I'IABA 1

PacyéTrHoe cOOTHOLIEHHE BHYTPEHHEH JHEPIrUuU HeUAeaJlbHOr0 ra3a 1 ero
BbIBO/I.

U(T,V) = U(T) + AU,™P [k J]K/KMOJIB | (1.1)

rae AU, — u30TepMruecKoe OTKIOHEHHE, KOTOPOE YUUTHIBAET OTKJIOHEHHUE OT
ujeanpHorazoBoi moaenu (MUI)

YpaBHEeHHE BHYTPEHHEN DHEPIUM UACATIBHOIO ra3a

Una(T) = U"(To) +fy. CpuydT, (L.2)
rie To — TOYKHM OTCYETa BHYTPEHHEH dHEPTUH(CTaHAAPTHOE COCTOSHUE)
To=273,15K

BHyTpeHHss1 sHEprus uaeaibHOro rasza siBisieTcsi GyHKUIMUEH TOJIBKO TeMITepaTyphbl

«T» u He 3aBUCHT OT 00BEMA, 3aHUMaeMoro raszom (1.3).

au

Upa (1) = U(To) + fp, (57), T (1.3)

_ 170 T
UM(T) = U"(T,) + fTO Cy dT,
rjae Cy — M30X0pHas TEIIOEMKOCTD UCaIbHOTO rasa.

Ecnu ra3 sBisieTcst KaJIOpUYECKH COBEPIICHHBIM, TO TEINTIOEMKOCTh Ta3a He
3aBUCUT OT TEMIIEPATYPHI, a ONPEEIAETCS YUCIOM CTEIeHeH CBOOO Il rasa:
Cy = éRmT, 20e

3, mocTynaTeJibHOEe ABUXXEHHE BJI0JIb TPEX OCEU X, Y, Z
J=4{ 5, mocTynareybHO U KoJlebaTeJbHOe ABUXKEHHE BJIOJIb TPEX OCeH X, Y, Z
7, IOCTynaTe/IbHOE, KoJiebaTe/IbHOE 1 BpallaTe/ibHOE ABHXKeHUe
[TpuBeném npumep:
J=3 nns omHoaTOMHBIX razoB (He, Ar);

J=5 ni1s 1ByXaTOMHBIX OJTHOMMEHHBIX M pa3HOUMMEHHBIX ra3oB (N2, NO);
J=7 nns Tpéx u 00JIee aTOMOB, a TaKXKe JJII CMECH JIIOOBIX, B TOM YHUCJIC
OJIHOATOMHBIX T'a30B (KJIACCUUECKU MPUMEP BO3AYX).

PeanbHBIe Ta3bl 1 UX CMECH YUUTHIBAIOT 3aBUCHMOCTh BHYTPEHHEH SHEPTUH OT
00BEMa, UMHU 3aHUMAaEMOTO:

T vV (0U
a7 = [ () av (1.4), ne

AU, — TeopUTHYECKOE N30TEPMHUUECKOE OTKIOHEHUE, KOTOPOE YUUTHIBAET
OTKJIOHEHUE OT ujaeanbHorazoBoil moaenu (MUI')
Ha ocHoBanne 00beIMHEHHOTO ypaBHEHUS 1-T0 U 2-TO Hayaja paBHOBECHOM
TEPMOJAMHAMUKH ,a TAaK)Ke ypaBHeHUs MakcBesia(B KauecTBe
TEPMOJIMHAMHUYCCKOTO IMOTeHIMAaa BeicTymaet sHeprust A(V,T)



I'u66ca-I'ensmromnsua (1.5).
(1.5)

TdS = dU + pdV
(GU) T (68) b
av/r  \av/g

N3 ypaBHeHuss MakcBeiia Jjisl U30XOPHO-U30TEPMUYECKOT0 MOTCHIIHATa UMEEM:

as ap
&), = &), (16)
[ToacTaBum naHHOE COOTHOIIEHUE U TToayunMm (1.7):
V (39U ap
AUr = [ (E)T dv =T (a—T)V —p (1.7)
N3 ypaBHeHus Ban-nep-Baanbsca BeiBEAEM:
a ~
(p +ﬁ) (V—b) = RT
RT a
PoVpr v
(BP) R
aT/)y V-—-b

OTtkyna cienyer:

AU — RT
d d
AUT=p+ﬁ—p=ﬁ

IMoncraBuM B ypaBHeHue (1.4) AUTT P = f:o (Z—Z) av:
T

V. du Y a
— | dV =f —dV
@), =], 7
p P
—f ap?p~?dp = —af dp
po po

Tk V= %dV = —p2dp

Takum oOpa3oM ypaBHEHHE BHYTPEHHEU SHEPTrUU HEUJIEAIbHOTO ra3a UMEET BU]L



k/x

UT,V) = U°(T,) + [}, Cy dT + a(p = po) |

MO3BOJISIET C/I€NATh BBIBOJ O BIMSHUE HA BEJIMYHMHY BHYTPEHHEH sHEpruu oobEma,

] Ilony4yeHHOE BbIpakeHUE
KMOJIb

3aHUMacMOI' 0 ra3oM.

Tepmu4yeckoe ypaBHeHHe COCTOSAHUSA (BUAbI M CIIOCOOBI MOJIyUeHU).
Ypasuenue Ban-aep-Baanbca

YpaBuenue BaHn-nep-Baanbca yxke sBISIETCS ypaBHCHUEM HEUICAIBHOIO rasa, B
Oynymiem OyneM HMMEHOBaTh «peaibHOoro» raza (MPI'). B HewpeanbHbIX, T.C.
pealibHBIX, Ta3ax B OTIMYME OT HJACAJIbHBIX Ta30B CYIIECTBEHHBI CHUJIbI
MEXKMOJICKYJISIPHBIX B3aMMOJICMCTBUM, CHJIbI MPUTSKEHUS, KOIJla MOJICKYJIbI
HaxXoJsATCSd Ha 3HAUYUTEIBHOM PAcCTOSAHWUM, M CUJa OTTAJIKUBAHUS TIpU
JIOCTATOYHOM COJIFDKEHUW UX JIPYT C APYroM, HEJIb3sl MpeHeOpedbh COOCTBEHHBIM
00BEMOM MOJIEKYI.

YpaBuenue Ban-nep-Baansca:
(p+ %) *(V-b) = RT, re (1.1)

Puwon = — — naBiieHue (MOJEKYJISIPHOE), WIM BHYTPEHHEE JaBICHHE MOJIEKYJ rasa,

vz

Trac

a — K03 (HUIUEHT MPOMOPIIMOHATEHOCTH, 3aBUCIIANA OT MPUPOJIBI ra3a

_ 27Rm?Tc? Am*M3] b= RmMTc [M3

64Pc Kr? 8Pc KT

T¢, K — kpuTnueckas temmeparypa, 3T0 TAKO€ 3HAUCHHE TEMIIEPATypbl, IpH
KOTOpPO# CBOWCTBA Ta3oBOW M KUAKON (ha3bl TOXKIACCTBEHHBL. DTO KpHUTHUYECKAs
TEMIIEpaTypa; MOCTOSIHHAS CIIPABOYHAs BEJIIMYMHA, COOTBETCTBYIOLIAs 3HAYEHUIO
TEMIIEPaTyphl U JABJICHHS, TP KOTOPHIX BCE CBOMCTBA ra30BOM M KUAKOU (ha3bl
CTaHOBSATCA TOXIAECTBEHHbI. KpuTnueckas temneparypa T COOTBETCTBYET TAKOMY
3HAYEHHUIO TEMIIEPATYPhl, BBILIE KOTOPOM a3 HEBO3MOXXHO MEPEBECTU B KUJKOE
COCTOSIHHE, YBEIINUNBAs J1ABJICHUE.

Hanuuue MeEXMONEKYNISIpHBIX CHUJI OTTaJKUBaHUS MPUBOAUT K TOMY, UTO
MOJEKYJIbl MOTYT COJNMXKAThbCsl MEXAYy CO0OM TOJMBKO JI0 HEKOTOPOTO
MHUHHUMAIbHOTO paccTosiHUs. [loPTOMy MOKHO cuMTaTh, YTO CBOOOAHBIM ISt



JBIDKEHHSI MOJIEKYJT 00beM OyneT paBeH V-b, rae b — ToT MuHUManbHbI 00BEM,
RmTC]
8P. 1

JI0 KOTOPOTO MOXHO CKaTh Ta3, [b =

[TockonbKy nmuHa cBOOOJHOTO Mpodera MoJIEKYJl YMEHbBIAETCS, YUCIO YAApOB O
CTEHKY B €JMHHUIY BPEMEHHU YBEIUYMUBAETCS, a, CJICIOBATEIIbHO, U JIaBJICHUE
BO3pacTaeT MO CPABHEHUIO C HJCAIbHBIM ra3oM. Beipaxkaem u3 ypaBHenus (1.1)
JaBJICHUE:

_RmMT a

" V-b V2
BriBon ypaBHeHus coctossHusi Ban-nep-Baanbca B BupuaibHOM BUJIE.
(P+a/V?)(V-b)=RmT — ypaBuenue Ban-nep-Baannca
[IpenacraBum K0dhPUITMEHT C)KUMAEMOCTH Ta30B (1apoB) Z B BUPHATLHOM BHUJIE.
Z=1+Y7 1 B; (T)p', tae (1.2)
1 — xoahPuIMEHT CKUMAEMOCTH HACATBHOTO Ta3a;

B1 — BTOpO#i BUpHanbHBI KOA()PUIIMEHT, yUUTHIBAET TAPHOE CTOJIKHOBEHHUE
3
M
MOJIEKYJ Ta3a, —;
Kr

B> = C — tpetuit BupuaibHbiii KOA(PGUIMEHT, YYUTHIBAET TPOHHOE CTOJIKHOBEHHE
6
M
MOIIEKYJ Ta3a, —.

Psin 6eckoHEUHBIN, HO 71 TA30B U IMAPOB CXOJIAIIUICS, TTO3TOMY ITPUMEHSIETCS B
yceuéuroMm Buze (1.3).

Z=1+B*p (1.3)
I[J'IH KHUIAKOCTHU pAd paCXOIUTCA U HC MOXKCT 6I>ITI> IIPUMCHHUM.

Koaddumment cxxumaemoct ra3oB (mapoB) Z MOKa3bIBaCT OTHOIICHHUE
MJ1€aJIbHOTa30BOM INIOTHOCTH Py, (Monenu Knaneipona-Menneneesa) MUL k
IUTOTHOCTH peanbHoro raza p (MPT). (1.4)

—Pu__ P _ PV
" p RyTp RyT (1.4)

[IpencraBum BbIBOI ypaBHEHUs BaH-aep-Baansca B BUpHaIbHOM BUAE U
MPOAHAIU3UPYEM MOJYUEHHBIN pE3yIbTaT:



Z=1+B/V+C/V?, 20e p=I/N, m.e. orpaHUYMMCSI TPEMS BUPUATBHBIMU
K03 pULIEHTaMU, TIOCKOIBKY PSIT CXOIUTCS.

Beipazum P u3 ypaBuenus (1.1):

_RmT @
T v-b V2
z=( T2 — &) —— = V/(V-b)-a/VRmT
"\ v-b v2) RmT

Z=V/(V-b)-a/VRMT

Brimoaaum matematudeckue npeodpasosanus (1.5):

b b? bd bt
V/(V—b)=V*1/(V—b)=1+;+ﬁ+%+.... +=1+y i (1.5), pso cxooumes
Tlonyuaem svipasicenue 6 supuaivrom suoe (1.6):

Z=1+(b-a/RmT)1/V+ b?/V?+b3\3+.. . += 1 +(b-a/RmT)1/V + Z?=2€—li (1.6)

W3 moryd9eHHOT0 BBIPaKEHHUSI BUITHO, YTO | — TIEPBEIi WICH psia COOTBETCTBYET
uneansHoMy razy (MUT), B = (b-a/RmT)1/V — emopotui supuanvhwiii
koappuyuenm, C = b?/N?~ mpemuii eupuanvuviii koapduyuenm. Eqununa
NPEJICTABIIIET COOOM HeaTBHOTa30BOE COCTOSIHHE (A0COMIOTHYIO CKUMAEMOCTh ),
MOCJICAYIOIIHNE YICHBI YUUTHIBAIOT OTKJIOHEHHE OT MOJIEJIN UIealbHOro raza MHUI'.

Henocratoxk ypaBHenus Ban-nep-Baanbca: CHIIBI  MEXMOJIEKYISIPHOTO
B3aMMOJICHCTBUS YUUTHIBAIOTCS TOJBKO BO BTOPOM BUPHAIBHOM KOX(DUITUEHTE.
O1oT (akT cpazy O0OHApYXKHBAET OrPAHHMYEHHOCTh OTOM MOJENH: CHIAM
MEKMOJIEKYISIPHOTO B3aUMOJECHCTBHS allpUOpPU CTABUTHCS BTOPOCTEIEHHAs POJIb
110 CPAaBHEHUIO C COOCTBEHHBIM 00BEMOM MOJIEKYJI rasa (mapa).

[Tpu GombmKX ynenbHBIX 00bEMAaX U CPABHUTEIHHO HEBBHICOKUX JIaBICHUSIX
ypaBHeHue Ban-nep-Baanbca pakTUYECKH  BBIPOKIACTCS B ypPABHEHHUE
uaeanbHoro rasa Kianelipona-MenneneeBa YpaBHenue Ban-nep-Baambca ¢
KA4ECTBEHHOM CTOPOHBI JOCTATOYHO XOPOUIO OMMCHIBAET CBOMCTBA HEHJICATBHBIX
rasoB, HO PE3yJbTAaThl YHUCICHHBIX pPACU€TOB HE BCErJa COrJacyrTcs C
AKCHEPUMEHTAIBLHBIMU TaHHBIMU. B psife ciiydaeB 3TO OOBACHIETCS CKIOHHOCTHIO
MOJIEKYJI HEHJIEATbHOIO Ta3a K aCCOLMAlUU B KOMIUIEKCHI, HAIJISIHBIM IPUMEPOM
MOJKET CIIY’KUTh MOJIEKYJIBI BOJISIHOTO Mapa.



METO/] TEPMOIJUHAMHUYECKUX [IOTEHLHAJIOB I'MBECA.
COOTHOLLUEHUA MAKCBEJIJIA.

Meton TepMOAMHAMHYECKUX MOTEHUHUANOB ( XapakTEpUCTHUUECKUX  (PYHKIUH )
Ob11 pa3BuT ['u66coM. McxoaueiM B MeTo i€ sIBIsIeTCS OOBEAMHEHHOE BBIPAXKEHUE
1l wm 2 Havana paBHOBECHOW TEPMOJAMHAMHMKU JJIA 3aKPBITBIX CHCTEM
(repmonedopMalinoOHHBIX). JlaHHOE BBIpaXKEHHME TMO3BOJIIET B  Pa3IUYHBIX
YyCIOBUSAX  BBECTH  HEKOTOpble  (DYHKIUMU  COCTOSIHUSI,  Ha3bIBaeMble
TEPMOJMHAMUYECKUMH TOTeHIManaMu. V3MeHenue »dtux QyHKUMA 1pH
U3MEHEHHHM COCTOSIHUSI CUCTEMBbI  SIBIIIETCS  MOJHBIM  JuddepeHunanom.
Hcnonp3oBanue CBOICTBa MOJIHOTO muddepennnana BBEJIEHHBIX
TEPMOJMHAMUYECKUX (YHKUUNA MO3BOJSET MOJYYUTh COOTHOIICHUS , U3BECTHBIC
KaK ypaBHeHHUs MakcBeiuia, HeoOX0uMBbIE JUIs aHaJIu3a YHEProoOMeHa U3y4aeMoit

TIC.
BriBoa m aHaan3 cooTHomeHud MakcBeJlja.

Paccmotpum npoctyro TIC. Ilpormeccsl, mpoTeKaronue B TAKOM CUCTEME,
onuckIBatOTCS ypaBHeHuem(1.1):

TdS=dU+PdV (1.1)
TdS=dH-VdP

JlaHHOe ypaBHEHHE CBS3BIBaeT MATh (PyHKImMM coctosHus: T, S, U, P,V. Ilpu
stom coctosinue TJC ompenensiercs AByMsl HE3aBUCUMBIMU mapameTrpamu. [[ns
ompeneneHuss emé TpEX HEU3BECTHBIX (YHKIUMH HEOOXOIUMO 1T00aBUTH JBa

ypaBHEHUsS: TepMuuyeckoe ypaBHenue coctosuus P=P(V;T) u xkamopudueckoe
ypaBuenue U=U (V;T).

OnHako, MpU HEKOTOPBIX JPYTHMX HE3aBUCUMBIX TMEPEMEHHBIX  OCHOBHOE
ypaBHeHUE TepMoanHaMuKu (1.1) mo3BonsieT HaWTU BCE TPU HE3ABUCUMBIEC
bynkiuu, ecnu 106aBuTh K Hemy (1.1) He ABa, a JUIIH OJHO YpaBHEHHUE. DTOT
METOJ MOJYYWJI Ha3BaHHE METOJ TEPMOJMHAMHYECKUX MOTeHuuanoB ['mbbca, a
MOJIyYEHHbIE COOTHOLIEHUS YPaBHEHUsIMU MakcBea.

IlepBoe ypaBHeHne MakcBeJia.

B xadyecTBe HE3aBHCHMBIX IEPEMEHHBIX BBIOpaTh S v V, BXOAAIUN B ypaBHEHHE
(1.1), To ans onpenenenust nepemeHHsix (U,T,P) ¢ momompbio ypaBHenus (1.1)
HY)KHO T0OaBHUTh ypaBHEHUE BHYTpeHHeH sHepruu kak Gpynknuu U (V,S) (1.2).

dU=TdS-PdV (1.2)



Hcnons3yem mpocThie U BTOPbIE MPOU3BOJIHBIC (OJJHOMMEHHBIE U Pa3HOUMEHHBIE),
ompenenuM Bce (PYHKIIMU COCTOSIHUSL cucTeMbl: Tepmudeckue (1.3) wu
kanopuueckue (1.4).

=G =G, -
)
Cv=2ly (1.4)
(),

YuuteiBasi CBOMCTBA MOTHOTO TU(depeHIana He3aBUCUMBIX ITePEMEHHBIX
U(V;S), monyunm ypaBHenne MakcBesia (1.5)

&)= ), 5)

Buytpennss osHeprus B He3zaBucuMbix nepemenHbix  U(V;S) sBusercs
TEPMOIUHAMUYECKUM MOTEHIIHAJIOM, MIOCKOJIbKY ~ CBOMCTBa  TOJIHOTO
muddepennrana TO3BOJIAET IMONYYUB ypaBHEHHE MakcBelsia CBSA3BIBaTH JIBa
croiictBa TJIC: m3aMeHeHHs] TeMmmepaTypbl Ipu €€ aauadaTHOM paCHIMPEHUH U
U3MEHEHHE JaBJICHUS MPHU HM30XOPHOM COOOIIEHHHM CHUCTEMBbI TEIUIOTHI. Tak ke
BHYTPCHHSISL dJHEprus B He3aBUCHMMBIX —nepemenusix  U(V;S)  sBmsercs
XapaKTepUCTUYECKON (PYHKITMEH, TOCKOJIbKY TIO3BOJISIET ONPEICIUTh TEPMUUECKHUE
U KaJOPUYECKUE CBOMCTBA CUCTEMBI.

Crnemyer OTMETHTB, UTO HEYJ00CTBO C IPAKTUIECKON TOYKU 3PEHUS COCTOUT B
HEBO3MOKHOCTH ONPEAEIEHUS] SHTPOIIUHU OTIBITHBIM ITYTEM.

Bropoe ypaBHenue MaxkcBeJiia.

B kadecTBe HE3aBUCUMBIX TEPEMEHHBIX BBIOpaTh S U P, BXOs1ME B ypaBHEHHE
(1.1), To nnst onpenenenust Bcex cBoiicTB TJC BbIOMpaemM SHTANBIUIO:
Ouraneius (H) sBisercs QyHKIUEH COCTOSIHHUSI CHCTEMBI U OTIPEACIIACTCS



BEJIMYMHOM BHYyTpeHHeW dHepruu (U) U MOTeHIIMAIBHOW SHEPTHU T'a3a B MOJIE CHJI
nasnenus P. (H=U+PV).

dH=TdS+VdP (1.6)

®Oyukust H (S;P) sBnsieTcst xapakTepucTuueckoi GpyHKIMEH, TOCKOIBKY
tepmuueckue nepemennsie (V;T) onpenenstores auddepeniupopanuem (1.7):

™= (5), V=), )

Onpenensiem kanopuueckue cpoiictea TJC (1.8):

(BZ_H) _ 0T _oTT _ T (1.8),

as3) T asp  00p 3

(5s)
TakuM ob6pazom Cp =(;;H>P.
P

852

Xapakrtepuctuueckas ¢yukuus H (S;P) sBmsercs  TepMOAMHAMHUYECKUAM
NOTEHIIMAJIOM  CHCTEMbI, TOCKOJbKY  HCIOJIb30BAaHHUE CBOWMCTB  IOJHOTO
muddepeHirasa HE3aBUCUMBIX MEPEMEHHBIX, MO3BOJISIIOIIUN IMOIYYUTh BTOPOE
ypaBHeHHe MakcBeIlia, CBsI3bIBAIOIIEE IBa CBOMCTBA cUCTEMBI (1.9): ymeHbIIeHne
TEMIIEpaTyphl NMPU aauadaTHOM PACIIMPEHUH CUCTEMbl U MU3MEHEHHE 00bhEMa MpH
M300apHOM COOOIIEHUE CUCTEME TEIIJIOTHI.

&)= ), 19)

Tperbe ypaBHenue MakcBeJia.

B kadecTBe He3aBUCHMBIX niepeMeHHBIX npocToit T/C Beioupaem (V;T);
XapakTepuctudeckor pyHkmuent Beictynaet 3Heprust [ mb6oca-I'ensmromnbma (1.10)

A=U-TS (1.10)
C yu€rom Beipakenus (1.1) umeem:
dA=-PdV-SdT (1.11)

Oyuknus A (T;V) sBisieTcs XapakKTepUCTUISCKON (QYHKITUCH, ITOCKOJIBKY
tepmudeckue nepemernsie (V;T) onpenenstorest nuddepeniuporanuem (1.12)



_ (04
P=-(57). (1.12)
Bropsie npon3BoiHBIC TTO3BONISIFOT MOMYyYUTh Kanopuueckue cpoiictea TJC (1.13)
0%4y\ _ 0y _ 0% _ & - (a_A)
<6T2> e i (1.13), mockoabky S = at),
0%Ay

Takum obpazom Cy = - 372

CBo6ojHas sueprus ['ud6ca-I'eapmroinbiia A(V;T) B He3aBUCHMBIX TTEPEMEHHBIX
(V;T) sBisercs TepmoanHamMudeckuM norennuanom TJC. BeiBoa TpeTbero
ypaBHeHust Makcesia. Ha ocHoBaHuuM cBolcTBa MosHOTO nuddepenimrana umeeM

(1.14)
(aci/z:r)z(ad;;v) (1.14)
Grav) = ~ G0 Giar) == 7).,

[ToaToMy nonydaem ciieyrolee BhIpakeHUe, KOTOPOE SIBIISIETCS TPEThUM
ypaBHeHue Maxkcsema (1.15):

&), = &), (115

JlaHHOE ypaBHEHUE cBs3bIBAaeT ABa cBoricTBa T/IC, a NMEHHO: U3MEHEHUE

SHTPOMUU CUCTEMBI MPU U30TEPMUUECKOM PACIIUPEHUN U U3MEHEHUE JaBICHUS
CUCTEMBI MIPU U30XOPHOM COOOIIEHUH TEIIOTHI. [Ipu n30TepMudeckux mporeccax
paboTa nedopmaluy CUCTEMBI coBepIiaeTcs 3a cuéT yobut 3Hepruu ['n6o6ca-
['enbmronbua, T.€. SJHEPreTUUECKU MpeBpaTUMON yactu 3Hepruu (1.16).

dW12T= PdV12T=-dA12 (1.16)

YerBépToe ypaBHeHue MakcseJnia.

B kaudectBe He3aBHUCHMBIX niepeMeHHBIX npocToit T/ C Beioupaem (P;T);
XapakTepucTuueckoil pyHkuuei Beictynaet sueprust [ mdoca (1.17).

dG=VdP-sdT (1.17)



Oynkust ['ud6ca G (P;T) sBisercs XxapakTepucTUIECKON (QYHKIUEH, TOCKOIBKY
tepmuyeckue nepemennsie (P;T;V) onpenenstorcs nuddepeHunpoBanmem:

aG
v=(3) 1.1
or) (1.18)
Kanopuueckue cBOWCTBAa CUCTEMBI:

Gp) _ e _ %% _ b =- (%)
<6T2> =TT T (1.19), mockomeky S = ot )

[Tomyuaem cooTHomeHue A1t n300apHoM Teroémkoctu (1.20):

0%Gp

C19=—T6T2

(1.20)

CBo6onas sueprus ['no6ca G(P;T) B He3aBucuMbIX niepeMenHbIx (P;T) sBisercs
TepmoguHamMudeckuM noteHiuanom TJ[C. BeiBoj ueTBEPTOro ypaBHEHHUS
Makcgemna. Ha ocHoBanuu cBoiicta noiHoro auddepeniuana umeem (1.21)

(OdPZOGT)z(OdTZOGP) (1.21)

(dZG ) _ (65) . (dZG ) ~ (aV)

aTor) P/’ apar) \oT/p

[TosToMy MoJTydaeM CIEAyIOIee BEIpaKEHUE, KOTOPOE SBIIAETCS TPETHHM
ypaBHenue Makcsea (1.22):

as ov
Ge)r =~ G, (122)
JlaHHOE ypaBHEHUE cBs3bIBaeT ABa cBoricTBa T/C, a UMEHHO: U3MEHEHUE
SHTPOIHNHU CUCTEMBI ITPU U30TEPMHUUECKOM U3MEHEHUHU JIaBICHUSI CUCTEMBI U
U3MEHEeHHE 00bhEMa ipu n300apHOM cooOIIeHnH Teruia (xonona). [pu
MU30TEPMHUUECKHUX MpoIleccax pacrnojiaraemasi paboTa CUCTEMOM COBEpIIaeTCs 3a

cu€t yobutn cBoOOaHOM SHeprun [ m60ca, T.e. FJHEPreTHUECKHN MPEeBPATUMON YacTh
sHepruu (1.23).

dW1PZT=-VdP12T=-dGlz (1.23)

Paznuunbie TepMOJMHAMUYECKHE MOTEHIIMABI CBSI3aHbI MEXKTY COOOM TakK, 4TO
€CJIM U3BECTEH OJIMH U3 HUX, TO MOTYT OBITh ONPEIEICHbI OCTalIbHbIe. BHYyTpeHHSIs
sHeprust TJIC cBsizana c s3Hepruii 'n606ca-I'enbmrombiia, a SHTAIbINS CUCTEMBI —
co cBoOoHOM Heprueit ' mooca.
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{A=U—TS

G=H-TS (1.24)

OcTanpHbIe TEPMOIMHAMHYECKUE TTOTCHITUABI ONPEACIISIOTCS U3 CICIYIOINX
Beipakennii (1.25) (1.26):

U=A+TS=A-T(2 (1.25)
oT
%4
H=G+TS=G-T(% (1.26)
oT
P
TI'JIABA 2.

TEPMO/JHHAMHUYECKHE IIPOIIECCHI PACIIIHPEHHUHA (CKATHA)
HEH/[EAJIBHOI'O TI'A3A4

Pacuer paBHOBECHBIX IPOLECCOB pACIIUPeHUs! (CXKATHSI) HEHeaIbHOI0 ra3a

VYcnoBus, XapakTepHU3yHOIIME TEPMOJMHAMUYECKHMH  IPOLECC, MOTYT  MEHATHCS
[IPOU3BOJIBHO;  HAuOOJIBIIMHA  HHTEpEC MPEJICTABISAIOT  CIEAYIOIIHME YacTHBIE  CIy4au:
M30TEPMHUUECKUN; U30XOPHBIN; N300apHbIN; a1a0aTHBIN; MOJIUTPOIHBIN TPOLIECCHI.

[Ipn aHanu3e TepPMOAMHAMUYECKOTO Ipollecca PACHIUpeHUs (CKaThs) Ta30B JIOJIKHBI
OBITH pelIeHbl TPH 3aJlauM: ONpeesIeHue HEU3BECTHBIX MapaMeTPOB, pacueT padOThl U TEIJIOTHI
rpolecca; BbIOOp ATAIOHHOTO Tpoliecca.

Pacuyer TemnoTel M pacmonaraeMoil pa®OThl M3MEHEHHUS [aBJCHHS B PaBHOBECHOM
IpoLecce MOXET ObITh BBINOJHEH HHTErpupoBaHueM Aud@epeHuaNIbHbIX  ypaBHEHUN
PaBHOBECHOU TEPMOJAMHAMUKH, T.€. Yepe3 TepMOIMHAMUYECKUE DYHKIUU:

dU =TdS - pdV ; (2.1)
dH =TdS +Vdp; (2.2)
dS =dQ/T; (2.3)

1100 IpAMBIM HHTCTPUPOBAHUEM TCIIJIOTHI U pa6OTLI C IIOMOIIBIO YpaBHCHUA IIpOLIECCa.

B 3aBucumocTH OT ycioBus mpolecca X=const MOJIy4aeM CIEAYIOIIUE pacUETHBIC
(hOpMyITBI TETLIOTHI:

2P 2P

X=P  dQup =dH; Qup = [ dH = [CpdT +(AHZ —AHP); (2.4)
1 1
2V

X=V  dQuy =dU; Quy = [CydT +(aUS —AU{); (2.5)
1

11



2T 2T
P
1 1 1

Jnist pacuera n300apHON TETIIOEMKOCTH UCTIONb3YETCS YpaBHEHHE

n=3 .
Cp, = ZdiT' , IHTETpajibl B ypaBHEHUX (2.4), (2.5) BerUucisAoTcs o hopmynam:

i=0

T, 2 T2 3_73 4_T4

ICP dT = dO(T2 _T1)+ dl(TZ Tl ) + d2 (TZ Tl )+ d3(T2 Tl ) : (27)

uo 2 3 4

I
Ty T
JCy,dT = [Cp,dT =Ry (T, - Ty). (2.8)
T Lt

N3oTtepmuueckoe OTKIOHEHWE (PYHKIIMA COCTOSIHHMSI OT HJA€aTLHOTA30BOTO COCTOSIHHS

AU? ; AHTa ; AS{) PaCCUNTBIBAIOTCS COTTIACHO YPABHEHHIO COCTOSHHMS.

Taxke pacder TEIUIOTHI M pacrojaraeMoid padoThl U3MEHEHHS JABJICHHUS MOXKET OBITh
BBITIOJIHEH HMHTETPUPOBAHHEM (PYHKIMOHAIOB TEIUIOTHI W PabOThl C TMOMOIIbIO ypaBHEHHS
nporuecca. [ u3orepMuueckoro mpoiecca:

2T
dP
W1F2)T =—J. -, (2.9)
1 P

rae P=2zpRyT .

Hcnonb3ys Beipaxkenue (1.4) mis pacuera xoddduimenta cxumaemoctd Z=1+ Bp,

ImoJiygacMm:
dP =R, Tdp + 2BoR, Tdp . (2.10)

C yuerom cootHomieHusi (2.10) dopmyna ans pacdera HM30TEPMHUYECKOTO MpoIiiecca

CXaTusa HEUACAJIbHOI'O Ir'a3a an06peTaeT BUA:

27

dP

Wior = —I e Ry T1|:In ppi +2B(por —P1)}- (2.11)
1 1

HpI/I az[Ha6aTquc1<0M paclInpCHUU (C)KaTI/II/I) ra3oB UCIHOJIB3YCTCA YPABHCHHC

PV K = const. (2.12)

Pacuer pacnonaraemoii paboThl MPOU3BOIUTCS TIO CleAyoMIeH hopmMyre:

12



i K Bl P
Wiog :—deP:——l 1-(=2) k|, (2.13)
1 k-1 P1 Pl
rae
k= (R /R HoKa3aTelb aauadaThl. (2.14)
In(p2s /1)

TemoTa pacmmpenus (cxaTHsi) UeaabHbIX T'a30B :
2X

2X
Qx = Ide = J.deT, (2.15)
1 1

rjae X-napaMmerp, XapakTepHU3yIoIui MpoLecc:

2P
X=P Qqp = [Cp, dT; (2.16)
1
2V
X=V Qpy = J.Cpm,dT —Ru (T2 -Ty); (2.17)
1
2n 2n
_ _ 3 n-k n-k
X=Cn Quzp = { CyruodT = { Cv,y 7 9T =Cy,, — Tan —T). (2.18)

[TonutponHelii nporecc MokeT ObITh BRIOpaH B KauecTBE 0000IIAIOIIEro Mmpoiecca.

PacuéT pacnosaraemoii padboTbl HU3MeHEHHS IaBJIEHUS PABHOBECHOT0 MOJIMTPONHOI0
npouecca

VYpasHenue nporiecca: pV" = const
net
Lo, = - ()7
2. W5, =Ryl [1 - (&)nT_ll
3. Wh, = —=RylT,— T,

VpaBuenue mporecca: pV™ = pp™™ = const = p1p; " = PPz "

CBs13p MEX 1y TapaMeTpaMu, ONPENEIISIFOIIMMHU ITPOLIECC:
n-1

©-07
)= C) - ()"



n-1

=" - G)=CG)"
JdQ = [dh+ [aw,
dQ = cndT dh = ¢,dT

Wp, = ]dQ jdh

VVlgn = Cn(Tz T1) Cp (T, —T,)

n—k .
rae ¢, = Cy —— o1 TCIIJIOEMKOCTD HOHI/ITpOHHOFO PaBHOBECHOI'O IIpomecca.

n —
VVlgn = (CTL - Cp)(TZ Tl) = [CVTl Cp] (Tz Tl)
cy(n— c,(n— 1) cy'n—k-cy,—c, n+c
Vle2n_ _Tl)l _1p =(T2_T1)[ n_lp p
TaK Kak k - ¢y = ¢;, TO
Tl( C ) Cy
Wiyn = (Tz—T1)+1p= (T, = T4 —1 — k)
Wi, = (T — T2) " C — ¢, (T, — Ty)
" n—1 k P n-1¢, P
Takkak k = 2 =*Rm g Rw L Rw g4
cy Cy cy cy
Cp ko, k
P n
Wian = mRM(Tl —T)
W3 3T0# GOpMyITBI CIEIYIOT CIIEAYIOIINE aHATTUTHYECKHE (DOPMBI TAHHOTO YPAaBHEHHS:
n—1
P _ p2\ n
1L Wi, = RMTl [1 ] l"Ile T1 (pi)

2. Wh, = ﬁRMTl [1 - (&)n%]

P1

n-1
po__m pifg_(rz\n _P
3. Wi, = ll (p ) l’ rae RyTy = p1

n-1p 1
Ananutnyeckas ¢popma | 3akoHa paBHOBECHOM TEPMOIUHAMUKY JJIS1 3AKPBITHIX CUCTEM:
dQ =dh—Vdp (2.19)
dQ = dU + pdV (2.20)
cpdT = cp,dT —Vdp
c,dT = cydT + pdV
(cp—Cp)dT = Vdp
(cy — cp)dT = —pdV
Paznenum ypaBuenue (2.19) Ha ypaBuenue (2.20):

Cp—Cn, V (dp
n=-——-, n=-—-(—) ,rmex =c, = const
cy—cn p \oV/,
JHamnee: nyis upeanpHOro rasa
Cp—Cn
n= =n-cyg—n-c,=k-cy,—1-¢,
Cy—Cn
co(n—1)=cy(n—k)
n—k
C, =C
n Vn _ 1

fdQ =fcndT



n
Quzn = (T, —Tp) = Cvm(Tz -T)

n = | T ) T Tt

I'JIABA 3.

da3oBoe PaBHOBECCUC B nmponueccax, COIIPOBOKIAIOIIMNXCH
HU3IMEHCHHUEM COCTaBa CUCTEMBbBI COCTaBa OTAC/JIBHbBIX €€ (1)33

OmnpeneneHue ycioBHi paBHOBECHS MEX/1Y COCYILECTBYIOUIMMHU (hazaMu sIBISIETCS
OCHOBOI pacueTOB TEOPETUYECKU JOCTHIKMMBIX TOKa3aTelield TeXHOIOTUYECKUX
NPOIIECCOB M JABWXKYIIMX CHJI, ONPEACISAIONIUX CKOPOCTh MPOTEKAaHUS ITUX
npoueccoB. KonuuecTBEeHHOE OMNHMCAaHUE 3aKOHOMEPHOCTEW, ONpeAesIONINX
YCIIOBHSI PaBHOBECHSI MHOTO(A3HOH M MHOTOKOMITOHEHTHOW CHUCTEMBI, OCHOBAHO
HAa TEepMOJIMHAMHUYeCKoW Teopuu (Qa3zoBoro pasHoBecus ['mb6Oca. OOoOGmIEHHE
Teopurd  (a3oBOro paBHOBECHS TO3BOJIMJIO  CHCTEMAaTU3UPOBAaTh  METOIBI
WH)KEHEPHOTO pacydera MapaMeTpOB COCTOSIHHS PAaBHOBECHBIX (a3 M IMPOBEPKH
OKCIIEPUMEHTANBHBIX JIaHHBIX PAaBHOBECHOTO COCTOSIHMS B CHCTEMax pa3HbIX

TUIIOB. Hpe,IICTaBJIGHI/Ie YpPpaBHCHHA I'n66ca JJIA MHOT'OKOMIIOHEHTHOM CHUCTEMBI
(3.1):

n
dG = - SAT + Vdp + Z [ (3.1)
k=1

rac Uk - XUMHUYCSCKUMN IIOTCHII NAJI K-oro xoMmoHeHra CHUCTEMBI, Nk - YHUCIIO MoJIeH
3TOI'O KOMITIOHCHTA.

PaccMOTprM TeTepOoreHHYI0 CUCTEMY, COCTOSIINYIO U3 ABYX (a3 (KUIKOCTh — ra3),
HAXOSIINXCS B PAaBHOBECHUU MPU OTCYTCTBUM JCUCTBUS BHEMHMX cuil. Jlis
Ka)JI0¥ a3kl cripaBeNIUBhI ycioBus (3.2) :

dT=0; dV=0:dp=0; A =0. (3.2)

D10 o3Hayaer, 4uro o0beMm V, naBneHue p, Temmeparypa T H XuUMHUUYECKHUE
MOTCHIIMAJIBI KOMIIOHEHTOB |k B mpejenax (a3el moctossHHBL. OnHa ¢dasza Takou
CHUCTEMBbl MOXKET PacCMaTpUBATHCA KaK CHUCTEMa, HO OTHOCUTEIBHO K KOTOPOW,
BTOpas (haza UrpaeT pojb BHEIIHEH CPEIbI.

KII I' (razoBas (a3za)

(KOHTpOJIbHASI TTOBEPXHOCTh,

T.€. IUHUSA (a30BOTO

nepexona) 15 |
_—— K (konaeHCHpOBaHHAS (




IIpn paBHOBECHMM MEXIY CUCTEMOM U BHEIIHEW CPENOW HE MOXKET IPOUCXOIUTH
MEPEHOC SHEPTUU HU B JOpME TEIIOTHI, HU B (hOpMe pabOThI, HU B BUJIE BEUIECTBA.
OTO BO3MOXXHO JIMILIb B TOM ClIy4ae, €Clid 3HauY€HUE TeMIEpaTypbl, AABICHUS U
XUMUYECKUX MOTEHIIMAJIOB KOMIIOHEHTOB B 000uX (ha3ax o uHaKOBHI (3.3) :

Trsz;przpm;Hkrzukm- (33)

XuMuyeckuii moTeHIan K-oro KOMIIOHEHTa WAcallbHO TIa30BOM  CMECH
PacCUMTBIBACTCS IO CIASAYIOIIEMY cooTHomeHu o (3.4) :

wd(T; p; $ ) = p(T; p; $k=1) + R T Ingi, (3.9

rae w(T; p; ¥k = 1) — 3HaYeHHe XMMHYECKOI0 MOTeHIIMAIA JAHHOIO KOMITOHEHTA B
yucTtoM Buje. Beipaxkenue (3.4) crnpaBemvuBo i JIFOOOW HACaIbHOM CMecH, B
TOM YHCJI€ W K KOHJEHCUPOBAaHHBIM (pazam, OJyiaromapsi paBHOIICHHOCTH BCEX
KOMITOHEHTOB, oOpasyromux cMmechb. CleqoBaTelibHO, U€aJbHYI0 CMECh MOKHO
OTIPENICNIUTh KaK TaKyK CMECh, XMUMHYECKHM IMOTEHIHAI JTO00T0 KOMIIOHEHTA
KOTOPOI MPONOPLHUOHAJIEH JIOTapu(My ero MOJIbHOU JOJIH.

CornacHo BeIpaxkeHHIO (3.1) XUMHMYECKMH TMOTEHIMAJ KaKOTO-TO KOMIIOHEHTa
CUCTEMBI ONpeNeNsieTcss M3MEHEHUsIMU 3HaueHus sHepruu ['mbOca cucteMbl MO
YHUCIy MOJIEHd 3TOr0 KOMIIOHEHTa TMpU YCJIOBHHM TOCTOSHCTBA TEMIIEpaTyphl,
JaBJieHus, 00IIero o0bEMa CUCTEMBI, COCTOSIIEH U3 N MOJIEH BCeX KOMIIOHEHTOB,
00pa3yIolmx CMeCh, 3a MCKIIOYEHUEM OJIHOTO KMOJb JAHHOTO KOMIIOHEHTA, IO
KOTOPOMY TPOWCXOAUT W3MEHEHHWE cocTaBa. MHBIMM cloBaMH, 3TO Ta
MUHHUMaJIbHasl paboTa, KOTOPYI0 HEOOXOIUMO 3aTPaTUTh, YTOOBI U3MEHHUThH COCTAaB
AJIEMEHTa B YCJIOBUU MOCTOSHCTBA TEMIIEPATyphl, JaBICHUS, 00bEMA CHUCTEMBI U
YKClia MOJIEH BCEX OCTAIbHBIX KOMIIOHEHTOB, 00Pa3yIOIIUX CMECH.

JIns HenpeanbHBIX Ta30B ypaBHeHUe Knaneilipona - MenaeneeBa He IPUMEHUMO U
U1 obyerdeHust pacdyéra XUMUYeckoro moTeHiuana Jlstonc BBEN QyHKIMIO f,
Ha3BaHHYIO JIETYYECThIO M C TIOMOIIBIO HW300apHOTO - HW30TEPMHYECKOTO
MOTEHIIMaja, TO ecTh d3Heprun ['mo0ca, onpeaeasieMyro BeipakeHueM (3.5)

dGy = RT Indf
rie jgerydects f onpenensercs yepes koddunuent pyrutuBHocTH @ (3.6)
f=¢p

Taxkum O6p330M JETYUYCCTh ABJLACTCA XHUMHWYCCKUM ITOTCHIHMAJIOM pPCaJIbHBIX
ra3oB. ,HJ'IH HCHUACAJIbHBIX TI'a30B CMCCH BBOJMUTCA IIOHATHUC IIapLHaIbHaAsd

(GyruTUBHOCTH f] (3.7)
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P. [a

KD

fi=¢;9p

rae @; - KodQQUUUMEHT NapuuaibHON (DYrHTHBHOCTH, Y, - MOJIbHAs JOJIA
KOMIIOHEHTA; P —/1aBJICHUE

CMECH.
JUisi aHanmu3a M KOJMYECTBEHHOW OLEHKH IMpoliecca, COMPOBOXKAAIOUIETOCs

M3MEHEHHEM COCTaBa CHCTEMBI WJIM COCTaBa BXOJSIIMX B He€ OTAEIBHBIX (a3
1enecoodpasHo

UCIIOJIb30BaTh, (yHAAMEHTaJbHbIE YypaBHeHHs ['ubOca
M300apHO-U30TEPMHUUYCCKOTO MOTEHITMAIIA, ONIPEIesieMOoro Beipakenuem (3.5)

dGy = RTIndf

(P, V| - duazpamma @a3obozo cocmosHus
yucmozo bewecmba Ha npumepe H,0

+ 3
3 Tsz
(22
T 231 +
Sy -
= —
+ Sl3 4 2
als -
+ = ¢ _ ~  BnaxHeiu nap
P” * Pf.’
- — P — pe—— —"
i + T
| T
+ .Y, T TBen \
% ) + + +
] —
T j
V.. v, 2
K2
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fuazpamma gasobozo pabHobecus
yucmozo bewecmba - H,0 p

ol
* [lepezggmeit

—
Z2
Oﬁnap,’.
\//°

BnaxHeiu

."."4.*' Tbepdos Z Xudkas L iy i Kﬂ?
pasa ¢pasa %} © k2K
IHapamerpbl KPUTHYECKON TOYKH
Tiy=0647,31 K (t;=374,16 Tpan. Llennbcus)
Pwp=22,12 MIla
Vx=0,0032 m%/kr
Rip=2095,2 xJ[x/Kr
I[Hapamerpbl TPOMHON TOUYKH
Tn=273,1678 K
P=0,611xIIa
BraxHblli HaCBIIIEHHBIM Iap - CMEChb CYXOr0 HACBIIIEHHOIO I1apa M

KUISIIEN KUJIKOCTH. XapaKTepU3yeTcsl CTENEHbI0 CYXOCTH Mapa (TO ecTh
MapoCcoJIepKaHUE), BEJIMYECHA, KOTOpash  BBIPAKAET OTHOCHUTENbHBIC
MaCCOBBI€ COJIEPKAHUS CYXOr0 HACBIIIEHHOTO apa B 3TON cMecH

mcHI

X=— (1)

MmMcHI+max
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rae X-CTeneHb CyXOCTH mapa
MCHII — Macca CyXOoro HachILEHHOTO I1apa
MK — Macca KUISIEW KUIKOCTH

VnaenwHBIE 00BEM BCE CMECH, B CICACTBHC AaAAUTHBHOCTH O0BEMa,
OTpeIeIIIeTCs MO CIECAYIONIEMY COOTHOIIECHUIO (2)

Vonnapa = X*Veun + (1-X)Vx

Ecniu x cyxomy HachlllEeHHOMY TMapy HIpoJoikaTh MOABOAUTH (X=1)
TEIUIOTY, TO Tap CTaHOBUTCS TMEpPEerpeTbiM, €ro Temreparypa OyaeT
Bo3pacTaTh. OOnacte Mexay TuHn u Tnom (TemmepaTypbl meperpena)
Ha3bIBAETCS CTENEHBIO IIEPErpeBa.

HeperpeTLII‘/'I map sABJIACTCA HCHACBIIICHHBIM. HpI/I JaHHOM JaBJICHHUH €TI0
INIOTHOCTb HMIKC INNIOTHOCTH CYXOI'0 HACBIIICHHOI'O IIapa, a y}IGHBHBIﬁ
00BeM BbBIIIC, YCM Yy CYXOI'0O HACLIMCHHOI'O IIapa. YeM BbIlIE CTENECHB
neperpeBa, TEM OoyibIllIe TI0 CBOMM CBOMCTBaM HGpGFpGTLIﬁ map
HpI/I6JII/I)Ka€TCH K HACAJIBHOMY Ira3y.

luazpamma cocmosnus yucmozo bewecmba H,0

19



n
dG = —=S8dT + Vdp + z Ui d N,
k=1

rae

Ui — XUMUYECKUU IIoTeHLaJI k — oro KOMIOHeHTa CHUCTEMBI,

G
l’lk = (aNk)T,p,Ni;tk

N — 4uc/0 MoJiel 3TOro KOMIIOHEHTA
Hnst daszet : dp = 0;dT = 0;dy, =0

Ecnu nBe ¢a3pl HaxonasTCs B PaBHOBECUU JAPYT C APYroM (s Kaxkao (asel
cupaBesiuBbl ycnoBua : T,p,V U XuMuUYecKkue MOTEHIMAIbl KOMIIOHEHTOB B
npenenax (¢aspl TMOCTOSHHBI), TO OfHAa (a3za TakoW CHCTEMBI MOXET
paccMaTpHUBaThCSl KaK CUCTEMA, IO OTHOIIICHUIO K KOTOPOH BTOPAasi CUCTEMa UTPaeT
pons O.C. (BHemHe# cpenbl). Ilpu paBHOBecMHM MEXAYy CHUCTEMON U BHEUIHEH
Cpeloi He MOXET MIPOUCXOAUTh EPEHOC YHEPIMM HU B BUJE TEIIa , HU B (hopme
paboTel. 3JTO, OYEBHJHO, BO3MOXHO JMIIL B TOM CJlyyae, €cliu
T, p, 4 KOMIIOHEHTOB B 00euX (ha3ax OJUHAKOBBI.

T.e:

Ty =Ty Py = P Ui = Hjr G = 1,2, ...m — 9KCJI0 KOMIIOHEHTOB B CUCTEME )
dG = —SdT + Vdp

T = const: dGy = Vdp = Ry T;(nocr)

RyT
dGr = po = RyT Indp

JI711 OTHOKOMITOHEHTHOM CUCTEMBI IIPU MMOCTOSTHHOM TEMIIEpATypeE :

dG, = 2L ap
p
dGT - RMT

GT(p; T) = GO(TO; pO) + RMT lnpﬂ , TAC
0

G°(T,, po) — cTaHapTHas aHeprusa ['M66c¢a
20



G(p,,T) —G(py, T) = RMTan—Z(B YCJIOBUSIX TOUKU OTCYETA)
1

~ A)K ~
R = — (T.e. R oTHOCHTCH K 1 MOJIIO Ta3a Ipy U3MEHEHHUH €r0 JaBJIEHUS OT P
KMOJIb*

10 p.)

CornacHo OmpeseNieHUIO MICATBHON CMECH, paccMaTpUBACMOE BEIIECTBO OyIeT
BECTH ce0s B CMECH TakK JXe, KaK B YHCTOM BHJE; T.C. NMaplUaIbHBIA MOJIbHBIH
W300apHBId  TOTEHIMAN (XMMHYECKHH MMOTEHIHAl) JTOro BelIeCTBA  Kak
KOMIIOHEHTa CMECH OYJET, KaK y YHCTOr0 BEIIeCTBa, ~ JorapudmMy mapiyaibHOro
JIABJICHUS 3TOT'0 KOMIIOHEHTA!

p.
w = pIn— ,rae
i

pi= YD

,u?; pl() —3HAQ4YCHHA XUMHYCCKOI'O IIOTCHIHAIAa W MapUHuaIbHOIO JdaBJICHHUA B
COCTOSAHHH, ITPUHATOT'O 3a HAYAJIO OTCUCTA.

3aKoH I[aJIBTOHa — JaBJICHHC ra3oBoM CMeECH paBHa CYMMC IIaplHaJIbHBIX
,IIaBJ'IeHI/Iﬁ KOMIIOHCHTOB, a MOJIbHasA A0JId IIOCIHCIHUX JOJIC IIapOHuaJIbHOTO
AaBJICHUA paCCMAaTPUBACMOI'0 KOMIIOHCHTA OT O6H1€FO JaBJICHUA:

n

p=2p- 7=&
7 Tt
i=1

— 70 > 5
T.0. 4y = fir;p5,=1) + RTInYy,
DTO BbIpaXKEHUE:
Ui = ﬁ?(T;p;ﬂ:l) + RTIny, cnpaBemmuBo 1 JIIOOOW HJACAUIBHOM CMeCH
(koHneHcupoBaHHOM). T.0., HIEaTFHYI0 CMECh MOXKHO paccMaTpUBaTh, KaK TaKyIO
CMeCh, XUMHUYECKHUI MOTEHIIUAJ JIF0OOT0 KOMIIOHEHTa KOTOPOH ~ JorapumMy ero
mMonbHOU momu (Ui~ Iny,; u;~Inx; ). Ilostomy mns KOMIOHEHTa [ WIaEATHHOU

CMECH, HaXOJIAIIECsl B KOHACHCUPOBAHHOM COCTOSIHUM (KUJKOM COCTOSIHUU) MPH
€ro KOHLEHTPALWH X; MOJy4aeM

u; = u + RTIn¥%;
T.0. B COCTOSTHUH XUMHUYECKOT'O PaBHOBCCHUA

Ui = Uir
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Jlns HeuneanbHbIX Ta30B (ypaBHeHHE MenaeneeBa-Kianeiipona HEMPUMEHUMO);
JUTSE O0JIETYEHUST pacueTa XUMHYECKOTO MOoTeHIana (; JIblouc BBea QyHKIHUIO f
Ha3bIBAEMYIO JIETYUYECThIO M OIpEIesieMyl0 ¢ MoMoulbio 3Hepruu ['nbOca (T.e.
N300apHO-U30TEPMHUUECKOTO MOTEHI[MAJa) BhIPAKEHUEM:

dGy = RT Indf
G(T,p,) —G(T,p,) = RMTln;—i ,(f = ¢-p)

¢ - xodpPuLMEeHT (YTUTUBHOCTH; a f — JIETY4eCTh, T.€. CKOPPEKTHPOBAHHOE
JaBJeHUE WM XUMUYECKUN OTEHIIMAI JUIsl pealibHbIX ra30B

G(T;p) — G(T;py) = puT - lnw
b1 D1

,HJISI CMECCH BBOJAUTCA ITIOHATUC HapIII/IaJIBHOﬁ q)yI“I/ITI/IBHOCTI/I

fi=o; 9,

rae ¢ — K02 PUIIMEHT MapuHaIbHON (PYTUTUBHOCTH KOMIIOHEHTA; Yj — MOJbHas
J0JI1 KOMIIOHCHTA, p — AAaBJICHUC CMCCHU

f = ¢ p — GyruTUBHOCTH YUCTOTO KOMIIOHEHTA

st a3 BBOAUTCS MOHATHE aKTUBHOCTH (T.€. OTHOLIECHUE JIETy4YeCTH KOMIIOHEHTA
B JAHHOM COCTOSIHUH K €r0 JIETY4YECTH B CTAHJAPTHOM COCTOSIHUM ).

f.
ai:ﬁjo

Taxum 06pazoM, mosrydaem BeIpAXKEHHUE IS UJ1€aTbHBIX CMECEH:
— 0P
ui—ui+RT-lnai

Hanee ucnonn3yercs Y — k03P HUIIMEHT aKTUBHOCTH
a;
'}/. —_— —
l xl
]I X; — MOJIbHAS JIOJIS I-TO KOMITOHCHTA,
fix =a;- ij>}<= Y Xjx' ij>K — (yruTUBHOCTH (JE€TYy4ECTh) YHCTOTO BEIIECTBA B
CTaHJapTHOM COCTOSTHUU

£2(T; p; x = 1) — uncToE BemEeCTBO B KUIKOM COCTOSHUHM (ITapaMeTphl OTCYETA)
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Fe=F
I'/TABA 4.
Tepmoduuamuttecxue OCHOGbL OXIANCOCHUSA U OIHCUINCCHUS 2A3086.

(DyHO(lMBHIﬂ[lJleble OCHOGbl noJjiyuenHusn xoJ00a.

O6patubie XI1I.

3anaya 1100010 X0J0AUIBHOTO YCTPOIMCTBA 3aKII0YAETCs B IEPEHOCE TEeIlIa OT
OXJIAXKJIaEMOT'0 00BbEKTa C TEMIEPATypol Ty K OKpyXarollen cpene ¢
Temnepatypout Te, ipu yeioBuu Ty < Tep. [loHsiTHE X0MO0OA SIBAsIETCS
KOJTMYECTBEHHOM XapaKTEPUCTUKON BHEIIIHETO OXJIAXKIEHUS 00BEKTa U
peACTaBiIsieT COOO0M MOTOK PHEPTUU, PABHBIN 110 a0COTIOTHON BETUYUHE U
MIPOTUBOTIONIOKHBIN 0 3HAKY TETUIOBOMY MOTOKY.

Bropoe Hayano TepMoguHaMUKK (MIPUHIMIT HEOOPATUMOCTH ) HaKJIaIbIBAET
00s3aTeNbHOE YCIIOBHE- TaKKE MPOIIECCHl HE MOTYT MPOTEKATh CAMOIIPOU3BOJIBHO,
JUTSL MIX pealii3aiii He00X0JMMO OPraHU30BaTh UCKYCCTBEHHbBIN IPUHYIUTEIBHBIN
IPOLIECC € 3aTpaToil padOThl U3BHE UM COBEPILIEHUEM IMPOIECCa, IKBUBAIEHTHOTO
3arpate padoThl. Eciiu ncnonb30BaTh MOHSATHE IKCEPTUH, KAK YaCTH SHEPTHH,
MIOJIHOCTBIO TIPEBPATUMOM B JIpyrue ee (opMbl B 00paTUMBIX Mpolieccax, TO
ClIelyeT CKa3aThb, YTO 3aJaua OXJIaxaAeHUs 00bekTa ¢ Ty < T, HeBbINOIHNMA O€3
II0JIBOJIA SKCEPrUM U3BHE. TaKkOW UCKYCCTBEHHBIM MPOILIECC, C 3aTPATOU SKCEPTUH,
B PE3YJIbTAaTE KOTOPOTO OCYIIECTBIISIETCS MEPEHOC TEIJIa OT HU3KOTEMIIEPATYPHOTO
00BbEKTa K OKpyXarolien cpene, HazbiBaeTcs X1 (X0I0IUIbHBIM IIUKIIOM).
Kommuieke MamyH 1 annapaToB, C HOMOILBI KOTOPBIX PEATU3YETCS XOJIOAUIbH I
LMKJI Ha3bIBA€TCS XOJIOAUIbHONW MAIIMHOW; BEMIECTBO, HIUPKYIUPYIOIIEE B LIUKJIE, -
pabounM TEJIOM WIH XOJOAMWIbHBIM areHToM. KonnuecTBo Temia, 0oTBOAMMOE OT
00BEKTa OXJIAXK/ICHUS B €JMHUILY BPEMEHH, WM KOJIMYECTBO X0JI0/1a, TIOJJBOIUMOE
K 00BEKTY B €IMHUILY BPEMEHH, Ha3bIBACTCS X01000npou3zeooumebHocmoio Qx
/kBT/ , My — MaccoBslii pacxo]l paboyero Tena X0JI0JWIbHON MallluHBL;

X

Q
qx:; [kJ>x/ KT] — yenbHast X010 10TPOU3BOIUTECIIBHOCTD.

[IpeacraBum oOIIYIO0 CXEMY XOJOAUIBHOTO YCTPOMCTBA U YKAKEM
SHEPreTUYECKUE TTOTOKH.
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NI SR RO LD

Puc 1. Cxema X0JIOAMIBHOIO YCTPOMUCTBA C YKA3aHUEM DHEPreTHUYECKUX MTOTOKOB.
Tep— TeMIEpaTypa okpyxarolien cpeipl;
Tx— Temneparypa oxJiaxxaaeMoro o0beKTa;

Qx — KOJIMYCCTBO TCIlJ1a, OTBOAUMOC OT 00BEKTa OXJTaXKACHUA pa60‘II/IM TCJIIOM
XOJ'IOIIPIJ'II)HOﬁ MalllMHBI,

Qcp— KOJIMUECTBO TEIJIOTHI, IEPEAABAEMOE OT OXJIaKIAEMOT0 00BEKTa K
OKpYXalollen cpejie;

Wy — pabota, 3aTpaueHHass XM Ha mepeHoc TeIuia OT 00BEKTa OXJIAXKIACHUS K
OKPY’KAIOIIEH Cpee.

TepmonnHaAMUYECKHE OCHOBBI IMOJTYYCHHS X002 B UeaJIbHOM 00pAaTHOM IIHKJIE.

[IepBoe HauanO TEPMOAMHAMUKY MO3BOJISET MOJIYYUTh YPABHEHUE
SHEPIreTUYECKOro 0ajgaHca XOJIOAUIbHON MAlIUHBI.

J1J1st aIeMEeHTapHOTO y4acTKa IMpoIiecca U3MEHEHHUS COCTOSIHUS paboyero Tena B
ITUKJIE:

6Q = dh + 6W, (4.1)
['me h — sHTanemus padbodero tena,
Wy — BHemHss1 paboTa.

Nuterpupys ypaBHeHue (2.1) mo 3aMKHYTOMY KOHTYPY U UCIOJIb3Ys CBOMCTBO
SHTAJBIUU KaK QYHKIIMHU COCTOSIHUS, TIOJTy4aeM:

$6Q =¢ dh +  SW, (4.2)
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Tax, xak $ 6Q = Qp—0Qx W ¢ SW, = W

W11 — pabora nukia, iMeeM ypaBHEHHUE SHEPIeTUYECKOro 0anaHca XOJIOAUIbHON
MAalIUHBI 7151 yI€IbHBIX TOTOKOB:

QCp = Qx +Wn (4.3)
¥ TMOTOKOB B €JMHHUILY BpeMeHH (2-3) Qcp =Q, + Wn
rae WxM = mW, — MOIIHOCTb, MOTpeb/IieMas X0J0AUIbHON MallluHOU.

Bropoe Hayano TepMoguHAMUKH TIO3BOJISIET OMPEAEIUTh MUHUMAIIbHYIO paboTy
XOJOJUIBHOTO YCTPOCTBA U CHOPMYIUPOBATH OCHOBHOM TEPMOAMHAMUYECKUIN
KpUTEpUI MPUTOTHOCTH BellecTBa Kak padoyero tena. Ecnu paccmaTpuBaTh

CUCTCMY TpPEX BSaHMOﬂCﬁCTByIOMHX TCI:. OXJIAXKIA€CMOTI'O O6’BCKTa, pa60qero TCJIAa,

Opr)KaIOIIIeﬁ CpCAbl KaK U30JIMPOBAHHYIO CUCTEMY, TO IJIA JIF000T0
TCPMOJANMHAMHNYICCKOI'O IUKJIda UMCCM:

¢ dStac =0 (4.4)

Jlanee, UCTIONB3ysl CBOMCTBO SHTPOIHH pabovero Tena Kak (GYHKIIUU COCTOSTHHS
) dsyr = 0, nosy4um:

$ dStac = A4S, + A4Sy +$ dsy,r =0 (4.5)
Ascp + 45, 20
CuuTas TEII0EMKOCTb OKPYKAIOIIEN CPEIbl OECKOHEUHO OOMBIION (Cpoe = ),

[Tpumem T,=CONSt, Toraa HEPAaBEHCTBO MOXKET OBITH 3aIIMCAHO B BUJIE:
ASep + ASy = %+ As, =0 (4.6)
Otkyna umeem:
W(-45)Tep — Qs (4.7)
OnrtumainbHasi padoTa, COOTBETCTBYIONIASL YCIOBUIO OOPATUMOCTH IIMKIIA, paBHA!
Wi min=Tep(-45x)-Qx (4.8)

HecnoxHo 3aMeTHTh, conoctanisis BeipaxeHus (2.2) u (2.8), 9to Tep(-4Sx)=Qcp,
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T.e. Teruly OTIaHHOMY OKpYXKaroliei cpeae B oOpatuMoM 1ukie. B npocteiiem

Tep—Tx

Cllydae TEpMOCTATUPOBAHUS Tx=CONSt ASy=— % , tMeeM Wy min=Qx

X Tx
Wy min:Qx(%'l) (49)

Ananuzupys Beipakenue (2.9), Bunum, uto sxceprust xonoaa Ex(Qx)
KOJMUYCCTBEHHO PaBHA SKCEPTUH TEIIa M MIPOTHBOIOJIOKHA MO 3HAKY.

T, o
Ex(Qx)= Qx(f—l) ; TJI€ DKCEPTeTUYCCKUN MTOTSHITUAN X0JI0Ia ONPEACIIICTCS 110
X

cieayoiiemMy cooTHoreHuto (2.10)
Tox = TTL:-l (4.10)

[IpencraBum auarpaMMbl 0OPaTUMOTO (XOJOHIBHOTO) KA, COCTOSIIETO U3
JIBYX U30TEPMUYCCKUX H JIBYX U303HTPOITHBIX MIPOIIecCOB. Tako# UK
COOTBETCTBYET PEIKUMY TEPMOCTATHPOBAHUS TEXHOJIOTHIECKOTO 00BEKTA
Tx=const, a takue T¢p= const. Chopmynupyem ycioBue 00paTUMOCTH
XOJIOJWIIBHOTO TMKIIa. B Hanbosee o01meM Bue Ha OCHOBAaHWU BTOPOTO Havasa
TEPMOJMHAMUYECKU NTMEEM:

¢ dSyrc=0mm Y™, A Si=0, (4.11)

T.e. UKk 00paTUM, €CIIM BCE COCTABIISAIOIINE €0 MPOIECChl 00paTUMBI — 3TO
3HAYUT, YTO B KaXJOM IPOIECCE CYMMAPHOE U3MEHEHUE SHTPOIUU BCEX TeET,
Y4acTBYIOIIHUX B SHEProOOMEHE, paBHO HYJIIO.

s & L

Tep— 3 < 2

Tx —

S Vi i
> 3
S_‘:Sé Sf‘—‘&iS ‘({/k

* kmoab K

Jlnst aquabaTHBIX MPOIECCOB cxaTus 1-2 u pacmupenus 3-4 pabouero Tena,
YCJIOBUSI 00OpaTUMOCTH CBOASITCSA K OTCYTCTBUIO TPEHHUS,T.C.
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6Q =TdS =0; S =const

[Iponeccam TemoodmMeHa pabouero Teia ¢ OKpyxatoieit cpenoit 2-3 u
OXJIAXKJIAIOIIKUM 00beKTOM 4-1 B 001IEM Cilydae MOTYT OBITh MPOILECCHI cxKaTus 1-2
U pacIImpeHus paboyero Tena C MoABOIOM UM OTBOJIOM Teria. Y CIIOBHE
OTCYTCTBHS TPEHHsI ocTaeTcs B cuiie. Kpome Toro, He06X0auMo 00eCeYnTh
00paTUMOCTh TETIO0OOMEHA.

Jlnst mpotieccoB 2-3 u 4-1 ycinoBust 00paTUMOCTH TEIIOOOMEHA MOXKET OBbITh
3aMKrcaHo B BUJIE:

89 _ 2% _ (4 — 12a)
Tcp Tpr
) 5
O _ Q"=0 (4 — 126)
Tpr T

Otcrona ycnoBue oOpatumocTu TermmoooMena: Tpr=T¢p+dT npu 6T = 0
Tor=Tx- 6T npu 6T = 0

[Tockonbky pabora Tperus § Wy, B peasibHOM cpefie paBHA HYJIIO IPH OTCYTCTBUU B
Heil TpaiueHToB AaBieHus, To yciaoBue &W. =0, MOXKHO MPeCTaBUTh B opMe
6p = 0,unu grad P = 0.

Taxum oOpazom, MpoIecchl XOJ0AMIBHOTO ITUKIIA OYAyT 0OpPATUMBI, €CIIH
JBYOKYIIHE CHITBI ATUX MPOIIECCOB OYAYT OCCKOHEYHO MAJIbI;

0T =0, 6P=>0(grad T = 0, grad P = 0) (4.13)

O4eBuAHO, TAaKKUE MPOIIECCH OYYT MPOTEKATh OECKOHEYHO MEIJICHHOU HE MOTYT
OBITH peaTn30BaHbl B ACHCTBUTEIIBHOCTH TEXHHYECKOM yCcTporicTBe. [ToHsTHE
00paTUMOTro IHKJIA 1aeT MPEACTaBICHUE 00 UACATHEHOM XOJI0UIFHOM
yCTPOMCTBE, 00JIaAAI0NINM HAWTYYIIIUMHA SHEPTETUUECKUMH XapaKTePUCTUKAMH, U
CIIy’KUT 3TAaJOHOM CPaBHEHHS,ITO3BOJISIONIEE OLIEHUTD CTENIEHb SJHEPTE€TUYECKOT O
COBEPIIIEHCTBA PEATBHBIX XOJOAMIBHBIX MaITiH. JIt000e X0 auIpHOoe
YCTPOMCTBO, SIBISIETCS] YaCTHBIM CIIydaeM TepMOTpaHchopMaTopa SHEPTHH,
peoOpa3yroIIero NOTeHIHAN (TEMIIepaTypy) TeIuia. JHepreTHIecKas

3¢ PeKTUBHOCTH onpeensieTcss KO3 HUIMEHTOM TPeoOpa3oBaHus Ex, PABHBIM
OTHOILIEHUIO SHEPTEeTUYECKUX MTOTOKOB, XapaKTepU3yIOUIUX M0JIe3HbIN d3hPeKT u
3aTpaThl.
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JUJ1st XOJIOAMIIBHBIX MAIlIUH, MOTPEOISIONIUX SHEPTHIO B (hopme padoThl,
ko3¢ puLreHT npeoOpa3oBaHus NPUHATO HA3bIBATH XOJIOANIbHBIM
KOA(pULIMEHTOM &y

O _ ax
ey = G (4.14)

I[JIS[ O6paTI/IMBIX OUKJIOB Ex UMECT MaKCHUMAJIbBHOC 3HAYCHUC:

Adx

Ex— =/
Wx min

Ucnonw3ys Beipakenue (2-9) mjis o6paTUMOTO 1UKIIA, UMEEM:

Tx
Tep — Ty

(4.15)

Huddepenuupys ypaBaenue (4.14) no Ty nmpu Te,=const, 3arem no T, ipu
Ty=const, nonyunm (4.15):

&, T, (aex

T,
T, =——>—— —) T, =——2—  (4.16)
Tep ' (T6p - Tx)z OT,/ ™ (TCP — Tx)2

N3 ananu3za cootHomeHus (4.15) cinenyer, yTo HanbOOBINIEE BIUSHUE HA padOTy U
HHEPreTUYECKOE COBEPIICHCTBO IMKJIA ( SHEpreTuueckyro 3 pexkTuBHOCTD). [k
OKa3bIBAaET U3MEHEHHUE TeMIepaTyphl osrydeHus xonoaa Ty . Hanbonee
CYIIIECTBEHHOE BO3pacTaHUE 3aTpaT padOThl (WIIM SKCEPTUuu) MPU MOTyUYEeHUU
X0JI0/1a B KpUuoreHHou oosactu mipu Tx= 0 ; Whinx== ©; &, = 0, 0TCIOn1a
clielyeT MPUHIUINAATbHAS HEJOCTHKUMOCTh a0COIIOTHOTO HYJIS TEMIIEPATYpP.
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