H. 1. BEJIOKOHb

OCHOBHDIE IIPUHLHIIBI
TEPMO/HHAMHKH

N3OATENBCTBO «HEAPA»

MOCKBA. 1968



YOK. 536. 7. 004

OCHOBHbIE NPUHLUNbI TEPMOANHAMUKMN.
benokoHs H. N. N3paTenbcteo «Heapa»,1968.Ctpl110.

B KHWUre KpaTKO U3/10’KEeHbl OCHOBHbIE NPUHLMIMbI TEPMOANHAMUKU.
OHa ABAAeTCA KPaTKMM KypPCOM NEKLMI aBTOPA B BbICLUMX YYEOHbIX
3aBefeHMAX U HAay4yHO-UCCNea0BaTe/IbCKUX MHCTUTYTAX U
npefHasHayeHa A4 UCNONb30BaHUA B KauecTse y4ebHoro
nocobus B By3ax HEIHEPreTUYECKOro Npodus, a TaKkKe ana
HaY4YHbIX PaBOTHUKOB B CBA3W C YEM B JIEKUMAX OMNYLLEH NPUKNALHON
pasgen, oTHocALWMICA K 0630y 0BLLLENPUHATBIX MPAKTUYECKUX
LMKNOB TENAO0BbIX MaLUWH.

Ha ocHoBe gorosopeHHocTH agTopa ¢ HTO mn By3amu KHura
npeaHa3HavYaeTca TaKXKe 419 3a04HOro 0by4YeHns 1 KypcoB
NOBbIWEHUS KBAaINPUKALUM UHKEHEPOB, B CBA3W C YEM TEKCT
KHUIM HaneyaTaH AByMsA WpUOTamMu: KPynHbIM WprdTom - AnA
npenBapuTeNbHOIr0 O3HAKOMJ/IEHWUSA, MEJIKUM - KaK maTepuan
3aKN0YUTEIbHOW NPOPABOTKM B COOTBETCTBMM C PACLUMPEHHOM
nporpammon. NMpumepsbl , NpuBeAEHHbIE B KHUTE, MPEUMYLLLECTBEHHO
CBA3aHbl C MpoLeccamu TpaHcnopTa HedTH m rasa.
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NPEANCNOBUE

OCHOBY K/lacCUY€ECKOM TEPMOANHAMMUKM COCTABNIAIOT ee NepBOe M BTOPOE Havana,
nepBUYHbIE MAaTEMATUUYECKME BbiParKeHUA KOTopbIX Oblin NonydeHsbl B cepegmHe XIX ctonetums.
TepmogmHammKka popmmpoBanachb CHavana Kak y4eHMe 0 NPOCTENLLNX NPEeBPaLLEHMAX SHEPTUM,
rnaBHbiMm 06pPa3oMm KaK yyeHue o npesBpaleHnn Tenia B paboty. OCHOBHbIMW NOHATUSMMU
TepMOANHAMMUYECKON TEOPUN NpeBpaLLeHma Tenna B paboTy SBAAIOTCA NOHATUS BHeELWHeN paboTbl
(paboTa, nepesaHHas Tenam BHELWHEN CUCTEMbI) U BHELUHEro TenaoobmeHa (Tensio, NonyyYeHHoe
OT BHELUHMX UCTOYHMKOB); B CBA3M C 3TUM KJlaCCMYECKasas TEPMOANHAMMKa NpMobpena xapakrep
TEepMOAVHAMMKKN BHELWHMX banaHcoB. B ganbHenwem chepa BAUAHUS TEPMOANHAMUKN
pacwmpseTca, Npexkae Bcero B BONpocax o puanyeckom COCTOAHUM BELLECTBA, B PAa3BUTUN YHEHUA
0 TEPMOANHAMUNYECKNX PABHOBECUAX U T.M., OAHAKO M B HACTOALLLEE BPEMA ONpeaeatowmnm
NPM3HAKOM KNacCUYECKOM TEPMOANHAMUKN ABASIETCSA CUCTEMA BHELLIHUX 6a1aHCOB, YTO NPMBOAUT
K CYLLEeCTBEHHbIM OrpaHUUYEHUAM: aHAIMTUYECKNE PABEHCTBA KNaCCUYECKON TEPMOANHAMUKM
(ypaBHeHMs CBA3N KOOPAMHAT COCTOAHWUSA) AENCTBUTENbHbI NLLIb AN 06PaTUMbIX MPOLLECCOB.

Bce peanbHble npoueccsl, Habagaemoble B Nnpupoae, HeobpaTuMbl, YTO 0OYCN0BAEHO
CYLLECTBOBAaHMEM «BHYTPEHHEro TensioobmeHa» — nepegayeint TepMoOAUHAMUYECKON cucTeMe
(pabouemy Teny) Tenna, BO3HUKAlOLWENO B pe3ysibTaTe HeobpaTUMbIX NpeBpaLLeHN paboTbl
(TpeHwue, anekTpoHarpes, Anddy3MOHHbIE NPOLLECCHI M T.M.), @ TaKXKe B pe3yabTaTe NPAMOro
TeNN006MeHa MeXKay 31eMeHTaMN HePaBHOBECHbIX cMcTemM. HeobXoAMMOCTb BKAKOYEHUA
BHYTPEHHero Tenn1006meHa B COCTaB OCHOBHbIX 3/IEMEHTOB 3HepreTuyeckoro 6anaHca
TEPMOAMHAMUYECKUX CUCTEM CTAHOBUTCA OYEBUAHOM yKe B CTaAnN GOPMMPOBAHMA OCHOBHbIX
NMOHATUIM TEPMOANHAMUKU: HANPUMEP, B ONpeaeneHnM TENN0EMKOCTU TeNa, Kak BeINUYMHbI
OTHOLLEHMA KONIMYECTBA TeMN/a K USMEHEHUIO TeMNepaTypbl, A0/IKEH ObITb NPeAyCMOTPEH NO/HbIN
TEeNN006MEH Tesla Kak CyMMa BHELLHEro U BHYTPeHHero TensioobmeHa.

B cBsi3M € 3TMM, a TaKKe B COOTBETCTBUM C HAa3pPEBLUMMM 3a4a4aMMN PA3BUTMA COBPEMEHHOM
beHoOMeHON0rMYeckomn TepMogMHAMUKKM (B YaCTHOCTU, TEPMOAMHAMUKM OTPULATENbHbIX
abCcotoTHbIX TeMnepaTyp) BO3HUKNA HEOBXOAMMOCTb AOMNONHEHUA U NPUBELEHMA B CTPOTYIO
CUCTEMY UCXOAHbIX MOCTY/IaTOB U MaTeMaTUYECKMUX NOCTPOEHNIM OCHOBHbIX NMPUHLMMOB
TEPMOAMHAMUKIN, BKNOYAA aHA/IUTUYECKOE ONMCAHUE He TOIbKO 06paTUMbIX, HO U peasibHbIX
TEPMOAMHAMUYECKMX NPOLLECCOB. B COOTBETCTBMM C 3TUMM 33434aMM aBTOPOM NpeasioxKeHa
CUCTEMA COOTHOLLIEHUIN TEPMOCTAaTUKN — TEPMOANHAMUKN paboyero Tena («TepmoanHammka,
locaHepromnspat, 1954) ; BBeAeHbl NOHATMA BHYTPEHHEro TensoobmeHa, NoTeHUMaAbHOM PaboThbl
NMOTOKa U T. N.; pa3aeneHbl NOHATUA BO3HMKHOBEHMA U pacnpeaeneHuns paboTbl; BbiparkeHua
nepBoOro Hayana TEPMOAMHAMMKM NO BHELWHeMy 6afiaHCy AONOHEHbI BbIPAa*KEHUAMKU NEePBOro
Havyana TepMogMHaMUKK No BanaHcy paboyero Tena (NepBoe HaYaI0 TEPMOCTATUKK); U3/TOXKEHME
OCHOBHbIX NPUHUMNOB TEPMOAMHAMMUKM AONOAHEHO NOCTYNATOM M MAaTEMATUYECKMM BblparKeHnem
BTOPOro Haya/sla TePMOCTAaTUKU U T. M.

KpaTkuit Kypc nekunin « OCHOBHbIe NPUHLUMNbI TEPMOANHAMMUKM» BKAIOYAET pa3aenbl,
NoCBALLEHHbIE NCCIeA0BAHUIO peasibHbIX TEPMOANHAMMUYECKMX NPOLLECCOB, B CBA3WN C YEM B OCHOBY
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3TOro Kypca NosiIo’KeHa BblleynomsaHyTas paboTa aBTopa («TepmognHamumKar, FocaHepromsaar,
1954).

H. besioKoHb



§ 1. COOAEPXXAHUE U METOA4 TEPMOAUHAMWKU

TepmogMHaMmmMKa — HayKa, M3yvatow,as pasHoobpasHble ABNEHMA NPUPOAbI B CBETE
cneayrowmx OCHOBHbIX MPUHLMUMNOB:

rnepsoe Ha4as0 MepmMoOUHAMUKU — NMPUHLUN COXPAHEHMA N SKBMBANIEHTHOCTH
npeBpaLLEHUI SIHEPrUu;

8mMopoe Ha4yas0 MepMocCmamuKu — MPUHLMN CYLLEeCTBOBAHNA abCONOTHOM TemnepaTypbl
W SHTPONMUK KaK PYHKLMI CyLLeCTBOBAHMA TEPMOLMHAMUYECKUX CUCTEM;

8mopoe Ha4yasa0 MepMoOUHAMUKU — NPUHLMN BO3PACTaHMA SHTPONUN N30IMPOBAHHbIX
cUCTEM M HeobpPaTUMOCTM BHYTPEHHErO Tenn100bmeHa.

MaTemaTnyeckne BbipaxKeHUsa NepBOro Havyana TepMOANHAMUKN U BTOPOro Havana
TEPMOCTATUKN GOPMYNINPYIOTCA KaK PaBEHCTBA U NPUBOAAT K MHOFOYMCAEHHbBIM
anoddepeHunanbHbIM COOTHOLWEHUAM TEPMOANHAMMKM, XapaKTEPU3YIOLLMM CBOMCTBA BELLECTBA;
MaTeMaTMYeCKMe BblParKeHMA BTOPOro Havyana TepMOANHAMUKMN ONA PeasibHbIX NPOLLeCCOB BCeraa
bopMyNNPYIOTCA KaK HEPABEHCTBA M UCMOJIb3YIOTCA FaBHbIM 06pa3om B MCCNeA0BaHUAX
paBHOBECUA TEPMOANHAMUYECKUX CUCTEM M B ONPELENEHNAX HAaNPaBAEHUA TeYeHUA GU3NYECKMX
NPOLECCOB, XMMUYECKUX PEAKLIUIA U T. M.

MemoO mepmMOOUHAMUKU 3aKNHOYAETCA B CTPOTOM MaTeMaTUYECKOM Pa3BUTUM NOCTYNaTOB
TEPMOAMHAMMKN — UCXOAHbIX aKCMOM, ABAstoWMXCcA 060bweHnem obLyeyenoBe4ecKkoro onbiTa
NMO3HaHWA NPUPOAbI U AONYCKAOWMX NPAMYIO OMbITHYIO NPOBEPKY BO BCEX 06NACTAX
ecTecTBO3HaHMA (peHOMEeHO0rMYEeCKan TEPMOANHAMMKA).

Mepsobili nocmyaam TepMOLUHAMUKN, ABAAIOLLMINCA OCHOBAHMEM NPUHLMMA COXPAHEHUA
3Hepruu (NepBoro Ha4yana TePMOAMHAMUKN): «IHepaus u30aupo8aHHOU cucmemMsi Npu 8cex
U3MeHeHUAX amol cucmembl COXpaHAemM MNOCMOAHHYIO 8eauquHy». OTclo4a, B YaCTHOCTH, cnepyet
BbIBOZ, YTO HEBO3MOHO NMOCTPOUTb NEPUOLMUYECKM AENCTBYIOLLYIO MALWNHY — BEYHbIV ABUraTeNb,
KOTOPbIN B COCTOAHUN NPOM3BOAUTL PaboTy 6e3 3aMMCTBOBaHMA SHEPTUMN U3BHE (MPUHLMNM
nckatoveHHoro Perpetuum mobile nepsoro poaa).

Bmopoli nocmynam TepmMoANHaMMUKK, ABNAIOWMIACA OCHOBAHWEM NPUHLMNA
CYLLEeCTBOBAHMA abCOMOTHOM TeMMepaTypbl U SHTPONUM (BTOPOro HaYaa TEPMOCTATUKM):
«Temnepamypa ecmb eOUHCMBEHHAA (hYHKYUA COCMOAHUSA, Onpedenarou,asa HanpasaeHue
Camornpou380/6H020 mersn006MeHa, T.e. MeXAy TeNaMN U 3/1eMEHTAMM TeJl, He HAaXOAALLMMUCA B
TENN0BOM PaBHOBECUMW, HEBO3MOXKEH OAHOBPEMEHHbIV CAMONPOU3BO/bHBIN (N0 HBanaHcy)
nepexog, Tensia B NPOTUBOMONOKHbIX HanpaB/ieHUAX — OT Ten bonee HarpeTbiX K Teslam MmeHee
HarpeTbim 1 06paTHOY». BaxHenwnm cneacTeMem BTOPOro NOCTyaTa ABNAETCA cnegyouee
yTBepaeHune: «Hego3mMoxHo 00HospeMeHHOE (B paMKax OAHOM U TOM e NPOCTPAHCTBEHHO-
BPEMEHHOM CUCTEMbI MONOXKUTENbHbBIX N OTPULATENIbHBIX aBCONOTHBIX TeMNepaTyp)
ocywecmesneHue nosHbIx npespauwjeHuli mernaa 8 pabomy u pabomel 8 menao». Bropow noctynat
ABNIAETCA YACTHbIM BblpaXeHMeM NPUHLMNA NPUYNUHHON CBA3U M OAHO3HAYHOCTM 3aKOHOB
npupoapbl. BmecTe ¢ Tem, 3STOT NOCTYNAT HE COAEPKUT HUKAKMUX YKa3aHUI 0 Habaogaemom B
npupoae HanpaBNeHUN HeObPATUMBbIX ABNIEHUI, T.e. ABNAETCA B MOIHOM Mepe CUMMeMpPUYHbIM.
Bonpoc o Tom, BO3MOXKHO i1 BoobLe nonHoe npespalieHne paboTbl B TENNO UK Tenna B paboty
B paMKax BTOPOro NocTy/s1aTa OCTAeTCA OTKPbITbIM.

Tpemudl nocmysaam TepMOANHAMUKMN, ABAAIOLLMNCA OCHOBAaHMEM NPUHLMNA BO3paCcTaHWA
SHTPOMUU U30NNPOBAHHbBIX CUCTEM M HEOBPATUMOCTU BHYTPEHHErO TeNN1006MeHa (BTOporo Havana
TEPMOAMHAMMKN), LONKEH COAEPKATb YKa3aHME O HA/IMUYNKN KaKOro-1nMbo ABNEHUA, He



AONYCKaloLWero, No BTOPOMy NoCTyaTy, NpAMoro obpalleHuns; Hanpumep, 4NA Halero Mupa,
KOTOPbIN B AaNbHenwem byaem HasbiBaTb cucmemol ¢ noaoxumensHol abcontomHou
memnepamypol, nobas GopmMynmMpoBKa TPETbEro NOCTYaTa 3KBUBAJIEHTHA C/ieAyoLLEMY
yTBEpXAeHUI0: «Paboma moxcem 6bimb HernocpedcmaeHHO U MosIHOCMbIO NpPespawieHa 8 mersao
nymem MpeHUs Unau 3/1eKmpoHazpesa.

ConocTaB/sieHMe BTOPOro M TPETbEro NOCTY/1aTOB TEPMOANHAMUKM HENOCPEACTBEHHO
NPUBOAMT K BbIBOAY O HEBO3MOMKHOCTW OCYLLLECTBNIEHMA B HAlLEM MUPE MOJIHbIX NPeBPaLLEHNN
Tenna B paboTy (NpuHUMN UCKAoYeHHoro Perpetuum mobile BToporo poaa). Knaccuueckas
TEPMOAMHAMMKA UCMONb3YET 3TOT 06 beANHEHHDbIN BbIBOZ B KAYecTBe e4MHCTBEHHOIO OCHOBAHMSA
(noctynat B. TomcoHa — M. MNnaHKa) npy NOCTPOEHNN BTOPOro Hayana Kiaccu4eckom

TEPMOANHAMUKH, KaK 06b€ﬂ,MHEHHOFO NPUHLUMNA CyLWWeCTBOBaHMA N BO3PaACTaHUU SHTPONMNN.

B ycnoBuax coBpeMEHHOro COCTOSHUA TEPMOSUHAMUKMN 0B beguHEHME NOCTYNATOB U MPUHLMNOB BTOPOrO
Hayana TePMOCTAaTUKKN M BTOPOTO Havyasa TEPMOANHAMUKM YKe HE MOXKET 6biTb ONpPaBAaHO: 80-Mepabix, BbIBOA, O
CYLLECTBOBAHUM IHTPOMNMM M abCONOTHOM TeMNeEPATYpbl Kak GYHKLMIA COCTOSHUA TEPMOANHAMMUYECKMX CUCTEM He
MMeeT HUKAKOro OTHOLIEHUA K HEOBPATUMOCTU ABNEHUIN B NpUpoae — 3TN GYHKLMM CYLLECTBYIOT HE3aBUCMMO OT TOTO,
BO3PacTaeT UK YObIBAET SIHTPONMA U30MPOBAHHbIX CUCTEM, UM SHTPOMMUA U30MPOBAHHBIX CUCTEM COXPAHAET
HEM3MEHHYIO BEJIMYMHY; 80- 8MOPbLIX, ANA NOCTPOEHUS MAaTEMATUUYECKOTO BblpaXKeHMA NPUHLMMA CyLLecTBOBAHMA
abcoNtoTHOM TemnepaTypbl M IHTPONMM (BTOPOE HaYano TEPMOCTATUKM) HEBXOAMMO U AOCTAaTOYHO OrPaHUYUTLCA
npuBJAeYEHMEM CUMMETPUYHOIO NOCTYaTa (BTOPOro), T. €. yKasaHWe O HanpaB/ieHUM Habtogaembix HE0bPaTUMBbIX
ABNEHUI (TPeTUi NocTynaT) ABAAETCA ANLIHEN NPesnoCbIIKOW, CHUXAOLLEN YPOBEHb 06LHOCTN BTOPOro Havana
TEPMOCTATUKK, U, 8-mpembux, 06begUHEHNE BTOPOro U TPEeTbero NocTynaToB (Hanpumep, B popme nocrynata B.
TomcoHa — M. MNaaHKa 0 HEBO3MOXHOCTU OCYLLECTB/IEHUS BEYHOTO ABUraTeNsi BTOPOro poaa, T.e. 0 HEBO3MOXKHOCTH
OCYLLECTB/IEHUSA NOJIHbIX NPEBPALLEHMI Tenna B paboTy, a oTCo4a U 06beauHEHME BTOPOro Hayasla TEPMOCTATUKMU U
BTOPOro Ha4yasa TEPMOANHAMUKN) HE COOTBETCTBYET COBPEMEHHOMY YPOBHIO Pa3BUTUA TEPMOLUHAMMKM; B YaCTHOCTH,
TaKkoe 06beANHEHNE NPOTUBOPEYUNUT PE3YNbTaTaM COBPEMEHHbIX UCCIeA0BAHUIA CUCTEM C OTPULLATE/IbHOM abCcoOTHOM
TEMNepaTypo, B KOTOPbIX MOXKET BbITb OCYLLECTB/IEHO MNOJIHOE NPeBpaLLeHue Tenaa B paboTy, HO HEBO3MOXKHO
ocyLLecTB/IeHNE MOJTHbIX MPEBPALLEHNI PaboTbl B TENO.

TepMOOUHAMUKQA He Ucrnosb3yem HUKAKUX 2uriome3, T. e. NPeAnooKeHUN, TpebyoLwmx nocieayoLein
ONbITHOM NPOBEPKM. B YacTHOCTU, TEPMOANHAMMKA HE MCNONb3YET HUKAKWUX TMMOTE3 U TEOPUIA O CTPOEHMM BELLeCTBa.
MnoTesbl 0 AUCKPETHOM CTPOEHMM BELLLECTBA UCMOJb3YHOTCA B CTaTUCTUUECKOWN GU3MNKeE (MONEKYNAPHO-KMHETMYECKas
TEOpPUA CTPOEHUS ra3oB U KUAKOCTeN). B TepMmoanHaMUMKe TaKoro posa NpeacTaBAeHUA MOryT 6bITb MCNO/Ib30BaHbI
JIMLWb B KAYecTBe MAIIOCTPATMBHBIX CPeACTB. PasymeeTca, OTKA3 OT MUCNO/Ib30BAHUA TMNOTE3 B TEPMOLMHAMMKE
OorpaHM4YMBaEeT BO3MOXHOCTU ee Pa3BUTUA, O4HAKO LLEHOM 3TOr0 OrpaHNYEeHMA [OCTUTAaeTCA YBEPEHHOCTb B
HaAEeKHOCTM PacYeTHbIX COOTHOLIEHMI TePMOANHAMMKMN, SKBUBANEHTHANA YBEPEHHOCTU B HAAEXKHOCTU €€ MCXOAHbIX
NOCTyNaToB. PacyeTHble COOTHOLEHMA TePMOAMHAMMKIK, Basnpyowmecs Ha TOYHbIX MaTEMATUUYECKUX BblpaXKeHUAX ee
BECbMA OBLLMX OCHOBHBIX NMPUHLUMUMOB, UCNONb3YOTCSA B Pa3/IMYHbIX OTPACAAX eCTeCTBO3HaHUA. MpUKNagHble Kypcbl
TEPMOANHAMUKN UMEIOT COOTBETCTBYIOLLME HAMMEHOBAHMUSA, HANPUMEP, MEXHUYECKAS MepMOOUHAMUKA (Teopus
TEnnoBbIX ABUraTenel, KOMNPECCOPOB M XONOAN/bHbBIX MALLMH, @ TaKXKe MHOTOYMCAEHHbIE YacTHbIe 3a4a4M
TENN03HEPTETUKN); XUMUYECKAA MepMOOUHAMUKA U COOTBETCTBYOWME pa3gesibl GU3NYECKON XMMUM (YU4eHUe o
paBHOBECWM U HaNpPaBAEHUM XMMUYECKUX PEaKLMIi, TeopUus pacTBOPOB M T. N.); dM3nyeckas nam obwas
mepmMoOUHAMUKA (y4eHUE O COCTOAHMM BeLLecTBa, Teopus Gpa3oBbIX MPEBPALLEHWNA, TEPMOAMHAMUYECKAn Teopus
MOBEPXHOCTHbIX ABJEHWUI U T. N.); B HACTOSALLEE BPeMS NOAYYatOT PasBUTME NPUNOKEHUSA TEPMOLUHAMUKM B BUOs102UU
(Teopua kneTku) u T.n. LMpoKkomy obCyRaeHUI0 NogBepratoTcs TakKe ¢punocopckme 0606WeHns, BbiTeKaoWMme 13
BTOPOro Ha4yasa TeEpMOANHAMUKM.

§2. UICXOAHbIE NOHATUA TEPMOAUHAMMWKH

NcxogHble NOHATUA, BMeCTe C U3JI0XKEeHMeEM MeTo[a TePMOANHAMUKN U NpesBapuUTe/IbHbIM
onncaHMem CBOMCTB I'IpOCTGVILLIMX TEPMOANHAMUYECKUX CUCTEM, COCTaBNIAKOT BBOAHYH 4aCTb



Kypca, NpeawecTBYOWY MW3N0KEHUIO OCHOBHbIX MNPUHLUMMNOB WM PaCYETHbIX COOTHOLIEHUIA

TEPMOANHAMUKMN.

BblgeneHune rpynnbl NOHATUI, NPeAWecTBYOWMX TEPMOANHAMMKE, ONPaBAbIBAETCA HE TO/bKO
CO0BpPAKEHNAMM COXPAHEHUA UCTOPUYECKOIN NOCNEA0BATENBHOCTM PA3BUTUA HAYKM U 06LLLEM3BECTHBIMU NMPUHLMAAMM
ANANEeKTUKM (B YaCTHOCTU, KNaccuyeckum Teancom — «lMpexae yem obcyKaaTb, LOrOBOPUMCSH O MOHATUAX»), HO U B
Hanbo/blwel mepe COOTBETCTBYET TPeHOBAHMAM NPABUABHOTO MOHUMAHWA OCHOBHbIX NPUHLMNOB TEPMOAMHAMMUKM.
Hanpumep, OCHOBHOE BblpaKeHMe NePBOro Hayana TepMoAgMHAMUKKN («I3meHeHWe BHYTPEHHeN SHEPTUN CUCTEMDI
paBHO anrebpanyeckoi cymme noABefeHHbIX M3BHE Tenna u paboTbi») HepeaKo NOHMMAETCS TaK, YTo paboTa ecTb
pe3ynbTaT No4BOAa TeMNa U U3MEHEHUS BHYTPEHHEeN aHeprun. B A4eiCTBUTENbHOCTU, Kak 06 3TOM CBUAETENbCTBYIOT
NCXOAHble MOHATUA TEPMOANHAMMKK, PaboTa BO3HMKAET NULLL B pe3y/ibTaTe U3MEHEHUA AePOPMALLUOUHBIX
KOOPAMHAT; cnefoBaTesIbHO, U3MEHEHUE BHYTPEHHEN SHEPTUM CUCTEMbI ABAAETCA PE3YNbTAaTOM BHELIHUX
BO34eicTBUIM (NnoaBog Tensa 1 paboTbl); @ HE NePBONPUYMHON BO3HUKHOBEHUA paboTbl. BmecTe c Tem onpoBepraeTca
M [OCTAaTOYHO PACNpPOCTPAHEHHOE OWNBOUYHOE YTBEPKAEHNE, UTO B HEKOTOPbLIX HEKPYTOBbIX NpoLeccax (Hanpumep, B
YCNOBUAX COXPAHEHMUA NOCTOAHHOIO 3HAYEHWA BHYTPEHHEW SHEPTUM CUCTEMbI) TEMNO NOJIHOCTLIO NPEBPALLLAeTCA B
paboty.

a. Macca; cuna; Bec

Macca (M) u cuna (F) cBA3aHbl U3BECTHbIM 3aKOHOM MEXaHWKM:

_4a — p2p Y _ p3py 49
F == (M9) = pMS = p*My (1)
1 92
M:ﬁMO;E: 1—6—2. (1a)

rae Y — CKOPOCTb T€/s1a OTHOCUTENIbHO Ha6J'IIOAaTel'IH (M3MepMTeI'IbHOI'O an6opa);
C — CKOPOCTb CBETQa,
MO — MacCcCa nNoKoA (T.e. MaccCa Tesla No onpeneneHno NSMepnTenbHOro an6opa,
NOKOALWEroCA OTHOCUTE/NIbHO paCcCMaTpmUBaemMoro Tena)

MO = lim19_>0 M. (16)

TepmuUH «Bec Tena» UMeeT ABOAKOE 3HaYeHME, COOTBETCTBYIOLLEE ABYM NPUHLMMMANBHO
pa3/InYHbIM METOAAM B3BELLMBAHUA B BaKyyme.

WcmuHHbili 8ec  Tena ecTb CMNA TAXKECTU, NPONOPLMOHANbHAA UCTUHHOMY YCKOPEHWUIO
NPUTAXEHUA B MecTe B3BELWBAHMUA (g) M onpegensemasa C MoOmMoOWbo npubopa
ANHAMOMETPUYECKOTO TUMa (NPYKUHHbIE BECbl), MOKOALWEroca OTHOCUTEIbHO PacCMaTPUBAEMOro
Tena (puc.1):

F=Myg (2)
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Puc. 1. UsmepeHune cunbl TAKECTW.

s
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Puc. 2. B3gewmnBaHMe Ha pbl4arKHbIX BeCax.

[lpyroe 3HayeHve TeEpMMHA «BEC Tesla» COOTBETCTBYET O6LLENPUHATON C APEBHUX BpEME
NPaKTMKe B3BELUMBAHUSA Ha PblYaKHbIX Becax (puc. 2). MomeHT paBHoBecuA (PaBeHCTBO
MomeHTOB Ty F; = 1, F, Bcuny 1y =1, NepexogmuT B PaBEHCTBO CUA):

Fl == Fz
FL=Mg,; F,=Mg,
g1 = 92-
OTcropa
M1 = M2 = MO

CnepoBaTenbHo, pe3ynbTaT B3BEWMBAHNA HA Pbl4Ya*XHbIX BECAX HE 3aBUCUT OT BETINYNHDI
YCKOPEHNA NPUTAXKEHNA B MYHKTE B3BEWNBAHNA N HEU3MEHHO XapaKTepuUsyet Inllb paBHOBeECHUE
MacCC NOKOA B3BEWMBAEMOro Te€/1a U 3Ta/1I0OHa (I'lel/l). OueBMAHO TaKKe, YTO B3BELUMBAHME HA

H

(a)
(6)
(8)

(3)



PbIYaXKHbIX BECAX HE UMEEeT HUYero obLLero ¢ onepaumen onpeaeneHnn Cubl TAXKECTH;
COBepLUIEHHO He 0653aTeNIbHO AarKe Ha/MuMe TATOTEHUA B NMYHKTE B3BELUMBAHUA — A0CTAaTOYHO
Wb COOBLWNTDL OAMHAKOBOE YCKOPeHUe (Hanpumep, LeHTpobexkHoe g4 = g,) CPaBHMBAEMbIM
maccam  (M; = M, = M,).

Pe3ynbTaT B3BELUMBAHMA HA PbIYAXKHbIX BECaX MOXKeT OblTb Ha3BaH CMAHOAPMHbLIM 8ECOM
Tena (B cuny g, = const — NPUHATAA KOHCTAHTA):

G = gnMo. (4)

Ha sTom ocHoBaHuMM cTaHAApTHbIN Bec Tena (G), u3mepaemblii B AMHULLAX 3TAIOHHON Macchbl
MOKOS 3TOro Te/Na, B Aa/ibHENLEM PAacCMaATPMBAETCA Kak Mepa KOJIMYecTBa BelecTsa Tena. Takoe
onpeaeneHune, Kak byaeTt NnokasaHo HUXKe (M.K), 0CBOOOXKAAET ypaBHEHUA TEPMOANHAMUKM OT
HeobXxo4MMOCTM OPUEHTUPOBATLCA Ha KaKylo-1Mbo cuctemy eanHUL, Mep U B Hanbonbluen mepe
COOTBETCTBYET WU3APEBHE MPUHATON TEPMUHOIOTUM U NPAKTUKE ONpeaeeHns KoanyecTsa
BELLEeCTBa NyTeM B3BELUMBAHMA HA PbIYaXKHbIX BECAX.

6.YaenbHbi 06bem; yaenbHbIA BeC; NNOTHOCTb

YaenbHbili 06bem (IJ) ectb 06beM eANHULbI CTAaHAAPTHOMO BECa TeNa, a YAEeNbHbIN BecC
(y) — cTaHpapTHbIN BEC eANHUUDBI 06beMa

v 1 G
U= E, Y = 5 = ; . (5)
MnoTHOCTL — Mmacca eanHunLbl obbema
M
p=tp=L. (6)

NCTUHHBIN yAeNbHbIN BEC eCTb UCTUHHBIN BEC (CMNa TAXKECTU) eaMHULbI 06bema Tena

F
YrP =, =P3- (7)
NCTUHHBIN yaenbHbIN BeC (Vr), 3aBUCALLMNIN OT YCKOPEHMA NPUTAXKEHUA B MYHKTE
B3BELUMBAHMA, He ABNAETCA, B CUY 3TOM 3aBUCUMOCTU, HU TEPMOANHAMMNYECKOM, HU CNPABOYHOM
BE/IMYNHOMN.

8. laBneHue

[aBneHune (HanpsXKeHWe) ecTb Npeaen BEANYMHbI OTHOLLIEHUSA HOPMa/IbHOM COCTaBAAOLWEN
CUAbI K NIOWAAM, HA KOTOpYIo AelcTByeT cuna (pumc. 3):

P = limy o =(g—;)n. (8)



[laBneHue cnAoWHbIX Macc (KUAKOCTKU, Napbl, rasbl) M3mepaeTca npubopamm
b6apomeTpuyeckoro Tuna (abcontotTHoe gasnerHune P) unmn npnbopamm MaHOMETPUYECKOro TUNa
(M36bITOYHOE MM MaHOMeTpUYeckoe gasneHue B, ,,); B nocneaHem caydae abcontoTHoe
[aBneHue onpeaenseTca Kak cymma maHomeTpuyeckoro gasnenus (B,,) v abcontoTHoro
AaBneHua okpyxatowein cpeapl (Py):

P = Py + Py (9)

.?________ .

Puc. 3. laBneHue.
B ypaBHeHUs TepMOAMHAMUKKN BXOAAT NnLb abcontoTHble aasneHus (P).
r. Temnepartypa

NcxopgHoe onpeaeneHne TemnepaTtypbl: TemnepaTypa ecTb e4MHCTBEHHAA GYHKLMA COCTOAHUA
Ten, onpeAenAoLLan HanpasaeHNne CaMonpPon3BOIbHOro TENN00OMEHA MeXKAY STUMU TelaMu
(sTOpPOI NOCTYIAaT TEPMOANHAMUKMN), T.€. TENa, HAXoAALIMECA B TEN/IOBOM PaBHOBECUU, UMEIOT
O4MHaAKOBYIO TeMnepaTypy B Ntoboi TemnepaTypHoi wkane (T, t, 0 ); oTcioaa cneayeT, 4To ABa
TeNa, He CONPUKACaLLMECA MeXAY COOOM, HO KarKA0e M3 KOTOPbIX HAXOAUTCA B TEMN/JIOBOM

paBHOBECUMU C TPETbUM (M3MepUTENbNbIA NPUOOP), UMEIOT OAMHAKOBYIO TEMNEPATYpPY.

TemnepaTypa U3MeEPSETCA B IMNUPUYECKUX LLIKANAX PA3IMYHBIMKU TEPMOMETPUYECKMMIU NPUHBOpamM,
Hanpumep: HUOKOCMHbIMU U 20308bIMU MepMOMempamu NOCTOAHHOro aasnenusa (P = idem), B KOTOpbIX
NPOMCXOANT U3MeHEHNe ob6bema TEPMOMETPUYECKOTO TeNa (AaTUMK — MUAKOCTb UAK ra3) Npu U3MEHEHUU
TeMnepaTypbl 3TOr0 Tea, MW ra3oBbIMU TePMOMETPaMM NocToAaHHoro obbema (V' = idem), B KOTOPbIX MpoUCXoANT
U3MEHEeHWe AaB/IeHUA rasa NpyM U3MEHEeHUN ero TeMnepaTypbl;

mepmMomMempamu conpomueaeHuUs, B KOTOPbIX NPOUCXOAMUT USMEHEHMWE SNEKTPUYECKOTO CONPOTUBIEHUS
NPOBOAHMKA (JaTUMK) NPU USMEHEHUM €r0 TEMMNEPATYPbI;

mepMo3aeKmpuYecKUMU NUPOMempamu, B KOTOPbIX ABa NPOBOAHMKA U3 Pa3/IMYHbIX MaTepunanos (AaTunkm)
06pa3yroT 3aMKHYTYIO Lienb M UMEIOT 483 CMNas, NpUYem B LLeNW BO3HMKAET 3N1EKTPOABUKYLLLAA CUNa,
NPONOPLMOHANbHAA PA3HOCTM TemnepaTyp Cnaes;

onmu4ecKuMU NUPoMempamu, B KOTOPbIX UCMONb3YyeTCA 3aBUCUMMOCTb MHTEHCMBHOCTU MOHOXPOMATUYECKOro
U3NIly4eHUn OT TeMnepaTypbl U A/IMHbI BOJHbI.

MpuBeaeHMe NoKasaHU PasINYHbIX TEPMOMETPUYECKMX NPUOOPOB K eANHOM 06 BEKTUBHOM LKane
(TepmoanHammyeckas TemnepaTypHas WKaAa) OCyLLEeCTBAAETCA HA OCHOBE anddepeHLManbHbIX ypaBHEHWUI

TEPMOANHAMUKM.

A. TepMOAMHaMMHECKOG paBHOBecCUe; paBHOBECHbIe npouecchbl, O6paTMMble npoueccbl
TepMoaUHGMU‘IeCKOG pasHoeecue aNeMeHTOB TeN1la NI CUCTEMbI T€N1 eCTb TAKOE COCTOAHUE
TENNIOBOIo, XMMMN4YECKOro U T. n. paBHOBeCMVI 91EMEHTOB Te€/1a NI CUCTEMDI, KOTOpPOE 6e3
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BHELLHEro BO34eMNCTBMA MOXET COXPaHATLCA KaK YrOAHO A0/r0; TaKMe CUCTEMbl HAa3bIBAOTCA
pPaBHOBECHbIMM.

PasHo8ecHbIM Mpoyeccom HasbiBaeTCsA HEMPEpPbIBHAA MOC/Ne40BaTe/IbHOCTb PABHOBECHbIX
COCTOAHWUM TeNa AN CUCTEMbI TEN, OCYLLECTBIAIOLLMX pacCMaTpPUBaEeMbli PaBHOBECHbIM NpoLecc.
MprmepomM PaBHOBECHOTO NPOLLECCA MOXKET CYKUTb KBAa3UCTAaTUYECKUI (NpesenbHo
3amepg/ieHHbIM) npouecc Ten1oo0bmeHa MexXay TeNaMm, HaXoAALWMMKCA B TENI0BOM PaBHOBECUM.

ObpamumbiM MPOYECCOM HA3bIBAETCA TAKOW MNPOLLECC, KOTOPbIN B YCIOBUAX
N30/IMPOBAHHOM CUCTEMDI, T. €. 6€3 BHELIHEro Bo3AencTamA, 40MNyCKaeT BOSMOXKHOCTb BO3BpaTa
3TOW CUCTEMbI U3 KOHEYHOIO COCTOSIHMA B UCXOA4HOE NyTem obpaTHOro npouecca (ycnosue
HeobxoaMmoe 1 gocTaTo4YHOoe). B 06paTMmom npouecce A0/KHbI ObITb UCKOYEHbI HeObpaTUMBbIe
asneHun (TpeHune, anddysna, HepaBHOBECHbIV TENI00OMEH U Ap.), NO3TOMY 0b6paTUMble
npoueccol caeayeT paccMaTpMBaTb Kak Hanbonee naeannsnpoBaHHbIe NPOLECCHI.

PaBHOBECHbIN M 06PATUMbII MPOLLECCHI, COCTABAAIOLWME OAHY U Ty e Noc/ien0BaTeIbHOCTb
PaBHOBECHbIX COCTOAHWUM, B Aa/IbHEMLWEM Ha3blBAOTCA KOHPuU2ypamusHeimu. Ipadunyeckue
n306pakeHna TakKMX NPOLECCOB TOXKAECTBEHHbI, HO NPU 3TOM BHeLHWE 3PPEKTbI NPOLLECCOB
(paboTa, TennoobmeH) 6yayT pasnMUHbI, TaK Kak B peasibHOM PaBHOBECHOM NPOLECCE, B OTIMYNE
oT 06paTUMOro, HensbexHbl HeobpaTuMmble ABNeHUA (TpeHne, auddy3nA, HepaBHOBECHbIM
TenN0obMeH M T. N.). B AanbHeNWmnx nccnegoBaHUAX TEPMOANHAMUYECKMX MPOLLECCOB U
COCTOSIHUI TEPMOLMUHAMUYECKUX CUCTEM OCHOBHbIMM NMOHATUAMM ABNAIOTCA NOHATUA PABHOBECHOM
CUCTEMbI M PAaBHOBECHOTO npoLecca. Bo Bcex cnyyanx, Koraa ocobeHHOCTU COCTOAHUM
TEPMOAMHAMMUYECKUX CUCTEM U XapaKTep TeYEHUA peanbHbIX TEPMOAMHAMUYECKUX MPOLLECCOB
0co60 He 06yCcNoB/EHbI, MOHATUE KCOCTOAHMEY OTOMAECTBAAETCA C MOHATUEM «PaBHOBECHOE

COCTOAHMEN, @ MOHATUE «NpoLecc» — C NOHATUEM ((paBHOBeCHbIVI npouece».

O6bIYHO UCXOAAT U3 NPEANOCbIIKM, YTO Nepexos OT O4HOIO PAaBHOBECHOIO COCTOAHMUSA K APYromy, CBA3aHHbIM
C HapyLeHMEM NPeALecTBYIOLLErO PAaBHOBECHOMO COCTOAHMA M cTabuan3aumen NocaeayoWero, BOSMOMKEH /MLLb
KBA3UCTaTUYECKM (T. e NpeaenbHO 3ameaneHHo). Hy»KHO, 04HaKo, 3aMeTUTb, YTO B PacyeTHble COOTHOLIEHUA
beHOMeHO10rMYecKkon TepMOANHAMUKM M B COCTaB COOTBETCTBYIOLLMX CPEACTB ONMCaHWUA NMPOLLECCOB 8peMA He
e8xo0um (Hanpumep, MHAMKATOPHaA AMarpaMmma B KOOPAMHATax AaBneHne — 06bem HEMNOCPEeACTBEHHO HE COAEPXKUT
YKaszaHuii 0 NPOAOMIKMTENLHOCTM M TeMMax TedeHunsn npouecca) OTclofa HenocpeacTBEHHO CedyeT, YTo ecnu
n3MepuTebHbIN NPUBoP GUKCMPYET HEKOTOPbIE 3HAYEHUA NaPaMETPOB COCTOAHWUA TEPMOANHAMMUYECKOW CUCTEMDI
(nasnexue, ob6bem, Temneparypa u T.M.), TO BNOJHE ZOMNYCTMMO paccmaTpueaTb 3TM cocToaHMsA definitio (no
onpeaeneHunio) Kak paBHOBECHbIE, a M306paXKkeHne peasbHOro NpoLecca B TEPMOAMHAMMUYECKUX KOOPAMHATAX — KakK
n3obparkeHne peanbHoro HeobpaTMMOro paBHOBECHOrO NpoLiecca.

e. TepmogmMHamun4yeckana cuctema

MpocTeiian TepMoANHAMMUYECKAA CUCTEMA, MU [IPOCMOe Mmeso, eCTb TaKaA PaBHOBECHaA
cuctema, pr3nyeckoe cocToAHUE KOTOPOK BMOJTHE ONpPeAenaeTca 3HAYEHUAMM A,BYX HE3aBUCUMbIX
nepemeHHbIX — GYHKLMI cocToAHMA nNpocToro Tena (X, y), Hanpumep 3HaYeHUAMM TemnepaTypbl
n yaenbHoro obvema (t,¥) unm gasneHuns n yaenoHoro obvema (P, 9).

BbipakeHne 3aBUCMMOCTH TPEX XapaKTEPUCTUK COCTOAHWUA npocToro Tena (x,y, z),
ABNAIOLLMXCA NONAPHO HE3ABUCMMbIMM, HA3bIBAETCA YpaBHEHWEM COCTOAHWUA 3TOrO Tea:

p(x,y,z) = 0. (10)

MpPOCTbIMM TENAMU ABNAKOTCA U30MPOrNHble mena (isos— paBHbIN, tropos — HanpasaeHue,
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B LLeJIOM — PABEHCTBO XapPaKTEePUCTUK COCTOAHMA U GU3MYECKUX CBOMCTB TENA BO BCEX €r0
TOYKaX M BO BCEX HAMPaBNEHUAX), B YACTHOCTU: rasbl, Napbl, }KUAKOCTU U MHOTWE TBEPAblE TEN],
HaxoAsALwMecs B TEPMOANHAMNYECKOM PAaBHOBECUN U HE MOABEPIKEHHbIE AENCTBUIO
NMOBEPXHOCTHOTO HATAXKEHUS, rPAaBUTALMOHHbIX U 3/TEKTPOMArHUTHbBIX CUA U XMMUYECKUX
npespalleHuii. B ganbHelwem NnpMHMMAETCA caeaytolLee onpeaeeHme Takux NpocTbiX TeN: HU B
O4HOM U3 LIOCTUXMMBIX COCTOAHUI TemnepaTtypa (t) u gasneHune (P) npocTtoro Tena He moryT
6bITb ONpeseneHbl B 3aBUCMMOCTM OT OAHOIO /ML YAaebHOro ob6bema.

BO3MOMKHbI TaKMe NpocTble TePMOAUHAMUNYECKUE CUCTEMbI, COCTOAHME KOTOPbIX ONMUCHIBAETCA HE 3HAYEHUAMM
TemnepaTypbl M yaenbHoro obvema (t, 9) uam gasneHusa u ygenoHoro obvema (P, 9), a pyrumu napamm He3aBUCUMbIX
nepemeHHbIX. K 4ncay TakmMx NpocTbiX CUCTEM NPUHAZNEXKAT naeasbHble (MaTemaTUYECKME) NNEHKN, COCTOAHUE
KOTOPbIX MO}KHO XapaKTePM30BaTb 3HAYEHUAMMN TeMNEPATYPbI U NOBEPXHOCTU NAEHKM (t, f) AWM 3HAYEHUAMM
NOBEPXHOCTHOMO HaTAXEHWUA U NOBEPXHOCTU NAeHKM (a, f) .

Boobue, Kak 3To cnepyeT us guddepeHumanbHbiX COOTHOLWEHUA TEPMOAMHAMMKM, COCTOAHME BCAKOW
paBHOBECHOM TEPMOLMHAMMUYECKOW CUCTEMbI MOYKHO XapaKTepu3oBaTb 3HAYEHUAMKN TeMNepaTypbl 1
AedopMaLMOHHbIX KoopaWHaT (t;, X;) UM 3HAYEHUAMM COMPSAKEHHbIX KOOPAMHAT TEPMOAMHAMUYECKOW paboTbl) X;,
F; (H. N. benokoHb. «TepmoauHamuka», FlocaHepronsaar, 1954).

».PaboTa

dnemeHTapHas paboTta obpaTumoro npouecca, B 06bI4HOM onpeseneHNU MexaHUKN, ecTb
npousseneHue npoekunn (F;) cunol (F) Ha BENMYMHY 3/1eMEHTAPHOTO NepemMeLLeHna TOYKK
NPUNOXKeHUA cunbl (puc. 4):

5L = Fds, (a)
F, = Fcos(F, s). (6)

PaboTa ecTb 3¢ deKT nepemeLLeHMA CUbl U BbIPAXKAETCA KaK NPoM3BeaeHne ABYX
He3aBucuMbix BennuuH (F;, ds). CnepoBaTesibHO, BbipaKeHWe 3/1eMeHTapHOM paboTbl He ABAAETCS
nonHbim anddepeHUManom U, COOTBETCTBEHHO, A/15 BblparKeHWUA 3/IeMeHTapHOM paboTbl B
OaNbHEeNLWeM Ncnonb3yeTcs 0bWwmii CMMBON 6ECKOHEYHO MasblX BEIMUYUH (J).

B npocTteiuem cnyyae anemeHTapHas paboTta CKMMaAeMbIX TeN onpeaenserca B
3aBMCMMOCTU OT BE/IMYMHDI AaBAEHUA (HAanNpsaXKeHMA) U u3MeHeHns obbema (puc. 5 n 6):

F, = Pf (8)

ds=%dV (r)

Otctoaa (a), (B), (r) pacyeTHOe BbipaxKeHUe 3nemMeHTapHOM paboTbl B 06paTMMOM npouecce
N3MEHeHN 06bema CMUMaeMoro Tena NpPu N3MeHeHU COCTOIHUA 3TOMO TeNa B 3aMKHYMoM
npocmpaHcmee:

6L = F,ds = PdV (11)
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Puc.4. dnemeHTapHaa mexaHMyecKkaa paboTa IMHEMHOro nepemeLl,eHuns.

i~

av=f-ds

Puc.5. PaboTa paclumpeHus rasa uav napa B LMAMHAPE NOPLWHEBOMW MALUUHbI.

BbipakeHune anemeHTapHoM paboTbl o6paTMMmoro npouecca ckmmaemoro Tena (11) B
3aBMCMMOCTYM OT abcontoTHoro aasnerus (P) nameHerus obvema (dV) B ganbHeiwem
Ha3bIBaeTcA mepmoouHamu4yeckoli pabomoli usmeHeHuUs obvema.

Puc. 6. Pabota pacwimnpeHnus tena (obwmit cnyyat UameHeHua obbema).

13
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Puc. 7. TepmoanHamunyeckan pabota nameHeHua obbema.

TepmoanHamudeckasa paboTta o6paTMmMoro nsmeHeHns ob6bema M3mepsaeTca BENNYUHOM
naowaamn B koopamHatax P—V (puc.7):

2 2
L1,2= fl PdV == Pm fl dV = Pm(VZ - Vl) (113)

WMHTerpanbHoe onpeaeneHne BeMYnHbI TEPMOgNMHAMMUYECKOM paboTbl (11a) BO3MOXKHO
LWL NPU HANIMYMM YPABHEHUA CBA3M MEXKAY AaBNeHMEM U 0O6BEMOM:

p(P,V) =0. (116)

YoenvHas mepmoduHamuyeckas paboma obpaTMMoro MameHeHusa obbema ectb paboTa,
OTHECEHHas K eAnHMLE CTaHAAPTHOrO Beca paboyero tena (G = idem)

sl = L6L= %PdV = PdY, (12)

Qlr

Lo = [, Pd9 = Py, [ d9 = P, (9, — 9). (12a)

NHTerpanbHoe onpegeneHme yaenbHon TepmogmMHammnyeckon paboTbl UsmeHeHUA ob6bema
(12a) BO3MOXKHO NM1LWb NPU HANUYUK YPaBHEHUA Npouecca B GopMe ypaBHEHMA CBA3U AABNEHUA
(HanpskeHuA) M yaenbHoro o6bema paboyero Tena (§5):

o(P,9) = 0. (126)

TepmoauHamumyeckan pabota n3ameHeHMA o6bema onpeaenaeTca B KOOpAMHATaX
fasneHve —obbvem (P — V') HesaBMcMMO OT cBOMCTB paboyero Tena ; Ha 3TOM OCHOBaHUU
KoopAnHaTbl P — V Ha3bIBalOTCA yHUBEPCANbHLIMU KOOPOUHAMAMU MePMOOUHAMUYECKOU
pabomesi (L); o4eBMAHO, TaKXKe, YTO KOOPAMHATLI P — 1 ABNAKOTCA YHUBEPCANbHBIMM
KOOpAMHaTaMM yaenbHON TepMmoanuHaMmuyeckon pabotbl (t) cuctem NOCTOAHHOM Macchbl
(G = idem unu M, = idem).

TepmoauHammnyeckan pabota nsmeHeHusa obvema (6L = PdV wam 6l = Pd9) ssnsetcs
eAnHcTBeHHOM dopmoli paboTbl NnpocTbix Ten (§2) 8 3amMKHymom npocmpaHcmee .
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N30bparkeHne peasbHOro npouecca M3meHeHUs obbema paboyero Tena (puc.5) moxker
paccMaTpuMBaTbCA KaK M30bpaXKeHne KoH@puU2ypamusHo20 obpamumoezo rnpoyecca, T.e.
obpaTtmoro npouecca, MMeIOLLEro To e rpadpuyeckoe n3obparkeHne, YTo U peasibHbIN NPoLEecc
(§2n. p). Otcropa cneayeT, uTo addpeKTMBHAn paboTa peasbHOro Npouecca paBHa pPasHOCTH
obpaTumoit paboTbl M3meHeHUA obbema (11) — (12) n HeobpaTUMbIx noTepb (GL**):

8L = 8L — 8L Ly, =Ly, — LY, (13)

PaboTta, noTepaHHas B HeobpaTumbix npoueccax ( L), npespalLaeTca B Tenio

BHYTpeHHero TennoobmeHa (§ 4).

B ob6Llem onpeneneHnn TepMoanHamMmMYeckon paboTbl NI0ObIX TEN U CUCTEM TeN UCNONb3YEeTCA TEPMUH
0606LweHHOM cunbl (F;) Kak MHOXKUTENS MPONOPLUOHANBHOCTU MEXAY BEIMYMHON 31eMeHTapHOoM paboTbl AaHHOTO
Buga (6L;) v cootsercteyloweit o6obweHHoM gedopmaumeit (dx;):

6Li = Fidxl-_ (14)

OedopmaumoHHas koopauHaTa (x;) u cooTseTcTBylOWan obobuweHHan cuna (F;) HasbiBatoTcA
COMPAXCEHHbIMU KOOPOUHAMAmu.
Hexkomopebie 4acmHeie — cay4au.

I. Ecnn B KavecTBe 0606LLeHHON Aedopmaunm Gurypupyet nmHenHoe nepemelerme (ds), To 0606ueHHOMN
CWJ/I0M ABNAETCA BEJIMYMHA CUAbI, AeiCTBYIOWEN No HanpasneHuto nepemettermnn (F;):

6L; = Fds, (14a)

F, = Fcos(F,s). (146)

BenMunHa mexaHU4ecKo pa60TbI MOKET BbITb TaKKe Bblpa*XeHa B 3aBUCUMOCTU OT NPOEKUUN CUJbI U
nepemelweHnA No ocam I'IpOCTpaHCTBEHHOﬁ CNCTeMbl KOoOpAuHaT (X, Y, Z):

6L; = Xdx +Ydy + Zdz. (148)

I1. Echv 0606uieHHON aedopmaumein asnsetca usmeHerHme obbema (dl/), To 0606wweHHan cuna ectb
JaB/IeHMe CNJIOLWHBIX MacC WM HaMpsiXKeHWe Npu pacTaKeHnn u ckatnv teepabix ten (P):

SL; = PdV. (14r)

I11. Echm 0606uweHHol aedopmaumeit asnsetcsa yron nosopota (d@), To 0606wweHHan cuna ectb KpyTALL Mt
momeHT  (M,,.)
SL; = *M,do (144)

3Hak gedopmauun (+d@) onpenensetca B 3aBUCUMOCTM OT cnocoba oTcyeTa yraos (¢).
IV. Ecnv 0606LweHHOM aedopmaLmeit ABAseTCA USMEHeHUe BENNYUHBI NOBEpPXHOCTU naeHkn (df), To
0606LLeHHan cnna ecTb NOBEPXHOCTHOE HaTAXeHue (0):

6L; = —adf. (14e)

V. Ecnn 06061eHHO AedopmaLmeit ABNAGTCA 31eMeHTapHaA BENMYMHA SneKTpuYeckoro 3apaga (de)  wam
KonnuecTBo anekTpuyectsa (de = Idt), To 0606LWEeHHasA cMna ecTb pasHOCTb noTeHumanos (E):

SL; = Ede (14x)
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PaboTa B eAMHMLY BpeMEHU (MOLLHOCTb):
SL; _ de

N, ==t=FEZ = EI. (143)
dt dt

B Hanbonee obuiem cnyvyae TepmogmHammyeckas paboTta obbix TeN U cUCTEM Tes onpeaenseTca Kak
cymma paboT Bcex 0606LEeHHbIX cun:
— \Vi=n — \Vi=n
oL = Zi=1 (SLE = Zi=1 Fld X (15)

AndodepeHumanbHble BbipaxkeHUa paboTsbl B 06wWwem ciydae (15) He ABAAOTCA NOAHbIMU AnddepeHLManamu,

NO3TOMY MHTErpupoBaHME BO3SMOMKHO NLLb NPU HAMYMUM YPABHEHWIA 3aBUCMMOCTM 0606WeHHbIX cnn (F;)
0606LEeHHbIX KOOPAMHAT (X;):

i= 2
L1,2 = Zi;fll fl Fidxi. (153)
p(Fx)=0; i=12,..,n (156)

BbiparkeHue apdpeKkTMBHOMN paboTbl B 06Wwem ciydae (L — noTepun paboTbl B 3pPeKTUBHOM NpoLecce,
XapaKTepuayloLue npamble NpeBpaLLeHna paboTbl B TEMNAO NyTEM TPEHUSA, dEKTPOHarpesa u T. n.):

SL* = 8L — 8L = YI="F, dx; — L™ (16)

PaboTa, noTepaHHan B HeobpaTMMbIx Npoueccax (L"), npeBpalLaeTcsa B TENN0 BHYTPEHHEro TennoobmeHa §4).
3. MoTteHumnanbHana pabora

MoTeHumManbHOM paboToi byaem HasbiBaTb PaboTy 06paTMMOro nepemeLLeHns CrioLWHbIX
Macc (KMAKOCTH, Napbl, rasbl) U3 obnactu ogHoro aasnexHus (P;) B obnactb gpyroro gasnexua (Py),
T.e. nomeHyuanoHasa paboma ecme obpamuman paboma NOMOKa, 803HUKArOW,asa nod delicmauem
pasHocmu nomeHyuanos (P; — P, #+ 0).

.>.- A l 5 "Pé ‘\‘.Q“
A =] P L\,
P !
1 l P,
|
i II o
2
W=~/ vdP
1 0] "% 1
2 =7
v AV

Puc. 8. Cnaraemble noTeHUMabHOM PaboTbl Kak paboTbl NepemelleHma BELLECTBA U3
obnactv ogHoro aasnenus (P;) B obnacTb gpyroro aasnexus (P,).

OcHOBHble 3Tanbl (CTaguu) noTeHumanbHoM paboTbl (prc.8) - HanonHeHune (L;)
pacwwupenune (L;;) v Boitankmsanue (Lyp):
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L= [*Pidv =P, [*dV = PV, (a)
2
Ly = fl pav, (6)

0 0
L= fVZPZ dv = P, sz av =— PV, (8)

MoTeHuManbHasa paboTa nepemeleHus selectsa (puc. 9) s obaact ogHOro AasaeHus
(P;) B 06bnactb apyroro gasnenusa (P,):

Wiy =Ly + Ly + Ly = PV — PVy + [ PaV = [ PdV — [ d(PV) = — [ VdP. (r)

3nerv\eHTapr|e BENTNYUNHDI I'IOTeHLIM&fleOVI pa6OTbI COOTBETCTBYIOT 6eCKOHEYHO MasbiM
M3IMEHEHNAM OaB/1EHUA oW — 31EMEHTAPHAA NOTEHUMNA/IbHAA pa60Ta ntoboro Konmyecrsa
BewecTBa, ow —3/1eMeHTAapPHaA yaesibHaA NOTeEHL A/ IbHAA pa60Ta):

SW = —VdP (17)
Sw = %SW — —9dP. (17a)
P p

/ !
7 5 o NS
W, ,= - [ VP W, ,==f vap
(] [ o N ,
- -
. Wy 4> I Wyqp< 0 ¥

Puc.9. NoteHumanbHan paboTa nepemelleHna BewecTsa M3 obnactm ogHoro gasnexus (Py)
B obnactb apyroro pasnenus (Py).

MoTeHunanbHana paboTa NONOKUTENbHA NPU NepemelleHmm paboyero BelLecTsa U3
o6nacTu Bbicwero AasneHus B 06aactb Huswero gasnexnusa (P; > P,); 3Tum obbsAcHAeTcs
nosisneHune B anddepeHumnanbHbIX BbipaxKeHUAX NoTeHUnanbHoi paboTbl (17) u (17a) 3HaKa MUHYC
(paboTa nonoxuTenbHa Npu oTpULATEIbHOM NpupaleHmm aasnenna dP < 0).

BennunHa noteHumManbHoM paboTbl onpeaensaeTca He3aBUCMMO OT CBOMCTB paboyero Tena
N U3MePAETCA BEIMYMHOMN NIOLWAAN B YHUBEPCA/IbHBIX KOOPAMHATAX TEPMOAMHAMUYECKOW PaboTbl
fasneHne— obvem (P — V unu P — 09):
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2 2
lez = _fl VdP = _me

1dP=Vm(P1_P2), (18)

Wip = —[[9dP = Oy [[ dP = 0y [ dP = 9,0(P, — P,). (18a)

Mpw BbIYUCNEHUN UHTETPASIbHOM BENMYNHBI NOTEHLUMANbHOM paboTbl (18) 1 (18a), Kak n B
C/ly4ae BblYMCNEHUA UHTEFPANIbHOMN BEIMYNHBI TEPMOLMHAMMUYECKOM PaboTbl M3MeHeHNA ob6bema
(11a) u (12a), monkHO BbITb 3a4aHO ypPaBHEHME NPOLLECCa M3MEHEHMA COCTOAHUA paboyero Tena
(116) n (126): @(P,V) = 0 — pna MHTErpanbHoro BbipaxeHusa paboTbl Nt06Oro KonnyecTea
sewectea uam @ (P,V) = 0 — ana MHTerpanbHoro BbipaXkeHns yaenabHoi paboTbl (§ 5).

MpocTeiwmne YacTHbIe cay4yam NoTeHUnanbHoM paboTbl Kak paboTbl nepemeLleHuns
CM/IOWHbIX Macc:

a) nonoxutenbHaa pabota (W, > 0) nopwHeBon MalvHbl UAK TYPOMHBI C NOHBIM
pacwupeHnem paboyero BelLecTsa (nap, ras) ot HayanbHOro gasneHuns npu snycke (P;) oo
KoHe4Horo npotusogasneHuns cpeabl (P, < P;), B KOTOPYHO OCYLLECTBAAETCA BbIX/10M
(KOoHAEeHCcATOP B MAPOBbIX ABUraTENAX C KOHAEHCALMEN Napa, HaPYKHbIA BO34yX B ABUraTensx
BHYTPEHHEro CropaHMA 1 B NApOBbIX ABUraTeNsx, paboTatowmx Ha BbIxaoN B aTmochepy, 1 T.N.);

6) otpuuatenbHan pabota (W, < 0) KOMNpPeccopos 1 HAaCOCOB, HarHeTaKLWLMX }UAKOCTH,
napsbl 1 rasbl U3 061actTn HU3WKUX gasnenuii (P, > P;);

B) NONOXNUTENbHAA TEOPETMYECKAA paboTa NCTEeUYEHMA CNIOWHbIX MaccC (FKUAKOCTM, Napbl U
rasbl) U3 061acTv BbiCLLEro AaBaeHna B 061acTb HMU3Wero gasneHua B connax (P; > P,) wan
oTpuuaTenbHasa TeopeTnyeckan pabota cxkatua B andoysopax (P, > P;)..

lMomeHyuaneHaa paboma (W ;) obpatumoro nepemelueHuna BelecTsa U3 obnactm ogHoro
fasnexua (P;) B obnactb apyroro aasnenus (P,) He 3agucum om 8uda MAWuUH U annapamos, B
KOTOPbIX OCYLLLECTBAAKTCA COOTBETCTBYOLWME 06paTMMble NPOLLECChI, (MOPLLIHEBbIE MALLMWHbI,
TypbomalumHbl, conna n anddysops! 1 Ap.). ITOT BbIBOA HENOCPEACTBEHHO CNeAyeT U3 3aKOHa
COXPaHeHWsA 3Heprun: ecnm Ha npamom obpatumom nytm (P; = P,) B annapate A nosy4yeHa
noteHumnanbHas pabota, (W,), a Ha TOM e, Ha o6paTHom, Nyt (P, — P,) B annapate B 3aTpayeHa
noteHumnanbHas pabota (Wp), To £OMKHO 6bITb NpUHATO |W,| = |Wjg| nHave cuctema annapaTos
A + B bypet npocTteiiwinm BeyHbiMm asuratenem I pogaa (Perpetuum mobile Ipoaa).

MoTeHuManbHana pabota (6W), Kak n TepmoauHammnyeckas pabota (SL), ectb cymma
abdektTnsHom pabotbl (6W™) n HeobpaTumbix noTepb paboTol (SW™):

W = —=VdP = §W* + W™, (19)

MoTeHunanbHan paboTa, NnoTepAHHasA B HeobpaTumbix npoueccax SW™ npespaluaetca B
TENN0 BHYTPeHHero TensioobmeHa (§4).

ddodeKTMBHAA TepMoAnHaAMUYecKan paboTa BelecTBa B 3aMKHYTOM NPOCTPAHCTBE
(6L* = 6L — 6L*) n adpdeKkTnBHana noteHumanbHas pabota (W™ = W — SW™)
HenocpeaCcTBEHHO NepefatoTcA Tesnam BHelwHel cuctemsl (8L;,), BKAoYas paboty degopmayuu
OoKpyxcaroweli cpedbl, U UCNONb3YIOTCA ANA USMEHEHUA SHEPTUMN BHELLHErO NOJIOKeHUA paboyero
tena (dE.,):
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SL* = 8L%, + dE,,, (20)
SW* = 8L, + dE,,. (20a)

B ycnosusax mexaHuueckux npoueccos (dE., = Mycgdcg + Mygdz) ypasHeHus
pacrnpedeneHus TepMOAUHAMUYECKON N NOTEHLMANBbHOM paboT GopMynmpyoTCA cnesyowmm
obpaszom:

2
5L = L7, + Mod (£) + Mogdz + 5L, (21)

2
SW = —VdP = 6Ly, + Mod (£) + Mogdz + 5W™, (21a)

roe  Cgp — NpuBeAeHHaA CKOPOCTb NOCTYNaTe/NIbHOr0 M BPaLLATE/NIbHOrO ABUNKEHUSA TeNa;

dz —n3meHeHue BbICOTbI LLeHTPa TAXKECTU B NoJie TATOTEHUA.

B npocTteiwem cnyyae noteHumanbHaa pabota obpalwiaeTcs Ha NOBbILWEHNE KUHETUYECKOM
3HEeprum NoCTynaTeNbHOro ABUMKEHUA U U3MEHEHME BbICOTbI LEHTPA TAXKECTU NepemeLLaemblxX
Macc (TeopeTtuyeckume npoueccobl uctedeHus: SW** =0 udL;, = 0):

~VdP = Myd (£) + Mogdz.

3ameHsaem:
V. gn
— ==V =g4,9,
M, G "
VdP
—M—O = —gnﬁdp = gn5W

CooTBeTCTBEHHO hOopMyAnpYyeTCA ypaBHEHUeE pacnpeaeneHuns (MCnoib3oBaHmA)
noTeHUMaNbHOM paboTbl B 06paTUMbIX NPOLLECCAX UCTEYEHMA CNIOLLHbIX MAcC:

Sw = —9dP = d (5) +Ldz. (22)

YpaBHeHUA pacnpeaeneHma NnoTeHuManbHom paboTol (21 a) 1 (22) moryT 6bITb NONOXKEHDI B
OCHOBY Y4Y€HUs 06 UCTEYEHUU KUAKOCTEM, NApPOB U ra3os.
YpaBHeHMWe pacnpesesieHnsa NoTeHUManbHOM paboTbl Npu uctedyeHnmn (22) TOXKAECTBEHHO U3BECTHOMY

1
HanucaHuio ypaBHeHuA bepHynan (noactaHoska g,9 = ‘%" = ;):

dp 2
-+ d (%) +gdz =0 (22a)

B pe3y/nbTaTe AefeHnn caraembix ypaBHeHUa bepHynaun (22a) Ha BEANYMHY UCTUHHOTO ycKopeHus (g)
noayunm:

dP 1 c?
—+Ed(7)+dz=0. (226)

Yp
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WCTUHHBIV yaenbHbli BecC Ten Yy, 3aBUCALLMI OT BEIMUMHBI UCTUHHOTO YCKOPEHUA B MYHKTE U3mepeHua (g),
He AB/NAETCA TePMOANHAMMNYECKOWN BEIMYMHOM, NO3TOMY MCMNOb30BaHMe ypaBHeHUs bepHynnm B popme 3akoHa
COXpaHeHUs cymmobl mpex 8bicom (226) He MOXKET BbITb PEKOMEHAOBAHO.

n.Tenno u TennoobmeH

Tenno, B 06bI4HOM CMbICNE 3TOrO CNI0BA, ECTb KO/IUYECMae0 3Hepauu, nepeaaBaemoi ot
O4HOrOo TeNa K Apyromy nytem HenocpeacTBEHHOro CONPUKOCHOBEHUSA (TENAONPOBOAHOCTH) U
N3Ny4YeHusn;

TennoobmeH (Npouecc) ecmb hopma nepedayu sHepauu OT OAHUX TEN K APYTUM NyTEM
TENNONPOBOAHOCTU U U3NYyYeHUSA (TENN0OBMEH NPU CMELLEHUN U KOHBEKTUBHbIX MepeHocax
ABNIAETCA YaCTHbIM BUAOM Nepenayn Tenna nyTem TeNN0NPoBOAHOCTH).

TennoobmeH mexay ABYMA TeNaMKn He MOXKET BbITb OCYLLECTBAEH NPU HANYUU MEXKAY
HUMM Tennousonunpyrollen (agnabaTmyeckoi) neperopoaKu U1, ecan oaHo U3 Ten obnagaet
CBOWCTBaMU TaKOM NeperopoaKu.

KonnuectBo Tenna, nonydaemoe Kakum-1mbo Tesiom, ectb 3ddeKT npouecca, 3aBUCALLNI OT
BMAa NPOLLecca, NO3TOMY 3/1IeMEHTaPHbIe KOIMYECTBA TeNia, aHa/IorMYyHO onpeaeneHnsam paboTsbl
(6L, 81,) paccmaTpuBatloTcsa Kak BECKOHEUYHO Masible BE/IMYUHDI, HE AB/AIOWMECA MOJTHbIMM
andoepeHumanammn: §Q — anemeHTapHOE KONNYECTBO TeNnaa, NoJly4YeHHOEe TEIOM U/IU CUCTEMOM
Ten; §qg — anemeHTapHOe KONIMYECTBO Tensa, OTHECEHHOE K eANHULLE CTaHAAPTHOrO Beca Tesa

(6Q = Gog).
K. Cucrembl eguHuL, mep

OcHOBOW BCeX MPUMEHAEMbIX B HAaCTOALLLee BPeMA CUCTEM eOUHUL, Mep cneayeT CHMTaTb cucTtemy
MeXaHUYecKux eanHuL, MpaKkTUYECcKN BCe CUCTEMbI MEXAaHUYECKUX e4MHUL, ABNAIOTCA CUCTEMAMM TPEX 3TAJIOHOB:
3TaNIOH IMHENHbIX eanHuL, (MeTp, GyT 1 T.N.) UK 3KBMBANEHTHOE ONpeaeneHne AJIMHbI BO/IHbI CTAHAAPTHOMO
WCTOYHMKA U3NIYYEeHUA; 3TANIOH Maccbl (Knnorpamm, GyHT U T. N.) U onpeaeneHne eauHULbI BpEMEHU — CEKYHAbI, B
npuHUMne obuee oaa Bcex cuctem (Yepes onpeaeneHne Npoao KUTENbHOCTM rof40BOro obpalleHna 3eman BOKpyr
CONHUA).

B KauecTBe CBA3YIOLWEro COOTHOLEHUSA MEXAY eANHULAMM CUAbI, MACCbl, MPOTAXEHHOCTU U BpeMEHU
NPUHATO UCMOb30BaTb COOTBETCTBYIOWMI 3aKOH AMHAMUKM T.€. ypaBHEHWUE CBA3WN CUJbl, MacCbl U YCKOpeHus. B
COOTBETCTBMMU C U3/10KEHHBIMM BbilLE COOBPAXKEHUAMM (§2, M. @), STOT 3aKOH MOKET bbITb chopmynnpoBaH
cnegyowmm obpasom:

limy_o F = My%, (23)

rae M, -- pacyeTHas macca NoKos Tena (Mepa MHepL MM NOKOALWErocs Tena).

B cBeTe paccmaTpMBaeMoro cooTHolweHuA (23) cneayeT pa3nnyath ABa BUAa CUCTEM eANHUL,

I. dusnyeckune cuctembl eanHUL, B KOTOPbIX 3TasNoH macchl (1 k2, 1 GyHT U T. N. OTOXKAECTBASETCA eauHMLEN
pacyeTHOM macchl.

K rpynne ¢pusnyecknx cuctem eamMHML, OTHOCATCA: MeXKAyHapoaHasas MeTpuUYeckan cucTema eauHuL,
Kunorpamm-meTp-cekyHga (CU), cuctema rpamm-caHTuMeTp-cekyHaa (CIC), cuctema meTp-ToHHa-cekyHaa (MTC) u T.n.
B pusmnyecknx cuctemax NnpomnsBoAHbIMU ABNAIOTCA €ANHULbI CUAbI, AaBeHUs, paboTbl U T. M.

I1. TexHUYecKue cMcTemMbl e4MHUL, B KOTOPbIX B KAYECTBe eMHULbI CU/bl MPUHUMAETCA TaKan cuia, KoTopas
coobLwaeT sTanoHHol macce (1 ke, 1 GyHT 1 T. n,) NpUHATOE CTaHAAPTHOE ycKopeHue (gs).

Hanbonee M3BeCTHOI CUCTEMOW 3TOM rpynnbl ABASETCA MeTPUYECKan TeXHUYeCcKas CMcTema KUaorpamm-
cMna-meTp-cekyHaa (KM-m-CeK MM Krc-m-cek), B KOTOPOW NPUHATO cedylollee CTaHAapTHOE YCKopeHue:
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gs = 9,80665 m/cek? (24)

B TEXHMYECKMX CUCTEMAX NPOU3BOAHbBIMU ABAAIOTCA €4MHULbI MAcChl, faBAEHUA PaboTbl U T. M.

B KauecTBe NnpenMyLLecTBEHHOMN cucTeme eauHuu, B CCCP 1 B paae 3apybekHbiX CTpaH NPUHATA
MexayHapogHasa cuctema egmuuy, (CU); ogHOBPEMEHHO LLIMPOKO NPUMEHAETCA eauHULA cunbl (K an Kec) ns
TEXHUYECKOWN CUCTEMbI E4UHULL.

Kpome mexaHW4YeCcKUX eguHuL, B TEPMOLMHAMUKE UCMOb3YHOTCA eauHULbI u3mepeHus Temnepatypbl °C, °F u
Ap.) v KonnyecTBa Tenna (KKan, bpuTaHcKas Tennosas eguHULa u 4p.); B cucteme CU eguHUUBI paboTbl U KONMYECTBa
TENJIa OTOXKAECTBNEHDI.

MpeacTaBaseTca O4EBUAHBIM, YTO HAaNMCAHME MAaTEMATUYECKUX BbIPAYKEHNIN OCHOBHbIX MPUHLMNOB U
pacyeTHbIX COOTHOLEHUIM TEPMOLUHAMMUKMN HE AO0NKHO ObITb NOAYMHEHO OCOBEHHOCTAM NOCTPOEHUA CUCTEMBI
eamHuL,. Mcxoana U3 aTux coobparkeHui, asTop npeanoxun («TepmoanHammKa. FocaHeprounsgat, 1954) metop,
0606LeHNA pacyeTHbIX COOTHOLIEHUN TEPMOANHAMUKW, OCHOBAHHbIN Ha BBEAEHUMN ABYX XapaKTepuCcTuK ntoboi
cuctembl egnumny, (gn, A). MPUHLMNUAAbHBIE MNOMOXKEHMA 3TOrO METOAA OCHOBaHbl Ha 0COBEHHOCTAX
$GEeHOMEHO0/I0rMYEeCKOro onncaHua ABAEHUN NPUPOabI.

I. Macca nokos tena M, ABNAOWAACA MEPOW MHEPLMM STOTO Tesla, MOXKeT BbITb NPpUHATA
nponopunoHanbHo Koanuyecmsy eeujecmsa (G):

MO = (25)

roe g,-- nepBana NpUHATAA XapaKTeEPUCTUKA CUCTEMbI eANHUL, ABNAIOLWAACA TaKKe XapaKTepMCTMKOﬁ
MHEPUUNOHHDbIX CBOWCTB maTepun.

CpaBHMBas UcxogHble cooTHoWweHMA (23) 1 (25), npuxogum K obuwemy onpeaeneHnto cubl:

. dd G ad
llmlg_,OF = MOE = EE (26)
nnu
. dd G G
9n = llmlg_,o E ' ;; MO = E (27)

MocnefHNMM COOTHOLIEHUAMM (27) onpeAenatoTCA Pa3sMePHOCTU NepPBO XapaKTepUCTUKK (g,) Y pacyeTHOM
Maccbl (My); pacyeTHble 3HaYeHUA NepBOW XapakTepuctnku (g,) Tabn. 1.

Tabnuya 1
MNepBasn xapakTepucTuka cucremol eaununy, (g,,)

®PyHT-OYHT cuna-dyT-cek

HavmeHoBaHue CU (SI); Ke-kl-m-cek (KGMS) (Lb-Lbf-s)
CUCTEMbI. Crc (cas)
9n 1 9,80665— - 32,174052 x 2T
cek? KI ’ cek? * ¢yHT cnna

Mpon3BoaHble eAMHMLbI NOYHaAOTCA MO NPaBUAY KOFEPEHTHOCTH, (EANHNYHBIX COOTHOLLEHUI): eaMHULA
CUNbl COOBLIAET eAnHULE pacyeTHOW Maccbl MyeAMHUYHOE YCKOPEHUEe; eauHMLLA PaboTbl paBHA NPOU3BEAEHUIO
eaVHULBI CUbl HA eANHULY ANWHDI (€AUHULY NTMHEWHOTO NepeMeLLeHns) U T. 4.

I1. Tenno v paboTa—nNpUHUMNMANBHO Pa3/INiHbIe TEPMOANHAMMYECKME BENNUYUHDI (3P PeKTbI
TEPMOANHAMMYECKMX MPOLLECCOB); eANHULA U3MEPEHMUA STUX BE/IMYMH CBA3aHA M3BECTHLIM COOTHOLLIEHUEM
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TEPMOANHAMUKN—3HAYEHMEM TEPMUYECKOTO 3KBMBaANeHTa PaboTbl (§ 4), KOTOPLIM ABNAETCA BTOPOMN XapaKTEPUCTUKOM
cuctembl eanHu, (A). TepMUUYECKUIA SKBUBANEHT, ABNAIOLIMIACA TaKKE CUMBOJIOM 3KBUBANIEHTHOCTU ripespaujeHuli
3Heprum, obbl4HO PACCMATPUBAETCS KaK NOCTOAHHAA BEIMYMHA, OAHAKO B PAMKax COBPEMEHHON TEPMOANHAMUKN STOT
BOMpOC elle TpebyeT ocoboro obeyKaeHUs.

EAMHMLbI paboTbl (HM) 1 Tenna (0x) B cucteme CU TOKAECTBEHHbI U UMEIOT O4MHAKOBbIE YCOBHbIE
0603HaueHus (Ox no FTOCT 9867 — 61), 0AHAKO, Y4YUTbIBas NPUHLMMNNABHBIE PA3INYUA STUX TEPMOANHAMUNYECKUX
BE/IMYUNH, aBTOP CYUMTAET HEOOXOAMMBIM COXPAHUTb UCXOLHOE PA3/InyMe B YCIOBHbIX 0603HaYeHUAX; HM (HbIOTOH-
MEeTp) ANA eAnHUL, PaboTbl U OX¢ (4XKOYb) ANA TENNOBbLIX €4AMHUL,

I11. B npakTWKe BCEX HAPOAOB, B NPOLIOM M B HAaCTOALLEE BPEMS, B KQUECTBE eAMHULLbI KONMYECTBa BeLLecTBa
(G) onpepensemoro nytem B3BELWMBAEMOrO Ha PblYaXKHbIX BECAX, NPUHUMACA U NPUHUMAETCA COOTBETCTBYHOLLMI
3TaNoH (Kunorpamm, GyHT U T. N.), HE3A8UCUMO OM MO20, A8AAEMCA UAU He A8/Aemca 3mom amasnoH eduHuuyel
pacyemnol maccol (M,). Ha aTom ocHoBaHMM Byaem HasbiBaTb NOA06HbIE 3TaIOHbI HE 3Ta/lOHAaMU Macchl (Mepbl
WHepLMK), a 3TaIOHaMU KOAUYeCcmaa eewecmad 1, COOTBETCTBEHHO C 3TUM, Byem BK/IOYaTb HAUMEHOBAHWA
3Ta/IOHOB B YC/I0BHble 0603HAYEeHNA CUCTEM eAUHULL (Hanpumep, Ke-KI-M-cek BMecTo KI-m-cek).

MoHATHE KOMYECTBA BELLECTBA YYKA0 MEXaHUKE U He BXOAMUT B COCTaB TEPMUHOB CUCTEM eauHUL;
Nno-BMAMMOMY, 3TO 06CTOATENLCTBO UrPAET HEMA/IOBAXKHYIO POJIb U KaNenA0CKONUYECKOM CMEHE CUCTEM eANHNL, B
TeyeHue nocnegHux gecatunetnin (Crc, k-m-cex, MTC, CU).

EanHnupl n3mepeHnAa TepMmognHammn4eCKknxX BeIM4nNH npmneseaeHbl B Tabn. 2.
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EanHULbI N3MepeHMUA OCHOBHbIX TEPMOAUHAMMUYECKUX BENTUYUH

Tabauya2

HavmeHuBaHue O603HauveHun
eanHuy, Onpeanenenus
pycckne |MexpyHapogaHble
EAMHMUA BpemeHn
CeKyHoa
1:31556925,9747 vactb Tponuyeckoro roga 1900, aHeapsa O
(nnm 1:86400 cpeaHUX CONMHEYHbIX CYTOK TPOMMYECKOro roga
365,24219878 CYTOK ceK sec
EAnHMULA ANMHBI EAvHMLA AanHbI, paBHaa 1650763,73 A/MH BOAH B
memp BaKyyMe M3/ly4YeHns, COOTBETCTBYIOLLErO NEPEXoay MexKay
ypoBHAMM 2D, U 5ds aToma kpunTtoHa 86. (Ao
BBeAeHun cuctembl CU 3a egUHNULY AMHBI NPUHUMANCA
NPOTOTMMN METPa: Hape3Has NAaTMHO-MpuaneBas mepa,
XpaHALLAAca B mexayHapogHom 6topo mep v Becos B Cespe, M m
®paHuus)
EAnHMua konmuecTsa 3TaNloH — MeXAyHapOAHbIV MPOTOTUMN KMAOTPaMMa:
Bewecrsa(G) — NAaTUHO-UPUAMEBasn rMpPA, XPaHALLAACA B MEXAYHAaPO4HOM
Kunozppamm 610po Mep M BeCcoB (eAMHMLA pacyeTHON maccbl M, B cucteme Kg
cm) Kr
TepmoauHammyeckasn Lkana KenbBWHa — TepMoOaMHaMUYecKas
TemnepatypHas TemnepaTtypHas WKana, B KOTOPOii ANA TemnepaTypbl TPOMHOW
Wkana TOYKM BO/bl YCTAHOB/IEHO 3HaueHne 273,16°K (TouHo):
T — abcontoTHas TepMoaMHaMmMYecKas Temnepatypa oK oK
(wkana KenbBuHa);
t=T-273,15 —TemnepaTtypa No CMeLLEHHOM WKane oC °C
(wkana Uenbcus)
EAMHMLA M3MepeHUs TemnepaTypbl U pasmepHOCTb
pasHocTu Temnepatyp ( AT, At): rpaz K deg K
no TepMO,ﬂ,MHaMTHECKOﬁ WwKane ) rpag C deg C
MO MPaKTUYECKON MeXAYHapOAHOW LuKane
EanHvua cunbl Cuna, KoTopas CoobLLAeT eUHULIE PACcYETHO Macchbl
(M) eannnuHoe yckoperue 1m/cek? " N
Cuctema CU ((g,, = 1): 1HbtoToH= IK2- m/cek? Wl kG
Cuctema Ke-kl- M-cek (Mnm Kre) (vnn kgf)
EAnHmua paborel (gn = 9,80665 m-kz/cek? - KI): 1 Kunorpamm cuna
MpousseaeHMe eAMHULbBI CUAbI HA e4UHNULY AAWHDI
Cuctema CU: 1 HbIOTOH-mETP H/M N/m
Cuctema Ke-KlM-m-cek: 1 KunorpammomeTp KM kGm
Tennosas eAnHnLa Cuctema CU: 1pKoynb = 1 HbOTOH-METP LK J
Cuctema Ke-kl-m-cek: 1 Kunokanopwms = 4186,8 0xc = KKa kcal
426,935 kI'm
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3. PUSNYECKOE COCTOAHMUE BELLLECTBA
a. Buabl arperaTtHoro cocroaHua

PasniMyatoT cneaytolime BUAbl arperaTHOro COCTOSIHMA NPOCTbIX TeN: TBEPAOE, KUAKOE U
rasoobpasHoe. AN TBEPAbIX TEN XapaKTePHbl PAa3NYMA CTPYKTYPHOIO CTPOEHUA — aMopdHbIe
COCTOSIHMA BbICOKOBA3KUX TEJI, B KOTOPbIX MPOLECCHI KPUCTANAN3ALMN CUIBHO 3aTPYAHEHDI
3HAUYUTE/IbHbIM BHYTPEHHUM TPEHUEM YacTUL, (CMOJIbI), U KPUCTANIZIMYECKUE CTPYKTYPbl COBCTBEHHO
TBEPAbIX TEN.

Mepexon XMMMUYECKM OAHOPOAHOTO (OAHOKOMMOHEHTHOr0) MPOCTOro Tela U3 04HOro BMAA
arperaTHoOro COCTOSIHMA B APYroe XapaKTepusyeTca AnarpamMmoi arperaTHbIX COCTOAHUA —
dazoBon anarpammoin (puc. 10).

Mepexop Tena us xugkoro cocroaHus (I1) 8 rasoobpasHoe (nap I11) npn nocToaHHOWM
TemnepaType NpoTeKaeT ¢ COObLLEeHNEM TeNa U Ha3bIBAaETCA NPOLECCOM ucrnapeHus (Kunenus);
obpaTHbIV npouecc npespaleHua napa (111) 8 »xmakoctb (I1), npoTeKaowmin c OTbEMOM TOTO e
KO/IMYecTBa TeNNa, Ha3blBaeTcA KoHOeHcayuel.

Mepexopn, BewecTBa n3 TBepgoro coctoaHua (1) B xkuakoe (I1) Ha3biBaeTcA naasneHuem
(06bpaTHbIN Npouecc— 3aTBepaeBaHne). TOUKA NepeceyeHns TMHUN UCMAPEHUA U NNABNEHUA B
KoopAMHaTax AaBneHne — Temnepatypa (Touyka A Ha puc. 10) HasbiBaeTcs mpoliHol moykol ;
[AaBneHve 1 Temnepatypa 04HOKOMMNOHEHTHOrO BeLLecTBa B TPOHOM Touke (P, t4)
NPUHAANENNUT K YNCNY TEPMOAMHAMMUYECKUX KOHCTAHT 3TOrO BeLLLecTBa (HanpmMmep, TPOMHas TOYKa
BOZbl XapaKTepusyeTca cneayowmmm ganHoimu: t, = +0,01°C; P, = 4,58 mm pm. =
0,00623 kI'/cm?).

1. ras (nap)

o

1L Xudrocing

AURUA naabrenus

I Thepdoe meno

\),\A i |
P P

Puc. 10. Anarpamma ¢a3oBbiX COCTOAHUM YNCTOrO BelecTBa (0AHOKOMMNOHEHTHaA CMCTEMA).

B TpoliHOM TOYKe 6epeT Hayano AMHMA BO3rOHKKN Uan cybanmaumm (nepexon TBepaoro
BellecTsa B ras).

JInHnm dasoBbIX NpeBpaLLeHnii B KoopaMHaTax gaBneHne —Temnepatypa (puc. 10)
ABNAIOTCA M306paKeHNAMN TEPMOAMHAMUYECKOTO PaBHOBECUA 08YX(ha308biX cCUCMEM: NNHUA
ncnapeHna—paBHOBECKE Mapa U KUAKOCTU (HACBILLEHHbIW UM BNAXKHbIN Nap); AIMHUA NAaBNEHUSA
— paBHOBECKE XUAKOM U TBEPAOM da3; NMHMA cybanmaumnnm — paBHoOBecue napa (rasa) 1 Teepaon
dasbl. YpaBHeHMe Kaxaon InHuM $a3oBbix NpeBpalleHnii (¢;) xapakTepusyeT 3aBUCUMMOCTb
TemnepaTypbl paccmaTpuBaemoro $a3oBoro npespaLLeHna oT 4aBaeHna (Man HaobopoT):
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CocTtosAHMe BcaAKoM AByxda3HOM cUCTEMbI AaHHOTO BELWECTBA onpeaesiaeTca 3HaueHnem
Temnepatypsbl (t) nam gasnenua (P) v KoHUeHTpaunen ogHom u3 asyx ¢as (x); coctoaHue B
TPOMHOM ToYKe (061acTb A) XapaKTepusyeTca 3HAYEHUAMMU KOHUEHTPALUMUN ABYX ¢pa3 U3 Tpex
(xl; x2)'

TennoTbl UCNapeHUA, NNABAEHUA U CYOAMMALMM eCTb TENNOTbI N30TEPMUYECKMX
npeBpaLLeHuni, T. e. NPeBpaLLEHMI, NpoTeKatoWwux 6e3 n3meHeHMA TemnepaTypbl BELLECTBA,
No3ToMy 06bIYHO OHWM HA3bIBAKOTCA CKPbIMbIMU mernaomamu ¢pa3ossix npespaujeHull (CKpbiTble
TENNOTbl UCMAPEHUA, NNABNEHUA U CyOAMMaLMK):

1 =71(t) = (P). (29)

B cnyyae xuMmnyeckm HeoAHOPOAHON (MHOrOKOMMOHEHTHOM) CMECK PasIMYHbIX XUAKOCTEN
NPOCTPAHCTBO Hag, CBOHOOAHbIM YPOBHEM 3€PKaa ¥KUAKOCTU 3aN0/IHEHO CMECHHO MapoB BCEX
*ugkoctei. B ycnosmsax TepMoaAnNHaMUYECKOro paBHOBECUS Napbl 060N CMeCK XKUAKOCTEN
Haxo4ATCA B COCTOAHUM MOMHOTO nepemelunsaHns (amdoysHoe paBHoBecue) n obpasyroT ogHy
¢dasy—ra3oobpasHyto; KUAKOCTU-KOMMOHEHTbI MOTYT ObITb B COCTOSIHUM HEPA34,e/IMMOMN CMeCK

(ogHa ¢paza) nnu pasgeneHbl No KOMMNOHEHTaMm (1l06oe Yncno Kuakmx ¢as).

MoHATUA ¢pasbl M BUAA arperaTHOro COCTOSHUSA BELL,ECTBa, COBNaatowme AN YUCTbIX (XMMUYECKU
0AHOPOAHbIX) BELECTB, B 06LeM cydae pasnnyHbl. Pasamm cMCTEMbI Ha3biBaOTCA GU3MYECKU Pa3ANYHbIE U
MeXaHUYeCKW pa3ae/iMmble YacTu cMCTeMbl; dasbl MOTYT BbiTb pa3ae/ieHbl MOBEPXHOCTAMM COMPUKOCHOBEHUA
(Hanpumep, Boga — nea, Nnap — XUAKOCTb U T. N.). B TepMoanHaMMYECKON cucteme MoxKeT BbITb TONIbKO 0ZiHa ra3osasn
dasa (MHAMBMAYaNbHbIN ra3 UAM CMECh ra3os), Nto60e KOANYECTBO XNAKMX a3 (HecMelnBatoLIMECa KUAKOCTU) 1
Ntoboe KOAMYeCTBO MexaHMYeCKU pasaeiMmbIX TBepablX ¢as.

TBepaasn ¢pasa O4HOKOMMOHEHTHbIX MPOCTbIX Ten (Hanpumep, nes H,O0) MOXKeT UMETb pas/InyHble CTPYKTYPbI
(neq I, nep 11 v T.n.); B CBA3K C 3TUM BO3MOKHbI BTOPUYHbIE MPOLiHbIe MOYKU NPOCTbIX TE/, B KOTOPbIX COCYLLLECTBYIOT
*uakaa ¢asa n ase mogmudukaumm Teepaol dpasbl UM Tpu TBepPAbIX dasbl.

Mpw BbICOKOI TemnepaType BELLECTBO MOXET NPUOBPECTM CBOMCTBA BbICOKOMOHU3MPOBAHHOIO rasa,
3HaYMUTENbHOE KOZIMYECTBO YaCTULL KOTOPOTO SNEKTPUYECKM 3apAMKeHO (Nnams, B3PbiBbl, ra30Bble pa3paabl U T. n.).
TaKol ra3 Ha3blBaeTcA Ma3moli. B 3ToM ciydae MOMKHO MOAYy4YUTb PaboTy He TO/IbKO 3a CYET M3MEHeHMA 0bbema
(6L, = PdV), Ho v 3a cueT nepeHoca 3apaga (6L, = Ede); 310 3HauuT (§ 2, n. e), 4To NNa3ma ABNAETCA CIONKHOM
TEPMOANHAMUYECKOIN CUCTEMOM, COCTOAHNE KOTOPOM XapaKTepMU3yeTca 3HaYEHUAMM TPeX HE3aBUCUMbIX NepemMeHHbIX
(t, v, e ). Mnasma moxKeT bbITb paccMaTpUBaema Kak NpoCcToe Teso nLb B BecbMa cnabbix nonax (lim E = 0).

CnepyeTt OTMETUTb, YTO NPOCTble TeNa (MMAKOCTM, Napbl, rasbl) BO MHOTUX CAy4Yaax MOryT npuobpetaTb
CBOMCTBA C/IOXHbIX CUCTEM (Hanpumep, B COCYAaX MaslbiX Pa3MepOoB BAUSAHME NOBEPXHOCTHOIO HATAXKEHMUA NAEHKU f
MOXET COOBLINTbL OAHOKOMMNOHEHTHOM ¥UAKOCTU CBOMCTBA CNOMKHOM CUCTEMbI, COCTOAHNE KOTOPOM XapaKTepusyeTca
3HaUYEHUAMM TPEX HE3aBUCUMbIX NepemeHHbIX t, v, f). B cBA3M ¢ 3TMM, Npu ONUCaHNN TePMOANHAMMUYECKUX COCTOAHNN
XUAKOCTEN, NapoB M ra3oB Kak NPOCTbIX Te npeanonaraerca (§ 2), 4To 3TU CMCTeMbl He NoABep’KeHbl AENCTBUIO
rpasuTaLmMmn, NOBEPXHOCTHOrO HATAMKEHMA, SNEKTPOMArHUTHbIX NOen U T. f.

6. HenpepbiBHOCTb 04HO}A30BOro COCTOAHUA
OCHOBHbIM TEPMOAMHAMMYECKUM (GEHOMEHOIOTMYECKMM) NPU3HAKOM Pa3nnyumna BUAOB
arperaTHOro COCTOAIHUA BeLLEeCTBa ABAETCA HAa/IMUME SHEPreTUHECKON rpaHnLLbl Mexay dasamu:

TENN0Ta UCMAPEHUA KaK rpaHnLLa MeXay XUAKOCTbIO M ee NapoM M TeNa0Ta NAaBAEHUS KakK
rpaHnLA Mexay TBEPAbIM BELLECTBOM U }KUAKOCTbIO.
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Mo mepe NoBbIWEHUA AaBNEHUA Pa3anYMe yaenbHbIX 06beMOB M NPoUYnx GU3NYECKUX
XapPaKTePUCTUK PABHOBECHbIX 3/1EMEHTOB — KUNALWEN XKNUAKOCTMU M CYyXOro HACbILLEHHOTO Napa —
YMEHbLLAETCSA, @ BMECTe C TEM YMEHbLUAETCA U BE/IMYMHA TEMNNOTbl UCNApeHUA. B Kputmuyecko
TouKe K(KoHeyHas Touyka MHUKM ncnaperHma —Puc. 10 u 11) ncyesatoT OCHOBHbIE Pa3INyUA MEXAY
KMOKOCTBIO M ee NApOM: yae/ibHble 06BEMbI M NPOUMNE XaPAKTEPUCTUKM KUMALLEN XKUAKOCTU U
CYXOro HacbILLEHHOrO Napa paBHbl, @ CKpbITas TenaoTa ucnapeHusa obpawaerca 8 Hyab (1, = 0).

MapameTpbl KPUTUYECKOM TOUKM:

Py, — Kpumuyeckoe 0asneHue, Npu KOTOPOM U BblLe KOTOPOTO XUAKOCTb HE MOXKET BbiTb
npespalieHa B nap;

ty —Kpumu4eckaa memnepamypa, NPu KOTOPOM U Bbille KOTOPOW Map He MoXKeT bbITb
CKOHOEHCUPOBAH.

t
A
o P
1| JaKPUIMUYECKDE
1+ COCIMOAHUE |
E 2 o 2T
-ty — 1K =
,(} 1
| L
I
|
. I
i I
- § B 91
| ! |
I
|
1A

: 7

Puc. 11. 3akpuTnyeckoe cocToaHUe BeLecTBa.

3HaYeHMs KPUTUYECKUX MAapaMETPOB OAHOKOMMNOHEHTHbIX BELLECTB NPUBEAEHbI B
npunoxenun I11.

Ha ¢asoBoli gnarpamme o4HOKOMMNOHEHTHOrO BewecTsa (puc. 11) B COOTBETCTBUM C
onpeaeneHUAMU KPUTUYECKUX MapaMeTPOB HaHECEHbI 061aCTU }KNAKOCTU U Napa, Npuyem
OKa3bIBAETCA, YTO KPUTMYECKAA TOYKA ABSETCA HAa4Ya/lOM YC/IOBHbIX KOOPAMHAT HOBOW obs1acmu —
obaacmu 3akpumu4vecko2o cocmosaHusa (P = Py;t = t;) B npefenax KOTOPOW BELLECTBO MOXKET
6bITb TONbKO B 04HO$A30BOM COCTOAHUM.

Mepexop u3 coctoaHuaA xugkoro (1) B rasoobpasHoe (2) BO3MOXKEH, NOMUMO NPAMOTo
nytm (1 — 2), Takxe 1 yepes 3akputnueckyto obnactb (1 — 1' — 2’ — 2) nytem HenpepbIBHbIX
n3MeHeHu, 6e3 NPoxoXxKaeHMA sHepreTMyeckoro bapbepa (McnapeHue) n, cnegosaTtenbHo, 6e3
M3MEHEHMA arperaTHOro COCTOAHUA.

AHaNOrMYHO, Nepexos, U3 *KUAKOro COCTOAHMA B TBEPA0E MOXKHO OCYLLECTBUTb Yepes
nepexoaHyo oaHodasoByo 06s1aCMb M1ACMUYECcKo20 COCMOAHUA.

Takum obpasom, NnpeacTaBAAETCA BO3MOXKHbIM OCYLLECTBUTb Nepexos 13 ntoboro
04HO0$a30BOro UCXOAHOTO COCTOAHMA (TBEPAOrO, KUAKOro, rasoobpasHoro) B ntoboe
ofHOoda30Boe KOHEYHOE (TBEPAOE, KUAKOoe, ra3006pasHoe) nymem HernpepbiBHbIX U3MeHeHUl,
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nommMmo $a3oBbix SHepreTuyeckux 6apbepoB (McnapeHue, NNaBAEHME), YTO ABNAETCA YC/IOBHbIM
NPU3HAKOM HernpepbiBHOCMU 00HOPA308020 cocmosAaHuA sewecmsa (§ 10).
dusnyeckoe cocTosHME NPOCTOro Tena, No onpeaeneHunto (§ 2), BnonHe xapakrepumsyertcs
3HAYEHMAMM [BYX HE3aBUCUMbIX MEPEMEHHbIX — NapameTpoB GU3MYECKOro COCTOAHUSA Ten.
MepemeHHble oaHOda30BbIX cocTOAHUI NpocTbix Ten (P,t, 9 nT. n.) He UMeT NONAPHbIX
3aBMCUMMOCTEN, MOITOMY A1 NIHOObIX TPEX NEPEMEHHbIX—XapaKTePUCTUK 04HO}A30BOrO
COCTOSIHMA NPOCTbIX TEN1 — B NPUHLMUMNE MOXKET bbiTb CHOPMYNMPOBAHO YPaBHEHME COCTOAHMSA:

p=(P, t, 9)=0. (30)

TOYHbIX TEPMOANHAMUYECKUX YPaBHEHMI cocTosaHMA (30) B HacToALLLEe BpeMs HeT.
MN3BeCTHbI TOUYHbIE 3aBUCMMOCTU NepeMeHHbIX P, 9, t Anwb Ans npeaenbHbiX (MPaKTUYECKH
HEe4OCTUMKNMBbIX) COCTOSHUN— MAEaNbHbIX Fa30B U HECKUMAEMbIX TEN.

B. UaeanbHble rasbl

YyeHune 06 naeanbHbix razax 6asmpyeTca Ha HEKOTOPbIX HE BNOJIHE TOYHbIX 0606LWeHNAX
3KCNepUMEHTaNbHbIX UCCe0BaHNI GU3NYECKUX CBOMCTB peanbHbix rasos B XVII -- XIX ctoneTtuax.
B HacToAwee Bpemsa 3Tn 0606LLeHMA, NOCNYKMBLUME OCHOBAHWEM BbiBOAA M3BECTHOrO YpaBHEHMUA
COCTOAHMA naeanbHbix rasos (PY = RT) nnu asnatolmeca cneacTBUEM 3TOrO ypaBHEHUA,
Ha3bIBAOTCA 3aKOHAaMM MAea/bHbIX Fa30B.

3aKoH bolina (1662 r.) — MapwuotTa (1676 r.): «Mpu HensmeHHol Temnepatype (t = idem)
npousseaeHne abcontOTHOroO AaBaeHUA U YAENbHOro 06bemMa MAeaNbHOTO rasa coxpaHAeT
HensmeHHyto BennuunHy (P9 = idem), 1. e. npoussedeHue abcosnomHo20 0a8aeHUA U yOesnbHo20
obbeMa ngeanbHOro rasa 3aBMCUT TO/IbKO OT TEMNEPATYPbI (M XMMUYECKOM NPUPOAbI) rasax:

PY = f(t). (31)
YaenbHblit 06bem naeanbHoro rasa npu temnepatype 0°C n ntobom 3agaHHOM AaBNEHUM
(P):
_ __f(0°C) _ const
Vg =Ypp = = (31a)

CopeprkaHue TepMUHOB idem u const (constant), npumeHaeMbIX U B AanbHelwem: idem --
nepemeHHas Be/IMYNHA, COXPaHAIOLWWAA B pacCMaTpUBaeMoOM NpoLecce HeM3ameHHoe 3HauYeHue:
const — NOCTOAHHAA (B NPUHLMNE CNPAaBOYHAA) BEIMYMHA.

3akoH leli /Tioccaka (1802 r.): « OTHOCUTENbHOE pacluMpeHre naeanbHbIX ra3os Npu
HensmeHHom aasneHun (P = idem) nponopuMOHaNbHO NOBbILEHUIO TeMNepaTypbI»:

9 — 9,

19—0: a(t—to)

tO = 0°C 9= 190(1 + aot), (32)
roe 9-- yﬂ,eﬂbelﬁ obbem rasa npu Temnepartype t°Cwu AaBJs1eHnn P,
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Yy-- yAenbHbl 06bem rasa npu temnepatype t, = 0°C n gasneHuu P;

Qp— TemMnepaTypHbii KOIPOUUMEHT O0OBEMHOrO paclMpPeHUs uAaeanbHbiIX rasoB npu
to = 0°C, coxpaHsaowWwmMn oO4HO U TO e 3Ha4YeHWe NpU BCeX AABNEHUAX U OOMHAKOBLIN ANA BCeX
naeanbHbIX rasos

_ 1 o1
ao——273‘15 K~ (33)

ConocTtaBneHune 3akoHoB boiins (31a) u et lioccaka (32):

t . t(1
9 = 9o(1+ apt) = == (1 + apt) = %(a— + t), (a)
ay - const = R; S 4t=T. (6)
%o

Otcioaa (a) u (6) ypasHeHuUe cocmosiHua udeanbHbix 20308 (ypaBHeHMe KnanelpoHa,
1834 r.):

9=". p9=RrT, (34)

rae R — XapaKTepnucTtnyeckaa NoCToAHHaA NOeanbHOrIO ra3sa;
T — abcontoTHan TEMNEPATYpPA NaeanbHOro ra3a (LLIKaI'Ia rasosoro TepMON\eTpa)

T=%=t+i=t+273,15°|<. (35)

%o

YpenbHas paboTta ngeanbHoro rasa B usobapuyeckom npouecce (P = idem):
2
8lp = Pd9 = Rdt; L, = [ PdY = R(t; — t;) = RAt.
OTCI-O,CI,a cneayeT, Yto Xxapakmepucmu4yeckada nocmoAHHaA uoeasnbHO20 203ad (R) ecmeo

yOenoHasa paboma 2a3a 8 uzobapuyeckom npoyecce (P = idem) npu usmeHeHuu memmnepamypeol
Ha 00uH epadyc:

l
R=2L (36)

3akoH Asoradpo (1811 r.): «O6bem 00H020 MonsA udeansHozo 2aza (9) He 3a8ucum om
Mpupodsl 2a3a U 8MosHe onpedensemcsa napamempamu gusuyecko2o cocmosHus 2asa (P, t)»:

9 = f(P,¢). (a)

Mosb ecTb KONMYECTBO BELLECTBa, CTaHAAPTHbIN BEC KOTOPOro YNCAEHHO PaBeH
MmonekrynapHomy secy (i), OTcloga ypasHeHue KnaneipoHa Ana og4HOro Mons naeanbHOro rasa:
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9 = ud =/,LR£. (6)

ConocTaBiieHMe COOTHOLWEHMM (a) 1 (6) NpMBOAMUT K BbIBOAY, YTO NpounsBeseHune UR ecTb
YHUBEpCanbHanA (He 3aBUCALLAA OT NPUPOAbI ra3a) XapakTepmucTuyeckaa NOCTOAHHAA NAEa/bHbIX
rasos:

R = uR = 8314 Hm/Kkmonb -2pad C = 847,8 k- M/Kkmonb - 2pad C. (37)

CoOTBETCTBYIOLWME 3HAYEHUA XaPAKTEPUCTUYECKMX NOCTOAHHbIX MAEA/bHbIX a308
(R = E//,t) npueBeaeHbl B NPUNOKEHUM 1.
YpaBHeEHME COCTOAHUA A4 O4HOIO MOJIA MAEaNbHOro rasa (ypaBHeHue ABoragpo—
KnanelpoHa — MeHgeneesa):

P9 = RT. (38)

BesiMumMHa MonAapHOro o6bema MaeanbHbIX ra3oB B HOPMasbHbIX GU3NYECKMX YCIOBUAX
(0°C, 760 mm pr. cT.):

847,8 x273,15

= 22,414 m3/kmons. (39)
10332

190,760 =

06bem (V) 1 ypaBHeHMe cocToaHMA N106Oro KonMYecTsa MaeanbHoro rasa (G = G/u —
KONMYECTBO MONEN):

V =96 =9, (40)

PV =GRT =GRT. (41)

YpaBHeHMe COCTOAHUA naeanbHbIX ra3os (34) moxkeT BbITb NONYYEHO NPU HEKOTOPbIX
[OMNyLLEeHMAX HA OCHOBE KMHETUYECKOW TEOPUM ra30B; OCHOBHAA NPeANOChIIKA TaKoro poaa
BbIBOAOB: MAEANbHbIN ra3 ecTb cucTema cBO6OAHbIX MaTepuasibHbIX TOYEK, HE NOABEPHKEHHDBIX
AEeWCTBUIO CU B3aMMHOTO NPUTAMKEHUA, OTTalKMBaHUA U T. N. B deHomeHonornueckom
TEPMOANHAMMKe OrpaHM4MBatoTca GoOpmanbHbIM OnpeaesieHneM; naeanbHble rasbl eCTb
rmnoTeTMyeckune (peasbHO He CyLecTBYHOLLME) rasbl, NOAYMHAOWMECA YpaBHeHMIO KnanenpoHa.

YpenbHble 06bembl peasibHbIX ra3o8 0ObIYHO ONpeaenAoTca NyTem BBeAeHMA NOMNPaBOK K
ypaBHeHuto KnanenpoHa

(z — dakTOp CKMUMaemocTn; AY — OCTaTOYHbIN 06beEM):

9 =72 =F_ py, (42)
P P
limp_o A9 = % — C;. (42a)
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Mpepen xapakTepuctuyeckoro cootHoweHnuna (PY/T) peanbHOro rasa npu ymeHblleHUU

AaBneHnAa Ao HynAa:

lim,, 2> = R (43)

Ha aTom cooTHoweHMn (43) OCHOBAH MeTo4, SKCNePUMEHTAIbHOrO onpeaeneHuns
XapaKTEePUCTUYECKUX NOCTOAHHbIX NAEa/IbHbIX Fa30B, — IKCTPANONAUMA 3HAYEHU
XapaKTepucTmyeckoro cooTHoweHus PY /T cooTseTcTBytOLLEro peanbHOro rasa K npegeny P = 0
(puc. 12).

Ay =wdem

l,=idem

lum

0 i.P

Puc.12. OnbITHOe onpeaeneHne XapaKTePUCTUYECKON NOCTOSHHOM
naeanbHoro rasa (R).

r. Hecckumaemblie Tena
Ecnv npun He3aBMCUMBbIX USMEHEHUAX AAB/IEHUS U TEMNEPaTYpPbl yAe/bHblA 06beM Kakoro-

NM60o Tena coxpaHAeT HEM3MEHHYIO Be/IMYMHY, TO TaKoe TeNno byaem Ha3biBaTb HECH UMAEMbIM
(definitio — no onpegenexHuto):

@), -0 (), <44>
A9 = (‘;—‘:)P At + (g—z)tAP = 0. (44a)

Teopwusa npeaenbHbIX COCTOAHUNI NpocTbix Ten (H. . BenokoHb. «TepmoanHammnka».
FrocaHepromnsaat, 1954) npuBOAUT K BbIBOAY, YTO KOHAEHCUPOBAHHbIE CUCTEMDbI (FKUAKOCTU U
TBEpAble Tena) npuobperatoT CBOMCTBA HECHKMMAEMbIX T/l NPU BECbMa BbICOKUX AAB/IEHUAX,
npuyem B npegene (P — o0) BenununHa npousseneHus gasnenus (P) m nsbbiTouHoro obvema
(¥ —9,) aBnaetca nnHenHol dyHKumeln TemnepaTypbl (T < 0):

limp ¥ =9p;  lim,_ (9 — ) = b+ BT, (45)
: 3\ _ : a9\ _
lim,, (a—P)t = 0; limp_, o (at)P = 0. (45a)
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HenocpeacTtBeHHOe 3KCNepuMeHTaNbHOE onpeaesieHMe BEIMYNH NpeaebHOro yae/bHOro
obbema (IJy) 1 xapaKTepUCTUUECKOM NOCTOAHHOM KOHAEHCUPOBAHHbIX cucTem (B) HEBO3MOMKHO.
OnpeaeneHne sTUX NOCTOAHHbIX NyTEM 0606LEHUA U SKCTPANOALMM ONbITHLIX AaHHbIX
npeacTaB/AeT ewe HEKOTOPble TPYAHOCTMH.

§ 4. NEPBOE HAYA10 TEPMOAUHAMUKHU
a. MpUHUMN 3KBUBANEHTHOCTU

MepBoe Ha4yano TepMOgMHAMUKM ABNAETCA MAaTEMATUYECKMM BblpaxKeHMeM 3aKOHa
COXPAHEHWA IHEPTUMN.

B coBpeMeHHOM HayKe po/ib 3aKOHA COXPAHEHWUA SHEPTUM UCKNIOYUTENBHO BE/IMKA: 3aKOHbI
COXPaHEeHWUA MaTepun 1 aHeprnumn asnaroTca 6a3on Hay4yHOro ecTecTBO3HaHUA. MNpeanocbinkamm
OTKPbITMA 3aKOHA COXPaHEHMA IHEPTUMN NMOCAYKUIN SKCNEPUMEHTANbHbIE U TEOPETUYECKME
nccneaoBaHma B 061acTn GU3NKM U XMMKUK U YCIIEXW Pa3BUTUA TennoBbix asurateneit 8 XVIII n XIX
CTONEeTUAX.

Ha npeaBapuTenbHbix 3Tanax 60pbbbl 3a 06Lee BbipaXKeHWe 3aKOHA COXPAaHEHWUA SHEPTUN
B8 Gopme NepBoro Havyana TepMOANHAMMKM NOCAEA0BATENbHO MOJyYEHbl YaCTHbIE BblparkeHuMA
3aKOHA COXPAHEHWUA SHEePrMn: NPUHLMN UCKAtoYeHHoro Perpetuum mobile I poaa, 3akoH ecca u
NPUHLMN SKBUBANIEHTHOCTW.

MpuHuMn nckntoveHHoro Perpetuum mobile I poaa ectb oTpMLaHNE BOSMOMXKHOCTH
NOCTPOEHMA BEYHOrO Asuratena I poaa, T. €. TaKOro ABuraTens, KoTopbl 6e3 3aTpaTbl KaKoW-NMbo
SHEPrun MOXKET NPOM3BOAUTb MEXAHNYECKYHD PaboTy.

MpuHUMN nckntodeHHoro Perpetuum mobile I poga B HeckobKO HeABHOM dopme
MCNO/Ib30Ba/ICA B A,0KA3aTE/IbCTBAX OTAE/IbHbIX TEOPEM MEXAHUKM (B A0Ka3aTe/IbCTBE 3aKOHOB
paBHOBECKA Te Ha HAaKNOHHOM NNIOCKOCTH, B TEOPUN PU3MYECKOTO MAATHUKA, B OpMYyInMpPOBKe
NPUHUMNA BO3MOKHbIX MepemeLLeHnii u ap.). HeBo3amoKHoOCTb noctpoeHua Perpetuum mobile [
poAa Kak MeXaHUYeCKMMM, TaK U APYTMMK CPeACTBAMM CTasla COBEPLUEHHO ACHOM NNLb B KOHLLE
XVIII, ctoneTtna B cBA3n ¢ 6e3ycneLlHbIMK NOMNbITKAMM NOCTPOEHUA TaKUX ABUraTenen, ocobeHHo
MHOTOYMUCNEHHbBIMM B 3TOM CTO/IETUM (BEK YBNEYEHUA aBTOMATaMM, A0BEAEHHbIMU A0 BbICOKOIO
COBEPLLEHCTBA).

B 1775 r. ®paHuy3ckas Akagemms o6bABMIA «pa3 M HaBcerga», 4To He byaeT npMHUMaTb
pelweHunit npobnemol Perpetuum mobile.

B HacToAwee Bpems NpMHLMN UCKAtoYeHHOro Perpetuum mobile I poaa sBnsetca Bcero
Wb NPOCTENLLMM CeACTBMEM NEPBOro Ha4Yala TEPMOLAMHAMUKN: BEYHbIN ABUraTENb NEPBOro
poAaa, byayum ocyLecTB/IEH B paMKax Kakon-n1mbo n3onnMpoBaHHOM CUCTEMbI, CNOCObeH
6e3rpaHNUYHO yBEINYMBATb 3aMac SHEPTUM 3TON N30/IMPOBAHHOM CUCTEMbI, YTO MPOTUBOPEUUNT
nocTynaTy NepBoOro Havyana TepMOANHAMUKN — NOCTYNATY COXPAHEHWUA SHEPTUM U30/IMPOBAHHbIX
cuctem (§ 1).

3akoH lecca (1840 r.) opmynmpyeTca Kak yTBEPXKAEHNE 0 He3a8UCUMOCMU Mernsa08020
s¢hchekma xumuvecKux peakyuli om nocsedo8amenbHOCMU Smux peakyuli: anrebpanyeckas
CymMmMa Tennosbix 3$deKToB HEKOTOPOro pAaaa NocnenoBaTe/IbHbIX Peakumi paBHa
anrebpaunyeckoit cymme Tennosbix 3¢deKkToB N0O0ro Apyroro paga peakumn, ecim HadanabHble U
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KOHeYHble COCTOAHMA CUCTEMbI U TepMoanHammyeckune nyti npoueccos (P = idem unnV = idem
M T.MN.) OAUHAKOBbI.

Hanpumep, ropeHune yrnepoga no cxeme 2C + 20, = 2C0, nan no cxeme 2C + 0, = 2C0
n panee 2C0 + 0, = 2C0, xapaKTepusyeTcs TOXAECTBEHHOCTbIO UCXoaHbIX (2C + 20,) 1
KOoHeuHbIX (2C0,) COCTOAHUIN CUCTEMbI, @ NOTOMY U CYMMapHble TenaoBblaeneHus ana obenx
CXeM peakuuun Ha oamHakosom nytM (P = idem,V = idem u T. n.) OKa3bIBalOTCA OAMHAKOBbLIMMU.

3akoH llecca, npeawecTBOBaBLUMA OTKPLITUIO NEPBOrO HaYana TEPMOANHAMUKM, B
HacToALLEe BPeMA PAacCMaTPMBAETCA KaK YaCTHOE BbipaXKeHWe NepBoro Havyaaa TepMOANHAMUKN B
TEPMOXMMUMN.

lMpuHyuUN 3K8UBAGIEHMHOCMU B €r0 KAaccu4yeckon GopmMynnmpoBKe XxapakTepumsyeT
B3aMMHble npeBpaLLeHna Tenaa n paboTbl:

npespaweHus menna 8 pabomy u pabomel 8 mernsa0 oCywecmasasaiomcsa 8 00HOM U Mom
e (cmpo2o NnocmosaHHOM) COOMHOWEHUU, KOMOpPOe XapaKmepu3lyemcs eeau4uHol mena08020
aKeusaseHmMa pabomsi (TENNOBOMN 3KBUBANEHT PabOoTbl €CTb KOIMYECTBO TEMNIOTbI, MOJly4aemoe
npuv NPsAMOM 3aTpaTe eamMHNLbl PpaboTbl, HANPUMEP, B NpoLLecce NPAMOro npespaleHnsa paboTbl B
TENNO NyTem TPeHUA).

YcTaHOBNEHME NPUHLMMNE SKBUBANEHTHOCTU OblN0 TPYAHENLWMM 3Tanom B GOPMUPOBAHUMU
3aKOHa COXpPaHEeHUA 3HepPrnmn, MO3TOMy AaTa YCTaHOBAEHUA S3KBMBAIEHTHOCTM Ten1a 1 paboTbl
06bIYHO OTOXKAECTBAAETCA C AATOM OTKPbITUA NEPBOro Hayana TepMoANHAMUKK (1842 T.).

B nepuopg 1842 — 1850 rr. uenvlit pag uccnegosatenei NnoYTm o4HOBPEMEHHO
YCTaHaB/IMBAET BE/IMUYNHY TEMNJOBOr0O 3KBMBAEHTa PaboThl:

1) P. Maitep B 1842 T.— N0 pa3HOCTM TENJIOEMKOCTEN rAa30B NPU NOCTOAHHOM AABAEHUM U
NoCTOAHHOM 06bemMe, Ha OCHOBE BO33PEHUIN «O COXPAHEHUU CUbI» (IHEPTUN);

2) O. N. Oxoynb B 1841 — 1843 rr. 1 /leHy, B 1844 r, — no TeNN0BbIAENEHUIO B LLeNn
3N1EKTPUYECKOrO TOKQ;

3) Konbguur u A. N. Oxoynb B neproa 1843 — 1850 rr. — no TennoBblAeNeH 0 Npu
TPEHUN U T. M.

B HacToALLee Bpema TEN/IOBOM 3KBUBAIEHT PaboTbl NPUHMMAETCA PaBHbIM CeAYIOLEN
Be/INYMNHE:

1
A= 56955 KKan/KM-m = 10x3c/HM, (46)
1H/M = 10mc = L KKarl, (46a)

4186,8
1a.cu.= 220 — 6324 kkan, (466)

426.935

3.
1kem-u =230 _ 859 85 kkan, (468)
4186,8

OcHOBHOE CoOTHOLLEeHKe (46a) aBnaeTca onpeaeneHMemM TENN0BOM eANHULbI KKA —
MEXAYHapOoAHOW KUNOKaNopUN.
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6. MNepBoe Hauyano TepMOAMHAMMKM KaK MaTeMaTUUYeCcKoe BbipaXKeHue
3aKOHa COXpaHEeHUsA 3Heprum

CoBpemeHHasa GoOpMyIMPOBKa NePBOro Ha4yasia TePMOANHAMMUKM NO BHeLWHeMy 6anaHcy u
nocneayrowme NoCTPOeHUA NPUHLMMNMANBHBIX NONOXKEHWUIM KNACCUYECKOM TEPMOANHAMUKM, 4,0
BTOPOro Haya/sia TepMOANHAMMUKU BKAOYUTENBHO, BbINONHEHbI Pyaonsdom Knaysunycom (1850—
1854 rr.) n B. TomcoHom-KenbBmnHom (1851 —1857 rr.). BaskHEMLWMM MOMEHTOM B MOCTPOEHUM
nepBOro Havya/sa TepMOAMHAMUKM NOCNE[0BaABLUMM BC/1eZ, 33 OTKPbITUEM NPUHLMMA
3KBUBANIEHTHOCTU ABNSAETCA BBEAEHNE NOHATUA BHYTPEHHeN aHeprum Ten (B. TomcoH 1851 r.).

C TOYKM 3pEHUA KNHETUYECKON TEOPUM CTPOEHMA BELLLECTBA BHYTPEHHAA SHEPrna Tena
N3MepAeTCA YPOBHEM KMHETUYECKOMN IHEPTUM MONIEKYN 3TOTO Tena, og4HaKo NoAobHbIe BO33peHuA
HEeAOCTaTOUYHbI 419 06BACHEHUSA BCEX U3BECTHbIX ABIEHWUI BblAENEHUA SHEPTUN (XMMUYECKUNE U
aTOMHO-ilepHble peaKkumn 1 T. n.). Bonpoc 06 UCTUHHOW NpUpoae BHYTPEHHEN SHEPTUM TEN TECHO
CBA3aH C U3y4eHMEeM CTPOEHUA MaTePUM, MPUYEM peLleHne 3TOM cneunanbHON 3a4a4m,
6asupytoeeca Ha NpeacTaBNeHMAX O NPMpPoLe HeNoCcpeaACTBEHHO HeHabAo4aeMbiX ABNEHNUN,
BbIXOAMWT 32 PAMKWN BO3SMOXKHOCTEN INLLIb OAHOIO 3aKOHA COXPAaHEHWA IHEPTUN.

B 0cHOBY NOCTPOEHUI OCHOBHbIX MPUHLMNOB TEPMOANHAMUKU MOXKET ObITb NOSIOKEHO
NMWb TaKoe obluee onpegeneHne BHyTPEHHEN SHEPrnn Te, KOTOPOe He orpaHuYmMBaeT
BO3MOKHOCTEM CTPOroro NOCTPOEHUA TEPMOANHAMMKM HA 6a3e NOCTyNaToB 06LLeYEeN0BEYECKOTO
onbiTa. BHympeHHel sHepaueli meaa Ha3bieaemcsA MosHbIU 3anac sHep2uu 8HyMpPEHHeE20
cocmosaHuA mena, onpedensemMolli 8 3agucumocmu om 0edopmMayUOHHbIX KOOPOUHAM U
memnepamypsl (§2, n. e):

u = u(xq, Xz, ... Xp,t) (47)

MoAnHbIM 3anac SHepPrum BHYTPEHHEro COCTOAHUA Ten (1) He MOXKEeT CYMTATbCA U3BECTHLIM
HW Ha KaKOM YPOBHE Pa3BUTUA €CTeCTBO3HAHMA, O4HAKO 3TO 06CTOATENBCTBO HE OrpaHNUYMBaAET
YPOBHA OOLLHOCTM M TOYHOCTU MATEMATUYECKUX BbIPaXKEHMUIM OCHOBHbIX MPUHLMMNOB U PAcYeTHbIX
COOTHOLLEHUIM TEPMOANHAMMKM, TaK KaK B 3TU COOTHOLLEHMA BXOAAT NNLLb BENYUHBI U3MEHEHUA
BHYTPEHHEeN aHeprum Kak dyHKLumm cocToaHma (du, Au). B cBA3M C 3TUM BHYTPEHHSAA SHEPrua
BCerga OTCYMTbIBAETCS OT NPUHATOrO YCI0BHOMO YpPoBHA (Hanpumep, 0°C n 760 mm pT. CT.).

MPUHLMN CYLW,EeCTBOBAHUA BHYTPEHHEN SHEPTMN TEPMOAMHAMUYECKOM CUCTEMbI KaK
bYHKLMM KOOPANHAT COCTOAHUA 3TOM cucTembl (47) ABNAETCA OAHUM U3 BaXKHENLLUX CNeACTBUM
MCXOAHOro NocTyaTa NepBoro Havyana TepMoANHAMUKNY,

B KauecTBe UCXOAHOro NOCTy/1IaTa NepBOro Havyana TepMoOANHAMUKN NPUHATO ceaytollee
yTBepx)AaeHue (§ 1): saHepausa u30aupo8aHHOU cucmembl COXPAHAEm MOCMOAHHYH 8eAU4UHY Npu
8cex U3MeHeHUsX, MPoucxo0auux 8 amol cucmeme, Uau, Ymo Mo e, SHep2ua He 803HUKaem U3
HuU4e20 U He Moxxem obpamumeca 8 HUYMO.
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Puc. 13. BHewHu 6anaHc TepMOANHAMUYECKOM CUCTEMDI.

MpY NOCTPOEHUN TEPMOAMHAMUKM NPUHUMAETCA TaKXKe, YTO BCE BO3MOXKHbIE
JHepreTMyecKkne B3aMMOAENCTBMA MeXAY TelaMn CBOAATCA /ML K Nnepeaye Tenaa n paborbl.
Crporo rosops, 3T0O yTBEPXAEHMNE MOXKET OblTb paccMaTpMBaemo Kak BTOPOW NOCTY/1aT NepBoro
Hayana TepMOANHAMUKM, €C/IN B OTHOLLIEHUU TenN00bMeHa NpMHMMaeTcA Kakoe-1nbo ,
orpaHuumnBatoLlee onpegeneHve (Hanpumep, ecam Ten1006MeHOM HasbiBaeTcA
HenocpeACcTBEHHaA nepeAayda SHepPrMm TeNI0NPOBOAHOCTLIO U paguaumeint). Mpu noctpoeHnn
nepBOro Hayana TepMOANHAMUKM OrPaHUYMBalOLWMe onpeaeneHns TennoobmeHa He ABNAIOTCA
06a3aTeNbHbIMK, HO COBEPLUEHHO HEOOXOAMMO OTMETUTL NPUHLMNNANbHbIE 0COBEHHOCTM PaboThl,
KaK GOpMbl IHEPreTUYecKoro B3aMoAencTBUA TeN: 8 ycs108usax 06pamumoz20 meyeHus AeneHull
ece 8u0bl pabomesl A0MYCKAM 803MOHCHOCMb MO/HLIX 83AUMHbIX MpespaujeHud.

MpuHUMNUanbHoe pasanyne popm nepesayn aHeprum (TennoobmeH u nepegaya pabotol) B
Hanboblel Mmepe CKasbiBaeTCcA B NOCAeAYOWMUX NOCTPOEHUAX BTOPOro Havyana TepMOCTaTUCTUKM
(NpUHUMN cyw,ecTBOBaHMA SHTPOMNNK) M BTOPOrO Hayana TePMOLMHAMUKMN (MPUHLMM BO3paCcTaHUA
3HTPONWUMK), MPUYEM BbIACHAETCSA, YTO BbINOSIHEHME paboymm Tesom BHeLwHen paboTbl
N3MEHEeHWe 3HepPrumn BHELLIHEro NoioXeHua paboyero Tena foaKHbl ObiTb OTHECEHbI K O4HOM U
TOW e KaTeropuu ABneHnin. Ha aTom oCHoBaHUK B NOC/eAYIOLLMX NOCTPOEHUAX NEPBOro Havana
TEPMOANHAMUKN U3MEHEHUA IHEPTUM BHELUHEro NofoxeHua pabouero tena (AE., = AE. + AE))
BK/IIOYEHbI B COCTaB BHelWHel paboTtbl Tena 6L* = 6L;, + dE_,, §2). Tem cambim cHUMaeTcAa
N3BECTHOE YTBEPKAEHME, YTO COOTHOLIEHUA TEPMOAMHAMMUKIN COXPAHAIOT CUNY Wb ANA
MOKOALMXCA CUCTEM.

UTtak, TennoobmeH 1 nepesaya paboTbl ABNAIOTCA €4UHCTBEHHBIMM BUAAMM Nepeaaym
sHeprumn. CooTBeTCTBEHHO POPMYINPYETCA NCXOAHOE BblpaXKeHne NepBoro Havana
TEPMOANHAMMKM NO BHeLIHeMy 6anaHCcy Kak MaTeMaTMyecKoe BblipaXkeHWe 3aKOHa COXPaHeHUA
sHepruu (puc. 13): usmeHeHue 8HympeHHel 3Hepauu mesna uau cucmemsi mes pagHo
anzebpauyeckoli cymme nosy4yeHHbIx (nepedaHHbIx) Koauyecmes meraa u pabomel usau, Ymo mo
e, mensno, nosny4yeHHoe cucmemoli ussHe Q*nocnedosamenbHo obpawaemca Ha U3MEHEHUE
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sHympeHHel sHepauu cucmemol (AU = U, — U;) u Ha 8binosnHeHue (omoayy) eHewHeli pabomel
(AL"):

U,-U, = QI,z - AL’;,Z' (48)
Qiz =U,-U; + AL;,Z (48a)

nnu B gudpdepeHumnanbHomn popme

6Q" =dU + AdL", (49)
roe U, —U; = AU —wn3meHeHune BHYTPEHHEN 3HEPTUM PAaCcCCMATPMBAEMOTO
paboyero Tena UAM CUCTEMbI TeN1 B KOHEYHOM MpoLiecce;
dU —  u3meHeHWe BHYTPEHHEN 3HePrMm Tesia NN CUCTEMbI Ten

B 3/1IeMEHTapHOM npoLecce;
Q*,6Q" — KonnyecTBa NOABEAEHHOIO U3BHE TEM/A B 3/1IEMEHTAPHOM
(6Q") wnn KoHeyHom Q" npoueccax;
L*, 5L — BHewHAs (3pdeKkTnBHasA) paboTa, BbINONHEHHAA TE/IOM B
anemeHTapHom (6L*) mnm koHeuHom (L*) npoueccax,
BbIPa*KEHHAA B MEXaHUYECKMX eaMHNLAX;
A — TennoBoW (TEPMUYECKMIA) SIKBMBANEHT MeXaHUYECKOW

paboTbl.

3HaKu paboTbl 1 Tenia B ypaBHEHUAX NePBOro Havyana TePMOANHAMUKN:

L > 0 — BbinonHeHue paboynm TeNOM NONOKUTENbHOW PaboTbl;

Q > 0 — coobuweHune Tenna paboyemy Teny.

BKntoueHMe TeNN0BOro skBnBaneHTa pabotsl (A) coobuiaeT Bcem maTeMaTUUYECKUM
BbIPa*KEHUAM NEepPBOro Hayana TePMOLUHAMMKMN OBLLMIA XapaKTep 30KOHA COXPAHeHUS U
3KeuBaneHMHoOCMU npespauwjeHuli aHepauu.

3ddekTnsHana pabota (6L*) paBHa, no onpeaeneHuto (§2), pasHoCcTM TepMOAMHAMUYECKOM
pabotbl (L") u HeobpaTumbIx noTepb pabotbl (SL**):

6L" = 6L — 8L, (a)

MoTepsAHHaA B HeobpaTumbIx Npolieccax pabota (ASL™) npespaliaeTca B Tenso
8HympeHHe20 mernaoobmeHa Tena; (§Q**); 3To Tenno BO3BpPaLLAETCA PaCCMaTPUBAEMOMY TeNY
WY NepeaaeTca TeNam BHELHEN CUCTEMbI, MPUYEM COOTBETCTBEHHO YMEHbLLAETCA UTOroBas
Be/IMYMHA NoABOAA Tenaa U3BHe:

ASL™ =6Q™. (6)

C TOYKM 3pEHMNA NepBOro Ha4yana TEPMOANHAMMUKM, KAK MAaTEMATUYECKOTO BbiPaXKeHMUA
3aKOHA COXPAHEeHWUA 3HePrun, BHYTPEHHUIN Ten1006MeH MOXKET MMeTb Ntobow 3Hak: L™ > 0 —
paboTa HeobpaTMMo nNpeBpaLaeTca B Tenao (Hanpumep, nytem TpeHuns) uam §Q** < 0 —tenno
HeobpaTMMmo npeBpaLLaeTca B paboTy; B fa/ibHENLLEM Ha OCHOBE BTOPOro Hayana TepMOANHAMUKN
YCTaHaB/IMBAETCA, YTO B CUCTEMAX C NMONOXKUTENbHOM abCONOTHON TemnepaTypoi eANHCTBEHHO
BO3MOXHO N1LWb HeobpaTMmoe npespaLLeHne paboTbl B TENO:
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OL™ > 0. (B)
MonHoe KonnMyecTBo Tenna, nonyvyeHHoe tenom (6Q), xapaktepmayeT
mepmoouHamuyecKkuli (npuBeaeHHbIN), TeENN100OMEH TeNla 1 ONpeaenaeTcs Kak Cymma 08yx
gesnu4uH —Tenno, noaseaeHHoe n3sHe (6Q*), n Tenno BHyTpeHHero TennoobmerHa (5Q™):

6Q =8Q" +6Q™. ()

3ameHsieM BbipaxkeHue BHellHe paboTbl (a) B AnddepeHumanbHOM BbiparkeHUn NepBoro
Hayasa TePMOANHAMUKM MO BHeWHemy 6anaHcy (49):

6Q* =dU + A6L" = dU + ASL — ASL™, (n)
6Q* + ASL™ = 6Q" + 6Q™ = 40Q. (e)

CooTBeTcTBEHHO GOPMYNMPYETCA BblpaXKeHWe NepBOro Havyana TepMoANHAMUKN M0
b6anaHcy pabovyezo mena (H. . benokoHb. «TepmognuHaMuKka». FocaHepromsaat, 1954):

60 =6Q"+6Q™ =dU + AbL, (50)
Q1,2 = Qik,z + Qik*z =U,-U; + AL1,2 (50a)
L = RiZ1 Fy dx; (506)

Knaccmuyeckas TepMmoanHammMKa Nob3yeTcs NLb NOHATUAMM BHeLHero 6anaHca
(6Q*,8L"); B CBA3M C3TUM U B LLENAX YPOLLEHMA TEPMUHOIOTUU 11eP8bIM HAYA/TOM
mepmMoOUHAMUKU B AaNbHEeNLeM Ha3blBaeTCA BblpaXKeHWe NepBoro Hayana TepMoaNHAMUKN 110
sHewHemy 6anaHcy (48) n (49), a nepsbIM HAYAAOM MepPMOCMAMUKU — BblPa*keHMe NepBoro
Hayana TepMoAnHaMUKM No banaHcy pabouero Tena (50). ToT ke NPUHLMN KNaccudukaumm
MCMNO/Ib3YeTCA M B Aa/IbHENLWEM: NMPUHUMN CYLLECTBOBAHUA abCONOTHOM TeMMNEPATYPbl M SHTPOMUM,
ABNAOLWMNICA pa3sBUTUEM NEPBOrO Hayaa TEPMOCTAaTUKM M BTOPOro MOCTY/1aTa, HasbiBaeTcA
BTOPbIM HaYaOM TEPMOCTATMKM, @ COOTBETCTBYHOLLEE HEPABEHCTBO, BbiTEKatoLWee U3
KJ1aCCMYECKOM CUCTEMbI BHELLHUX 6AaNaHCOB M MCXOAHOTO NOCTy/1IaTa HE0BPATUMOCTN — BTOPbIM
Ha4ya/IoM TEPMOAMHAMMKM.

B ycnoBuax 06paTMMOro Te4eHmns NpoLeccoB BbipaXKeHMa NePBOro Havyana TePMOAMHAMUKM
M NepBOro Hayasa TePMOCTATUKM COBNAAAMOT (YAacTHOE BbiparKeHME NepBOro Hayana TePMOCTATUKM
ana obpatumebix npoueccos §Q** = 0).

BblpakeHMa NepBoro Hayana TePMOAMHAMUKM U NEPBOrO Havana TePMOCTATUKM
[OMONHAIOTCA UCXOAHbIMU (§ 2) cooTHOWeHUAMM pacnpeaeneHuns apdekTnsHon (SL*) u

TepmoanHammyeckonn (6L) pabor.

MepBoe Hayano M BTOPOE HayaNo TePMOCTAaTUKMN COCTaBAAIOT OCHOBY TEPMOAMHAMMKKM paboyero Tena
(TepmocTatnkn). BmecTte ¢ TeM HEOHXOAMMO OTMETUTb, YTO INLLIL BTOPOE HaYya/0 TEPMOCTATUKM, ONMpatoLLeecs Ha
He3aBMCMMbII NOCTYNAT, XapaKTepnsyeTca KaK He3aBUCMMbIN NPUHUMNI GEeHOMEHO0MMHYECKON TEPMOAMHAMMUKN.
MepBoe HaYano TePMOANHAMUKN (BHELLHWI BanaHc) n nepBoe Hayaio TepMoCTaTUKM (banaHc paboyero Tena) umetoT
obuiee ocCHOBaHME—NeEPBbIV NOCTYNAAT TEPMOAMHAMUKM, NOITOMY pasfeneHne 3TUX MPUHLMNOB ABNSETCA B U3BECTHOM
Mepe YCNIOBHbIM.
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8. MepBoe Hauano TepMOCTaTUKM U NepBoe Hayano
TEPMOAUHAMUKM ANA NPOCTLIX TeN

BennumnHa TepmoaniHaMmnYeckoin paboTbl MPOCTbIX TeN (KUAKOCTU Napbl, rasbl 1
M30TPOMHbIE TBEPAblE TENA) onpeaenseTca Kak obpatnmas pabota nsmeHeHua obbema (§2):

5L = PdV. (a)

YpnenbHan paboTa npoctoro Tesia — obpatumas paboTta nsmeHeHua obbema eanHULbI
Ko/n4yecTBa BewecTsa (Hanpumep, 1 K2):

6l = Pdd. (6)
McxopHoe BbipakeHue NepBoro Havana TePMOCTaTUKU ANS eAUHMLbI KONMYEeCTBa BELLeCTBa
dopmynmpyeTca Kak ypasHeHue 6anaHca yaenbHbix BeanymH Tennoobmena (6q = §q* + 8q™),
pabotbl (6l = Pd¥) v nameHeHuin BHyTpeHHew sHeprum (du):

du =6q* — ASl* = §q — APdY. (B)

Mpw M3y4eHMM NPOLECCOB NePEMELLEHNA CMNOLHbIX Macc (KUAKOCTEN, NapoB M ra3os)
BBOAMTCA B pacyeTbl NOoTeHUManbHas paboTta (§2):

Sw = —9dP = Pdd — d(P9), (r)
5q = du + APdY = du + Ad(P9) — A9dP = d(u + AP9) — A9dP. (a)

®YHKLMA COCTOAHMA, PaBHAA CyMMe BHYTPEeHHe aHeprun (U) v NoTeHumManbHoM GyHKLUK
(APY) HasbiBaeTcA sHManovnueli UNN Mernsao0co0epPIHaHuem:

i =u+ AP9Y. (51)
CoOTBETCTBEHHO POPMYNUPYETCA OCHOBHOE BbiPaXKEHWE NEPBOro Hayana TePMOCTaTUKM
ONR NPOCTbIX Te/, COCTOSIHME KOTOPbIX ONnpeaenseTca 3HaYeHUAMU ABYX HE3aBUCUMbIX
nepemeHHbIX (B YaCTHOCTU, 3HaYeHUAMU aasneHnsa P un yaenbHoro obbema 9):

6q =6q"+6q" =du+ Al =di + Adbw = du + APdY = di — A9dP. (52)

BbiparkeHure nNepBOro Hayana TePMOANHAMUKM (BHELWHMIK BanaHc) gns NPOCTbIX TeN,
COOTBETCTBYIOLLEE BbIPAXKEHMIO MEPBOro Hayana TepPMOCTaTUKK (52):

6q" =du+ ASl" =di + Adw™, (53)

qiz == uz - ul + Aliz == iz - il + AWI,Z (533)
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Konunuectso noaseaeHHOro UK OTHATOrO Tenna (no 6asnaHcy pabovye2o mesa), OTHECEHHOE
K eAMHNLLE KONMYECTBA BeLLLEeCTBa, MOXKET bbITb NPeACcTaBAEHO Kak NpoM3BeaeHMe TeNI0eMKOCTU
BELLECTBa U U3MEHeHUA TeMnepaTypbl B paccmaTpmMBaemom npouecce (z = idem):

8q, = (69" +6q™), = C, dt, (54)
2
Q12 = [ Codt = Cp (t2 — 1), (54a)
rae C, — VCTUHHaA TeNN0eMKOCTb BelecTsa B npouecce z = idem (Hanpumep,

Y =idemwwmP =idemwnrT.n.)

szﬁ; z=39,PUuT. . (546)
dt

C,m — NepBasA cpeaHAA TENI0EMKOCTb (MHeltHOe ocpegHeHue No TemnepaType) B
paccmaTtpuBaeMom TemnepaTypHom nHTepsane (t; + t,)

_ Q12 _ 1 2
sz - try—tq - ty—tq fl CZdt (54B)

MpocTenwne YacTHble CNyYau:

19Ldem;_ (Sq,g = C,gdt = dut’?; CI9 = (?3_1;)19;

. . i
P = idem; 6q, = Cpdt =di,; Cp = (E)p'
CnepoBaTtefibHO, UCTUHHbIE TEMNJI0EMKOCTU NPU NOCTOAHHOM o6beme (Cy) W npu

NOCTOAHHOM OaBsieHNU (Cp) AO0/1KHbI 6bITb paccmaTpmBaembl Kak HYaCTHblE MPONU3BOAHbIE MO

TeMnepaType COOTBETCTBYOWMX GYHKLMIA COCTOAHUA — BHYTPEHHEM SHEPTMM U SHTaNbNuu, T. €.
KaK GpYHKLMM COCTOAHUA:

Co=(5;), = Co(t:9) = Coa(&,P), (55)

C, = (%)p = C,(t, P). (55a)

CoOTBETCTBEHHO GOPMYIMPYHOTCA BbIPAXKEHUA NOAHbIX AnddepeHLManos BHyTpeHHel aHeprum (U) 1
aHTanbnuu (i) GYHKUMIA COCTOAHMA NPOCTbLIX Te (4Be He3aBUCUMbIX NEPEMEHHbIX}:

u=u(t,9); du= (3—1‘)19 dt + (Z—g)t d9 = Cydt + (;’—g)t d9 = Cy(dt — D,d?). (56)

i=i(tP); di= (%)p dt + (:—;)th = C,dt + (:—;)th = C,(dt — D;dP), (56a)
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roe Dy, n D; — koadduumenTsl Axkoyns — el Niioccaka (D) v Oxkoyna —TomcoHa (D;).

Jat at

D= (5), 2= (5); (566)

Koadduument [dxoyna — TomcoHa (D;) CpaBHUTENbHO JIETKO ONPEAeNnseTca 3KCNePUMEHTANIbHO
(BHewWwHeaaunoaTUYeCKMe ApoccenbHble npoueccsl, I = idem); npoussefenue D;C;, peanbHbiX ra3oB Npu HEBbICOKMX
[AaBNeHNAX 3aBUCUT rNaBHbIM 06pa3om oT TemnepaTypbl rasa.

ConocTaBnsem OCHOBHblE BbIPaXKEHUA NEPBOro Hayana TepMOCTaTUKM (52) ¢ BbIpaXKeHUAMM NOMHbBIX
anddepeHuManos BHyTpeHHel aHeprun (55) n sHTanbnum (56a):

ou

5q = Cydt + Kﬁ)t + AP] d9 = C,dt + [(:—P)t - A19] dP.

OTClo4a aHaNUTUYECKOE BbIPaXKEHME NepBoro Havasia TEPMOCTATUKM (BblpaXkeHue, B KOTOPOM NpupaLLeHus
HE3aBUCHMbIX NePeMEHHbIX JA0MNYCKaloT HeNocpeaCcTBEHHOE U3MepeHUe:
8q =6q" + 6q™ = Cydt + hyd9 = Cpdt + h,dP, (57)

rae hy u hy, - Kanopnyeckne KoapdUUMEHTbI — aHaNorV TEMIOEMKOCTM B N30TEPMUYECKOM NpoLecce
(t = idem)

_6qr _ (Ou

he =% = (_aﬁ)f + AP, (57a)
_ 5qt _ ai _

hy =1 = (_ap)t AV. (576)

CnepoBaTtenbHO, BbipaXKeHUa NepBoro Havaaa TePMOCTaTUKM AR NPOCTbIX TeN BCEraa NPMBOAATCA K BUAY
andodepeHumanbHoro 6MHoma AByx HesaBucUMbIX NepemeHHbix (6q = Mdx + Ndy) v ganee, no n3BecTHow Teopeme
06 MHTerpupyemoctv gudpdepeHumanbHbix GUHOMOB, K BUAY NPOM3BEAEHWNA, AHANOTUUYHOTO BbIPAXKEHWNIO
anemeHTapHoM paboTbl UsMeHeHUs obvema (6q = §q* + 6q** = tdz). Ona oAHO3HAYHOro onpeseneHus
uHTerpupyowero geautens (T) A0MKHbI 6bITb NPUBAEYEHDLI A4OMO/HUTE/bHBIE NPEAMNOCHIIKMA, SKBUBANEHTHbIE
MoCTy/1IaTy BTOPOro Hayasa TepMOCTaTUKKU (Hanpumep, onmncaHue CBOMCTB NMPOCTOro Tesla, aHaI0rMYHOe OMNUCAHUIO
CBOWCTB MAEeaNbHbIX ra3os).

r. I'IepBoe HA4a/10 TepMOCTAaTUKUN U NepBOoe Ha4Ya/Z10 TepMOANHAMUKN ANA naeasibHbiX rasos

NpeanbHble rasbl, no onpegeneHuto (§ 3), noaYnHAOTCA ypaBHEHUIO KnanepoHa
(PY = RT). V3 auddepeHumanbHbIX COOTHOLIEHUI TEpMOANHAMUKN aanee cieayeT (§ 9), uto
BHYTpPeHHAA aHeprna (u) maHTanbnua (1) wnaeanbHbiX ra3oB ABAATCA GYHKLMAMU OAHOM
Wb TemnepaTypbl (3aKoH [dxKoyns):

u=u(t); i =u+ APY = i(t) (58)

BblpakeHua TeN1I0€MKOCTU MAeanbHbIX ra3os Npu noctoaHHom cbbeme (Cy) M npwm
NOCTOSAHHOM [aB/IEHUU (Cp) NoJly4atoTca U3 OCHOBHOTO BbIpayKeHMA NepBoro Havana
TepmocTatuku (52), onpeaeneHns tennoemkoctu (546) n 3akoHa [xxoyns (58):
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9 = idem; Cy = %}9 = 61;_(:) = Cy(t), (59)

_6qp _ di(t) _
Cp = dat ~  dt

P = idem; Cp, (0. (59a)
OTcroaa BblpaXKeHMa NoHbIX AnddepeHLManosB BHYTPEHHEN SHEPTUN N SHTANbNUK:

du = Cydt; di = Cpdt. (60)

3TOT pe3synbTat (60) HeENocpeACTBEHHO NPUBOAMUT K aHAIMTUYECKOMY BbIPAXKEHUIO NepBoro
Hayana TepMOCTaTUKK (6anaHc paboyero Tena) u NepBOro Ha4yana TEPMOANHAMUKN ( BHELLHWUIA
6anaHc) naeanbHbIX ra3oB KaK YacTHbIX BblIpaXKeHMI NepBoro Hayana TepmoctaTukm (52) n nepsoro
Hayana TepmoaMHamMUKM (53) npocTbix Ten.

Bana+c paboyezo mena (NepBoe Ha4ano TEPMOCTATUKM):
8q = 8q" + 8q™ = Cdt + APS = C,dt — ASdP, (61)
G2 =412 t 12 = Com(ty — t1) + Al 5 = Cpm(t; — t1) + Awy ;. (61a)
BHewHul 6anaHc (Nepsoe Hauyano TepMOANHAMUKMN):
5q° = Codt + ASI" = Cpdt + Adw", (62)
qi2 = Com(tz — t1) + Ali 5 = Gy (2 — t4) + Awg,. (62a)

Pa3HOCTb UCTUHHbIX TEMJIOEMKOCTEN MAEaNbHbIX ra3os (61):

- _ . _ AP+ A9AP _ Ad(PO)
po dt Todt

Mo ypaBHeHuto KnanewpoHa (PY = RT; dT = dt) Haxoaum:

d(P9) _ d(RT) _
ac  dt

R.

OTctoga cnefyeT, YTo Pa3HOCTb UCTUHHbBIX mernsaoemKocmel naeanbHOro rasa npm
noctosaHHOM aasneHun (C,) W nNpu noctoaHHOM obbeme (Cy) paBHAETCA BeNUUMHE
XapaKTEPUCTUYECKOMN NOCTOAHHOW rasa, BbipaskeHHoMW B Tennosbix eanHunuax (AR):

C, — Cg = AR. (63)
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BbipaxkeHune pasHOCTU UCTUHHbIX TENN0EMKOCTEN MaeanbHbIX ra3os (63), nony4yeHHoe
Brnepsble P. Maepom (1842 r.), HocUT HauMeHosaHue 3akoHa Maliepa.
MonapHble TeNN0EeMKOCTH:
Cp = UGy,
Co = uCs,
Pa3HOCTb MONAPHbIX TEMNIOEMKOCTEN MAEA/bHbIX FA308:
C, — Cy = u(C, — Cy) = uAR = AR, (64)
AR = 8314 0w/kmonb 2pad C=1,986 kkan/ kmons-epad C. (64a)

[lennm BbiparkeHWs NepBoro Ha4yasa TepMocTaTukK (61) Ha abcontoTHyto Temnepatypy (T):

6q _C APY d19
d=Zogr 427 2gr 2242
T 19 T T P

(a)

3ameHsiem (no ypasHeHuto KnanenpoHa v 3akoHy [xkoyns):

Z=R C=C(T). (6)

MNepemeHHble B anddepeHUManbHOM BbipaxkeHun (a) pasageneHbl— npasble Y4acTu
npuBeseHbl K BUAY CYMM NONHbIX AnddepeHLnanos; 3To 3HaYUT, 4To cooTHoweHne oq/T ecTb
NoJHbIN agnddepeHUnan HEKOTOPON S — PYHKLMU COCTOAHMA UAEANIbHOTO ra3a — 3HMpPOnuu:

8q _ 8q"+8q™

ds == 1, 5Q=6Q"+68Q7 =TdS, (65)

ds =20 =2Dgr 1 gr%Y = 2D g7 — 4L (65a)

S = So = CpgIn——+ ARIN=- = CpppIn-- — ARIn— (656)
0 0 0 0

BTopble cpegHue Tennoemkoctm (Cp,,) HAxXopAaTcs MyTem ocpefHeHusA no aorapudpmy

abcontotHow TemnepaTtypbl (log T— ocHoBaHMe Nt06OE), aHANOTMUYHO TOMY, KaK OCPEAHAIOTCA MO

Temnepatype (T, t) nepsble cpegHue Tennoemkoctn Cp,, (546).
EC/M MCTUHHAA TENJIOEMKOCTb ABAAETCA MHeHOW dyHKumeit TemnepaTypbl; (C, = ag + a,T), To nepsan
(C,m) vBTopaa (Cp,,) cpeaHVe TENNOEMKOCTU OMNPEAeNaloTCA ceayowmm obpasom:

T1 +T2

1 2 1 2
Com = T,—Ty *1 Trlf1 (% + oy T)dT = ao + a, X = Co(Tma), (65e)

Cpz = f C,dInT = f o +a1T) =a, + a, 250 - TZ = C,(Typ), (65r)

T1

- lnTz—lnT InT,-InTy
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dc,
Com — Cz = (TmA - TmL) (E)m (65a)

3TO 3HAYMUT, YTO NepBan CPeLHAA TENNOEMKOCTb PaBHa UCTUHHOM TEMIOEMKOCTU NPY CpeaHeapudmeTUYecKom
temnepatype (Ty,4), a BTopas — npu cpegHenorapuommuueckoin (Ty,,.), T. €. B 06bi4HbIX ycnosusax, (a; > 0) nepsan
cpepHAa TeNI0eMKOCTb 60/blle BTOPOM.

§5. MPOLLECCblI USMEHEHUA COCTOAHUA TEPMOAUHAMMUYECKUX CUCTEM
a. Knaccudmkauma TepmoamHaMmmyeckux npoueccos

B MccnepoBaHMAX NPOLLECCOB M3MEHEHMA COCTOAHWUA MPOCMbIX Mes OCHOBHOM MHTepec
npeacTaBAAT M306paXKeHUsa NPOLLECCOB U3MEHEHMA COCTOSAHMUA B YHMBEPCA/IbHbIX KOOpAMHATax
paboTbl gaBneHuMe — yaenbHbi 06bem ana 1 Kr sewtecTsa (§ 2):

(P, 9) =0 (66)

YpaBHeHUe npouecca MoXKeT bbITb 3a4aHO UCXOAHBIM YCNOBUEM O HEM3MEHHOM 3HaYeHUU B
3TOM npouecce Kakoh-nmbo PyHKumu coctoanmna (z = idem;z = t,u,i...) WU yCNOBUEM O
paBeHCTBE Hy/t0 Kakoro-nnbo adpdekTta TepmoanHammyeckoro npouecca (8q = 0 uau §q* = 0),
O4HAKO 1 B 3TOM C/ly4ae UCXOAHOE YCNoBME NPUBOAUTCA K OCHOBHOM popme ypaBHEHUA npoLecca
(66).

0606w atoumm BblparkeHNnem NpPoCcTenLLNX NPOLLECCOB N3MEHEHMA COCTOAHNSA
(P =idem; 9 = idem; P = idem) asnaeTcA ypaBHeHWe MoaumMpons! ¢ NOCMOAHHbLIM
rnokaszamesnem (rpedyeckune poly — mHoro u trope — obpalieHue, UsmeHeHue):

PI™* =idem =C (67)
nnm

1
Pn9 =idem = C; (67a)

roe n — rnoKasaTte/lb NOJIMTPONbI, ABAAIOWMIACA B pacCMaTPMBAEMOM NPOLLECCe NOCTOAHHON
BE/IMYMHOM, HO KOTOPbIA MOMKET UMETb /It0Oble YaCTHble 3HAaYEHMA — NONOXKUTeNbHble (0T 0 Ao
+00) u oTpuuaTensHbie (ot 0 4o —o);
C, C; — NOCTOsIHHbIE, XapaKTepPU3ytoLLMe NPOXOXKAEHME NONUTPOMNbI YEePEe3 KaKyo-1Mbo
TOUYKY AMarpaMmmbl NpoLecca, HanpUmMep, Yepes HavabHY TOUKY 1 MM KOHEUYHYIO TOYKY 2:

C = Po] = PO = -, (676)
1 1
Cl == P1n191 = P2n192 = e (673)

Mpn anddepeHLMpoBaHUM UCXOAHOTO YPaBHEHUA NOAUTPONbI NOCTOSAHHLIM NOKa3aTeNem
(67) npaBas YacTb ypaBHEHUA 06PaLLLAETCS B HY/b:

9P + nI9™"1PdY = 0, (a)
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oTcroaa

—9dP = nPd¥ (6)
nam
ow = ndl (8)
NHTerpupyem
Wio = 1y 5. (r)

PacueTHble BbipaxKeHNA NOCTOAHHOIO NOKa3aTeNA NoANTPONbI:

_ 9dP _ Sw _ W1’2 (68)
T PdY Sl Lo

ITO 3HAYUT, YTO MOCTOAHHbIN MNOKa3aTe b NOJUTPONbI PaBEH BE/IMYMHE COOTHOLWEHMUA
3/1eMEHTaPHbIX UM KOHEYHbIX YAeNbHbIX PaboT — noTeHuManbHon (W) U TepMmoanNHaAMUYECKON
(1) nsmepsembix BENIMYMHAMM COOTBETCTBYHOLLMX NAOLWAAEN B KOOPANHATAX AABEHNE —
yaenbHbliii 06vem P — 9 (puc. 14, I).

B norapudmmuuecknx koopauHatax log P — log 9 (ocHoBaHue norapudmos—ntoboe)
NoJINTPONa C NOCTOSAHHbIM NMOKa3aTesiemM NPeACcTaBAAET NPSAMYIO TMHUIO, MPUYEM MOKa3aTe b
NONMTPONbI PAaBEH TAHIEHCY yr/ia HakAoHa 3ToM npamolii (puc. 14, I1), 4To HenocpeacTBEHHO
yCTaHaB/IMBAETCA B pe3y/ibTaTe IorapnPpmMmnpoBaHma UCXOLHOTO ypaBHEHUS NoanUTponbl (67):

logP =logC —nlogd; n=tga (69)
MHorune npoueccbl M3meHeHus coctoaHma (6q = 0, t = idem, i = idem v T.n.) B 06WeM

C/ly4yae He MOryT 6bITb NpeacTaBieHbl B GOpme NOAUTPONbI C NOCTOAHHLIM MOKasaTesieM, HO
6ol mepmoduHamu4decKuli npoyecc 3MeHEHNA COCTOAHUA MNPOCTbIX Tl MOXKET bbITb

2 log P
1 A
5 p n=0,P=idem
3 ‘%o §
wg=nl,, (@Q = 2
Z §' ~
=
~
w, v logv
[ n =——'—-23 Il n=tgex /
h

Puc. 14. Monutpona c NOCTOAHHbIM MOKa3aTesiem.

npeacrtasneH Kak rnosaumpona c rnepemMeHHbIM rnokaamesiem.
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McmuHHbIG noKasaTtenb nonuTponsl (1) B AaHHOW TouKe npoueccca (P,Y) npuHUMaeTca
PaBHbIM COOTHOLLEHMIO YAe/IbHbIX 31eMEHTapHbIX paboT — noTeHumanbHou (w) u
TepmoanHamumyeckont (81) B kKoopauHaTax P — 1 WM COOTBETCTBEHHO PABHbLIM TaHIEHCY Yrna
HaK/I0Ha KacaTesibHOM B norapudmuyeckmx koopanHatax log P —logd (pwmc. 15):

_ 6w __ 9dP _  dlnP _  dlogP _
T8l Pd9 dlnd®  dlogd ga. (70)
BbipaxkeHne NCTUHHOro NoKasaTensa NOAMTPONbI ANA NPOLECCOB, XapaKTepmn3yemblx
HEM3MEHHbIM 3HaYeHMEM KaKoM - 160 dyHKUMK cocToaHua (z = idem):
-~
Logv
Puc. 15. MNMonutpona c nepemeHHbIM NOKasaTesiem.
9 (9P .
nz=—;(£)z; z=tui nt.n. (71)
MoKasaTtenb aanabaTnyeckoro npouecca (k) onpeaenserca HenocpeacTBEHHO U3
OCHOBHOrO Bblpa*keHWa nepsoro Havana Tepmoctatnkn (6q = du + APdY = di — A9dP = 0;
otctopga A8l = APqY = —du; Adw = —AIdP = —di):
9dP i
= . = = —\|— =\ . 72
(Sq_O,_ fe=ns (pdﬁ)s (au)s (72)

[na onnucaHnsa TepMOoANHAMMYECKMX NPOLLECCOB Ha y4acTke 1 — 2 (BbipaxkeHus pabot
12 1w, 5, TENNOOBMEH (1 5, U3SMEHEHMNe BHYTPeHHeN 3Heprun Au = u, — u; 1 T.n.) HeobxoaMmo
M A0CTaTOYHO BBECTU 084 CpeaHUX nokasartens. (1, m).

IMepesbili cpegHU NOKasaTenb NOAUTPONLI (1) ONpeaenseTca Kak BeJIMYMHA OTHOLLIEHWSA
NnoTeHUMaNbHON N TepMOAMHAMNYECKOM PaboT (KoopanHaTtel P — v):

=22 (73)

l12

Bmopoli cpepHuii nokasaTenb NOAUTPoNbl (M) onpeaenseTcs Kak TaHreHC yria Hak/1oHa
cekywern 1 — 2 B norapupmmyeckux koopgmuHatax log P —logd (ocHoBaHue ntoboe):
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Tabauya 3

TepmoanHaMmUyecKue npoueccbl U3SMeHEHUA COCTOAHUA NPOCTbIX Ten

YpaBHeHue HanmeHoBaHuWe PacueTHble COOTHOLWEHUA
n npouecca npouecca
2
0 P = idem N306apuueckuii by = fl Pdd = P(J; - 9,)
dP = 0; W1,2 = _flz 19dP = nl1’2 =0
II=PY = M30onoTeHumanbHblii 2 2 dy
1 = idem = C (I = PY — Wl,zzll.zzflpdﬁzflcyz
(C =P, noTeHuManbHas
dyHKuNA) 9, P
= P1 1911“19_12 Plﬁllnp_z
2
W1,2 = _j- 19dP=19(P1—P2)
. o 1
too 9 = idem N3oxopurueckni d9=0; I,= flz PdY = %Wl,z -0
du=0 6q = Aél; 6q* = Adl”
ny, u = idem N303HepreTnyeckui
G2 = Alig; qi2 = Al
di=0 dq = Adw; 6q" = Adw™
G12 = AW1y; qip = Awy,
n; i =idem N303HTanbNnMHbIN [JpoccenbHblii BHeWHeaanabaTuyeckuii
npouecc:
Sw* =0; §q¢° = 0; n=n;; At = D,,;AP
dt =0; &q = hydd 6q = h,dP;
ng t = idem N3oTepmunueckmi (oaHOda3zHbIE CUCTEMBI)
6q=du+Adl =di+ Aéw =0
k 6q=0 Apunabatuueckuii Ali, =ug —uy; Awy, =i — 1,
6q" =du+ ASl* =di+ Adw* =0
k* 5q*=0 BHelwHeaaMabaTUYeCKMit Ali, =ug —uy; Awi, =i; — 1,
Adw" =6q"—di=0; qi, =i, — I3
np ow* =0 [poccenbHbin Adw = §q** (noTeHumanbHas paboTa NoToka

MOIHOCTbIO NPEeBpPaLLaeTca B TEM/I0 BHYTPEHHEro
TennoobmeHa)
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o (74)

OTtcrloaa

] P2+ ] 192—1 P2<192)m_0
ogP1 mogﬁl—ogp1 5) =0

CooTBeTCTBEHHO GOPMYNNPYETCA YpaBHEHWE NOSUTPOMbI C NePeMeHHbIM NoKasaTenem:

2 -Gy ™

Py \9; P) 9

HanmeHOBaHMA NPOCTENLLMX TEPMOANHAMMUYECKMX NPOLLECCOB U PacYeTHbIe COOTHOLLEHMUS,
BbITEKAIOLME M3 UCXOAHOIO YpaBHEHMA NpoLecca, NpueeaeHbl B Taba. 3.

B cnyyae CNOXKHbIX TEPMOANHAMUYECKMX CUCTEM, COCTOAHME KOTOPbIX XapaKTepM3yeTcsa 3HaYeHNEM
HECKONbKUX AedpOPMaLMOHHbIX KOOPAUHAT U TEMMEPaTYPbl, YACIO YCOBUI, XapaKTepPMU3YIOLWUX TEPMOAMHAMUYECKUA
npouecc, paBHo Yncay popm TepmogmnHammueckoit pabotol (§L; = F;dx;), CBOWCTBEHHbIX pacCMaTpMBaEMON
cucTeme, T.e. ynucny ee AedopmMaumMoHHbIX KoopanHaT (X, X5, ..., X,). OCHOBHble ypaBHEHMUA, XapaKTepusyoLlime
MPOLLECC CNOXKHOMN cUCTEMbI, OPMYANPYIOTCA KaK YpaBHEHMA CBA3M BCEX Nap CONpsMeHHbIX koopanHat (x; F;):

(pi(xi, FL) = 0, l = 1,2, (% (76)
6. Pabota B TepMmoAnMHaMUUYECKUX NpoLeccax NpocTbix Ten

ConocTasnnem BbIpaXKeHUA 3N1eMeHTapHOW TepmoauHamuyeckomn pabotol (81 = Pd9) wu

anemMeHTapHoW noTeHuManbHoh pabotbl (6w = —IdP) npoctbix Ten (§ 2):
6l — Sw = Pd9 + 9dP = d(P9Y), (a)
lig—=wio = flz d(P9) = P, ¥ — Py9;. (6)

CootHoweHune pabot (w;, M l;,) pPaBHO COOTHOLUEHWUIO COOTBETCTBYIOLLMX NAOWAel B
KoopauHatax P — U:

Wiz _ fw _ =
l1,2 fL - (8)
CpaBHuBaem (6) u (8}:
lig—wi, = 1- ﬁ)l1,2 = P9, = PyU;. (r)

OTciopa PacyeTHble Bblpa*KeHUA TepMOAMHaMMHeCKOVI n I'IOTeHLI,MaI'IbHOI7I pa60T NPOCTbIX
TEN!:
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P191—Py0 P9
=" === (1-11,), (77)
Wiz = 7_111,2 = % (P19; — Py9,) = %Pﬂ%(l - T1,2)» (77a)

rae Ty, — XapaKTepuCTMKa pacliMpeHus (cxatua), onpeaenaemasn Kak BeNYMHa
COOTHOLUEHMWA KOHEYHOTO M HayabHOro 3HaveHul noteHumanbHon dyHkunm (I = PY)

_ P2
T12 = PO, (776)

7 — NepBbl CPeAHNI NOKA3aTe b NPOLLECCa, KaK NONTPOMbI C MepeMeHHbIM
nokasaTtenem.
O6paTtumcs K ypaBHEHMIO MOJIUTPONbI C NepeMeHHbIM Nokasatenem (75):

P, (192)7" _ P9, (ﬁz)m_l _ (ﬁz)m_l —1
P \9, B P9, \9,; - 2 Vq -
1 1 m-1
<P2>m 192 . <P2>m P2192 _ <P1> _ 1
Py 191_ Py P1191_ P, 1z = =

CooTBeTCTBEHHO GOPMYANPYETCA PACUETHOE BbIPAXKEHNE XapPaKTEPUCTUKM paclUMpPeHUs
(c3kaTms), Kak 3KBMBAZIEHTHOE BblparKeHWe ypaBHEHUA NOUTPOMbI C MEePEMEHHbIM MoKasatenem
(75):

m-—1

_nt (2" _ () (78

Tqr = =2 =
L2 ™ po, 9> Py

B YaCTHOM C/lyyae NONMUTPONbI C MOCTOAHHbLIM MOKasaTeneM (1 = m = n) BbipaKeHUA
TEPMOJMHAMMUYECKOM M NOTEHLMaNbHON paboT (I, MWy ;) Ha KOHeYHOM yyacTke (1 —2) moryT
6bITb MO/Iy4EHbI NYTEM NPAMOrO MHTENPUPOBAHMA BblPaXKEHMI COOTBETCTBYIOLLMX PAabOT Ha
anemeHTapHom yyactke (61 = PddY9; Sw = —9dP).

B. TennoobmeH B TepMmoanHaMmuyeCKuxX npoueccax npocTbix ten

TennoobmeH B Nt060M TEPMOAMHAMUYECKOM MPOLLECCE U3MEHEHWUA COCTOAHMA MPOCTbIX
Te/l MOXKET ObITb BblpaXKeH B 3aBUCMMOCTM OT BEIMYMHbI TEPMOANHAMUYECKON paboTbl Npolecca;
Npu 3TOM BCAKUIN TEPMOAMHAMMUYECKUNI NpoLecc B 06LeM Cnydae paccMaTpmMBaeTca Kak
NnoAMTPONa C nepemeHHbIM nokasatenem (1, m).

NcxoaHoe BbipaykeHne nepBoro Havyana TepmoanHamumikm (52)

Q12 = Uz — U + Al1,2- (a)

Pa3BepTbiBaem BblparkeHWe NoaHoro anddepeHumana BHyTPEHHEN SHEPTUN KaK GYHKUNMK
yaenbHoro obbema un gasnenunsa u = u(9, P):
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du = (Z_;)p 49 + (g_Z)a dp = ﬁ(g_g)p APdY + (Z—z)ﬁ A9dP = ayAbl — a,Aéw,  (6)

o = 1(6u) R 1(6u) (e)
9T ap\av/),” TP T a9 \op)y

M3meHeHMe BHYTPEHHEN SHePrnm Ha KoHedHom yyacTke (1 — 2):

Uy — Uy = AU = Ayl ; — apmAwy ;. (r)
3ameHaem

AW1,2 = ﬁAle- (@)

CpasHuBaem (a), (r) v (a):

Uy —uy = (g — Mapm) Al o (e)
Q12 = (agm +1- ﬁapm)Alljz. ()

YacmHsie cayyau:
L. u = idem; (Au = 0; n=ny); agm — Nyapm =0, (3)
1. G12=0 (R=k); agm+1—kay, =0. (1)

CpaBHMBaem nocnegHue cooTHoWeHUs (3) u (un):

— 1 . — 1N — T_lu
Apm = ey, Aym = MuApm = k—ny," (k)
CoOTBETCTBEHHO GOPMYAMPYIOTCA PacyeTHble BblpaxeHus Tennoobmera (g ;) v
n3meHeHunA BHyTpEHHEI‘;l Heprmuun (Au) B TEPMOANHAMUNYECKUX NMpoLecCCax UsIMmeHeHNA COCToOAHNA
NPOCTbIX TEN:
A7

Au = Uy — U = = All'z, (79)

k-1,

_ [
k-7 =1
* *% n
= + =—Al;, ==
q12 = 412 T 412 k—m, 12 T %

Awy 5, (80)

_'r_lu

& SI| =1

-n

* *% E__ 1
Quz = Qiz+ Qi) =1 ALz = 2 AWi . (80a)
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COOTHOLWEHMA Ha 3N1eMeHTapHOM yyacTke (du,5q) bopMyanpyroTca aHaorM4yHO, HO Mpu
3TOM B pacyeTHble COOTHOLLEHUA BXOAAT UCTUHHbIE 3HaYeHMA NoKa3aTesiel B pacCMaTpMBaemMoin
Touke (n, ny, k).

OueHb BaXKHYI0 PO/ib B TEXHUYECKMX pacyeTax UrpatoT BHellHeaamnabaTuyeckme npouecchl
(6q*=0; n=k"):
’ k

8q=8q" == A8l = E-

k-ny -n

1

ASw. (a)

HeobpaTmble NOTepU UMEIOT HEU3MEHHO MOIOXKMUTE/bHbIN 3HaK (§ 9):

6q™ = +{ A8l = £{,, Adw > 0. (6)
CpaBHuBaem (a), (6):
k-k* — &1
(k_nu ¥ (L) ASL = (:_nu ¥ zw) ASw = 0. (8)

OTctofia pacyeTHble BblpaXKeHWA NokasaTens sHewHeaduabamuveckozo npoyecca (6q* = 0);

« — k
k =k+{L(k—nu)=m.

3Haku (1) nepepg koadpouumeHtamm Heobpatumblx noteps ({), {,,) €CTb 3HAKU COOTBETCTBYIOLLMX paboT

(81)

(81, sw).

r. Mpoueccbl U3MeHeHUA COCTOAHUA UAeaNbHbIX Fa30B

Mpu U3y4eHMM NPOLECCOB U3MEHEHUA COCTOAHMA UAEaNbHbIX Fa30B K 06LLMM COOTHOLLEHUAM
(66) — (81) pobasnatotca ypasHeHune KnaneitpoHa PY = RT w3akoH [xoyna u = u(t) vnam

i = i(t).

MepBoe Ha4yano TePMOCTAaTUKMN ANA naeanbHbix rasos (61):
8q = Cydt + A8l = Cpdt + Adw. (a)
Aannabatuyeckuin npouecc (6q = 0):
Abl; = —Cydt; Adwg = —Cpdt. (6)
OTclofa HenocpeacTBEHHO CNeAyeT, YTo nokasaTtenn aanabaTtel—ucTuHHbIN (k), nepsbii

cpegHuin (k) n BTOpOM cpegHuin (k) — onpeaenatoTcs Kak COOTHOLLIEHWA COOTBETCTBYHOLLMX
TenJ0eMKocTel Npu NOCTOAHHOM aBNEHUM U NOCTOAHHOM obbeme:

ow C C C
k ::——ﬁ ::—2 :::;52._ P.__ (82)
Sl Cy Cy Cp—AR
- C C c C
F=fom_ _Com . o _Cmp__Cmp (82a)

Cmo Emp —AR
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YpaBHeHMe aanabaTbl MAeaNbHbIX ra3oB, Kak MOANTPONbI C NePeMEHHbIM MOKasaTenem

(r):

GO 29

M30onoTeHUManbHbIN NPOLECC U3MEHEHMUSA COCTOSHUA UAEaNbHbIX Fa30B
(n=1, PY = idem) naBnAeTca TaK¥Ke 1 n3oTepmmnyeckum npoueccom (t = idem), uto
HenocpeAcTBeHHO cieayeT u3 ypasHeHus Knanepora (PY = RT). OueBnaHo, 4TO
M30MOTEeHLUMANbHBIN NPOLECC USMEHEHWA COCTOSHUA UAEabHbIX ra30B KaK npoLecc
M30TEPMUYECKUIA XapaKTepmayeTca (Mo 3aKoHy [KoyA) HEM3MEHAEMOCTbIO BHYTPEHHEN SHEPTUH,
(u = idem) v aHTanbnun (i = idem.) 3TO 3HAYMT, YTO NOKa3aTeNN U30MNOTEHLMANBHOIO
(n = 1), usorepmuueckoro (n = n;), nsoaHepretmyeckoro (n =n,) | M303HTANLNUNHOIO
(n =n;) npoLeccoB U3MEHEHWUs COCTOAHUA MAeabHbIX FA30B PaBHbI MeXKay cobol (0auH 1 ToT
»Ke npouecc) :

PO™ = idem; Npy = 1,
PY = RT; ng=ng =1,
u =u(t); Ny =Ny = Npy = 1,
i =i(t); Ny =ny, =N =nyy = 1. (83)

ITOT pe3ynbTaT (83) fOCTaTOUEH A1A NONYYEHUA PACYETHBIX BbIPAXKEHWUI PaboThI,
TennoobmeHa U U3SMeHEeHU BHYTPEHHEN SHEPTUN NAEaNbHbIX FAa308 U3 0OLLMX COOTHOLLIEHUN
(77) — (80) n moxkeT bbITb MCNONb30BaH, HapaBHe ¢ ypaBHeHnem KnaneipoHa (PY = RT) wuc
3aKoHOM [xoynA (Au = ComAt; Al = CpmAt), ANA YCTAHOB/IEHMA OCHOBHbIX PACYETHbIX
XapPaKTePUCTUK TEPMOANHAMMUYECKMUX NPOLLECCOB MAEANbHbIX Fa30B N3 COOTBETCTBYOLLMX 0OLMX
COOTHOLLEHUIM ANA NPOCTbIX TeN.

§ 6 KPYTOBbIE NPOLIECCHI (LIUK/bI)
a. TennoBble mallUHbI

Ternno8bIMuU MAWUHAMU B TEPMOANHAMMKE Ha3bIBAOTCA TEMNOBbIE ABUTATENMN U
XONOANbHbIE MaLLMHbI (TEPMOKOMMNPECCopbI),

Kpyzosbimu npoyeccamu, unu YUKAamu, TENNOBbIX MalIMH HA3blBAOTCA 3aMKHYTbIe
MPOLLECCI, XapaKTePU3YIOLLMECS 8038paMOM paboyux mes 8 UCXOOHOE COCMOSAHUE,
cnenoBaTesibHO, UTOrOBOE (MHTErpasbHOE) U3MeHeHUe b0 GyHKUMM COCTOAHUA paboyero Tena
(z) B KpyroBom npouecce paBHO HytO.
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99dz=f:dz=0; z=tud U T (84)

B TeopuMm Kpyrosbix NPOLLECCOB TEMIOBbIX MALLUMH PACCMATPUBAOTCA JINLLb 31IEMEHTbI
BHelwHero 6anaHca — BHewWwHsAA paboTa (L*) v BHewHul TennoobmeH (Q *); cnefoBatensHo,
6a30li TEOPUK KPYroBbIX NPOLECCOB ABNAETCA NEPBOE HAYANO0 TEPMOANHAMMKN (BHELLHWUI BanaHc):

§Q* = dU + ASL",
$6Q* =$dU + $ ASL* = § ASL". (85)

YucnenHoe paseHcTso (6Q* = ¢ ASL*) nocnymno ocHOBaHWEM NPUMEHEHMUA B Teopum
KPYroBbiX NPOLLECCOB TEPMMHA «NpeBpaLLeHune Tenna B paboTy» (CUHOHUM TepMUHa «3ddeKT
KPYroBbIX MPOLLECCOB).

Tennossie dsuzamernu (pwvc. 16 I) ocywwecTBAAOT Npouecc NnpespaleHns Tenna B pabory:
Ten/0 NOABOAMTCA OT BHELLIHErO MCTOYHMKA BbICLUMX TemnepaTyp (HarpesaTtenb t; M 4acTUYHO
OTBOAMTCA K UCTOYHMKY HU3LIMX TEMNEPATYpP (XONOAMBHUK t;, ); MONYYEHHAs B TEMIOBOM
Asuratene pabota (AL* > 0) no 3aKoHy COXpaHeHWsA 3Heprumn paBHa pPasHOCTU abCOMOTHbIX
KoauyecTs Tenna nogsegeHHoro (Q7) v oteegeHHoro (Q):

AL*] = 1051 - 1Q51. (86)
¢ 5
fe;
ba
!
By L7
LL>3 HL<g

Puc. 16. TennoBble MalLUHBbI.

KoaghgpuyueHrmom rnonezHoezo delicmeaus (K.n.4) TENNOBOro ABUraTens HasblBaeTcA BENNYMHA
OTHOLLEHMA TEPMMUYECKOTO IKBMBANEHTA NONyYeHHOM paboTbl (AL") K 3aTpayeHHOMY KOMYecTBy

Tenna (Q7):
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|ALY| Q3
=—"=1—X2 87
Q3] Qi (87)

XonodunbHbie mawuHbl (puc. 16, II) ocywecTBAAlT Npoueccbl NnepeHoca Tenna oOT
MCTOYHMKA HU3WKMX Temnepatyp (ty, @), K UCTOYHMKY Bbiclwmnx Temnepatyp (tq1, Q1), npuuem gaa
OCYLLeCTB/IEHMA 3TOro MpoLecca 3aTpaymBaeTca paboTa, NOABOAMMAN K XONOAM/IbHOW MaluuHe
nssHe (86).

XonodonpouzsodumesbHOCMbiO (MU KOIPPULMEHTOM XON040MNPOU3BOANUTENIBHOCTH)
XONOANNBHOW MaLUUHbI (TEPMOKOMMpPEeccopa) Ha3biBaeTCA BE/IMYMHA OTHOLIEHWNS KOIMYEeCTBa
Tenna, 3aMMCTBOBAHHOIO OT UCTOYHMKA HMU3LWKX TemnepaTyp (Q3), K Tepmuyeckomy
3KBMBaNEHTY 3aTpadyeHHoMn pabotbl (AL*):

Q5| Q5]
=%l 1l 88
X = ar = Tel-led] (88)

Konunuectsa Tenna 1 paboTbl BXOAAT B BbIPaXKEHMA XapaKTEPUCTUK TENNOBbIX MaLIUH (87) u
(88) B BUAe abcontoTHbIX BEINYUH.

P

Puc. 17. Kpyrosbie npouecchl (LMKAbI) TENA0BbIX MaLLIWH.

Jnarpammbl paboumnx npoueccos peasnbHblx gsuratenel (puc. 17, I ) n xonoannbHbIx malmH (puc. 17, 1)
Pa3/IMuHbI NPEXKAE BCErO B CBA3M C HANMYMEM pa3nnumii Temnepatyp paboyero tena (t') v BHewHmx ncrouHmnkos (t"):
Anarpamma pabouero npouecca Ten0BOro ABuraTesia pacnosioXKeHa BHYTPU rpaHunL, TEMNePaTyp BHELLIHUX
WCTOYHMKOB, @ AMarpaMma X0/1I04MN/IbHON MALLNHbI — BHE rPaHuL, TeMnepaTyp BHELWHUX MCTOYHUKOB.

[Avarpammel paboumnx npoLeccoB 06paTUMbIX TEMIOBbIX MALLIMH (TENJOBbIX ABUTATENEN U XONOOUbHBIX
MaLlUWH) COBEPLUEHHO TOXKAECTBEHHbI, HO NPOTUBOMOJIOXHO HanpasaeHsl (puc. 17, I11); TemnepaTypbl BHELIHUX
NCTOYHUKOB U paboyero Tesna 06paTMmoit Tens0BOKM MallUHbI COBMaAatoT, @ BHYTPEHHUIN Ten006MeH OTCYTCTBYET
(t'=t" 6Q* =0). TeueHne 06paTMMOro NpoLLecca TEMIOBbIX MaLLWH, CBA3aHHOE C HEOBXOAMMOCTbIO Nepeaayn
KOHEYHbIX KO/IMYECTB Tenia npu 6eCKOHEYHO MasibiX PAa3HOCTAX TEMNEPaTyp BHELHUX UCTOYHMKOB M paboyero Tena
(lim At = 0) moxHo npeacTaBuTb cebe AnLWb Kak BeCKOHEeYHO 3ameaeHHoe. B cBA3M ¢ 3TUM 06paTUMble KpyroBble
npoLecchbl TENOBbIX MaLLMH cneayeT PacCMaTPMBaTb Kak KBasUCTaTUYECKME PAaBHOBECHbIE MPOLECChHI, B KOTOPbIX
WCK/ItoYeHbl HeobpaTUMble U3MEHEHUA COCTOAHUA paboyero Tena U CUCTEMbI HarpeBaTeslb — XON04UIbHUK B LLE/OM.

LIMKAbl TENNOBbBIX MALUMH, B KOTOPbIX UCKNHOYEHBI HEObpaTMMble NOTepM paboyero npoLecca MaLlluuH
(6Q™ = 0), B ganbHelwEM Ha3bIBAKOTCA MEPMOOUHAMUYECKUMU YUKAAMU MEen08bIX MAWUH; BONPOCh! 06
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N3MEHEHUAX COCTOAHUA BHELIHNX UCTOYHUKOB M CUCTEMbI B LLE/IOM B TEPMOANHAMUYECKUX LIMKAAX COBEPLUEHHO He
paccmaTpuBaloTCs.

Ecnu ogHa v Ta ke obpaTumasn Teniosas mawmrHa (6Q™ = 0; §Q* = §Q) cHavana ocylLecTBAAET NPoLecchl
o6patmoro Tennosoro aguratena (L'), a3aTem o6paTumoit xonoanabHoii MatwmHbl (L"), To npu mexaHuyeckom
conpsxenumn (L' = L") Tennosble NOTOKM ABUraTENA U XONOANNbHON MaLUMHbI By4yT PaBHbI N0 .abCONOTHO
BE/IMYMHE M NPOTUBOMNOJIONKHO HanpasaeHbl (puc. 17, I11)

ALl 10 _ 1l
Mosp = 1g,17  Xo6p = Jar = Jar|

OTclofa ncxogHoe matemaTUyecKoe BbipaXkeHne obpaTumocTv npespalleHuii Tenna u paboTtbi:

7706p(X06p + 1) =1 (89)

NcxopgHoe maTemaTuyeckoe onpeaeneHme obpatnmocTy (89), xapakTepusytolee npoueccbl o0Hol u moli yce
06pamumoli MawuHbl Kak aguratens (Mosp) W Kak XON0ANIbHON MalIMHbI ()(Oﬁp), COXpaHAET cuay Ans Nobbix
06paTUMbIX TENNOBbIX MALLWH (Pa3nYHbIE LMKl M Pa3anyHble paboumne Tena ABUraTens n XoNoAnAbLHON MalKHbI),
ecnun obpaTMMbI ABUraTeNb M 06paTMMan MallMHa OCYLLECTBAAIOT NPOLECCHl MEXAY OAHUMM U TEMU KE BHELIHUMMU
uctouHmkamm (t;,t,); 310 0606LLEHME NONYYAETCA B KAYECTBE O4HOrO M3 MPAMbIX CNEACTBMIA BTOPOro Ha4yana
TepMocTaTuku (§ 7).

6. Llukn KapHo

Lmkn KapHo (1824 r.) ecTb 06paTUMbIiA KpyroBoi NpoLecc Tena10BbIX MalluH,
OCYLLECTB/IAEMbI MEXKAY ABYMA NCTOYHUKaMM NOCTOAHHbIX TEMNepaTyp BHELWHEN CUCTEMbI —
HarpesaTenem (T;) v xonoauNbHUKOM (TZ)).

Linkn KapHo, Kak TepMoaUHaMUYECKUIA LIMKA TeNI0BOrO ABUraTens, XapakTepusyeTcs
cnepytolLei nocnenoBaTebHOCTbO Npoueccos (puc. 18, I):

7 a,
g i 2
< S
S £
o
4 J
e %
v 5= R $
—
Ir-s

Puc. 18. Unkn KapHo.

Haya/ibHOE pacWMnpeHne c coobLLeHnem Tenaa Npu NOCToAHHOW Temnepatype T
(n3otepma 1 — 2), nocneayoulee agnabatmyeckoe paciumpenme (agnabarta 2 — 3), HayanbHoe
C’KaTue C 0TBOAOM Tenna Npu NocToaHHon Temnepatype T, (M3oTepma 3 — 4) n, HaKoHel,
3aK/lounTeNIbHoe agmabaTnyeckoe cxaTue ¢ Bo3BpaToM paboyero BelecTsa B UCXOAHOE
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coctosaHue (agnabata 4 — 1). ChegosatenbHO, TEPMOAMHAMUYECKUIA LMK KapHO COCTOUT M3 ABYX
nsotepm paboyerotena (T;, T,) w asyx aguabat (6Q = 0).

Ecaun pabounm Tenom umkna KapHo ABAAETCA uaeanbHbli ras, To B CUAy NpuUHLMNA
CYLLLECTBOBAHMSA SHTPOMNUM MALaNbHbIX ra308B (§ 4) uMKkn KapHo, MOXeT BbiTb NpeacTaB/ieH TakKe
(puc. 18, 11) B KoopamnHaTax abcontotHas Temnepatypa — aHTponua (T — S):

|Qul = [ TdS =Ty [ dS = Ty(S; — S1), (a)
10,1 = [ TdS =T, [ dS =T, (S5 — S,). (6)

Ycnosue 3amblKaHMA UuKna KapHo: abcontoTHas BeIMYMHA U3MEHEHMA SHTPOMNUM B
npouecce coobuweHua Tenna (S, —S;) paBHa abcoNOTHON BEIMUMHE USMEHEHUA SHTPONUU B
npouecce otsogatenna (S, — S3):

95dS =0 (B)
N
S, =81 =83 — 5, =|AS|. (r)
OTctlopa
|Q1] = T11AS], (@)
|Q2| = T>|AS], (e)
|AL| = 1Q1] — Q2| = (T, — T,)|AS]. (>)

KoadpduumeHT nonesHoro 4encTemna n XonoA0npon3BoanTeNbHOCTb TEPMOAMHAMMYECKOTO
uUMKna KapHo (BbIBOA, COXpaHAET CUAY A1 BCEX Te, TeN1006MeH KOTOPbIX XapaKTepusyeTcs
cootHoweHuem (6Q = TdS):

t=1_@=1_w=1_2, (90)
Q1] Tq|as) L5
_ @ _ TlAs| T (90a)

E7 ALl T (r-To)las| T Ty T

KoaddurumeHT nonesHoro gencTema U Xon040Npon3BoanTenbHocTb (1, Xt)
TEPMOAMHAMMNYECKOTO LMKNa KapHO XapaKTepu3yoTca COOTHOLWEHNEM abCOMIOTHbIX TemnepaTtyp
pabouero BellecTBa B NpoLeccax OTbema U coobLieHMA Tenna; B caydae o6paTMmMoro UuKna aTo
eCcTb TemMnepaTypbl BHelHel cuctembl — xonogunbHuka (T,) w Harpesatena (Ty).

MoNy4YeHHbIE BbIPaXKeHUSA K. M. 4. U XON040MNPOM3BOANTENIbHOCTM 06paTUMOro uukna KapHo
(90), (90a) pencTBUTENbHBI AN1A NHOOLIX 0OPATUMbIX LMKAOB C BHELLIHUM TeN1006MeHOM Ha
nsotepmax (Ty,T,) v pna nobbix pabounx Ten, 4To HenocpeaCcTBEHHO ceayeT U3 BTOPOro Havyana
TepmocTaThku (§ 7).
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7. BTOPOE HAYA/10 TEPMOCTATUKHA
a. Npo6nema cyuiectBoBaHMA U BO3pacTaHUA SHTPONUU

BTopoe Hauyano Knaccnyeckom TepmoanHaMUKK GopmMynmpyeTca Kak 06beaMHEHHbIM
NPUHLMN CYLLECTBOBAHUA M BO3PACTaHMA SHTPONUKN (TEPMUH «KIHTPOMNUA» NPEANOXKEH P.
Knasuycom: en — B, BHYTpb 1 trope unm tropos — obpatyeHue, nyTb; B Lenom — obpalieHue
BHYTPb, Mepa obecyeHeHus 3Hepauu).

lMpuHYUN cyuecmeosaHuUs SHMPONUU eCTb YTBEPKAEHNE BTOPOro Havana KaaccuyecKom
TEPMOANHAMUKM O CYLLLECTBOBAHUN HEKOTOPOMN QYHKLMU COCTOSHMA T€N U COMKHBIX CUCTEM —
aHTponuu; anddepeHLmMan aHTponum ecTb NonHbIN anddepeHuman (dS), onpepensemoiii B
06paMUMbIX MPOYECCaxX KaK BEIMYNHA OTHOLIEHWUA NOABEAEHHOMO U3BHE 3/1IEMEHTAPHOIO
Ko/MyecTBa Tenna (6Q;‘6p) K abcontoTHol Temnepatype Tena (T):

6Q;
d506p = ’1:)6p.

n PUHYUUI 803pACMAHUA 3HMpPOriuu ecCtb yTBEPXKAEHNE BTOPOro Ha4vyana K/NacCUYeCcKom
TEPMOANHAMUKN O HEUSMEHHOM BO3PACTAHUU SHTPONMNN N3ONTMPOBAHHbBIX CUCTEM BO BCEX
peanbHbIX NpouecCax U3IMeHEHNA COCTOAHUA STUX CUCTEM (B O6paTMMbIX npoueccax UsmeHeHunA
COCTOAHNA N30ONNPOBAHHbLIX CUCTEM IHTPOMKUA ITUX CUCTEM HE M3MeHﬂeTCﬂ)2

dSPISOJII/Ip = 0.

MaTemaTuyecKoe BblparkeHne NPUHLMNA CyLLEeCTBOBaHMUA SHTPONUN TEPMOANHAMUYECKON
CUCTEMbI SKBMBA/IEHTHO OMUCAHWNIO CBOMCTB 3TOM CUCTEMbI, HANPUMep, B MOCTPOEHUN NPUHLUMNA
CYLLECTBOBAHMA SHTPOMUN MAEaNbHbIX ra3os (§ 4). Ha aTom ocHoBaHUK 0bLLee NOCTpoeHue
NPMHLMNA CYLW,ECTBOBAaHMA SHTPOMNUN B Aa/ibHEMLLEM OCYLLECTBAAETCA Ha ba3e He3aBMCUMMOTO
CMMMETPUYHOrO NOCTyNaTa, COXPAHAIOLLErO CUAY NPy Nt06OM HanpasBaeHUM HeobpPaTUMbIX
ABNIEHUI B U30/IMPOBaHHOW cucteme (§ 1). BBeaeHune noHATUA BHYTpeHHero TennoobmeHa (5Q™")
N MaTEMaTMYECKOrO BbIPaXKeHUA MPUHLMNA COXPaHEHUA 3Heprnmn B Gopme NepBoro Havana
TepmocTtatukm  (6Q = 6Q" + 6Q™ = dU + ASL) paeT BO3MOXKHOCTb 06061WKTb
MaTeMaTUYEeCKoe BblpaXKeHue MpUHYUNa cyu,ecmeosaHus 3HMPOonuuU KNaccuyeckom
TepMoAuHaMMKKU (0bpaTmbie NpoLLEcChl) A0 YPOBHS BTOPOro Havyana TEPMOCTaTUKM KakK
MaTeMaTUYECKOro BblpaXKeHMA NPUHLMNA CYLLECTBOBAHWNA SHTPONMM M abCONOTHON TemnepaTypbl
ANA peasibHbIX Mpoueccos Nobbix TEPMOANHAMUYECKUX CUCTEM.

6. MocTynat BTOpOro Hayana TepMoOCTaTUKKU
MocTynaT BTOPOro Hayana TEPMOCTAaTUKM (BTOPOM MNOCTYNAT TEPMOANHAMMUKM) NPUHUMAETCA
B dopme cneaytoulero yreepkaeHua (§1): «Temnepamypa ecmos eOUHCMBEHHAA PyHKYUSA

COCMOAHUA, onpedenmomaﬂ HaripaesieHUe camoripou3sosibHo2o mennoo6/v|eHa, T.€. MeXAy
TENAMU N INEMEHTAMMU TEN, HE HaXOo4AWLMNMNCA B TENJIOBOM paBHOBECUN, HEBO3MOXKEH
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0AHOBPEMEHHbI CAMONPOUN3BObHbIN (N0 6anaHcy) nepexon Tensia B NPOTUBOMNONOMKHbIX
HanpaB/ieHMAX — OT Ten 6osee HarpeTbiX K TelaM MEHEE HarpeTbiM U 06paTHO».

BakHelwunmu cneacTBMaMmM NocTysiata BTOPOro Havyana TEPMOCTaTUKM ABASAIOTCA
cnepytowme yTBepKAEeHUS.

Cnedcmeue 1. Heso3amoxHO oOHo8pemMeHHoe (B pamKax O4HOW U TOM e NPOCTPaHCTBEHHO-
BPEMEHHOM CUCTEMbI MOJIOXKMUTENBbHbIX AN OTPULATENbHbIX aBCOMIOTHBLIX TeMNepaTyp)

ocyuwecmeseHue rnosHbIx npespaweHuli menaa e pabomy u pabomei B meriso.

Ecnm ponyctutb BO3MOXHOCTb OHOBPEMEHHOTO OCYLLECTBAIEHUA MO/HbIX NpeBpaLLeHunit Tenna B paboty
(Q, » AL) v pa6otbli B Tenno (AL — Q), TO B MU30IMPOBAHHOM CUCTEME A,BYX TEM/IOBbIX UCTOYHUKOB — HarpesaTesis
(t,) xonogunbHuUKa (t;) MOXKHO BblN0 bl OAHOBPEMEHHO OCYLLECTBUTH CAMOMNPOU3BOJIbHbBIN NEPEXOA, TENA B
NPOTUBOMONOMKHbIX HANPABAEHUAX — OT XONOLU/IbHUKA K HarpeBaTento (Tenso 3aMMCTBYETCA OT XONI0ANIbHUKA U
NoJ/IHOCTbIO NpeBpaLliaeTcs B paboty Q — AL, 3atem BHOBb npeBpalaetca B tenno AL — Q wnepenaetca
HarpeBaTe/lo) U OT HarpeBaTens K X0N0ANAbHUKY (TENN0 3aMMCTBYETCA OT HarpeBaTes U NOJIHOCTbIO NPEBPALLAETCA B
paboty Q — AL 3aTem BHOBb npeBpauwiaetca BTenno AL — Q U nepenaerca XONOAUNbHUKY).

MocTynat v ero cneacteue I, Kak BblpaXKeHUA NPUHLMNA NPUYMHHON CBA3M U OAHO3HAYHOCTM 3aKOHOB
NpPMpPOoAbl, BNOIHE SKBUBANEHTHbI, OHAKO B NOCTPOEHUAX MPUHLMNA CYLLECTBOBAaHUA abCONOTHOM TemnepaTypbl U
SHTPONWUK NOCTYAT UMEET TO NPEUMYLLLECTBO Nepesa caeacTeuem I 3Toro NocTynata, YTo B HEM COAEPKUTCA
onpezeneHne TemnepaTtypbl, 6e3 3Toro onpegeneHns He MoXKeT BbITb BNOJIHE CTPOro OCHOBAHO NOHATUE abCOMOTHOM

5Q
TemnepaTypbl KaK MHTEFPUPYIOLLErO AennTens (dS = T)

Cnedcmesue 11. (Teopema HECOBMECTUMOCTHM aanabatbl U 3oTepmbl). Ha usomepme
pasHosecHol mepmoouHamuyeckoli cucmemol (t = idem), nepecekaroweli 08e passuyHbie

aduabamel moli #ce cucmemsl, mensano0o0bmeH He moxcem 6bime paseH Hyato (Q; + 0).

PasanyHbiMmun agnabatamm byaem HasbiBaTb Takue gge aarabatbl, KOTOpble B Pa3NMYHbIX TOYKax (1, 2)
nepeceKaloT Kakyo-ambo IMHKMIO NpoLecca C MOHOTOHHbIM NMoaBoAoM uan oteogom Tenna (8Q # 0).

Ecnu 6bl B KaKON-HUBYAb 0613CTN COCTOAHWUI PaBHOBECHOW TEPMOLMHAMUYECKON CUCTEMbBI MOMKHO Bbl10
OCYLLECTBUTb M30TEPMY, MPOTUBOPEYALLYIO PACCMATPUBAEMON TeOpEME, T.€. TaKy U30TepMy, KOTOpan nepecekaer
[Be pa3/nyHble agnabatbl B ToUKe A (Ha aguabate 1) u B Touke B (Ha agnabaTe 2), HO NPU 3TOM Ha y4acTKe
obpatumoro (6Q** = 0) m3oTepmuyeckoro npouecca A — B Tenn0o0bMeH paBeH Hy/o (QAB = Qoop = 0), TO
MOKHO 6b1/10 6bl OCYLLLECTBUTL 0O6PATUMbIN KPYroBO NPOLECC, COCTOALLMIA U3 INHUKN coobweHna Tenna (1 — 2), AByx
nepecekatolmx ee agnabar (1 — A n 2 — B) 1 3amblKatoLLeli usotepmbl (B — A) ¢ HyneBbIM TenaoobmeHom
(Qp4 = 0), T.e. BbINONHWUTL NONHOE NpeBpaLLeHue Tenaa 8 paboTy B NPAMOM 06paTMMOM KPyroBom npotiecce
(I —2— B — A — 1)1 nonHoe npespalleHne paboTbl B Tenso B 06paTHOM KpyroBom npouecce (1 —A — 8 — 2 — 1),
YTO NPOTMBOPEUUT CAeACTBMIO 1 NOCTyNaTa BTOPOro Hayana TePMOCTaTUKMK.

B panbHelwem byaeT yctaHoB/IeHO (cneacTBue | BTOPOro Havyana TePMOCTATUKM), YTO TePMOAUHAMUYECKOE
pasnnyne aanabat xapakTepusyeTcsa pasnnunem sHayeHuii sHtponun (AS = S, — S; # 0 1 yTo TennoobmeH (no
6anaHcy paboyero Tena) Ha U30TepMe PaBHOBECHOM CUCTEMbI paBeH NPOU3BEAEHUI0 abCOMIOTHOM TemnepaTypbl Ha
BE/IMYNHY U3MEHEHUSA SHTPOMWUM NPU NEPEXOAE CUCTEMbI C NepPBOI agnabaTbl Ha BTOPYHO, T.€. He MOXKeT 06paLLaTbea B
Hynb (Q, = TAS # 0).

Cnedcmeue 111 (Teopema TenN0BOro paBHoOBecUA Ten).
B pasHoBeCHbIX Kpy208bix npoueccax 08yx mepmuyecku conpsaxeHHoix men (t; = t;;),
obpasyrouux aduabamuyecku uzonuposarHyto cucmemy (6Q = 5Q; + 5Q;; = 0), oba mena
8038pAU,AOMCA HA UCXOOHble aduabamel U 8 UCXOOHOE COCMOAHUE O0OHOBPEMEHHO.

PaccmoTpum gBa Tepmuyecku conpsaxKeHHbix Tena I v I, pa3geneHHbIX TeNA0NPoBOAALLEN NepPeropoaKomn u
o0b6pasyroLmx agrmabaTMueckm M30aMpoBaHHyto cuctemy (puc. 19):

t;=t;=t, (a)

Q =60Q,+6Q, =0. (6)
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B paBHOBECHbIX NPOLLECCaX WM3MEHEHWA COCTOAHUA TEPMMYECKM cOnpsxeHHblx Ten I ull Kawpoe Teno
BbINOJIHAET ONpeAeneHHYI0 (MONOKMUTENbHYIO MW OTPULATEbHYIO) TepMmoanHamudeckyto paboty (8L, + 8L, = 6L).
Ha oTZenbHbIX y4acTKax PaBHOBECHbIX MPOLECCOB M3MeHeHusa cocTtosHuAa Ten [ ull, pasgensiowas stmM Tena
TennonpoBoAALLAA NeperopoaKa MoxKeT bbiTb 3ameHeHa agnabatuueckoin (6Q; = 0; §Q;; = 0), ofHaKo Kaxaoe 13
TeN B 3TOM C/lydae NpoxXoguT ob6lWMiA anAa oboux Ten MHTepBan M3MEHEHUA TemnepaTypbl, TaK 4YTO B MOMEHT
BOCCTAHOBAEHUA TennoobmeHa mexay Tenamu I u I 3TM Tena HEM3MEHHO OKasblBAlOTCA B COCTOSAHMM TENI0BOrO
paBHOBECHA.

[Jonyctim, uto B MomeHT Bo3BpaTa Tena II B ucxogHoe coctosaHue (A;;) Teno I HaxoguTcA B HEKOTOPOM
coctoaHun E;, npuyem BHYTPEHHAA SHEPTUA €ro B 3TOM cOCTOAHMM pasHa Ug; Temnepatypa Tena I B coctoaHun E;
paBHa HayanbHOW tp =t, TaKk Kak Tena I v 11 Tepmuyeckun conpaxkeHol, a Teno I Bo3BpaTUIOCh B UCXOA4HOE
COCTOAIHWE U UMEET HauanbHyto Temnepatypy (t,).

BanaHc cuctembl Ha Nyt A — E (teno I cosepwuno nyte A; — E;, aTeno Il — kpyrosoi npouecc).

Teno I:
Q =, 8Q, = [, (AU + ASL), = Uy — Up), + AL, (8)
Teno II:
Qn = ﬁdQu = ﬁ(dU + ASL);; = ALy, (r)
Cucmema I + II:
8Q,+6Qu=0; Q +Qy=[,(8Q,+6Q,) =0. (a)
CpaBHuBaem (B), (r) u (a):
Q +Qy=Wg—Uy+AL + AL, = 0. (e)

370 3HAYMT, YTO Ha paccmaTpuBaemom nytm A — E cuctemol nonydeHa (Uy — Ug > 0) unm 3atpayeHa
(Uy —Ug <0) pabora:
ALy = AL + ALy, = (Us — Ug)y- (>)

Bo3spaTum Teno I B ucxogHoe coctosHne (A;) nytem obpaTMMOro M30TEPMUYECKOro npouecca (B aTom
obpatumom npotiecce Teno II otgeneHo ot Tena I agunabatnyeckon NneperopoaKon U He NoABEPraeTca U3MEHEHWUID),
4NA Yero noaBoAuMM usBHe Tenno Qf = Qg4 v 3aTpaunsaem unau nonyvaem paboty ALg, (Qgp4 # 0 no cneactsuio I1):

Qf = Qga = (Uy — Ug); + ALyg. (3)
3ameHaem no ypaBHeHUto 6anaHca ()
Uy —Ug), = ALy g (v)
n fanee
Qf = Qga = ALy, ;; + Agy = AL. (k)

B npasoi YacTh nonyvyeHHOro paseHcTBa (K) — nosiHas paboTa Kpyrosoro npouecca ABCDA cuctembl [ + 11,
a cnesa — Tenno, NoABeAEHHOE U3BHE; TaKOM pe3y/ibTaT SKBMBANIEHTEH NOJIHOMY NPeBpPaLLeHUIO Tenna B paboTy
(Q; — AL). Ecnm kpyroaoit npouecc cuctembl 1 + 11 ocywecTsmTb B NPOTMBOMNONOKHOM HanpasieHun (ADCBA), To
MONy4YeHHbI Ha 0bpaTHOM NyTu AE pe3ynbTaT byaeT SKBUBANEHTEH NONHOMY NpeBpaLLeHuto paboTbl B Teno
(AL; — Qf) OpHoBpemeHHoe ocylecTBneHne npamoro ABCDA v ob6patHoro ADCBA Kpyrosbix NpoOLLecCOB B
napannenbHO paboTaloLmMX YCTaHOBKAX NPUBEAET K O4HOBPEMEHHOMY MOJIHOMY NPeBpPaLLeHUIo Tenia B paboTy m
paboTbl B TEMNO, YTO NPOTUBOPEYUUT CNEACTBUIO [ MCXOL4HOMO NOCTY/IaTa BTOPOro Havyana TEPMOCTATUKM.

UTaK, NpuxoauMm K BbIBOAY, YTO TeNI006MeH Ha 3amblKatoLLelt usotepme E; — A; paBeH Hyto
(Q* = Qg4 = 0); oTctoaa HemocpeacTBEHHO caeayeT (Mo Teopeme HeCOBMECTUMOCTM aanabaTbl U 30TEPMBbI), YTO
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Teno [ BO3BPATMIOCh Ha UCXOAHYHO aanabaTy o4HOBPEMEHHO C BO3BPALLLEHMEM B UCXOAHOE COCTOAHWe Tena I, T. e.
Tena I u 1] BO3BpaLLAlOTCA B UCXOAHOE COCTOAHWE OAHOBPEMEHHO.

TepmuH «BO3BpaLLEHNE CUCTEMbI B UCXOAHOE COCTOAHMEY B 06LLEM Cyyae MOKeT 0603HauaTb He
TOX/ECTBEHHOCTb MCXOAHOTO M KOHEYHOTO COCTOSIHWIA, @ IMLb UX TEPMOAMHAMMUYECKYIO IKBUBANEHTHOCTb: CUCTEMBI,
HaxoAALMecs B TEPMOAMHAMUYECKM IKBUBAJIEHTHbIX COCTOAHMUAX, MOTYT BbITb 06pPaTMMO NepeBeseHbl a
TOMAECTBEHHbIE COCTOAHWA 6e3 BHELIHEro sHepreTuyeckoro Bosgeicteua (SL* = 0; §Q* = 0).

Teopema Tenn0BOro paBHOBECUA TEN ABAETCA BECbMa O6LLMM CNeAcTBUEM MOCTy1aTa BTOPOro Ha4yana
TEPMOCTATUKU. B YyacTHOCTH, yTBepKAeHME 06 OAHOBPEMEHHOM BO3BpATe B UCXOAHOE COCTOAHME TEPMUYECKN
conpsixeHHbix Ten [ u Il npuBoaUT K BbIBOAY, UTO K. M. . 06PaTUMbIX TENIOBbIX MaLUWMH HE 3aBUCUT OT BMAA LMKAA U
npupoapl pabouero BeLLECTBA, U BNOJHE ONPEAENAETCA /ULUb 3HAYEHUAMM TEMNEPATYP BHELUHUX UCTOYHUKOB —

HarpeBsaTens v XoNoAuNbHUKA (Teopema KapHo).

B. MatemaTtuueckoe Bblpa*eHue BTOPOro Havda’ia TepmMoOCTaTUKHU

BbiBoA, O cywiecTBoBaHUM abcontoTHon Temnepatypsl () u aHTponum (S) Kak
TepMogMHaMMYecknx GYHKLMIM COCTOAHUSA N0BbIX TeN U CUCTEM TeA, HAXOAALMXCA B TENJI0BOM
PaBHOBECWUMW, COCTABASAET COAEPIKAHME BTOPOro Hayana TEPMOCTAaTMKM, MaTemaTuyeckoe
BblpaxkeHune kotoporo (6Q = 8Q* + 6Q™ = TdS) pacnpocTpaHseTcs: Ha JIFOObIC TPOIECChl —

oOpatumbie 1 HEOOpaTUMBIE.
MocTpoeHna BTOPOro Hayasa TePMOCTaTUKM MOTYT BbITb OCYLLLECTBNEHbI MO Pa3/IMYHbIM

cxemam (H. UN. BenokoHb. «TepmoanHammka». FocaHepromsgat, 1954), Ho o6obuieHme Nbbix
NOCTPOEHUI Ha peasbHble PAaBHOBECHbIE MPOLLECCHI B MPUHLMMNE CBOAUTCS K UCMONb30BAHUIO
Teopembl TeN0Boro pasHoBecus (cneacrteue 111 noctynata BTOPOro Hayasa TepMOCTaTUKK),
PaccmoTpum agnabatnueckm nsonmposaHHyto (6Q = §Q* + 6Q™ = 0) cucremy Ten
I u Il (puc. 19), HaxoaAwwmMXca B TeENN0BOM paBHoBecuu. Teno I asnsetca ntobbim nccnegyemoim
TEJIOM W/ CUCTEMOM TeN, HAaXOAALMXCA B TEM/IOBOM PaBHOBECUM, a TeNo [1—KOHTPObHOE TeNo,
AN BblpayKeHU Ten10obMeHa KOTOPOro paHee YCTaHOB/IEHO CYLLLECTBOBAHWE MHTErPUPYIOLWLErO
AE/ITENIA, 3aBUCALLErO, NNWb OT TeMNepaTypbl (Hanpumep, naeanbHbIv ras, § 4).
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Puc.19. Aagnabatmyeckm nsonnposaHHasa cuctema Ten I v 11, Haxoaswmxca B TENJI0BOM
paBHOBECUU.
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Ecnn matemaTtuyeckoe BblparkeHUe NPUHLMNA CyLLECTBOBAHWUA SHTPOMNUM M3BECTHO NINLLb
[AN1A YCNOBUIA 06pPaTUMOro U3MEHEHUA COCTOAHMA KOHTpoabHoro Tena (1), To B nocneayowmx
NOCTPOEHUAX AO0/KHO BbITb NPUHATO, YTO KOHTPOIbHOE Teno (I1) coBepluaeT obpaTumble
npoveccbl, HO Npu 3Tom uccneayemoe Teno (1) coseplaeT ntobble paBHOBECHbIE NPOLLECChl—
obpaTuMble UM HeobpaTMMble, 3a4aHHble NH0ObIM KOHTYPOM UAKM TouKamu A, B, C v gp. (puc. 19).
Takum nytem gocturaetca o6o6bueHmne 11060ro YacTHOroO BbiPaXKeHUA NPUHLMNAG CYLLLECTBOBAHMUSA
3HTpONUM (NpocTerne TeEPMOANHAMUYECKME CUCTEMBI, 0BPaTUMble NPOLLECCHI) A0 YPOBHSA
BTOPOro Ha4ya/sia TEPMOCTAaTUKM, KaK OOLLErO MAaTEMATUYECKOIO BblpaXKeHUA NpUHLMNA
CylLecTBOBaHMA abCONOTHOM TemnepaTypbl U SHTPONUK ANA NtoObIX PABHOBECHbIX CUCTEM B
ycnoBuAx Ntobbix TEPMOANHAMMUYECKNX MPOLECCOB — 06PATUMbIX M HEOOPATUMbIX.

Tepmunyecku conpsaykeHHble Tena I u I moryT NnpoxoAnTb pasHOObpasHble NyTU U3MEHEHUA
COCTOSIHMA, KOTAa K 3TUM Tenam U3BHe NoaBoamUTcs (MM 0TBOAMTCA) MexaHMYecKas paboTa, a
mexay tenamu I u 11, HaxoasWMMNCS B TENJIOBOM PaBHOBECUM, OCYLLLECTBIAETCA 06paTUMBbIi
TennoobmeH (puc. 19):

L=ty =1¢ (a)
6Q =60Q,+6Q,=0. (6)

Cnaraemble ypaBHeHua (6) Tennosoro 6anaHca cuctembl Ten I v 11 moryT 6biTb pa3geneHsi
Ha No6yto GpyHKLMIO TemnepaTypbl CUCTEMbI, B YaCTHOCTU Ha dyHKuMio, T = T(t), ABAsIOLLytOCA

WHTETPUPYIOLLMM AeNUTENEM BblpakeHW TennoobmeHa KoHTpoabHoro Tena Il (8Q;; = 1dS;;):
6Qr , Qu _ 601 | SQu _ (8)
() ()  ttp Tt

Tena I u 1] BO3BpaLalOTCA B UCXOAHOE COCTOAHUE OAHOBPEMEHHO (Teopema TeN0BOro
paBHOBECUA Ten), MO3TOMY KaXKA0e U3 ClaraeMbiX CYMMbl OTHECEHHbIX TENAOT (B) MOXKHO
04HOBPEMEHHO MHTErPMPOBATL MO 3aMKHYTOMY KOHTYpPY:

Sﬁ 6Q; + 4; 6Q 0. (r)

(tr) ()

BTopoit MHTerpan, Kak MHTerpasa no 3aMKHyTOMY KOHTYpY nonHoro gudpdepeHumnana S —
bYHKUMM cocToAHUA Tena I1, ToXKAecTBEHHO paBeH Hy/0

$2U _ §4s, = 0. ()

T(tyr)

ITO 3HAYUT, YTO U NEPBbIN MHTErPAN MO 3aMKHYTOMY KOHTYPY TaKXKe TOXKAECTBEHHO PaBeH
HY/t0

§oit =0, (e

T(t)

OTcroaa cneayet, YTo NOAUHTErpanbHOE BblipaXKeHWe paccMaTpmMBaemMoro nHTerpana (e)
€CTb No/HbIN agnddepeHUnan GyHKLUMN COCTOAHNA UcCcneayemoro Tena I v YTto MHTerpupyrowmi
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AenvTenb ABNAETCA OANHAKOBbIM (OAMHAKOBO BbIPaXKaeTcA B 3aBUCMMOCTU OT TeMnepaTypbl) AnA
oboux Ten, T.e. obnagaeT cBOMCTBAMU YHUBEPCAZIbHOCTU —HE33aBMCMMOCTU OT NPUPOAbI TeN:

§Qr _
o~ B ()

Mo ycnosuto, Teno I ectb ntoboe TeN0 UAK cucTema Ten, HaxoAALMXCA B TEM/IOBOM
paBHoOBecUM, a dpuanyeckme ceonctea Ten I U 11 He3aBMCMMbI, MOITOMY MOYYEHHbIN Pe3ynbTaT (k)
MOKeT 6bITb PaCNPOCTPaHEH Ha BCe NPOLLECChl USMEHEHUA COCTOAHMUA NOBbIX TeN 1 cucTem Ten,
HaXo4ALWMXCA B TEN/JIOBOM PaBHOBECUMU:

6Q = t(t)dsS. (3)

WUHTerpupytowemy genutento t(t), 3Ha4eHUA KOTOPOTro He 3aBUCAT OoT npupoabl Ten [ u I1
(TepmomeTpuyecKkmx Ten), NpucBamMBaeTca HaMmeHoBaHMe abCcoIOTHOM TeMMepaTypbl

w(t) =T. (91)

LLikana T Ha3biBaeTca abcomnomHol mepmoduHamuyeckoli memnepamypHoli wKanol; Ta
e WKana c NpPomn3BO/IbHO CMELLLEHHbIM Ha4aNoM OTCYeTa B Aa/ibHelWeM Ha3blBaeTcA
npakmuveckoli mepmoduHamu4yeckol memnepamypHol WKanoli co CMeLLeHHbIM Ha4yanom (t),
Hanpumep ctorpaaycHas (°C) wkana (Tabn. 2):

t=T-T,. (91a)
MpuHLMN cywecTBoBaHUA abcontomHol memnepamypei (T) v aHmponuu —
mepmoduHamuueckoli S — hyHKUUU COCMOAHUA, NONHbIN anddepeHUMan KOTOPON ANA BCex
PaBHOBECHbIX CUCTEM PABEH OTHOLIEHWIO 3/IEMEHTAPHOTO KO/IMYECTBA TEMNIA, XapaKTepU3yoLWwero
npuseaeHHbi TennoobmeH (6Q = 6Q* + §Q**), K abcontoTHol TemnepaTtype cuctems! (T):

5_Q_6Q*+6Q**
T T

ds = (92)
KoHe4yHble nasmeHeHuAa SHTPONUN TEN N CUCTEM TEN, HAaXO04ALWNXCA B TEN/ZIOBOM PaBHOBECUN,
onpegenAarTca nytem MHTerpupoBaHUA p,VICI)d)epeHLI,VIaJ'IbeIX Bblpa)I(EHMVI SHTPONUN:

_(26Q _ 28Q*+8Q™
S, =81 =/, T—f1 — (92a)
BbipakeHua BTOPOro Hayana TepMocTaTukm (92) HemameHHO GoPMYNNPYIOTCA KaK
paseHcmea ana o6paTUMbIX M HEOBPATUMBbIX NPOLLECCOB COOTBETCTBEHHO 0606LWEHHOMY
BblpaXXeHUto TensoobmeHa Kak CYMMbI BHELWHETO N BHYTPEHHETO TensoobmeHa (I'IpMBe,D,eHHbIﬁ
TennoobmeH Q = Q* + Q") n maTemaTUUECKOMY BbIPa*KEHMIO NEPBOro Ha4yaa TEPMOCTaTUKM
(6Q = 6Q* + 6Q* = dU + Y, AF; dx;).
Oﬁ‘bE,CI,VIHEHHoe Bblpa*KeHne nepBoro n BTOpPOro Ha4yasa TepmMoCTaTUKn ana 06paTMMbIX n He06paTVIMbIX
npoueccos nNasmeHeHMNA COCTOAHNA PaBHOBECHbIX CUCTEM!

5Q" + 6Q™ =TdS = dU + ASL = dU + Y= AF, dx;. (93)
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B pamkKax Knaccuyeckom TEPMOAONHAMUKU, KaK TEPMOANHAMUKN BHELWWHUX 6anchos, TaKoe ypaBHeHUe CBA3U
C])YHKLI,MVI COCTOAHNA PAaBHOBECHbIX TEPMOANHAMUYECKUX CUCTEM MOXKET 6bITb nony4yeHo MnWb NnyTem conocTaBneHni
MaTeMaTUYECKUX BbipaKeHWUn NepBOro U BTOPOro Hayaa TepMOAMHAMUKM gns obpaTUMbIx npoueccos (§7, n. a); B
CBA3U C 3TUM CO34aeTCA owmnboyHoe npeacraBneHne o HEBO3MOXHOCTU UCNO/Ib30OBaHUA OG'beﬂ,VIHEHHOFO YpaBHeHUA
(93) B MccnepoBaHMAX peasbHbIX TEPMOANHAMUYECKMX MPOLLECCOB.

BTopoe Hayano TepMOCTaTUKM NPUBOAUT K BECbMA BaXKHbIM CNeACTBUAM, U3 KOTOPbIX
Hamnbobluee 3HaYeHne nmetoT auddepeHumanbHble COOTHOLEHUA TEPMOANHAMUKK (§9);
HEeKoTopble NpocTelwne cNeacTBMA MOryT ObITb NONYYEHbl HENOCPEACTBEHHO M3 OCHOBHOTO
MaTeMaTM4YeCKOro BbipaXKeHns BToporo Havana tepmoctatvkn (6Q = TdS).

Cnedcmeue 1. KoopduHamel abcontomHaa memnepamypa — aHmponua (T — S)
ABAAIOMCA YHUBEPCAAbHLIMU (He 3a8UCAWUMU OM NPUPOOsLI Mes) KoopOuHamamu
mepmMoOUHAMUYeCcKo20 mersno0bmeHa nobbix mesa u cucmem mes, HaX00AUWUXCA 8 Merna080M
pasHosecuu.

KonnyecTBo Tenna, XxapaKkTepusytoliee TepMoanHaMNYecKknin TennoobmeH (TensoobmeH
paboyero tena 6Q = 6Q* + 5§Q**), usmepsnetca B KoopguHatax T — S BeNMUMHOM Naowwaam
mexay nnmHuen npouecca (1 — 2) nocbio S (puc. 20), npuyem 3HaK TennoobmeHa
paccmatpusaemoro Tena (6Q = TdS) onpeaenserca HanpasAeHMEM W3MEHEHUA SHTPOMUM 3TOrO
Tena: BO3pacTaHMe SHTPOMNUN Tena xapakTepusyet noasog tenna k teny (dS > 0; §Q > 0), a
yMeHblueHune 3HTponuu — oteog Tenna (dS < 0; 6Q < 0):

Qup = [/ TdS =Ty [ dS = Ty (S, = 51), (94)
Qiz= Q2= Qi = [, TdS - Qi (94a)

YpaBHeHNe TepMoaMHaMUYECKOro npolecca B KoopauHatax T — S.
o(T,S) =0 (946)

YpaBHeHMe CBA3WN NnepemeHHbix abcontoTHaa TemnepaTypa u aHTponua @(T,S) =0
COBEPLUEHHO AOCTAaTOYHO A/1A XapPaKTEPUCTUKM TEPMOANHAMMNYECKOTO TENN006MeHa
(6Q =6Q" +6Q™ =TdS) ntoboin paBHOBECHON TEPMOANHAMUYECKON CUCTEMDI.

BblparkeHua TennoobmeHa B KoopgmHatax T — S aHaNOrMYHbl 06LWMM BbIparKeHUsM
TepmoauHammyeckom paboTbl:

paboma
i=n

(SLi = Fidxi; oL = Z Fi dxl-,
i=1
mennoobmeH
6Q =TdsS.
dnemeHTapHas pabota (JL; = F;dx;) BblpaxaeTca Kak nponsseseHme 0606LeHHOM cubl

(F;) Ha npupaweHue aedopmaumoHHoM KoopanHaTel (dx;), a TennoobmeH (6Q = TdS) — Kak
npowusseneHve abcontoTHow Temnepatypsl (T) Ha usmeHeHue aHTponum (dS). CnefoBaTenbHoO,
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BCAKOE 3HepreTMyeckoe Bo3aencTBMe Ha Tena (paboTta, TennoobmeH) onpeaenaeTca Kak
npounsseaeHne 0606LLEHHOM CUbI HA M3MeHeHNe AedOPMaLMOHHOM KOOPANHATLI, NPUYEM B
cnyyae merisio8020 8030elicmaus posab 0b6obuweHHol cunel uepaem abcoaomHas memnepamypa
(T), a ponb degpopmayuoHHOU KoopduHamel - sSHmponus (S).

! r
1 Vi A
" '..0../ B
f T 1
i
2 =
a,~fTds>0| =
¥ ’ — 1 1
¥ ‘ |
§ cad ASeseinglas ¥l el AS SR A &
1 i | 1 29y
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Punc.20. CooblieHne 1 0TBOA Tenna B TeEpMOgMHAMUYECKMX Npoueccax (KoopauHatel T — S).

Apnabatuueckuit npouecc (6Q = 0) nobbIX TeN U cUCTEM TN, HAXOAALMXCA B TENNOBOM
PaBHOBECUM, ABNAETCA TAKKe M M303IHTPONUIMHLIM Npoueccom (S = idem).

N3 paccMoTpeHUs OCHOBHOTO BblPaXKeHMA BTOPOTO Hayala TEPMOCTATUKM ANA NtobbIX Ten u
cucTem Ten, Haxoaauwmxca B TensioBom pasHosecun (6Q = TdS), cnepyer, uto B aanabaTUYECKOM
npouecce 3Tux Ten u cuctem ten (6Q = 0) aHTponmA coxpaHAET HEM3MEHHbIN YPOBEHb
(T #0;dS = 0):

S = idem. (95)

ApmnabaTmyeckme NpoLeccbl U3MeHeHUs COCTOAHUA N0BbIX TeN U CUCTEM Ten
(6Q =6Q"+6Q™ = 0) B obuwem cnyyae NPOTEKAIOT C BHELLIHUM TEMNI006MeHOM,
KOMMEHCHpPYHLWMM HeobpaTrmble NPoLLecchl;

5Q* = —5Q™". (95a)

TepMmoANHAMMUYECKMIA MPOLLECC, B KOTOPOM UCK/IOYEH BHeLWHUI TenioobmeH (5Q7),
6yaem HasbiBaTb 8HewHeaduabamuveckum npouyeccom (Tabn. 3):

50 = 0; ds =22, (956)

B kKnaccuueckom TEPMOONHAMUKE MOHATUA «TenNo0bMeH» U «BHELLUHWI Ten1006meH»
OoTOXKAOECTBNAKOTCA U, COOTBETCTBEHHO, aﬂ,MaﬁaTW—leCKMM npoueccom Ha3biBaeTCA

62



BHELWHeaanabaTMyeckunii NpoLLecc, a U303HTPOMNMUIMHBIM NPOLECCOM — 06pPaATUMbIN
agnabatnyeckmin npouecc.

Cnedcmesue I1. KoaghgpuyueHm noneszHozo delicmausd mepmoOuUHAMUYECKO20 YUKAA
menao8biX MAWUH He 3a8uUcum om eudd YUKaa U rpupodsl paboye2o mena YuKsa u 8rnosHe
onpeodenaemca AUWb 8 3a8UCUMOCMU OM COOMHOWEHUA CPeOHUX abCoMOMHbIX memnepamyp
paboye20 mena 8 npouyeccax coobwieHUA U omvema menna.

TepMoANHAMNYECKMM LIMK/IOM B Aa/ibHelLEeM Ha3blBaeTcsa 06paTUMbIN KpyroBoi npouecc
paboyero Tena TenA0BOM MALIKHbI, T.€. TAKOW PAaBHOBECHbIN KPYroBoi Npouecc M3MeHeHUs
COCTOSIHMA Tena, B KOTOPOM MUCK/IOYEHbI HEObpaTMMble NoTepu paboyero npouecca TenaoBbIX
mawwuH (L* = L; Q* = Q), HO paBeHCTBO TemrnepaTyp paboyero Tena u BHELHMX UCTOYHUKOB
(HarpeBaTenb, XONOAWUIbHUK) He ABAAETCA 06s3aTeNbHbIM, TaK Kak paccMaTpMBAETCA IULLb
N3MeEHEHME COCTOAHUA paboyero Tena TepMmoaNHAMUYECKOro UmKna (§ 6).

PaboTa 1 KoAnYecTBo Tenaa nsmepstoTca B KoopauHatax T— S (pwuc. 21) BenmunHamum
COOTBETCTBYOWMX Naowaaen (cneactsne I BTOpOro Havyana TePMOCTATUKK):

2
Q4] = fl T,dS = T |AS], (a)
Q2] = [ To dS = Ty 5|AS,|. (6)

B Kpyrosom npouecce M3MeHeHU COCTOAHMUA Tena UHTErpasibl N0 3aMKHYTOMY KOHTYpPY
BCcex PpYHKLUNI cocToAHUA Tena obpalatoTca B HyAb (§ 6):

$dz=0; z=tus v T.I (8)

OTctofia HermocpeACTBEHHO CeflyeT, YTO YBENIMYEHWe SHTpPoNUK paboyero Tesia B npoueccax
coobueHuns tenna (AS;) v ymeHblieHne aHTponun pabouero Tena npu otsoge Tenna (AS,) B
TEePMOAMHAMUYECKUX LIMKNAX PaBHbl N0 abCOMOTHOM BeAnymHe (puc. 21):

|AS;| = |AS,| = |AS]. (r)

KoadpoduumeHT nonesHoro geicteua (1)) M XoNoA0NpPoOn3BoAUTENLHOCTb () Nt06oro
TEPMOJMHAMMUYECKOro UmKna Tennosbix MawmnH (T, ; — cpeaHan abcontoTHaa TemnepaTtypa
pabouero Tena B npouecce TennoobmeHa Qq; T, ,— cpeaHaa abcontoTHaa TemnepaTtypa
pabouyero Tena B npouecce TennoobmeHa Q,):

|AL,| Q2| Tm,2
Al g 10l g Tma 9
TN 104 Tm1 (96)

Q2 T
|ALt| Tm,l_Tm,Z’

At (96a)

Qe + D = 1. (966)
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Puc.21. TepmoguHamuyeckue LMKbl TennoBbix MalwmnH (KoopauHatel T — §)

B cnyyae obpatumbix npoueccos cpegHme Temnepatypbl (T, 1 U Ty, ) B paBHOM Mepe
XapaKTepusytoT paboyee TeNo LMKAA U BHELHNE UCTOYHUKN — HarpeBaTelb U XONI0AWN/IbHUK, a
3aK/IOYUTENbHOE COOTHOLLEHME (956) AONKHO paccMmaTpmMBaTbCA Kak obliee matemaTtmyeckoe
BblpaxkeHne 06paTMMOCTM NPeBPaLLEHNI Tenna U PaboTbl B YCI0BUAX MEXAHUYECKOTO
ConpsKeHUA Kak oamHakoBbIx (§6) Tak 1 pa3nnyHbix (No BUAY LKA U npupoae paboyero
BeLLecTBa) 06paTUMbIX TEMNOBbIX MALIWH, OCYLLLECTBAAIOLLMX NPOLECChl MEXAY AaHHbIMM
BHELWHUMU UCTOYHUKaMK (tq 1 ty).

Ecnm Temnepatypbl, XapaKTepusytoLme Npoueccbl Ten1006MeHa — BE/IMYMHBI NOCTOSAHHbIE
(Tn1 = Ty u Ty = T5), TO BbipakeHWa K.n.A. (1)) 1 xonononpounssoantenbHocTn (x;)
He3aBMCMMO OT BUAA LMKNA U Npupoabl paboyero Bewectsa, GOpMyINPYIOTCA TaK e, KaK
COOTBETCTBYIOLWME XapaKTEPUCTUKM UnKna KapHo (§6).

Cnedcmeue 111 (Teopema agaUTUBHOCTU SHTPONUN): U3MEHEHUE 3HMPONUU cUucmemsl mes
pasHo anzebpauyveckoli cymme UsmMeHeHUl SHMpPonuu ecex mesa cucmemsi.

KosnnyecTBo Tensa, Nosly4eHHOEe CUCTEMOW I Te/, PaBHO afirebpanyeckoit Ccymme KonyecTs
Tenna, NoJy4eHHbIX BCEMMU TeNaMUN CUCTEMbI:

85Q = i 5Q;.
i=1

M3meHeHna sHTponumM Kaxgoro us Ten pasHosecHon cuctemol (T; = T) u cuctembl B
Lenom onpeaenstoTca COOTBETCTBEHHO MCXOA4HOMY MaTEMATUYECKOMY Bbipa*KEHUIO BTOPOTO
Ha4yana TepMoCTaTUKN:

meno i

60;
ds; ==
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cucmema r men

ds =

6Q_1
T_T

ZTQ EdSi.

CpaBHuMBan nosydeHHble pesynbTaThl (dS = ), dS;), NpMXoAMM K BbIBOAY, YTO U3MEHEHUe
3HTPONMM PABHOBECHOM CUCTEMbI PABHO anrebpanyeckon cymme M3MeHeHUM SHTPONUN Ten
(3nemeHTOB ) cUCTEMDI, T. €. SHMPONUSA PABHOBECHbIX CUCMeM eCmb A00UMUBHAA (PYHKUUSA:

. 6 6 * 6 k¥

=dS* +dS™. (97)
anHLI,MI'I A0O0UTUBHOCTU SHTPOMUN PABHOBECHbIX CUCTEM MOXKET ObITb pacnpoCcTpaHeH
TaKXe N Ha HepaBHOBECHbIE CUCTEMbI:

= BiThdS, = XI5 2% = iz U0 _ gge 4 s, (97a)

l

B ycnoBMAX HEpPaBHOBECHbIX CUCTEM B COCTaB BHYTPEHHEro Ten1006MeHa BK/IHOYakoOTCA He
TONIbKO NnoTepu paboTtbl (ASL™,) HO 1 cnaraemble TeNn1006MeHa Mexay TenaMmn HepaBHOBECHOM
cuctembl (8Q;)

507" =600 + 80P = 5Q; + ASLy. (976)

ApmabaTnyeckune npoLeccbl HePaBHOBECHbIX CUCTEM B 0bLEeM ciyyae, B OT/Iin4mne OT
PaBHOBECHbIX, HE ABAAIOTCA U303HTPOMUMHBIMMK, T. €. ycnosua §Q = Y, 6Q; = 0undS = Y. dS; = 0.
YCNOBMUAX HEPABHOBECHbIX CUCTEM HECOBMECTUMBI.

Cnepncteue IV (obuiee onpeneneHune Temnepatypsbl): abcosntomHas memnepamypa
pasHosecHOU mepMoOUHAMUYECKOU cucmemMsl 8 0bwiem csyyae (Makpo- U MUKPOCUCTEMbI)
onpedenaemcs KAk rnepeas YacmHas rnpou3eo0Has 8HympeHHel aHepauu rno aHMponuu npu
MOCMOSAHHbIX 3HAYeHUsAX 0ePOPMAUUOHHbIX KOOPOUHAM mepmoouHamu4deckoli pabomei

(x; = %1, X2, X3, e, Xp): ;
u
= (g)xi. (98)
370 onpepeneHne HenocpeaCcTBEHHO cneayeT 3 06beaMHEHHOIO BblipaKeHUs Nepsoro 1
BTOPOro Hayas TepmMocTaTuku (93).
§ 8. BTOPOE HAYA/10 TEPMOAUHAMUWKU
a. Noctynat BTOporo Hayana TepMoAMHAMUKMU
HabnoaeHuns agneHuii Npupoabl MOKa3biBaOT, YTO HEKOTOPbIE NPOLLECCHl UMELOT

HeobpaTMMbI XapaKTep; TAaKOBbI ABEHMA MPAMOro TensoobmeHa mexay Tenamm
(TennonpoBOAHOCTb U paAnaLMOHHbBIM Ten100bMeH), NMPOLLECChI NPAMOro NpPeBpaLeHna paboTbl B
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TEeNN0 NyTem BHELHEro 1 BHyTPeHHero TpeHNA UAK INeKTpoHarpesa, Auddy3noHHbie n
ApoccenibHble NPOoLecchl U T.M.

O606LwWatowmm BblparKeHNeM yTBEPKAEHMIA O HEOHPATUMOM TEYEHMM HENOCPEeACTBEHHO
Habtogaemblx NPOLECCOB B NPUPOAE ABAAETCA MPUHYUMN 803pACMAHUA SHMPONuu
U30/1UPOBAHHbIX CUCMeM (BTOPOe Ha4Yano TepMOAMHAMMKK). B OCHOBY NOCTPOEHMUIA BTOPOrO
Hayana KNnaccu4yeckom TepMOLMHAMUKK, KaK 06beANHEHHOTO NPUHLMMNA CYLLECTBOBAHMA U
BO3PACTAHUA SHTPOMNMMU, NONOXKEH OLMH NOCTYNAT; HAMOONbLUYIO N3BECTHOCTb NOAYYUAN NOCTYNATbI
P. Knaysunyca, B. TomcoHa n M. MNnaHka.

I. Mocmynam P. Knay3suyca (1850 r,); «Tennota He MOXeT nepexoantb cama cobom (6e3
KomneHcaunn) ot 6osiee xonogHOro Tena K bosee Tensiomy».

I1. Mocmynam B. TomcoHa-KenvsuHa (1852 r): «HEBO3MOXKHO NOCTPOUTb NEPUOANYECKN
AEVCTBYIOLLYIO MALLMHY, BCA AEATENbHOCTb KOTOPOM CBOAMTCA K NOAHATUIO TAMXKECTU (BbIMONHEHUIO
MexXaHMYecKol paboTbl) M OxNaxKaAeHUIo TeNI0Boro pesepsyapa» (popmynuposka M. MNnaHKa).

MoctynaT B. TomcoHa-KenbBMHa NOAYYUA N3BECTHOCTb KaK NPUHLMM UCKAOYEHHOTO
Perpetuum mobile I] poga, T. €. KaK yTBepKAEHNE O HEBO3MOXKHOCTU NOCTPOEHMA TENOBOIO
ABuraTens, NONIHOCTbIO NpeBpaLlatoLLero Tenno 8 pabory.

I11. Mocmynam M. lMnaHKa (1926 r.): «ObpasoBaHue Tensa NnyTem TPeHUA HeobpaTUmon.

B noctynate M. MNnaHKa HapAaay C KaTeropMyeCKkMM OTPULL@QHMEM BO3MOXKHOCTM NOHOTO
npeBpalleHnaA Tenna B paboTy coOAepPKUTCA HEABHOE YKAa3aHWE O BOSMOXKHOCTM NOIHOTO
npespalLleHma paboTbl B Tenso (nytem TpeHus). Moctynatol P. Knaysnyca n B. TomcoHa - KenbBMHa
bopMyNMpyrOTCA OrpaHUUYNTENIbHO, KaK OTPULLAHMA BOSMOXKHOCTU KaKoro-nmbo ABneHuna, T. e. Kak
nocTynaTbl 3anpeLeHna (OTpULLaHKA).

MocTynat BTOPOro Hayana TepMOANHAMMUKM ABNAETCA OCHOBAHWEM MPUHLMNA BO3PACTAHUA
SHTPONMM U30/IMPOBAHHbLIX CUCTEM, T. €. 0606LWEeHHOro yTBepKaeHMA 06 onpeaeneHHoOM
HanpaB/ieHHOCTU HabaogaeMbIX B NPUPOAE peasibHbIX ABNEHWUI; cnefoBaTeibHO, 3TOT NOCTynaT
OO/KEH COAepPrKaTb yKa3zaHMe 06 onpeaeneHHOM HanpaBaeHUU Habaogaembix B npupoae
peasibHbIX NPOLECCOB (MO MeHbLEN Mepe XOTA 6bl 04HOTO0, HE BbI3bIBAOLLENO HUKAKUX COMHEHWI),
a He oTpuLUaHMe BO3MOKHOCTU NPOTUBOMNONOXKHOIO TEYEHUA UX.

B cBA3M C 3TMM NOCTYNAT BTOPOro Havyaia TepMOAUHAMUKM Npeanaraetca B popme
CNeayoLwero yTBepKAeHUA, onpeaenstouero HanpasaeHne 04HOMO N3 XapaKTePHbIX ABNEHUN B
Hallem MUpPE NOJIOKUTENbHbBIX abcotoTHLIX TemnepaTtyp (§ 1): «Paboma moxcem bbimsb
HernocpedCcmB8eHHO U MOAHOCMbIO NPespaweHa U menao nymem mpeHus uau 3AeKmpoHazpesa.

MocTynat BTOPOro Hayasa TepMOAMHAMUKM NPUBOAMUT K HEKOTOPbIM BECbMA BaXKHbIM
CNeacTBUAM.

Cnedcmeue 1. Tenao He moxcem 6bimb MoAHOCMbIO NpespauwieHo 8 pabomy (MPUHUMN
ncKao4YeHHoro Perpetuum mobile I1 poaa):

n <Ll (99)

OTpuLaHME BO3MOXKHOCTU NONHOTO NpeBpaLLeHns Tenna B paboTty nonyyaerca B
pe3ynbTaTe NPAMOro CONOCTaB/NeHUA NOCTyAaTa BTOPOro Ha4yana TepmMoAnHaMuKKM (pabota moxkeT
6bITb MONIHOCTBIO NPEeBpaLLeHa B TENO0) U cneacTeuA I NocTynaTa BTOPOro Havyana TeEpMOCTaTUKM
(HeBO3MOKHO O HOBPEMEHHOE OCYLLECTB/IEHNE NOJIHbIX NPEBPALLEHMI Tenaa B paboTy 1 paboTbl
B TENNOo).

NTaK, NCKNOYAOTCA BO3MOXKHOCTM OCYLLLECTBIEHUA BEYHbIX ABUraTeIelt NepBoro 1 BTOporo
poAaa, T. €. ABUratesieid, CNOCOOHbIX BbINOIHATL PaboTy 6€3 3aMMCTBOBaHMUS SHEPTUM U3BHE
(npuHLMN nckntoueHHoro Perpetuum mobile I poga KaKk cneacteme nepBoro Havyana
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TEPMOAMHAMMKK), U ABUraTeNEN, CMOCOBHbIX NONHOCTbLIO NPEeBpPaLLaTh TENAO0 B paboTy (MpuHLUMN
NcKNtoYeHHoro Perpetuum mobile I1 poaa Kak cneactsme BTOPOro Havasia TepMoAMHaAMUKK).
OTctoga cnefyeT, YTo BCAKMI TENI0BOM ABUraTe b AO/IKEH UMETb ABA TEN/I0BbIX MCTOYHUKA
pa3IMYHOM TemnepaTypbl: HarpesaTenb— mctouHuk Tenna (|Qq| > |AL| v xonognnbHuk —
npuemuuk otsogumoro tenna (|Q,| = [Q;] — |AL| > 0). OueBnAHO TaKxke, YTO HEPABEHCTBO
|Q,] > 0 3KBMBaNEHTHO YTBEPXKAEHNIO O HEBO3MOXHOCTM CaMOMPOU3BO/ILHOrO fnepexoaa Tenna
OT TeN MeHee HarpeTbiX (XoNo4UNbHUK t,) K Tenam 6onee HarpeTbiMm (Harpesatenb t; > t,).

Cnedcmesue 11. KoagppuyueHm rose3Hoz2o delicmsus 8CSK020 HE0bpamumoao mernos8o20
dsuz2amers U X0a1000Mpou3800uUMenbHOCMb Heobpamumol x0n100us1bHOU MAWUHbI,
ocyuecmenaouux paboyue npoyeccsl Npu 3a0aHHbIX MemMnepamypax 8HEWHUX UCMOYHUKO8
(T, > T,), ecezd0a meHbwe K.n.0. U X0a1000MpuU3800UMenbHocmMu 06pamumodl mennosol
MAWUHbI, ocyuecmensrouleli npouyeccol npespawieHus mensaa u pabomel mexdy memu xee
B8HEWHUMU UCMOYHUKAMU.

CHUXKEHMe K.N.A,. peasibHbIX TEM/IOBbLIX ABUraTeNeN U X01040MNPON3BOAUTENBHOCTH
XONOAMUNbHBIX MALWWH CPABHUTENBHO C K.M.4. U XON040NPOU3BOANTENBHOCTBIO 06PATUMBIX
TenoBbIX MAWWH (1) < Nogps X < Xosp) OBYCNOBNEHO HaNMUMEM NPAMbIX NpeBpaLLeHnin paboTbl B
TEN0 1 HapyLeHNeM yC/I0BUIM paBHOBECHOIO TEYEHMA MPOLLECCOB, B YaCTHOCTU Ha/lMuMeEM
Pa3HOCTM TeMMepaTyp MeXKAY BHELUHUMMU UCTOYHUKAMU U pabounm TeNoM peasnbHbIX
(HeobpaTMMbIX) TENNOBbIX MALUUH.

t y 5
2 | b, o) Vo
AR i\
i, f@é azf “’z
7 12
LAL> 0 i ALg> 0

Puc.22. Cxema mexaHU4ecKku conpAXeHHbIX TeN21I0BbIX MallUH.

PaccmoTpum cucTeMy MexaHUYECKU COMPAMKEHHbIX peasibHbIX TEMN0BbIX MalWWH (puc. 22) — auratena A u
XON0ANNbHOM MalMHbI B (3HaKKW BHELLHEro TenN1000MeHa onylueHbl, T.e. Q* = Q)

Jeuzamens (A):
_ L

n=Ma= 10 (a)
XonodunsbHasa mawuHa (B):
=, =l _ lal _
X=X8 =10 =~ b (6)
Ycn0BMe MexaHUYeCcKoro ConpaXKeHus:
|AL| = |AL'| (8)
CpaBHuBaem (a), (6), (B):
I |AL| r 1
Q=11 - 1011 =21~ o+ DAL = (>~ x — 1) 1AL, (r
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CornacHo cneacteuto I nocTynaTa BTOPOro Hayasna TepMOAMHAMMUKN TEMN0 MOXKET CAMONPOU3BO/IbHO
nepexoamTb Wb OT Tea Bonee HarpeTbix K Teslam MeHee HarpeTbim (Q >0), No3ToMy nociegHee CooTHolweHue (r)
NPUBOAMT K HEPABEHCTBY

S—x—1>0. (n)

ConocTasnAn NoJly4YeHHbI pe3ynbTaT (4) C COOTHOLEHMEM ()(Oﬁp + 1)n06p = 1, xapaKTepu13yoLmm
obpaTumble NpespalLeHus Tenaa U paboTbl (§ 7), NpMXoauM K BbIBOAY, UTO 3HAYEHUA K.N.A. TEMN/I0BOTO ABUraTeNs U
X0N104,0MPON3BOAUTENBHOCTU XONOANIBHON MALUMHbI, OCYLLECTBAAIOLLMX paboyune NpoL.eccbl MexXay OA4HUMMU U TEMU
e BHeLHUMW UCTOYHUKAMMU, CBA3AHbI COOTHOLIEHMEM (3HAKM HepaBEeHCTBA A4/19 HE0bPaTUMbIX TENIOBbIX MaLUMWH,

3HaKW paBeHCTBa — ANA 06paTUMBbIX):
x+n<1. (100)

YacTtHble cnyyau (puc. 22,1 ull ):

dsuzamens A — peansHas mawura (1), a xonoannbHaa mawmHa (B) — obpatumasn (¥ = Xoep)

+1 T, 1 <1
oop T, =T, Nesp N

dsueamens (B)— obpamumas mawuHa (r) = anp). a XxonoaunbHas malwmnHa A— peanbHaa ()

=1 1

=1 I _
Nosp T Xosptl — x+1

OTclofia MaTeMaTUYeCKMe BbIPAXKEHUA paccMmaTpuBaemon Teopemsl (ciegcrsume 11 noctynata
BTOPOro Havyasna TepMOAUHAMMUKN):

T;
7706p =1- T_j = n (101)

T;
= > X. 102
Xoﬁp =T, — X ( )
3HaKu HepaBeHCTBa A/1A pea/ibHbIX (HEO6paTMMbIX) TeNNOoBbIX MalWWH, a 3HAaKN paBeHCTBa — ANA OGpaTMMbIX.

Cnedcmesue I11. AbcontomHeili Hysib mepmoOuUHaMuU4YecKol WKasasl memnepamyp
HEeooCMUMCUM.

ConocTtaBasem BblpaxKeHMe K.N.4. 06paTMMbIX TENJOBbIX MaLUMH, KaK HAaMBObLLEro K.M.A4.
TENNOBbIX MALIWH, KOTOPbLIA MOXKET BbITb NOMYYEH NPU 334aHHbBIX TEMMEpPaTypax BHELHNX
MCTOYHUKOB (101) c maTemaTU4YeCcKMM BblparkeHnem (99) npuHUMNA UCKTOYEHHOTO
Perpetuum mobile II poaa (cneactsune I noctynata BTOPOro Havyana TeEpMOANHAMUKN):

T
7]06p:1—T—j<1.

OTtctoza HenocpeacteeHHo Haxoaum (T; > 0 no npaBy cBob6oaHOro BbIGOPA):

T, > 0. (103)
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CnepoBaTenibHO, AOCTUXKeHME abCONOTHOrO HYNA TEPMOAMHAMUYECKON LLKANbI
TemnepaTtyp HEBO3MOKHO; 3TO 3HAUUT TaKXKe, YTO 3HaUYeHMA abCONOTHLIX TeMnepaTyp no
TepPMOANHAMMUYECKON TeMNepaTypPHOM LKaAe COCTaBAAKT NOCAeA0BaTE/IbHOCTb NMONOKUTESbHbIX
BE/IMYUH.

I'Io,a,,a,epmaHme COCTOAHMA TeNla Npu Temnepatype bonee HVI3KOI‘/II, yem TemnepaTypa OKpyKakowmnx Ten

(T, < T;), MOXKeT 6bITb OCYLLECTBNIEHO MOMOLLBIO XO0A4UIbHOM YCTAHOBKM, KOMMEHCUPYIOLLEN TeNI006MEH 3TOro
Tena c okpyatowmmu tenamm (Q, = Q*):

|AL| :M_

X01040NPON3BOAMUTENLHOCTb BCAKOM YCTAHOBKM MEHbLLE X0/1040MNPOU3BOANTENBHOCTM 06PaTUMbIX TENIOBbIX
MalwmH (102):

T2
T -Tp

x <

Pacxof aHepruv Ha noaaep»aHue CTaluMoHapHOTO COCTOAHMSA Tena Npu Temnepatype 60see HU3KOM, Yem
TemnepaTypa OKpYyKaloLLmx Tesl, TpebyeT 3aTpaTbl SHeprumn Tem 6onbluel, yem Huke abconloTHas TemnepaTtypa
paccmarpusaemoro Tena (T,):

JALL > 2221Q°]; limyolAL] = oo. (103a)

CnepoBaTtenbHo, NnoaaepaHue CTaLMOHapPHOro COCTOAHUA Tena Npu Temnepatype abconoTHOro Hy A
HEBO3MOXHO, TaK Kak He06X0AMMBIN B 9TOM C/ly4ae pacxos SHEPTUM Ha XON0AUbHYIO YCTAHOBKY, KOMMEHCUPYIOLLLYIO
Tenno006meH Tena ¢ oKpyKawwmmm Tenamm cuctemsol, 6eckoreuHo senuk (T, = 0; AL — ).

6. MarematuuecKkoe Bblpa*eHue BTOporo Ha4vyazla TepmoagnHaMuUKun

BbIBOA, O HEM3MEHHOM BO3PACTaHMM SHTPOMUN U30JIMPOBAHHbBIX CUCTEM, COCTABASAOLW M
OCHOBHOE coZepyKaHMe BTOPOro Hayana TePMOAMHAMMKUN, MOXKET ObITb MONYYEH Pa3INYHbIMM
nyTaAMM.

Hanbonee HenocpeACTBEHHbIN M HarnAAHbIA NyTb 060CHOBAHMA NPUHLMMNA BO3pacTaHuA
3HTPOMUWN — UCCNEeA0BaHME KPYroBbIX MPOLECCOB TEMNOBbIX MAWWH Ha OCHOBE NOCTy/aTa BTOPOro
Hayasa TepMOAMHAMUKK; B 3TOM C/ly4ae Hanpas/ieHne HeobpaTUMbIX U3SMEHEHWNI COCTOAHUSA
NOBbIX TN U CUCTEM TENT MOXKET ObITb YCTAHOB/IEHO B pe3ybTaTe aHa/IM3a U3MEHEHUI COCTOSAHMUA
KaKon-n1Mbo paBHOBECHOW CUCTEMbI KaK paboyero Tena B 3/leMeHTapHOM KpyroBom npouecce,
Hanpumep B 31€MEHTAapHOM UuKne KapHo.

KoaddpurumneHT nonesHoro aencrama ntoboro peasibHoro (HeobpaTMmoro)
asuratensa(cneacreuve I1 noctynata BTOPOro Hayasia TeEpMOAUHAMMUKK):

[6Q;] Tz
=1- <1-—-—-= a
|60;] T; ( )
OTcraa
50 503
151l | Q2|S0. (6)
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3Haku TennosBoro 6anaHca paboyero Tena: Tenao, Nosay4yeHHoe pabouynmm Tenom U3BHe
(6Q7) vimeeT 3Hak nAtoC, a oTaaHHoe pabounum Tenom (6Q5) — 3HAK MUHYC, T. €.

6Q1 = +160Q1],
6Qz = —6Q;|.

CooTBeTCTBEHHO GOPMYNUPYETCA UCXOAHOE HepaBeHCTBO (6) paccmaTpmMBaemoro
Kpyrosoro npovecca:

301, 80 (8)

T Ip)

MpeAnonoXUM, YTO Y4acTOK AB paccmaTpMBaEMOro 31EMEHTAPHONO KPYroBoro npouecca
(pnc.23) ansetca anemeHToM NyTM 1 — 2 U3MEHEHWUIN COCTOAHUA paboyero Tena; ocTasibHble
anemeHTbl Kpyrosoro npouecca (BC, CD, DA) npepgnonaratotca obpatumbiMu:

2% = (%) =us, (r

T, T2 /o6p
Ycnosue 3aMblkaHUA KpyroBoro npouecca paboyero tena (§ 6):
dS; +dS, =0 (@)

ConocTtaBasem noayyeHHble pesynbTtathl (r) n (4) ¢ ucxoAHbIM COOTHOLLEHWEM (B):

20, (292) 2% _ g5, < (e)
OTcrlopa
ds, > 24 ()
Ty

Kpyrosoi npouecc ABCDA B paBHOW Mmepe MOXKeT 6biTb LIMKAOM TEM/IOBOrO ABUraTens
(6Q7 > 0) n uuknom xonogmnoHoM mawwmHbl (6Q7 < 0) No3TOMy NONYYEHHOE COOTHOLLEHME (¥K)
[OIKHO 6bITb NPU3HAHO AEUCTBUTENbHBIM ANA NH0O60ro y4acTKa paccMaTpMBAEMbIX USMEHEHUI
COCTOAIHMA PaBHOBECHOM cucTembl Ten (npouecc 1 — 2, puc. 23). CootBeTCTBEHHO GOpMyanpyeTca
OCHOBHOE MaTeMaTU4eCcKoe BblparkeHne BTOPOro Hayasia TepMOAMHAMUKN KaK COOTHOLLEHMEe
MeXAY NPUpaLLEHMEM SHTPOMUN PABHOBECHbIX CUCTEM M BEIMMMHOM OTHOLLEHMA KOINYECTBa
Tenna, XxapakTepu3yoLLEero BHEWHMN TeN1006MeH cucTeMbl, K abCoNtoTHOM TemnepaType
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TEN/I0BOro PaBHOBECUA Te/ CUCTEMbI (MaTeMaTUYECKoe BbiparKeHMe BTOPOro Hayana Knaccuyeckom
TEPMOAMHAMUKM KaK 06 bEANHEHHbIN NPUHLMN CYLLECTBOBAHUA U BO3PaCTaHUA SHTPONUK):

6Q*
T

;S =8 2 18 (104)

1

ds =

3HaKKM HepaBeHCTBA A1 peasbHbIX (HeobpaTUMbIX) NPOLLECCOB, 3HAKM PAaBEHCTBA — ANA
06paTMmbIX.
ConocTasisem BblpaXkeHWA BTOPOro Hayana TepmoctaTukm (92) n BToporo Hayana

TepmogmHaMmukm (104):
_8Q*+8Q* _ 5Q*

ds — = (a)
J the
A * B/"ﬁr‘
el
allitile |
ja;‘ LI
5 as Bl

Puc. 23. YyacTtok AB nytn 1—2 M3MeHeHWs COCTOAHUA PAaBHOBECHOM CUCTEMDI.

Cnaraemble U3MEHEHMA SHTPONUM PABHOBECHOM CUCTEMbI, XapaKTEPU3YHOLLME BHELLIHUN
(6Q™) v BHyTpeHHUN (5Q™") TennoobmeH cuCTEMbI:

ast =22, as+ =22, (6
ConocTaBnsem noJsiy4eHHble pesynbTaThl (a) u (6):
ds™ =2 >0, (105)

ITO 3HAYUT, YTO U3MEHEHMA SHTPOMNMUM PABHOBECHbIX CUCTEM, 0BYCNOBNEHHbIE
CyLL,ecTBOBaHMEM BHYTpeHHero TennoobmeHa dS™ = §Q**/T), umeloT HEU3MEHHO
NONOXKUTENbHbIN 3HAK (MPUHUUN Heobpamumocmu 8HympeHHe20 mers00b6meHa).

N3 maTemaTU4eCcKoro BbipaxKeHns BTOPOro Havyasna TepmogmHamukm (104)
HenocpeacTBEHHO C/ieAyeT TaKXKe BblBOA, O HEM3MEHHOM BO3pPACcTaHUM SHTPONUK
BHelWHeaanabaTUYeCKn n3oanposaHHbix cuctem (6Q* = 0):
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dSUBOﬂUp = O, SZ = Sl (106)

PacnpepeneHune 3HAaKOB B MAaTEMATUYECKMX BblPaXKeHUAX U CNeaCTBUAX BTOPOro Havana
TEPMOAMHAMMKM: 3HAKM PABEHCTBA OTHOCATCA K 0BpaTUMbIM NpoLeccam, 3HaKM HEPABEHCTBA — K
Ntobbim peanbHbIM Npoueccam.

CpaBHMBaem obLLee BbiparKeHWe BTOPOro Havyasia TepmMmocTaTiKku (98) ¢ maTemaTUyeckmm
BblpaXKEHWEM MPUHLMNA HEOBPATUMOCTU BHYTPEHHEro TennoobmeHa (105):

ds = dS* + ds** (107)
ds* = {=15TQ.;; ds** = 27{:162?‘* >0 (107a)

3TO 3HAYUT, YTO U3MEHEHME SHTPONUM N060I TEPMOANHAMUNYECKOM CUCTEMbI —
pasHosecHoW (T; = Tj) ¥ HepaBHOBECHOIA (Tl- * T]), nsonuposaHHon (6Q* =0) u
HeusonuposaHHoU (6Q* # 0) Bcerga onpefenseTcs Kak anrebpanyeckan cymma AByx Caraembix:
nepeoe cnazaemoe — U3MEHEHUe SHTPONMK, 06yCNOBAEHHOE CYLL,EeCTBOBAHMEM BHELLHEro
TennoobmeHa (dS™) v emopoe ciazaemoe —n3mMeHeHUe SHTPoONUnU, obycnoBaeHHoe
cylwecTBoBaHMeM BHyTpeHHero TennoobmeHa (dS* = 0). lNepBoe cnaraemoe MOMKET UMETb
N1060M 3HaK, @ BTOPOE MMEET HEM3MEHHO MOJIOKUTE/IbHbIN 3HAK NPU BCAKOM U3MEHEHUU
coCTosiHMA cuctembl. OTClOA4a NPUHLUMN BO3PACTAHMUA SHTPOMUMN M30/IMPOBAHHbIX CUCTEM, KaK
cneacTeme NpMHUMNA HeObPATUMOCTN BHYTPEHHErO Ten10o0bmMeHa:

507"
T;

dSwsonwp =dS™ = Zf=1 > 0. (1076)

NTak, NpMxoaum K BbIBOAY, YTO BO3pacTaHMe SHTPONUN U30IMPOBAHHbIX CUCTEM
0bycnoBneHo HeobPaTUMOCTbIO BHYTPEHHErO TeN1006MeHa, a MaTeMaTUYECKOE BbipakeHne
NPUHUMNA BO3PacTaHMA SHTPOMNUM U30AMPOBaHHbIX cnuctem (106) aBnseTca Bcero nib
cneAcTBMEeM BTOPOro Hayana TepMOCTaTUKK (98) M NpuHUMNAG HEOBPATUMOCTM BHYTPEHHErO
TennoobmenHa (105, 107 a).

TpeTuii nocTynaT TepMOANHAMUKI, ABNAIOLLUIACA OCHOBaHMEM BTOPOro Havyana
TEPMOAMHAMMKM, YCTaHABAMBAET MLb GAKT CYLLECTBOBAHMA OAHOMO Kakoro-n1mbo HeobpaTnumoro
ABNEHUA (TpeHue, aneKkTpoHarpes, Audpdy3una 1 T. n.), a BTOPOE Ha4YaiI0 TEPMOANHAMUKM
bopmynmMpyeTca yxKe Kak 0bLWmMin NPUHLMN HEOBPAaTUMOCTUN BHYTPEHHero TensioobmeHa (105) nau
KaK NPUHLUMN BO3PacTaHMA SHTPOMUK N0BbIX, U30IMPOBAHHbIX cucTem (106). ITO 3HAUUT, UTO
coeprkaHue NocTynaTta (4acTHoe yTBepPKAEHNE, KaK KOHCTaTauusa pes3yibTaToB CUCTEMATUYECKUX
HabAoAEeHUI OTAENbHBIX ABNEHNI) U MaTeMaTMYECKOE BblpaXKeHWe BTOPOro Havyana
TEPMOAMHAMMKM (OBLLMIA NPUHLMN, XapaKTePU3YIOLWLMIA HanpaBNeHNE TeYEHUA BCEX ABNEHNN B
npupoae) He aK8UBAAEHMHbI, @ 0BLLENPUHATOE OTOXKAECTBAEHMUE POPMYIMPOBOK BTOPOro Havyana
TEPMOAMHAMMKMN N €ro NoCTy1aTa AOIXKHO 6bITb MPU3HAHO OWMOOUYHbIM.

B KMHETUYECKOWN TEOPUM ra30B SHTPONUA TEPMOAMHAMMUYECKON CUCTEMbI PACCMATPUBAETCA
KaK QYHKUMS BEPOSATHOCTU (p) COCTOAHMSA 3TOM cucTemsl (rvunoTesa /1. bonbumaHa). ConoctaBsieHme
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3TOW NpefnoCbINKM C NPUHLUNOM aaaUTUBHOCTM 3HTponuu (cneacteue [11 BTOpOro Havana
TEPMOCTATUKK, § 7) NPUBOAUT K BbIBOAY, YTO SHTPONUA M30MPOBAHHOM CUCTEMBI ABAAETCA
NIMHEMHON PyHKumen norapmdma BepoATHOCTU COCTOAHMA I3TOM CUCTEMDI:

S=5,+Blnp, (108)

S,—S,=Bln i—z (108a},

1

TaK BO3HWK/IO TO/IKOBaHME NPUHLMMNA BO3PACTAHNA SHTPONUU U30/IMPOBAHHbIX CUCTEM KaK
CTAaTUCTUYECKOTO 3aKOHA: SHTPOMNMA U30IMPOBAHHOM cUCTeMbI Bo3pacTaeT (S, > S;) npwu
nepexoze 3TOW CUCTEMbI OT COCTOSHUIA MeHee BEPOATHBIX K COCTOAHMAM Bonee BEPOATHLIM
(p, > p1), OAHAKO HE UCK/KOYAETCA U BO3MOXHOCTb NEPEXo08 M30/IMPOBAHHON CUCTEMbI OT
COCTOAHWUI 6o/lee BEPOATHbIX K COCTOAHUAM MeHee BEPOATHbIM (p, < p1) C COOTBETCTBYOLLUM
y6biBaHWeM aHTponuu cuctembl (S, < S;), Hanpumep, B yCNOBMAX CAMOMNPOU3BO/IbHOIO
HapyLleHWA paBHOBECUSA ee 3n1eMeHTOB (PpIyKTyaL MM NAOTHOCTM, TemnepaTypbl U T. n.). MpuHLMN

5Q** o
HeobpPaTUMOCTM BHYTPEHHEro TenoobmeHa (dS** = % > 0), ABNAOLMIACA Pa3BUTUEM

o 5Q"
MaTEMATUYECKOIO Bblpa*KeHMA BTOPOro Havyasia K1aCCnM4eCKkonm TepMmognHammnKku (dS = ’1? ),

CYLLLECTBEHHO OrPaHMYMBAET BO3MOXKHOCTU CTaTUCTUYECKOTO UCTOJIKOBAaHMA BTOPOro Havana
TepmoauHammku: GayKTyaumoHHble npouecchl (fluctuatio — konebaHme) camonpounsBonbHOTO
OTK/IOHEHUA OT PABHOBECHbIX COCTOAHWUI COMPOBOXKAATCA MOHOTOHHbIM BO3PacTaHMEM SHTPOMNMUM
B pe3y/ibTaTe Hem3bexHOro CyLlwecTBoBaHuA BHyTpeHHero TenioobmeHa (dS™ > 0), nostomy
N3MEHEHWA COCTOAHUA U30IMPOBAHHON CUCTEMBI B TEYEHUE A/IUTENIbHOTO BPEMEHU HEM3MEHHO
NPUBOAAT K BO3PACTaHWMIO SHTPOMUKN 3TOM CUCTEMBI.

CpaBHuBaem onpegeneHune abcontoTHom Temnepatypsbl (creacteune IV BToporo Hayana
TEPMOCTaTUKN) U BblparkeHne NpuMHUmMna HeobpaTUMOCTN BHYTPeHHero TenaoobmeHa (105):

U 50"
r=(2Y) ;a5 =50
Xi

as T

MocTynaT U maTeMaTUYECKOE BbiPayKeHNe BTOPOro Hayana TePMOCTaTUKU CUMMETPUYHBI
OTHOCWUTE/NIbHO 3HaKa abCcoNOTHOM TemnepaTypsbl (NAKOC UM MUHYC), YTO B COYETAHUM C
NPUHLMNOM HEOBPATUMOCTN BHYTPEHHETO Ten006MeHa Kak pyHAaMEHTaIbHbIM 3aKOHOM
N3MEHEHUA COCTOAHMA Nt0ObIX TEPMOANHAMMYECKUX CUCTEM (BTOPOE HAYaio TEPMOANHAMMKN)
NPUBOAMT K CeAYHOWMM BbIBOAAM:

cucmema A
T, > 0; ds;r =24 >0; 5y >0  (renno), (109)
E— A

cucmema B
Ty < 0; dsy =22 > 0; 5Q <0 (pabora) (109a)
— B

cucmema A+B
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as;* +dsy > 0; 8Qy +6Q5 20 (1096)

Ecamn gonyctuTb BO3MOXHOCTb COCYLLECTBOBAHMA MPOLLECCOB, 3KBUBANIEHTHbIX
B3aumogencTemio cuctem A U B (nepexog yepes Hynb wkanbl (6 = +1/T), To aHTpONUA yiKe He
6yaeT mepoli obecueHeHus aHeprum (cymma §Q4" + Q" moXKeT MmeTb o060 3HaK), HO
MPUHLMN BO3pacTaHWUaA SHTponumu coxpanut cuay. (dS;" > 0; dSg" >0 u dS;* +dSz" > 0). B
3TOM C/y4ae AaxKe Npu cambiX NEeCCUMMUCTUUYECKUX UTOCOPCKUX 0600LLEHNAX TEPMOANHAMMKN 33
3HTPONMEN OCTaeTCA AMLWb aTTPMOYT GU3MYECKOro NpU3HaKa Heobpamumocmu meyeHusa spemeHdU.
ITO 3HAYUT TAKKe, YTO U3BECTHAA KTEOPUA TENI0BOI CMepTH BceneHHoM» (Knaysunyc, ToMcoH-
KenbBuH, [IXKUHC U Ap.) COAEPHKUT HEABHYIO NMPednocsiaKy 0 HEBO3MOXKHOCTU MPOLLECCOB,
3KBMBA/IEHTHbIX COCYLL,ECTBOBAHUIO U B3aMMOLENCTBUIO BO BCEIEHHOM CUCTEM C MOJIOXKUTENbHbIMU
M OTpMUATEIbHBIMWM aBCONOTHBIMM TEMNEpPaATypPaMn, OAHAKO 3Ta NPeANOCbIIKA NPUHLMMMANBHO
Hef0Kasyema.

§9. ANDPDEPEHUUA/IbHbIE COOTHOLWUEHMNA TEPMOANHAMUKU

OcHoBHble anddepeHLmanbHble COOTHOLEHNUA TEPMOAMHAMMKN, KaK CUCTEMbI PABEHCTB, MOJIyYaloTCcA B
pesynbTaTe CONOCTaBAEHUA NEePBOro M BTOPOro Hayan TePMOCTAaTUKM, KaK CUCTeMbl HEPaBEHCTB — B pesysibTaTte
COMOCTaB/IEHUA NEPBOTO U BTOPOTO Haya TEPMOAUHAMMUKU.

AHanuTMYecKoe BbiparKeHWe NepBoro Hayana TEPMOCTATUKM AAA NPocmeblx Ten GopmyanpyeTcsa Kak
anddepeHumanbHbii BuHoM (8§4):

6q = Mdx + NdT. (a)
MonHbit agnddepeHumnan sHTponuu (§ 7):
ds =2 =%qax +2ar. (6)
MepBble YacTHble NPOU3BOAHbIE SHTPOMUMK:
ds M as N
(a)t =7 (d—r)x =7 (8)
CmeLwaHHbIe YacTHbIe MPOU3BOAHbIE:
9%s d (ds o (N 1 (0N
o =5 =[G, = G0), (r)
a%s d (s 3 (M 1[[/oM M
o =) = (P, =#1G7), -7l (a)

YcnoBue He3aBUCMMOCTHM BbIPaXKEHUA CMeLIaHHbIX YaCTHbIX NPOM3BOAHbIX OT NOCNEL0BATENILHOCTH
anodepeHUNpoBaHUA (YCNOBUE MHTETPUPYEMOCTH):

d%s 3 d%s
T - dx  dx-9T
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MepBasn (06wan) u BTopas (a1a oagHOPa30BbIX COCTOAHMUI) GOPMbI AaHAIMTUYECKOTO BbIParKeHUA NepBoro
Havasa TePMOCTaTUKM AAA NPOCTbIX Ten (§ 4):

8q = CodT + hydd; x=109; N=Cgy M=hy= (Z—g)t + AP, (%)
8q = C,dT + h,dP; x=P; N=C, M=h,= (j—;)t — A9. (%,)

YacTtHble nponsBogHble koadpuumenta N (T = idem):
(5, = (), =5 =555 G
(5),= (), =56 =arar G

YacTHble Nnpou3soaHble Koadpduumerta M (x = idem):
(7), = (5, =5 155), +4p] = 55+ 4 (5),, )
(G7), = (G2, =[G, 49 =5 =4 (50), ()

CpaBHuBaem obLLee COOTHOLEHUE (€) C BbIpaXKeHWAMM YacTHbIX NPOU3BOAHbIX KoadpduumneHtos M u N
nepsoi popmbl (M1, 31,U;) 1 BTOpOI dopmbl  (I#y, 35, Uy):

a%u %u P hy
A, :
aoor — asar T A \or 9 T’ (1)
92i 82i 89 hp
apP-dT ~ aP-aT A (BT)p T (x2)

Otctoga nepsoe v BTopoe AnddepeHLmabHble COOTHOLWEHWA BTOPOro Hayana TePMOCTaTUKM /1A MPOCTbIX

Ten:
hg = (g—g)t + AP = AT (Z—:)l9 (110-1)
h, = (j—;)t — A9 = —AT (g—i)p (110-11)

YacTHble Npon3BOAHbIE 3TUX COOTHOLWEHMI Nno Temnepatype (x = idem):

(6h19) _ 0%u +A(6P> _A(BP) AT 0%P
aT )y 989-0T aT)y  ~\aT/y arz) )’
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oh,\ 0% A <019> _ 4 <619) uT 929
aT )~ opP-aT T/, aT/, aT?) ’
p p

OTctopa TpeTbe 1 YyeTBepToe anddepeHymanbHble COOTHOLEHMA BTOPOro Havyana TEPMOCTAaTUKKN A1A NPOCTbIX

Ten:
ofu_ _ (X2) =ar (5’2—”) (110-111)
89-aT  \ a0 /. a2/ g’
o%i _ (9Cp\ _ 829
ap-aT (aP )t =—AT (BTz)p (110-1V)
CpaBHMBaem 06e GOPMbI aHAIMTUUECKOTO BbIPaXKeHWA NePBOro Hayaia TePMOCTaTUKM A8 NPOCTbIX Ten (X1 u
XK2):

8q = Cydt + hydd = C,dt + h,dP.

OTcloaa MCXOAHOE BbipaXKeHUe PasHOCTU UCTUHHBIX TEMI0eMKOCTel Npu NOCTOAHHOM AasneHun (C,) W
noctosHHom obbeme (Cy):

a9 dP
Cp—Cg =hga—hpd—,r.

Pa3HOCTb NCTUHHBIX TennoemkocTeir (C, — Cy) Kak pasHOCTb GYHKUMIA COCTOAHMSA, He 3aBUCHT OT BUAA
npouecca U MOXeT bbITb YCTaHOB/EHA, B YaCTHOCTH, B Nnpouecce P = idem:

ad
Cp - C19 = h19 <ﬁ)p

CpaBHMBas 3TOT pe3y/bTaT C BbiparkeHMeM NepBoro Kanopumyeckoro kosapouumeHTa (110-1), npuxogum K
nAaTomy anddepeHUnanbHOMY COOTHOLEHUIO BTOPOrO Havana TePMOCTaTUKM A4 NPOCTbIX Ten:

C,—Cy = AT (g)p : (Z—;)l9 (110-V)

3ameHAEeM B aHAIMTUYECKUX BbIPAKEHWAX NEPBOrO Hayaia TEPMOCTATUKM Kanopuyeckne KoadduumeHTbl
(hg, hy) vx 3nauennamm (110 — 1) n (110 — I1):

8q = 8q" + 8q™ = CodT + hydd = CydT + AT (Z—;)ﬁ do, (111)
8q = 8q" + 8q™ = C,dT + hydP = CpdT — AT (Z—f) dp. (112)
14

CooTBeTCTBEHHO cbopmynmpyeTCH 06'be,CI,MHeHHO€‘ adHa/IUTU4YeCKoe Bblpa*XeHne nNnepBoro 1 BTOpPOro Havyan

TEPMOCTATUKM ANS NPOCTbIX TeN (3aBUCMMOCTb NPUPALLEHNI GYHKLUMIA COCTOAHMA B IH06bIX PABHOBECHbLIX NpoLieccax —
06paTMMbIX U HEOBpPaTUMbIX):

8q* + 8@ = Tds = CodT + AT (g—:)ﬁ dd = C,dT — AT (Z—i) dp, (113)
14
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ds =C7ﬂdT+A(Z—:>0 a9 =CT—”dT—A(%> dp, (114)

P
3), =% (), =%=4G0), (114a)
(:_;)p =2 (:_;)t =2=—4 (g)p (1146)

OnddepeHumanbHble COOTHOWEHUSA BTOPOro Hayana TepMmocTaTtiku (110) WwnpoKo ncnonb3ytoTcsa npu
n3y4eHnn GU3nMYecKnx CBOMCTB NPOCTbIX TEN U, B YAaCTHOCTM, NPU COCTAaBAEHUMN IMNUPUYECKUX YPABHEHUI COCTOAHMUA
NPOCTbIX Te/. 9T COOTHOLUIEHWA AAIOT TaKKe BO3MOMKHOCTb YNPOCTUTb PacUYeTHblE YPaBHEHUA TEPMOANHAMUYECKMX
NpoLEeccoB USMEHEHWUA COCTOAHMA, FTaBHbIM 06pasom aamabaTuyeckoro npowecca, NpUYem B OCHOBY aHaMn3a

nonaraetcs o6begMHEHHOE aHAaIMTUYECKOEe YPaBHEHME TEPMOANHAMUKN AN NPOCTbIX Ten (113).
Ha ocHoBe anddepeHLmanbHbIX COOTHOLWEHMI BTOPOro Hayana TepMmocTaTtikm (110) moxkeT 6bIiTb MOCTpoeHa

BMOJIHE CTPOras TepPMOLUHAMUYECKAN TEOPUSA UAEaNbHbIX Fa30B, NOAYMHAIOLLMXCA (N0 ONpeseneHunto) ypaBHEeHUIo
KnaneiipoHa (34):

po=rrs (2), =15 (2) =2 s

nO/'IyLIEHHbIe Bblpa*KeHnA Npon3BoOAHbIX CpaBHMBAeEM C BblpaXXeHUAMU KaTopU4YeCKnxX KO:—)d)d)VIU,VIEHTOB
(110 — I, 11):

ou oP ART
(£)t_hl,—AP_AT(E)ﬁ—AP_T—AP_O, (a)
oi 99 ART
(E)t—hp+Az9——AT(E)p+Az9——T+A19—0. (6)
OTctoaa 3aKoH [Koynsa:
u=u(t); i =i(t). (116)

Ecnn B ypaBHeHWE COCTOAHMA UAEaNbHOTO rasa BXoauT abcotoTHan TemnepaTypa No ra3oBoy LWKane
(ncxopHas dopmynmpoBsKa ypasHeHua KnaneiipoHa PY = RT'), npuyem ras noguvHsaetca ycnosumio u = u(t) wam
i = i(t), Towus gudpdepeHuManbHbix COOTHOwWeEHMN (a) n (6) HenocpeaCcTBEHHO NOAYYNM, YTO abcosoTHanA
TemnepaTypa No ra30BOM LUKaNe TOXAeCTBEHHA abCoNOTHOM TeMnepaType No TepMOAMHaMUYECKOW WKane KenbB1Ha
(T"=mT nanT'=T).

M3 conoctaBneHns npomnssogHbix (115) c nateim anddepeHuymanbHbim ypasHeHnem (110-V)
HernocpeacTBEHHO NoyYyaeTca 3aKoH Maiepa (Cp —Cy = AR).

Ha ocHoBe nepBOro 1 BTOPOro Hayan TepMOAVHAMMKM NOJTYYaOTC MHOTOYUC/IEHHbIE HEPABEHCTBA,
BbITEKalOLME 13 COOTHOLLIEHWA, XapaKTepusytoLLero (Npu 3alaHHbIX BHELUHWX YCI0BUAX) MOMEHT JOCTUNKEHUSA
PaBHOBECHOIO COCTOAHMUA BCAKOM TEPMOANHAMMUYECKOM CUCTEMDI:

S = maximum. (117)

OTctoga HepaBeHCTBa TEPMOAMHAMMKM MPOCTbIX TN BO BCEX LAOCTUMKMMbBIX COCTOAHMAX 3TUX Ten (H. U.

benoKkoHb. «TepmoanHammnkay, FflocaHepromsaar, 1954).
1. IcTMHHaA TeNN0eMKOCTb NPU NOCTOAHHOM 06beme NPOCTOro TeNa, HaXOAALLErocA B YCTOMYMBOM

TepMmoaAnMHAMNYECKOM paBHOBECUN, UMEET HEU3MEHHO NMO/IOKUTE/bHbIN 3HAK:

Cy > 0. (118-1)
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2. COOTHOLUEHME UCTUHHBIX TEMJIOEMKOCTEMN NPOCTOro Tena nNpu NOCTOAHHOM AaBneHUU U NOCTOAHHOM
obbeme HenameHHo 6osblue egunHuubl 1, cneanoBaTtesibHO, UICTUHHAA TENIOEMKOCTb NPOCTOro Tena Npu NOCTOAHHOM
AaBneHnn 60nblIE UCTUHHOW TENI0EMOCTH npn NOCTOAHHOM 0b6beMe U MMeeT HEU3MEHHO MOIOXKUTE/IbHBIN 3HaK:

C, > Cy>0. (118-11)
3. KoadpoduumeHnTol agnabaTtuueckoli (o5) 1 nsotepmmuyeckoit (o) CRUMAEMOCTU NPOCTbIX TEN UMEIOT

HEU3MEHHO NOIOXKUTENbHbIN 3HAK, NPUYEM KOIDDULMEHT U30TEPMUYECKON CXMMaeMocTH Bonblie KoadduumeHTa
aanabaTnyecKol CMMaeMoCTH:

1 /09
o, = —5(5)5 >0, (118-111)
—_1(99\ _% ;
o= 19(613)t—c1905>(75>0. (118-1V)

4. MNokasaTtenu aguabatuueckoro (k =ng) U unsoTepmuyeckoro (n;) NPOLECCOB— BENNYUHBI
MOIOXKUTENbHbIE, MPUYeM NokasaTesb agnabaTuyeckoro npouecca 6oblue NOKasaTeNs U30TePMUYECKOro NpoLecca:

9 (9P 1
nt = _;(aﬁ)t - oP > 0: (118_V)
_ _2 oP _ 1 Cp _
k= - (_519)5 =or=c ny >n; > 0. (118-VI)

MepeuncneHHble HepaseHcTBa (118) AelcTBUTENBHBI ANS NOObLIX COCTOAHUIM NPOCTOro TeNa — 04HOPA30BbIX
n AByx$asoBbIX.

Cnepnyet OTMETUTb, YTO M3 YCI0BUA TEPMOAMHAMMUYECKOTO paBHOBECUSA NpocTbix Ten (S = maximum)
noJly4YaeTcs BCEro /IMllb OJHO OCHOBHOE HEPABEHCTBO, XapaKTepuaytoLlee ¢pusnMyeckme CBOMCTBA 3TUX Tes (Hanpumep,
Cy > 0 nanas > 0), a gpyrue HepaseHcTBa (Hanpumep, €, — Cy >0, 0 > 0 1 T.n.) nony4aioTca B pesynbrate
COMOCTaB/IEHUA OCHOBHOIO HepaBeHCTBa ¢ AnddepeHLMaNbHbIMM COOTHOLIEHUSAMM BTOPOrO Havana TepMOCTaTUKM
ANA NpocTbix Ten. TOYHO TaK Xe, cpean anddepeHLManbHbIX COOTHOWEHMWI BTOPOro Havyana TepmocTtaTkuy (110) anwe
OfHO ABNAETCA CNEACTBMEM MPUHLMNAG CYLLECTBOBAHMA SHTPOMMUU NPOCTbIX TeN (Hanpumep, BoipaxkeHue ana hy ), a
OCTaNibHble MOAYYAOTCA B pe3ynbTaTe CONOCTaBAEHUA 3TOFO0 OCHOBHOFO COOTHOLLEHMA C MaTeEMATUYECKUM
Bblpa*KeHNeM NepBOro Havyana TePMOCTATUKM.

§10. NAPbI U PEAJIbHbBIE FA3blI

B TepmogmHammnyeckom KnaccudmKkaumm og4HOKOMMNOHEHTHbIX NPOCTbIX TEN, COCTOAHNE
KOTOPbIX XapaKTepuayeTca 3Ha4YeHMAMMN nepemeHHblx t, 9 (mam P,V ), pa3nunyatoT Wb ABa BUAA
arperaTtHbix cocTosiHMi—oaHoda3oBoe 1 agyxdpasosoe (§ 3). B cBA3M € 3TUM B fanbHelluem
NPUHATLI CneayoLme onpeseneHus.

I. HacbllweHHbIN nap — AByx¢pa3oBas paBHOBECHAsA CUCTEMA XKUAKOCTb — nap (cyxoun);
TemnepaTtypa v AaB/IeHNE HACbILLEHHOro Napa CBA3aHbl ypaBHeHMEM $a30BOro paBHOBECHA:

(P, ts) =0, (119)
ty = to(P). (119a)
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MapoBan u *KnaKasa ¢asbl HACILEHHOIO Napa COCYLLECTBYIOT, B CBA3M C YEM MOHATUA Nap
(cyxoi) 1 *KnaKocTb B 061aCTN HACBILLLEHHOTO Napa MoryT 6bITb CTPOro TEPMOANHAMMUYECKM
onpeaeneHobl.

I1. NeperpeTbiit nap—oaHoda3oBoe ra3oobpasHoe cocTosHUe BellecTBa: Temnepatypa (t)
neperpeToro napa gaHHoro aasneHus (P)Bblle TemnepaTypbl HacbiWweHHOro napa (tg) Toro e
OaBNEHURA:

t > t,(P). (120)

I11. B 3akpuTHyeckoi obnactu (P >P,; t> th), rae HeT aHepreTuyeckoro 6apbepa
MeXay napom n xugroctbto (1 = 0), KnaccudurKauma arperaTHbIX COCTOAHUMA MOXKeET BbITb
OCYLLEeCTB/IEHA /INLb HA OCHOBE BTOPMYHbIX MPU3HAKOB. B YyacTHOCTM, Byaem npegnonaratb, 4ToO
ypaBHeHMe AnHUM paBHoBecua ¢as nap — xKuakoctb @(P,t;) = 0 npoaonKeHo 3a npeaenbl
KPUTMYECKOW TOUYKM Kak ornbatoLuas Todek makcumyma nsobap B koopauHatax C,—T u,
cnenoBaTesibHO, B 3aKPUTUYECKON 061aCTU MOXKHO pa3inyaTh (B U3BECTHOW Mepe YC/I0BHO)
coctoaHua xugroctn (t < tg) v neperpetoro napa (t > tg).

IV . PeanbHblii ra3 — BbICOKO NeperpeTbiii Nap, COCTOAHNE KOTOPOrO HE3HAYUTENIbHO
OT/IMYAETCA OT COCTOAHWUA UAEaNbHOrO rasa.

Taknm o6pa3om, B TEpMOANHAMMUYECKOM ONMMCAHUN MNAPOB U peanbHbIX Fa30B cneayeT
pas3/nyaTb NWb A,Ba COCTOAHUA—HACbIWEHHbIE Napbl (ABYX¢pa3oBble CUCTEMBI) U NEPerpeTblie
napbl (0gHOpa30Bble ra3006pasHble COCTOAHMA); ONUCAHME TEPMOANHAMUYECKUX CBOMCTB
peanibHbIX ra30B BK/AOYAETCA B PAa3fen ONMCAHNA TEPMOANHAMMUYECKMX CBOMCTB NeperpeTbix
napos.

a. HacblweHHbIN Nap

OCHOBHOW XapaKTepPMCTUKOM HACbILLEHHOrO Napa Kak AByx¢$pa30oBoi CUCTEMbI ABAAETCA
BecoBas (MaccoBas) KOHLeHTpaumm cyxoro napa (x) — napocogepskaHue, Uan KOHLEHTpauus
wugkoctn (1 —x) — Bnarocoaep:KaHue:

GII G”

X=—=— (121)
G G'+G

! !
1-x=C=—-"0 (121a)

O6nacTb HaCbIWEHHOTO Napa OrpaHNYMBaETCA NPeAeNbHbIMU KPUBbIMU KUNALLEN
wunakoctn (x = 0); ucyxoro HacbiweHHoro napa (x = 1); npegenbHbie KpUBbIE NepeceKakoTca
B KPUTMYECKOM TouKe (puc. 24).

Bce dyHKUMM COCTOAHMA HACbILLEHHOTO napa (1 Booblue Bcex paBHOBECHbIX ABYX($a30BbIX
CUCTEM), NPONOPLMOHA/bHBIE KOIMYECTBY BeLLecTBa, a00UMUBHbI, T. €. [ONYCKAOT BO3MOMXKHOCTb
NPAMOTO C/IOKEHUA:

7=7+27" (122)

Z=2zG; 7' =2'G"; Z"=2"G", (122a)
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raez', z'' M z — ypenbHble XapaKTepUCTUKKM Xuakoctn (z'), cyxoro HacblleHHOro napa
(z'") v HacblweHHOro napa Kak asyxdasosoi cuctembl (z).

K uncny agamtueHbIX QYHKUMIA COCTOSHUA NPUHAAexaT: 06bem
WV'=9'G"; V"' =9"G"; V =9G), sHytpeHHasa sneprua (U' =u'G’; U" =u"'G"; U =uG),
sHtanbnua I' =i'G"; I" =i"G"; 1 =1iG), sntponua (§' =s'G’; S" =s"G"; S =5sG) nrt.n.

CpaBHuBaem (122) 1 (122a)

zG =2z'G'"+z"G".

OTclofa pacyeTHOE BblpayKeHUe yaebHbIX TEPMOAUHAMUYECKUX BE/IMYMH HACBILEHHOTO
napa (1 BoobLe Bcex paBHOBECHbIX AByxda3oBbix cuctem; z = I, U, [, S UT. N.):

z=0-x)z"+xz", (123)
9=00-x)9 +x9", (123a)
i=0—-x)i"+xi" =i =xr, (1236)
p A
| 5%
her Ty
\5 &
\2 N
. I Nepeepemsid . _
\ X nep(za3) S
~
\ S~
1B (1] it . R N R
Kacms
~
-y

Puc. 24. CocToAHMA KMAKOCTWN, HACbILLEHHOrO Napa 1 NeperpeToro napa uam rasa B
KoopauHaTtax P — 199.

roe r — CKpbiTas TensoTa napoobpasosanus (P = idem; 6q = di)
x=1 x=1 ,. Lry iy
r=[_"6q=[__di=i"-1. (1238)

x=0 x=0

dHTpONuA HacbiweHHoro napa (P = idem; T = T):
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nnm
’ Xxr ’ "
S=s +T—=(1—x)s + xs"”, (124)
nm_ oI
S s = T (124a)

YaenbHble XapakTepucTukm kunawen xugroctm (z' =9',u',i’, s' ...) ncyxoro
HacblweHHoro napa (z" =49", u”, i"”, s ..) onpegensaloTca aKcnepMmeHTaNbHO B
3aBUCUMOCTYM OT AasneHua P uau temnepatypbl (t;) HacbIWEHHOrO Napa; 3TW OMbITHbIE AaHHbIE
COCTaBNAOT OCHOBY NapoBbIX TabnL, N106Oro BelecTsa:

z' =2'(P) = z;(t5); 2" =2z"(P) =z (t,). (125)

Hapagy ¢ AaHHbIMM 06 yAenbHbIX XapaKTepUCTUKaxX Kunawen , skugroctn (z') u cyxoro
HacblweHHoro napa (z'") B napoBbIx TabaMLax NPUBOAATCA TAKXKe ONbITHbIE AaHHbIE,

9KBUMBaA/NIEHTHble ypaBHeHUto pa3oBoro paBHosecus tg; = ty(P) wam P = P(tg).
OnddepeHumanbHoe ypaBHeHWe Ppa30BbIX NPEBPALLEHMI NOAYHAETCA KaK YaCTHOE BblpaXKeHMe OCHOBHOIO
anddepeHUNanbHOro COOTHOLLEHMA BTOPOro Havala TepmocTaTtukm (§ 9):

hg = 2L = AT (Z—i)ﬁ (a)

B 06n1acTn aAByx$ha3oBoro cocToAHMA TemnepaTtypa 1 AaBaeHne CBA3aHbl ypaBHeHnem $pas3oBoro
npespawenua @(P,t;) = 0, No3TOMy YacTHas NPOM3BOAHAN AABJEHMA MO TemrepaType B MCXO4HOM COOTHOLIEHUM
(a) monrKHa paccmaTpuBaTbCA Kak NoaHanA:

%4t _ AT
o = AT (6)

3amensem (P = idem):

— i . — (9" —_ 9’ . r__ ar
8q; =di+rdx; d9=@"—-9")dx; iy = AT . (8)
CooTtseTtcTBeHHO dopmynmpyeTcs anddepeHumanbHoe ypasHeHne Ga3oBbix NpespaLLeHnii (ypaBHeHMe
KnanenpoHa — Knaysuyca):

P dT  dlogT  AP@''-9")
L = = 126
T dP  dlogP r Ms» ( )

roe 1 — KoapPpuumeHT BHelwHel paboTbl pa3oBoro npespalleHus, onpesensaemblil No BeJIMYMHE OTHOLEHMUA
BHelWHel paboTbl pasosoro npespaleHns (Alg) K CKpbITOM TennoTe 3Toro npespalleHus (r) :

Alg _ AP''-9")
r r :

ns = (126a)

B o6nactn Becbma manbix gasneruin (limP = 0) nap noauuHseTca ypasHeHuto Knanetpona (PY = RT), a
CKpbITas TeNI0Ta CTPEMMUTCA K KoHedHomy npegeny (limr = 1y):
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: T dlogT _ ART __
llmp_,o ns = llmp_)o m = ? = AOT
Ha 3ToM ocHOBaHWW s Bcell IMHUK $a3oBbIX NPEBPALLEHUIT PacCMaTPUBAEMOro BUAA (McnapeHue,
nnaBiaeHue, CybMMaLmsa) MOXKET BbITb NPUHATO:

_dInT _ ar

1

Ns = dlnp ; dlnp Tl(t)' (127)
MHTerpansl auddepeHumanbHbIX ypaBHeHU (127):

T _(P\", To 4 _ Pg

T_o_(P_o) ;o p—l=alg) (128)

= ., _ToAM
m= nS' a = lge ) (1288)

rae Py, Ty — KoopauHaTtbl onopHoii Touku; 7, A (T) — cpeaHue 3HauYeHWUA COOTBETCTBYIOLMX BENNUMH

(nsu ) BunTepsane P — Py (uu T — Ty).

Ona nuium ucnaperunsa (T = T;) B KayecTBe ONOPHOM TOYKM Hanbonee LenecoobpasHo NPUHATbL
KPUTMYECKYHO TOUKY (P0 =By To = TKp).

YpasHeHuMe $a30BOro paBHOBECUA CUCTEMBI MAP — KUAKOCTb (128) MOXKeT 6bITb MPUHATO B KayecTse
YC/I0BHOM IMHWM pa3aena oAHOGHA30BbIX COCTOSHUM (NMHMA $Ha30BbIX Nepexos0B BTOPOro poAa) B 3aKpUTUUECKOM
obnactu.

6. MeperpeTbit nap

B HenocpeacTBeHHOM 6/1M30CTU OT BEPXHEN MOrPaHNUYHOM KPUBOM HACbILWEHHOTO Napa
(x =1) ¢yHKUMM cocTosHMA neperpeTtoro napa (z = PY;u,i,S MU T.N.) MOTyT 6bITb BbIYMC/IEHDI
nyTem ocpeaHEeHUA YacTHbIX NPOM3BOAHbIX 3TUX GYHKLMI NO TemnepaType Npu NOCTOAHHOM
pasneHun (P = idem):
0z

’ T ,
(O_T)p =Ny z=2"+ fT:TS N, dT =2z" + Ny (T — T5) (129)

. di . 3
z=i; (a—T)p = Cp; i =i" + Co(T = Ty). (129a)

Baanu ot BepxHen NOrpaHMYHOM KPUBOM HACbILWEHHOrO Napa neperpeTbii nap
pPaccMaTpMBaETCA KaK peanbHbIi a3, HE3HAYUTE/IbHO OTKAOHAIOLLMNCA OT COCTOAHUA NAEaNbHOTO
rasa (§ 3).

§ 11. CMECU }XUAKOCTEW, NAPOB U TA30B

Cmecu ecTb cucTeMbl TeN (KOMMOHEHTOB) XMMUYECKM HE B3aMMOAENCTBYIOWMX MEKAY
coboli. NMpeanonaraeTca TakKe, YTO CTPYKTYpPa OTAE/IbHbIX KOMMOHEHTOB CMECHK B MpoLeccax
cMeceobpas3oBaHMA U CTabUAM3ALMM CMECU HE U3MEHAETCA; B YaCTHOCTM, UCKIOYAeTCA
BO3MOXHOCTb NO/IMMEPU3ALUN — MpOLECcca, MPUBOAALLETO K USMEHEHUIO MONEKYNAPHOro Beca
KOMMNOHEeHTa 6e3 M3MEeHEHUA ero XMMMYECKOM NPMpoabl, Hanpumep, nepexos,

CntnOp = (CrHnOp)s.
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d. KOHLI,EHTpaLIMFI KOMNOHEHTOB

Becosas (MaccoBas) KOHLEHTpaLUWUA KOMNOHeHTa (M;) eCcTb BE/IMYMHA OTHOLLEHUA
CTaHOapTHOro Beca KomnoHeHTa (G; — CMMBOJ KOJIMYECTBA BELLECTBA) K CTAHAAPTHOMY Becy
cvecn (G):

Gi =
mp = G = XiZ1 Gy, (130)
Cim =TI R =STEIG =1 (130a)

MonapHas KOHLEeHTpaLuna KomrnoHeHTa (7;) ecTb BeIMYMHA OTHOLLUEHWUA KOIMYeCTBa
monen komnoHeHta (G;) K NONHOMY KOZIMYECTBY MOJIEN cMecH (G):

G; o i=n =
= ?l; G = Z%=1 Gi' (131)
np =Yz lyimng g (131a)
l 1 13 G i=1Yi —
Konuuectso moneit komnoHeHta (G; KMosb ) paBHO BEMYMHE OTHOLLUEHUSA
CTaH4apTHOro Beca KomnoHeHTa (G; K2 ) K ero monekynapHomy secy (u;):
— G
G, =- a
= (@)
To ke onpegeneHune pacnpocTpaHAeTca Ha CMECb B LLEe/IOM:
- G
G=— 6
Hm ( )
CpaBHuBaem (a) u (6):
_G_1 n _1 l =n _ \i=n
bm ====221G = =22 G = Xz 1ul i=1 MiTi) (8)
1 G 1aj=n—= G; 1 G m;
_=_=_Z;=?Gi=_zlnl_zln _l=ZlTL i (r)
Hm G G

CooTBETCTBEHHO GOPMYINPYIOTCA PacUeTHbIE BbIPaXKEHUA MOIEKYIPHOTO BECA CMECU
(Um) B 3aBUCMMOCTM OT MONEKYNAPHbIX BeCOB (4;) M KOHUeHTpauun (r;, m;) KOMMNOHEHTOB:

(132)

=
3
I
i
[
o
=
I
=S
3
I
QD
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CooTHOLeHMe BecoBbIX (1M;) U MONAPHBIX (7;) KOHLEHTPALMIi KOMNOHEHTOB CMECH:

m;

G;
T _G

DI ol
QD

G
Gi
CpaBHMBaeM 3TOT pe3ynbTaT C UCXOAHbIMM onpeaeneHnamm (U; = Gl-/a-, Um = G/G_):

o B (133)

Ti Hm

PacuyeTHble Bblpa*KeHMA CPeAHEro MONEKYNAPHOro Beca cmecu (132) 1 cooTHOLEHUSA
KoHUeHTpaumi (133) ncnonb3yoTca Npy B3aMMHbIX nepecyetax KoHueHTpaumi (1;, m;), a Takxke
npw onpegeneHnax GU3NKo-XMMMUYECKUX XapaKTEPUCTUK CMecel (Hanpumep, Npu onpeaeneHnm
XapaKTepPUCTUYECKOM NOCTOAHHOM CMECU UAeasbHbIX ra3os).

PacueTHble onpeaeneHusa KOHLEHTPaLWUM U cpeaHero moaekynapHoro seca (130) — (133)
OENCTBUTENbHbI B YCNOBUAX KOMMNOHEHTOB Nt060M Npmnpoabl 1 1060 cXembl CMeLLeHUA.

6. OcHOBHble cXembl cmeLleHuA

I. Cxema nocmosHHozo ob6vema (V = idem).

Cuctema npeacrasaseT coboi pag N30AMPoBaHHbIX pe3epByapoB NOCTOAHHOro o6bema
(V1, Va, ..., Vy), paspenenHbix kpaHamu (puc. 25, I); B Kax/40M pesepByape COAepXMUTCA OANH
KOMMOHEHT, UCXOZHOEe COCTOAAHWE KOoToporo npeanonaraetca ussectioim (V;, Gy, Uy, Py, T Wi,
“T.n.). BCcKope nocsie oTKpbITUA KPaHOB AaB/ieHWe B pe3epByapax BbipaBHusaetca (P,,), a 3atem
NPOUCXOAMT BblpaBHMBaHME TEMMNEPATYP M KOHLLEHTPaLIMIA KOMNOHEHTOB BO BCeM 06beme
(andpdy3noHHbIe NpoLeccbl) — cucTema NepexoamT B COCTOAHNE TEPMOAMHAMMYECKOrO
pasHosecua (V,G,U,Py,, Ty, Um VW T.N.).

Bo Bcex CTaamax Npouecca cMelleHns no cxeme I NoHbI 06beM cUCTEM coxpaHsaeT
HensmeHHyto Beanuny (V =V, + Vo+...+1;,) — oTcioaa HaumeHoBaHWeE 3TOM CXeMmbl
(V = idem).
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Yo TR — e

Vo, . 3. Py R
s Mo P W’CK A
i -~ - % )
) / 3
N
%3 48 Q:(\'\)
! V=dem /l P=idem

Puc.25. OcHoBHbIe cxembl cMmeLleHuns.

B npouecce cmewenuna V = idem Tenno ussHe He noasoautca (Qi, = 0) v BHewHAs
paboTa He coBepluaeTca (L’i_2 = 0); cnepoBaTeNbHO, AN1A ONUCAaHMA Nepexoaa CUCTEMbI OT
NCXOAHOTO cOCTOAHMA (1) K KOHEeYHOMY (2) MoXKeT HbITb MCMO/Ib30BAHO BbipaXKeHMe NepBoro
Havyana TePMOANHAMUKN MO BHELWIHEMY BanaHcy 3aMKHYTOM cuctemsl (§ 4):

U,—U; =0Q1,—AL1, =0. (134)

3T0 3HauUT, YTo cMelueHue no cxeme [ (V = idem) npoucxoauT ¢ coxpaHeHUEM
MOCTOAHHOIO YPOBHA BHYTPeHHel aHeprum cuctembl (U = idem).

I1. Cxema nocmosHHozo dasneHus (P = idem).

Cxema CMelleHusA, Ha3blBaemasn B Aa/lbHeNLeM CXEMOM NOCTOSAHHOTO AaB/IEeHUSA
(P = idem), ectb cxema cmeleHua NoTokos (puc. 25, I1): kK KonnektopHomy Tpybonposoay
(G,U,1,P,, Ty, hy, W T.N.) NOABOAATCA OTAENBHBIMU M30/IMPOBaHHbIMKU TPyHonpoBoOAaMM
KomnoHeHTbl cmecn (G;, U, I; Py, Ty, i, W T.N.), npyyem NOCTynAeHWe Kaxg0ro KOMMoHEeHTa
perynnpyeTcs 3ac/IOHKOM Ha Kaxkaom Tpybonposoge (apoccenbHble npoueccol). [JaBneHune
KOMMNOHEHTOB NOC/IEe MPOXOXKAEHNA 3aCIOHKN (HO 4,0 CMELLEHWNA) CHUXKAETCA 4,0 YPOBHA AaBNeHMA
B Konnektope (B,,) — oTcioga HaumeHoBaHue cxembl (P = idem).

3aKN0UUTENIbHBIE NPOLLECCHI CMELLEeHUA — BblPaBHMBAHWE TEMNEPATYP M KOHLEHTPALMIA
(amMddy3noHHbIE NpoLecchbl) U Nepexos, CUCTEMbI B COCTOAHME TEPMOANHAMUYECKOTO PAaBHOBECUS
(§ = maximum).

B npouecce cmewenna P = idem Tenno ussHe He noggoantca (@1, = 0) u BHewHas
paboTa NOTOKaMM He coBepLUaeTca (Wf,z = 0); cnepoBaTeNibHO, A4 ONUCAHUA Nepexosa
CUCTEMbI OT UCXOAHOIO COCTOAHUA (1) K KOHEYHOMY (2) MOXKET BbITb MCNONBb30BAHO BbliPaXKeHUe
nepBOro Hayana TePMOANHAMUKN AN NOTOKOB MO BHewHeMy 6anaHcy (§ 4):

I; =1, = Q1, — AWy, = 0. (135)

37O 3HAuUT, YTo cMelueHue no cxeme I (P = idem) nNpPOUCXOAUT C COXPaHEHNEM
NOCTOAHHOTO YPOBHA 3HTaNbNuu cuctembl (I = idem).
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B. Cmecu ngeanbHbIX rasos

Cmecun naeanbHbIX rasoB — NPOCTENLLNIM BN TOMOTFEHHbIX CMECeH, T. €. CMecel, He
MMeroWwmx (B OTAMYME OT reTeporeHHbIX) BHYTPEHHUX NOBEPXHOCTEN pasaena U 06pasyowmx oaHy
¢dasy. CpaBHUTENbHAA NPOCTOTA 3aKOHOB NAEA/IbHbIX FA30B CYLLECTBEHHO ynpoLaeT 33434y
NCcCNefoBaHUA XapaKTEPUCTUK TaKMX CMecCen.

I. Cmecu naeanbHbIX ra3oB NOAYMHAOTCA ypaBHeHMIo KnaneipoHa (no obuiemy
onpeaeneHnto naeanbHOro ra3oBoro COCTOAHMUA):

PV = GR,,T =G RT.

OTtcropga
G—= R 1
Rm = ER = m = Z:Ll% = Z?=1 m; Ri' (136)
u fanee
PV _ == PiVi
? = G R = Z?:l Gi Ri = 2?:1 Tl,l * (1368)

MocneaHMM cooTHoweHreMm (136a) ycTaHaBAMBAETCA CBA3b XapaKTePUCTUK PaBHOBECHOTO
COCTOSIHMA CUCTEMbI A0 U MOCAE CMELLIEeHUS.

I1. O6bemHble coaepKaHMsA KOMMNOHEHTOB CMECU MAeaNbHbIX ra3os (Hanpumep, No
ZAaHHbIM MOrIOTUTENLMONO rAa30BOr0 aHaAN3a), Kak COOTHOLWeHMA o6bemos KomnoHeHTa (V;) u
cmecu B uenom (V) B cuny onpeaeneHuns asTux o6beMoB Npu 0ANHAKOBbIX GU3MYECKUX YCNOBUAX,

(P,T) TOMOecTBeHHbl MOMAPHLIM KOHLEHTPALMAM KOMIMOHEHTOB, YTO HEMOCPeACTBEHHO cneayeT
13 3aKoHa ABOraapo:

vy _Gi(%) G,
(V)N =% (5)” =z (137)

I11. BHyTpEeHHAN 3HepPrua 1 sHTaNbNUA AEANbHOrO rasa — QyHKuuKM TemnepaTypbl (§§ 4 n

9); B CBA3M C 3TUM ynpoLyatoTca onpeaeneHna cpeaHen temnepatypsl (T,,) v cpegHero gasneHus
(P,,) cmecu naeanbHbIX rasos:

V = idem Up— Uy =31 G Comi(Tyy —T)) =0,

P = idem L—I = ?:161' Epm,i(Tm - Ti) = 0.

OTciopa O6IJ.I,€€ pacyeTHOE BblpaxKeHune cpep,HeVl TEMNEPATYPbI CMECU NAEa/IbHbIX ra30B:

—_Ltyn 7~ —_1 yn R
T =~ 2i=1Ti ComiTi = —2i=1 My G Tis 2 =19, P, (138)
rae Cumi Cumi— CPEAHWE TENNOEMKOCTH KOMNOHeHTa (i) B MHTepBase TemnepaTyp
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T; — T,,, npu noctosHHOM obbeme z = 9 (gna cxembl V = idem)
WAN NPU NOCTOAHHOM AaBneHun z = P (ana cxembl P = idem);

C,m Cyun —  COOTBETCTBYHOLIME CPEAHME 3HAYEHMA TEMNNOEMKOCTM CMECH

Com = Z?:lmi sz,i; Ezm = ?=1ri Ezm,i- (138a)

ConocTaBiieHMe pacyeTHbIX BbiparkeHu (138) n (138a) cBMAETENBCTBYET O TOM, YTO
3HaveHua temnepatyp (T;, T,,) MoryT ObITb NPUHATLI B 110601 TEPMOANHAMMUYECKON LLKane co
cmelleHHbIM Hadanom (t =T — T,).

BbiparkeHusa cpeaHeint TemnepaTypbl CMecu ngeanbHbix ra3os (138) moryT 6bITb
HenocpeacTBEHHO MOJyYeHbl HAa OCHOBE Ceaytowmx coobpakeHuii: B cxeme V = idem po
OTKPbITUA KPaHOB pe3epByapbl NPUBOAATCA U CONPUKOCHOBEHME U TEMNEPATYPbl KOMMOHEHTOB
BbipasHmBatotca (), AU; = 0), npuuem 8 Kaxoom pe3epsyape NPoLecc NPOUCXOAMUT Mpu
V; = idem, a oTctofa pacyeTHOe BblpaxeHue cpefHel TemnepaTypbl ra3os (138) nepep,
cmeweHnem no cxeme V = idem; B cxeme P = idem, [0 NYHKTOB NPOXOXAEHMA NOTOKOB Yepes
perynvpytowme 3aa8UxKK1, TpybonpoBoabl NPUBOAATCA B CONPUKOCHOBEHWE U TeMMepaTypbl
KOMMOHeHTOB BbipaBHuBatotca () Al; = 0), npuyem 8 kaxcdom mpybonposode npouecc
npoucxoant npu P = idem, a oTciofa pacyeTHOe BbipaxKeHue cpeaHen TemnepaTtypsbl razos (138)
nepeg cmelwweHunem no cxeme P = idem. Mocneapytowme apoccenbHble U auddysnoHHble
NPOLECCHI NPU CMELIEHUN HE U3MEHAIOT CpeaHel TemnepaTypbl KOMNOHEHTOB (3aKoH [koyns).

CpegpHee pasneHue cmecu B cxeme [ (V = idem):

(139)

B cxeme I (P = idem) paBneHne cMecy B KOJJIEKTOPE AO0NMKHO BbiTb He 6onbLue
HaMMeHbLUEero U3 Ha4yaslbHbIX AaBNEHUA KOMMOHEHTOB, MOCTYNAOLLUX B KONIEKTOP (Pm < Pi,min).

IV. CpepHaa Temnepatypa (t,,) v cpeaHee aasneHune (B,) XapakTepusyloT KOHEYHoe
coctosiHue anddy3HOro paBHOBECUA CMECU KaK cucmemsl 8 yesaom. COCTOSIHME KOMMOHEHTOB
CMecH B npoLeccax nepemelumBanma (anododysna — npouecc pacnpocTpaHeHUA KarKAoro
KOMMOHEHTa B NOJIHOM 06beme CMecK) HENPEPLIBHO M3MEHAETCSA, HAYMHAA C MOMEHTA
NEPBUYHOrO BbIPaBHWUBAHUA AaBneHuit KomnoHeHTos (P = By,) W KOHYas COCTOSHMEM
Anddy3HOro paBHOBECHUSA, KOTAA AABNEHUE KAXKA0M0 U3 KOMNOHEHTOB CHUMKAETCA 40 YPOBHA
cTabunbHoro napuuansHoro aasnenus (P = PB,).

3akoH anddy3HOro paBHOBECUA CMECU NAeaNbHbIX ra30B (3aKoH [lanbToHa),
XapaKTepuM3yHoLLMIA YCTaHOBMBLUEECA COCTOAAHUE ra30BOMN cMmecu: «Kaxdbili KoMnoHeHM 2a3080U
cmecu pacripocmpaHeH 6o scem obveme cmecu (V) u pazsusaem 8 smom obveme makxoe
napyuansHoe oasneHue (P,), kakoe 6bl 0H pazeusas e Hem npu memnepamype cmecu (T,,) 6e3
ydacmus 0pya2ux KOMMNOHeHMoe».

YpaBHeHus cocTosHus komnoHeHTa (B, G) v cmecu 8 uenom (B, G) nocne
poctuxeHns ancddysHoro pasHoBecus:
P,V = G,RT,, (a)
P,V =GRT,. (6)
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OTtcrlopga

j2 G.
t=Z=r,. (B)
Pm G

3TO 3HauuT, YTO NapumanbHoe gasnenne (B,) KomnoHeHTa (V) B paBHOBECHOW cMecK
PaBHO NPOV3BEAEHMIO MOIAPHON KOHLEHTPALMK 3TOro KOMMNoHeHTa (7;,) Ha NoAHoe Aas/ieHune
cmec (B,,):

P, = n,P,. (140)
CyN\N\a napunanbHbIX ,D,anleHMﬁ KOMMOHEHTOB paBHA NO/IHOMY AaB/IEHUIO CMeCU:
3=1Pv =Zg=1rvpm =Pm217/l=1rv = Pp. (141)

Nnnmoctpaumen 3akoHa audpPpy3HOro paBHOBECUA MOXKET CAYKUTb 0OLLEN3BECTHBIN haKT
Ha/IMumMA BOAAHbBIX MapoB B BO34yxe: NapLumanbHoe AasneHue BogaHoro napa (B, = r,B,)
MeHblle [aBNeHUA HACbIWEHHOro BOAAHOIO Napa npu Temnepatype Bo3gyxa B, < P
(neperpeTbit nap) nnu B npeaene paBHO AaBAEHUIO HacblWeHHOro napa P, = P; (To4ka pocbl),
HO HEM3MEHHO MeHblLLE NOAHOTO AasneHus Bo3gyxa (By,).

§12. UCTEYEHUE }XUAKOCTEW, NAPOB U1 FTA30B

Mpoueccbl UCTEYEHUA CNIOWHbIX MAaCC—KUAKOCTEN, MApOB U ra30B — ABAAOTCA
npoueccamm BbICTPbIX USMEHEHUI COCTOAHMA BELLECTBA; B 3TUX YCI0BUAX AOCTUMAOT 3aMETHOM
BE/IMYNHDBI HeobpaTMble NOTEPU M HApPYLUEHUA TEPMOLMHAMMYECKOro paBHoBecusa. Hanbonee
uenecoobpasHo xapaKTepM3oBaTb peasbHble NPOLECChl UCTEYEHMA OT 3343aHHOMO UCXOLHOTO
coctoauua (P;,9; wam Py, i; W T.N.) 0o 3a4aHHOTO KOHEYHOro NPOTMBOAaBNeHUA P, nytem
aHaNn3a 3MasnoHHO20 rpouyecca 06PaTUMOro UCTEYEHUA B TEX XKe MPAaHMUYHbIX YCIOBUAX
(TeopeTnyecKkuii npouecc), a Nepexos K peasibHbiM NPOLLeccaM OCYLLECTBAATb NyTEM BBEAEHUSA
nonpaBoYHbIX KO3dduLMeHTOB—Ko3bdULMeHTa MHeNnHOW ckopocTn (@) U KoadpduumeHTa

pacxoga (w).
a. O6wume cooTHOWEHUA

Mpu NnepemeLLEHNN KNAKOCTEN, NAPOB U ra3os M3 061acTm oaHoro aasnexusa (P;) B
obnactu gpyroro gasnenna (P,) noteHumanbHasa pabota (w;,) B 0BpaTMMbIX NpoLeccax
obpallaeTcs Ha NOBbILLEHWE KMHETUYECKON SHEPTUM NOTOKA U U3MEHEHME BbICOTbl Er0 LLeHTPa
TAxKecTu (§ 2):

Sw = —9dP = d (5) + 9 dz: (a)
2 c2 c? g
W1,2:_f1 ﬁdpza—aﬁ'a(Zz—Zl). (6)
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JInHeHan ckopocTb ob6paTtumoro nctedennsa (C,) W ee NPOEKLMU NO OCAM KOOPAMHAT

(cx, Cy, cz):

€2 = \/Cf +2guW12 +29(21 — 23), (8)
5 =ck+ch+ch. (r)

B ob6wem cnyyae nMHenMHasn CKOpOCTb UcTedeHMA (C;) XapaKTepusyeT yAeNbHYH
KMHETMYECKYIO SHEPTUIO MOTOKA XUAKOCTU KaK KUHETMYECKYIO SHEPTUI0 MOCTynaTeNbHOoro (no
HanpaBneHUAM X,V,Z) U BPaLLATE/IbHOTO ABUXKEHUI NOTOKA, OTHECEHHYIO K eAMHMLLE KONMYecTBa
Xuakoctu (Hanpumep, 1kz).

BBoaum noHaTue gecosoli (Maccosoli) CKopocmu NOTOKa KaK BENMYMHbBI OTHOLLEHUS
CEKYHZHOro pacxoAa XUAKOCTU K NoNepeyHoMy CEYEHMIO NOTOKA (Y — yAe/bHbIN BEC XKUAKOCTU B
ceyeHuu f, B KOTOPOM U3MeEpPEHDI ¢, Z U P):

GCBK

=U=CyY, (a)

roe c, — TeopeTuyecKas IMHeNHaa CKOPOCTb UCTEYEHUA B HaNpaBAEHUU OCU X
HOPMa/IbHOM pacYeTHOMY NMonepevyHOMyY CEYEHMIO NOTOKA f (pacxogHasa cocTaBaArLWAN TMHENHOM
CKOpOCTH):

Cx = 0Cy, (e)

CpaBHuBaem (r) u (e):

2
C
c22=c§+c32,+622=<f). ()

OTclo4a pacyeTHOe BblpaskeHWe XapaKTePUCTUKM pacxogHow ckopoctu (0):

0= (142)
1+(2) +(Z)

BbIxoaHble ceyeHuMs conen 0b6bIYHO CTabuAnsmpyroTcs (B YacTHOCTH, B dopme
LMAMHAPUYECKMX YYaCTKOB); B 3ToM ciydae (B cuny ¢y, = O0uc, = 0), xapakTepucTuka
PacXoAHOM CKOPOCTM MMEET HaubOoNbLLYIO BENUYMHY:

lim o = 1. (142a)
HauanbHas ckopocTb (c;) MoOXeT 6bITb paccMaTpMBaeMa Kak TeopeTMyecKas CKOpoCTb

NCTEYEHWNA OT HEKOTOPOTO UCXOAHOIO (HY/1eBOr0) COCTOAHMA NOKOALLENCA KUAKOCTH
(co =0; P =Py vz, = z,) A0 3a4aHHOro HavanbHoro coctoaHmna (Py, z,):
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1= JZgnW0,1 +29(z0—2z) = \/ZgnWO,l +29(z; — 7).

CooTBeTcTBEHHO MOTYT bbITb NPeobpa3oBaHbl U 0606LLEHBI UCXOAHbIE BbipaXKEHUS
TeOopeTUYECKUX CKOPOCTEN UCTeUEHUA — NNHENHOW (C,) W BECOBOM Ujy:

C2 = \/C12 +2g,wy 3 +29(2z; — 21) = \/ZQnWO,z = \/Zgn(W0,1 + wi2), (143)

GCeK
Cx = 0C; Uy = F = CxY2 = 0CY2. (144)

MpuBeaeHWe npouecca uctedyeHus B Hynesyto Touky (P, ¢, = 0) ocywiectBaseTtca no
KpPWBOW OCHOBHOrO 06paTMmoro npouecca (nokasatenb noamtponbl n). O6bIMHO NapameTpbl
Hyneson Toukn (Py, g, t,) HasbiBalOTCA «napameTpamu aamnabaTuyeckn 3aTOPMONKEHHOTO
MOTOKa», O4HAKO TaKoe onpeaesieHne JONYCTUMO /MLb B OTHOLWEHWUM 06paTUMbIX
aanabaTmyecKmx NpoLeccoB UCTEYEHWUS B TOPU3OHTANIbHbIX KaHAax; Ha STOM OCHOBAHWUN B
AanbHeWwem npumeHseTcs 6onee o06WMIN TePMUH «NpuBeaeHHble napameTpbl» (P, 9y, to)-

6. UcTeueHmne HeCXKMmaeMbIX XXUAKOCTEN

OcHoBHOE ycnosue —y,D,EHbeIVI BeC XNAKOCTU eCTb Be/INYNHa NOCTOAHHAA:

y =5 = const.

MoTeHumanbHaa pabota 06paTMMOro npouecca UCTEYEHNA HECKNUMAEMON XKUAKOCTH
(Tabn. 3, npouecc ¥ = idem):
’ ’ P — P,
W1,2:_ 19dP:_19 dP:ﬁ(Pl_PZ):T
1 1

PacuyeTHble Bblpa*KeHMA TEOPETUYECKMX CKOPOCTEN UCTEYEHUA HECKNUMAEMOM KNUAKOCTU —
JIMHEeMHOW N BECOBOM:

PP Po—P.
Cy = \/C12 +29,W12 +29(2; — 71) = \/C12 + Zgn% +29(z, —z1) = \/Zgn %, (145)
Py—P c?
% = ﬁ + é‘% (z1 — 23) = wy,, (145a)
Cy = 0Cy; Uy = a\/Zgny(Po —P,). (1456)
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MpY UCTEYEHUUN HECHKMMAEMbIX KUAKOCTEN NPUMEHAIOTCA CyXHUBAOWUECa CONNa, TaK Kak
BECOBAA CKOPOCTb UCTEYEHUA HECHKMMAEMOM }KUAKOCTM MOHOTOHHO BO3pPacTaeT No mepe
CHUMKEHMA AaBneHua notoka xuakoctm (P, < Py; fo < f1).

HecxXnmaembiMK KUAKOCTAMM 0ObIYHO HA3bIBAKOTCA KanesbHble }Kuakoctu. Cneayet
O4HAKO OTMETUTb, YTO B NPUPOAE HET BMOJIHE HECHKMMAEMbIX XKUAKocTel (anddepeHumanbHbie
COOTHOLLEHMWA BTOPOro Hayana TepMOANHAMUKN, § 9), N03TOMY B TEPMOAMHAMUYECKUX
COOTHOLLEHUAX AN NPOLECCOB UCTEYEHUA HECKMMAEMbIX Kugroctein (145) — (1456) cnepyet
noApasymesaTb No4 yAenbHbiM BeCOM (Y) CpeaHIo BENMYMHY YAENbHOro Beca B pacieTHOM
nHtepsane ucredenmsa (P, — P,). Takoe ocpefHeHue coBeplueHHO 0653aTeNbHO B TOM Cayyae,
€C/IM YPaBHEHUA UCTEYEHUA HECKMMAEMbIX XKuaKocTel (145)—(1456) npumeHATCA B YCI0BUAX
NUCTEYEHMA CKMMAEMbIX }KUOKOCTEM — MapoB U ra3oB. [/1a MasbiX MHTEPBAIOB U3MEHEHUSA
fasnenua (limAP = 0) ocpegHeHuWe He NpeacTaBaseT 3aTPYAHEHWUN, TaK Kak Bce cpeaHune
(apndmeTnyeckoe, norapndmmyeckoe, reoMeTPUYECKOE U T. M.) B NOLOOHbIX CYy4aAX NPAKTUYECKHU
TOXKAECTBEHHbI.

B. AcTeueHune cXXMmaembix )KM,D,KOCTeﬁ

B peanbHbix NpoLeccax ucredeHns HensbexkHol Heobpatumble notepu (5™ > 0), a camu
peanbHble NPOLLEeCChl UCTEYEHMA CHMUMAEMbIX KUAKOCTEN B HONBLIMHCTBE C/Ily4aeB NPOTEKAKOT KaK
BHewHeaanabatuueckme (6q* = 0). B cBA3M C 3TM 06paTMMble NPOLLECChI, KOHOUTYPATUBHbIE
peanbHbIM (T. €. UMmetoLwme TOo e rpaduryeckoe nsobpaxkeHue B KoopamHatax P —19, i —s unT.n,,
§ 2) ponkHbI paccMmaTpmBaTbCA Kak NoanTponuyeckue (nokasatenb npouecca dw/él = n).

B o6wem cnyyae 3TaNoOHHOrO 06pPaTUMOro MoaAUMPONUYEecKo2o NPOLLeCcca UCTEYEHMUSA
CHHMMAEMbIX KUAKOCTEN BblpaXKeHUe NoTeHLMaNbHOW paboTbl OT NPMBELEHHOrO UCXO4HOIO
coctoaHua (Py, ¥9y) [A[0 3afaHHOro KoHeyHoro gasneHua (P,) v M3meHeHue yaenbHoro sBeca
KUOKOCTU XapaKTepUsyoTca CleayoWmMmMmM COOTHoLWEHUAMM (§ 5):

m-—1
_ .
Wo2 =Woq + Wiy = —n_r_llpoﬁo [1 - (P—z) l, (a)
1
1 _(P2\ym 1
Y2 = 9, (PO) 9 (6)

COOTBETCTBEHHO POPMYINPYIOTCA OCHOBHbIE YpaBHEHUA NUHENHOM ckopoctn (c5),
BecoBoi ckopoctn (u,) w TeopeTmyeckoro pacxosa (Ge.x) B Yycnosuax o6paTMmoro
NONUTPOMNUYECKOro NPoLEecca UCTEeYEHUS:

m-1
n P\ m
Cz = ./ zgnWO’z = Zng %Poﬁo ll - (P_Z) l, (146)

i g
=4+ = — , 146
Wo1 20n + o (z1 — z) ( a)
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_ Geex _ — L Pofy (P2 m [ (P2\m _ ’ Po
U ==~ =0Cy2=0 29n=— 0[1 (Po) l(P") =2 Zgnﬁol (147)

IR ONIGR (1472)

Ecnu B KauecTBe 3TaZIOHHOTO NpoLecca BbibpaH agnabaTtuueckuii (n = k;m = y;
Aw;, =iy — i, = hy; §5), TO BeMUMHA TEOPETUYECKOMN IMHENHOM CKOPOCTU MOXKET bbITb
onpezeneHa TakKe C MOMOLLbIO Anarpammbl i — S (puc. 26):

29n
€2 = y/2gnWo2 = y/2g9n(W12 + Wo ) = /%(ht + Ahy), (148)

Ahy _ ¢t g
A ’ 29n gn

(zy — z,). (148a)

NccnepoBaHUA BblpaXKeHUsi BECOBOM CKOPOCTU MONUTPONMUYECKOTO UCTEYEHMSA CHUMAEMbIX
*)unakocten (147) npuBogaAT K BbiBOAY, YTO BECOBAS CKOPOCTb 0OpaLlaeTcs B Hyb ABaXKAbl — Npu
cooTHoweHuax P,/Py =1 wn P,/Py = 0. [Jeno B Tom, YTO BeCOBas CKOPOCTb PaBHa
npov3BeLeHMIO IMHENHOM CKOPOCTU M yaenbHoro Beca (U = C,Y), NPUYEM B HaYa/bHbIi
MmomeHT uctedennsa (P,/P, = 1) obpawaerca B HyAb nepsbiit MHOXMTENb (¢, = 0), a npu
ncreyeHum 8 sakyym (P,/P;) = 0 obpawaertca B Hyab BTopoi mHoxuTenb (y = 0). Mexay
3TUMM TPAHUYHbIMM HYJIEBbIMM 3HAYEHUSAMM BECOBAS CKOPOCTb UCTEYEHUS CHUMAEMBbIX
UAKOCTEN AOCTUraeT HaMboNbLIEro 3HaYeHUsA NPU KPUTUYECKOM 3HAYEHUN MPOTUBOAABNEHNS
Peop = BPo; Uy = Umax  (pUC. 27).

Puc. 26. Agnabatuueckuii nepenag npu ucteyeHnn (amarpamma i — s).
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Puc. 27. 3aBUCMMOCTb TEOPETUYECKOW BECOBOM (MacCOBOI) CKOPOCTU UCTEUYEHUA CHUMAEMBbIX
KUAKOCTEN OT COOTHOLIEHUA AAB/IEHNIM NOTOKA A0 M NMOC/e paclunpeHms.

MonHbii pacxos B eanHuuy Bpemerun (Gee) B CUAY HEPA3PbIBHOCTU NOTOKA, UMEET OAHY
N Ty e BEIMYNHY BO BCEX CEYEHMUAX BAO/Ib OCM NOTOKA; CnefoBaTeslbHO, Hanbobluan BecoBas
CKOpPOCTb (qu = umax) BCerga yCTaHaB/MBAETCA B CAMOM Y3KOM CeYeHMM conna (ropaoBuHa
conna pr = fmin )-

Mpouecchbl UCTEYEHMA B CYXKMBAIOLLMXCA COMIAX , @ TAKXKe NPOLLeCCbl MPOXOXAEHNA MOTOKA
yepes 0TBepPCTUsA B TOHKMX CTEHKAX, UMELOT cneaytouime ocobeHHoctn (P, = idem): oT Hayana
NCTEYEHMNA N 4O MOMEHTA AOCTUXKEHNA KPUTUYECKOTO PEKMMA AaBNEHNE NOTOKA B BbIXOAHOM
ceyeHUM PaBHO HaPYXKHOMY (P2 = PHap), HO Nnocne JOCTUMKEHNA KPUTUYECKOTO peXmnma
(P2 =By = ﬁPO) HWKAKoe AanbHelLwee CHUKEHNE OTHOCUTENIbHOM BEIMYUHDBI HAPYKHOTO
AaBneHua (PHap/PO < [3) y>Ke He U3MEHAET HN OTHOCUTE/IbHON BENIMYUHbBI AABNEHNA B BbIXOAHOM
cedeHun (P,/P, = ), HUW BECOBOW CKOPOCTU UCTEYEHUA (uz = qu); KpWBan UCTEYEHMA Ha
5TOM 3aKaH4YMBaeTCA (CNAOWHAA IMHUA HA pUC. 27); BEpPLUMHA KPUBOWN UCTEYEHMUA
(u = Uyp; Po/Py = ﬁ) ABNAETCA MOYKOU rnpekpau,eHuUs KpUBOM UCTEUYEHMA B CYXKUBALOLLMXCA
COMJIax U OTBEPCTUAX B TOHKMX CTEHKAX.

[na obecneyeHuna pacwmnpeHna 3a npeaenbl KPUTUYECKOTO pexnma Heobxoanmo
[OMNOJIHUTL CYXKMBAtOLLEeCca COMNJIO PaCLUMPAIOLLLENCA YaCTblO, B COOTBETCTBUN C YMEHbLUEHUEM
BECOBOM CKOPOCTM B 06/1aCTM 3aKPUTUYECKOTO pexnuma (u <Ueg; BPp>P, = PHap); cocmosHuA
docmuxcumele AUWb 8 pacwupAowelca yacmu cornes, Ha ouazpamme ucmeyveHus (puc.27)
u3obpaxceHol MyHKMUpPoM. Ecnv HavanbHaA NMHENHAA CKOPOCTb HUXKE KPUTUYECKOWN (cl < cKp), a
KOHe4yHan 6onblue KPUTUYECKOM (cz > cKp), TO COMAO AO/MKHO BbITb CHAYaNa CyXKMBALOLLMMCA, A
3aTem — pacwwmpsaowmmesa (conno Jlasans).

XapaKTepuCTUKM peXXMMOB UCTeYeHMA NpuseaeHbl B Tabn. 4.
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Tabauya 4
Pe}KMMbl UCTEUEHUA CKUMAEMbIX }KUAKOCTEN

Onpegenstowuii Puap > BPy Pap = BPo Piap < BPy
npW3Hak

Pexxum ncreveHua JoKpuTnueckuni Kputnyeckui 3aKpUTUYECKUI

[JasneHue B
HaMMeHbLIEM CeYEHUM Py = Fyap > BPy Py = Fyap = BPo P, = BPy > Py
conna
0 PO PO
TeopeTtuyeckasn u=2|20ny- U= U = A [20n— U= Uy = A [20n =
BECOBaA CKOPOCTb B 0 0 0
HaMMeHbLLIEM CeYeHUN

conna (147)

Ecnm nokasaTenb NoanUTponbl 3TaJIOHHOrO 06PaTUMOro NPOLLECCa UCTEYEHUSS —BEIMYNHA
nocroaHHaa (n =n = m), TO BbIpaskeHne BecoBom ckopocTu (147) moxkeT 6bITb NPUBEAEHO K

BMAY:
P
U, =0 /ZQn#-—Z‘P, (a)
2 n-1

Y = [1 — (i—j)nT_ll (i—z); =(1- T)Tﬁ; T = (i—i)T. (6)

Ycnosue goctmkeHmna Hanbobluel BECOBOM CKOPOCTU MPU AaHHbIX 3HAYEHUAX HAYa/IbHbIX

napametpos (Py,9J,):
2 2 2
Y = (1—1)Th1 = Tn1— 111" = maximum, (B)

aw 2 2 (ﬁ—i—l)rﬁ:()- (r)

2
OTctoaa, Noc/ie COKpallleHMsA 06LLLero MHOXMUTENA Tn-1, HaXOAMM KPUTUYECKOe 3HaueHume

XapaKTepPUCTUKM NOSUTPOMMYECKOTO PaCLUIMPEHUA CKUMAEMbIX XMUIAKOCTER Npn uctedeHnn  (T,yp)
N panee — KpPUTUYECKOE COOTHOLEHMe aaBneHnii (f) v KpUTUYECKOoe 3HaYeHMe XapaKTepUCTMKM
pacxosa (/'le):

_ Py 2
Twp = o), | et (149)
P — 2 \not
K — -1
B==rpi= (=) (149a)

2
hep = \/ﬁ (1- er)r}’jl;l = gw/n(n +1). (1496)
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B KpuUTHUECKOM CeyeHuu (ropnosuHa conna f = f, ) NOTOK U3 cyxmBatoLleroca
CTAHOBMWTCA PACLLUMPAIOLLMMCA, B CBA3M C YEM FOPJIOBMHA conaa npmMobpeTaeT CBOMCTBA
CTabunnsnpoBaHHOIo ceyeHus (aKp = 1).

KpuTnyeckme CKOpocTn UCTEYEHUA — NIMHEHanA U BecoBas:

Cup = J 20n =" Podo(1 — 7)) = J 20n 7 Podo = \[gnnPY, (150)

, P [ P
Uyp = gnng = /11<p 2gn ]9_2’ (150a)

rge P,19 — nNapamMmeTpbl COCTOAHNA NOTOKA B KPUTUYECKOM CEHEHUNN
2
PO = (P, = Ty (P9)o = — (P9, (1506)

KpuTnyecKkas nMHenHas CKopocTb 06paTUMoro agmabaTMyeckoro ncteyeHms
(s =idem; n = k) ectb ckopocms 38yka (c; = a*) U, COOTBETCTBEHHO, 3aKPUTUHECKUIA PEKUM
(P, < BP,) BYycnosuax ob6paTMmoro aanabaTMYecKoro UCTEYEHMA CHUMAEMbIX }KUOKOCTEN
Ha3bIBAETCA CBEPX38YKOBLIM PEKUMOM:

a* = (), = /(Z—i)s = Jgn kP9 = \/2’% (he + AR - (151)

MoeansHsie 2azel (PY = RT):

a* =./gnkRT. (151a)

Hecxcumaemeie xcudokocmu (k = o)
a* = oo, (1516)

B ycnoBuAx McTe4eHns HacbIWeHHbIX MAapoB BECbMa MaibiX AaBAEHUI U NapOoCoAepKaHUM
(lim x = 0) noka3saTenb agMabaTtbl U CKOPOCTb 3BYKa CHUXKAIOTCA 40 BECbMA MaJibIX BE/IUYUH
(H. N. benokoHb. «TepmoanHamuKka». FlocaHepronsaat, 1954).
3HAYeHMS XapPaKTEPUCTMK KPUTUYECKOTO UCTEYEHUA CHUMAEMbIX XKUAKocTel (napsbl, rasbl)
npueeaeHbl B Taba. 5.
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XapaKTepucTUKN KPUTUYECKOTO UCTEYEHUA CHUMAEMbIX )KVIAKOCTEVI

Tabauya 5

MokasaTtenb noaAnTponbl 1,0 1,1 1,2 1,3

1,4

1,5

-=1,66
COOTHOLWEHWUE faBNEHUI
n
Bep 2 \n-1
=—= ( ) 0,60653 0,5847 | 0,5645 | 0,5457 0,5283 0,5120 0,4871
Py n+1
XapaKkTepucTuKa pacxosa
0,4842 0,4957 0,5135

B 0,42888 | 0,4443 | 0,4586 | 0,4718
Adep = E,/n(n +1)

Mepexos OT BbIpaKeHMi TeopeTudecknx ckopocten (C,,U,) K BbIPaXKeHWUAM CKOPOCTEN B peasbHbIX

C = @QCy; U= U,

npoueccax ucredyennn (c,uU) OCyLLECTBAAETCA NyTEM BBEAEHUA B PaCUETbl OMbITHbIX KO3pduumeHToB ckopoctn (@)
n pacxoga (u):

(152)

Bonpoc o Bbl60p€ 3IMAasioOHHO20 O6meUM020 npoyecca ucme4yeHuA CXKnMmaembix KUOKOCTEN MOXKeT 6bITb

McxogHoe ypaBHeHWe pacnpeseneHuns noteHumanbHon pabotsl (21a):

2
d(=)+ Ldz = 6w —sw" = (1= g.)ow,

20n

rae ¢, — KoadduumeHT HeobpaTUMbIX NOTEPb

1-¢y = ¢%

O6nactb Kputnyeckoro cevenus conna (o = 1; dz = 0):

d(5) = L = (1 - g,)0w = —p*0dP,

20n gn
u=yc==
=yc = e
Kputnyeckuin pexkum (U = maximum):
dc c c
du _g_g_Zdﬁ = 0, dc _Edﬁ
CpaBHuBaem (8), (1), (a):
2
_ 292dP _ 5dp 5 9dP
— =¥ —=p? = —p?—
In dd dy Pd¥9

P9.

BMNO/IHE 06BEKTUBHO pa3pelleH Ha OCHOBE NUccnenoBaHMA peabHOrro npouecca UctevyeHunA.

lNokasaTenb NOANTPOMNbI B MOMEHT AOCTUMKEHUA KPUTUYECKOro 3HaYeHuA BECOBOM CKopocCTu:

9dP
Pdo’

(a)

()

(r)

(@)
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c? 2
—=@nPY =¢

In

24P
dy’

(3)

OTctoga pacyeTHbIe BblpaXKeHUA KPUTUYECKUX IMHENHBIX CKOPOCTEN peasibHOro (C,ﬁp) n obpaTumoro (CKp)
npoueccoB ncre4yeHna CXMmaembix )KVI,CI,KOCTEVI (P, 9 — TepMOANHAMMNYECKMNE NapaMeTPbl MOTOKA B KPUTUYECKOM
ceyeHuun):

Cxp = P+ gnNPY, (153)

i ar ar
Cup = %’ = ,/gnnPY = /g"E = \/:—p (153a)

TOYHO TaKoW Ke pe3ynbTaT 6bl1 NOAYYEH ANA TEOPETUYECKON IMHENHOM CKOPOCTU NOUTPONUYECKOTO
ncreveHuns (150). ITo 3HAUUT, UTO B KaYecTBe NPOCTEMLLEro 3TaIOHHOro 06PATMMOro NPOLECCa UCTEYEHUA AO/KEH
BbIBUPaTbCA 06pamumelli noaumponuyeckuli mpoyecc ¢ NOCTOAHHLIM NOKa3aTesieM, PaBHbIM UCTUHHOMY NOKa3aTento
MOIMTPONbI PEanbHOro NPoLEecca UCTeYeHnsa B MoMeHm docmuxceHus Kpumudeckoli ckopocmu (n). MpaKTMHECcKH 3To
3HAYUT, YTO TOCMOAHHLIU MOKa3amesb 3TaNOHHOrO 06PATMMOrO NOIUTPOMNUYECKOTO NPOLECCA UCTEUYEHUA LOKEH
6bITb PaBEH NOKa3aTeNto peasibHOro BHeLWHeaaMabaTMYeckoro npouecca B Kpumu4eckom cedeHuu nomoka (n = k*,

$ 5. ITOT BbIBOA CNEeAyeT TaKKe U3 TePMOAMHAMMUYECKOTO OnpeaesieHUs 3TaloOHHbIX NPOLECCOB Kak 06paTrmbIx
npoLeccos, KOHGUIYPaTUBHbIX PeanbHbIM (OCHOBHaA GopMya Nepexosa OT KNAacCUYECKo TEPMOANHAMUKMU BHELLIHUX
6anaHCcoB K TepMoaMHaMMKe 6anaHcoB paboyero Tena — TepMocTaThKe).

§ 13. NAPUMEPbHI

Mpumep 1. MNepesecT onpeaeneHna HOpMmanbHoro dpusnyeckoro coctoaHua (p = 1Atm =
760MM pT.cT. u 0°C) B eanHuubl cuctem CU n Ke-KM-m-cex.

YkasaHue. lanexne 1kl/m* ecms pasneHne 1 Mm BOA. CT. (y = psi = 1000kr/m3)

NPU HOPManbHOM yCKOpeHun g, =9,80665 M/cek?; OTHOCUTENbHasA NAOTHOCTb PTYTU
(cpaBHUTENbHO C BOAOI1) paBHa d,, = 13,595; aasneHne 1 mm ptytn= 13,595 kI'/M? =
= 133,22u/M%; 16ap = 10° u/m2,
Pewerue. t =0°C; T =Ty +t = 273,15°K. Cucmema CUN: P = 133,322 X 760=
=101 325 u/mM? (= 1,01325 6ap). Cucmema ke-k-m-cex: P = 13,595X760 = 10332 kI'/m?
(= 1,0332kI/cm?).

Mpumep 2. HaliTn nepeBogHbIN KO3IPPULMEHT KonnyecTBa meTaHa (Ucys = 16,042) Kak
MAeanbHOro rasa ns KUAoOrpammoB B Kybuyeckne meTpbl B HOPManbHbIX GU3NYECKUX YCOBUAX
(H/Mm°).

PeweHue. MepeBoaHblit KOIGGULMEHT 1 K2 B H/M® eCTb yAe/bHbIN 06bEM B HOPMabHbIX
dM3MYECKUX YCNOBUAX:

o 250,760222,414
0.760 1 16,042

= 1,3972 um3 /kr

B cnyyae peasibHOro rasa nepeBoAHbli KO3IPDMUMEHT onpeaenaeTca ¢ y4eTOM OTK/IOHEHUA

rasa ot naeasibHoro COCtoAHmA:

RT
190,760 = (_P) - A7-90,760; R =
0,760

= |I=l

Ona metaHa (CH,) W, npakTMYECKM, ANA BCEX NPUPOAHbIX Fa30B MOXKET BbITb MPUHATO
cneayioulee 3HayeHne «octaTouyHoro obbema» (AY) B HOpManbHbIX GUINYECKUX YCOBUAX:
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Aﬁ0,760 = 0,0036M3/KF.

Mpumep 3. OnpenennTb yaenbHbli 06BbEM KMCNOPOAA, KaK NAEaNbHOTO rasa, B CAeayoLnx
du3nyeckunx ycnosumsax: Temnepatypa rasa t = 20°C maHomeTpuyeckoe (M36bITOYHOE) faBneHne
rasa B 6annoHe 50 kI/cm?= 49,033 6ap; abcontoTHOE gaBneHne Bo3ayxa B nomeweHumn P, =745
MM pm. cm.

PeweHue. T =Ty +t = 273,15 + 20 = 293,15°K

Cucmema CU: P = P,,,, + Py = 49,033 X 10° + 133,322 X 745 = 50,026 X 10°1/Mm?

Cucmema ke-kl-m-cex; P = Py, + Py = 50 X 10* + 13,595 X 745 = 51,013 x 10*kI'/m?

MonspHbii 06beM Kuciopoaa B paccmatpusaembix ycnosuax (P, T):

RT _ 8314x293,15 _ 847,8x293,15
— = = = 0,4872M3 /KMOIb.
P 50,026x105 51,013x10%

9

YaenbHbii 06bem Kucnopoaa B tex e ycnosuax (P, T):

90,4872

U 32

= 0,0152Mm3 /xr.

Mpumep 4. OnpeaennTb Konndecteo (G) KMcnopoaa, Kak MaeanbHoro rasa, B 6annoHe
V = 50 s1; pusanyeckmne ycnosusa NPUHATLI NO AaHHbIM Npumepa 3.
YkazaHue. 1 1 = 1,000028 x 10~3m3.

PeweHue.

|4
G=yV = 3= %V 50 x 1,000028 x 1073 = 3,284kr.

= 10,4872

Mpumep 5. OnpegennTb TENNOBbIAENEHME 33 YaC MPU PEOCTAaTHOM TOPMOXKEHUM
Asuratens, adpdeKTMBHaA MOLWHOCTb KoToporo pasHa 10 1. ¢.=7,355 kem.

YkazaHue. TepMUUYECKNIN SKBUBANEHT YKPYMHEHHbIX eAuHUL, paboTbl—B cucteme Ke-kl-m-
cek coctasnset A =859,85 kkas/kem -y = 632,4 kkan/n. c. 4. (§ 4).

PeweHue. Cucmema CU: Q = 3600 x 7,355 x 103 = 26,478 X 10° dw/u.

Cucmema Ke-Kl-m-cek: Q=632,4X10=6324 Kkas/u.

Mpumep 6. Onpeaenntb 3HaYeHMA Nokasatena aguabatol (k) Kucaopoaa, Kak MaeanbHoOro
rasa, a Tak)Ke 3Ha4YeHUA TENI0EMKOCTEN NPU NOCTOAHHOM AABNEHUN (Cp) M NPY NOCTOAHHOM
o6beme (Cy) NO M3BECTHOMY 3HAYEHMIO MOAPHON TEMNI0EMKOCTM NPU MOCTOSHHOM AaBAEHUM
Ep=6,992 KKan/kmone-2pad C (t = 0°C, npunoxenue II).

PeweHue. Cucmema CWU:

C, = 4,1868 x 10% x 6,992 = 29,274 x 10% dxm/kmone-2pad.

Co=C,— AR = 29,274 x 10% — 8,314 x 10° = 20,960 x 10° d#/kmonb-2pad.
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Cp = 2 = 0,9148 X 10° O/ 2pad;
Co = %9 = 0,6550 x 103 dnc/ke - 2pad.

Cucmema Ke-Kl-m-ceK:
Co=C,— AR = 6,992 — 1,986 = 5,006 KkKkan/kmons - 2pad C,

C, =2 = 22202185 kkan/ke 2pad C.

u 32

Cy = %’9 = 0,1564 Kkan/ke- epaod C.

MokasaTtenb aaunabatel (k) —BennunHa b6espasmepHasn, UMeLLan OANHAKOBbIE 3HAYEHMUSA
BO BCEX CMCTEeMax eauHULL;:

Gy Cp 6992 29,274 x10°
"~ Cy C, 5006 20,960 x 103

k = 1,397.

MpumeyaHue. B cuctemax efMHULL, BKAHOYAKOLWNX EANHNULLYY KOANYECTBA Tenna
(ke-KIl-m-cek-kkan- ° K unu Ib-Ibf-ft-sec-BTU-°K u T.n.) yncneHHble 3Ha4YeHMA TeENI0EMKOCTEN
3KBMBaNEHTHbI 6e3pasmepHbIM BeMYMHAM. [leno B TOM, YTO eAMHMLLIA KOANYecTBa Tenna B
NPUHUMNE oNpeaenaeTca Kak KOIMYeCcTBO Tenla, HeobxoamMmoe ANA HarpeBaHUA eguMHULbI
KoanyecTtBa Bogbl (K2, Ib) Ha oauH rpagyc TemnepaTypsbl (2pad C, epad F), npuyem BO BCEX TaKUX
CUCTEMAX TENNOEMKOCTb BOAbI MPUHUMAETCA YNCIEHHO PAaBHOM eanHULE (B CBA3M C 3TUM
pa3nuyatotca Kunokanopumn 15°C, 20°C wm . n.).

Mpumep 7. Onpeaenntb 3HaYeHUE MONAPHOM TENJOEMKOCTM NPU NOCTOAHHOM AaBAEHUN
(Ep) MeTaHa, KaKk naeanbHoro rasa (Ucy, = 16,042) no gaHHOMY 3HaUeHMIO NOKasaTenA

agnabatbl k=1,315.

PeweHue.
C, C C — ko _—
k=—L====—L_—;C,=——A4AR.
Co Cy Cp—AR k—1
Cucmema CWU: Ep = 1;551: 8314 = 34,71 x 103 dx/kmonb- 2pad C
Cucmema Ke-Kl-m-cek: Ep = 123;: 1986 = 8,291 Kkan/monsb-2pad C.

NMocnepytoume onpeseneHns Tenn1oeMKocTen (E,g, Cp, C,g) OCYLLECTB/AIOTCA TaK e, KaK
n B npumepe 6 (Cy = Ep —AR; C, = C,/w).

Mpumep 8. OnpeaenvTb yaeAbHYIO NOTEHLMANbHYO PaboTy M30TepMUYECKOTO
pacwmpeHus npupogHoro raza (i = 20), Kak rasa uzeanbHoro, OT HayasibHOro COCTOAHMS
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t; = 30°C, p; = 54kl /cM? = 52,96 6ap oo P, = 30 kl/cm® =29,42 6ap (nuKeHMe rasa no
Tpybonposoay) .

P P, R P
PeweHue. Wi, =P9;In2=RT;In22=-TIn=;
’ P, P, wu )

T=Ty+t=273,15+ 30 = 303,15°K;

P, 54 5296

In—=—=In——=1n1,8=2,30261g 1,8 = 2,3026 x 0,25527 = 0,5878;
nP2 30 n29’42 nl,8 ,30261g 1,8 ,3026 x 0,255 0,5878
Py
TlnP— = 303,15 x 0,5878 = 178,19°K.
2
Cucmema CW: Wy, = %Tln% = % 178,19 = 74,07 x 103 Hm/ke.
2

R P 847,8
Cucmema Ke-kl-m-cexk: wy, = —-TIln= = —=
’ U P, 20

178,19 = 7533 kI"m/ke.

Npumep 9. OnpesennTb yaenbHble HeobpaTMble NOTEPU (BHYTPEHHMIA Ten1006MeH q7) B
ycnoBusax npumepa 8, eciv NPoLEecc ABUKEHUA rasa no Tpybonposoay npomcxoant 6e3 BHeLHero
Tennoobmena (qi, = 0).

YKazaHue. cxoguTb M3 NepBoro Havyasna TepMoAMHammMKM no 6anaHcy paboyero Tena
(nepBoEe Hayano TEPMOCTATUKM):

5q = 8q" + 8™ = di + Adw.

PeweHue. Mpouecc N30TEPMUYECKMIA U, CNeoBaTeNbHO, B CUY TOXKAECTBEHHOCTU
npoueccoB naeanbHbix rasoB t = idemu i = idem (§ 5), AonKHO 6bITb NpuHATO di = 0; BMecTe
c 6q" = 0 3TO NPUBOAMT K BbIBOAY, YTO BCA NOTeHUMaNbHaA paboTa npeBpaTmMnack B TEN/I0
BHYTPEHHEro TensioobmeHa (TpeHue):

85q™ = Adw; qi%y = Aw;, = 74,07 x 103 dm/ke=17,69 kkan/ke

ITO 3HAUYUT TaKKe, YTO BHELWHAA paboTa Ha paccMaTpMBaeMoM y4yacTke 1 — 2 paBHa Hy/to,
4TO NOATBEPNKAAETCA BblpaXKeHMEeM NepBOro Havana TePMOSUHAMMUKN MO BHELLHeMY HBanaHcy
(6q" =di + Adw™; 8§q" = ASw* = 0), oaHaKo BHeLWHUI banaHC HUKOrAa He AAeT BO3MOXKHOCTH
onpeaenvTb BEMYNHY BHYTPEHHETO TENN00OMEHA (q’{,*2 > O).

Mpumep 10. Mpwn asukeHnn No Tpybonposoay NPUPOLHOro rasa (u = 20;
Epm = 7,0 kkan/kmonb 2pad C =29308 0x/kmonb-2pad) ero napaMeTpbl U3MEHAIOTCA OT
t; = 50°C; p, =54 Kl/cm* = 52,96 6ap po t, = 20°C, p, =30 KI/cm® = 29,42 6ap. Cuutan
ras uaeanbHbiM U NPUHUMAA BO BHUMAHME, YTO BHELWHAA paboTa Ha yyacTKe paBHa Hy/to
(6w* = 0), onpeaennTb yaebHYIO BEIMYUHY BHELLIHETO (q{,z) N BHYTPEHHEro (qi*z)
TennoobmeHa.
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YKazaHue. COnocTaBAsieM Bblipa*KeHMA NepBoro Havana TepMOAMHAMMUKMN MO BHELLHEMY
6anaHcy 1 no 6anaHcy paboyero Tena

6q* =di+ Adw*. 6q" +6q™ =di + Adw.
OTcroga, yunTbiBas ocHoBHoe ycnosune (Sw* = 0), nonyunm (MaeanbHbiii ras)
8q* = di = Cpdt; 6q™ = Adw.

3TO 3HAYUT, YTO BO BCEX C/yYanAX, KOraa BHelWHAA paboTa NOTOKa paBHa HY/0, BHELIHWUA
Tenno0obmeH paBeH U3MEHEHMIO SHTANbNUK, @ NOTEHUMANbHAA paboTa NONHOCTLIO NpeBpaLLaeTca
B TE€N/I0 BHYTPEHHEero TensioobmeHa:

C
Giz =i — iy = Cp(ty — t1) = %(tz — ty).

PeweHue. Cucmema CH:

Qi = iz — iy = == (50 — 20) = 43,96 X 10% 0w/ ke.

Cucmema Ka-KI-m-cek:
. .. 70
qiz =l =i =3 (50 — 20) = 10,5 kran/ ke
NoTeHumanbHan paboTa, Kak addeKT npouecca, He MOXKeT 6bITb BbIYMCNEHA MLb NO

rpaHUYHbIM XapakTepuctukam npouecca (Py,t; u Py, t,); 34ecb cneayeT UCnonb3oBaTh TO
06CcTOATENbCTBO, YTO abCONIOTHAA TeMNepaTypa rasa U3MeHAEeTCA He3HAYUTENIbHO:

Wy, = (P9),, In2 = RT,, In2%;
' ) )

1 Pl—l 54—l 1,8 =2,30261g1,8 = 0,5878
nPZ—ngo_n, — 4y g; - Y% )

Tm = /T T, = /323,15 x 293,15 = 307,5°K;

P
T lnP—1 = 307,5x 0,5878 = 180,75°K
2

Cucmema CW: g1 = Aw, , = —--180,75 = 75,14 X 10° onm/ke
o 1,986
Cucmema Ke-KI-m-ceK: qi, = Aw;, = 7180,75 = 17,95 kkan/Ke.
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ConocTaBneHue pelueHuit npumepos 9 1 10 NpMBOAUT K BbIBOAY, YTO BANAHMUE BHELLHETO
TennoobmeHa g1, Ha BeJIMUYMHY HeobpaTMbIX NOTEPb NOTOKa rasa B Tpybonposoae (g, —
TPeHWe) cnesyeTt cYMTaTb HE3HAUUTE/IbHBIM.

Mpumep 11. B Komnpeccope cxunmaetca cyxoi so3ayx (i = 28,96) oT Ha4anbHOro
coctoauma P; = 1,0xI'/cm? = 0,980665 x 10°u/M? wn t; = 15°C = 288,15°K po P, =
4,0 kI'/cm? = 3,92266 X 10° H/M? U t, = 184,3°C = 457,45°K; B0o3AyX cunTaTb MAea bHbIM
rasom Epm = 6,990 kran/kmons-2pad C. (npunoxenne I1) = 29,27 X 103 dx/kmons - 2pad C.

Mcxoan n3 npeanocbiikM, YTO NOKasaTe b NOAUTPOMNbl — BE/IMYMHA NOCTOAHHAA,
onpeaenvTb yae/bHYH NOTEHUNANbHYIO (WLZ) paboTy CXKaTuA, USMEHEHME SHTA/IbMUN BO3AYXa
W NONHbIN TennoobmeH no 6anaHcy paboyero Tena (ql,z =qi, tq12)-

YKazaHue. ICXoAnTb U3 BbipayKeHUA NepBoro Havyana TepMoANHAMUKM 415 NOTOKA
NAeanbHOro ra3a U pacyeTHbIX COOTHOLIEHMIA Ha NOIUTPONE C MOCTOAHHbIM MOKa3aTenem
(mn=m=n).

Q12 =iz + qi2 =iz — ip + AWy + Cp(ty — t1) + Awy p;

n—1
n

-7=(7)"
T12 = T, = P, )

AR
AWl,Z == ﬁAplﬁl(l - T1,2) == #AR(Tl - Tz) == ﬁ - 7(1:1 - tz)
PeweHue. Tp _ 45745 1,5875; P 4,0;
T, 288,15 Py
lg 12
n—1 8T, 15875 0,200737 1 s
n P 4 0602060 30 " 7
8P
1
Cucmema CH:
Aw,, = = %(t1 —t,) = 3,0%(15,0 —184,3) = —145,81 X 103 um/kz;
C 29,27x103

iy, — iy = Cme(tz —t,) = (184,3 — 15,0) = 171,11 x 103 dwc/kz;

28,96
iz = ip — iy + Awy, = (171,11 — 145,81)103 = 25,30 x 103 dxc/ke.

Cucmema Ke-Kl-m-ceK:

n

AR ,986
AWI,Z = _T(tl - tz) = 3,0 X !

28,96 (15,0 — 184,3) = —34,83 kran/ke;

n—-1

6,990

2506 (1843 —15,0) = 40,86 Kkan/ke;

] . ¢
lz_l1=%(t2_t1)=
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q1,2 = iz - il + AW1’2 = 4’0,86 - 34’,83 = 6,03 KKCI/T/KZ

KoHTponb no ypaBHeHUto TennoobmeHa Ha noauTpone (§ 5):

T Com 6,990
B Cpm — AR 6,990 — 1,986

= 1,397;

&

-n Awi, _ 1,397-15 34,83

* kk
= + = = =
912 = Q12 T 1,2 -1 n 1,397-1 1,5

= 6.03 kkan/ke

&

Mpumep 12. Mo gaHHbIM Npumepa 11 onpeaenntb 3¢GEKTUBHYO paboTy NOBbIWEHUA
[aBNeHNA NOTOKa BO34yxa (Wiz) W OTHOCUTEebHble NoTepu apdeKTMBHOro npouecca
CPaBHUTE/IbHO C KOHOUTypaTUBHbIM 06paTUMbIM Npoueccom (G,,) MPU YCA0BUM, YTO BHELLHMIA
TennoobmeH coctaBnaeT q;, = —2,0 kkan/ke= — 8,37 X 1030 /ke (oTbem Tenna).

Cucmema CU:  q1% = q1, — q1, = (25,30 + 8,37)10° = 33,67 x 10% dwm/ke;
Awi, = Aw,, — q1, = —(145,81 + 33,67) = —179,48 Oxc/ke.
Cucmema Ke-KI-m-ceK: qi, = q12 — q12 = 6,03 + 2,0 = 8,03 kkan/ke

Aw;g, = Aw,, — qi, = —34,83 — 8,03 = —41,86 krkan/ke
OTHOCWTENbHAA BEMYMHA HEOBPATUMbIX NOTEPb:

el 803
W TAw,,| 34,83

= 0,230.

KoHTponb (no ypaBHeHMIo TensioobmeHa Ha noautpone cxkatua — ( § 5):

Wi, Gis k n—1_ 20 +1,397 0,5
wy, Awi, k—1 n 3483 0,397 15

= 1,230.

MNpumep 13. Ha yyacTtke (1 — 2) MHANKATOPHOW AMarpaMmmbl MOPLLIHEBON MaLLUHbI
(3aMKHYTOE NPOCTPaHCTBO) M3MEpPEHbI CneaytoLlme NaoLwaan, COOTBETCTBYOWME
TePMOAMHAMUNYECKOM (L1,2) W NOTEHLUMANbHOM (Wl_z) pabotam: f;, = 1000 Mm?; f,, =
1200MM2.

MacwTabbl Anarpammbl: no ocu abeumce Imm = 0,1 X 1073 M3,' no ocu opamHaT
1Mm=1kl/cm® = 0,980665 x 1075 H/m*.

Pabouee Teno — naeanbHbI ras; Nepsbin cpeaHUN NoKasaTenb agnabatbl k = 1,35.

HanTtn nokasatenb NoAnTPonbl M abcotoTHbIE BENNYMNHBI PabOT — TEpMOAMHAMUYECKON
(Ll,Z) n noteHumanbHo (W ,), a TakKe NoNHbIV TennoobmeH (Q1,z = Q1+ 0Q12).
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PeweHue. Moka3aTelb NOANTPONbI — BENNYMHA nonoxutenbHaa (Ly, 1 Wi, umetor
O4MHAKOBbIN 3HAK, Npouecc B [ unu 111 yetsepTn KoopauHaTt P — V):

w. 1200
=£=f—w=—=1,200
L, f, 1000
OTHOCUTeNbHaA BeAMYMHA TennoobmeHa
Q., k—-n 135-120
=" == = 0,4286.
A AL, k-1 135-10

Cucmema CWU:
mMmacwTab naowanen guarpammol: 1mm® = 0,980665 x 1075 x 0,1 X 10~3 = 9,80665 HM;
pa6orta |L; | = 9,80665 x 1000 = 9806,65uM; |W, ,| = 9,80665 x 1200 = 11768
TennoobmeH |Qqz| = BL|AL12| = 0,4286 x 11768 = 4203 .

Cucmema Ka-Kl-m-ceK:
macwTab naowaaei amarpammbl: Ivm® = 1 x 10% x 0,1 X 1073 = 1k m;

pa6ota |L1,| = 1 x 1000 = 1000 kIm; |Wy,|=1x 1200 = 1200 kI m;
Tennoobme |Q; 5| = B,|ALy,| = 0,4286% = 1,004 kkan.

B paccmatpusaemom caydae (f; > 0) TennoobmeH MmeeT 3HaK paboTbl; 3TO 3HAYUT, YTO
€C/IN pacCMaTPMUBAETCA NPOLLECC PaCLLUMPEHNS (Ll,z > O), TO TeN/10 NoABOAMUTCA K paboyemy Teny
(Hanpumep, Ha NIMHUM pacCLIMPEHMA NPOAYKTOB CropaHuA B noplwHesbix [ABC, Koraa
TENNOBblAENEHWNE NPU CTOPAHMUM TOMIMBA U BHYTPEHHWUIM TENI00OMEH NPEBbLILWAOT OTBOA TEN/a
CUCTEMOM OXNAXKAEHUA UMANHAPA M NOPLLHA), @ €CIN PAacCCMaTPMUBAETCA NPOLLECC CHKATUA
(L1,z < O), TO TENNO OTBOAUTCA (HAanpUmep, NP UHTEHCUBHOM OX/TAXKAEHWUW B NOPLUHEBbIX
Komnpeccopax).

Mpumep 14. XapakTepun3oBaTb BAMAHME OTHOCUTENbHOM BEIMYMNHBI NOABOAA AN OTBOAA
Tenaa Ha NoKasaTe/b NPoLEecca PaclUMPEHNA U CKATUA MAEANbHOrO rasa, Nokasatenb agnabartol

KOTOpPOro paBeH k= 1,4.

HM;

PeweHue. Bblpa)-KEHVIe TensoobmeHa Ha nonauntTpone naeaabHOro ra3a.
,3 _ Q1,2 _k_ﬁ_ ,8 _ Q1,2 _.BL.
L= == w = Y
AL, k-1 AW, n
Tttt 0,5 1 1,2 1,4 1,6 2,0
Browooiiiiii .. 2,25 1 0,5 0 —0,5 —15
Bwe oo, 4,5 1 0,4167 0 —0,3125 —0,75
Pacwmpenue (L1, > 0) MoaBsopa Tenna — OTtBopa Tenna
CxkaTtue (Ll,2 > 0) OtBopa Tenna - MNopsoa Tenna




Mpumep 15. OnpenennTts cpeaHNn MoNeKkyNAapHbIN Bec (U,,) W BECOBOM (MaccoBblIi)
COCTaB CyXxoro Bo3ayxa. MonspHbI COCTaB Cyxoro BO34yXa U MONEKYNSAPHbIE BECA KOMMOHEHTOB:
kncnopog 1 = 0,2095; uy; = 32; atmocdepHsbiit azot (N,, Ar, CO,...)r, = 0,7905; u, =
28,16.

PeweHue. CpefHWIt MONIEKYNAPHbIN BEC cyxoro Bo3ayxa (§12):

n
w, = Z rit; = 0,2095 x 32 + 0,7905 x 28,16 = 28,96.

i=1
Becosble cogepaHus (MaccoBble KOHUEHTpauum) kucnopoga (m,) wnasora (m,):

_H 32 9095 = 0,2315:
M= 1T 0806 000 T DA

m, =1—0,2315 = 0,7685.

Mpumep 16. Onpeaennts KoHeuHyto Temnepatypy (t,), yAeNbHYH NOTEHLMANbHYIO
paboty (Wllz) N TEOPETUYECKME 3HAYEHUA IMHEMNHOW U BECOBOW CKOPOCTEN C, U, B YCNOBUAX
agmabatnyeckoro (8g = 0;n = k) wcTeyeHMs BoAAHOro Napa, Kak MaeanbHOro rasa, ot
HauYanbHoro coctoanua t; = 400°C; p; = 10kI'/cM? = 9,80665 6ap 40 KOHEYHOTO
npoTueogdasneHua p, = 1k[/cM? = 0,980665  6ap; BTOpas cpeHAA MONAPHaA TENN0EMKOCTb
BOAAHOIO Napa, Kak naeanbHOro rasa, B paCCMaTPMBAaEMOM MHTEPBANE MOXKET BbITb NPUHATA
paBHOM Emp = 8,616 KkKan/kmonb-2pad C = 36,073 X 103 dx/kmonb-2pad (npunoxerue I1).

PeweHue. NoKasaTtenb agnabatbl (BTOpon cpegHUin)

Cnp 36073 8,616

Cmp— AR 36073 —8314 8,616 — 1,986

X = = 1,300;

-1
A 0,2308.
X

XapaKTepVICTVIKa pacwmnpeHna BoaAHOrNo napa, Kak naeasibHoro ra3a,

x—1
P, T, (P2>T B ( 1 )0'2308 1
2=py T, \p) T\10 ~1,7014
KoHeuHaa TemnepaTypa napa:
T, = _ 57315 395,6°K;
2 =T12 1—1’7014— ) ;

t, =T, —T, =3956—273,15 = 122,45°C.
YaenbHblt 06bem Napa B KOHEYHbI MOMEHT aanabaTMyeckoro paclnpeHmn

9 _( ) _ R _ T, _ 8314 395,6 _ 8478 3956
2 P/, u P, 18016 0,980665x10° 18,016 1,0x10*

= 1,862 m*/ke.
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NoTeHumanbHas pabota B paccmaTpusaemom cnydae (8q = 0; n = k) paBHa nameHeHuIo
3HTaNbNUK (Awl'z =i =i = CpmAt).

I'IepBaﬂ cpegHAA MONAPHaA TENN1I0OEMKOCTb:

Epm = Emp + (Tya — Tonr) (i?’) = 8,643 KKan/kMonb-2pad C =36,187x 10° dx/kmonb-2pad
m

Cucmema CWU:
cpm ) _ 36,187x103

18,016

Awy o = (i — ip)s = 22 (t, — X (400 — 122,45) = 555,7 x 10° oxe/ke.

Cucmema Ke-Kl-m-ceK:

8,643
18,016

Awg, = (ip —iy)s = (400 — 122,45) = 132,74 kkKan/ke

TeopeTnyeckne 3Ha4yeHMA IMHENHOM U BECOBOWM CKOPOCTEN UCTeYeHMA napa:

c, = J— (iy — iy)s = \/29’1 he = /2 x 555,7 X 103 = 1054,2 m/cek;

C 1054,2
Uy = V20 = 19—2 = e = 566,2 Kz/M’cek.

PacuyeTbl No gnarpamme [ — S AalOT NPUMEPHO Te Ke pe3ynbTaTbl.

Mpumep 17. OnpeaennTtb CKOPOCTb 3ByKa B cyxom Bo3ayxe (u = 28,96) npwu
Temnepatype t = 60°C; 3HauyeHMe NnoKasatend aanabatbl NPUHATL NO Pe3y/ibTaTaM PeLleHns
npumepa 11; B034yx paccmaTpmBaTb KaK UAeasbHbIM ra3, NOAYNHAIOLLMNCA YPaBHEHUIO
KnanenpoHa.

PeweHue.

847,8

Cxp = V9nkRT = \/1 397%333 15 = \/9 80665 x 1, 397—333 15 = 365,7 m/cek

Mpumep 18. B skcnepMmeHTabHbIX ONpesesieEHNAX CKOPOCTM 3BYKa B PA3peXeHHOM CyXOom
Bo3ayxe (naeanbHbi raz u = 28,96 ) npu temnepatype t = 0°C nonyyeHo
a” = cyp = 331,4 M/cek. OnpenennTb BeIMUMHY NoKasaTens agnabatbl (k) 1 3HaveHus
TENN0EeMKOCTEN BO34yXa, KaK naeanbHOro rasa (Ep,ag, Cp, C19).
PeweHue.
HenocpeAcTBEHHO M3 BbIPa*KEHMA CKOPOCTM 3BYKa (§ 12 n npumep 17) Haxoanm:
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4 u ck 2996 331,47

= =—. 2= : = 1,4005.
g.RT gR T 8314 273,15

[anbHelwwmne pe3ynbTaTbl (Ep,Eg, Cp, Cg) MOAyYaoTCA N0 CXeMe peLleHUA NpUMMepoB
7n6.

Mpumep 19. B ogHOM 13 coeanHeHu razonposBoga obpasoBanacb HENOTHOCTD,
5KBMBaNEHTHan oTBepcTUio f =1 mm%; aaBneHue rasa p, = 50k /cM? = 49,033 6ap;
Temnepatypa t = 40°C; monekynapHbi Bec 4 = 20; nokasaTtenb BHewHeaanabaTtnyeckoro
npouecca k* = 1,3.

Onpeaenntb CyTOYHYIO MOTEPIO rasa, Npeanoiaras NPoLecc cTeveHns
BHeLWHeaAnabaTUYeCKUM U NPUHMMAsA B KaYecTBe YpaBHEHUA COCTOAHMA ra3a ypaBHeHUe
KnanenpoHa.

YKazaHue. PeXXnM UCTeYEHUA KPUTUYECKUI (,BPO > PHap) (tabn. 4 n 5); pacueTtHoe

BbIPa*KeHNe KpUTMYecKoro pacxoaa (KoadpoduumeHT pacxosa yuTeH B onpeseneHmm
3KBMBANEHTHOrO CeYEHMNA HeNOTHOCTH f ):

Py
Geex = qup = f/lxp 2gn 19_0

PeweHue. HauyanbHbI yaenbHbI 06bem rasa
RT R I 8314 313,15 847,8 313,15
Yg=—=—"-= - = = 0,02655. m°/ke.
P u P 20 49,033x105 20 ° 50x10%*

XapaKTepucTuKa uctedeHmn (Axp), COOTBETCTBYIOLLAA MOKa3aTeNt NOJUTPONbI KPUTUUYECKOTO
pexkuma (n=1,3; Tabn. 5): A, = 0,4718.

KpMTVI‘-IeCKaﬂ BecoBaAn (MaCCOBaﬂ) CKOPOCTb nctevyeHuma:

#9033 X 10° _ 4718 |2 x 9,80665 2 1 _
0,02655 ’ 0,02655

= 0,4718 x 19,2189 x 103 = 9067 k2/m>cex.

Py
U = A Zgnﬁ—o = 0,4718 |2

CyTouHbIl pacxop, ra3a (Kak ngeanbHoro):

G = 24 x3600 x 9067 x 107° = 783,4 k2/cymku.

COBepLIJeHHO dHA/1I0TMYHO peLwarTCA 3a4a4mn 06 yTe4yKax U3 cocyaoB noa AaBieHNeEM
(8P, > PHap).

§14. KOHTPO/1bHbIE BOMPOCHI

1. Nepeuncnute BaxkHeWWwMe UCXOLHbIE ONpPeaeNeHNn TePMOSUHAMUKMN U AailTe mMaTeMaTUYeckue
BblpPaXKeHUA 3TMX onpeaeneHuin (3a UCKNIOYEHNEM BblpaXKeHnit paboT TepMOANHAMUYECKOM M NOTEHLMANbHOM).
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2. Oaitte BbiBoA AnddepeHumanbHbIX BbiparkeHnin paboTt—TepmoanHammuyeckon (6L) v noteHumanbHom
(6W), a TakKe ypaBHEHUI pacnpeeneHuns 3Tux paboT; yKaxuTe, NoYemMy He cneayeT NPUMEHATb CUMBOA NOJHOTO
anddepeHumana B 0603HaYEHUAX 31EMEHTAPHBIX KOANYECTB Tenaa u paboTbl.

3. Ha3oBMTe OCHOBHbIE TOUYKU U NHUK $Ha30BOM AMarpaMmbl O4HOKOMMOHEHTHOO NPOCTOro Tena; NnpuBeauTe
BbIBO/, YPaBHEHMA COCTOAHMA UAEANbHbIX ra3oB (ypaBHeHWe KnanelipoHa).

4. YKaxuTe pU3NYecKkuii CMbICI U pasMePHOCTb XapaKTePMUCTUYECKON NOCTOAHHOM UAeabHbIX Fa30B;
ONULLKNTE TaKXKe COBPEMEHHbI MeToA, onpeaeneHns 3Tol NOCTOAHHOMW; B KaKMe TepMOgNHAMUYECKME COOTHOLLEHMA

BXOAAT XapaKTepUCTUHECKME NOCTOAHHbIE (ﬁ, R).

5. Hanuwute matematnyeckue BbipaxKeHNAa OCHOBHbIX MPUHLMNOB TEPMOANHAMUKN — NEepPBOro Havana
TEPMOANHAMMKM NO BHelwHemy HanaHcy u no 6anaHcy paboyero Tena, BTOPOro Hayana TepMoCTaTUKK U BTOPOTO
Hayasia TepMOAMHAMMKM (KaK 0bLLee BbIpaXKEHUE U KaK BbipaXKeHNEe HeobPaTUMOCTU BHYTPEHHEro Ten1006meHa).

6. Ha Kakve ocobeHHOCTU NPOLECCOB B NPUPOAE U HA KaKoe CoAep KaHne NepBoro Hayana TepMoANHAMUKK
YKa3bIBaeT CMMBOJI TEPMUYECKOTO 3KBUBAIEHTa PaboTbl (A) B pacyeTHbIX COOTHOLIEHUAX.

KaKoBbl UNCNEHHbIE 3HAYEHUA M PA3MEPHOCTM XapaKTepUCTUK 0606LLeHMA cucTem eanHuL, nepsoii (g,) v BTopoit
(A); B KaKMe nepBUYHbIE TEPMOANHAMUYECKME COOTHOLLIEHUA BXOAAT 3TN XapaKTEPUCTUKK.

7. KakoBbl 0CHOBHble GOpMbl YPaBHEHWIA NPOLLECCOB U3MEHEHUA COCTOAHNA TEPMOANHAMUYECKUX CUCTEM;
Ha30BUTe TaKKe BaXKHeNLIne NpoLeccbl U3MEHEHUA COCTOAHUA NPOCTbLIX TeN U AaliTe TEPMOANHAMUYECKME ONUCAHUA
3TMX NpoLieccos (ypaBHeHWe npoLlecca, paboTa, TennoobmeH).

8. KakoBbl MaTeMaTUyeCcKune onpeaeneHus UCTUHHOTO U cpeaHuX (NepBoro 1 BTOPOro) nokasaTenei
MOAUTPONbI; B KAKME COOTHOLIEHUA BXOAAT 3TU NMOKa3aTeNM U KaK NoJsly4aeTcs ypaBHEHWE NOANTPONbI C NepemMeHHbIM
nokasaTenem.

9. HannwwuTte anddepeHLmanbHble U UHTErpanbHble BblpaXKeHWA paboT — TepMoaMHaMUYECKOM (11‘2) "
NOTeHLMaNbHOM (WLZ); NPOVHTErPUPYNTE BbIPAXKEHUA 3TUX PABOT Ha NOAUTPONE C MOCTOAHHLIM NOKa3aTesem
(m = m = n) HenocpeaCTBEHHO M MOKAXKMUTE, KaK 3TO HY}KHO CAeNaTb B C/1y4ae NPOLLECCOB C NepeMeHHbIM
nokasaTenem.

10. Jaiite onpeaeneHne nokasatens aguabartbl 418 NPOCTbIX TEN U UAEANbHbIX Fa30B; MOKAXKUTE (MO AaHHbIM
ana Ep (npunoxkexue II), 4tTo NoKasaTenb agnMabaTbl MAEaNbHbIX FA30B MOHOTOHHO CHU¥KAETCA MO Mepe BO3pacTaHUA
TemnepaTypbl.

11. HanuwwTe ypaBHEHME CBA3MN TEPMOLAMHAMUYECKOrO TennoobmeHa (QLZ) n pabot (L1,z u W1,z)
MOKaxuTe, Kak NyTem Bbibopa COOTHOWEHUI Q5 /AL; 5, van Qq /AW, , MOXHO M3MEHATL NOKa3aTeslb NOIMTPONbI,
XapaKTepu3yoLmii 3TOT nNpoLiecc.

12. NainTe maTemaTUyecKoe onpeaeseHne KpyroBoro Npouecca U packpomnte TepmoamMHamMmuyeckoe
cogepKaHue TepMUHa NpeBpalleHna Tenaa B paboTy; npuseanTe BbIBOA, K.N.A4. L1KAa KapHo.

13. KakoBo coaeprkaHue NocTyaTa BTOPOro Havana TEPMOCTAaTUKM M OCHOBHBbIX C1eACTBUIA 3TOrO NOCTyNaTa,
npuBeanTe BbIBOA, MaTEMATUYECKOIO BbIPaXKEHUA BTOPOro Havyana TEPMOCTaTUKMN.

14. Nepeyncante n fate maTeMaTUyYecKne onpeseneHns OCHOBHbIX CNeACTBUI BTOPOro Havyana
TEPMOCTATUKK; YKAXKUTE, NOYEMY BTOPOE Ha4Yas0 TEPMOCTATUKM HE MOXKET ObITb MONYHYEHO B PamMKax KNaccuyeckom
TEPMOANHAMUKN (TEPMOANHAMUKN BHELLHUX BanaHCoB).

15. KakoBo cogeprkaHue nocTyanaTa BTOPOro Hayana TepMOAUHAMUKKN U ero CieacTBUIA; NpuBeanTe BbIBOS,
MaTeMaTUYECKOrO BblpaXKeHWUA BTOPOro Hayana TePMOAUHAMMKM.

16. Ha Kakom nNpuHLMNE OCHOBaHO TOYHOE BbIPaXKEHUE YAEeNbHOro 06bemMa, SHTANbNUKU, SHTPONUU U T.N.
AByxda3oBbix cucTem; NpuseanTe 0606LLEHHDbIN BbIBOA 3TUX YAENbHbIX BEIUYMH.

17.Kakue obLme pacyeTHble 3aBUCMMOCTU U3BECTHBI B TEOPUU CMECEN M KaK OHUM NosyvatoTcs (onpeaeneHune
KOHLEHTPALMK, CPefHUA MONEKYNAPHbIN BEC, NepecyeT KOHLEHTPALMIA, OCHOBHbIE CXeMbl CMELLIEeHUA 1 obLue
YPaBHEHUA, XapaKTepusytoLLmMe Kaxayto U3 aTux cxem). [laiTe BbIBOAbI U MaTemaTUyeckme GopmMynnMpoBKU
COOTHOLLEHM, XapaKTepU3YIOLLMX ra30Bble CMeCU.

18. MoKaxunTe, KaK 13 ypaBHeHUA pacnpeaeneHna NoTeHUManbHon paboTbl NonyyatoTca obLume BblparkeHUA
NIMHENHOW 1 BECOBOI CKOPOCTENM UCTEYEHUA; HANULLUTE COOTHOLLEHWA, XapaKTePU3YIOLLIME UCTEYEHNE HECKMMAEMbIX
KUOKOCTEN.

19. JaiiTe BbIBOA U pacyeTHbIe XapaKTepUCTUKM (B,AKP) KPUTUYECKOTO PEKMMA UCTEUEHUA CHUMAEMbIX
XKUAKOCTEW; NPUBEANTE PACUETHbIE BbIPaXKeHUA KPUTUUECKMX CKOPOCTE — BECOBOWM U IMHEIMHOW, @ TaK»Ke CKOPOCTH
3ByKa.
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20. Mepeyncnute ocHoBHble aAnddepeHLmanbHble COOTHOLIEHUA BTOPOrO Havyana TEPMOCTaTUKU U
XapaKTepuayiiTe ypoBeHb OBLLHOCTM U HE3aBUCUMMOCTM KaXKA0ro U3 HUX.

21. MoKaxnTe HeEO6XOANMMOCTb BBEAEHWUA 3TAa/IOHHBIX NOUTPONMUYECKMX NPOLLECCOB HA NpUMepe
MCCNeaoBaHUA KPUTUHECKOTO PEXKMMA B YCI0BMAX PeasibHOro npouecca ucredenus (¢ = @c,).

22. [loKaxuTe, YTO B gMarpamme i — s n306apbl B 0671aCTM HACBILLEHHOIO Napa ecTb NPAMbIE IMHUN U
HallguTe obLiee BbipaxKeHue (BeNMYMHY) TaHIeHCca HaKA0Ha 3TUX NPAMbIX.

MocneaHue Bonpocsl (20—22) uenecoobpasHo paccMoTPETb MOC/E BTOPOro YTeHUA Kypca (MonHbIi 0bbem,
BKAKOYAA MeNKUit wpndT) n NpopaboTKM NpUMepos.

MpunoxceHue |
XapaKktepucTuyeckue nocTosiHHbIe naeanbHbix rasos (R)

HanmeHoBaHUe Bonopop, Kncnopogp, AsoT AsoT Yrnekucnoin BoasHom Bo3ayx
rasa atmocoepHbIi ras nap
Cumson H, 0, N, (Ny; Ar ...) co, H,0 (04; Ny; Ar)
MoneKkynspHbIi 2,016 32,0 28,016 28,16 44,01 18,016 28,96

Bec (Macca) U

R, Hm/K2-2pad K 4124 259,8 | 296,8 295,2 188,9 461,5 287,1
R, Kl -M/Ke x 420,50 26,49 | 30,26 30,11 19,26 47,06 29,27
Xepad K

MpunoxceHue 11

WCTUHHbIE MONAIPHbIE TENJIOEMKOCTU UAEaNbHbIX FA30B NPU NOCTOAHHOM AaB/EHUMN
(Cp, KKaJI/KMOJIb- Ipa/, K)

t,°C H, 0, N, co, H,0 CH, C,Hg BO3/4yX
0 6,835 6,992 6,954 8,565 8,001 8,297 11,830 6,944
100 6,957 7,136 6,974 9,603 8,134 9,382 14,849 6,990
200 6,984 7,360 7,039 10,435 8,351 10,755 17,883 7,088
400 7,021 7,824 7,303 11,670 8,883 13,524 23,081 7,392
600 7,116 8,169 7,624 12,528 9,473 15,912 27,197 7,715
800 7,278 8,408 7,906 13,131 10,091 17,853 30,275 7,985
1000 7,472 8,578 8,130 13,560 10,682 19,393 32,663 8,196
1200 7,680 8,715 8,303 13,870 11,205 20,566 34,642 8,360
1400 7,882 8,837 8,436 14,099 11,656 - - 8,490
1600 8,064 8,952 8,538 14,268 12,040 - - 8,593
1800 8,227 9,063 8,620 14,395 12,368 - - 8,681
2000 8,373 9,173 8,686 14,487 12,642 - - 8,755
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KpuTtuueckue napametpbl (PKp, [ 19Kp)

MpunoxceHue 111

HanmeHoBaHune H, 0, N, co, H,0 CH, C,Hq Cs;Hg

u 2,016 32,0 28,016 44,01 18,016 16,042 30,068 44,094

Bip» Kl /cm? 13,2 51,8 34,6 75,3 225,65 47,3 49,6 43,5

typC —240,2 —118,4 —147,0 31,0 374,15 —82,5 32,3 96,8
Tpo'K 32,95 154,75 126,15 304,15 647,30 190,65 305,45 369,95
Yips Kkr/m3 31 410 311 468 307 162 201 225
Dy m3 /kr 0,03230 0,00244 | 0,00322 0,00214 0,00326 | 0,00617 0,00498 0,00444
EKP’ m3 /kmonb 0,0650 0,0780 0,0901 0,0940 0,0587 0,0990 0,1500 0,1960
PpVso 0,307 0,308 0,292 0,275 0,241 0,290 0,287 0,272

%0 TR,

Kp
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