — obIriee ycmoBHe paBHOBeCHs (SKCTpeMyMa ),

n §°® > 0 — gocTaTodIHOE YCI0BIe YCTONTIBOCTI PABHOBECIIA.



Nupivu cioBamu, ecin nipeobpasoBanus Jlexanmpa (3.21), (3.15), (3.22), (3.34) npumenuTnb
BMECTO OCHOBHOTO ypaBHeHIs TepMonuHaMuki (3.10) paBHOBECHBIX MPOIECCOB K OCHOBHOMY
HepaBeHCTBY TEPMONUHAMUKY (3.5) M7 HIIeMeHTapHBIX HEPaBHOBECHDBIX MPOTECCOB:

3.10) — dU(S,V,N) < TdS — PdV + pdN, o, nocienoBaTenbHo HailmeM: 4.9

) (
3.21) = H=U+ PV, dH(S,P,N)<TdS+ VdP + udN, (4.10

Y F=U—TS, dF(T,V,N)< —SdT — PdV + udN, (4
3.22) & =U—TS+PV =F+PV, dOT,P,N)<—SdT +VdP + udN, (4.12

( 9)
( 10)
(3.15 A1)
( 12)
( )

334) > J=U—TS—uN=F —uN, dJ(T,V,u) < —SdT — PdV — Ndp.  (4.13

OTKy,I[EL IJIst H€O6paTI/IMBIX IpoueECCOB BhIpaBHUBaAHWA HEMENJICHHO ITOJIYyYa€M BHOBL, YTO!:

dFF <0, mpu T = const, V = const, N = const, (4.14)
d® <0, mpu T = const, P = const, N = const, (4.15)
dJ <0, mpu T = const, V = const, yu = const, (4.16)

TO ecTh, B coracui ¢ (4.4), (4.7), 5Tu moTeHNNATbI IMEIOT B PABHOBECUH MUMHIMYM.

OnpemeIeHHOCTD 3HATEHIH YHTPOINN S OIS BCeX IIPOMEKYTOTHBIX HePABHO-
BECHBIX COCTOSHUN HEeABHO MOIpa3yMeBaIach yiKe B CaMOM 3aKOHe BO3pacTa-
Hust sHETpornu (4.2). Pepasernctsa xe (4.9)(4.16) nMEIOT CMBICT TOTBKO €C/II
IJTSL TUX COCTOSHUI onpeneseHbl n mapamerpst 7', P, V, N, yu n T.n. OgHako B
OTIINTIE OT COCTOSHIS PABHOBECIHS, The B cuiay ypas. cocT. (1.5), (1.16) Bce
BHyTpeHHIe mapaMeTpsl { P, .S, U} sBustoTcs GYHKIUSMEI TOTBKO BHEIITHIX
mapamveTpos {V, N} u temmeparyper 1. P = P(T,V,N), S = S(T,V,N), mon
HEPABHOBECHBIM COCTOSHIEM 3[IeCh I Jajiee MOHIMAeTCsS COCTOSHIE PACIIN-
PEHHOM CUCTEeMEbI, XapaKTepU3yeMoe JOIOTHITEeIbHBIMI BHY TPEeHHIIMI Tapa-
MeTpaMmn &;, rae P,.S casarre ¢ T, V, N,§; ypaBHeHIIMI HEPaBHOBECHOTO
cocrosuns Buna P = P(T,V,N, {{}), S = S(T.V,N,{{}), xak cocros-
HIOA “BMOPOXKCHHOTO B paBHOBecHe COINPSAKCHHBIMH K {; HOMOTHUTEIbHBIMI
BHEIIHIMII ITOISIMI fj, 910 POIb MOTYT UTPaTh: Hoie TsxecTn f +— ¢ [6] B
GapomeTpudeckott popamyme! P = P(z/z.); nam — TONBUZAKHBIE THAaTePMITe-
ckme cTeHkn [2]; a mist obux T, P — d Ny 0T 9meid gacTui B pasHBIX Gazax

(4.35) ¢ & = A9} UAK — XIMUTIECKTI COCTAB pearnpyorreit cymect [4].
[accmoTperible BhIllle TepMonuHaMIdecKne GyaKnn cucteMor S, F, @, .J (Ho He U n H)
TakyKe MOXKHO CUNTATh TOT[a PABHLIMU COOTBETCTBYIOMINM 3HAYEHUSIM >TUX (PYHKITIH 1T
“3aMOpOKEHHON CUCTEMBI, VIAEPKUBAEMON B TaKOM PaBHOBECHE HOMOTHUTETHHBIME 0606-
IIeHHBIMI TepMonnHamudeckumn cunamu §;, 7 = 1 + k. 1o sueprus U* sToro cocrosuus B
MPUCY TCTBUE BHEITHETO TOJs OyIeT OTINYaThCs OT BHY TpeHHeit sueprun [/ nepaBHOBECHOTO
COCTOSIHUSI CHCTEMBI B OTCYTCTBIE TIOJIS Ha BEINYNHY TOTEHIHaIbHON s>Heprun 11 crcTeMbr

B oToM note. T.e. mpuw S*(U*, V. {f;}) = S(U,V.{¢}), F*=F, ®* = & (Iluc. 4.1 u 4.2):

Y¢(g) = —mz., 2. = RT/(j1g)- BbIcOTA lleHTpa TSKeCTH Bcero cTosba raza Macchl m B node ¢.



Ur=U+1=U~ Zk:é}fja P, VAGYH =U =TS, VA, (4.17)

i=1

k k
TdS (U, V{f;}) = dU™ + PdV + > &df; = dU + PdV =~ f;dé; = TdS(U, V. {&}),

i=1 i=1

k
dF(T,V,{&}) = —=SdT — PdV + Z 1id¢&;, fi=- (g—?) = (g—?) . (4.18)
=1 il oy i/
Pa ocHOBe Takoro mpemcTaBiIeHNS 0O HEPABHOBECHOM COCTOSHIN, KaK COCTO-
AHHII PABHOBECHA PACIIHPEHHOI CHCTeMBI ¢ OOJIBIMIM TIICIIOM IapaMeTPOB
(4.17), (4.18), BEIXOZ ee W3 COCTOSIHIS PABHOBECHS I BEITJIANT KaK Pe3yIbTAT
orkoneHms (4.3), (4.5), (4.8) oT paBHOBECHBIX 3HAUCHNI BHYTPEHHIX Iapa-
MetpoB creremer S(T,V, N, {{;}), P(...) 3acueT BUPTYaIbHBIX OTKIOHEHII
d{; = —d¢; ee BEYTpEHHUX IapaMeTPOB ¢, HOBTOPSL IPUHITUII BIPTYAIbHBIX
HepeMeIeHNIT A1 MeXaHMIeCKIX CICTeM CO CBI3AMIL. Y CJIOBUSA PABHOBECHS
u yeroframBoctn (4.3), (4.5), (4.8) mpsaMo IPOROMKAIOT 3Ty AHATIOTUIO.
Pasymeercs, moxao 651710 1 13 (4.9), (4.10) mOmyInTh YCIOBIS PABHOBECHS:

dU =Uy—-U <0, Uy= Uy, upu S = const, V = const, N = const,
dH=Hy—H <0, Hy=H,,;n, mpu S = const, P = const, N = const.

OnHako HepaBHOBECHBIII IPOIECC pelakcalui opnm S = const egBa JIM pea-
JI3yeM, a MOTOMY 3T YCIOBIA He IMEIOT IPaKTIIeCKoTo 3HadeHns. DyHma-
MeHTaabHOe paszandme B (4.9)-(4.13) mexny U(S,V), H(S, P) ¢ onroit cTo-
porsl m F, ®..J ¢ npyroit coctonT B ToM, uTo U m H He mmeloT ncToInm-
KOB (CTOKOB) BHYTPH CHCTEMBI, & MOTYT JINIIb HONBOANTECSI M3BHE B BHIC
TemTa Wian paboThl, T.K. Hapsny ¢ HepaBeHcTBaMI (4.9), (4.10) mms sTux xe
5IIeMEeHTaPHBIX IIPOIECCOB Beerga MMeoT MecTo paBeHcTBa I-ro Pauama:

dU = 6Q — §A = 6Q — PdV,  dH = 8Q + VdP. (4.19)

POBTOMy UunH OOHO3HAYHO OoIIpenae/IeHbl BHCITHIIMM YCJIOBUAMI II B PaBHO-

BE€CHBIX, I B HE€PDaBHOBECHBIX COCTOAHHNAX CHCTEMBI, 11 OHII BOBC¢ H€ MCHI-

JOTCS B HePaBHOBECHBIX aIMabaTIIieckix mpomeccax 0() = () BHIpaBHIIBAHIIS
(pemakcamunu): mpu V' = const mas U mmn P = const mms H. 1 [2], rak
(VHKIII HePaBHOBECHBIX COCTOAHHII 3THX IPOLECCOB, ORI BOOOIIe He MOIYT
TOrga CUNTATHCI OOHO3HATHBIMI QyHKImaMi i ot (S, V') mnu ot (S, P), HE
OT KaKHUX 60 MHBEIX JOMOITHITEIBHBIX BHY TPCHHIX mapaMeTpoB {&;}.
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Oyuaxunn wxe FF = U =TS, & = F 4+ PV, J = F — &, HanpoTUB, IMEIOT
nctoaHuk —S uwin —SdIT' B dF, d®, d.J B Bume >HTPOIUN TPOXYIIUPYEMON TIPH
HeOOPATIMBIX IIPOIeccax BHYTPH caMoil cucTeMbl. M X0Td B HEpaBHOBECHBIX
coctosamax S # S(T,V),mor.x. S=S(T.V.{{)), rou F = F(T,V.{{)
T.0., u dyakunn S, F, &, .J obramgaoT cBoficTBaMI »KcTpeMatbHOCTH (4.14)-
(4.16), (4.3)(4.8) mpu peTakcannm CICTEMBI K PABHOBECHOMY COCTOSHIIO [2].

2 TepMOI[I/IH&MI/IquKI/IQ HEPpaBCHCTBa

PaccMoTpnM Masible OTKIIOHeHIS 0T paBHoBecus mpu 1 = const, P = const,
Korza, cormacao (4.8) (N = const), MurEIMyMa mocTuraeT HoTeHIna1 [ n66ca.
3 ycnosuit (4.8) mms mepsoit mw Bropoit Bapuanuit & = U(S, V) — TS + PV
10 OCTABIINMCH He3aBICHMEIMI TepeMeHHBIM S, V' B paBHOBeCHN HAXOMIIM:

oU oU
5O = 5 =(Z=) 0S+ (=] 6V =T6S — PsV, (4.2
w3 6® = 0, wwro SU(S, V') (as)v s+-(avj5vv’ S — P5V, (4.20)
U\ ~ oUY -
oTkyma 1 = (ﬁ)v— TS, V), P=-— (W)S_ P(S,V), n (4.21)
0?0 = §°U = §(6U) = 6(T3S — PSV) = §T6S — §PSV > 0, (4.22)

rae mon Bapmanuamu 01, 0P B (4.22) moHEMAOTCS yKe BapHaIlll 3aaBac-
MBIX (4.21) GyHKIUR 0719 ABYX COCCTHNX PABHOBECHBIX COCTOSHII I YITEHO,
aro 028 = §?V = 0. Pocnemmee HepaseHCTBO (4.22) ompemesnseT MaTpHILY
ycToitamBocTH omHEOponHOit (omHodasHol) cucTembl. Pasmenus ee ma (67)2
mpu 0V = 0 unu mpu 0 P = 0, mMeeM, COOTBETCTBEHHO, /IS TEIIOeMKOCTEN:
0S Cy 0S Cp

(8—T)V = ? > 0, (a—T)p = 7 > 0. (423)
Pasmenus e ee Ha (0P)? mpu 67 = 0 umn mpu 6.5 = 0, Haiimer HepaBeHCTBa,
BEIPAKAIOIINE COOTBETCTBYIOIINE “TIPYKNHAIINE” CBOMCTBa (Ta3a);

oV oV
— — e. I K . 4.24
(8P)T<O’ (8P)5<0’ Te. Kp>0, Kg>0 (4.24)

13 5TuX IPOCTHIX HEPABeHCTB BEITCKAIOT 00JIee TOHKHE CBOICTBA IPOIECCOB
permakcannn. Tak, cormacuo (2.22), (1.11), a 3arem (1.26) u (1.30), Haxommm,

YTO I'a3 NU30TEPpMUYECKN BCer'la MiArde, 4yeMm »EL,I[I/I»EL6»ELTI/I‘I€CKI/I7 TaK KaK

OV\? (0P Cp
Cp—Cy=-T (a—T)P(W)T>O, un ’y—C—V>1, a T.K.: (4.25)

(8—P)T_ v (8—P)5’ TO (8—P)T< (8—P)5< 0, wmn Ip> Ig. (4.26)



Paccymorpum cumeremy B TepMocTaTe. Ecanm B HeKOTOPBIIT MOMEHT HaBIICHIE
B CcHCTeMe OBIIIO BHE3aIIHO M3MEHEHO BHEIITHIIM BO3HECTBHIEM, 5TO BBI30BET
B Hell m3MeHeHIe KakK o0beMa, TaK I TeMIEePATYPHI, a MEPOI TaKoro BO3-
meftcTBus 6ymeT mpomssonsas (0V /OP)g, T.K. BHe3AIHBIH IPOIECC IPaK-
THYeCKn agmabarmder. Pocjae BOCCTaHOBICHNS PABHOBECHS IPH IPeKHe
TeMIlepaType BO3IeilcTBIIE Ha CHCTeMY OyIeT OmpeHelaThCs YiKe IPOM3BOII-
Hott (OV /OP);. Pepasenctso (4.26) oTpaxaeT ofImil Gm3UTeCKHil IPHH-
mun (JIIIP) Jle - Hlatense - Ppayna: BheliHee Bo3meiicTBHe, BBIBO-
asiee CUCTEMY M3 COCTOSHUS PABHOBECHS, BBI3BIBAET B HEl IIPO-
neccol, ocjabiasonme 3To Bo3aencrBue. T.e., mpumamun JIIIP obycmo-
BIIeH YCTOMIIBOCTEHIO COCTOSHISA PABHOBECHS CICTEMBI, B KOTOPOE OHa BCErIa

CTPEMUTCS BePHYTHCS, 0CTAdIgs “pacKaumBaloliee’ ee M3BHE BO3MYIIICHIIE.
MsBecTubiM IIpodBJICHNEM 5TOI'O IPUHIUIIAQ ABJIAETCA 3aKOH ﬂeHHa HOJId MaTl'HUTHOI'O I1OJIA

MHAOYKOUOHHOI'O TOKa, HallpaBJEHHOI'O BCET A O6paTHO MardvuTHOMY TIIOJITO, ITOPOAUBIIEMY

(MEOYyTIPOBABIIEMY ) HTOT TOK.
Fecnn nonustit nuddepenunan nexotopoit Gynkimun coctosuus Y (a,b):

dY (a,b) = Ada + Bdb, to us (2.12), (2.13): (a_A) _ (6_3) pe: 24

b da 9(B,b) ’
: X =Y —Aa— Bb: dX(A,B)=—adA—bdB, T.e.: oy (% (4.27)
U [Tt = a : , = —a , T.e. 9A B— EYE A. .

s () o (3] (5], () s (3] -
gt ot () [(n) (k) () ()~

da da
:>(6—A)B—(6B)A(66)A (aA)b, B cuy (4.27). (4.28)
. 0B da da
T.e., ecrti, IO yCJOBUSM yCTONYNBOCTH: (%) >0, To: (a_A)b < (a—A)B. (4.29)

C(OVN _A(PT)AV,S)  [av av\: T
B wacTnocrn: (ap) = 9(P.5) a(P.T) =\3p T—I— 57 PCP, OTKYyOa (4.30)

cHOBa BbITeKaeT HepaBeHcTBO (4.26). Takoil ke cMBIcT nMetoT 1 camu cooTHoIeHns (4.25).
Ecnon CBO6OI[H&51 SHepruda F unn ITIOTEeHIOIIaJI ® mMeoT HeCKOIBKO MIHUMY-
MOB, TO a0COJTIOTHO CTa6I/IJIBHOMy PaBHOBECHUIO 0TBE€YA€T TOJIBKO CaMBbINl HIZK-
HI/IIK/)I7 OCTaJIBHBIC K€ OIIpenelIAoT COCTOIHUMIA MeTacTabn/IbHOIO PaBHOBECH .
Ycnosue (4.22) Ha MATPUILY YCTOMTIMBOCTI I BCE €T0 CTICACTBUS CIIPABEIINBEL
1 OJIsa MeTacTaOIIbHBIX PaBHOBECHBIX COCTOﬁIHI/IIK/)I7 HO JINIIb IIPpU OJOCTATOYIHO
Manbix Bapuammsix 6(S, V, T, P). IIns mepexomos xe m3 MeTacTabIIbHEIX CO-
cTosHUN B cTabmmbable mpuHTNT JIIIP, Boobime ToBops, mapyimaeTcs.



3 HapmoBecme mByx (a3 B OMHOKOMIIOHCHTHON CHCTEME.
dazoBEIC TEPEXONIBI

PaccMoTpuM m301upoBaHHYIO CUCTEMY, COCTOSIIYIO U3 OBYX PaBHOBECHBIX
da3, j = 1,2, omHOTO U TOTO e BellecTBa (Boma U Hap), ¢ mapaMeTPaMIL,
coorBercTBerno: U;, Vi, N;, S;, T}, P;, ;. VIx B3amMHOe paBHOBecne, TTOMIIMO
Uy + Uy = const, Vi + V, = const, Ny + Ny = const, o3HagaeT Takxke, ITO T
S1+ Sy = const. PosToMy miis MaIbIX BUPTYAIbHBIX OTKIOHCHUH MMeeM:

oUy = —0U;, 6Vo = =0V, 0Ny = —ON|, a MOCKOJIBKY (4.31)
g Kaxmoll dassr: 1505, = 0U; + P;joV; — pjoN;, orkyma:
0=6S =55 +6S, = 5U1+P15‘/1—M15N1 _|_5(]2—|-P25‘/2—,1125]\727

T1 T2
11 Py Pz) (m uz)
— — — | 0U — — 2V = [= =2 )ON; =0
. (T1 TQ) ' (T1 Ty ! T : 7
YV 60U, 0V1, 0Ny, To B pasroBecun 1) =15, Py = Py, = ps. (4.32)

Has morenmnuamos I'ub6ca ®;(T, P, N;) = N;u;(T, P) st ycmoBus ompeme-
nsaor #Ha mwiaockoctu (1, P) ypaBHeHIe KPIBOI PaBHOBECHs ABYX (a3 Kak:

08\ B _ (0%,
(a—M)T,P = Ml(Ta P) - M?(Ta P) - (aNQ

JezKalliee B OCHOBe Bcell Teopun (Pa3oBBIX ImepexonoB. g mpupatmerns mom-
HOTO TToTeHTMaTa [ mb6ca Beell cmcTeMBI B IIpoTlecce BHIDABHUBAHMS, TP (DITK-

) L1 P=DPJT), (433)

cupoBavHEIX 1’y P m N1 + Ny = const, yuanteBas (4.31) u (4.7), mveem:

O(T,P; Ny, Ny) = ®) + By, (d®)7p = juud Ny + pid Ny, (4.34)
(d®)rp = (p1 — p2)dNy <0, Tee. dN; <0, ecam pg > pg, (4.35)
T.e. IOTOK YacTHIL BCeTa HaIIPaBIeH 0T Ga3bl ¢ OGIBITIM XIMIIOTEHITIATIOM
K da3e ¢ MEHBIINM XIMIOTeHIHAIOM. B COCTOSHII TepMOIIHAMIYECKOTO

paBHOBecus ¢ nmeeT MuHUMYM, dP = (0, I XUMIOTEHITIAT OCTACTCS HETIPEPHI-
BeH IpU (a30BOM IIPEBPAIICHII: fi] = iy, Po T.K. (4.33) He ecTh TOXKIECTBO

YV T, P, ero BBICIIIE YacTHBIE IPOU3BOOHBIE MTOJIKHBI IMeTh Pa3phiB. Ecmim
CKa90K TepIAT ImepBble IIPOM3BOMHEIE — 3T0 (Ba30BLIl mepexomn 1-ro poma, I B
cuny ypasreruii ['m66ca - Horema mas xaxmoit dassr (3.37), (3.38),

mveer: dy;(T, P) = —5;dT +v;dP, roe,mpu j=1,2: (4.36)

5= 2 %) —._ﬁ_(%) 2_(3_13)
TN T (aT » TN, " \or)y v \or), (4.37)
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~ yIenbHBIE (MOJISPHBIC) SHTPONIS I 00BeM, a [N - TICIo TacTuI, (I Moell
v; = Nj/N4) B xaxnoit ¢ase. s momydeHns cooTBeTCTBYIOIIET0 Tubde-
PEeHINAILHOTO yPaBHEHNS TOCTATOTHO CMECTHThCA BIOIb KPUBOM IIepexofa
(4.33), mpupaBHIB OPYT OPYTY U cOOTBeTCTBYyOMIINe Tuddepenmmanst (4.36):

dui (T, P) = dus(T, P), oTKyma BOOTb ft] = p2 (e myrarh ¢ (4.37)! ) :

dPN(T) g(d_P) :§2—§1 :A§: A _ A (438)
dT o dT'), ©vy—vy A T(vy—1v1) TAT '

— ypaBHenne Kmameitpona - Kmaysuyca, rme, T.K. mpoTecc mmeT PN TOCTOSH-

HOMl TeMmuepatType 1, BBeIeHa yoenbHas (I MOJISPHAS) TEII0Ta IePEXOIa;

cornacuo 1-my Hauany tpm. A = T(§2 - 51) = TAs &5 (AQ = TAS) . (4.39)
P ockombKy mpoliecc nmeT I IPU HOCTOSHHOM AaBieHun P, To, mo I-my Pawvamy
TepMOIMHAMIKH, IIPN yIedbHoil padoTe mepexoma AA = PAU n ymeIbHBIX
BHYTPeHHIX 3Hepruax das Uy, Us mMeeM yIeIbHYIO TEINIOTY Hepexofa Kak:

/\:TA§:AU—FAZEUQ—Ul-i—P(UQ—Ul):HQ—HlEAH, (440)
T.e. B BHIe >HTadbmnu mepexoma AH # 0, ecam 59 # 5. Tax uTo da3oBble
mepexonbl 1-ro poma: KOHOEHCAINS — KHIIeHNe, KPHCTAIIN3alnd — IIaBe-
HIEe, BOSTOHKA, CYOIUMAaIUd I T.O. COIPOBOKITAIOTCA CKAUKOOOPA3HBIM I3-
MEHEHIEM YIETBHOTO (MOISIPHOTO) 06beMa I MOTTIOMICHICM TII BBIICTCHIEM
VIETBHON (MOISIPHOI) TEITIOTEL IePeXofia, PABHOM CKAUKY YIETbHOM (MOTIp-
HOIT) SHTAIBIINE TP Tepexofie Mex Iy pasnmmaabivm dazavm A = AH(T, P).

PaccmoTpmy 3aBucuMocTs 510l TenmoTsl mepexoma (1, P) (4.39) ot Tem-
nepaTypsl T, pasymeeTcs, Boomb KpuBoil mepexoma (4.33). C yaerom (4.38)

e (dA) el (dA (T,P(T)))ﬂ: (8A)P+ (aA)T (dP)u: (4.41)

AT ) = dT or P )y \dT
_ OAsS OAsS dP A OAT A
_ASJFT(aT)p+T(aP)T(dT)ﬂ_T+ACP_T( oT )pTAU’
- Js;\ Js;\ 8@-) .
MOCKOIBKY: 1T’ (8T)p = Cpj, (8P)T = (8T o’ j=12. (4.42)

g mepexomoB W3 KUOKOCTH —> 1 B map +— 2 OpuW HEU3KOX TeMIepaTypax
BOAJIN OT KPUTHUIECKON ToUKkn 1} B pactueTe Ha OOIH MOJIb nMeeM: AU = Uo,
o V5 N RT > T (8@2) N R U9 > U1 (8@1)
T.K. U9 = — E— U1, a Torga m - —_ = — — | —
1% P 7 8T P P T T 8T p7
ov Uy d\

A_
T.e. (a U) A (—) = —, I (—) = ACP = CPQ — Cpl. (443)
or Jp P 1

oT T dT
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PaBrOBecme cpasy Tpex (a3, OUeBIIHO, BEIIeILeT Ha quarpamme P, T omEy —
Tpottayio Touky (T, ), ymoBrerBopsiomtyo nByM ypasaeHmaM (Pmc. 4.3):

(1o, By) = po(To. By) = ps(To, By). (4.44)

Beimme xpututeckoit Toaku (T}, Pj) mcaezaeT oTImTIne KIIKOCTH OT €€ HACHI-
IIIeHHOTO Iapa I KpuBas ux pasroBecus P = P,(T') obpsiBaeTcs. Bersu sroi
KPHIBOI /1A PABHOBECHS KUIKOCTh - IIap, KUIKOCTh - KPUCTAI, KPICTAILI -
map I eCTh THINTHGIE peleHms ypasHeHmil (4.33), (4.38) ma (Puc. 4.3).
ITpu pa3oBBIX mepexomax 2-ro poaa oCTaeTC S HeIPePBHIBHBIM KaK CaM
XIMIIOTEHIINAJ, TaK I er0 IePBhle IPOM3BOAHEIE. Pa3sphiB TEPIAT yKe TOIBKO
BTOpHIe Tpom3BonHble GyHKIUN (T, P). PackpriBas BOSHUKIIYIO B ypAHCHIIH
Knamefipora - Kmaysuyca (4.38) HeompememeHHOCTD 10 IpaBmiay Jlommrais
nupdepernnpoBanneM Kak mo ', Tak n o P, ¢ yuaetom (4.42), (4.43), (1.13),
(1.14), momyanm (AX = Xy — X4, 0(AX) = A(0X)) ypasuerus Pperdecra:

dP\ _ As 0 (0A5/0T)p  A(05/0T)p  ACp
(ﬁ)ﬂ = A0 "0 (0A0/aT), ~ A@0jaT), " Todap® )
dP (0A5/0P)y _ A(05/0P)y _ A (0/0T)p _ Aap
(ﬁ)ﬂ (0AT/OP),  A(dU/OP),  A(0U/OP), AKp’ (4.46)

dP\? A ACpAK.
IIIN: ( ) Cp (Aap)? CP_ el
i Ky

IT). = ToARy =———, (cp. ¢ (1.15)). (4.47)

dazoBomy mepexomy (-ro poma oTBeTaeT, TAKIM 06pa3oM, CKatdeK (-BIX TacT-
HBIX Tpom3BonHbIX GyHKIUN 4T, P), IpI HempephIBHEBIX TaCTHBIX IPOM3BOJI-
HBIX BIIOTH M0 { — 1-To MOpAmKa BKITIOUNTETHHO.

([1], [2] §524-28), [6] §SII1.29-38
Samaun
4.1. PafiTu KpUTHIECKNT pAINYC 3aPOMBIIIa KA KIIKOCTH C ji) TPH KOH-
TeHCAIINN TEePEeCHITIeHHOTO Iapa ¢ fi; > [lg, €CIN IpHpallleHIe CBOOOTHOM
saeprun AF (T, X, N) = AN (uo — 1) + cAX ([1] §57, [2] §27, [11] N115).
4.2. Hns npupatenns ceobonuoit sHeprun AF (T, Y) = —SAT+0AY, Haftitn
KoamaecTBo Temna ¢ = (AQ)r/AY Ipm H30TePMITECKOM PACTSKCHNIN G-
HEIBI TIOBePXHOCTH ToHKON miaeHKN ¢ 0 = o(T,Y). KakoBa Gymer pabota
AAp(T,XY) opu TakoMm pacTskernn aias o = o(1)?
4.3. Ilns umeamsroro rasa: PV = NkT = vRT, Cy = Nf(T), nocrnenosa-
TelbHO WHTErpupyst, Haiitn ssusil sun: S(T,V,N), F(T,V,N), U(T,V,N),
w(T,m) = (T, P), ®(T,P,N) = N, nas unrepnperammio koncrantam ([5] §111.7).
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4.4. OmpemennTs KPUBYIO BO3TOHKW, T.c. PUy = RT, xpucranma mpu: (a)
A = const; (b) A = XT), eciu Cpg = 5R/2, Cpy = bR, nnmm xe Cpy = aT?.

4.5. Cpasrurs: (0Cy/OV ), AU(T, V), AS(T,V), xors 681 npu T = const,

I PA3HBIX ypaBHeHmi (cM. samaum 2.5. m 3.1.) “peanpHBIX” ra3os, Tie:
vR=Nkg, b~N,a,c~N% a~N2 uVsvopnr=1umN =1:

vRT a vRT a vRT a
P = —— P= — P = — 4.4
V—b VZ V—b V¥ V—b TV (4.48)
P vRT a n be P vRT ( a )
— — = ex — .
Vb V(V=b) V(o) V=t P\ uRTV

Puc. 4.1. Puc. 4.2.

. L
To T 'T

Puc. 4.3. Tunuunas cdasosas auarpamma: Tj — TpoitHaa Touka, T} — kpuTHUUeckas TemnepaTypa.
Ina HyO nuuus pagHoBecusa »nAKOCTb — nep yobiBaeT, a ana U F; oHa NouTu BepTUKaNbHa.




Jlekiiusa 5

HaBHoBecue B rereporeHHbIX
cucTreMax. XUMHIUYeCKoe paBHOBeCHUE

1 Hpapumo ¢a3 ['uboca

PaBHOBecme reTeporeHHON CHCTEeMEI comepzKalllell k XIMHIUeCKNI Pas3IndHBIX
KOMIIOHEHTOB, KazKIOBII I3 KOTOPHIX MOXKeT HaXOOUTLCA B N PA3HEIX dasax,
samaeTcs yemoBmsaMn (4.32), (4.33) momapHOTO paBHOBECHS BeeX (a3 KazkIoro
kommorenTa'. Torma temmeparypst TU) u masmemns PY) B pasamambix da-
3ax W XuMmoTernmmamsl V) — IS KaKmoro s-ro KoMImoHeHTa m3 s = 1 + k
COBIATAIOT BO BCeX j = 1 + n da3ax U Kak peIleHns 3amadll Ha yCIIOBHBIIL
k n
(T, P, {Ns(j)}) — Z A Z Ny) = 0 s moTeHIIMANA:

r=1 =1

srcTpeMyM 0P = 0, r.e.

0
NO

S

(I)(T, P, {N(j)}) = Z Z N(j),LL(j)(T, P) u Z Nﬁj) = Nr = const;, OTKyOa: (5.1)
j=1

T1) — =70 = =70 =T } > oblas TemmepaTypa,
P — — pU) = — P =P (= obimee maBieHme, m Ag
M(ll) =... = M(lj) =... = M(ln) (T, P) — (n — 1) ypaBHEHUNT

: : : : (5.2)
Mgl) =... = ng) =... = Mgn)(T, P) — (n — 1) ypaBHEHUNT (n — 1)k‘
M;{}) S M;fj) - = ME{”) (T,P)) — (n — 1) ypasuemuii

KonuuaectBo n (1)&37 KOTOpBIC MOT'YT OMTHOBPEMEHHO HaXOOUTHCA B PpaBHOBECHI
(I/I COCTOATH KazKIad 13 k Pa3IMIHBIX XIMIIYECKIX KOl\/IHOHeHTOB)7 CBA3AHO
C HHUCJIOM f OCTaBIINUXCA TEPMOAMHAMNYIECCKUX II€PEMEHHBIX, KOTOPBIC MOZKHO

lonaTus TeMnepaTyphl U HaBIeHNs cllepBa OTHOCATCS K KazKIol oTne/abHoll § -oif (ase B HeI0M.

49
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ellle He3aBICIMO MeHITh, He Hapyllad >TO paBHOBecme, T.e. He HapyImasd
(n — 1)k HesaBHCHMBIX ypaBHEHII Ha PABEHCTBO XIMIIOTCHINAIOB (5.2).

P ockonIbKy cOCTOSHIIE TeTePOTeHHOIT CIICTeMBbI, IIOMIMO ABYX IIepeMeHHbIX
semums T, P (5.2), mas N wactum s-ro koMmoHenTa B j-0il dhase 3amaeTcs
etrte k — | He3aBIICHMBIMII KOHIEHTPAIIAMIT ') pa3ImaHEIX s-TEIX KOMIOHEH-
TOB B KaxKOoW j-of da3ze, Tme miId Kaxkmoro j = 1 + n:

. NG koo
:L‘gj) = %, Z :L‘gj) = 1, TO nMmeeTcs 2 + n(k‘ — 1) HE3aBUCUMBIX (5.3)
» NY o s=l
r=1
nmepeMeHHbIX, TaK 4TO: (n — 1)k‘ S 2+ n(k‘ — 1), un N S k + 2, (5.4)

T.K. CYIIeCTBOBaHUeE PeIleHNs O3HadaeT, YTO YUCI0 YPaBHEHNU He IPeBOCX0-
IUT 9nciia mepeMeHHBIX. 1o ecTh nMeeM mpaBuiio ¢a3z I'mboca:

B cucTeme, cocTostreit n3 k XUMITIECKN PA3TTIHBIX KOMIIOHCHTOB, OTHOBDE-
MEHHO B PaBHOBECUU MOXKET HAXOOUTHCI He 0oiee, IeM Ny, = k + 2 dassl
(5.4). Ymcmo ocTaOMIXCsS HE3aBUCHMBIMI IePEMEHHBIX €CTh THICI0 OCTAB-
MNXCS TepMOOHHAMHIIeCKNX cTemeHell CBOOOIBL:

f=2+nk-1)—(n-1)k=k+2-n>0, rme k> 1. (5.5)

Tax, mpu f = 0, nypee = k + 2 — MakcuMaabHOE TUCT0 da3, JOCTHUTAIOIIIX
paBHOBecus B k- KoMmoHeHTHOI cucteMe. Hng k=1, nye =1+ 2 =3, Tpnm
¢asel, K IpuMepy, ra3, KIOKOCTH, TBePIOe TeIo — B TPoHHON Touke (4.44).
Ecmuopu k=1 un =1, To ocTaeTcs Kak pa3 f = 2 He3aBUCUMBIX TIePEMEH-
HBIX TepMUTIecKoro ypasHeHms coctosuus P = P(T,v7) (3.41). Ppuk=1mu
n = 2 octaeMcs ¢ f = 1 — omHOH CTemeHBIO CBOOOMBI, T.€. OKa3bIBaeMCsS Ha
KpuBoil daszosoro pasHoBecus, P = P,(T), (4.33), (4.38) sTux mByx da3, a
opu k = 1 u n = 3 cHOoBa momamacM B TPOMHYIO TOUKy (4.44).

B ounapmoit cucteme: k = 2, f =4 —nun < 4. B uwactHOCTH, 014
pacTBOpa B Boge [s — 1] comm [s — 2] mpu n = 1 umeem xunkmit: (j) — (1)
pacTBop ¢ f = 3-Mg He3aBUCUMO MeHSOIIIMECS mapaMerpamu 1, P, x = x21 )
T.K., 0 (5.3): x(ll) =1—2 Ppun =2 353 =1,2 B paBHOBECUN HAXOOITCI
nBe dasbl mam (&) pacTBOP COTI U Haphl BOOEL I comnn; um (6) pacTBOP COMH
I KPpUCTAIbl Jbda I coan; u T.n. Torma f = 2 m xgj) = Xéj)(T, P). B
caydae (a) IpH 3amaHHOl TeMiepaType T I KOHIEHTPAINN COJIA B PACTBODE
xgl) TmaB/IeHIe HACHIIIICHHBIX TApOB BOIBI HAI €€ PACTBOPOM TAeTCA 3aKOHOM
Hayma: P1(2) = F(T, xgl)) — x(12)P = napHnuajgbHOe HaBleHNe, ecI CINTaTh
ra3 maeaabHbIM.
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3mech (5.2) maeT yCIOBHBIN SKCTPEMYM aIIITHBHOTO OTeHInama [ m66ca

(5.1), ompemenss paBHOBeCHe PA3HBEIX (a3 XIMHITIECKN PA3IMTHBIX KOMIIOHCH-
TOB B OTCYTCTBHIE XUMNUYECKIX PeakKIINl B3alMOIIPeBPAIlleHNIs MeK Iy HIIMII.

2 XuMHIUIecKoe paBHOBecHe. 3aKOH HeHCTBYIOIINX Macc

PaccMoTpmyM Temeph XMMHUYIECKOE PABHOBECIE B OMHOPOTHON (TOMOTCHHOI)
TePMOIMHAMMIIECKON CICTeMe PA3HBIX BEITeCTB, HAXOMIIIIIXCS B OAHOM 1 TOI

ZKe q)aSe. PYCTB B DTOH CHCTeMe IIpOoTeKaeT XUMNYICCKAA peaKHI/I}IQ BUaoa:

k
Z_:lerr - 07 (56)

rme A,- CIMBOM 7r-TO XIMIYECKOTO BEIECTBA, Wp.- €T0 CTeXUMOMETPUICCKUI
KO>OPUITNEHT, PABHBIN UNCIY MOJIEKYT 7-TO BEIeCTBA, BO3HHKAIOIIINIX s
wy > 0, mn negesannx, w, < 0, B KaXKI0M OTIeIBHOM aKTe peaknni (5.6).
ITpumep: ObpasoBanme ammuaka N Hg m3 Bomopona Hy m azora Ny:

2NH; — % — & =0, mmm wiNHy+ wyHy 4+ w3Ny =0, (57)
W1 = (.U(NHg) = 2, Wo = (.U(HQ) = —3, Wg = (.U(NQ) = —1.

Pockonpky obpaillieHne Beex 3HAKOB He HapyuraeT ypasHeHmil (5.6), (5.7), B
crcTeMe, HapAmy ¢ IPAMoIl peaKInell Bcera MpoTeKaeT I 00paTHAS PeaKIlus.
Poka He mOCTHIHYTO paBHOBecHe, OOHA I3 HUX IpeobiaamaeT. B cocTogHmm
TePMOIIHAMITICCKOT0 PAaBHOBECHS IPAMad I 00paTHAd PeaKINN YPaBHOBEIII-
BAIOT IPYT OPYyTa, I KOHIeHTpanun &, (5.3) +— (5.17) mcxonqHEIX 1 KOHCTHBIX
IPOLYKTOB PeakINI OCTAIOTCA IOCTOIHHEIME: 04, = 0. PycTs peakmus mpo-

TekaeT npu ¢gukcnpoBagHEX 1 m P. Torma 3a paBHOBecme BHOBB OTBeYACT
MIHIMYM HoTeHnnaza ['u66ca (3.23):

k k
SO(T, P,{N,}) = —S6T + VOP + 3 ji.6N, = 3 ji,0N, = 0, (5.8)

r=1 r=1

Il TaK KaK B pacdeTe Ha 0z BO3MOKHEIX akTOB peaknmi: ON, = w,0z, (5.9)

5N5 5 S S S S k
_ov _w_¢y_:x—, u Zwrﬂr:()a (T.e.: Aw—),ur), (510)

TO: = =
ON, v, w, v, X, o

II eCTh YCIOBHUA® XHIMITUCCKOTO DABHOBECHS /1A JAHHON PeaKITII (5.6). Pe-

CKOTIBKO TAKIX PEAKIIl TamgyT COOTBETCTBYIOIIee ancio yemosuil (5.10).

21, B oTnmume oT a3zoBOro paBHOBECHS, peaKINs HIET Cpasy 10 BCeMY OOheMY CHCTEMEL.

*Pponoprus B (5.10) onpenenena paBHOBecHeM He3aBUCHMO OT NPONOPIUME B HCXONHON cMecH.
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P pumernm yemome (5.10) K XIMUTECKOMY PABHOBECHIO B CMECH IIICATbHBIX
COBepIIeHHEIX Ta30B C U, - MOJIAMI Ta3a 7'-T0 TUOA. I OJHBII HOTeHIHAT
I'u66ca ®(T, P, {v,}) =U+ PV —TS = H — TS xax QyHKIUS THCET MOTICIH
v, = N, /N4 ompenensercs mo TepMmdecknM (1.37) 1 KamoputiecknM ypaBHe-
HIAM COCTOSHIA OTOeIBbHBIX Ta30B: IJIM IapIadbHBEIX Hapiermit P, = x, P,
HapINaIbHBIX BHY TPEHHIX SHepTuil 1,1, upn U, = Cy,T+¢,, I HapIualbHbIX

SHTPONNN V,S,. T.K. nmealbHOCTH Ta30B CTHpPAET MEXaHWIECKOe Pas3finine NX MOIEKYIT:

k k k
PV =v,.RT, PV =RT Z vi, to P=> P, mpu > z,=1; (5.11)
] r=1 r=1

k
U= Z v (Cy,; T +¢q.), S= Z vSr, S, =Cp.InT — Rln P. +5¢,, (5.12)

_ o8 oU a(PV) LATS) o o
ol (aVr)TP (3Vr+ v, v, TP_HT_TS’”’ oTEyma  (5.13)

(T, Py =RTIn P, +x,(T), x,(T)=T(1 —InT)Cp, — TS0, + ¢, (5.14)

TakK Kak OJjIs OIHOTO MoJis joboro n3 rasos npu C'p, = Cy, + R = const, 5, — S nmeem:

oS oS dT dP
dS(T, P) = (8T) dT+ (ap) dP = Cp— — R? =d(CpInT — RIn P+ Sy), (5.15)
rme npu PV = RT': (2_15;) T: —

- MOJISIpHAS SHTAIBNNS, (.- BHYTPEeHHIT >Heprus omHoro Mois npu 1T = 0,

aV R -
(a—T)Pj—F, n HT—UT—I-PTV—CP,,T—I-(]T, (516)

T, TMCKOMas paBHOBeCHas KoHIeHTpamms (5.17) r-ro rasa mpu N, = 1, Ny,
C'py- MOTIpHAS TEIIoeMKOCTh mpu P. = const, a X, (T')- MomrgpHas Xmvmtde-
CKas MOCTOsHHAL r-ro raza. Pomcrasus (5.14) B ycroBus pasroBecus (5.10)
¢ yIeToM mOealbHOCTH Ta3oB B (5.11), P. = z,P, moTeHIUUpys OpmmeM K
3aKOHY JeIICTBYIOILIIX Macc IJIS BCeX I K&}KILOI?I I3 S-THIX KOHIICHTPAIIIIL:

k k
T, = kl/r , Y w.nw,=-wlnP — —Zwrxr( )y W= we, (5.17)
Z VS r=1 r=1

s=1

H e = H (ws)w: P~% exp LT éwryr(T)] = K(P,T)>0 (5.18)

eCcTh XUMHNUEeCKasi MOCTOSHHASA NAHHOM peaKIUM, 3aBUCIIIAs TOTHKO OT
T, P u tuna peakunn {w, }, IpmaeM 3aBUCIMOCTH €€ 0T maBieHus P moaHo-
CTBIO OIPEHETIIETCS 30eCh INITh CyMMoil @ B (5.17) Beex ¢TeXmoMeTpUIeCKIX

KO3)PUIINEHTOB peaKnil. B cvecn HenmeanbHbix raszos (4.48) sto yxke He Tak: P, =7.
U naxe nist P:>Zf:1 P, (3an. 5.5.) otu P, # 2, P, tnet [14, 18] p, = p. (T, { P }Y).

U popmansno (5.14) < pu,. (T, P,) = RTIn f,(T, )+, (T), rne f.(T,P,) = P\, — neTydecTs.
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PaccmoTpnum ee 3aBmcmMOCTh 0T TeMTepaTypwl 1, 3amMedas, ITO, COTIACHO

(3.28) m (5.14), momsapras suTambmug H, (5.16) ompenensgeTcs mTpomsBomHOI
OT MOJIAPHOIT XUMUYECKON TOCTOSHHOM, fnestentoil Ha T B cmbicie ypasnenus ' — 17 (3.28):

9 X, (T 0 3 . Cp,T+q H,

— a—jﬂ% = — 3T ((1 —InT)Cp, — 30, + q?) = PTizq = T2 B cMbicae:  (5.19)
o u.(T,P) H, ‘ 0 B kw0 X, (T) kow, H,

—ar -~ (aTlnlC(P,T))P_—T:l =T T :>§ 7T (5.20)

Po [-my Pagany Tepmonmaamukn Buna (4.19) nms m306aputiecKnx Iporeccon
m3MeHeHme SHTaabIun mpu P = const ompenenseT MOTJIOIIEHHOE CHCTEMOM
Temwno, T.K. () = dH — VdP. Postomy amamormanas (4.40) Benmamaa

Ap(T) = RT? (a%lnlC(P, T))P

€CThb IIOOABOOMMOC IJIA IIOOOCPZKAHNIA PABHOBECUA KOJIMYIECTBO TeEILId, IIOTJIO-

k o k
= Z err — Z Wy (CPrT + QT) ) (521)
r=1

r=1

IaeMoe B pesyiabTaTe [N 4 aKTOB PeakIlnl, MOCKOIBKY ji, — HoTeHIuaI I mboca
OIIHOTO MOJISL r-To BelrecTBa, 1 B (5.6), (5.10) Bcerma xoTs GBI OMUH I3 KO3(-
¢urmenToB |ws| = 1. CooTBeTCTBEHHO, MM 02 AKTOB PEAKINN TP

R 0z — 0
kp = N mveeM 0Q) pr = N—AAP(T) — 02kpT? (3—T In (P, T))P.

(5.22)
Peaxmus spnserca sanoTepmmaeckort, ecmm Ap(T) > 0, Korma mias mommep-
KaHIA PaBHOBECHS TEILIO0 IOOBOMNTCS I IOTJIOMIAeTCA B XoIe peaknun. Peak-
nms aBIgeTCs sk3o0TepMmmaeckort, ecin Ap(T) < (), Korma Temmo BEIenseMoe B
XOIe PeakIni OTBOMNTCS IJIA MONAePKAHNA PABHOBECHA. I PIT TOM IOCTOSIH-
Has peaxnun K (P, T) (5.18) 1 BBIX0I KOHETHBIX IPOIYKTOB PEAKIIIIN ¢ POCTOM
TeMmepaTypsl yMeHbImaoTcss: OpC(P,T) < 0, ecim rero mioxo orsomutes.

3 TemmoBag monmzanmg. Saxon Caxa

B npuMeHeHIN K TIpoIeccy omHOYIeKTPORHOI (e~ ) TemmoBoil norm3armu (A™T)
Hel TPaTbHBIX ATOMOB HIeaTbHOT0 omHOaTOMHOrO Taza (A°):

3
AT4e—A"=0, wi=1, we=1, w=-1, T=Y w =1, (5.23)

3aKOH AeficTByOImX Mace (5.18) mpurunmaet Bum, r = (4, ¢,0

Ty . IR
=K(P,T) = P e Xr(T)| = ——, 24
” K(P,T) exp kBT,glw x(T) P (5.24)

roe IIp’ 1mepexone ¢ pacdeTa Ha OOUH MOJIb C NA ATOMaMMI K paCHe€Ty Ha OOUH




aTOM BHOBDb BB€IC€Ha IIOCTOAHHAA HOJIBHMELHEL kB:

R N, Y1)
— PV =v,RT = RT = N, kgT, ,(T)=~">. 5.25

BITII/ITI;IBa}I7 qTo IIpu O,HHOSJI@KTpOHHOfI MOHU3aIlII 9MICJI0 3JICKTPOHOB Ne BCe-

hy =

T'la paBHO 9YMCJIY MOHOB N_|_, a IOJIHOE YIICJIO BeeX aToMoB [N ocTaeTcs q)I/IK—
CHIPOBaHHBIM, IIME€CM, BBOOA CTCIICHL MOHU3AIINI I'a3a & KakK:

N.
a=-"F 0<a<l vk N=Ny+N,;; atx. N.=N,, 1o (5.26)

N
N_|_ 87 NO N—N_|_ 1l -«
]je: = 73’; = = =
N+N, 14a """ N+N. N+N, 1l+a

: . 2 K(T P\
r=1

ry =

. (5.27)

rg 1—a? P K(T)
— popmyna Caxa. Mckmodas maBiaeHNe ¢ HOMOIIBIO YPABHEHII COCTOSHIIS
(5.11): PV = (N+N.)kpT = N(14+«)kgT, ¢ y1eToM SBHOTO BIIa IOCTOSH-
uBIX C'p, 1 5¢, B BoIpakenun nis \,(7)/T B (5.19), MoxKHO HATH WHON BUI
3Toro 3aKoHa (5.28) Kak I/ mpolecca Ipl HOCTOSHHEBIX 1 m V:

o> VKT _ GT) _,,» G(T) V (2mmokpT\*/?
_ VKT _ o G oV (7 B ) 5.29
I—a Nk 2 ¢ 2 INUT0 - (5:29)
KOTOPBIIL COBIAHaeT C Pe3yIbTaTOM CTaTHCTHIeCKON (U3NKN, eCI B BEIPa-
xeunn m71s Y, (1) (5.14) mpussTs, wT0 pm my = m4, Cpy = Cpy:

3 5 3
Z w,Cp, = Cp. = §R, Z Wey — RI(), R = NAk‘B, (530)
r=1 r=1
3 27Tme 3/2 S Se
> (50 = ) = Bl [(k3)5/2 ( i ) 7. 7= 9;2’ . (5.31)

I3 cooTHOMmeHMiT (5.27) BUnHO, ITO ypaBHeHIe peaknnu (5.6) ¢ yIeToM SBHBIX
XIMITTeCKIX (GOPMYTT OTIETBHBIX KOMIOHEHT (5.7) MOTHOCTHIO PUKCHPYeT Bee
mporoprni (5.10) MeKIY V., T.€. BCEMU X,, OCTABIIAL B MOCTICTHEM YPABHCHII
(5.10) mmm (5.18) — (5.28) Hem3BeCTHON IUIND OTHY U3 HUX ().

Samaun
5.1. Paittu ¢yukmmio 3axora Payma F (T, xgl)) gepes dynxnnn XV (T, P) n
obpaTHEIe UM, §,7 = 1,2. [ caadeIX: xgl) < 1, m HenmeTy4UmX: xg) = 0,

pacTBOPOB, HallTm, uTo: AP = P1(2) — P = F(T, xgl)) — F(T,0) =~ —xgl)Plo.
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5.2. Poxkasars, aTo ocMmoTmdeckoe masiaerue AP, , mias cmaboro pacTBopa B
Ny MoTekymax pacTBOPUTENS, €CTh MaBJeHNe MOeaabHOTO Ta3a TeX &Ke pac-
TBOPAEMBIX V|<i< <K Ny MOTeKy I, Ipu Toll XKe TemmepaType T', I B TOM e
obwreme V' ([7] §88, [10]): AP,V = RT(Ny 4+ No+ ...+ Ni). (5.1.:[7] §86-90)
5.3. Pokasats, uTo mpaBas “mpomopiins’ B YCIOBUT XIMIIECKOTO PABHOBECIHS
(5.10) cremyer m3 oumpenmenerus KoHmeHTparun B (5.17) u ycaosus dz, = 0.
5.4. Hns pasubix v;, V;,T;, i = 1,2, HaflTu SHTPONNN CMeIIeHNS IBYX (a)
omuuakoBbIX: AS,, =0, u (b) pasuerx: AS,, = 2Nkp In 2, nnea pHBIX Ta30B.
CormacrHo perrermo 3an. 4.3. SHTPONHUS M. Ta3a — aIINTUBHAS OIHO-
pomHas QYHKIUS IIePBOTO HMOPAIKA M0 alIUTUBHEIM mepeMeHHBIM V 1 N:

T _
f
S(T,V,N) =Sy + N/d& Cve( ) + Nkpg ln% = ST 4+ 5%, orxyma:  (5.32)
2
(a): S =2Nkp m%, Si =2Nkp m%, AS, = Si — S8 =0,
v 2V
(b): Sf = 2Nkgln - Sq =2Nkpln ~ ASw = S — Sf =2NkylIn2.
(a) (1) — ~— (1)

N V N V
TP T TP
(b) (1) — —(2)

Puc. 5.1. K BblBOAY 3HTPONMUU CMELLUEHUA UAEANIbHBIX Ta30B

Paznuuue Mexmy razaMu Hellb3ss YCTPEMUTD K HYJITIO HEIIPEPBIBHO MayKe €CIU OHO CBSI3aHO C
Pa3IUYHON CIIUHOBOM MOJISPU3allnell MOJIEKYJIT OTHOTO W TOTO JKe Ta3a BBUMIY MUCPETHOCTH ee
3HaYECHUNI (San. 16.7. KJI o Cq)). [Tasmbie raspl MOXKHO O6paTUMO BHOBL pa3nenTh ABYMSI
TOABUKHBIMI [TOTYIPOHHIAEMBIMHI I KaKIOTo W3 HuX meperoponkamn (ctenkamm). T.e.
CHOBa BCE MIEJIO B MOMYCTUMBIX CBONCTBAX CTEHOK. 3aMeTUM, 9TO HTa Ke YacTh YHTPOINN
S2 w3 (5.32), xak (2.48), wapymaet u npunnun [leprcTa nms saTporan ni. rasa (2.47).

5.5. 3akoH HEfCTBYIOMIIX MacC IS peabHLIX Ia30oB (4.48)? BsanmoszaBucumocts mapa-
METPOB OTTANKTBAHIA b I IPUTSAKCHIES d,¢,d depe3 nomHoe wncito gactum N = SF_ N,
o3HavYaeT B3aMMOMNENCTBIE BCEX MOJIEKYJI, T.€. MaBileHne MaHHOTO ra3a 3aBUCHT OT KOHIIEH-
Tpanmii Monexyn octambunix: P, = P.(T, P,{z }5) w ., = p, (T, P,{zs}5) = (T, {P}5)
win ¢ P +— U upu © = V/N. Eciu nenneanen onun us k rasos ¢ r = 1, a MOJIEKYJIIbI OCTab-
HBIX CUYNTAIOTCS TOYEUHLIMI, TO TapIiuajibible MaBAeHus P, 0CTaioTCs XOPOIO OlMpeneeHbl
mpu N = N — Ny u popmyant (5.11)—(5.14) ¢ r > 2 sumonnasiores ¢ samenoit P — P rre
Pl =5k  P.=P—P npn Psy = 2L, P o it # wyya g = pe (T, Pr) [14] 1 cp. 52.



Jlekiiuga 6

TepMOI[I/IHaMI/IKa MaroeTmkKkoB 1N
ANIJIEKTPHNKOB

Pepexon x npyrnmM TepMOTMHAMIYIECKIM CHCTeMaM TpeNNoiaraeT cOOTBET-
CTBYIOIIIee TepMUUecKoe ypaBHEHIEe COCTOSHIS I MHTeTrpPUPyeMoe BhIpazKeHIe
miist saeMeHTapHOI paboTsl (1.20) B3amen mpexaero 64 = PdV. Pycts sT0

1 Hapa— i INnaMaroi€crTmkK B Mal'HUTHOM IIOJIE

HOJIHEL}I 9JIeMeHTapHad pa60Ta coBepIIacTCA NCTOTHIMKOM BHEIITHET O IIOJIA: (a)
II0 CO30aHMIO CaMOI'O IIOJIA H n (6) 10 HAMAaT'HITYNBAHIIO M IIOMEIIICHHOTI'O
B HEI'oO Malr'HeTHUKa. B cucremMe Faycca IIpI U3MCHEHIIII BEKTOpPA MaTrHUTHON
MHAYKOUN Ha dB B pactueTe Ha OOIH MOJIb BeIleCTBa ¢ 00beMoM U<= V, roe
Vv Vv Vv
U=Ni: (0A=PdV)d4d=—(H dB) = - —HdB, (6.1)
N 47 47
IJIsT OMHOPOIHBIX TOTIeH I M30TPONHEIX MarHeTnkoB ¢ H || B. 3mech 3Hak (—)
o3HadaeT, uTo mpu dB > (0 »Ta paboTa coBepInaeTcs NCTOYHUKOM BHEIITHETO
IIOJIA Hald MalrHCTHKOM. TOI‘I[& BCO TEPMOOMHAMUKY Mal'HETUKA MOZKHO IIOJIY-
YUTh, 3aMEHAA BO BCEX YPAaBHEHUAX I HEPaBCHCTBaX TEePMOOHNHAMIKII I'a30B
COOTBETCTBEHHO (CumTas miasd MarHetnka V = V/v =T = N4U = const):

P Vv dU =TdS — PdV 7@(}37 vy T
‘ifH i — ! VY — l (6.2)
-~ B dU = TdS + ——dB 4w O(T,5) _ |
4 4 V 9(H, B) 3
a B YCIOBIAX YCTOIYHBOCTIH: (g—‘;)T <0, — (g—f[)T > 0. (6.3)
g MarauTHOl nHAyKmun B = H + 471% =H + 47 M, (6.4)
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. M
rome M = v HaMarHUYeHHOCTH eIUHUIBl 00beMa, IMeeM (6.5)
oM ~
W = Y7 — MarHOTHYIO BOCHIPUUMYNBOCTH €IUHUIEI 00beMa, (6.6)
T
vr = (T, H) (aB) 1+ 4myr >0 N1 > ! (6.7)
= n - = i nJjim _ .
XT = X\4, ; M)+ XT XT A

eCTh yCII0BIe TePMOINHAMIICCKOI YCTOMIIMBOCTI COCTOSHIIL 06pasia Peallb-
HOTO MaTHeTHKa ¢ HHOYKINeN B BHYTpPH Hero Bo BHeIIHeM Ioie H.

B Toxe Bpems pabora JA®) mo cosmammio BHermmero moms H (B mpicyT-
CTBUN MarHeTUKa) He IMeeT HeOCDEeICTBeHHOIO OTHOIICHUS K TepPMOIIMHA-
MI9eCKIIM CBOICTBaM MarHeTHKa I eCTeCTBEHHO BELACIACTCS B BILIE II0JIHOTO
nuddepentnatal Tpn momcTaHOBKe MarHUTHON mHAKyTINT (6.4) B dA (6.1):

2
SA= -~ HaB = —d () Z pang = 54 + 5A®  rorma (6.8)
47 &
) VH?
nis yanonn 4 = U — 8r AHAJOTUYHO MIPeOBIaYIIeMY: (6.9)
m
ouT,S)
]j ‘j AU = TdS — PdV A
q M (= 3 - l (6.10)
dU* = TdS + HdM oT.5) _ _,
NHT. alanm. 8(H,M) - 9
I, Ka3aJl0Ch OBL: (g—‘;)T <0, AN (Z—Z)T ; 0, T.e. X1 ; 0, (6.11)

B mpotmBopeunt ¢ (6.7). 3amermm onrako, wTo U* (6.9) ecTh popMaIbHO BBe-
IeHHasd BeIMYNHA 11 He ABJILeTCAd BHYTPeHHell SHepruell MarHeTHKA, 3a BhIYe-
TOM SHEPTUH Mo B BaKyyMe, T.K. Beamanta VH?/(87) He ecTh uncTo Baky-
YMHag SHePIUd, HOCKOIbKY HAIPAKEHHOCTDH . BHEIIHEro II0JId, IIOIydeHHAs
I3 peIleHns YpaBHEHHIT IeKTPOINHAMIKIL ¢ y9eTOM yCIOBHII Ha TPAHHILE
MarHeTHKa [samada 6.7.: ﬁ” = Hi", B" = B yxe m3MeHeHa IIPICYT-
CTBIEM MarHeTHmKa’. Po3TOMY yCI0BIe TepMOTMHAMITICCKOHN YCTONIMBOCTIE
peaIbHOr0 MarHeTHKa BO BHEIITHeM IIoJIe HaeTcs UMeHHO yciaoBueM (6.7).
Ilns ompemesneHNd BHOa ypaBHEHHS COCTOSHIS PAaCCMOTPHM 3JIeMeHTap-

HBIe MOJICKYISPHBIC MOIEIN MarHeTHKOB, IpUHAB namee u V =1, M — M.

'B npeneGpexennn MarmuTOCTpUKITEll, MArHHTOYIPYTHM, I THe30MArHUTHBIM ddQherTamu.
*Bektop H ecTh BcromoraTenbHas BedumuuHa. VcTnHHOH MAKPOCKONNYeCKH yCpelnHeHHoil Ha-
IPSZKeHHOCTLIO MaruuTHoro MUkponoss sisnsercs umenno nnnykius B: F =eE 4 (e/c)(v X B).
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JIuaMarHeTHK: ero aTOMBI B OTCYTCTBIE BHEIIHETO IOJIS BOBCe He 00IIa-
HAOT MarHOTHBIM MOMEHTOM. BO3HHKAIOIIIe B IPOIEcce BKIUEHIS OIS
MaTrHITHEBIE MOMEHTHI HHIYIIIPOBAHHBIX He3aTyXAIOMIIX ATOMHBIX OPONTAIb-
HEIX TOKOB®, 1o mpasuty Jlerna (cyTs npuannmy JIIIP mexmun 4), cozmatoT
HaMaTrHITYeHHOCTD, 0CITa0ILIOIIYI0 ICXOmHoe Tote. T.e. B HU3IIEM JINHETHOM
mpubamxernn M = y4H, npudem, T.K. (714 pa3pe:KeHHBIX MHaMaTHITHBIX
ra3’oB) TEIIOBOC NBUZKCHIE aTOMOB IOUTH He BINSCT Ha MHIYIIPYEMEIC B
HUX TOKHW, Y- &~ const, He 3aBHCAIMAs OT TeMIepaTypH, T, cormacHo (6.7),
0> 4 > —1/(47). Kpuarmaeckomy 3Hatermo Y4 = —1/(47) oTBeTaeT abco-
TIOTHBIH AMaMarHETHK, BEITAIKIBAOIINI MaTHITHYIO HEAVKImo: B™ = (.
ITapamarseTnk: HaIPOTHUB, COCTOUT M3 MHOKECTBA 3IeMEHTAPHBLIX CIII-
HOBBIX MaTHHTHBIX MOMEHTOB, OPHEHTUPOBAHHLIX Xa0THUCCKN B OTCYTCTBIE
BHEIITHEro MOJIA 13-3a UX TEeIIOBOTO IBUZKEHHS I CIa00Tr0 B3alMOMEIICTBUL.
P osToMy 0oH HaMarHIYIBaeTCS NI B IPUCY TCTBI BHEIIHETo oIS H TOIbKO
3aCTeT BBICTPANBAHII SICMEHTAPHBIX MOMEHTOB BIomb mons: ¢ M || H.
Ecan, mo amamormm ¢ “mmeanmbrbiMu’ Tasamu (2.14)-(2.18), mpenmoito-
XKUTb, 910 B (6.10) dpyuKmms U* => U*(T') 3aBICUT TOTBKO OT TEMIICPATYPHL,
TO KajKIoe I3 cilaraeMbX B d.S OKaxKeTCsS BHOBB IOIHBIM IuddepeHIImaIoM:

dU(T) H H M MOH)
dS(T,M)?T—TdM, T.€. T:£>¢(M)7 TTH ﬁO—E(RT ,
(6.12)

rme My — MakcnManbHas HaMarHTIeHHOCTD HACHIITEHN S, KOTTa BCe MOMEHTHI
yiKe BBICTPOCHBI BHomb momsd, a L(y) — ¢yHKIms JlamkeBeHa MIeaTbHOTO

napavarsetnka’ (Puc. 6.1) nna y = MyH/(RT) = MyH/(kgnT) > 0:

L£(0)=0, L(y) >0, L({cc)=1, ampn y K 1: L(y) = L(0)y, wm (6.13)

M2H o) M2 M
M~ £(0)200 =P e Z c0=/L(0)"0 =V (02 (6.14
( ) RT XT%7 XT I T7 C ( ) R ( )kBﬁ ( )
- 3aKOH KIOpI/I. T.e. TepMI/ITIeCKI/Ie ypaBHeHI/Iﬂ COCTOAHMA OJId O6OI/IX TIIIOB

O —dap
MaraeTkoB M = yrH oTamaaroTces B ¢lIabbIX MOIAX X7 = Y7 JAUIIb 3HAKOM

. d
I 3aBICHMOCTBIO BocmpuuMansocTeil Y77 o1 T. B obiem cayqae B (6.10):

dS(T, M) = (g—;) dT + (S—Z\i) dM = CTMdT — (Z—;—f) dM, orkyna (6.15)
M T M

3B aToMe HeT CONPOTHUBJICHUA 3JICKTPOHaM, I 5T TOKH OaJiee He 3aTyXaloT U IIpln ‘H = const.

na V £ 1, samena: M = VM, My = VMg, x71 = VX, ®= V0O, Ny/V =7, R=FkgN,.



et = (%) ar (2) = cvar (w-1(28) Yo v o0
T

OH oM\ . (OH\ [OM\®  _ [0H OM\ un
cw-en==r(32) (57), 7 (50), (57 = () (), 22 oo
H2 (OM ! Cur Y,
= (67—[) W 2 (XTT) T nupn dS:>TdT—I-XTMdM IS CIabbIX 7—[:>X—T (6.18)

win TOM /0T = —HOM/OH npu M = M(H/T). s muamarmeruka ¢ (x4) = 0 u une-

AJIBHOT'O JIAaHZKEBEHOBCKOTO ITapaMalrHETUKa (614) mpu CM = const mMeeM COOTBETCTBEHHO:
2

T
SUT, M) — 58 = Ciyln —, WU, M) -1 = C(T = Ty)+ —, n (6.19)
Ty’ 2XT
r M “(p)
ST M) = S§ = CRyIn o = S0 UOT M) = U5 = CF(T = To), (6.20)
0

H oH
P, M) — S /— p /dM’ B’ s 21
roe ST(T, M) 50:£>T00 ) HpI/IT:>77/)( ) < (8T) , (6.21)
npuaem: Cf —C4y =0, Ch —Ch = (M?*/0) >0, nns (M) — (M/O). (6.22)
Cornacno (6.20), HaMarHUYEHHOCTH CHCTEMBI CIIUHOB, BHOCH YIIOPSIOYCHHOCTH MPU HEM3-

MEeHHOIl BHYTPEHHEN YHePrin, MOHMKaeT ee SHTpONUio. lorma Kak yBelndeHne BHY TpeHHe

QHGPFI/II/I OINnaMalrHeTnKa ¢ HaMalrHU9Y€HHOCTBIO B (619) OoCTaBJIdeT ero QHTpOHI/IIO Hpe)KHefI.
L ()

y
Puc. 6.1. Ppumepnbiit ena dynkumnu Jlanxesena L(y)

1.1 MaruurhHoe oxXJIayKIOcHIE

CBepXHU3KIX TeMIePaTyP MOKHO TOCTUYD B IPOIIecce annadaTHIeCKOTO Pas-
MarHIIUBaHUS TapaMarHeTUKa, XapakTepIr3yeMoM KodGQUIImeHTOM OXTazkK Ie-
Hus, KoToperil B cuay (6.10) u T.x. mpu T — 0 mvaeem Ch, ~ T3, paBen:

OT\  O(H.T)0(M,H) T (OM " o(OMY H
() AR 2 (0) o 2 () - e
OH)s O(H.S) O(H.T) Co\OT )y £ CoL\oH s CF,

HO —4 [ OT
(6.2M)C%TNT >0, T.e. AT—(aH) AH <0, mpu AH < 0. (6.24)

T.e. sppexTUBHOCTE 5TOrO Crocoba OXJaKIeHUs, Ka3alochk 661, pacter mpu 1" — (.

(6.23)
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Paccymorpum mompobHee 5ToT mpormecce oxitaxkmerns. Coepsa IpH TeMIepa-
Type 1] W30TepMmYecKn HaMarHITHM IIapaMarHeTHK J0 BeqmanHbl M ¢ Ha-
IPAKEeHHOCTBHIO BHEIITHEro MoIsd Hj, 3aTeM pa3MarHHTHM ero B ammabare.
s ypasrenuit stux mporecco #Ha mwiockoctu (M, H) mpu Cyy = const u3
saxora Kiopu (6.14): T'= OH /M u u3 (6.20) mmeenM, COOTBETCTBEHHO:

T2\/

T159%¢@%:T, Te. 0<H” <H; mpm 0 < M < My; (6.25)
1
P op 4 H M2 P 4
H M M? — M} T
D o . 1 ) _ 1
=CY (11’1 H, In Ml) 50 = 0; T.e. H-(M) @M’ (6.27)
M M? — M?
o W) = oy e | o] S0 =0, HS(n) = (029
T
j—[:l ___________________
i T, E T=T,=const
0006\ | E
/\///\i/ X i E‘ S‘CoﬂSt

I

S

o o, gy
Puc. 6.2. AanabaTuueckoe pasmariuunsatue B nepementsbix (M, H) n (M, T)

PomydenHsrii 3aMKHYTHIT TITKAT W3 W30TEePMBI T anmabaThl MeKIY TOTKaMI
(0,0) m (M, H,) mpotusopeunt II-my Pagamy tepmopmaamukn. OnHako oH
U KayKeTCd 3aMKHYTBIM, TMOCKOTBKY Ha camMoMm mene nmpu M = H = (
B (6.25) mapaMarHeTHK MoeT HMeTh TIO6YI0 TeMIepaTypy, I KalamOpoBKa
srobuama (6.10) B aTol TOUkKe He mMeeT MecTa. JleflCTBUTEIBHO, STH XKe
ypaBHeHIs B mepeMeHHLIX (M, T'), cormacuo (6.20), nmeoT BuA:

T M?—M?
SP(T, M) = S*(Ty, M) =C%In — — ———+ =0, (6.29)
T, 20
M? — M?
mwim 15 =T) = const, a T =Tjexp [Wl : (6.30)
2
orkyma, mpu M =0: Ty, =T exp [— m < T. (6.31)

T.e. "tmka’ Ha caMOM Iejle He 3aMKHVT., a abCOTIOTHBIN HYJ/Ib MO-IIPeKHEeM
9
HETOCTUAKIM, TOCKOIbKY mpu 17 > 0 octaemcs ¢ Ty > 0 (Puc. 6.2).



2 HmsAeKTpuK B ACKTPUTICCKOM IIOJIC

AHaIOTMYHLIN MarHeTHKaM IIYTh IIpIOCTCA HpOfITI/I OJIA OU3JICKTPUKOB.
Ilonmag 9JIeMeHTapHad pa60Ta copepiiaeTcd NCTOYHIKOM BHEIITHET O I1I0JIA (a)

II0 CO3IaHUI0 caMoro mona I o (6) o oIpu3anuu P IIOMEITIeHHOTO B HETO
o IeKTpuKa. B cmcreMe ['aycca mpum m3MeHEHNH BeKTopa DJIKTPHIUICCKOMN
mHAYKOUN Ha dD B pacueTe Ha OOUH MOJIBb BeIllecTBa ¢ 00beMoM U<= V', rme

V V V
U=Ny—: [(0A=PdV A=—-—(E-dD — —FEdD, (6.32
: AN ( ) ~ A7 ( )= A7 | )
TI71s1 OMHOPONHBIX TOTIEH I M30TPOIHBIX nusaekTpukos ¢ E || D [2], [8]. 3max
(—) BHOBB 03HAUaeT, aTO mpH dD > 0 sTa paboTa COBEPUIACTCS MCTOTHIKOM

BHEIITHETO 11071 HaJ AM3IeKTPHKOM, I BHOBL V = V/v = U = N4U = const.
P _
Ecmn snexrpnueckas manyknus D = E + 47TV = E + 47P, (6.33)

roe P = — MOJIAPU3ANUSI eMUHUIEI 00beMa, TO (6.34)

B V

oP . .

8—E = KT = K(T, E) — pIeKTpuYecKas BOCIPUUMYNBOCTE €MUHUIILI O0beMa, (6.35)
T

n BHOBb 0A = — —FdD = —d

4

2
v (VE ) — FBdP = §A® 4+ 540, (6.36)
8
rme pabota JA® mo cosmammo BHemTHETO ToMA E (B HPHCYTCTBUN MH3TTEK-
TpUKa) CHOBA He HMeeT HEIOCPECACTBCHHOTO OTHOLICHIS K TePMOIMHAMITIC-
CKIM CBOIICTBAM OUSICKTPHUKA I €CTeCTBEHHO BBIOEIACTCS B BUIE IIOIHOTO
nuddeperImana’ Ipu MOACTAHOBKe 3IeKTpideckoil maakymnn (6.33) B (6.32).

Uckmioaas »Ty paboTy m3 6ananca BHYTPeHHEH HePTUN, BHOBb HAXOMNM,

2
aTo mias yukmun U = U — V8E AHAJOTUYHO TMPEeNBIIYIIeMy: (6.37)
™
oT.S) _
]j Y AU = TdS — PdV A
g P (= X3 — } (6.38)
dU* =TdS + EdP oT.5) _
HNHT. all. a(E,P) - 9
HO TeIlephb YCJIOBIe (g—‘;)T <0, — (Z—E)T >0, T.e. Ry >0, (6.39)

BBIIIOJIHACTCA OJIAd BCEX OUBJICKTPHUKOB, IIOCKOJIBKY IIMEHHO BEKTOD E TeIIePb

B npene6pekeHnn 06beMHOI 3IeKTPOCTPUKIHE I THe303/IeKT praecKnM 3ddekTom V = const.
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ABASACTCS NCTUHHON MAKPOCKOMIYECKN YCPETHEHHON HAIPAKECHHOCTBIO DJICK-
Tpmaeckoro MUkpomons® m ompemendger cmy Jloperna mpm B = 0, a un-
nyknus D ecTs BcmoMoraTeabHas BeanmunHa. OmHako GopMaIbHO BBeIeHHAS
¢yukmms U* (6.37) BHOBB He SBISCTCS BHYTPCHHEN SHEPIHEN OUICKTPIKA
3a BBIUE€TOM >HePTUHU IO B BaKyyMe, T.K. VEQ/(87T) HE eCTh YNCTO BaKyyM-
Hasg SHePTUS, MOCKOIBKY HAIPIKEHHOCTD TOTO BHEITHETO oI F moaydeHa
n3 permenns ypaBHeHUN MakcBennaa Takke ¢ yIeTOM VCIOBHHT Ha TpaHUIIe

TUAITCKTPUKA: Eﬁ” = Eﬁ“t, D' = D" u yue m3MeHeHa ero IPUCYTCTBHEM.

P . .P E
O > > ol (O

E

Puc. 6.3. K ypaBHeHuto cocTosHus auanekTpukos. PihdekTusHoe “cbnuxenne” nnactuH.

YpaBHeHNS COCTOSHIA OIpPeNe/nM BHOBb M3 PACCMOTPEHNS 3JIeMeHTapHBIX
MOJTEKYILAPHBIX Mofesell DI3IeKTPIKOB, Takxke OpuHas: V =1, P — P.

Y HeNONSPHBIX MUYTeKTPUKOB ATOMBI (MOMIEKYIIBI) BOBCE He 00TATA0T M-
IOIBHEIM MOMEHTOM B OTCYTCTBIE BHEITHETO 01 IOJIAPI3Y ACh JIIIIE B IIPO-
mecce ero BKIOYeHNd. VIHAynmpoBaHHEIE HedopMannell IX 3apamoBOro pac-
IpemeneHns TunoasHbe MoMeHTH (Puc. 6.3) cosmaroT B (6.39) momspusaro,
HapasIeIbHyI0 NCXOTHOMY Ioo. T.e. B HEH3IIEM JINHEITHOM IPIOIIKCHIN:
P = ki'E, roe k;' & const > (), He 3aBmCAIIag OT TeMIIepPaTypPHI, T.K. Te-
I7I0BOe OBUZKEHITe aTOMOB IIOYTH He BINLET Ha UX 3aPAIOBYIO medopMallo.
ITongapHbIe TUAIeKTPUKN, HAIIPOTUB, COCTOAT I3 MHOZKECTBA TOTOBBIX MO-
TeKYIAPHBIX 3IeKTPHYCCKIX JUIOIBHEIX MOMEHTOB, Xa0TIICCKI OPIEeHTIPO-
BaHHBIX 3a C9eT TeIVIOBOIO IBIZKCHIIS B OTCYTCTBHe BHeIIHero mosid. OHm
HOAPHU3YIOTCSA B IPUCYTCTBUE BHeIIHero nois ¢ P || E s 3a ¢4er BbI-
CcTpalBaHI >7IeMeHTapHBIX AUIOICH BIOIL IOAL. I 0TOMY HX TeopHud Io-
CIIOBHO IIOBTOPAET TEOPUIO IapaMarHeTHKOB ¢ aHAJOTMYHBIMIE yPaBHCHIAMI
COCTOSHISA MOEATLHOTO AUAIeKTPHUKa mpu U* — U (T), E = TyY(P), u c

Temm ke cBoitcTBaMu (6.13) ¢pymkmmm Jlamxesena L(y):

P PoE PoE PoE Ny

— =L —= = >0, — 6.40

Py (RT) , 'le Tenepb Y BT = fonT = ) v = n, ( )
0 - P? P;

u, apm Y < 1: P KZ%E, K/gw ? T, O = EI(O)ﬁ ivgl(o)]@fﬁ’ (641)

“T.e. B (6.36), (6.37), B oTamume ot (6.8), (6.9), BelunTaTcsa Gusnyeckn HabIOTaeMas BeIMYHHA
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a Py — MakcuMaIbHas MOIAPU3ANN HACBIIIEHIIA, KOT QA BCe QUIOIN yZKe BhI-
cTpoersl Brnoias mois (Puc. 6.1), (Pme. 6.3). Tax aro mms obonx THIOB ou-
5IIeKTPUKOB B CIa0bIX IMOIAX BHOBb IMMeeM yHHBepCAIbHbBIEC YPaBHEHII COCTO-
STHIS ¢ COOTBETCTBYIOLLIEN 5/IeK Tprdeckoil BocupunMunsoctsio & (T, E) = &,
WIN QH5AeKTpHIeckoll npornnaeMoctsio €(T) = 1 4+ 4xky:

P=«rE, P=%rrE, nmm: D=¢(T)E. (6.42)

[Makounew, nis nuddepeHnnanos SHTPONUE I BHY TPEHHEl SHePI UK U [ PA3HOCTH TeILIoeM-
kocteit ananornano (6.15) — (6.18) mis obimero ciydaas B (6.38) maxommm:

[0S as _Op or
dS(T,P) = (8_T) d1' + (677) dP = 7 dT — (aT)PdP, OTKYIIa (6.43)
a1, (a“ ) (a“ ) IP = CpdT 1 (E T(gg) )dP, W (6A4)
T

dE\ (0PN _ . (0E\ [oP\*__ [OE\® [0P\ wu
CE‘CP—‘T(aT) (a—T);T(%)T(a—T);T(a—T) (a—E) = )
2( )2 P CP T
= T ME ~—>T - nng cnaberx K= — npn dS:>TdT—|— —PdP, (6.46)

RT RT

(np)

roie U HETIONSPHBIX OudAeKTPUKoB (£ ) = 0, a moTomy amamorndno (6.19)—(6.22):

2
S”p(T,P) _ Sgp — Cgp In 27 U* np) (T 73) uo (np) Cnp(T TO) + P_m” (6‘47)
TO ZKT
ST P) - 5 — 2l — P e Py — 22— 0T — T (6.48)
9 0 I P TO 2@7 0 7 P 0/, .
P? E oE
np np __ P P - —_—
npuuem Cp° —Cp° =0, Cp—Cp = 5 > 0, 7 = Y(P) = (aT)P' (6.49)

Bosspar k V # 1 — samena: P = VP, Py = VPo, ki = VET, 0=10 (6.41), R = kgNa.

3 TepmommraMmKa CBEpXIPOBOTHUKOB

Pepexoz[ MeTaJlllIa I3 HOPMaJIBHOI'O COCTOAHIA (n) B CBEPXIIDOBOIIIIICE CO-
CTOdgAHIIE (S) COIIPpOBOKOa€TCAd N3MCHCHIIEM I €0 YICTO MalrHUTHBIX CBOIICTB.
()IK&?CE;IB&GTC}I7 9TO IIPH Ha/JIMYNN BHEIITHETO II0JIdA 3TOT IIepeXod ABJIIdeTCAd (1)&—
30BBIM II€PEXOOd0M 1-ro pPooa, a B OTCYTCTBHUU IIOJIA — II€PEXOO0OM 2-T0 poia.
XoTd caM BJIGKTPI/ITIGCKI/Ifl TOK B ITPOBOOHUKE I1I COITPOTUBJ/ICHIIEC €MY 3a CIET
PacCcedHnd 3JICKTPOHOB Ha aTOMaX PEIIeTKH IIPeacTaB/IdOT coboit HEPaBHO-
Be€CHBIC TIDOOECCHI U ABJIAIOTCIA IIpeaAMeTOM He€ TePpMOIMHAMWUKNW, a KMHETUKI,
B pa3/IM9YHBIX (1)&3&)( IMECIOT pa3Hbl¢ 3HaUYCHUd II 9YHICTO TepMOAMHaAMIIICCKIIE
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BeIMINHEI, CBA3aHHBIE C TEPMOONHAMIIECKIMY TOTeHTnaaamMn. VX m3yaenne
CYLIECTBEHHO YIIPOIIaeTCs TeM SKCIepUMeHTAJIbHBIM (aKTOM, YTO NCTUHHAIL
(MAKDPOCKOIIITTIECK) yCpenHeHHAS HANPIKCHHOCTh MarHnTHOro MUKpomoms
— ero mEAYKOs (6.4) — mCIe3aeT BHYTPH CBEPXIPOBOIAIICTO MarHeTHRA (3¢-
dpexT Meiicrepa), T.e. mMeeM memo ¢ abCOMIOTHBIM AnaMarHeTroM (6.7):

- - 1 1
B=H+4rM = 0, Msﬁ—E’H:Y%’H, ydT:—E. (6.50)

Pepexons kK abcoTIOTHBEIM BeJIMYIMHAM TIOJICH, M1 IOTHON BHYTPEHHEN »Hep-
run (6.10) m morrHOTO oTeHNIMAaTa ['166ca, N = const Momell (TacTHIr) cBepx-
IIPOBOMSIIIETO MarHeTHKa 06beMoM V' mveeM (mpeobpasyst o TpeM mapaM):

dU* (S, V,M,N) =TdS — PdV +HdM, M =VM, (6.51

¢*=U*"-TS+ PV —HM = Nu(T,P,H), n nns obeux das: (

(dq)*)N = —SdT +VdP — VMdH = Ndu, orxyna, cp. -1 (4.36): (6.53
Ssn Vin
N TN (

~ ymembHBIe (MOTSApHBIE) SHTpomus I 06beM (4.37) IS COOTBETCTBYIOIINX

dlu = —5dT + vdP — UMCZH, Thoe Ssp =

da3. B mpemebpeikeHNn MarHITOCTPHUKIUEN I MATHITOYIPYTHIM 3(PQheKTOoM
U, He 3aBICUT 0T BHeIrHero mons H u (6.50) Bmecte ¢ M, > M, — 0 maer:

T H?

dps = —5,dT 4+ Us,dP + d (
8w

), apu du, = —5,dT +U,dP, (6.55)

_5H2
e, 1,(T, PH) = p1y(T, P,0) + Ugw , 50 pin(T, P,H) = ptn(T, P,0), (6.56)

T.K. XOMIOTEHIINAT HOPMAIbHON $as3bkl MOKHO CINTATH B TOXKE BPEMS BOBCE
HE3aBUCAIIIIM OT mojs. Torma mockonsky mpu 1, P, N = const paBHOBe-
CUI0 OTBeUaeT MUHUMYM XUMIIOTEHIIHATIA I TPHU MOCTATOYHO CHIBHOM IIOJIE
Hemsbexuo (s (T, P, H) > p,(T, P,0), To s — COCTOSHIEe CTAHOBUTCS TEPMO-
OUTHAMIYIECKN HeBBITOMHBIM I CBEPXIIPOBOINMOCTE Pa3PyIIaeTCsS TPU HEKOTO-
POM KPUTHITICCKOM IS TaHHOI TeMmepaTypsl 1’ 3Hadernn nons H.(T'), a mpn
H > H.(0) = H., — cTaHOBUTCS BOBCe HeBo3MOkHOI. CremoBaTenbHO, Ha
nockoctn (1, ’H) xpuBas mepexona H.(T') umeer Bum ybrIBaomeil GyHKIIIT
T, ymoBreTBopsoLIeil ypaBHeHNO (daszoBoro pasHosecus (4.33) (Pumc. 6.4):

pis(T, P,H) m fin (T, P,0), ¥— H =H(T. P)|p_ consy = He(T),  (6.57)

Her = HC(O) > HC(T) > Hc(Tcr) = 07

T =T.(0) >T.(H) >T.(H.) =0, } — (Puc. 6.4). (6.58)



n

Puc. 6.4. ®azoBblii nepexos B MarHUTHOM NOJIe U3 CBEPXNPOBOAsALLEN (a3bl S B HOPMANbHYIO N

Pponuddepernupyem ypasaerus (6.57), (6.56) mo He3aBHCHMBIM IIepeMeH-
weiM 1’ P Boons xpusoil mepexona H = H.(T), dus = du,. Ppenebperas
3aBHCIMOCTBIO Uy 0T 1T 1 P ¢ yaerom (6.55) B cmbicme (4.37), mveem mo T

dis\ g dﬂs) _d _

(dT)Ns:ﬂn__ (dT ﬂ_ T MS(T, P, HC(T)) = (HpI/I mobom P, cp. (4.41))(6.59)
Ops 3Ms) OH.(T) (dun) (&m)

— 6.60
(aT)pgﬁ (aH T,p( or ), \ar ), \aT ) pyey’ (6.60)

T.e. — (aMS)P’% + (aﬂn)P% 5, — 5, U He(T) (aHC(T)) ; (6.61)

oT oT W 4 oT
[ Ops Oy, _ . THJT) (0H.T)
n o P: (8P)T;H (aP)T%_ Us = Un = yp 5P T. (6.62)

Ppu H # 0 mepexon compoBoKTaeTCS CKATKOM MOJISPHON YHTPOIIH U 00heMa,
T.e. ABIsgeTCS Pa30BBIM IepexXomoM 1-To pofa ¢ MOJISPHON TeII0Tol mepexonas

v, H.(T) (0H.(T)
47 ( oT

T.e. TeIIO BBIOE/IAETCS P IEePeXole U3 N — § I MOTJIOMIAeTCs IPH 00paT-
HOM II€PEXOMe U3 § > N, B COOTBECTBUI C Pa3yIOPITOICHHOCTHIO 1 — (ha3bl.
Pasmenus npyr Ha mpyra ypasaerms (6.61), (6.62), ¢ yaeTom cBsseit (2.13),
(1.11), mpmmeMm, ecTecTBeHHO, K ypaBHeHIO [Kmaneiipora- Kraysmyca (4.38):

5.—5, _ (0H.JOT), 0(H,.P)o(P,T) (j_;) _ A (664

v, —v,  (0H./OP), O(P,T)0(H.T) w T(vs—1,)

Ppu H = H. = 0 mepexon B (6.61), (6.62) nmer mpu HeN3MEHHBIX 3HATCHUIX

A=T(s5,—5,)=T

) <0, (H=H., (llnc. 6.4)), (6.63)
P
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SHTPONNN 1 0b6beMa, T.e. ABIIeTCS GHa3oBBIM TepexomoM 2-To poma. [udde-
peHTUPY S 5T ypaBHeHnd 1o 1’ m mo P, HalimeM cOOTBETCTBEHHO CKAUKN Te-

mnoeMrocTH (popmyna PyTtrepca) n cxmmaemoctn, T.e. AX = X — X

2

05, Js,, Tv, (0H.(T)

ACp=T — = 0 6.65
i [(3T)P (3T)P H=0 47 oT p> 7 (6.65)
, 1 [0, 0T, 1 (9H.(T)\"

AKp=—— - = .
o Us (3P)T (3P)T H=0 47 or ), >0 (6.66)

dP\* A
u u3 (6.64) nmeem yp-une IIpendecra: (ﬁ)u = TZ];{T, (Us = Un). (6.67)

I TemmoeMKOCTh, I CKIMAEMOCTh B CBEPXIIPOBOLAINEH (hase OKa3bIBAIOTCS
bompie, weM B HOpMambHOIT dase. ([1], [2], [4], [5]).

Samaun
6.1. PaiiTum MarHUTHYIO BOCOPHIMYNBOCTH Y7 Hapamarmeruka M = yrH,
eCIIN ero TemIoeMKocTh (') He 3aBICHT 0T HaMarHmdeHHOCTH M.
6.2. HNusHAeKTPUK ¢ 3AeKTPUIECKOl BOCIPUIMUNBOCTBIO K7 BABUHYT B ILTIOC-
KTl KOHIEHCATOP € 3AeKTpudecKuM mmoieM FE mo obwsema V' = abr. Has
HETIOIAPHOTO Kp = const m momaproro kp = /T OHAIEKTpHKa HAHTH: (a)
(T, E), S(T,E) B stom moine; (b) temmo AQr, Beimenusmieecs (7) B nn-
3TEKTPIEKE IPH M30TEPMITecKoM BozpacTaHmn mosst ot 0 mo E; (¢) cumy f, ¢
KOTOPOIl OUYICKTPHUK BTATHBACTCA () B KOHIEHCATOD; A JTAHKEBEHOCKOTO
nmsAeKTpuKa HaiiTu (d) mwrorHOCTH BHyTperHel sHeprun u* (1, ).
6.3. Pafitm manoe oTHOCcHTedbHOe W3MeHeHme 1 > |vy — wo|/vg cxopocTm
3BYKa vy IIPU HAIOKEHIH €Iab0r0 MarHITHOTO IO H OJd IOealIbHOTO:
P = (p/p)RT, mma- m mapa- maramTHOTO Ta30B: M = Y H, Xy = Y%’p.
6.4. Marmetux o6bemoM V' B ¢1aboM MArHITHOM II0JIe H IO BHEIITHIM Ia-
BreHmeM P mMeeT HaMarHWUeHHOCTH enuHUIE ob6bema M = Y(T)H n mon-
HBI MarHUTHBIL MoMeHT M = MV. Pailtu cBa3b ammabaTHtdecKodl 00b-
emuOfl MaranTOCTpUKIIN (IV/OH)p ¢ € anmabaTIIecKIM MArHITOYTIPYTHM
(mpu H = 0 mbesomarauTHbM) 3ddextom (OM/IP)y o Pomaras ero cxn-
MaeMocTh g = const, BeipasuTb AV/V < 1 uepes H. Pemmnts 51y 3amauy
nng msotepyudeckux (OV/OH) pp u (OM/OP)y p, 1 K (cm. (6.53)). Paittn
3aBHCIMOCTE K g(H), ecnu HaoKeHMe BHEITHETO MO H He MEHSICeT TepMII-
Jeckoe ypasHeHHs coctosaus P = P(T,V, N), kax B 3ax. 6.3,
6.5. Beipasunrs TemmoeMkocTh C'y TaHXKEBEHOBCKOTO IMapaMarHeTHKa B II0-
CTOSHHOM BHEIHeM Iojle H depes ero BOCIPUNMYIBOCTD 7.
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6.6. Cormacmo [8] §§6,7,10,11, Bo II-m Pauane BeIpasuTh »7eMeHT pabGOTHI
(6.32) 0A = =V EdD/(47) snexrpuaeckoro nons E ¢ manykuneit D = e(T)E
I TIII0OCKOTO KoHIeHcaTopa obbeMom V = aX, emroctrio U(T) = Qo=(T),
Qy = ¥/(47a), B TepMuHAX €ro pasHOCTH IOTEHIHANOB ¢ = Fa, m 3apsama
q = QT)o, B Bume dU = TdS — 6A(¢,q). Pailtm: m3MeHeHIe SHTPOINE I
TeI0 BBIEIUBIIeecs (7) TP ero m30TepMIIecKoll 3apsanke mo ¢(¢) (cp. ¢
sam. 6.2.), u cpaBHITS TemmoeMmkoct: Cy ¢ Cp, a C, ¢ Cp u Cp.
6.7. BoBectnm rpanmunkie yenosusg nias B, H nw E, D u3 ypaBuennnn Maxc-
emna: (V-B) =0, (VxH) = 4r/c)J(x)u(VXE)=0,(V-D) =4rp(x).
Pycte C- munuuap BEICOTH h BHOIb ¢OUHUTHON BHEITHEN HOPMAJIH Ny
K TJIATKON TIOBEPXHOCTH Y MAaTHETHKA ([MAIEKTPUKA) ¢ OCHOBAHIISIMIT IITIO-
manu dY mom u Ham X, a Vi, Sc- ero o0beM I IJI0Ia b MOBEePXHOCTH. PycTh
L- mpsSIMOYTONIBHBIN 3aMKHYTHIT KOHTYP BBICOTHI i B TI000I IIIOCKOCTIH, CO-
mepzameil ny, T.e. L X, upm croporbl mauebl { mexar || ¥ mom m mHam
Y, TIe BEepXHSS TPOXOMUTCSA BIOIb eIMHUTHOTO BekTopa V. Pycrs k- mo-
JTOKUTEIbHO OPUEHTHUPOBAHHAS eMIMHUYHAS HOPMajb K IINTOCKOCTU KOHTYPa
L, S;, = (h- orparugennas um mnorrans npu (k- ny) = 0, (k X ny) = v:
dS ¢ — +nydY, dx; — +vdl, dS; = kdS;, dS; = dl(dh, d*x = dXdh.
Torma, u3 4-x ypaBHeHuii MakcBesma, s TOTHOTO TOKa CKBO3b 3TOT KOH-
Typ I}, ¢ ero ob6beMHON TIOTHOCTHIO J(X) I OBEPXHOCTHOMN IIIOTHOCTHIO Jy,,
— B ClIydae MarHeTHKa, W MOBEPXHOCTHON TJIOTHOCTBIO 3apsama ¢ Ha dile-
MEHTe MOBEePXHOCTHU dYJ, — B ClIydae OUIICKTPUKaA, ¢ yaeToM TeopeM ['aycca
n CTokca, mMeeM COOTBETCTBEHHO 4-pe rpaHmaHbX yemous (Pmc.6.5, 6.6):

0= [dx(V-B(x)) = (dSc - B(x)) — (ny-(B™ = B™))dT,  (6.68)

Sc
J(481-(V xH(x))) = f(dx, H(x)) = 47%;47” (1810 (x) =
ST, L St
— (k- (o (O H))) = (o = H") = L fs). (669
0= [(dS,-(VxE(x))) = (dx,- E(x)) —((v-(B™"~ E™)). (6.70)

St L
$(dSc-D(x)) = [dx (V-D(x)) = 47 [d*xo(x) = 47 [dSo(x) — (6.1
Sc Ve Ve dx

= (nE.(DOUt_ Di”))dE = 4dnodY, rme: az/dhg(x), jE:/th(X).(6.72)
%
Ppu jy, = 0 m 0 = 0 oHE yIPOIIAIOTCS K BHIIIEIPUBEACHHBIM, Iae - TOIIIINHA

“mepexonHoro cios”, (ny-B) = By, (v-E) = E, n t.0. (Puc.6.5, 6.6):
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Puc. 6.5. ['paHuunbie ycnosus ana B(x) u Puc. 6.6. ['paHuunbie ycnosusa ans H(x) u
D(x) u3 Teopembl ["aycca E(x) ns teopembl CTokca

6.8. B pemrenun 3an. 2.11 xumnorennnan TpebyeT y4ecThb 3aBUCUMOCTH OT dmcyia dacTuir V.
T.e: PV =MU(T,V,N),a P =Ma,rne: V = Nv, U =Vu(T,v) = N&(T,v), Cvny = NCq,
S =Vo(T,v) = N3(T,7). Hockomsky P = P(T,7T), p = p(T,P) = (1,0) = (A+1)g-T3
TakKe MHTEHCUBHBIC BEJIUYUHBI, TO yMHOKas Ha V/A wian na T/ omuo u To XKe ypaBHEHEE
(2.17) m mepexons coorBeTcTBeHHO K mepementbiM 1w & = V™A uwm T n ¢ = 07 = NAE,

ou apP apP 0z
(W) . =T (8_T) —-P=T (8T) — P = (65)T7 HOTYYUM ypaBHEH S (6.73)

Tlitnepa: U(T,g):( 9 ¢ g) U(T,€), n 5(T,¢) = (Ti—l-gg) 2(T,<), e (6.74)

ar o
_ T A T . z
UnT,né) =nU(T,E), 1o xe c E(T,<). Upn z = 3 =TV", g=—=1T70"= ek (6.75)
<
flz _ A A _
U= T% =Ef(2) = VTV, u Vuw(q): P = Wf(TvA) = UHIw(TUA), (6.76)
fevy = (5) . pr= e =3 oy = ), To= e (67
q
N3 (2.15), (3.40), ¢ yaeTom (2.22), (3.51), Haxommm SHTPOINIO, ¥ U XUMIOTEHIAAT:
dT oP ,, dT N
dS‘N— CVN— + (aT) dv = f (2)7 + f'(z ))\7 =f (2)7 = dS(z) v T.e. (6.78)

/ 4 '
‘ /d(f , tie [0] — (o; u amamormdno 3(q) :/dyw, roe [0] — yo; (6.79)
Y
[0]
_CPN_Q 1 <1+l) U(T,V)_1_<1 l) dlng
S Cywy O 4-—1 N CynT B A

M:(A—I—l)%—/dyw/;y) = q), A _ g

—1

(g~ (6.80)

Aﬁ/@fﬁl] . (6.81)
o}

N npu 6:% yxe: dS = NCg— dT (6P) dv — (g—;) dN = d(N3(q)). (6.82)
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