S8 TEXHUYECKASI
TEPMOIMHAMHKA

B. B. KAPHAYX
A. B. BHPIOKOB
K. A. PXECHK
A. H. AEBEJIEB

.......

G o



TEXHUYECKASA
TEPMOJNHAMUKA

VyebHux

Mocksa Bomnorapa
«Nudpa-Unmxenepus»
2022



YIOK 536:533.6.011.6
BBK 31.31+422.253.3
T38

ABTOpBIL:
Kapuayx B. B., bupiokos A. b., Pacecux K. A., Jlebedes A. H.

PenensenTsr:

JOKTOp TEXHHIECKHX HayK, npodeccop Tpybaes I1. A.;
JOKTOP TEXHHIECKHX Hayk, mpodeccop beroycos B. B.;
JIOKTOP TEXHHYECKHX HayK, npoteccop Ilonepeunviit A. H.;
KaHAHIaT TEXHHYECKUX HayK, AOLeHT Yenanoe /] A.

T38 TexHnyeckasi repMoauHaMuKa : yueOauk / [Kaprayx B. B. u ap.].
— Mocksa ; Bonoraa : Undpa-Uuxenepus, 2022. — 500 c. : wr., Tabn.
ISBN 978-5-9729-0862-2

PaccMoTpeHB! OCHOBHBIE TONOXKEHMS KIIACCHYECKON M COBPEMEHHOH Tep-
MOJMHAMMKH: HACATbHBIN a3 ¥ €ro NpuUKIagHbIC acleKThl, Ta30BbIE CMECH, Tell-
JOEMKOCTh, aHATH3 TEPMOIMHAMHYIECCKHIX MIPOLIECCOB, 3aKOHBI TEPMOJAMHAMUKH H
HX HPUJIOJKEHHS, TEPMOIUHAMUKA PEATbHEIX Ta30B M OTOKOB, BIAXKHBIA BO3AYX
W OCHOBBI KOH/IMUMOHUPOBAHUA, aHAIIN3 MPSIMBIX M OOPaTHEIX TEPMOJMHAMHYe-
CKHX IHKJIOB, pabOTOCTIOCOOHOCTh TEPMOAMHAMHUYECKOH CHCTEMBl — IKCEPIHsl.
BxutroueHEl pa3fensl, Kacaromuecs: aHanu3a paboTbl yCTaHOBOK HU3KOMOTECHLH-
aJIbHOU 3HEPreTHKH.

Jas cTyAeHTOB M aCIMPAHTOB TEXHUYECKUX CIELHAIBHOCTEH, a TaKkKE HH-
AKEHEPHO-TEXHUIECCKHX pabOTHHKOB METAUIyprHUeCKON ¥ 3HEPreTHUECKOH OT-
pacneil pOMBIIUICHHOCTH.

YAK 536:533.6.011.6
BBK 31.31+22.253.3

ISBN 978-5-9729-0862-2 © WNsparenscro «udpa-Umkenepus», 2022
© Odopmnenue. Usnarensctso «Uudpa-Urkenepus», 2022



COJEPXKAHHE

YCJOBHBIE OBO3HAYEHHA ..., 6

BBEJAEHHE ... e 10

I['JIABA 1. Tepmogunamuyeckas cucTemMa:

OCHOBHBIC MIOHATHA M OTPEIEITACHMA ......oovmieeinreaiieeaneeanaarenereeennnes 13
1.1. OCHOBHBIE TIOHATHS «..vvvverevreenereiresenanneanernesassesenneseseessaseesanesennes 13
1.2. [TapaMeTpbl: MOJIEKYISPHAS MACCa, MACCA H BEC ...cccueeemeeeeerennnne 18
1.3. [lapaMeTpsI: IUIOTHOCTD M YACABHBIH OO0BEM ...covvevviiaierieieaiee. 20
1.4. TIapaMETP: MABIIEHHE .....cccvveereurereererrariesireeesseesereesresseeeesenensmeens 21
1.5. T1apaMeTP: TEMIIEPATYPA. ...creereerirreeerrcreneeesnneernnesseeessnecssrnessnees 25
1.6. KanopuiecKkHe MapaMETPhI BEIIECTBA. ......ceerveeeruerereesaveenmneernunes 30
I'JIABA 2. 3akoHbl HaeajabHOro raza. TennoéMKocTb .................. 37
2.1. 3aKOHBI MICATIBHOTO TAB .ecuuuueeereeerrmneiieeeeseenneensnnssasesersmnessesssreenns 37
2.2. YpaBHEHHUE COCTOSHHS MACATTBHOTO TA3@...cereenrrerrrennnnereneeennnnes 43
2.3, TOMIOEMKOCTD TAB0B...ccccteerereerierenrreerereeeeneeseneesneeseeesseeesmsesesns 48
2.4, [TapaMeTphl IPOIIECCA: PAOOTA U TCTIIOTA .vvevveervecrrernveeamerareennnees 60
TJIABA 3. CMeCH HICATBHBIX TA30B.....c...eveerrrerereareennneeenreeennnnes 66
RIBIICH:):00) Q) 1551 ) ¢ WU 66
3.2. TennoEMKOCTD TA30BOH CMECH . ...ccveuvverereerereerereesmeecnereesamenssneenns 72
I'JI.ABA 4. HlepBblii 3aKOH TEPMOAHHAMHKH .......oovviniiniiinnnnennn, 75
4.1. TennoBoe paBHOBECHE: HYJIEBOIM 3aKOH TEPMOAUHAMHKH .......... 75

4.2, TlepBsiil 3aK0H TepMOJAHHAMUKH KakK (OpMa 3aKOHA COXPaHEHH
H TIPEBPATLCHUS DHEPTHH ...eveereenreinrerereeneeseraeneeserinnesareescssesssonsssons 76



Texnuueckas mepmMoOUHaMuKa

4.3, YpaBHeHUe NepBOro 3aKOHa TEPMOJUHAMHMKH JIJIsl 3aKPBITBIX

H OTKPBITHIX TCPMOAUHAMUYECKUAX CHCTCM..oovniiiniiiiiiniiinieincennee 82

I'JIABA 5. OcHoBHBIE TepMOIHHAMHYECKHE

HMPOLECCHI HACATBHBIX TAZ0B.......ocviiiiiiiiiiiireieiireicertnere s 89
5.1. AAropiT™ aHain3a TePMOANHAMUYECKHUX IIPOUECCCOB. ...cormvenneen. 89
5.2. Nzoxopusiii iporiece. IIpUMEDPBI IPHMEHEHH ....ovvvevereeirnnrennenne 90

5.3. M300apusiii nporecc. IIpuMepsl npuMeHEHHA

5.4. Vzotepmuueckuiit mpouecc. [IpamMepsl NPUMEHEHHU .....c.eeveennene 101
5.5. AquaGaTHbli nipouecc. ITpuMepsl IPUMEHECHMA «.o..vveeienreracnnnes 107
5.6 HonurponHeii npouecc. IIpAMephl IPUMEHEHHUSA . ....cvvvveneeuceree 117
TJIABA 6. Bropoii 3aKOH TEPMOTHHAMEKH .......ocvovviinnnnraeeeenns 123
6.1. ObparuMble 1 HCOOPATUMBIE IIPOUECCHL M LMKl ..vveveeieniencnne 123
6.2. POpMyIHPOBKH BTOPOTO 3aKOHA TCPMOAUHAMUKH .....vveneeenncne 127

6.3. DuTponusg. [IpuHOUNBI CYLICCTBOBAHHUS

M BO3PACTAHUS FHTPOIIHH . ....ovrieiurunieeirreresiennessnnasesisnneemmsnnessnnneeaseses 131
6.4. O6begUHEHHOE ypaBHEHUE [IEPBOTO H BTOPOTO 3aKOHOB
TEPMOTHHAMIIRIL svcsssoensssevismessissssssisssssosse i ssms i i assisusrassoguesoyaepopes 135
6.5. lTukn Kapuo. Tepmuueckuit koadduiment

MOJIE3HOTO JeHCTBUA HUKIA KAPHO ...ovvviviieiiiieieiee e 136

T'JIABA 7. luddepennnaibHble ypABHEHHS TePMOTHAAMHEKH . 144
7.1. YPAaBHEHUE MAKCBEIIA...ccc.eeeiriiiireereereeeeneereessinnsoesennessnsennss 144

7.2. nddepeHnuansHple ypaBHSHHUS [ BHYTPCHHE 2HEPIHH,

SHTATBIHN U SHIPOMMI - cosovmmssrmsrsssimassissuassisssmps sorogrgsmsovsmesoss 146
7.3. JuddepeHHanbHOC YPaBHEHHE TETLTOEMKOCTH «.c.vvvvvenneniane 150
I'JIABA 8. TepmMoanHaAMHKA PEANBHBIX TA30B ......ccooovveverinirinrnnenns 154
8.1. PeasibHbIE ra3bl: YPABHEHHE COCTOSHHUS .. cvvrnneeereecrariinsasireanenns 154



Cooeporcanue

8.2. PeanbHnlie rasml: Ga3oBeie NpeBpanmicHys, Ga3zoBble THATPAMMBI

W TABTHIIBL. . cis. e iee it o teaiinniasassiasibesion s hin dnadhnedhnt desibiatbonsihedinentnesiunaiin 162
8.3. TepMOAMHAMHMYECKHE TIPOLIECCHI BOSHOTO TIAPA ...eovvnneerereneennn. 177
8.4. YcrpoiicTsa 414 MORYYEHHUS Hapa U TOPAYCH BOIBI ......ocvenen.. 181
I'JIABA 9. McTedeHHE Ta30B M HAPOB .........ceeervvrierereennraereerenienns 189
9.1. YpaBHeHHUE NEPBOro 3aKOHA TCPMOIUHAMUKH s TOTOKA ....... 189
9.2. OcHOBHBIE YPABHEHHS IIPOLIECCOB TCUCHHSA .....vvevereeereaerarererensas 193
93 CROPOCTD, BEY R Aswssonrssn oo v s sssmess s s 5551 55 s sa s ssassssisss 199
9.4. McredeHne U3 CY>KMBAIOTIUXCS COMI cuuverrrirrenrenieenuuneseesneeneenes 206
9.5. llepexon yepes ckOpocTh 3BYKA. COMIo JIaBaMA ......vevrerrueennnnns 215
9.6. McreueHue Ia30B U HAPOB C YUETOM TPCHHMS .ooveeneeenreereerncennnnns 220
9.7. TemnepaTtypa aiHaGaTHOIO TOPMOMKEHHA . .ccevveerveerrrererneersnenanes 222

TVIABA 10. Baaxusri Bo3gyx

H OCHOBBJ KOHIHMHHOHHPOBRHHSM........cc.eevreeniieiaceransnerssnennnsersannnnas 224
10.1. BI2KHBH BOBIYX cevveeenvereerersieeeraierensetesinersassnesacesssseesssassanseons 224
10.2. IIcHXPOMETPUUECKUE AHATPAMMBL ......eeeiermireueieniacnsircaneenanenne 234
10.3. Tlponecchl KOHAUHPOHUPOBAHUSA BOZAYXA ..cvovnvemiririiacisneriannne 239

10.4. T urueHu4ecKHe OCHOBBI KOHIUIIMOHUPOBAHMSL.

Kinaccuduranus cHCTEM KOHTUIHOHUPOBAHUA BO3LYXA..ccereerrerrnenns 256

T'JIABA 11. Ilpsimble TepMOAHHAMNHYeCKHE HHK/IbI TEIJIOBBIX

MATIMH ..ottt et eece e ee e s besas s e e ees e samen o e ese b sanne 262
11.1. O6uiye cBeeHUs O IBUTATENE BHYTPEHHETO CIOPAHUA ......... 263
11.2. TepMoauHaMUUECKUI aHATH3 LHKJIOB IIOPIIHEBBIX ABUTaTeNci

BHYTPEHHETO CTOPAHMSM - vvveerereerieesurersseeessneeraenessnesssenesssnesaneesssnes 267
11.3. [Juxu1bl ra30TYPOMHHBIX YCTAHOBOK ....eevurrerremcenrenrererenrereneens 277
11.4. Ter10CHIOBBIE ITAPOBBIE ITHKITBI ....c.cevveerarrrererrenreneeneereeanrecnens 289



Texnuyeckas mepMoouHamura

FJIABA 12. O6paTsble TEPMOAMHAMUYECKHE WHKJIBI ................ 315
12.1. O6paTHBIH THKIT KAPHO ..ociiiiiiiiiir et 315
12.2. OcHOBHBIE 3JIEMEHTHI XOJIOUILHOH MAIIMHEI (TEIJIOBOTO
HACOCA) e uverrieeeuieeeeneeeitesssteessaesessaeeseeaasseeseassseeassesssnaeseassaesessasnss 319
12.3. Iluxi1 ¥ TepMOJMHAMHYECKHI aHATTN3 Ta30BOH XOJOIUIBHOH
MAEIIIHEL ... vveeiuteeeeeenneeeecenssssresesssesseanssseestnnnerossssassnsnsesesssssnasssrsesneenns 326
12.4. ITuKII ¥ TEpMOAMHAMHUYECKUH aHATU3 TapOKOMIPECCHOHHO
XOJIOZHAIIBHOM MALITHHDBI ....vevrvneeeeeeieeretainnnsaeeereeersssnnnssnnsssesesesnermeemsrene 329
12.5. ®a30Bbic qUarpaMMbl XOIOJMIBHBIX aT€HTOB ....ccocverveernrncenn 335
12.6. llyx ¥ TepMOAMHAMHYCCKHI aHAJIM3 [APO3KEKTOPHOH
XOJIOJVUTBHOM MAIIHHBL ... uevvveretvereeeareereeesnreesssnsseensasesesssessssssensaneens 342

12.7. Huxt 1 TepMoAMHaMIHYECKHH aHau3 abcopOIHOHHON

XOTOIMTBHOM MAIIIHHBL ....evuveiiieiirieinsieseeeeeuueessssessesesseserrssseessesannrenan 347
12.8. TETIHOBBIE HACOCEL: »veusssvums e 0558 50 5005 o E ¥ 5SS SRR 55 351
12.9. Teopema HepracTa. TpeTii 3aKoH TEPMOANHAMUKH ................ 357

DICEPTHIL .cceiiiririniriereeeeeteeeeeiteeea e msnresnteesesaeaessanaeesssseeenneeeesasnranes 361
13.1. Dxceprus, €€ BUIBI U COCTABIISIOIIHE. .....ccoervereeeeameerreeerennaennns 362
13,2, AHCPTHM ..o ieiiiiieeirtee e ee e e e eieseseeive e see e e sbeeeesassasasaeeeasaaeras 378
13.3. YpaBHeHHE dKcepreTHYecKOro Oananca.

OxcepreTuaecKH KT ..o, 384
13.4. DOKCEPreTHUCCKHUE TUATPAMMBL. .......veevrecreceeereenreesseeserenessnessean 388

13.5. IlpuMepsl 3KCepreTHHECKOro anaiusa paboThl TEIIOBBIX

H XOJIOTHITBHBIX YCTAHOBOK ...vvvverreresiesveernereesreessmsseesssessnesensnsemseans 397
BUBJIMOTPAOUYECKHUHM CITUCOK ............oovevereren. 409
TTIOCCAPHI .........oooeeiiieiee ettt enanens 413
TMPATOKEHMTSA ..ot e 424



