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Baenenue

JIMCUUIIIMHBI TEXHUYECKas TEPMOAMHAMUKA U TEOPHS TEIJIO - U MaccooOMeHa (pOpMHUPYIOT
TEOPEeTUYECKyl0 0a3zy Ui OCBOEHHUS ITUCIUIUIMH CIELHMAJbHOTO IUKJIA [0 HampaBJICHUSM
"OuepromammHocTpoeHue" u "TemnosnepreTuka’.

[Ipennaraemplii Kypc JEKIIMIA YATAETCS aBTOPAMH CTyACHTaM DHEProMalIMHOCTPOUTEIBLHOIO
dakynpTeTa CIIOI'TIY B 00beme 128 4acoB U COOTBETCTBYET YTBEPKICHHOW MTpOrpaMMe B IIJIaHE
OakaaBpCKOW W MH)KEHEPHOU MOJITOTOBKHU CTYJEHTOB.

B mepBoii wyacTu paccMaTpuBalOTCS OCHOBHBIE IOHSATUS TEPMOAMHAMUKH, MPUIOKEHHE
MEPBOr0 3aKOHA TEPMOJUHAMHUKU K 3aKPBITBIM, OTKPBITBIM TEPMOJAMHAMUYECKUM CHUCTEMaM U
CHUCTeMaM C MEepEeMEHHOW Maccoil. M3y4aroTcsi paBHOBECHBIE COCTOSIHUSI U KBAa3UPaBHOBECHBIE
IPOLECChl B MAaKpOCKOMMYECKHX CHCTeMax. 3HAYUTEIbHOE BHHMMAHUE YHAENSETCS BTOPOMY
3aKOHY TEPMOAMHAMHKHA M €ro MNPUMEHEHHUI0 K HeoOpaTHMBIM TMpolleccaM, BCKPBIBAIOTCS
MPUYHHBI HEOOPATUMOCTH U €€ BIUSHHUE Ha MOTEPI0 PabOTOCTIOCOOHOCTH (IKCEPTHUU) CUCTEMBI.
[TonpoGHO paccMaTpuBarOTCs ra30BbIe IIUKIIbI U PEAKTUBHbBIC IBUTATENN. Y IEs€TCsl BHUMaHUE
YCIIOBUSIM DPAaBHOBECHS B OJHOPOAHOM U JByX(a3HOW cucrteMax, (a3zoBbIM IepexoiaMm Mpu
IUIOCKOM M UMCKPUBJIEHHOW IpaHuuax pasnaeina ¢a3. [IpuBoasTcs ocHOBHBIE MOJIOXKEHUS TEOPUU
oOpaszoBaHusi HOBOU (ha3wl. PaccMaTpuBarOTCs CBOWMCTBA pealbHBIX TAa30B M IapOB, BOMPOCHI
JPOCCENIMPOBAHUS PEAbHBIX Ta30B U MapoB, MPOIECCHI, MPOTEKAIOIINE B Mape U BIIAXKHOM
Bo3ayxe. IlpencraBiieH HOCTaTOYHO MOAPOOHBIN MaTepHal Mo MapoBbIM U KOMOUHUPOBAHHBIM
UKJIAM TEIJIO3HEPTeTUYECKUX YCTaHOBOK, pacCMaTpPUBAIOTCS CIOCOOBI MOBBIIIEHUS HX
3 PEKTUBHOCTH, MPOBEJCH aHAIHM3 IUKJIOB MApOTYpOMHHOW M Ta30TypOMHHOW YCTaHOBOK C
Y4ETOM HEOOpaTUMBIX MOTEPh C IMOMOIIBIO SHTPONMUMHOIO U SKCEPreTUYECKOTr0 METOOB.
Bonpocs! HemocpecTBEHHOT0 Mpeo0pa3oBaHusl TEIUIOTHI B AIEKTPUUYECKYIO SHEPTUIO HU3JT0KEHBI
B KOHCIIEKTHMBHOW (oOpME Ha OCHOBE YIPOIICHHBIX TEIJIOBBIX CXeM 0e3 paccMOTpeHus
COCTOSTHUS TIJIa3Mbl M MPOIECCOB B HeMl. JaloTCs OCHOBBI TEPMORJIEKTPUYECKOTO TeHepaTopa U
TOIUIMBHOTO 3JieMeHTa. PaccmaTpuBaroTcs uaeanbHble UKIIbI XOJIO0JUIbHBIX MaIlNH, TEIIOBBIX
HAacCOCOB M METOJbl OXWKEHHMSI Ta30B. B pasnene "OCHOBBI XMMHUYECKOW TEpMOJIWHAMUKH"
U3JIAraloTCsl 3aKOHBI U TOJIOKEHUS, Kacarollrecs MPOLeCCOB MpPEBpallleHrs OJHUX BEIIECTB B
npyrue. JlaHbl OCHOBHBIE TIOHATHS HEPABHOBECHOW TepMoAMHAMUKU. B mpunoxenun |
MPUBOAATCS TporpaMmbl pacuera Ha DOBM  ra3oTypOMHHON YCTAaHOBKHM C pereHeparuei
TEIUIOTHl U MapoTypOMHHOW YCTAaHOBKM C OINTHMHU3aLMEN MapaMeTpoB pabodero Teia Ha
MIpUMEpEe TeOTEPMATBHON TEIJIOBOM JIEKTPUUECKON cTaHIMU. [IpUBOIUTCS CIMCOK JTUTEPATYpPhI
JUist GoJiee MOPOOHOr0 N3YUYEHHUS 3aKOHOB, METOJIOB U HCTOPUU Pa3BUTHS TEPMOJIUHAMUKH.

Bropas wacTh Kypca COJIEpKUT OCHOBHBIE 3aKOHBI U TIOJOXKEHHS TEOPHH TEIio- U
MaccooOMeHa B MPHUPOJAE M BKIIOYAET TaKHUE pa3JieNibl KaK CTAl[MOHApHAas M HeCTalMOHapHas
TEIUIONPOBOAHOCTh, KOHBEKTHUBHBIN TEIMJIOOOMEH B OJHOPOAHBIX Cpelax, TeIUIooTaadya IMpU
U3MEHEHHUU arperaTHoOro COCTOSIHHS BELIECTBa, MAcCOINEPEHOC B JIBYXKOMIIOHEHTHBIX Cpeaax,
JYYHMCTBIN TEMJI000MEH, OCHOBBI pacieTa TerI000MEHHBIX alnapaToB peKylnepaTUBHOTO THIIA.

OcHOBHBIE SIBIEHUS TEIUIO- U MaccOolepeHoca, UMEIIIUe MECTO B MPUPOJE, PACCMOTPEHBI
JIOCTaTOYHO TMOAPOOHO HA OCHOBE YIPOLIEHHBIX (QU3NYECKUX MOJIele C MOoIydeHueM
pacueTHbIX popmyn. Takoi akageMHUYeCKH MOAX0M, Ha Hall B3I, CIOCOOCTBYET Pa3BUTHIO Y
CTYJEHTAa TBOPYECKOTO MBIIUICHUS: OH BUIUT, KaK cO3/aeTcs (u3nyeckas MOJelb, KaKk OHa
YIPOIIAETCsl MyTeM BBEIEHUS OOOCHOBAaHHBIX JOMYIICHWN MJi1 TOJY4YEHHs] aHaJIUTHUYECKOTO
pelieHus.

Tak xak B HacTosIIee BpeMs TPYIHO MPEICTAaBUTh PElICHUE HayYHbIX U MHKEHEPHBIX 3aJa4
06e3 wucnonbzoBanuss OBM, To B pasmene "UucCleHHBIE METONBI pEUICHUA  3aaad
TETJIOTIPOBOIHOCTH' TIOKA3bIBACTCSI, KAK CO3JAIOTCS YPAaBHEHHS B KOHEYHO-PA3HOCTHOU (opme
UL pa3nuyHbIX  “y370B“ M3ydaemoro Tena. PaccmarpuBaroTCsi BONPOCH YCTOMYHMBOCTH
pa3HOCTHBIX cxeM. B mnpunoxenun II npuBomsTcss mnporpamMMmbl pacyeTa JIBYMEPHOTO
TEMIEPATYPHOTO MOJIsI UTEPAIIIOHHBIM U MaTPUYHBIM METO/IAMHU, a TaKKe TEKCT



4

porpamMMbl  pacueTa TEIJIOOOMEHHOTO ammapara i BBITIOJHEHUS KypCcOBOM pabOTHI IO
Meroauke [27].

Cnucok nuTeparypbl, NPUBEACHHBIM B KOHIIE JICKIIMH, TIO3BOJISIET CTYJIEHTYy OoJjee
MIyOOKO W3YyYWUTh HMHTEPECYIONIME €ro BOIMPOCHI, KOTOPBIE B PsIJI€ CIy4acB M3JI0KEHHI B
KOHCIIEKTUBHOU (hopme.

Yacrts 1. Texunyeckasi TepMOAMHAMMKA

1. OcHOBHBIE NOHATHS TEPMOIMHAMHUKH

TepMmoanHaMuKka - 3TO HayKa, W3ydarolllash 3aKOHBI MPEBPALIECHUS SHEPIHMHM B Pa3IMUHBIX
mporeccax, CONMPOBOXKAAIOMIMXCSA TEIUIOBBIMH 3 dextamu. TepMmoauHamuKa - JeAyKTUBHas
Hayka: OHa Oa3upyeTcsi Ha OCHOBHBIX 3aKOHAaX MPUPOAbl (MIEPBOM U BTOPOM Hauaiax
TEPMOJMHAMHKH) UM HOCUT (EHOMEHOJIOTMYECKUN XapakTep, TMpHUBJIeKas i CBOMX
HCCJIEIOBAaHUM ONBITHBIE JaHHBIE.

KpaTkuii uCTOpUYECKHUl OYEPK Pa3BUTHUS TEPMOINHAMUKHU

TepMoauHamuka Kak Hayka BO3HHMKJIA B Hayaie XIX Beka. OCHOBHBIE 3aJaud, KOTOPBIE
OHa JIOJDKHA ObUIa pelIaTh - TO YCTAHOBJIEHHWE KOJMYECTBEHHOM CBSI3U MEXIy TEIUIOTOW U
paboToli ¥ TOBBIIIEHHWE TEIJIOBOW A(P(EKTUBHOCTH TAPOBBIX MAIWH, KOTOPHIC CTaIH
IIMPOKO HCIOJI30BAaThCS B MPOMBINUIEHHOCTH. B 1824 romy dpaniy3ckuit wmxenep Camu
KapHo omyOmmkoBan TpaktaT * PasmblnuieHuss O JABWXKYIIEH CHJIE OTHS W MalluHax,
CIOCOOHBIX pa3BuBaTh 3Ty cwiy [11]. B 3ToM Hay4HOM Tpyne OH BIEPBBIC TOKA3bIBAET, YTO
“mBukymas cuja Or"s” (pabora) 3aBUCHUT OT BEIMYMHBI TEMIIEpaTyphl ‘‘ropsdyero” u
“XOJIOTHOTO ““ HCTOYHUKOB TEIUIOTHI, M 4TO 0oJiee 3 (HEKTUBHBIMU SBIISIFOTCS ITAPOBBIC MAIITMHBI
BBICOKOTO JIaBJIEHHs, B KOTOPBIX II0 €ro CjoBaM ‘‘...0oJbliee MajeHue ‘‘reruiopona” (mon
TEIUIOPOJOM IMOHMMAIU BCE MPOHUKAloIlee BemecTBO)”. Elie Torma oH muUIIeT O NMpUYMHAX
MOTEPHU JBYDKYIIEH CHIIBL: ““...0T OECIOJIE3HOTO BOCCTAHOBJICHHS PaBHOBECHs Teropoia
Taxkum oGpazom, B pabore KapHo ObUTH 3aJ10)KE€HBI OCHOBHBIE TIOJIOKEHHUSI TIEPBOTO M BTOPOTO
3aKOHOB TEPMOJAMHAMUKH.

B 1842 roxy PobGept Maiiep ycTaHaBIMBaeT CBSI3b MEXKIY TEIUIOTOW W pabOTOM, OMpeIeIuB

Kem

MEXaHUYECKUI DKBUBAJIECHT TEMIOTE [ = ——— =4238
c —c KKaJl
p v
MpOBEeAsl  YHUKAJIBHBIA  OKCIEPUMEHT,  HAXOAUT  TEIUIOBOM  DKBUBAJICHT  pabOTHI

_ Q _L KKal
L 427 «kem

Jxemc [Ixoynp B 1843 rony,

BCIMYHMHA KOTOPOIo0 A0 HACTOAHIErO BPEMEHU OCTACTCA IIPAKTHYCCKHU

Hen3MeHHO. PaGoTe Maiiepa u JI)KOyns ycTaHaBIMBAIOT YaCTHBIM Clydail MEepBOro Havaia
TEPMOJMHAMHUKN - 3aKOHAa OTPAXAIOIIEro KOJIMYECTBEHHYIO CTOPOHY COXpaHEeHHs U

NPEBpAICHHS YHEPTHH.
Pynonsd Kinaysuyc B 1854 romy, paccmarpuBas oOpaTUMBIH KPYroBOM IMPOIIECC, BBOJIUT B
TEPMOJIMHAMHUKY HOBYIO (DYHKIIMIO COCTOSHHSI - DHTPONHUIO S W TEM CaMbIM yCTaHABIUBACT

. dQ
BTOPOW 3aKOH TEPMOJIMHAMHKHU JJII OOPAaTUMBIX TPOILECCOB dS = 7 ITo3znuee Maxkc Ilmauk B

CBOCH JTOKTOPCKOW JMCCEPTAIlMH TIOKA3bIBAET, YTO DHTPOIHUS MOXKET OBITh HMCIIOJIB30BaHA MPHU
aHaJM3e HeoOpaTUMBIX MpoleccoB (¢ yem ObuT He corytaceH Pobept Kupxrod) [14]. B obmem

ao
cllyyae BTOpPO€ Hayalo HMeeT BHUA dS 27 U XapakTepus3yeT KayeCTBEHHYIO CTOPOHY B

mpoIrieccax MpeBpalieHus YHEPTUH.
Bunmuam Tomcon (mopa KenbBHH) BBOAUT MOHSATHE aOCONIOTHOW (TEPMOIMHAMHYECKOM)
TEeMITepaTyphl, KOTOpas SBISCTCS TEPMOJIMHAMUYCCKAM MTOTEHITUATIOM.
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Jlxo3aiiss Bumnmapan 'mG0c co3maeT HOBBIM METON TEPMOJAMHAMHUYECKHUX HCCIICIOBAHHUM -
METOJl TEePMOJMHAMHYECKHX IOTCHIIMAIOB, YCTAaHABJIMBAET YCIOBUS TEPMOJUHAMHYECKOIO
paBHOBecwHs. PazBuBaeT Teopuio GazoBeIX nepexoaoB (mpasuio ¢ga3 ['mdoca).

B 1906 rony Bambrep I'epman Hepuer (1864-1941) Ha OCHOBaHWM ONBITHBIX JaHHBIX
OTKpBIBACT TPETUM 3aKOH TepMmoauHaMuku (Teopema Hepucra). CoriiacHo 3TOil Teopeme mpu
TeMIeparypax, CTpeMsAIxcs K aOCOMIOTHOMY HYJIIO, pABHOBECHBIE H30TEPMUUECKHE MPOLIECCHI

MPOTEKAIOT 0e3 M3MeHeHust sHTpormu, TO ecth IMAS,_,, =0. B aTom ciydae sHTpOmms

nepectaeT ObITh (DYHKIIMEH COCTOSHUSA U CTPEMHUTCS K HEKOTOPOW IMOCTOSHHOHM BENHYMHE, HE
3aBUCSIICH OT MapaMeTPOB COCTOSHUSA.

B pa6ortax J[.Ml.MeHnneneeBa BHEpBbIC HCIOJB3YeTCA ‘‘KpUTHUECKas Temmeparypa’, Mpu
KOTOPOH KOA(PPHUIIMEHT MOBEPXHOCTHOTO HATSKCHHS PaBeH HYITIO.

B.A. Muxenscon u b.b. ['oauublH BHECIM 3HAYUTEIBHBIA BKJIAI B TEPMOJMHAMUKY
W3JIy9CHHS.

bonpmioli Bkiag B pa3BUTHE TEPMOJMHAMUKM BHECIHM Takxke pycckue yuensie: [[.I1.
KonoBanoB u H.C. KypnakoB (TepmMoauHaMuueckue MeToao0bl B (usnueckonr xummu), H.H.
Bboromto6oB 1 M.A. JIeoHTOBHY (CTaTUCTUYECKAs] TEPMOIUHAMUKA, HEPABHOBECHBIE COCTOSIHHS),
JLA. Jlanpay (teopusi cBepxtekyudectn), B.K. CemeHueHko (TepMoavHaMHUuYecKas TEOPHUs
pacTBOpOB).

TepMoamHaMHYSCKAsl CHCTEMA

[Ton TepMOAMHAMMYECKOW CHUCTEMOM IMOHMMAIOT COBOKYMHOCTh MAaKpOTEJ, HaXOMISIIUXCS
MEXIy COOOW M OKpYXKaroleld Cpemnod B TEIIOBOM W MEXaHUYECKOM B3aWMOJICHCTBUM.
Tepmonunamuueckass  cucremMa (TC) moxker OBITh  3aKphITOW (C  TOIBWDKHOW — WJIH
HETOJIBMKHOM TpaHUIlaMU) W OTKPBITOM, KOrJa 4epe3 Hee MPOXOAUT IOTOK Macchl. Ecim
TC ne oOMeHHBaeTCs TEIJIOTOM C OKpY)KaroIed cpeaod, TO Takas CHCTeMa Ha3bIBAeTCs
agunabarudeckoir. TC MokeT OBITh TOMOTEHHOW M TeTeporeHHOW. B romoreHHo# cucreme
CBOICTBA BeIECTBAa OCTAIOTCS HEU3MEHHBIMHM BO BCEX TOYKAaX WM INIABHO HW3MEHSIOTCH,
HarpuMep, B TI0JIE TPABUTAMOHHBIX WM HMHBIX MaccoBbiX cuil. Ecimm TC cocrout w3
MOJACUCTEM C Pa3IHYHBIMA (U3UYECKUMU CBOMCTBAMH, TO Takas CHCTEMa Ha3bIBAeTCs
rereporeHHoi. B 3TOM ciywae cuumTaroT, 9Yro (U3MYECKHE CBOWCTBA HA TPAHHUIIC
MOJCUCTEM H3MEHSIOTCS CKauyKoM. B JIeHCTBUTENBHOCTH HW3MEHEHHE CBOMCTB IPOUCXOJUT
Ha JUIMHE CBOOOJHOTO TpoOera MOJIEKYIIbI.

TepMoIMHAMHYSCKHI METOJI HCCICHOBAHUS
TepmonrHaMuKa pacCMaTpUBAET CHUCTEMBI, COCTOAIINE M3 OOJIBIIOr0, HO KOHEYHOTO YHCIIa
YacTHIl, OHAa HE H3yYaeT TIPOIecCChl Ha  MOJICKYJISIPHOM  YPOBHE W ONEPHUPYET
MaKpOBEITUYMHAMU - TEPMOJMHAMUYECKUMH TTapaMeTpamMHu.

TepMoIMHAMHYSCKHI TIPOIIeCcC

COBOKYIHOCTh ~ TOCJIEIOBATENBHBIX ~ COCTOSIHUM,  MPOXOIAIIMX TEPMOJAMHAMHYECKON
CHCTEMOM, Ha3bIBaeTCSd TepMoOAMHAMHYEeCKUM TporieccoM. Ecin TC mpoXoauT mpakTUYECKH
PaBHOBECHBIC COCTOSIHHS, TO TaKOW TIPOIeCC Ha3bIBaeTCs KBa3ucTaTHUuecKuM. B mpenerne,
KOTJla TPOIeCC MPOTEKAaeT OECKOHEYHO MEJJICHHO, TO UMEEM PaBHOBECHBIN WM OOpaTUMBIN
nporecc. BooOmie moa oOpaTUMBIM TOHMMAIOT TaKOW TpoIlecC, KOorja MpH COBEPUICHUU
npsMoro U obparHoro mporecca TC TPUXOIUT B HCXOJHOE COCTOSHHE, a B OKpYXKaromen
cpene He TPOUCXOAWT HH KaKHUX n3MeHeHuid. B amarpamMmax COCTOSIHHUSI MOJKHO
M300pa3uTh TOJBKO KBA3MCTATHYECKHE WJIM PaBHOBECHBIC Mporiecchl. [loa KBa3MCTaTHYECKUM
MPOIIECCOM TOHHMMAIOT TaKOW TIpolecc, KOrja CKOpPOCTh TIpollecca HAMHOTO MEHBIIe
CKOPOCTH peaKCaluu




@<<&, (1.1)
dt T

.
rae a - moboi TepmoauHamuueckuii mapamerp (p, T, v) ; T- Bpemsi; T, - BpeMs pelaKkcaluu
- BpeMs, 3a KoTopoe BO Bcex Toukax TC ycTaHOBHUTCS TEPMOAMHAMMUYECKOE PaBHOBECHE, TO

o -16
ecTb OyJeM MMETh OJMHAKOBBIE (PM3MYECKME CBOWCTBA (Ul ra3oB 7, = 10 CEKYH[).

[TapameTpsl TEPMOIAMHAMHUYECKOW CHUCTEMBI

- 9TO MAaKpOBEJIMYMHBI, XapaKTepu3yronre (pU3NUecKoe COCTOSHUE TEePMOIUHAMUYECKON
cuctembl. K HuUM oTHocsATcs Temneparypa T, JaBieHue - p, o0wveM - V ( TepMUUecKue
napaMeTphbl).

Temneparypa sBIS€TCS OJHUM U3 OCHOBHBIX TEpPMUYECKUX MapameTpoB. TemmepaTypa
€CTh Mepa HarpeTocTu Tena. TemmepaTypa Tena, U3MEpEHHas TEPMOMETPOM, Ha3bIBAETCA
smrupuyeckoit (7). K monstuio abcomorHor Temmneparypbl (7' ) NPUBOIUT KUHETHYECKAS
Teopus Tra3oB. Mexay cpeaHeld KMHETHYECKOM SHEpPrueid MOCTYNaTeIbHOrO  JIBUKEHUS
MOJIEKYJI U TEMIIEpaTypoil CyIEeCTBYET CBS3b

2 mw’
———=kT, (1.2)
3 2
_ w.N,
IIe m - Macca MOJIGKYNBl; W =“go——— - CpeIHss CKOpPOCTh MOCTYHNATeIbHOTO

>N,

R ) XK
MBWReHHS MonekyT; k= 0= 13810 2 Ii{ - mocTosiHHAasg bBomblMaHa (yHHMBEpcanbHas
0

JIx

ra3oBasi IIOCTOSIHHAas Ha OJHY MOJIEKYNy rasa) ; Ro= 831471{— YHUBEpCaJIbHasi ra3oBas
KMOJIb

1
mocrosiHHasg, Ny = 6,0228 - 10 %~ 4yucno ABorasipo (4Mcio MOJEKYI B OJHOM
KMOJIb

kwiomone). M3 (1.2) cmemyer, wuyto T  SBISETCA  CTaTUCTUYECKOW  BEJIIMYMHOM,
XapaKTEepU3yIOLIel COCTOSHHE OOJBIIOrO0 YWciaa MOJIeKYld. Mexay aOCONIOTHON H
SMIUPUYECKON TeMIepaTypor, U3MEpeHHOW B rpagycax Llembcus, CylecTByeT 3aBUCUMOCTH
T =t+27316, K (1.3)

JlaBneHue, Kak M TeMmIleparypa, - CTaTUCTUYecKkas BeauuuHa. M3 Kypca MONEKyIspHOI

(GbU3MKU M3BECTHO, YTO JAaBJIEHHE Ta3a Ha CTEHKH COCyJa MOXKHO paccuuTaTh 1o Qopmyie
—2

p=an  H/m? (1.4)

rae n=Ny/V, - 4ucio MOJEKyJ, 3aKIIOUEHHBIX B 00bEME OJHOIO KMIOMOJIA ;
Vu=224 M/ KMOJIb - 06BEM OIHOTO KHIIOMOJIS IIPU HOPMAJIbHBIX YCIIOBHSX ( pn=760
MM. pT. cT. = 1,013-10 5 IMa, ,=0C); o-k03PPUIUEHT CKUMAECMOCTH.
C yuerom (1.2) nepenumem (1.4) B Buze
p=aMo B p_@RT (1.5)
vV, N, v,
Jig npeanbHOrO rasa, MOJIEKYJbl KOTOPOTO IMPEACTABISAIOTCS B BHJAE MaTepUAIbHBIX TOYEK,
UMEIOIIMX MacCy M He MMEIOUIMX 00beMa, a B3aHMMOAEWUCTBUE OCYIIECTBIIETCS TOJIBKO 32
CYeT ympyrux coyaapeHuit (o= 1), MOXXHO Hamucartb
pVyu = RoT. (1.6)
Boipaxkenue (1.6) sBnasieTcss TEPMUYECKMM YPAaBHEHHEM COCTOSHUS HJICANBHOTO rasa s
onHoro kuiomodns. [ns M xkunomonei

pV =MR,T . (1.7)



VpaBuenne coctostHust B dopme (1.7) Hocut HazBanme Kiameipona-Menjeneea.
Tak xak macca rasa

G= Mu, (1.8)
rae M- MOJIEKyJIIpHas Macca rasa, Kr/ kmoib, a R = Ry/u, 1o (1.7) MOXHO mepenucatb B
dopme Kmaneitpona

pV = GRT. (1.9)
PaznenuB ypaBHenue (1.9) Ha maccy rasa, Mmojgydum

pv = RT,
rae v = V/G - ynenpHBI 00BeM rasa, M/KT. VaensHBIH 00BEM Ta3a CBA3aH C IUIOTHOCTBIO
COOTHOLIEHUEM p = 1/v, Torma

p = pRT. (1.10)

Takum oOpa3oMm, 4YeM BBIIIE IUIOTHOCTh W TEMIIEpaTypa HIACAIBHOTO Ta3a, TeM OOJIbIle
nasineHue. JlaBiaeHue, BXOHsIIee B YpaBHEHHWE COCTOSIHHUS, Ha3bIBaeTCA aOCOJNIOTHBIM H
m3Mmepsiercss B Ilackamsx (Ha:H/MZ). Ecnu paBneHwe raza B cCOCyle BBIIIE JIaBJICHUSA
OKPYXKAIOMIEeH Cpenbl p,. (0apoOMETPUYECKOTO JaBJICHHS), TO aOCONIOTHOE J1aBJICHHUE

P=DPman + Poc» (1.11)
TA€ Puan=Pus6 - JABIEHHWE HW3MEPECHHOE MAaHOMETPOM (MAaHOMETp H3MEpPSIET H30BITOYHOE
JIaBJIICHUE MEXIy NABJICHHUEM B COCYy/I€ U OKpYKAIOIIeW cpelnon).
B cnyuae, xorma naBneHuWe Tra3a B COCYAE€ MEHBINE JaBICHUS OKPYXKAIOMIEH Cpeapl, TO
HCITONIB3YETCSl BaKyyMETp, TOTIIa

P=PDoc - Prax - (1.12)
CkazaHHOE€ MOKET OBITh MPEJCTaBIeHO B rpadudeckoM Buae (cMm. puc.l.l).
p
A A
Pran=Pus6
v
A p
'pBaK
A poc:p6ap
v p A\
Puc. 1.1
YnenbHBI 00BbeM  Tak ke Kak 1 W p, XapakTepuszyeT (U3MUCKOE COCTOSIHHE Tela
aN, kT aRT
V= = . (1.13)
PH p
Tepmonunamuueckue mnapametrpbl (TII) MoryT OBITH 3KCTEHCHBHBIMH W WHTEHCHBHBIMH.
K 5KCTeHCHMBHBIM MapameTpaM OTHOCSITCS BHYTpPEHHss sHeprus raza U, sHramenusg [ = U

+ pV, oHTpomus S. DOTH mapameTpbl 00JIaJal0T CBOWCTBAMHU aJJUTUBHOCTH (WX MOXKHO
CKJIaJbIBaTh). VIHTEHCUBHBIMU MapaMeTpamMu SIBIAIOTCS p, T, yAeIbHBIH 00bEM V - OHU HE
00J1a1al0T CBOWMCTBAMH aIJUTHUBHOCTH.

Tennoma u paboma u ux uzobparcenue 6 OUAZPAMMAX COCHMOAHUSA
Tennora u pabora - 3T0 1aBe (HOpMBI HHEProoOMEHa, KOTOPHIE NPOSBISIOT ceOs Ha
rpanune pasnena TC npu mepepgadye >HEPrHMU OT OAHOM cuUcTeMbl K apyrou. Temnora u
pabota sABIAIOTCA GYHKIUSIMH TPOIECCa, TO €CTh YTOOBl HMX OINPEJSTUTh HE0OXO0IUMO
3HaTh ypaBHEHHE mpouecca, AuddepeHnnansl oT 3TUX (YHKIHUH ABISIOTCS HENOJHBIMHU.



So B TexHuyeckoil TepMOAMHAMHUKE MCIOJB3YIOT TaKHe

é)oggo MOHATHSA, Kak pabora w3MeHeHHss oO0bemMa u paboTa

. W3MEHEHUs JaBlieHus (TexXxHW4Yeckas pabora). Paccmorpum
é%% pabotry wu3MmeHeHuss oObema. Ha puc. 1.2  moxazan

AH SEER BEPTUKAIBbHBIA IMJIMHAP C HEBECOMBbIM MopiiHeM. bynem
eteeleieiore CUMUTaTh, YTO OOKOBBIE CTEHKH TMOPIIHSA IJIOTHO MPUIIETAIOT

v K IWIMHAPY, HO TPEHHE MEXIy IMOpIIHEM U IWIMHIPOM
raz —— OTCYTCTBYET, a Tra3 HeBsI3kuidl. byaem cuurarh, 4TO B
HayalbHBII MOMEHT BpEMEHHU JaBJIeHHE raza B cocyle U

TeMmmeparypa paBHBl  JaBJICHHIO U TemrepaType

Puc.1.2 OKpyXKawomed cpefapl. B 3TOM ciiydae roBOpST, 4YTO Takas

TC HaxoauTcs B MEXaHWYECKOM M TEINIOBOM PAaBHOBECHU C
OKpYXKaloled cperod W He CcrocoOHa coBepmuTh padory. Eciam Temepp HAchIaTh apo0b
Ha TOpIIeHb, TO BHEIIHSSI Cpefa B IOJ€ TPaBUTALIMOHHBIX CHJI HAYHET coBepuIiaTh padboTy
nax TC. Ilpu nepememennn nopuns Ha AH Gymem umers

A Hz . V2 .
L,=g| [ G,@drdH=[pdV e G, (@), xrl. (1.14)
0 H, Vi
Jnst sneMeHTapHOW paboOThl M3MEHEHHs 00beMa MOXKHO HaIucaTh
dL=pdV . (1.15)

[Ipunsto cuurtath, 4yto ecnu dV>0, To u dL>0, To ectb TC coBepmaer paboTy Han
okpyxatomenr cpemoit. IIpu dV< 0 dL <0 : B srom cimyuae OC coBepmiaer paboTy Han
TC. Tak kak Macca rasa Hew3sMeHHa, To, paszaenuB (1.15) wa G, moaydyuMm yaeIbHYIO
paboty m3MeHeHHs o0bema dl = pdv, JIx/xr. (1.16)
WHTYUTUBHO MOXKHO TMPHUNTH K BBIBOJY, UTO paboTa M3MEHEHUsi o0bema OyneT 3aBUCETh OT
CKOPOCTH 3arpy3ku JpoOu Ha mnopiieHb. JleiicTBUTEenbHO, eciau ApoOb HachIMaTh OYEHb
MEIJIEHHO, TO BO3MOXXHa CHUTyalus, Korga 3a cueT TemwiooomeHa ¢ OC Tekymas
TeMriepatypa OyaeT MpakTHUecKH coBmazaTh ¢ Temmepatypoil OC um Mbl OyneM HMeETh
u3oTepMuyeckuil mpouecc. Ecnu 3arpy3ky mnopmiHs JIpoObl0 OCYIIECTBUTH OYEHb OBICTPO,
to TC nHe ycmeer oOMeHaTrbcs Temiorod ¢ OC w TakoW TMPOIECC MOXHO CUUTATh
UJeaTbHBIM aanabaTuueckuM  mporeccoM. [IpomMeXyTOUHBIN Ciydail, KOTJla HMEET MECTO
termooOMeH ¢ OC, Ha30BeM MOJUTPONMHMYECKHM TiporeccoM. OHAKO BO BCEX CIIydasx
npeanojaraercs, 4ro BbeIonHsAeTCsS ycinoBue (1.1). Takum oOpa3oMm, MBI MOKa3ald, 4YTO
pabota wu3MeHEHHs1 o0beMa ecTb (YyHKIUsA mporecca. OTMETHM, YTO TIPH PABHOBECHOM
Ipolecce JaBlieHUE BHEIIHEW Cpelbl Ha MOPIIeHb PAaBHO IO BEJIMYUHE U MPOTHBOIIOIONKHO
[0 HaNpaBJIECHUIO

’77

. . p»=12,07-10"TIa

T,»=549K

P ? P
1
P1
2 27\ 27 dT=0 71,=1462K
Py A5 dl=pdv :
p Tocl P2=Poc o)
P1=Poc ﬂ M
»iady v v

,=0,13Mm>/kr

Puc.1.3 Puc.1.4

1-2 -n30TEepMUYECKUIT ITpoliecc,
1-2” -monuTpOnMUYECcKHUi Ipolecc,
1-2” -uneanbHbIi aguabaTHYecKuil mporecc



JABJICHUIO ra3a B LIMJIUHApPE.

[Ipomeccrl, ymonerBopsitomue yciouto (1.1), MokHO H300pakaTh B JuarpaMmax
cocrossaus. Ha pwuc.1.3 mokazana pabota cxkatus (dv < 0) mis pasnmuuHbIX TporeccoB. M3
pUCYHKAa BHUIHO, 4YTO pabOTa H30TEPMHUUYECKOrO CKaTUs (3alITPUXOBAHHAS IUIOMIAAL I1OJ
KpUBOIl mporiecca) Oonbliie ABYX Jpyrux paloT, KOIrJa KOHEYHOE JaBlieHHuE I BCeX
MPOIECCOB OAWHAKOBOE. Tak, I Ciydas: poc = 1,013-105 IMa, Toe =273 p;s - 6:10° Tla
paboTa HM30TEPMHYECKOTO CXaTusi Bo3ayxa B 1,146 pasa Oombmie pabOThI  CHKATHS
ueanpHoOro aauadaTudeckoro mnpouecca. OpHAKo ecnu CXKHUMaTh BO3AYyX 1O TOTO K€
yaeneHoro oomema vy, TO liayr/li27a: = 0,751. B mpouecce pacmupenus (cM. puc.l.4)
paboTa HM30TEPMUYECKOTO pACHIMpEHUss MpH TeX Ke YCIOBUAX Oonbllle HUAeaTbHOM
aguabarudeckoit padotel B 1,91 paza.

[Ipu paccMOTpeHMM MOTOYHBIX MPOILIECCOB, KOTOpPHIE MMEIT MeCTO B OTKpbIThIX TC,
WCITOJIB3YETCSl TIOHSATHE TEXHHUYECKOW palboThl (paboTa m3MeHeHHs namieHus). Ha puc.1.5 B
p -V quarpaMme  IOKa3aHbl — IPOLECChl  pacHIMpeHuss M TexHudeckas  pabora
(3amTpuxoBaHHAs IWIOMIAb). [lomyduM BBIpaKEHHE TEXHWYECKOW paldoThI pu ds=0.

- vy
Lisryex =PV + J-PdV_szzf =—(pvy—pv)+ Ipdv. (1.17)
W W

B muddepenunansuoit popme Oynem umerhb
dl.. =pdv—d(pv)=—vdp. (1.18)
[IpousBenenue pv Ha3piBaeTcsl paboToi ‘“‘mporankuBaHus’. PaboTa NpPOTAIKHWBAaHUS - 3TO
paboTa, KOTOPYIO HY)XHO COBEPIIUTH B Cpele C JaBJIEHUEM p, YTOOBI OCBOOOAMTH 00BEM
V. Takum o00pa3oMm, MBI NPUXOAUM K BBIBOJY, 4TO
TeXHHUYecKas pabora Oojbiie padOThl W3MEHEHHS
p 1 o0beMa Ha BeIMYMHY paboThl NpoTaikuBaHus. U3
P1 puc.1.5 BugHOo, YTOo paboTa  HM30TEPMHUYECKOTO
dl 1, = —vdp paclMpeHus Ooibllle  WACATBHOM  TEXHHYECKOUH
paboThI MPU M30HTPONMUHOM pacuIMpeHur. B Hamem
dT=0 cliydac l(l-Z)T/l(l-Z”) Tex.un — 1,361 B Impouecce
CXXaTus (CM. pHCl6) l(1-2)T/ l(l_z") Tex. ug — 0,819 B
2771 2’ 2 CBSA3M C JTUM B IIOPIIHEBBIX KOMIIPECCOpPAX C LENbIO
YMEHbBIIECHUS TEXHUYECKON paboThI COKATHS
ViV VarVvy vy 14 NPUMEHSIOT OXJIKIAEHHE MUIMHAPOB (mporece  1-27).
Kak oTrmeuanocs BbIlIe, TEIJIOTA, KaK U paboTa, SIBIISETCS
¢ynkuumeit mpomecca. TemnoTy, NOABEACHHYIO WIH
Puc. 1.5 OTBEJICHHYI0O B  KakOM-TH0O  KBa3HCTaTHUYECKOM

nporecce, yaoOHO m300paxkaTth B T-s auarpamMme, TaK Kak
P dq =Tds (cm. puc.1.7). Tak kak T Bceraa Gosblie HyJIsl, TO

XX eci ds>0, To u dg>0. B ciyuae ds<0, Oyner dg<0. s
) 2) mpoiiecca, n300pakeHHOro Ha puc.1.7, MOKHO HaIucaTh

oc S2
/ q4,_, = ITds, (1.19)

P 1 S

rae s, Jx/(xr-K)- ynenbHas sHTponust, QyHKIHS COCTOSHHUS,
0 KOTOpO#M OyZeT ckazaHo mo3xe. Tak kak ds>0, To TeroTa
(n300pakaeMast 3aIITPUXOBAHHOM TUIONIAABI0) B Tiporiecce 1-2 mogsoautcs k TC.

Puc.1.6
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YpaBHEHHE COCTOSIHUSA
T Jis mpoCTBIX TepMOJMHAMUYECKUX
CUCTEM, KOTOpbIe UMEIOT JIBE CTENEHU
cB0O0OABI (MOXHO TMPOM3BOJILHO H3MEHSThH
2 Ba  TEPMOAMHAMHUYECKUX  IapaMeTpa),
MO>KHO HalucaTth
T f(p,V, T)=0, (1.20)
) dq=Tds Uu=UWV,T), (1.21)
1 rae U - BHyTpeHHss sHeprus rasa, [k,
I=I1(p,T), (1.22)
rae I=U+pV - saTanenus rasza, Jx.
YpaBHeHue (1.20) Ha3BIBACTCS
TEPMHUYECKUM YpPaBHEHHEM COCTOSHUS, T.K.
> d CBS3BIBAET MEXIy Cco00ll TepMHUUecKHe
5 napameTpbl. [lns  peanbHBIX Tra3oB B
Puc.1.7 HacTosimiee Bpemsi monydeHo Oomee 150
SMIUPUYECKUX  YPAaBHEHUH  COCTOSHUS.
HaunbGonee mpocThiM W3 HUX sBIsIeTCs ypaBHeHHEe BaH-nmep-Baanbca, KoTopoe KaueCcTBEHHO
yIIOBJIETBOPUTEIHLHO OMKCHIBAET MOBEACHUE pealbHBIX ra30B BILUIOTH JI0 MEPEX0]a UX B KHUAKOE
COCTOsIHME. B TeoMeTpuyeckoil WHTEpHpeTalliid ypaBHEHHE COCTOSHUS TMPEICTaBIsSET COOOM
MOBEPXHOCTh B TpexmepHout (p,V,T) cucreme koopauHaT. J[robas Touka STON MOBEPXHOCTH
COOTBETCTBYET PaBHOBECHOMY COCTOSIHUIO Ta3a, a TepMOJIMHAMUYECKHUI mpoliecc n300paxaercs
KpPUBOM Ha ATON MOBEPXHOCTH. VpaBuenus (1.21) u (1.22) Ha3bIBaIOTCA KaTOPUYECKUMU
YpaBHEHUSIMHU COCTOSIHUS (YCTaHABIUBAIOT 3aBUCUMOCTH U U I OT TEpMUYECKUX [TapaMeTPOB).

— 412

2. IepBblii 3aK0H TEPMOANHAMUKH

[TpuHIINTT SKBUBAJIEHTHOCTH TEIUIOTHI ¥ pabOTHI, OMBIT JIKOyIis

[TpuHIINTT SKBUBAJIEGHTHOCTH TEIJIOTH U PaOOTHI SIBJISETCS YaCTHBIM CIydaeM MEPBOTo 3aKOHA
TEPMOJIMHAMHUKH - 3aKOHA COXPAHEHUS U MIPEBPAIICHHS YHEPTUH.

Eme M.B.JlomoHOCOB cuuTai, 4yTo ">KuBas cujia MEXaHHUYECKOTO JABUYKECHHS MPEBPAIIAECTCS B
JKUBYIO CHJIy dYacTHI] Harpetoro Tema'. Pymdopa B pesynbTaTe NMPOBEACHHBIX OIBITOB (OH
M3y4all BbIJIEJICHUE TEIIOTHI IPU CBEPJICHUH CTBOJIOB IymeK, 1798 r.) npuxoauT K BBIBOAY, YTO
TemioTa He sipngercs BemecTBoM [14]. Tloznnee Maiiep (1842 r.) ycTaHaBIMBAET CBSI3b MEXKIY
TEIJIOTOW U MEXaHWYECKOW paboToH, ONpeaeuB MEXaHMYECKUH SKBUBAJICHT TEIUIOTHI J=423,8
krm/kkan. B 1843 r. Jkoynb, mpoBeass YHUKAJIbHBIM 3KCIEPUMEHT, HAXOIUT, 4yTo J=427
krm/kkan. [locnennue wuccnegoBaHusi MOKas3biBaloT, 4to J=426,939 krm/kkan. Ha pwc.2.1
MoKa3aHa TMPUHIMIHAIBHAS CXeMa yCTaHOBKH J[Koyis.

[Ipu nBwxeHuu tpy3a G B IMOJE TPaBUTAMOHHBIX CHUJI COBEPIIAETCS MEXaHUYeCKas

pabora L Han annabaTHYeCKON CHUCTEMOM Maccon Gy, TIpEACTaBIISIIONIEH COOOM
TEIUIOU30JIMPOBAaHHBIN COCYI ¢ BOJIOW. banaHcoBoe ypaBHEHHE B 3TOM ClIy4ae UMEET BUT
L=G AHg =G, c, At. 2.1

B xome ombiToB ObUIO OOHApY)KEHO, YTO TPH COBEPIICHUH HAJ CHCTEMOW MEXaHWYECKOU
paboTsl, paBHOU 427 KI'M, TeMIiepaTypa BoJbl Maccod B 1 kr yBenumumBanach ¢ 14,5C no 15,5C,
YTO COOTBETCTBOBAJIO MOJABOAY K TC OTHOM KHUIIOKAJIOPUU TETUIOTHI
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0 1 xkan

=AL = A== , 2.2
Q L 427 xrm 2.2)
1 r7ie A- TETIOBOW SKBUBAJIEHT PaOOTHI.
t - Takum  obpasom, JlxkoyiaemM  ObLIO

JIOKa3aHO, 4YTO ONpPEACICHHON 3aTpayeHHOH

MEXaHHYeCKOH paboTe Bcerja COOTBETCTBYET

G

G. BbIJICIICHUE OIpEIENIEHHOT O KOJINYECTBA
|
‘ TeTJIOTHI.

BHyTpeHHss SHEprusl ¥ SHTAIbIHS
AH OHeprusi  JBWXKylierocss — tema  E
CKJIAILIBAETCSA u3 KUHETHYECKOU Eom,
MOTEHIUAIBHON Epor U BHYTpeHHEU sHepruu U

A

NHHIHH DR R

(cMm. puc.2.2), T.e.
N w4 Gw?
i ninnn?”” W
PHC.Z 1 E:EKHH+EH0T+U :T+gGH+U . (2.3)

B nanpHeiimeM B OOJNBIIMHCTBE CiIydaeB Oynem
nonaratb Eygy= Eyr =0, Torma E=U. B cBoio ouepens, BHYTpeHHss dHeprusi U MOxKeT ObITh
MPE/ICTABIICHA B BUJIE CYMMBI

v=U,, +U_ +U,, (2.4)
U ree U, =U,, +U, +U,, - KUHETHYECKas SHEprus
II.T. ras MOJIEKYIL;
' 2
n
w _ m;,w;
Unpg = - KHMHETUYECKas SHEPIus
H i=1 2
NOCTYNATEeIbHOIO IBHKECHHS MOJIEKYT;
n -2
— i
Ugpyp = 2 - DHEprHs BpAILATEIbHOIO JBUKEHHS
i=1
Puc.2.2 MOJIEKYJ; I; , @3- MOMEHT UHEPLUU U YIJIOBasl CKOPOCTh

MOJEeKYNbl; Ugon - DHEPrus KoyedaTelnbHOTO JIBUKECHUS
AJ1ep aTOMOB;
Unor - TOTEHIMATIBHASI SHEPTHSI B3aMMO/ICHCTBHS BCEX MOJIEKY MeXay co00ii; Uy - BHyTpEeHHSA
SHEPTUs Tena MpH TemiepaType abCOIOTHOTO HYIIS.
Buytpennss sHeprus peanbHoro raza U=f(T,V) sBusercs (QyHKIUEH COCTOSHHS, a
nuddepeHman oT 3Toi (YHKINH - TOTHBIM:

au = (an dn(an av. @5)
ar ), v ),

Jlng maeanpHOro ra3za, B KOTOPOM MOJIEKYJa pPacCMaTpUBAETCs KaK MaTepHalbHas TOYKa
(MMeeT TONMBKO TPH CTEMEHU CBOOOIbI OCTYNATEIBHOTO IBUKCHHUS)

—2
.- R G

i =§N1<T=§NOM—0T=§MROT=é RJ:EGRT’ (2.6)
2 2 N 2 2 u 2

0

UI/I,I[.F = N

rae N — 9uciao MOJIEKYIL.
B o6mem ciryuae

3+0,
U = T"GRT, Tk, 2.7)

AT

e Opp - YUCIIO CTETIeHel CBOOOBI BPAIATEIFHOTO IBUKEHHST MOJICKYJIBL.
PaznenuB (2.7) Ha Maccy rasa, HOJIy4uM yJIeIbHYIO BHYTPEHHIOIO SHEPTUIO
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3+0
ul/lﬂl‘ = a RT, II}K .
' 2 KT

OHTanenus, Kak M BHYTPEHHssA OJHEprus, sBisercs ¢QyHkuuend coctosuus. I[lo
OIIPEIEICHUIO DHTAJIBIINS PaBHA CyMME BHYTPEHHEH DHEPIUH Tella U MOTCHIMAIBHOU SHEPruu
JIaBIICHUS

(2.8)

I=U+pV. (2.9)
JIeCTBUTENIBHO, €CIU PacCMOTPETh CHUCTEMY, COCTOALLYH0 M3 ra3a B LWIMHAPE U IOPLIHSA
wiomaneo F ¢ rpy3oMm, o GgH = pFH = pV. Takum o0pa3om, SHTAIBIH XapaKTepPHU3yeT
SHEPIHUI0 paclIMpeHHOM cucteMbl. Paccmorpum  otkpeityto  TC. Cuma  ctaTM4ecKoro
JIaBIICHUs, JIEHCTBYIOIIAs Ha >JEeMEHTapHyl0 Maccy dG, coBepiiaeT paboTy MpPOTaIKUBAHHS

pFdx, nepememmas 5TOT JJIEMEHT Ha paccrosHue dx, Ho dX=wdT,a w= G/ (pF ), KpoMe
: G pdG
toro, G =dG/dt, torna pFdx= pFwdt= pF—FdZ' :Mdf = pvdG . CrnenoBaTeNnbHO,
P

JUTSL OTKPBITOM CHCTEMBI SHEPTHUsl OTOKA AJIIEMEHTAapHON Macchl paBHA

2 2
dE = (u +pv+ W? + gh]dG = (i + W? + ghjdG =("+gh)dG.  (2.10)
AHaJIOrM4YHO BHYTPEHHEW SHEPTUU, MOXKHO 3alIUCaTh
I=fp1y. ai=|2 dp+[alj dr . @2.11)
p ), oT ),
dG
P >
H > 4
v Ldx, I
Puc.2.3 Puc.2.4

Buyrpennsst suepruss U  w dHTanmenus [ o0mamarT
CBOMCTBOM aJJIMTUBHOCTH €CIM MOXHO TpEeHeOpedh MOBEPXHOCTHOW SHEPrued Ha TpaHUIlax

n n
MOJICUCTEM, 4YTO CIIPABEINBO ISl MakpoTen, T.e. U = ZU 1= Z I;.
i=1 i=1
BHyTpeHHIOI0 SHEpPrul0 W  DHTAJIBIUIO
MOXXHO TOKa3zaTh B p-V puarpamme (cM. puc.2.5).
1 IIpu dS=0 pabota wu3MeHeHUss oObeMma

L_,=U -U,. Ilpennonoxum, 4YTO IPOLECC

» ‘

U, pacimupeHusi ocyuecTBisercs 10 pr=0, Toraa

| BHYTpPEHHsIsl SHeprus rasza B Touke 1 U; B p-V
A RS RTINS e
%%/ 2 ZI_{&MLHHH OTIPECITUTCS TIIOMAABI0 0-c-1-

‘ &

AHanuTHYeCcKOe BBIPAXKCHUC IEPBOI0 3aKOHA

TEPMOIAUHAMUKA
JUIA 3aKPBITOM U OTKPBLITON CUCTEM
Puc. 2.5 PaccmoTpum 3aKPBITYIO

TEPMOJMHAMUYECKYID CUCTEMY C TOABUKHOU
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TpaHUIEH W HadaJdbHBIMU NapameTpamu Vi, U;. Eciu BHemH:sA cpefa coBepmut padoty Hag TC
U OTJACT i TEeIUIOTY, TO  BHYTPEHHSSI DHEPIHsi B HOBOM COCTOSIHUU paBHa

Va
U,=U,~[pdv+Q,,, 2.12)
Vi
Q
s w @, =U,~U,+ | pdV. (2.13)
] i
j Breipaxxenne (2.13) sBisieTcsl 3amuchlo TEPBOIO
3aKOHAa TepMOJUHAMUKU s 3akpeitod TC B

“— pF unrerpamsuoit dopme. B auddepennuanprom
BUJIe OyJIEM UMETh:
dQ=dU + pdV , (2.14)
T.C. TETIOTA, MOJIBEICHHAS K
UV, Puc.2.6 U,V TEPMOJIMHAMHYECKOW CHUCTEMe, B OOIeM cirydae

UJEeT Ha yBeauuyeHue BHyTpeHHeu sHepruu TC u
COBEpIIICHHE padOTHl U3MEHEHUsST 00beMa.
Hns Oomee  ciaokHBIX  3akpbIThiIX TC  mepBBIE  3aKOH  TEPMOJWHAMHUKH B

n
muddepeHIanbHON QopMe 3amuChIBaETCs C YYETOM CYMMBI paboT Zde , HE CBA3aHHBIX C
i=1
U3MEHeHneM o0beMa (Hampumep, padoTa MPOTHB CHUJI MOBEPXHOCTHOTO HATSKEHHUS, paboTa B
I'PaBUTALIMOHHBIX, YIEKTPUYECKUX U MATHUTHBIX TOJISIX):

dQ=dU+pdV +Y dL, .
i=1

Paznenus (2.14) Ha maccy rasa, moJydum
dq=du+ pdv, JIx/xr. (2.15)

B nanpheiinieM, Kak mpaBuiio, Mbl OyZieM UCIOJB30BaTh MEPBbI 3aKOH TEPMOAMHAMUKHI
B BHuE (2.13)- (2.15).

BrimoauB peoOpazoBanue Jlexxanapa (mpeodpa3zoBaHue MEHSET MECTaMH 3aBUCUMBIC U
HE3aBUCHUMBIE TIepeMeHHbIe) Haa (2.15), T.e. mpubaBisist W BBIUUTAS d(pv), TOIYYUM JPYroe
M0JIE3HOE BBIPAXKEHHE NEPBOI0 3aKOHA TEPMOAMHAMUKHI

dg=du+d(pv)—d(pv)+ pdv=du+ pv)— pdv—vdp+ pdv=di—vdp . (2.16)

Paccmorpum  otkpeiTyto TC  (cm. puc.2.7). Ha Bxome B KaHas, pacrojoKEHHBIH MO
YIJIOM K TOPU30HTY, MOTOK MMEET SHEPTHUI0 El =] C+ GgH ,» @ Ha BBIXOJE: EZ =] S+ GgH ,. B
pesynbraTe moaBojaa K TC moToka TemiaoThl U COBEPILEHUS €10 TEXHUUECKOH paboThl B €IMHULLY
BpEMEHU MPOU30HAET M3MEHEHHE DHEPruM MOTOKa E2 —E1 = Q1_2 -L

Tex 1-2
I; +G'gH2 —I'l* —Gng =Q1_2 +L

Tex1-2 *

NI

Pa3pemiasi ypaBHeHHE OTHOCUTENIbHO MOTOKA TEIUIOTHI,

IMOJIy4YUM BBIPAXXCHHUE TIICPBOro 3aKOHa TEPMOANHAMHUKHN  1JIA OTKpBITOﬁ CHUCTEMBI B
HHTErpajibHOM BHUIC
O,=L,—I +L_, ,+Gg(H,—H,). (2.17)

‘Tex 1-2
B nuddepennmansaoit popme OyneM UMETh

dQ =dI" +dL,  +GgdH ,Br. (2.18)
B OonpmmHCTBE CiiydaeB, KOrAa B KadecTBE padouyero Tesa UCIONb3YHTCs ra3bl WK Haphl,
MOJKHO IOJIOKUTE dH =0, Torna
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dQ=dl" +dL,, . (2.19)

PaccmoTrpuM dactHble citydau. [{ins mapoBod win
ra3oBoi TypOWHBI, UMEIOIICH TEIJIOBYIO H3OJISIIHIO,

3 (2.19) MOJTy4YUM dL . =—dI wm

TEX

LTexl—Z = _(I 2

(TexHuueckast paboTa) OCYIIECTBISETCS 3a CYET
2

. .. o . . C
yOBbLIN TOJHOM PHTANBNUU [ "=Gi' =G z+? , TIe

—jf):ji*—i;, T.. pabora TypOHHBI

C- CKOPOCTb MOTOKA B a0COJIFOTHOM JIBHIKCHHH.
Puc.2.7 Jlnst rasza, ABIOKyIIErocs B aanabaTHUYecKoM

KaHajle, ypaBHeHHe dHepruu npumer sun dl =0,

umn I =const. Takum o6pasom, s JTIOOBIX JIBYX cedeHMil Ipu moctosHHOM pacxoge G
2 2

. C . C
MO>KHO HAIMCATh [, +?1 =1, +?2. Takas 3anuch cnpaBeyIMBA KaK U HUICAIBHOTO, TaK U IS

peasbHOro MOTOKA ¢ TpeHueM. JlelicTBUTeNbHO, paboTa CUJl TPEHUS IPUBOAUT K POCTY YIEIbHOM
2

e . C o
SHTAJABIMHM W YMEHBUIEHHIO CKOPOCTH, HO BCerjga i =l+3=const. [lepBBlii  3aKOH

TepMoauHamMuKu st oTkpbiTol TC crnpaBeuyiuB W AJiE CUCTEM, B KOTOPBIX OTCYTCTBYIOT
TerioBble 3¢ ¢ekTl. Tak, MOIIHOCTH THIPABIUYECKON TypOWHBI, TJ€ MOXKHO CUMTATh

TEMIIEPATYPy JKUAKOCTH INPAKTUYECKH IIOCTOAHHOM, paBHa L ., :—Gg(H2 —Hl). Hs

IIPUBEJCHHBIX IIPUMEPOB BUHO, YTO MEPBBIN 3aKOH TEPMOJUHAMUKY SABJISIETCS YHUBEPCAIBHBIM
3aKOHOM IIPUPOJBL.

IlepBblil 3aKOH TEPMOAMHAMUKH C YYETOM IEPEMEHHON MaCCHI
[IpuMepamMu TEpMOAMHAMUYECKOM CHUCTEMBI C IIEPEMEHHOM MacCOM MOTYT CIIy:KUTb
IIPOLIECC 3aKauKu ra3a B E€MKOCTb, IPOLIECC PACIIMPEHUs ra3a B JABUraTelle BHYTPEHHETO
CropaHus IpU HAJIMYUU YTEUEK Ta3a U3 LNWIMHAPA B OKPYXKAIOLIYIO cpely, U T.I. B mepsom
ciydae (puc.2.8a) Oynem uMeTh

G
U,=U,—Q,+ [idG. (2.20)
0

JInisl BTOPOTO CiTydast MOYKHO HAIMCAaTh
dQ +idG =dU + pdV , (2.21)
sgece dG <0, B obmem ciaysae dG MOXeT NPUHMMATh KaK OTPULATENLHBIE, TaK H

ITOJIOKHUTCIIBHBIC 3HAYCHNA.

e

T>T,,
)

2

Puc. 2.8
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TEPMOAMHAMHUKH K KPYTOBOMY IPOILIECCY p a
[Tox KpyroBbIM MPOIIECCOM, WU ITUKIIOM, ds
MOHUMAIOT COBOKYITHOCTH TOCJIEA0BATEIIBHBIX
MpOIIECCOB, B  pe3yJbTare  COBEPIICHUS
kotopeix TC Bo3Bpaimaercss B HCXOJHOE A
COCTOSIHME. B TeXHHMKE HCHONB3YIOT Kak
npsiMbIE ITUKJIBI, KOTJIAa B p-v JHarpamme
KpuBasg pacmupeHuss A-a-B  nexur Bblle g / b
KpuBoi cxartus B-b-A  (puc.2.9), Tak wu
oOpaTHbIe, TJe TPOILEeCC PACHIMPECHUS JICKHUT d c v
HIDKE Tpolrecca coxkarus. Bce TeroBbie Puc.2.9
MalIuHbl paboTaIOT MO MPSIMOMY IHUKITY, a XOJOAUIIbHEIE - TI0 oOpaTHOMY. [IpoBens uacaibHbIC
anuabatsl (M303HTpONHI ds=0) yepe3 Touku A U B 1ukIa, pa3o0beM €ro Ha JBE YacTH: MPOoIecc
A-a-B, tne x pabodyemy Telly MOABOAUTCS TEIJIOTA ¢ U Tponecc B-b-A , e OCyIIeCTBISIETCS
OTBOJ TEIUIOTHI ¢y . IIpoMHTErpupyeM ypaBHEHHE, OIHMCHIBAIOIIEE TIEPBBIA 3aKOH
TEPMOJIMHAMUKH, 110 3aMKHYTOMY KOHTYPY

§dq:§du+§dz. (2.22)

Tak kak mpu BO3BpalleHMH pabouero Tena B KPYrOBOM IIPOLIECCE B HCXOJHOE COCTOSIHHE

IIpumenenue IEPBOTO 3aKOHa / q
d

s=0

izdu =0, 10 gy= I, T.€. paboTa NUUKIA paBHA TEIUIOTE NUKIA. Tak Kak ¢y = ¢i- g , TO

Lo=¢q;—qy- (2.23)
KonnyecTBeHHYI0 CTOpOHY IpeBpalleHust B paboTy MOABEACHHON B UCaIbHOM LIUKJIIE TETIOTHI
xapakrepusyet repmudeckuit KIIJI nuxna

[ —
== oy (2.24)
q; q: q,
KOTOPBINA MPEICTaBIsAeT COO0M OTHOIIEHUE HICATHhHON pa0OThHI UKIIA K TEIUIOTE, TOABEICHHON
B 3TOM LHMKJE. Tak Kak COIJIaCcHO BTOPOMY 3aKOHY TEPMOJMHAMUKHA HEBO3MOKHO JOCTHYb

abCOIIOTHOTO HyJs TEMIEPATyphbl, TO gy BCeraa Oonblle HyNs M, CIEJ0BaTeNbHO, 7], BCeraa

MEHDIIIE €qUHHUIILI.

3. Ipujoxkenne MepBOro 3aKOHa TePMOIHHAMUKH
K H1eaJbHBIM ra3am

CaoiictBa naeanpHOT0 Traza. OnelTh I'eii-JIroccaka, boinsg m Mapuortra.
TepMuyeckoe ypaBHEHHUE COCTOSIHUS
ITon uneanbubiM TazoM (MI7), kak oTMeqaioch BbINIE, TOHUMAIOT TaKOW ra3, MOJIEKYJIbI
KOTOPOT'O PacCMaTpPUBAIOTCS KaK MaTepHUalbHbIE TOUYKH, MMEIOIIME MacCy, HO HE HMMEIOIIne
obbema. B3aumopeiictBue Mexay mosekyiaamu UIT ocymecTBiseTcs TONBKO 3a CYET YIPYTHX
COYIapeHHH, CHITBI B3AUMHOTO MPUTSDKEHHS ¥ OTTATKHBAHUS MEKIYy MOJICKYJIaMH OTCYTCTBYIOT.
B 1806 r. I'eii-JIroccak MPOBOMUT OMBIT C IEJIBIO OMPEICICHHS 3aBUCUMOCTH BHYTPEHHEH
sHeprum raza ot oorema. B cocyne 1 (puc.3.1) Haxoauscs ra3 moa HEOOJIBIIUM JIaBJICHUEM P,
4TOOBI OCTA0OUTH CHJIBI B3aMMHOTO TPHUTSIKEHUS MEXIY MOJIEKyJaMmu, B cocyae 2 - pr=0. Bes
cucrteMa OblIa TEIJIOW30JIMPOBaHA, pab0Ta BHENIHWX CHJI OTCYTCTBOBaJa, T.€. BHYTPCHHSS
SHEPTHs HE MOTJIa U3MEHUTHCS,

oU oU
dU =| — | dT +| — | dV =0. 3.1
(aTjV +(8Vl G-b

[Tocne oTkpeiTHs KpaHa K ra3 3amoiHsIl €MKOCTh 2, MPU 3TOM B MEPBBI MOMEHT TepMOMETDp 1
MOKa3ajl HEKOTOpOE TIOHWKEHHE TeMIepaTypbl, a BTOpPOH - MOBBILICHHE, OJHAKO Yepe3
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HEKOTOPOE BpeMs, TOCIE YCTAaHOBJICHHUS TEIUIOBOIO PABHOBECHS B TEPMOCTATe, TEPMOMETPHI
CTaJIM TIOKa3bIBaTh NMEPBOHAYAIHHOE 3HAUCHHE.
Taxkum oGpazom, d7T=0, HO Temepp ra3 3aHUMall JBE €MKOCTH, T.e. dVA). BrimonHeHne

U
ycnosus (3.1) TpeOyeT, 4TOOBI ( = (. Ha ocHoBanuu 3toro omnsita ['eii-JIroccak mokasai,
T

YTO BHYTPEHHSS SHEPTHS Pa3psDKCHHBIX peasibHBIX Ta30B (p< 3 MIla) He 3aBuUCHT OT 0ObeMa U
TaKHe ra3bl MOTYT pacCMaTpPUBAThCS Kak ujeanbHble (cM. @-my 1.9).

oT dp

OTKyZa Uil  HWACAIBHOTO Ta3a  IoJydyaeM

HE
p ),

boitnb 1 MapHOTT HE3aBUCUMO IPYr OT
Jpyra  YCTaHOBWJIH, 49To npu T=const
IIpOU3BEAECHUE pv=const, T.C.
pv=f(T). (a)
PaznenuB (a) Ha 7, momy4uM HOBYIO (YHKITHIO,
TAKXKeE 3aBUCSIIYIO OT TeMIIEpPaTyphl:

P plr (b)
Puc.3.1 T o7)
I'eii-JItoccak  ycTaHOBWJI, 4YTO TpU  p=const

Jns sHTanenuu Oynem umetb dl :(81) dT+(aIJ dp =0, vo dT=0, a dp#0,
p T

oTHouIeHue v/T= const, cie0BaTeIbHO,
—=vl(p). (©)
YMHOXUM (C) Ha p ¥ TIOTY4UM (DYHKITHIO

PE=F(p). (d)

T
CpaBauBas (b) wu (d), mpuXxoauM K BBIBOAY, YTO B MPaBOW YaCTH ypaBHEHHH JOJDKHA OBITh
KOHCTaHTa, He3aBUCAILAst OT 7' W p. ITa KOHCTAHTa HA3bIBAETCS Ta30BOM MOCTOSIHHOM R, TaK 4TO
MOJKHO HaIlMCaTh

pv=RT . (3.2)
VYpaBHenne (3.2) sBISETCS TEPMUUYECKUM YPaBHEHHEM COCTOSHUS UCAIBHOTO Ta3a B ¢dopme
Knaneiipona. YMHoxas (3.2) Ha maccy rasa, noJry4yum

pV =GRT, (3.3)
rae R=Ry/u . Tak kak G=Mu , To (3.3) MmoxxHO TipeicTaBuTh B hopme Knanelipona-Meneneena
pV =MRT. (3.4)

BHyTpeHHss SHEPTUs U DHTAIBIINS HASAILHOTO ra3a
s peanvHoro raza u=f(T,v),a i=¢(T,p), Torna

du:(auj dT+(auj dv . di:(alj dT+(a’J dp . 1o (”] 0 u (a’J —0,
aT ), v ), aT ), dp ), v )y ap ),

CIIEIOBATENIBLHO, du :(auj dT , di =(alj darT .
aT ), oT »

Hwuxe Oyner mmokaszaHo, 4To % =c,a i
Y ’ or), U \or

AJId UACAJIBHOI'O ra3a CIIpaBCIJIMBbI BHIPAKCHU A

j =c, (eM. ¢-nibi 3.14 u 3.15). Takum o0Opasowm,

p
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N du=c,dT,
X

(3.5)

di = cpdT ,

(3.6)

rac c, u Cp - YACIBbHBIC HN30XOpHaA n

n3obapHass  teroemkoctH, JDk/(kr-K). B
HWHTETpaIbHON (hopme OyaeM UMETh

Auy, =u, —u, :cv(Tz _Tl)’

(3.7)

Aip, =i, —i) = Cp(T2 ~-T,).

(3.8)

Puc. 3.2

TennoeMkocTh
[Ton MCTUHHOW TEIMJIOEMKOCTHIO MOHUMAIOT MpEees OTHOUIEHHS OEeCKOHEYHO Malloro
KOJIMYECTBA TEIJIOTHI, MOJBEIEHHOTO K Tely, K BBI3BAHHOMY 3THM IIOJIBOJOM H3MEHEHUIO
temnepatypsl Tena npu A7T—0

AQ _dQ
C=lim —=—, x/K. 3.9)

ar—0 AT dT
Tak kak dQ 3aBUCHUT OT XapakTepa IIpolecca, TO U TeINIOEMKOCTD SBJISIETCs] PyHKITMEH TpoIiiecca.
TermmoeMKOCTh MOXET M3MEHSThCS OT -co 10 +oo. Pazmenus (3.9) Ha Maccy Tena, MoJydum

YACITbHYIO HCTUHHYIO TEIIJIOEMKOCTD

X

- ‘;qTx . T/ (xr-K). (3.10)

TennoeMKoCTh peaabHBIX T'a30B 3aBHCHUT OT TEMIIEPATypbl U MOXKET OBITh almpOKCUMHPOBaHA
IMOJIMHOMOM

c=a+bt+dt’ +.. . (3.11)
Kpome ucTHHHOM TENIOEMKOCTH UCIIONB3YIOT IOHATHE CPEIHEN TEMIOEMKOCTH B 3aJaHHOM

MHTEpBaJIE TEMIIepaTyp (cM. puc.3.2)

c. =chx(t)dt : (3.12)

2 1 f
—|t
Ecmu B TCPMOANHAMHNYCCKUX Ta6JII/IHaX MNPUBOIAATCA CPECAHUC 3HAUCHUSA TCIIIOCMKOCTH C‘O B

uHTepBaie ot ) 10 ¢, TO 3HAUCHHE CPETHEH TEIUIOEMKOCTH B 3aJaHHOM UHTEPBajie HAXOUTCS U3
bopmyIbl

cl*t,—c |t
clr=—"" tz_t” = (3.13)
2 1
Yamie Bcero B TEPMOIAMHAMUYECKHUX pacueTax HCIONB3YIOT YAETbHBIE H30XOPHYIO H
M300apHYIO TETNIOEMKOCTH.

[TepBbrii 3aKkoH TepMOAMHAMUKH dg=du+pdv nns wu3oxopHoro rmporecca (dv=0)

NpUHUMAaeT BUJ dq,=du, Toraa
dg du) dT (Jdu
=Y = — | —=| — | . 3.14
& dT [BTJV dT (aij ( )

5
Hnst usobapHoro npouecca (dp=0) Oynem umers dq, = di = (a;j dT , cnenoBaTenbHO,
p

dq, i\ dT di
_d4, _(0i) dT _(9i) 3.15
T ar (aijdT (arjp G15
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Haiinem cBsi3b MeX Ty H30XOpHOU M M300apHOH TermoeMKocTsMuU. [Ipoauddepenimpyem
BhIpakenue sutanbmuu i=u+pv: di = du+d(pv), no nns uneansuoro rasa d(pv)= RdT ,
TOT/Aa

c,dl =c,dT + RdT, wmn c¢,—c,=R. (3.16)

Breipaxxenue (3.16) HazwsiBaeTcs Gpopmynoit Maitepa. Tak kak R - BeIMYUHA MTOJOXKUTEIbHAS, TO
nu300apHas yJelbHas TEIUIOEMKOCTh ra3a Beera 00JbIlie H30XOPHOM.

CmMmecH ra3oB
B OoNbmIMHCTBE HSHEPreTHYECKUX CHCTEM M MAaIlMH B KadecTBe pabodero Tena
MPUMEHSIOTCS. MEXaHMYeCKue cMmech ra3oB. [loaToMy HEOOXOIMMO pPaccMOTPETh OCHOBHBIC
CBOMCTBA ra3oBbEIX cMecel. COCTaBIISIIONINE Ta30BOM CMECH HA3BIBAIOTCA KOMIIOHEHTAMHU. Tak
KaKk Macca o0jaziaeT CBOMCTBOM aJJUTUBHOCTH, TO MoOHO Hamucath G, =G, +G, +...+G, .

Pa3nenuB neByro U npaByro YaCTH Ha MacCy CMECH, MOJTyYUM

Y=l (3.17)
i=1

i

rae g; = - MacCoBas JOJId i-T0 KOMIIOHEHTA.

CcM
CormnacHo 3aKOHY ﬂaHBTOHa, JaBJICHUEC CMECU HACAJIBHBIX TIa30B pPaBHO CyMME
napuuaJlbHbIX JTaBJICHUM €€ KOMIIOHESHTOB

pe =1, (3.18)
i=1

[Mox mapuuwanbHBIM JaBJICHHEM p; MOHUMAIOT TaBJICHHE, KOTOpOe WMen Obl i-il ras,
3aHMMas BeCh O0BEM cMecHu TMpH Temreparype cmecu. OtmeruM, 4YTto 3akoH JlambToHA
CIIPAaBEJIUB TOJBKO JJISI CMECH HWJIEaJbHBIX Ia30B, TaK KAK TOJBKO B 3TOM CIIy4ae MOXKHO
HamucaTh (CM. MOJIEJ b UIeaTbHOTO Ta3a)

_2 mlwlz +§ mZWZZ + _2 m Wi
Doy = 3 [ 5 3 c, 5 = Cop S
TA€ Coy = C1 + €3 +...+ ¢, - KOHIEHTpAHUS CMeCH (KOJIMYECTBO MOJIEKYN B €IUHUIIE 00bhema
. 2 mw’
CMecH), paBHas CyMMe KOHIEHTpalMHi BCeX €€ KOMIIOHEHTOB; D, :Ec[ ‘2’ ;

—2 — 2 o
mw, _ mw, mw
= e = nipu T=const.
2 2 2
[Tonyuyum BbIpaxkeHUE€ JIsI Ta30BOM TMOCTOSIHHOW CMECH. 3alMIIeM YPaBHEHHSI COCTOSHUS
JUTsl KOMITOHEHTOB CMECH uepe3 MapluaibHble JaBICHUS U CI0XHUM UX:

PV =GRT,,

CcM

+
P,V =GR, T,

CM

+
p.V. =G,RT

CM n- cM

chzpi :TCMzGiRi' (a)
i=l i=l
C ygerom (3.18) mosryunm VPeou =T, Z G.R,. (b)
i=1
Jlist Bcedl cMecu MOJKHO 3amucaTh
‘/CMpCM = 7—;:M(;CMRCM ° (C)

CpasnuBas (b) u (¢), IPUXOAUM K BBIBOAY, YTO
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TG R, =T, > GR,. (d)
Pa3nenus (d) Ha Maccy cmecH, OJIy4uM
R, = Zn:giRl. . (3.19)
i=1

[IpencraBuM ypaBHEHHE COCTOSIHUS IS i-TO KOMIIOHEHTa 4epe3 MapluajbHOE JaBJICHUE p; U
MIPUBEJICHHBIN (MTapUaibHbIN) 00BeM V; :

inCM = GiRiYLM ’ (e)
pcm‘/i = GiRiTVCM 4 (f)
OTKYyJa CIENYET, 4YTO pV..,=Dp.V: - (g)
CymmupoBaHue (g) 1o HHAEKCY i JaeT
V.=V, (3.20)
i=1

10/ NPUBEIEHHBIM (apIHMAIbHBIM) 00BEMOM i-OT0 KOMIIOHEHTA TIOHUMAIOT 00BEM, KOTOPBI
3aHuMan Obl - Ta3 npu Temmeparype u aaBineHun cmecu. Otomenne 7; =V;/V,

Ha3bIBAETCsI 00bEMHOM J1oJiel i-oro koMmroHeHTa. Pa3nenus (3.20) Ha 00beM cMecH, TOTyIUM

dor=1. (3.21)
i=1
Ucnonb3ys (g), MOXKHO HaNMCaTh
V.
Pon”i _ hr[ =1, OTKy#a p; = p..,r:- (3.22)
inCM pi
Paznenus (f) Ha (c), HaliieM CBSI3b MEXYy OObEMHBIMU M MACCOBBIMHU JOJISIMA KOMIIOHEHTOB
R,
n=8i =g,~@, (3.23)

R

Tak Kak R, = R,/ M., TIe [ ; - MOJIEKYIIIpHAs Macca.

cM i

3anucas (3.23) B Bune g; MUy = 1 M;, TOCIE CYMMUPOBaHMS IO [ ONPENETHM KaKyIyrOCs

MOJIEKYJIIPHYIO Maccy CMECH

ﬂcmigi = Zn:riﬂ[ , HO Zn:gi =1, Torma
i=1 i=1 i=1

n

Moy = D14 (3.24)
i=1
Tak xkak G=Mu , rne M - 4ucio KWIOMOJEN, TO
M., = G = G = I . (3.25)
M., zﬁ 3 8
T M T M,
C npyroii CTOpOHHI,
o M
= = ! =>» N.u., 3.26
Il'lCM MCM MCM IZ lll'll ( )

rae N, =M,/M_, - MonbHas OIS i-T0 KOMIIOHEHTA.

W3 cpauenus (3.24) u (3.26) cinemyer, 4To rr=N (3.27)

T.€. 00bEMHEIC U MOJIbHEIC AO0JIM YUCJICHHO PAaBHBI.
OHpeI[eJII/IM IIJIOTHOCTh CMCCH
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G, 1
Po= = 2 PVi= D P (3.28)
VCM ‘/CM i i
Gi pCM 2 ’ G,‘ .
e p, =—-=-"2" BBeleM NOHATHE MAPHHUATLHOMN IOTHOCTH L, = —- . CyMMHpPOBAHUE TIO i
‘/i RiT::M M
, 1
naer o= 72Gi =p.,» T.e. IUNIOTHOCTb CMECH paBHa CyMMe IaplHalbHbIX
IUIOTHOCTEH KOMIIOHEHTOB P =P
(3.29)
’ D
rone p; =
RT

I cM
TennoeMKocTb cMecH
Ecnu npeneOpeub MOBEpXHOCTHOM SHEpruell Ha TIpaHHUIAX pasziela KOMIIOHEHTOB, TO
MO>KHO HaIlUCATh

AU, =c, G AT, =Y AU, =AT,. > c,G,. (3.30)

Paznenus (3.30) Ha Gy , TOITyYHM Cooy = chi g - (3.31)
AHaJOTHYHbBIE TPEOOPa30BaHUS C BRIPAKCHUEM IS 3HTaJ'IlI)l'II/II/I

Al =" Al (3.32)

IPUBOJAT K hopMyIe Cpon = Z:lcpigi . (3.33)

OTrMeTuM, 4YTO TMpU ONPEAEIEeHUH MaccoBOll TeminoeMkoctT cmecu  (JIx/(krK))
TEIIOEMKOCTH KOMIIOHEHTOB YMHOXAIOTCSI Ha UX MaccoBble fonu. [Ipu pacuere TemnoeMKocTu
C Pa3MEPHOCTHIO Jx/(am” K) MIPUMEHSIOTCST HOPMYITBI ¢ 00BEMHBIMU U MOJIBHBIMU JTOJISIMH:

Crow = D,C0li = D LN, (3.34)
i i
’ 7 ’
Crow = D Cili =D CN, . (3.35)
i i
Just monpHBIX TemoeMkocter (Jbx/(kmoabK)) nMmeeM, COOTBETCTBEHHO
cv,u CM: zcvﬂiri = zcvﬂiNi 4 (336)
i i
cWCM=ZCWi1; =ZCWNi. (3.37)
i i

[lepexon OT TEMIOEMKOCTEH ¢ OAHON Pa3MEPHOCTH Ha JAPYTYIO OCYIIECTBISIETCS EICHUEM WU
/7
YMHOXXEHHMEM Ha [, O, V, HAIPUMED, C,, = C,, Py .

[IpuBeneHnHble (GOpMyJbl CIOpaBEAJUBBI KaK [ UCTHUHHBIX, TaK M I CPEIHUX
TEIUIOEMKOCTEH B 3a1aHHOM HHTEpBaje TeMIeparyp.
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OcHOBHbIE BUJIbI TPOIIECCOB
Jro0o#t UK TEIUIOBOW WM XOJOIWJIBHONW MAIIMHBI COCTOUT M3 COBOKYITHOCTH
OTJIEbHBIX MOCIIEIOBATENbHBIX TEPMOAMHAMUYECKUX MpOoIleccOB. PaccMoTpuM HX.
N3oxopudeckuit mponece, dv=0 - nmporiecc, MpoTEKAIINI MpH MOCTOSTHHOM oObeMe. [Tomaras
Vv=const B ypaBHEHUHU COCTOSIHUS pv=RT , OJlyuuM ypaBHEHHE Ipoliecca

P _ const. (3.38)
T

Ucnonp3ys (3.38), HailgeM CBI3b MEXKIAY ITapaMeTpaMHu Ha KpUBOH Ipolecca B Toukax 1 u 2
Pr_Pa (3.39)
I T,

N3obpaxkenue mporecca B p-v auarpaMme MpeactaBieHo Ha puc.3.3. U3 mepBoro 3akoHa
TEPMOANHAMUKY dg=du+pdy noaydum
dg =du, (3.40)

WIN B MHTETpaIbHOM popme

G, =U, — U, (3.41)
T.€. B U30XOPHOM IIpoliecce nojBeaeHHas (mpoiecc 1-2) uiam orBeieHHast
(mpouecc 1-3) TeroTra WAET HAa U3MEHEHUE BHYTPEHHEU
sHeprun rasza. Tak kak dv=0, To paboTa u3MeHeHHS oOBEMa
paBHa Hymo d/=pdv=0, a TEXHUYECKAas - HET:

dl...=—vdp#0, [ .,=—v(p,—p,).
W3orepmuueckuii npouecc, d7=0

Hcnonb3ys ypaBHEHHE COCTOSIHHMS HAEAIbHOrO rasa pv=RT ,
MOJIyYMM YpaBHEHME Ipolecca (paBHOOOKas rurmepOona B p-v

KOOpJMHATAX)
Puc.3.3 v pv=const. (3.42)
N3 (3.42) naiineM cBA3b MEXIy IapaMeTpaMu
» Pty (3.43)
‘ P, "
P1 Tak kak dT=0, T0 du = ¢, dT = 0, Torna u3 dg=du+pdv
CIIEyeT, YTO B H30TEPMHUYECKOM IPOIECCE ITO/IBEICHHAS
WIH OTBEIEHHas TeIloTa YHCICHHO paBHa paboTe
N3MeHeHusa 00beMa, T.€.
P2 | dg = pdv. (3.44)
Pabora m3meHeHuss oObeMa B H30TEPMHUUYECKOM IPOIIECCE
paBHA TeXHUYECKOH paboTe

Va

V) d
ll—z = jpdv: plvljl: Py lnv—Z:RTlnv—zzRTln&,

v v v vl vl pz
1) P
d
lTexl—Z = _.[Vdp =—pV jl =—DV ln& = —RTII’I&
P P p pl pl
=RTIn 7" (3.45)
P

Wzob6apuueckuii mponece, dp=0. [lpu p=const u3 ypaBHeHHs cocTosiHUA pv=RT mOIy4YnM

ypaBHEHUE Mpoliecca % =const , (3.46)

Otkyna crienyer — = (3.47)
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W3 mepBoro 3akoHa TEPMOJIMHAMUKY dg = di - vdp 1ipu p=const OyieM UMETh

dg=di, (3.48)
p W G, =1, — . (3.49)
T, T, Pa6ora nu3zmenenus oobema paBHa
1 , Iy = | pdv=p(v,-v). (3.50)
p » Tak xak dp=0 , TO TexHuueckas pabora
T / I, M300apUYECKOT0 MpoIlecca paBHa HYIIO.
. N3osHTpOonuiiHblA _npouecc, ds=0 (uaeanbHbBIN
agnabatudeckuii mporecc). M3  00BeAMHEHHOTO
puc.3.5 V' 3akoHa TepMoAMHAMHUKH (IIEPBOTO M BTOPOrO) A
00paTUMOro M30’HTPOMHUITHOTO TMPOIecca MOXKHO
HaIucaTh dq=Tds =du+ pdv=0.
(3.51)
Tak xak dl = pdv , T0 dl =—du=—c dT, (3.52)
WIN B MHTETPaIbHOH popme
I, :_(’/‘2 _“1):_CV(T2 _Tl)’ (3.53)

T.e. paboTa U3MEHEHUsI 00beMa OCYIIECTBIIIETCS 3a CYEeT yObUIM BHYTPEHHEH SHEPTHH.
Jis TeXHUYeCcKoi paboThI U3 MEPBOTr0 3aKOHA TEPMOIUHAMHUKHI
dg =di-vdp =0 nomyunm

dl,., =—di=—c,dT . (3.54)
B unTerpansHoit popme OyneM UMeTh
Lo ==li =)= ¢, (T, =T;). (3.55)
[Tonyuum ypaBHeHue npouecca. meem:
du+ pdv=0, nm c dT + pdv=0. (a)
[Ipomuddepenuupyem ypaBHenue coctossuusi pdv + vdp = RdT u nonctasum dT' B (a):
c,pdv+cvdp+ Rpdv=0 wm (cv + R) pdv+cvdp =0. (b)
Iocne nenenms (b) ma ¢, ¢ ywerom, yro ¢, +R=c¢ p HONyYHM ypaBHEHHE UJ1eaabHON
aauadatsl (M303HTpOIIBI) B AuddepeHnnanbsaon hopme
k@+d—p=0 , (3.56)
v. . p
rne k=c,/c, - TIoKa3aTeb H309HTPONBI IS HACATHHOTO Tra3a. B mHTerpansHoil popme Gymem
» HMETh pv* = const (3.57)
1 (popmyna momyyena ITyacconom B 1823 ).
P ds=0 B o6mem citydae ajisi M309HTPONUHHOIO IMpoIlecca PearbHOro
dT=0 ra3a, pasgemus (2.16) na (2.15), MOXHO HOJYy4YHMThH BHIPAKEHHUE
D> MOKa3aTeNsl HW309HTPONBI  k = (alj = _v(apj . U3 (3.56)
ou), plov),
2 2, 5
Haiiem, uTo (pj -k, (358
; av ), %
a u3 (3.42) nocne nuddepeHInpOBaHUS MOTYIUM
op p

Puc. 3.6 (avl T (3.59)

Tak Kak k>1, TO (apj >(apj , TO €CTh B p-V JHarpamme
av), \av),



23

M309HTpONA HJET Kpyde u3oTepMbl (cM. puc.3.6). Jlenenue (3.54) Ha (3.52) mokasbIBaeT, 4TO
TEXHUYECKas paboTa B M303HTPOITHOM IIpoliiecce 0obine paboThl H3MEHEHHs 00beMa B k pa3
dl . =kdl. (3.60)

Haiinem cBsi3p MeXAy TEpPMOAMHAMUYECKMMH MapaMeTpaMu HM303HTPONUMHOrO Mpolecca.

Ucnionb3ys ypaBuenue (3.57), MOXKHO HalMucaTh
k

L (3.61)
P, vy
[loxcraBuB BbIpaskeHue A AaBieHus p=RT/v U3 ypaBHeHMsI cOCTOsAHUA B (3.61), monyunm
k-1
T
| (3.62)
T, Vi

)1/k

[Moncraenasa B (3.62) (v, /v,) =(p,/ p, , MOJKHO TaK»X€ MOJTYyYUTh

k1

L_fp)t (3.63)
T, 12
Taxum 06pa3oMm, CIIPaBeUTMBBI PABEHCTBA
k-1 k-1 _—
L_[vn] _(A] [P~ (3.64)
T, Vi P> P

Ecnu B xauecTBe pabouero Tenaa UCHOJIb3YeTCs 3albUICHHBINA MOTOK (TTOTOK HI€aTBbHOTO
rasa, CojAep)Kalluii MpUMECh B BHJIE TBEPAbIX MHMKPOYACTUIl WJIM Kalejib), TO 3HAUCHUE
MOKa3aTessi H303HTPOIIbl U3MEHSIETCA U 3aBUCUT OT MacCOBOTO COJIEPKaHUS YaCTHUILl UJIU BJIard B

noroxe. C yBe/NMUCHHEM 3arpy3Kd TOTOKA TBEPABIMU YAaCTHIAMH WM Karmwismu u =G, /G,
TIOKA3aTelb U309HTPOIIBI CMECH K¢y —> 1, T.€. IIPOLIECC MPUOIMIKAETCS K H30TEPMUUECKOMY, €CITH
u— 0,710 k,, >k=c, /c, . onyanm Beipaxenne st Kgy; .

BysieM cuuTarh, 4TO MPOLECC TEIUIOOOMEHA MEKIy MOTOKAMH Ta3a W Kamelb (WM

YaCTHIl) OOpaTUMBIH, TOT/1a IPUPAIICHUE SHTPOITUN CUCTEMBI (ra3-Karuik) paBHO HYJIIO

dS,=dS, +dS, =0  (a), dS.=G.c, dTT (b), dS. = Gr(cw dTT+Rr dvj. ©
¢ %
Tak xak nporecc ooparumsii, To Tr = T, =T. Iloacrasmuss (b) u (¢) B (a), mociae HHTETPUPOBAHUS
HOJIyYUM

T \% T

cvrln—2+ern—2—ucp In-2=0. (d)
T Vi < T

Pa3zgemus (d) Ha R, MOKHO HaIIlCaTh
Cor —UC py Rr
T R, V T. P, |G THC
In|| -2 =2 1=0, wm -2 =| -+ , (e)
T, Vi T V)

HO IIpH H303HTpOHHﬁHOM mnponecce sl YUCTOoro ra3a CBA3b MCXKAY MapaMCTpaMu UMCCT BU
k-1

L _[»n )
T, Vs
Rl'
CpaBuuBas (e) u (f), mpuxoauM K BBIBOAY, 4TO cic, ~kw 1> OTKYHA C Y4ETOM TOrO, HTO
R =c, —c, HaijeM BbIpOKEHHUE MOKA3ATEIsl H309HTPOIIbI 3aIIBUICHHOTO TI0TOKA
¢, —uc
_ pr px
k,=—"—". (3.65)

Cpp —UC,
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[HonuTponnyeckuii mpounecc

[Tpoueccrl, mpoTekaloIUe B peaJbHBIX HSHEPreTHUYEeCKHX MalluHaX, Kak MpaBHio,
OTJIMYAIOTCSI OT PACCMOTPEHHBIX BBIIIE, 3aHUMAIOT HEKOTOPOE MPOMEKYTOYHOE MOJIOKEHUE U
Ha3bIBAIOTCA MoJuTponuueckumu. Hampumep, B aBurarene BHyrpeHHero cropanus (JIBC) Bo
BpeMsi paboyero xoja OTBOAUTCS TEIJIOTa W JIMHHS MpoIlecca B p-v JuarpaMMe pacrojiaraercs
MeXy u3otepMord u uzodHTponou. Ilpoueccol npu d7=0, dp=0, dv=0, ds=0 sBistOTCA
YACTHBIMH CITydassMH 0oJiee 0OIIEero MOHSTHS “TOJUTPOTTMYECKUH TIporiece”.

BriBenem ypaBHEHUE MOIUTPONHUYECKOro mpoiecca. [loacTtaBum B ypaBHEHUE MEPBOTO

3aKOHA TEPMOJAUHAMUKU dg=du+pdv 3nauenus dq = Cy, dT , rne C,, - YACIbHAs TEIIOEMKOCTb

HOJIUTPOIINYECKOTO Ipolecca, U du = (auj dT + (auj dv=c,dT + [auj dv:
oT v ), v )r

(cv -c, )dT + Kguj + p}dv =0. (a)

",

3anuceiBas IEpBbIN 3aKOH TEPMOAMHAMUKY B IBYX (hopmax

dg =c,dT + [E)uj +pldv, dgq=c,dT + ﬁ —v|dp
aV T P ap r

U TIpUpaBHUBAs MpaBble YacTH, nojaras dp=0, noay4um

G,

[loacraBnsss (b) B (a), OpUXOAMM K YpPaBHEHUIO TOJUTPONMYECKOrO IIpolecca B
muddepeHIanbHON hopMe B IEPEMEHHBIX V U 1

(c, —CV)(BT

DA j dv+dT =0, (3.66)
(CV _Cn) p

v
[oncrasnss Belpaxkenune nuddepeHnnana rTeMnepaTypsl Kak QyHKIMH ABYX TMEPEMEHHBIX V U p

dT = (E)Tj dv+ (BT] dp B (3.66), momyunm
v/, p ),

1%
(c —C) oT oT
—r = d — 1 dp=0, 3.67

(Cv—cn)[avjp H(apl P G070

= n - IoKas3aTejb IMOJUTPOIILI.

e, -¢,)

(e, —c,)

Jliist uaeansHOro rasa @Tj = E, a (aTj = % , Toraa (3.67) mpumer B[
p Y

rIe

v R g
nﬂ+d—=0, (3.68)
v p
WJIM B UHTETpalibHON (hopme
pv" =const. (3.69)

Termora 1 paboTa MOJIMTPOIMMIECKOTO MpoIliecca

e, —e.).

(e, =c,)

Cc. —nc nc, —c —
o G e _ne=¢,  n—k (3.70)

" 1-n n—1 "n-1"

Tenepb SJICMCHTAPHYIO TCIUIOTY MOJIMTPOIIMYCCKOIO IMMPOIECCa MOXKHO IMPECACTABUTH B BUIC

Bripasum ¢, u3 paBeHCTBa n =
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dqzcv(n_kde. (3.71)

n—1

Wnrerpupys (3.71), monyanm qir = cv(" ~ ’I j(T2 ~T). (3.72)
n —_—

Jlis snemeHTapHON pabOThl M3MEHEHUsI 00beMa MOKHO HAIUCaTh

_ - c, —c
dl = dq — du :(w—c‘,jﬂ =Cvclvde ) A =—11d(pv).

n— n— n—1 n-—1 n—
(3.73)
B unTerpasibHOM BHIE
R 1
I, :_7(T2 _711):_7(192‘}2 _p1V1)- (3.74)
n—1 n—1
DneMeHTapHas TeXHUYecKas pabora
dl. =dg—di=|c|""K )¢ lar =" Rar == a(pv). (3.75)
n—1 P n—1 n—1
B unrterpanpHoii popme
n n
Lo =——— R(Tz -T ) = (pzvz — PV ) (3.76)
n—1 n—1
CpasuuBas (3.74) u (3.76), nony4daem
lTexl—Z = nll—Z . (377)
CBsi3b MEX]Ty ITapaMeTpaMH B MOJTUTPOITHIESCKOM IPOIECCE ONPEISISICTCS BRIPAKSHUIMHU
n—1
n-1 n—1 —
T _(va) () _[pi)n
T, Vi P2 P>
CBs13b TEINIOEMKOCTH IMOJUTPOIUYECKOTO IIpoLiecca
C IIOKA3aTelIeEM ITOJIUTPOIIBI
n—k

I/ICHOHBS}IH BBIPpAKCHHUE OJIs1 TCIUIOEMKOCTH IMOJUTPOIMYECKOIO Iponecca ¢, =cC, 1
n —_—

U 337aBasCh pa3IMYHBIMM 3HAUYEHUSAMHM 71, Halaem BUI (yHKUMH c, = f (n) [Ipu n=xeo
/ c,=c, , npu n=k ¢, =0, npu n=1 ¢, =tco, mpu n=0

¢, =c,. Onpenenus XapakTepHbIe TOYKU, MOKHO MOCTPOHUTD

“/ rpadguk, Tmoka3zaHHbIH Ha  puc.3 Takum  oOpazom,
P TEIUIOEMKOCTh ~ TOJIMTPOITHOTO  TIporecca € MOXET

n

U3MEHSTBCS OT -c0 JI0 +o0, IPUUEM OTPHUIIATEIbHbIE 3HAYCHUS
OHa TPUHHUMAET B WHTEpBaje 1<n<k..7. DTO O0OBACHICTCS
TE€M, YTO B TPOIECCE PACIIMPEHHs] MPOU3BEICHHAs Tra3zoM
paboTa MOXKET MPEBbINIATh KOJWYECTBO IMOJBEICHHON
TEIUIOTHI, T.€. B 3TOM Cllyyae paboTa COBEpILAETCS HE TOJIbKO
3a CYeT TMOJBOAMMOM TEMJIOTH, HO M 3a CcuUeT YObLIU
BHYTPEHHEI SHEpruu rasa, 4YTo U MPUBOJUT K YMEHBIICHHUIO

dq,

Puc.3.7

temneparypel. B Takux mponeccax dg>0, a d7<0 u, cnenoparenbHo,c, = <0. Ecizu B

MIPOIIECCE CIKATUSI KOJIMYECTBA OTBOIUMOM TerIoThl (dg<() HemocTaTo4Ho, YTOOBI Ipoliece ObLT
M30TEPMUYECKUM, BHYTpPEHHss1 OdHeprus raza Oymer pactu (du>0, d7>0), T.e. cHOBa
TEIJIOEMKOCTh TTpoIiecca OTpHIlaTeIbHA.
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Tpu TpyOIbl DOTUTPOIMYSCKHUX ITPOIISCCOB. CrocoObl OIPCACTICHUS IMOKA3aTC/IA ITOJIUTPOIIbI

Bce monuTponuueckue mporeccsl MPUHATO ASNIUTh Ha Tpu rpynnsl. [lepBas rpymnma mporeccoB
(puc.3.8) JEKUT MEXAY H30XOpOH M H30TepMOil (Foo<n<l). B a3TOi Trpymnme B mporuecce
pactmupenust dv>0, dI>0 u d7>0, cnegoBatenbHo, U du>0. PaccmatpuBas Ty e rpynmy B 7-s
nuarpamme, BumuM, uto ds>0 (puc.3.9). Takum o6pasom, u dg>0, 1.x. dg=Tds. Torna
cn=dq/dT>0 . Tlpu cxatuu (I.) dv<0, dI<0, dT<0, du<0, ds<0, dg<0, c,>0.
JI71st ocTambHBIX TPYII MPOIIECCOB MOYKHO HAIUCATh
I, (1<n<k): dv>0, dI>0, dT<0, du<0, ds>0, dg>0, c,<O0;
I.: dv<0, dI<0, dT>0, du>0, ds<0, dg<0, c,<0;
I, (k<n<eo): dv>0, dI>0, dT<0, du<0, ds<0, dg<0, c,>0;
1. dv<0, di<0, dT>0, du>0, ds>0, dg>0, c¢,>0.

p My  dv=0,n=-c0

dp=0, n=0 T

— dT=0, n=1 dv=0 L
I, 1 dT=0
n=+oco pv=const, n=k
s
Puc.3.8 v Puc.3.9

Ecnu mpu mpoBefeHHH KaKOro-Jin0o MOJUTPONMYECKOTO MpoIecca BO3MOXHO OMIpeeeHne
HayaJIbHbIX M KOHEUHBIX 3HAYEHUU p U v, TO JIOrapu(Mupys ypaBHEHUE MpoLecca p,v; = p,V,,
MO>KHO HaWTH 3HAYEHUE MOKA3aTesl MOJUTPOIIBI

Inp -1 )
n="PT0P P e (3.78)

Inv, —Inv, In2

Vi

Kpome Toro, Ha ocHoBanuu (opmynsl (3.77), 3Has BEIWYHHBI IUIOIMIAAEH MEXAY KPHUBOU
mporecca U 0CIMU KOOpJIWHAT B p-v JUarpamme, 1mokas3areib MOJUTPOIbl MOXKHO ONPEeNIuTh

KaK OTHOLIEHHE paboT n = LS )
1-2
[Ipor1iecchl B 0AHOCTYNEHYATOM IMOPIITHEBOM KOMIIPECCOPe
KOMHpeCCOpBI - OTO MaAIIWHBbI, TPCAHAZHAYUCHHBLIC [JI1 CXATHUAg Tras3a U IMoJdadu C€ro
HOTPEOUTEITIO. ITo cBOEMY KOHCTPYKTUBHOMY  HCIIOJIHEHUIO OHHU JEJATCA Ha OOBEMHBIC -
CTAaTUYCCKOI'0O CXKaTus (HOpI_HHeBBIe 148 pOTaHI/IOHHBIG) M JIOIIATOYHBIC - JTUHAMHWYCCKOTO CXKaTus
(oceBbIC U IICHTPOOCIKHBIC).
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Hecmotps Ha 3TO, TepMOAMHAMUYECKHE MPOLECCHl B HUX OIMUCHIBAIOTCS OJMHAKOBBIMU
yYpaBHEHUSIMH, €CIIM MPU aHAJIM3€ JIOMATOYHBIX MAIllMH MpeHeOperaTh KMHETUYECKOW 3Hepruen
raza (cMm. ¢-my 2.19).

PaccmoTpum OJHOCTYTEHYaThIN KOMITpECCOp,

p OCHOBHBIMHM 3JIEMEHTaMU KOTOPOTO SIBJIAIOTCS LMJIUHJP,

MOpIIEHb, BIOYCKHOM M BBIMYCKHOM Kiananbl (puc.3.10).

D, b<2 2’ 2” byneMm cumntarh Kommpeccop HI€albHBIM, T.€. MPOILECCH B

HEM [MpOTEKalT o0paTuMo, BpEeAHOE  MPOCTPAHCTBO

OTCYTCTBYeT (00BbEM, 3aKJIIOYCHHBIA MEXIy JIHHUIIEM

a 1 HWIMHIpPAa W TMOpIIHEM, KOrJa TOCIeIHUNW HaXOoAUTCA B

BEpXHEH MEPTBOM TOUKE), p| = Poc. ECAM OBl ygalioch B

v, Vi V MPOIIECCE CXKATHUSI OTBECTH OT Ta3a KOJIMYECTBO TEIIOTHI,

— — paBHOE 3aTpaueHHOW paboTe, TO MBI TOJYYHJIA OBl

Al M30TEPMUYECKUI Tporecc 1-2 ¢ MUHHUMaJIbHO BO3MOKHOMU

= b paboroii cxarus (momans a-1-2-b-a). Ilpu oTcyTcTBUH

terutoooOmera ¢ OC nMenn Obl WIeadbHBI aguadaTUYeCcKUi

Puc.3.10 nporeccl-2  (wromams a-1-2 -b-a). Ecim ke B mpomecce

C)KaTHs OTBOAMTH TEIUIOTY, HO B MEHBIIEM KOJIUYECTBE, YeM

NP U30TEPMUYECKOM MPOIECCE, TO MOJYYUM MOJIUTPONMUYECKHI MPOIECC 1-2 y KOTOPOTro

TeXHUYECKass paboTa cxaTus (TUIoMaIh a—1—2’—b—a) OoJibllie YeM B HM30TEPMHYECKOM, HO

MEHBIIIE YeM B HJI€aNbHOM aauabaTudeckoM mpornecce. [loaTomy peanbHble MOpPUIHEBBIE
KOMITPECCOPBI, KaK MPAaBUIIO, OXJIAXK/IAI0TCS BOJON, OMBIBAIOIIECH LIUINHAPHL.

B mponecce a-1 (mopiieHb IBMXKETCS Cli€Ba HANpaBO) 4Yepe3 BIIYCKHOM KiamaH Tra3
MOCTYNAET B UWJIMHAP MPU ABICHUU P| = Poc (B AEHCTBUTEIBHOCTU P < Poc). B monoxenun 1
o0a kJjamaHa 3akKpbIThl, a MOPUICHb HAXOAMTCA B HIDKHEH MepTBoil Touke. [Ipu ABMkeHUU
MOPIIHS CIHpaBa HaJeBO ra3z ckumaercs. [IpykrHa BBITYCKHOTO KJjlalmaHa OTpEeryjJupoBaHa Tak,
yTOOBI Ha BBIXOJE M3 KOMIIpECCOpa IMOJYy4uTh TpeOyeMoe naBjieHue p,. B mporecce 2-b ras
BBITAJIKUBACTCA U3 IUJIUHAPA U MOJAETCs TOTPEOUTEIIO.

[Toryuyum BeIpakeHHE Ui WICaIbHOM paboThl KOMIIpeccopa, mojaras mpoLecc CxKaThs
MOJIUTPONUYECKUM:

P1

\

1

Vy Vy
LK = La—l + Ll—z’ + Lz’—b = plvl + J-pdv - pzvz’ = _(pzvz’ - p1V1 )+ J-pdv (379)
Y Vi
B nuddepennmansHoit popme OyneM UMETh
dL . =—-d(pV)+ pdV =-Vdp (3.80)
WM JUTSI YIeTBHOU paboThl dl. =—vdp. (3.81)
[TpeobOpazyem (3.79) UCIIOJIB3YS ypaBHEHUE MOJINTPOIIUYECKOTO nporecca
v,
. rdV
Lo=L_+L_y+L,,=pVi=p,Vy+pV IW =
4
1 y =
pv" =const:= p,V, - p,V, + p,V" v = pVi—pVy + PV =i _
1-n i 1-n
n nR
=——ApVy—pV))=— "G, -T)) (3.82)
n—1 n—1

AHAJIOTUYHOE BBIPAKEHHE OBUIO TOJIYYEHO HAaMH INPH PACCMOTPEHUH TEXHHUYECKOW pabOThI
nojuTponuyeckoro mporecca (¢-nma 3.76). Dopmyne (3.82), UCHONB3ys  CBSI3b MEXIY
napamMeTpamMM, MOXHO IpuaaTh 0ojee yJOOHBIN JIJIs1 pacueToB BUJ BBEJS CTEICHb MOBBIIICHUS
JIABJICHUS B KOMIIpECCOpPE 7T =pa/pi:
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n-1 n—1
L=—"YRrelzr —1]=— " pvlz" -1]. (3.83)
n—1 n—1
MoIIHOCTh HICATHPHOTO KOMITpEccopa HaiiieM 1o gopmysie
- n—-1
NK:_’“;Rz,zn ~1|, Br, (3.84)
n—

rae G, Kr/c - IPOM3BOAMTENLHOCTL KOMIIpeccopa. 110TpedIsieMyro pealbHbBIM KOMIIPECCOPOM
MOUIHOCTb OIMPEJEIUM C YYETOM €r0 BHYTPEHHET0 OTHOCUTEIBLHOTO U MexaHnuueckoro KII/]

N N (3.85)

K = .
770[ K nmex

Bausaue BpeiHOro npocTpancTBa Ha 3 GEKTUBHOCTh
HOPIIHEBOr0 KOMIpeccopa

Hanuuue knamaHHOrO MeXaHHM3Ma B IOPIIHEBOM KOMIIPECCOPE HE IO3BOJISIET MOPIIHIO
BIUIOTHYIO IOJOWTH K JHUILY HMIMHApa. OOBEM B 3a30pe MEXIY AHUIIEM HWIMHIpPA U paboden
MOBEPXHOCTHhIO TMOPIIHS HA3bIBACTCS ‘‘BPEIHBIM MPOCTPAHCTBOM . BpemHoe mnpocTpaHCTBO
CHMJKAeT IPOM3BOAUTEIIBHOCTE KOMIIpECCOpA TEM CUJIbHEE, YEM BBILIE CTENEHb IOBBILICHUS
nasiieHus 7. CymiecTByeT Takoe 3HaYCHHE 77, IPU KOTOPOM MPOU3BOJUTEIBHOCTh KOMIIPECCOpa
CTAHOBHUTCS paBHOU HYJI0. D(P(HEKTUBHOCTH KOMITpeccopa orieHuBaeTcs 00beMHbIM KIT/]

n = Vi-V, )
' Vi-V;

PaccMoTpuM mporieccel B KOMIIpeccope MpU HAIMYUU BPEAHOTO MpocTpaHcTBa. Ckatue rasa
npoucxoguT B mpouecce 1-2. Korna nopiieHb JOXOAMT OO IOJIOKEHMSI, COOTBETCTBYIOILEIO
o0beMy V, M JaBIECHUIO py, OTKPBIBACTCA BBIMNYCKHOHM KiamaH B mpouecce 2-3 mpoucxomut
yJaJieHHe Ta3a U3 MOJOCTH IMIIMHApA B pe3epByap BBICOKOTO JaBJeHHs (CoBepIuaeTcs padboTa
npoTtankuBaHus).. B npouecce 3-4 pacmmpsercs ras, OCTaBIIMICS BO BPEIHOM IIPOCTPAHCTBE C
NaJCHUEM [JABJICHUSI OT P2 N0 P4= Pi= Poc, 110CIE YETO OTKPHIBAECTCS BIIYCKHOM KiamaH U
HauyMHaeTrcs npouecc 4-1 BcacbiBaHUS HOBOM mopuuu rasa. M3 puc.3.11 BUgHO, 9TO 4eM BbIIIE
KOHEYHOE JIaBJICHHE 32 KOMIIPECCOPOM, TeM MEHbIe 00beM Tra3a, MOCTYHAIOIIEero B LMIMHID
(cpasuute mporecchl 4 —1,4"—1,u4” —1). Onpenenum paboTy ¥ MOLIHOCTH KOMIIPECCOpA NPH

(3.86)

HAJIMYMK BPETHOTO MpocTpaHcTBa. TexHuueckas paboTa cxxarusi, n3o0paxaeMas IIOMaIbI0 d-
1-2-b-a, paBHa

n-1

n -l
L(I—Z)mex. =- pVi|m " =1}, (a)
n—1
TeXHUYeCcKas padorta pacmmpenus (1. 3-4-a-b-3)
n—1
n L
L symer. = pVyz" -1} (b)
n—1

Anrebpanuecku ckianpiBas (a) u (b), moayduM paboTy HIeaTbHOr0 KOMIpeccopa Mpy HATUYHH
BPEHOT'O IIPOCTPAHCTBA

n-1
gz——iﬂﬂm—m T -1, (3.87)
n —

wo p,(V,-V,)= G, RT,, Torga BmMecTo (3.87) MOXKHO HamucaTh
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n-1

p L =—" G,RT|z" -1, Ix. (3.88)
, 3// 2// n—1
P2 -
MoniHocCTb, HeoOxouMast Jinie: IIpuBOJa
KOoMIIpeccopa, olpenensaeTcs paboToii,
3aTpayuBaeMOM B €JUHULY BDEMEHU
, 3/ |\ 2/ n . L_l
P2 N, =- G.RT| 7" —1|,Br. (3.89)
n—1

PaznenuB (3.88) Ha G, Haiinem yaenbpHYO paboTy

. b3, \ ) KOMITpeccopa B
[ =—" (KT, =1, Tx/kr. (3.90)
n _—
DPi=Poc " Zf PG : Otmerum, uto opmanbHo 3anuck Gopmyisl (3.88)
v HudyeM He otimyaercs ot (3.83), Ho B (3.83) macca
Puc.3.11 raza 6onbwe: G = p\V,/RT, >G, = p,(V,-V,)/RT, .

MHOrocTyneH4yaToe cxatue
Jlia  nonyueHuss naBiaeHuss raza  ppy>1Mlla  ucnonb3yloT  MHOIOCTyNEHYaTble
KOMITPECCOPHI € MPOMEKYTOUHBIM OXJIAKJEHUEM rasza B xosioawibHuKax. Ha puc.3.12 nokazansl
IIPOLIECCHI B TPEXCTYIIEHYATOM KOMIIpecCope. byeM cuuTaTh, 4TO MPOLIECCHI CKATUSA IIPOTEKAIOT

V4
3//2// 2///
P2
ds=0
Py dT=0
) 2)
P1=Poc ‘1
4 b a s
Puc. 3.12 a,0

10 U303HTPOIIaM, a MPOLECChl OTBOAA TEIIIOTH B XonoawibHuKax [ u Il mpoucxonar npu dp=0.
W3 pucyHKa BHIHO, 4TO €CJIM OBl CKaTHE OBbLIO OJHOCTYNEHYATHIM (M303HTpona 1—27), 1o B
Touke 2” Temreparypa Gbuia Obl 3HAYUTENBHO BBIIIE, YEM B COCTOSHMU 2, 4TO OTPHIATEIHLHO
CKa3aJlochb Obl Ha CMa3Ke TPYLIUXCS MOBEPXHOCTEW IWJIMHIpA W TOPIIHSA: H3-3a BBICOKOU
TEMIEPAaTyphl CHUYKAETCS BA3KOCTh Macia, BO3MOKHO BO3rOpaHHe MapoB M KOKCOBaHHME Macia.
[TomuMo  CcHWKEHHUs  TemmepaTypbl Trasa Ha BBIXOJE KOMIIpeccopa, HpHUMEHEHUeE
MHOTOCTYIIEHYATOI0 CKaTUsl C IPOMEXKYTOYHBIM OTBOJIOM TEIUIOTHI B Ipoleccax 2-3 u
2’ — 3’ IpUBOAMT K CHMIKEHHIO TEXHHMYECKOM pabOThI Ha BEIMYMHY 3aKPAIICHHOM IUIOIAIu
2-3-2'-3-2"-2"-2. Jlna Toro 4ro6bl paboTa MHOTOCTYIIEHYATOr0 KOMIIpeccopa Oblia
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MHMHUMAJILHOH, HEOOXOAMMO YTOOBI CTENEHb IOBBIECHUS JABJIEHUS BO BCEX CTYIEHSAX ObLIa
OJIHA U Ta XK€, T.€. [, ="|7T, , TJIE - YACIIO CTYIICHEM.

CrpyiiHble KOMIIPECCOPHI
CrpyiiHble KOMIIPECCOPHI B SHEPTETUKE BBIMOJIHAIOT, KaK MPABUIIO, BCIOMOTATEIbHYIO POJIb.
Hampumep, B mapoTypOMHHBIX YCTAaHOBKAX OHU HCIIONB3YIOTCS JUIS OTCOCA BO3AyXa U3
KOHJCHCATOPa, MPEMATCTBYIOIIET0 KOHICHCAIINH Mapa Ha HAPYKHBIX MOBEPXHOCTSIX TPYOOK,
BHYTPU KOTOPBIX TE€UET OXJIAXKJAIOIIAsl BOJA.

[Ipunuun paboTel CTPYMHOTO KOMIIpeccopa (9KEKTOpa) OCHOBaH Ha Iepeaaye

1 J\/\/\W} ‘:J\W} >
L b2 os3g dy ypd

Puc.3.12 B

KMHETUYECKOM 3HEPruu OT BBICOKOCKOPOCTHOI'O aKTHMBHOI'O IIOTOKA K ITACCUBHOMY ([aBIICHUE
KOTOPOrO HEOOXOAMMO MOBBICHTH) B TIPOLIECCE HX CMEHICHUS. IDMKEKTOP COCTOUT HYEThIpeX
OCHOBHBIX 3JIEMEHTOB: Pa3rOHHOIO COIUIA, TACCUBHOTO COILJIa, KaMephbl cMerieHus u nuddysopa,
B KOTOPOM KHHETHYECKass DHEPIUs IEpeXOJUT B IIOTEHUUAIBHYK) C POCTOM JaBJICHUS.
JIOCTOMHCTBO 9XKEKTOpa - MIPOCTOTAa KOHCTPYKLMHM, OTCYTCTBHE JBIKYILIHUXCS 4YacTEW,
HEJIOCTATOK - HU3Kasg 2(PPEeKTUBHOCTD U3-3a 3HAYUTEIHHON MOTEPH KMHETHUECKOW SHEPTrUuH Ipu
CMEUICHUHU, KOTOpas IPONOPLMOHAIbHA KBAJApaTy pa3sHOCTH CKOPOCTEH CMEIIMBAOLIUXCS
IIOTOKOB. PaccmoTpuM mporuieccel B 35k€KTOpe, NMoka3aHHOM Ha puc.3.13. IlonnHast sHeprus

MOTOKA Ha BXOJIc B AKTUBHOE COIUIO XapaKTEepU3yeTCs SHTAIbIMed TOpPMOKeHHs i, (eciu
npeHeOpeyb MOTEHINAILHON SHEPruel MoJoKeHus) acCHBHOTO - i . Touka 2 XapaKTepusyeT

COCTOSIHUE ITOTOKA Ha Cpe3€ aKTUBHOI'O COIUIA IIPU M309HTPONIHOM paciuupeHuu 1-2. PeanbHblit
MPOLIECC PACIIUPEHUS U3-3a ACUCTBUSL CUJI TPEHUS TPOTEKAET MO KpUBOM 1-2,. AHANIOTUYHO AJIst
MACCUBHOTO coruia OyneM uMmeTh npouecc 3-4,. Ecnmm Obl mpoliecc cMelieHus] MOTOKOB ObLI
00paTUMBbIM, TO MOCIe N300aPHOTO CMEUICHUs B KaMepe MOTOK XapaKTepH30Bajcs Obl TOUKOH 5,
py HE U300apHOM CMEIIEHUH - TOYKOU 5" . I3-3a nannuus yIapHbIX MIOTEPb U TPEHUS B KaMepe
CMEILICHHMS SHTAIbINS IOTOKAa yBenanuuBaercs Ha Ai=Ai +Ai . Touka 5, Xapakrepusyer

coCcTOsiHME TToTOKa niepen nuddy3opoM. B pesynbrare BoccTaHOBIEHUs aBiieHust B nuddyszope
C Y4eTOM JCUCTBUS CHJI TpeHHs (mporecc 5,-6;) Ha cpe3e muddy3opa CTaTUYSCKOE TaBIICHUE
PABHO Pgy., 4 C YICTOM KHHETHIECKOI SHEPIHH - p ¢, CIIE[OBATEIBHO, B BKEKTOPE CTATHICCKOE
JaBJICHUE MACCHUBHOTO areHTa YBEJIUYMIIOCh OT p3 A0 Peg, T.€. MKEKTOp JEHCTBYET Kak
kommpeccop. Eciu mporeccsl B 33kekTope OyayT OpraHM30BaHbl HEYIOBIETBOPUTENIHHO, TOUYKA
6; OyzleT mepeMemaThcsi BIPaBo 1O MPAMON i, =const U CTeNeHb MOBBIIIEHUS JABIEHUS TI0

*

«_ P
3aTOPMOKEHHBIM MapaMeTpaM 7 = 2 GyleT yMEeHbIIAThHCS.

*

Ps
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11

ok %
lem =16 3
2
Sk /

3 A

IMaCCUBHOEC COIIIIO

AKTUBHOC COILIO

KaMcpa CMCIUICHUA

Puc. 3.13

o * * ok
B mpeznene BO3MOXEH Clly4ai, KOraa pg, = py, a 7 CTaHET PaBHBIM eauHuLE. B sTom cirydae

KEKTOp He OyJeT BBIMOIHATh (QYHKIIUU KOMIIpeccopa.
Tak Kak 92KEKTOp MpeAcTaBIsieT COOON OTKPBITYIO aanabaTUYECKyl0 CHUCTEMY, TO

ypaBHeHue sHeprum umeer Bug I, =1, +1; =const, wm i \G, +G, )=1i G, +i,G,, oTKyna,
BBOZA KOYPPUIUEHT Kekuuu u = G, / G, , noay4um
oK oK
oo _ 0 tuly
14w
T.€. TOYKH, XapaKTEPU3YIOIIIE COCTOSHHUE MIOTOKA 32 3)KEKTOPOM, MOTYT JIEKAaTh TOJIBKO Ha

3
JIMHUM 1, = const.

(3.91)

4. Bropoii 3aK0H TepMOAUHAMUKH

Ecnu mepBblii 3aKOH TEpMOJMHAMUKH YCTAHABIMBAET KOJIMYECTBEHHYIO CBSI3b MEXKIY
TEIJIOTON, PabOTON U BHYTPEHHEHW YHEPTUEH, TO BTOPOM 3aKOH TEPMOJIMHAMUKH XapaKTEPU3YET
Ka4eCTBEHHYIO CTOPOHY IPOIECCOB MEpexoaa OJHOTO BUIIA SHEPrUU B Apyrou. Bropoit 3akoH
TEPMOJMHAMHUKHU 3TO 3aKOH 00 3HTPONHH - (PYHKUUU COCTOSHUS, KOTOpas B MU30JMPOBAHHOU
CHUCTEME OCTaeTCsl MOCTOSHHOW, €ClIM MPOTEKalT UAealbHbIe MPOLECChl, WK BO3pacTaeT Mmpu
HeoOpaTUMBIX Ipolieccax. BTopoii 3aKoH TepMOJMHAMHUKN MOKA3bIBAET HAIMPABJICHHUE Pa3BUTHUS
nporecca. Tak, oH "pa3pemiaer” ckauoKk KOHACHCAIUH MMapa B OTKpbITON anuadatnyeckor TC (B
3ToM ciydae dS>0) u "3ampemaeT” cKayok MCHApPEHUs KUAKOCTH, TaK Kak mpu 3Tom dS<0, T.e.
napoBas (pa3a MOXKET HaKaIuIMBaThCs TOJIBKO MOCTENEHHO, a HE CKaukoM. PaccmarpuBas nepBbiit
3aKOH TEPMOJMHAMUKH, Mbl YCTAaHOBMJIM, YTO MeXaHHWYeckas paboTa MOXKET ObITh MOJHOCTHIO
npeBpaileHa B TemioTy. OJHAKO BTOPOM 3aKOH 3ampellaeT IMOJBEACHHYI Termiotry (O B
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KPYrOBOM IIPOIIECCE MOJHOCTHIO MPEBPAaTUTh B padOTy LMKJIA (YTO O3HAYAET HEBO3MOXKHOCTH
co3maHusi perpetuum mobile BTOporo poja), T.e. Ipud 3TOM JOJDKEH CYIIECTBOBATH €IIE M
KOMIIEHCUPYIOIIMHA Tpollecc B BHJAE IMEpeladyd YacTH TEIJIOTHl JAPYroMy Teldy - XOJIOAHOMY
UCTOYHUKY. B H30TepmuueckoM mpolecce TMOABEACHHAas WM  OTBEJCHHAs  TeIUloTa
YHCIIEHHO paBHa paboTe, HO TMpu 3TOM mpoucxonar wusMeHeHus ¥ B TC B cBa3M ¢
U3MEHEHHEeM o0bema, 4YTO He NpoTHUBopedyuT mnoctynaty KenbBuHa (cM. popmynupoBku
BTOPOTO 3aKOHA).

OO6paTuMble U HEOOPATUMBIE MPOLIECCHI
B maparpade "TepMmommnamuueckuii mporecc” yKe TOBOPUIOCH O PaBHOBECHBIX U
HEPAaBHOBECHBIX Iporeccax (cM. cTp.7). 31ech e Mbl paCCMOTPUM KaK HEOOPAaTUMOCTH BIIUSET

] . #
l 2 * 1 .
> o 2" 2y "2 12
% P1 7
. % * 1 A 2
L “‘ A /2‘ a
I p; l lTex.cn(.z[
lTex.pacm.m *" 2; \ Tex.paci. i lTex.cxc.pm A .
o2 vy 2 - 14|
2 — 2 v v
2 DPr—="7 n e
> s P S
ASry ASy,
Puc. 4.1

Ha TC. JleiicTBue cwiI TpEeHHs, KOTOPOE YMEHBIIAET paboTy B IMpoIleccax pacIIUpeHus u
yBeJIWYUBAeT pabOTy MpHU CXKATHUH, MPUBOJIUT K MOHSTHIO BHYTpeHHeil HeoOpatumoctu. [lpu
3TOM B 000MX CIy4asiX SHTPOIUS YBEJIMUMUBAETCS, YTO HATISIIHO WILTIOCTpUpyercs puc.4.1.

[lepenaua TemyIOTHl OT TOPSYUX TEA WIM MOTOKOB K XOJIOAHBIM INPU KOHEYHOM pPa3sHOCTU
TEMIEpaTyp MOpPOXKAAaeT BHEIIHIOI HEoOpaTUMOCTh. 3J1eCh B pe3yibTare TerIooOMeHa
SHTPOMNUS XOJOJHOTO Teja BO3PACTAET, a TOPSUEro - YMEHbIIAETCs, HO BCerja aaredpanyeckas
cymma AS, =AS_ —AS_ >0 (cm. puc.4.2). Kak Oyner nokazaHo HHKe, HAIM4Ue BHYTPEHHEN U

BHEIIIHEH HEOOpPaTUMOCTH NPHUBOAMT K morepe paborocnocodHoctd TC, TO ecTh B 3TOM
cilyyae NeHCTBUTENbHAsE paboTa OyaeT MeHbIIe WACaIbHOH, KOrjJa IPOIECChl MPOTEKAIT
obpaTumo.

OcHoBHbIE (QOPMYIMPOBKHA BTOPOTO 3aKOHA TEPMOAMHAMHKHU

@OopMYIHPOBKH BTOPOTO 3aKOHA TEPMOJIMHAMUKU SIBISIIOTCA 000OIIEHUEM SIBIICHUH,
UMEIOUIMX MecTo B mpupone. M3BecTHO, UYTO TemIoTa HE MOXET CaMONPOU3BOIBHO
NEepPEexXo/IuTh OT MEHEee HarpeThlX Tela K Oosiee HarpeThlM, Mo3TOMy mnocTynar Kiaysumyca
riacuT: “HeBo3MoXkeH mpoliecc, €AMHCTBEHHBIM KOHEYHBIM pEe3yJlbTaTOM KOTOPOro ObLT Obl
nepexoJ TEIUIOThI OT Tejda ¢ JAaHHOW TeMIeparypod K Telny ¢ Oojiee BBICOKOU
TeMnepaTypon”.

[Toctynat KenbBuHA Hanmaraer omnpejiesieHHble YCIOBHMsS Ha MPOLECC MPEeBPALICHUS
TeroTel B padory: ‘“HeBo3moxeH mpolecc, €IWHCTBEHHBIM KOHEYHBIM pPe3yJIbTaToOM
KOTOporo OyneT mpeBpaileHue B paboTy TEMJIOTHI, W3BJICYEHHOW W3 UCTOYHHKA, MMEIOILEro
BCIOJIy OJMHAKOBYIO TeMIIEpaTypy .

[Tocrynar Ilmanka  yTBep»AaeT, 4YTO HEBO3MOXKHO  CO3JaThb  IMEPUOJUYECKU
NEHCTBYIOLIYI0O MAIIMHY, €JAMHCTBEHHBIM pE3yJbTaTOM JEWUCTBUA KOTOpPOW Obuio OBl
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COBEPIICHHE MEXaHMYECKOM pabOThl 3a CYET OXJaKIACHHS OJHOTO M3 HMCTOYHHMKOB
TEIIOTHL.

CymecTByloT M apyrue (GOpPMYJIMPOBKHM BTOPOrO 3aKOHAa TEPMOJAMHAMMKH. Tak, o

OcBanbaly, HEBO3MOXKHO CO3/1aTh BEYHBII JBUTATENb

BTOpOro poja. Ilpomecchl, MpOTEKarIe B HPHPOJE

T.X. O3.4= | ) | » TO CaMOIIPOM3BOJIEHO, HEOOpAaTHMBI. Jlost

mwi.a2lba=nn.a34ca aguabarudeckoit  cuctemsl  dS >0. HeBo3moxHO

AQHEPTUI0 NPEBPATUTh B IKCEPTHUIO.

P1

1 Uneanpupiii 1ukn Kapuo
2 / 4 Nneanbupiii 1ukn KapHo uMeeT MakCHUMabHYIO
— ~ Pu TEIIOBYIO 3P (PEKTUBHOCTh 110 CPABHEHHIO C JPYTHMH
3 < BO3MOXXHBIMH ~ IIMKJIAMH B 33JlaHHOM HHTEpBaje
— TEeMIIEpaTyp, MO3TOMY BCE peajbHbIC IUKJIbI BCEr/a
CPaBHHMBAIOT C HHM, 4YTO T[O3BOJSET ONPEICIUTh
creneHb ux coepuieHcTBa. [ukn KapHo cocrout
a b |c ) U3 JBYyX OOpaTUMbIX aauabar W ABYX OOpaTUMBIX
B ASy - As, nzotepM. Ilox 0OOGpaTMMBIMHM H30TEPMAMH MOHMMAIOT
m_ TaKHe HW30TEPMbl  IUKJIA, TEMIIEPATYPbl  KOTOPBIX
AS paBHBI  TeMIeparypaMm TrOpsiYero M XOJOHOTO
UCTOYHMKOB, TO €CTh B O3TOM Cly4ae HeT

Puc.4.2

TEMIEPATypHOrO Hamopa Mexay padouuM TeloM U
UCTOYHUKAMHU, a, CJEeAO0BaTelIbHO, OTCYTCTBYET U
BHelIHssT HeoOpatumocTh. L{ukn KapHo Henb3si ocyliecTBUTH Tak KakK IO Mepe JBH)KEHUs
HNOpUIHS B UWIMHAPE HEOOXOAMMO IOCIEN0BaTeNIbHO O0eCneYuTh B Ipoliecce CKaTUS U
paciupeHuss H30TEPMUYECKUIl U aanabaTHYeCKU MPOLECCHI.

JaguMm aHaMWTHUYECKYHO 3allUCh MPOIECCOB M ompenenuM padotry u tepmudeckuii KIIJI
uneanpHoro uukiaa Kapuo. Ilpouecc  cxarus 1-2 (puc.4.3), d7=0. 13 nepBoro 3akoHa
TepMoauHamMuku dg=du+pdv  npu dT7=0 umeem du=0, cnepoBatenbHo, dq = pdv. B
UHTETpaIbHON opMe, HCTI0Nb3Yys YpaBHEHUE Mpoliecca py=const OyJeM UMETh

V) V)
dv v, P,
G =4y =1, = .[pdv = Plvl.[* =pyv,In—==RT;In—, (a)
" " v vl p2
T/€ gy - TeMJI0Ta, OTBEJACHHAs B LIUKIIE.
[Iponecc cxarusa 2-3, ds=0. du+pdv=0, = pdv = - du, vo dl = pdv, Torna dl = -du. B
UHTETpaIbHOI Popme paboTy annabaTHUYecKoro CKaTus Hai/1eM U3 BBIPAKECHUS
= _(u3 —U, ) =-C, (T3 -1, ) =-C, (TI =T, ) (b)
[Ipouecc pacumpenus 3-4, dT=0.
1
¢4=q, =L, =RT,In-*, (c)
V3
/1€ g - TEIUI0TA, OABE/ICHHAs B ITUKJIE.
ITpouecc 4-1, ds=0.
Ly == —uy) =, —u))=¢,(T, - T)=¢,(T, - T,). (d)

Anrebpanuecku ckianbiBas (a),(b),(c) u (d), momyuum paboty uaeanpHoro mukia Kapao
4

I, =1, =RT,In"* + RT,; In"2. @.1)

it
i=1 3 1
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P
D1 .
1%

Puc.4.3

JI71s1 M302HTPONMUNHBIX MTPOIECCOB MOKHO HAMMUCATH
k-1 k-1
T. T T % 1%
R L2 [ LN OTKyZIa A4 , Toraa gpopmyna (4.1) npumer Bu
I, \v T, Vs T, vy V)
I =R(T,-T,)In"" . 4.2)

v
2

[To onpenenenuro tepmuueckuii KIIJ| mmkma ectb OTHOIICHHWE UACANBLHOW pabOTHl MHUKIA K

MOJBEICHHON B IIMKJIE TEIUIOTE M XAPAKTEPU3YET KOJIMYECTBEHHYIO CTOPOHY NPEBpALICHHUS

TEIUIOTHl B HJACaTbHYIO0 paboTy IUKIa

PR Tt VRS TR 4.3)

4q; q; q; T,
Tak xak Bcerna 7y >0, (BTOpoH 3aKOH TEPMOJMHAMMKH 3alpeIiacT JTOCTUKEHHUE abCOIOTHOTO
HyJIsl, KDOME TOT'0, JOCTHKEHHE a0COIIOTHOTO HyJIsl IPUBENIO Obl K PAaBEHCTBY [,=(gj,, UTO TAK¥Ke
MIPOTUBOPEYUT BTOPOMY 3aKOHY), TO Tepmuueckuil KII/[ mpeanbnoro mukiia KapHo Bceraa
MeHbIIe enuHUIbl. [lIoHmKeHne TeMeparypsl X0JI0AHOTO UCTOYHUKA B OOJbIIeH Mepe BIHsET
Ha poct KIIJl ueM yBenuueHHE TeMIlepaTypbl rOpsYero MCTOYHUKA. JIeHCTBUTENBHO, B3sB
yacTtHble npous3BogHble OT KII/J[ 1Mo COOTBETCTBYIOLIMM TEMIIEpAaTypaMm, MOJIYYUM, YTO IO
MOZYJIIO

d
‘ a7, :LZ ‘(‘ i:_i:_ifz ‘ tak kak 1, ) T, .
aTI TI aT[] TI TI

Teopema Kapno
Teopema Kapno rnacur, uyto tepmuyeckuii KIIJ[ waeanbHOoro mukia Kapno,
OCYILIECTBJISIEMOTO B 33JJaHHOM HMHTEpBaje TeMIlepaTyp, HE 3aBUCUT OT (PU3UYECKMX CBOWCTB
paboyero Tesa, MpH MOMOILK KOTOPOTO 3TOT LUKJI OCYILIECTBISETCS.
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Paccmorpum  aBe  uIeanbHBIE — MAILMHBI,

paborarommue Ha pa3HbIX pabouyux Tenax. byxem

Q1 QI’I CUMTaTh, YTO B MalivHe | ocyliecTBiseTcs NpsMon
nukn Kapno, B mammne 2 - oOpaTHbiid. Temmeparypa

L, L, ropsiuero UCTOYHUKA 000UX LUKIOB 77, X0JI0AHOTO - T}y
JlokazaTenbcTBO MpOBEAEM OT MPOTHUBHOTO, T.€.

npeanonoxum, uro trepmudyeckuid  KIIJ{ 77, 3aBucur or

Qn» Q. ($hU3UYECKUX CBOMCTB pabouero Tena. JlomycTum Takxke,

4TO 7J;1 > MJp, TOT/Ia B PE3YJIbTATE COBMECTHOU pabOTHI

Ty JIBYX MallliH OyJeT mpou3BeeHa paboTa
L=L—-L,=0,1,-0.7,- (a)
Puc. 4.4 3anuiemM BeipakeHus s repmudeckux KIIT/]
n, = Q1,1 B Q11,1 >7, = Ql,z B Q11,2 (b)
Q1,1 QI,Z

U nopbepeM Maccy pabodux Ten Tak, 4robsl Q,, = (Q, ,, Toraa us (b) nomyunm, uto 9, , >0, ,,
um Q, =0, ,—0,,>0. Caenosarensno, L, =, , 4T0 HE NPOTHBOPEYHUT IEPBOMY 3aKOHY
TEPMOJMHAMHKH, TaK Kak paboTa LMKIa paBHa TEMIOTE UMKIa, HO pabora Ly momydena 3a

CYET OXJIAXKACHHUSA XOJIOJHOTO MCTOYHHUKA, 4YTO INpPOTUBOpeduT mnocrynary Ilnanka. Taxum
o0pa3oM, UcXoIHas TTOChIIKA Obl1a He BepHa, u Tepmuueckuid KI1/1 nukia KapHo He 3aBHCHT OT
¢u3nvecKkux cBOMCTB pabodyero Tena.

Hurerpan Knaysuyca juist 00paTMoro KpyroBoro Iporecca, SJHTPOIHS
Jns npeanpHoro nukina KapHo MOXHO HanucaThb

n = 0, -9y :Tz_Tn :1_&:]—&,OTKYZ{3
Q[ T, Ql y
&zgzconst.
TII TI

Otnomenne Q/T Ha3bIBAIOT MPUBEIECHHON TemioTo. CrenoBaTesbHO, A1 UACAIBHOTO IUKIIA
Kapno npuBenenHas Terjora ropsyero MUCTOYHUKA PaBHA MPUBEJICHHOM TEIUIOTE XOJOJIHOIO
ucrounuka. PazgenuB nukn Kapao wmsosutpomnoit 4'-17 (em. puc. 4.5), mony4nm Ba HOBBIX
uukna KapHo, s KOTopbix
’ ’ ” ”
QI _ QII (a) QI _ QII
=L =X (q): =L _ =l
TI TII TI TII
CxknaapiBas (a) u (b), momyuum

.(b)

TI TI TII TII
Takum e 00pa3oM MOXKHO pa3OuTh JIFOO0K 0OpAaTUMBINA KPYTOBOM MPOIECC HA 71 dJIEMEHTAPHBIX
nukiIoB KapHO, KaXIblii U3 KOTOPBIX OYJET MMETh CBOM TOPSIYUM U XOJIOAHBIM MCTOYHUKH C
temneparypamu 17; u Ty ; (cM. puc.4.6) 1 111 KOTOPBIX CIIPABEIJIUBO COOTHOILICHHE

Q7;+g—Q7;I+Q7;_ (C)

5Q1i 5Q1][
= , “4.4)
z TI[ z TH[
00, 00, .
W z TQ“ —z TQH’ =0, 4.5)
1i i

T.e. anredpamyeckas CyMMa NPUBEICHHBIX TEIUIOT TOPSYMX M XOJOJHBIX HCTOYHHUKOB paBHA
Hymo. [lepexons k mpeneny npu n—oo
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lim| >

n—seo

00, 00,
Qll _Z Qllt :O, (46)
Tli TIIi
— 42 0. @47

T

T.e. KpyroBou wuHTerpan Kiaysmyca ot
MPUBEJACHHOM JJIEMEHTAPHOM TEIJIOTHI IS
ar000ro  00paTMMOro  KPYroBOro  mpoliecca
paBeH Hymto. M3 Kypca BBICIIEW MaTe€MaTUKH
U3BECTHO, YTO €CJIIM KPYrOBOM HHTErpajl OT
HNOJBIHTETPAIbHOW (DYHKIIMM PaBEH HYIIO, TO
HNOJBIHTETpalibHast (DYHKIMS HE 3aBUCHT OT
IYTH UHTETPUPOBAHMUS, T.€. SIBISCTCS (YHKIUCH
cocrosHus. IOty ¢(ynkmuio Knaysmyc HazBan
DHTPOINHEH S (OT IPEYECKOro cioBa EVIPETELV -
npeBpallarh). Tenepb MOKHO 3anucaTh

_40
ds === . (4.8)

Wnrerpupys (4.8), noayuum

8QII,i

S = .[dTQ +const . 4.9)

TakuM 00pa3oM, SHTPOMUS OMpPENEISIeTCS C

TOYHOCTBIO JI0 KOHCTAaHThl HHTETPUPOBAHMUS.
Tak kak OHTpomus - QYHKIHUS COCTOSIHHS, TO
muddepeHran 3Toil GYHKIUU SBISETCS IMOJHBIM.
YroObl HaWTH AS, IOCTaTOYHO 3HATH 3HAYEHUS
SHTPONIMM B Hayaje M B KOHIE Mpolecca, T.e.
W3MEHEHUE DOHTPONUU HE 3aBUCUT OT IYyTH
uHTerpupoBanus. [lokaxkem, dYTrO0 3TO  Tak.
PaccmotpumM B p-v  gmarpaMme  oOpaTHMBIiA
KpyroBoit mnpouecc 1-a-2-b-1 (puc.4.7), nns

dg

KOTOPOTO MO>KHO HAaIMUCaTh §? =0. [IpencraBum

9TOT HUHTCrpal B BUIC CYMMBGI ABYX

Puc.4.7

Ty,
I/IHTeraJIOBjﬁ+Iﬁ:O’ HO jﬁ:_jﬂ’
la2 2b1 T 2b1 162 T
VCJ‘IeI[OBaTeJ'IBHO, I ﬁ — jﬂ =0 WA
T T

la2 162
As,,, = As,,, , 4TO U TpeOOBANOCH 10KA3aTh.

H3MeHeHrne SHTPONUHU B 00PaTUMBIX MTPOLIeccax
N3 oObeAMHEHHBIX 3aKOHOB TEPMOJUHAMUKH IS
oOparumbix mporieccoB  Tds=du+pdv wu Tds=di—vdp

MPUMCHHUTCIIBHO K UACAJIbHOMY a3y MOKHO IIOJTYUUThH

ds=@+£dv=cvdl+Rﬂ, (4.10)
T T Ty

ds:@—ldp:cpdl—led—p. 4.11)
T T T p
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[Tonaras B (4.10) u (4.11) nmoouepenuo dT =0,dv =0,dp =0, nojlydumM U3MEHEHHUE SHTPOIHUH B

npoueccax npu I'=const, v=const u p=const. Tak, npu T=const nocne uHTerpupoanusd (4.10) u
(4.11) 6ynem umeThb

As_,=RIn‘2=—RinPr =pm P (4.12)
Vi P P
I[.II;I CJIy4dacB, KOrga v v p SBJAIOTCSA IMMOCTOSAHHBIMU
T BCJIMYMHAMU, U3BMCHCHHUEC SHTPOIINU COCTABUT
dv=0_ 3, I Yo T
— % n As ,=c, 1n?3, (4.13)
1 2 dp=0 }
T dT=0 As,,=c,In—*. (4.14)
TZ
N3 (4.10) npu dv=0 MOXHO NOJIy4YUTh
ory T
tgor=|— | =—, 4.15
B/ ¢ ( s j ¢, )
Ly s aus (4.11) npu dp=0 -
o
< i > tgﬂ:(aTj I (4.16)
Js ), ¢,

Puc. 4.8
Jlns rasoBbiX cpem ¢, >cC,, CIENOBATENBHO,

s Os
(4.16) cnenyert, Takxke, 4To B T-s AuarpaMme KacaTelIbHBIE, TPOBEICHHBIC K M30X0pe U U300ape
pyu JAaHHOW TeMIlepaType, OTCEKaloT Ha OCHU aOCIUCC OTPE3KH, KOTOPHIC O BEIMYUHE PABHBI
Cy U C

(aTj > [8Tj , T.e. B T-s quarpaMMe u30xopa uiaet kpyde uzodapsl (cM. puc.4.8). Uz (4.15) u
v 14

D
3Hasi U3MEHEHUE SHTPOINUU B KAKOM-JIMOO MOJUTPONUYECKOM Ipoliecce, MOKHO HaWTH
CBSI3b MEXKJy IapaMeTpamMu 3Toro mporecca. JleiictBurenbHo, uHTerpupys (4.10), MoxHO
MOJIyYUTh

T
As,, =c In-t+RIn’t |
1%

a a

Paszenus ypaBuenue Ha R = ¢, — Cy s Oyaem UMeTh

p

A T, A T, k1!
Sasp ziln—”+lnv—” win e —qpf| Zo | Yo,
R k-1 T v R

a a

OKOHYATEIBHOE BBIPAXKCHUEC ITPUMET BU
Asa_b

1
Yo @ = (Tb) o (4.17)
v, I

a

IIpu As,, =0 mnomydnM CBA3b MEXKAY M[apaMeTpaMH B M303HTPOIIMMHOM IIpoLEecce

k-1
1, _ (V‘lj (cm. popmyny 3.62).
Ta vb

WnTterpan Knaysuyca a1 HeoOpaTuMoro KpyroBoro mporecca
Brauane paccmorpum mukn KapHo nmpu Hanmuuuy BHYTPEHHEH HEOOpaTMMOCTH, KOTOpast
IPUBOAUT K YBEJIMYECHHUIO KOJIMYECTBA TEIUIOTHI, OTAABAEMOM XOJOJHOMY MCTOYHUKY (s
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UJICaIbHOTO 1HMKJIA ¢y DKBUBAJICHTHO IUIOWAAu a-1-4-b-a, npu HaIMYUM BHYTPEHHEH
HEOOpaTUMOCTH ¢ — TUIOWAMH a-1-41-c-a).

T, q
JIns uaeansbHOroO IHMKIA 7], =1-9n =121 g paccmarpuBaeMoro - 7, =1——" Ho
q; T, q,
T qu. >4, > ClenoBatensHo, 177, >77,. HMcxons w3
2 3 T, q
T > 3TOro, MOXKHO Hammcarh |——L>1—"" pmu
1 T1 q,
Qi _ 4 T 6
v —% > 7L TakuMm 00pa3oM, IPUXOJUM K BBIBOJY,
A r, T,
4TO B JIAaHHOM CJly4ae IpPUBEACHHAS TEIUIoTa
T XOJIOJJHOTO HCTOYHHKA OOJbIlle TPUBEICHHOM
1 -

1 4 4n TETUIOTHI TOPSYero UCTOYHHMKA. Eciu Temneph st
KPYrOBOTO HEOOpaTUMOro Imporecca MPOBECTH
paccyKIeHUsi aHAJIIOTUYHBIE TEM, YTO OBLIH

a b ¢ s CIeNaHbl  TPHU  PACCMOTPEHHH  HWHTErpaia
Puc.4.9 Knaysuyca anst oOpaTuMoro mukiia, TO MOYKHO
HOJTYYUTh
d
f—Q <0. (4.18)
T
OOBeauHssT BRIPAXKEHHS U1 00paTUMOT0 U HEOOPATUMOTO KPYTOBBIX IIPOIIECCOB, OYJIEM UMETh
d
§TQ <0. (4.19)

M3MeHeHre YHTPONHH NIPU HEOOPAaTUMBIX Ipolieccax
PaccmoTrpum kpyrosoil mpouecc (cm. puc.4.10), y kotoporo mporecc 1-a-2 nporekaer
HeoOpaTuMmo, a mporiecc 2-b-1 - odparumo. [IpeacrTaBuM KpyroBoit HHTErpajl B BUJIE CyMMBI JBYX
JIMHEWMHBIX UHTErPaJIoB ¢ yueToM (4.18)

dequ [ qu<0. (a)

1-a-2 2-b-1

. . d
Bropoii unTerpan paBeH pasHOCTH SHTPOIIUI .[ L §; — 8, , TOT1a BMECTO (a) MOXKHO

2-b-1
d d
p Hanucarb J. qH+S1—S2<0,I/I.III/I .[ ﬁ—(sz—sl)<0.
a I-a-2 I-a-2
Takum o6pa3zom,
d
1 2 s,-5,> [ T (4.20)
T
1-a-2
N3 nepasenctna (4.20) ciaemyer, 4TO MHTErpal B3SIThIM MO
Puc.4. 10 V  HepaBHOBECHOMY TyTH, Inie 7 TemIieparypa UCTOYHHKA
o TEIJIOTHI, HE OTPEENAET PA3HOCT S, — §,, & MEHBIIIE €€.
dq,
Uem BblIIIIE CTETIEHb HEOOPATUMOCTH, TEM OOJIBIIIE PA3HOCTb MEKAY §, — S, U J. E

1-a-2
[Ipencrasum (4.20) B tuddepenmnuanpHoi popme

Tds —dq, =dq 4.21)
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rae dg’ mo Knaysuycy - HECKOMIIEHCUPOBAaHHas TEIUIOTa npeBpamenus. Mcnombsys (4.20) B

nuddepeHranbHoR popme, MOXKHO Hanucatb 1ds > dg, = du +dl, oTkyna

dl <Tds—du, (4.22)

T.€. paboTa, COBEpIIICHHAs CUCTEMON B HEOOPATUMOM MPOIECCE, MEHBIIIE, YeM MPU 0OPaTUMOM.
B o6miem ciryuae 00beIMHEHHBIN 3aKOH TEPMOJUHAMUKHA MOKHO TPEJCTABUTH B BHJIC

Tds > du+ pdv , (4.23)

I7Ie 3HaK paBEHCTBA OTHOCUTCS K OOpaTUMBbIM, a 3HAaK HEPAaBEHCTBA - K HEOOpaTHMBIM
npoueccam. OnaHako HepaBeHcTBa (4.22) 1 (4.23) He MO3BOJIAIOT KOJUYECTBEHHO OMNPEIETUTh
BiusiHUE HeoOparumoctu Ha 3ddexruBHocts TC. IlosToMy BepHemcst K ypaBHeHuio (4.21) u
HEepenuIleM ero B BUIe

du,g, +dl,;, —du,~dl,=dq .
Tak kak 00a mporecca XapaKTEpU3YIOTCS OJUHAKOBBIMH COCTOSIHUSMH B Toukax | u 2, TO
du,s, =du,, Torma dl, =dl,, —dq’. CnenosarenbHo, Temepb OOBEIMHEHHBIH  3aKOH

TEPMOJMHAMHUKYU TIPUMET BU]I
Tds=du+dl+dq . (a)
Jlns obparumMsix mpoueccoB dg’=0. IIpumenuM (a) K npuMepy, IIOKa3aHHOMY Ha puc. 5.5a:

L2y =, —uz)—q;()_zz (u, —u,)—c,(I,,—T,), T0 ectb 4ToObI BepHyTb TC u3

COCTOSIHMSI, OIPEAEISIEMOr0 TOYKOW 2; B cocTosiHue 2, Heo0XxoauMo oT TC OTBECTH TEIUIOTY
q;(,_z, IIPU DTOM HJeanbHas paboTa pacIHIUpeHus] TaK)Ke YMEHBIIUTCS HA q;(,_z.

Jlns aqnabatudeckoit cucremsl (dQ=0) u3 dS > dTQ MOJTYy4YUM
ds > 0. (4.24)

Ycnosue (4.24) mokaspiBaeT, 4YTO €CJIM B aqua0aTHYECKOW CHUCTEME MPOTEKAIT JIIObIe
0o0paTUMBbIE TPOIECChI, TO SHTPOMHS CHCTEMBI ocTaeTcsi HeusMeHHOU (dS=0). Ilporekanue
peaTbHBIX MPOIIECCOB, KOTOPHIE BCET/Ia HEOOPATUMBI, COIIPOBOXKAACTCS YBEITMUYCHHEM SHTPOITHHI
cuctemsl (dS>0), To ecth TC mepexoauT TOIBKO B TAKOE COCTOSAHUE, TPU KOTOpOM S2 > §.

OTtMeTuM, 4TO OOJBIIMHCTBO YHEPreTHUYECKUX MAIIWH M YCTAHOBOK, B KOTOPBIX MMEET
MECTO HE3HAUUTEIbHBIN TEMI000MEH C OKPYXKAIOIIEeH CPeoid, MOXKHO MBICIEHHO 3aKJIIOYUThH B
aguabaTudeckyro O0OJIOYKY M paccMaTpuBaTh HMX KakK OTKPBIThIE —aauab0aTHYECKue
TEPMOJIMHAMUYECKHE CHUCTEMBI. Takoe JOTTYIIIEHUE CYIIIECTBEHHO yIpOIIaeT
TEPMOJIMHAMUYECKUN aHATIU3 PEaTbHBIX CUCTEM.

st Gosee riIyOOKOTO TMOHMMAHMS TPHUHIMIIA BO3pPAcTaHUs SHTPONMHUU PACCMOTPUM
MPOIIECCHl TPY HAIMYMHU BHEIIHEW U BHYTPEHHEH HEOOpaTUMOCTH.

Ilepegaya TEMIOTHI NYTEM TEIIONPOBOIHOCTH
[TomecTuMm nBa GayijioHa ¢ Ta3oM, UMEKIKMM Temmepatypy 11 u T, B annabaTHYeCKyrO
000J10uKy M 0oOecrednM KOHTaKT MeX1ay HuUMHU. bynem cuurtarte, uro 77 > Tp. Tak kak mms
Hauero ciaydasd dU,, =—dU,, To nociie UHTErpUpOBaHUs MOKHO HaIKCaTh

Gy (T3 - Tz) =—c,G, (T3 -1 ) 5
OTKyJa OIpeJeNuM TeMIIEpaTypy Tra30B IOCIe YCTAHOBJIEHHS MEXKIy HHMH TelIOBOIO
paBHOBECHS

_ ¢, G, T +¢,G,T,
/G +¢,,Gy
Ecnu ra3el B 6a/u10HaX MMEIOT OJUHAKOBYIO MAacCy M OJIHU M T€ e (pu3M 4eckue CBOHCTBA, TO

BMecToO (4.25) Oynem umetsh (cM. puc. 4.11)

T, (4.25)

_L+h

T, 5

(4.26)
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dTr
Jlna n3oxopHoro npouecca dS = Ge, T TOrJa JAJisl BTOPOro ra3a npupaiieHue

OHTPOIIUH COCTaBUT

AS,, =G, In 2. (4.27)
T2
I[.IISI MEPpBOro ra3a MOXXHO HAITUCATh

_ T _ T
AS ,=G,c,In2=-G,c,,In-L. 4.28
1-3 1=vI Tl 1=l T3 ( )
Anrebpanuecku cknanpiBas (4.27) u (4.28), HaiineM mpuUpalIeHHEe SHTPOIUU CHUCTEMBI,

T
Tl 1
I
® " ;
II
< >e—» S
Asy 3As) ;3
Puc. 4.11

00yCIIOBJIIEHHOE BHEUIHEW HEOOPaTUMOCTHIO (Tlepeadeii TeIUIOTH OT Tella K TelTy MpU KOHEYHOU
Pa3HOCTHU TeMIIepaTyp):

=G,c, 1n;3 ~G,c, 111;l >0. (4.29)

2 3
TakuMm 00pa3oM, Kak M CJIE€IOBAJIO OKUJATh, CAMOIIPOU3BOJIbHAS Mepeaaya TeroThl oT Oosee
HarpeToro Tejla K MEHee HarpeToMy IMpH KOHEYHONW pa3HOCTH TEeMIeparyp sBISETCS
HEOOPaTUMBIM MPOIIECCOM, COITPOBOXKIAIOLIUMCS YBETHUEHUEM SHTPOIIUU CUCTEMBI.
[Tpupanienue >HTPONUHN CUCTEMBI, O0YCIOBICHHOE BHEIIHEH HEOOPATUMOCTHIO, 3aBUCUT
HE TOJIBKO OT Pa3HOCTH, HO M OT aOCONIIOTHBIX 3HAUeHUU Temnepatyp. [eiicTBuTensHo,

ds. = (de _(‘ZQJ R Y (4.30)
T i T 1 TII TI TITII

II03TOMY B BBICOKOTEMIIEPATYPHBIX DHEPreTHYECKUX CHUCTEMAX MOXKHO JOMYCKaTh OOJBLIYIO

pasHocth Temneparyp AT =T, —T,, MexKay TeIaMH U IOTOKAMHU.

AS._=AS

HeoOp.

B HH3KOTEMIIEpaTypHBIX CHCTEMAax C LENbI0 YMEHBIICHHS MOTepU pabOTOCIIOCOOHOCTH
TEMIIepaTypHbIe HAOPbI TOJKHBI ObITh HE3HAUYNTEBHBIMU M YMEHBLIAIOIUMHUCS CO CHIDKEHUEM
TEMIIEpaTyp XJIaJ0areHTOB.

OTmerum Takxke, 4To dS, MPONOPLUOHAIBHO (dT)Z. IIpeanonoxum, uto 7, =T, +dT ,

2
torga dS, = d—TdQ = 0”6(76”)
TITII TITII
Iuxn KapHo ¢ BHYTpeHHEN HEOOPATHMOCTBIO
Bynem cumtath, 4TO BCe mpolecchl B ukiie KapHo mpoTekaroT oOpaTuMo Kpome mpoliecca
pacmupenus 3-411, B KOTOPOM MPOSIBISIFOT ceOst cuuibl TpeHus. s oOpatumoro mukia Kapao

MO’KHO Hanucatb (cM. puc. 4.12)

, UTO U Tpe6OBaJ'IOCB J0Ka3aThb.

l = QI - q[[ = T[AS _T”AS = (TI _T}I )AS . (a)

oun

Jlnst n¥KiIa ¢ BHyTpeHHed neoopatumocteo [, =q, —q,, =T,As—T, (As+As,), (b)
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TJI€ Gy - JEHCTBUTEILHOE KOJMYECTBO TEIUIOTHI, OTJAHHOE XOJOJHOMY HMCTOYHHUKY. Bbramras
(b) u3 (a), onpeaenumM MoTepro PaboOTOCITOCOOHOCTH

lr{p :lum[_lu;[ :T‘IIASH ’ (431)
r T
TI > T o’ A ~
AT P Asm‘
\
I
TII <
or
= j////////////
XU 11 %%%
c P As H
AS ASH S < ASDT >
Puc.4.12 Puc.4.13
KoTtopas B T-s jguarpaMMme  H300pakeHa

3aIITPUXOBAHHOW TUTOMAAbI0 b-4-41-c-b. Takum oOpa3oM, 4TOOBI ONIPEIETUTh JEHCTBUTEIbHYIO
pabory 1mmkima KapHo, HeoOXomuMMoO W3 HWACaTbHOW  pabOThl  BBIUECTh  MOTEPIO
paborocrnocoOHOCTH

l = lu U - lr{p = (TI - 7—'II )AS - TIIASH

. (4.32)
Iuka KapHo ¢ BHelIHe#l HEOOPATUMOCTDIO
Ecnu 6b1 mporiecc mepenayu TEmaoThl OT TOPSYEro MCTOYHHMKA K pabodyemy Telmy IUKIIa
Kaphno 6s11 00paTumbiM, To AT =0, a paboTa uaeanbHOTO IUKIIa

lu M = (Trn - Txn )Asrn * (a)
[Ipu Hamuuun temneparyproro Hanopa AT (cm. puc.4.13) nelicTBurenbHas paboTa MKIA
bw =T, =T, )As, (b)

Beruuras (b) u3z (a), onpeaenum norepro paboTocrnocoOHOCTH
L, =T,As, —T,As,, —T/As  +T As, ., vo T As, =TAs, =gq,, orna
al = TXI/I (A - ASFI/I ) = TXI/IASH
(cM. 3alITpUXOBAaHHYK IUIOmaAbL Ha puc. 4.13).
NENCTBUTENbHYIO paboTy LMKIIA HaiJieM U3 BBIpaKEHUS
lu;{ = lu ua - lnp = (711"14 - Txn )Asm - TXI/IASH *
JIBukeHue raza B ainabaTHyeckoi TpyOe Npy HAIUYUU TPEHUs
MBICIIEHHO 3aKJIIOYMM HEKOTOPBHIM 00BEeM rasza, MMEIOUIUH CPEIHIO CKOPOCTh €| U
maccy G, MEXJy ABYMsS HEBECOMBIMH IMOPIIHSMH, JBHKEHUE KOTOPBIX OTHOCHUTEIBHO IIEHTpa
TSOKECTH Ta30BOT0 JJIEMEHTa CJeJaéM HEBO3MOXKHBIM, HAJIO)KUMB CBSI3M. Tak Kak Bes

KHMHETHYECKasd SHEPIrusd IIOCJIC OCTAHOBKHU Ia30BOIo 3JIEMCHTA IIOIIJIa Ha pa60Ty IIPOTHUB CHJI
TPEHUS, TO MOXKHO HaIllUCaTb

(4.33)

Kak wu B mpenpiaymeM mnpumepe,

SPT

(4.34)

2
& _
G?l:LTp :QTp :UZ _Ul :GCV(TZ _Tl)’
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T.€. B U30XOPHOM IIPOLECCE K Fa30BOMY DJIEMEHTY ObliIa MO/BEACHA TeIoTa TpeHUs O, (CM.
puc.4.14, npouecc 1-2).

p
2
2] T,
W | dv=0 _| ds=0
G = |
CBA3b 3
D1 S~ T;
1 T,
Puc.4.14 v

Teneps yOepeMm HalIOKEHHBIE CBSI3M M MO3BOJUM Ta3y pPacIIUPATHCS 00paTHUMO MO H30IHTPOIIS
N0 JIaBJICHHS p| TaK, YTOOBI HE MPOU30IUIO HUKAKMX M3MeHeHHi kak B camoil TC, Tak u B
okpyxaroielt cpene (npouecc 2-3). Tak xkak 75>71, TO

T3
As,=c,In>>0. (4.35)
1
Takum 0Opa3om, TeUeHHUE ra3za ¢ TPEHUEM NTOPOKIAeT BHYTPEHHIOI HEOOPATUMOCTD, BEYIIYIO K
POCTY SHTPOITHH.

[lepenaya TEMIOTHI B TEINIOOOMEHHOM ammnapare

B  paccmatpuBaeMOM mpHMepe HMMEET ~MECTO KaK BHENIHSsS  HeoOpaTuMoCTh,
o0yCIIOBJIEHHAs Tepenavyell TeIJIOThl OT TPEIOIEro MOTOKa K HarpeBaeMoMy IMpH KOHEYHOU
pa3HOCTH TeMIlepaTyp, TaK W BHYTPEHHsS, BO3HUKAIONIAS WM3-32 HAJIWYUS THIPABIUYECKOTO

COIPOTHBIICHUS] MPHUBOSAIIETO K MAJCHUIO JIABJICHUS BJOJIb TPaKTa.
PaccMmoTpum mporiecc mepenadn TEIUIOTHl OT OJHOTO MOTOKA K JPYroMy MpH KOHEYHOM
Pa3HOCTH TEMIEpaTyp B MPOCTEHIIEeM TEIIO0OOMEHHOM ammapare "Tpyda B TpyOe" W MOKaxeM,
YTO BHEIIHSS M BHYTPEHHssE HEOOpAaTHMMOCTh MPHBOAST K YyBenwdeHHto HHTporuu TC

“IOTOK-NIOTOK™. bynem cuuTaTh, 4TO IPEIOIIUM IOTOKOM SBISIETCA MOTOK ¢ pacxomoMm G, , a

HarpeBaeMsbIM - ¢ pacxogoM G, . IIpoueccsl, mporekatomue B TerioooOMeHHoM anmnapare (TA),

nokaszanel Ha puc.4.15. Pucynok 4.156 wutocTpupyeT U3MEHEHHE TeMIIepaTyp areHTOB BIOJb
MOBEpXHOCTHU Termooomena F, a 4.15B - mokasbIBaeT npouecchl B 7-s AuarpaMMe Mpu Haauuuu
TUAPABINYECKUX NIOTEPh B TPAKTaX.

.\ .\ . .
Tak xax B HameMm ciay4dae dl, =—dl,, To mpeHeOperas KUHETHYECKOW »>Heprueil

IIOTOKOB, ITI0CJIE MHTEIPUPOBAHMS IOTYYUM
Guc,;T,-T,)=—-G,c,(T,-T), (4.36)

OTKyZla MOXHO oOmpeAenuth Ttemneparypy 1, wim Ty . IlpupaimeHue SHTPONHUH IOTOKOB
HailIeM U3 BBIPAKECHUI

. . - T . - T
AS, =G| ¢, In[ 2 |=R [ P2 | |=G,| —¢,, 1| -1 |+ R, | P ||, (4.37)
T, P T, 12
. . - T . - T
AS, =Gyl ¢,y tn| 4 | =R, Il P4 | |=G,| ¢, In| % |+ R, In| P2 (4.38)
T, Ps T, Pq
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OrMeruM, 4TO TmoOCHeaHHe ciaraembie B (opmynax (4.37) u (4.38), KoTopbIe
OTPaXalOT  yBEJIMYEHHUE SHTPONUU 3a CyeT BHYTPEHHEW HEoOpaTUMOCTH, BCerjaa

NOoJ0XKUTENbHBL. /11 Bcel cucreMbl MOKHO Hanucatb AS. =AS, +AS,, >0 .

iy
a
G T 0 F
-
T, P1 I
2

T,

T =

’ D3 I Ps

S

Puc.4.15

TepMonnHaMuyeckas 1ikajaa TeEMIEPaTyp

Temmnepartypa, [IOKa3bIBacMast KHUJAKOCTHBIM TEPMOMETPOM, OTpa)kaeT
TEPMOMETPUUYECKHE CBOMCTBa BeulecTBa. OJIHAKO B TEPMOJMHAMUKE TEMIIEpaTypa SIBJISIETCS
TEPMOJIMHAMHYECKUM TOTEHIIMAIOM U, CJeIOBAaTElIbHO, HE JOJDKHA 3aBUCETh OT (PU3MUECKUX
CBOWCTB BemecTBa. MeToa TMOCTPOEHUS TEPMOAMHAMUYECKOH (aOCONIOTHOM)  IIKaJbl
temneparyp Obu1 pazpaboran Tomconom (opa KenwBun, 1824-1907). Wpes  meroma -
npeoOpa3oBaHue TEIIOTH B paboty. Paccmorpum naeansHbiid nukia KapHo, ocymiecTBiusieMblil B
nByX(a3Hoi 00sacTu (CM. IPOIIECCH B BOJISHOM Nape) B HHTepBaie Temmeparyp ot 11 1o 7.

lh=q,—q, = (TI -1, )AS ) (a)
T
HO As = ar , Tor/a (a) MOKHO IiepenucaTh B BUJIE
2 3 ;
T > AT
: Y lh=q,—q,; = qu ’ (b)
1
A
Ty " 12 orkyma T, =1 AT, (4.39)
q; —4qn
A Onpenenum temneparypy 71
Puc.4.16 l.=q,—q,=T,-T,)As = A;q”, =
I
T,=—T1 AT, (4.40)
q; —4qn

Ecin B kauecTBe peNepHBIX TOYEK B35Th TOYKY KHMIICHMS BOABI U TOYKY IUIABICHUS JIbAA NPU
HOPMAaJIbHOM JABJIEHUHU, TO TOYHO ITOCTABJICHHBIM OIBIT JACT:
q, 2295,7548

g, —q, 22957548 16509948

3,73,
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a 1650,9948 _
q,—q, 22957548 —-1650,9948

Pazousas mkany Ha 100 nenenwuii, 1.e. npuauMas AT=100, moxyunm 77=373K, T;=273K. Takum
o0pa3om, MoydeHHasi TEPMOJAMHAMHUYECKAS IIKAIa HE 3aBUCUT OT TEPMOMETPUUYECKUX CBOKCTB
BEIICCTBA.

b

T0XIAECTBEHHOCTh I'a30BOM M TEPMOJMHAMUYECKON TEMIIEPATYD
[TokaxkxeM TOXI€CTBEHHOCTh TEPMOJMHAMHYECKOM W Ta30BOM TeMmIiiepaTypbl 6, u3mepsiemMoit
ra3oBblM TEPMOMETPOM, B KOTOPOM HCHOJIB3YETCA HACAIbHBIM Ta3, MMOJYUHAIOLIUNUCS

ypaBHEHHIO pv =R . Tak Kak ra30BbIi TEPMOMETP paboOTaeT mpu v=const, TO gz const . Jlus

pl p7 pz
JIBYX TOUEK Ha U30XOPE MOKHO HalKMCcaTh =t =0,=60—".

CrenaeM mpeanogokeHne, YTO MEXy ra30BOM M TEPMOJIMHAMHUUYECKOW TeMIlepaTypaMu
CYILECTBYET CBsI3b 6 = ¢(T).
Hanumem o0beTMHEHHBIN 3aKOH TEPMOAMHAMHKY JIJIs 00PaTUMOTO TIpoIiecca

Tds = du+ pdv , (a)
Ho u= f(T,v), Torna
Tds=(auj dT+(auj dv+ pdv. (b)
aT ), v ),
Paznenum (b) na T’
1( du 1|(ou
ds=—| — | dT+—|| — dv.
’ T(aij +TK8\JT+1)} ' ©

Tak kak sHTponus siBisgeTCs QYHKIMEH COCTOSIHUS U 3aBUCUT OT JIBYX TEPMHUECKUX MapaMeTpoOB
T v v, TO HAKPECT B3ATHIE MPOU3BOJIHBIE OT (C) paBHBI MEXITY COOOM, T.€.

of1ja] 2 fiffa, @
ov|T\or ), | —or |T|\ov), P -

B3sB yactHble npou3BoaHbIe U3 (d), MOyduM

1 o 1 [(ou 1] 0% (op
— =——\l< | tp|+= + | | ©)
TovT T [\odv), T|dTodv \dT ),
N3 Kypca BBICHIEH MaTEeMAaTHUKH HN3BCCTHO, 4YTO CMCIONAHHBIC IIPOM3BOJHBIC HE 3aBUCAT OT
’u  du

MOpsAKa UX B3STHUS, T.€. , TOTJIa BMECTO (€) MOYKHO HaIicaTh

WOT 9Ty
(a”j _ T(apj _p. @.41)
v ), aT ),
Bripaxenue (4.41) Ha3piBaeTcs AudpepeHInaIbHbIM YPaBHEHHEM COCTOSIHUS PEAIbHOTO rasa.

. ou
Jns mpeanpHOro raza ObwIO TMoka3zaHo (cM. ombIT I'eii-Jltoccaka), yto | — | =0, T.e.
v
T

)
T(pj — p =0, HO MBI IPEATIOJOKHUIIU, YTO 6 = qJ(T), CIIeIOBaTEIbHO,

T ).
op\ db

7 P )4 _,_p, 4.42

(8010,7 P (442)
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HO (apj =B=£, Torga Tﬂﬁ— p=0. Pa3nenuB nepeMeHHbIE, MOIY4YUM ﬁ=d—T
) v 0 0 dr 6 T

Uurerpuposanus nocnensero pasenctsa gaer In@=In7 +1In C, umu
O=kT . (4.43)
6 Ecnu BeIOpaTh ONMHAKOBYIO €IUHUILY M3MEPEHHS TEMIEPaTyphl, TO
k=1, a 8 =T (cm. puc.4.17). B nanpHelimemM Mbl He Oydem aenaTh
pa3nuuus MEXIy Ta30BOM M TEPMOJIMHAMUYECKOW (a0COIIOTHON)

TeMIIepaTypaMHu.
k=1
45° DHTPONUS U TEPMOJIMHAMHYECKAsi BEPOSITHOCTD

Benukuit  Jlrogsur bomsuman  (1844-1906), co3paBmmii
Pucd 17 T KHHETHYECCKYIO TEOPHIO Ta30B, paccMarpHBasi MHPOLECCHl B Trasax,

OpuIien K BBIBOLY, YTO CHUCTEMa, MpPEJOCTaBlIeHHas caMoil cebe,
NEepeXOAUT W3 MEHEEe BEPOSATHOIO COCTOSHHSA B 0ojiee BEPOSTHOE, YTO IO3BOJHIO €My
YCTAaHOBUTH CBSA3b MEXKIy ODHTpONMEH S U TepMOAMHAMHYECKOW BepoATHOcThio W. Ilox
TEPMOJAMHAMUYECKOM BEPOATHOCTBIO IMOHMMAKT 4YMCIO pPA3IMYHBIX MHUKPOCOCTOSHHM,
peanu3ylonuX AaHHOE MaKpOCOCTOSIHUE CHUCTEMBbl (B KBaHTOBOM MexaHuke W ecTb uucio

!
,rne N = Z n;, N,-49acCTHIl B i-M COCTOSIHUH.

Hni! :

i
Haiinem cBsi3p MeXAy OHTPONMEM W TEPMOJAMHAMMYECKOM BEPOATHOCTHIO. Jliid
TEPMOJAMHAMUYECKON CUCTEMBI, COCTOSALLEH U3 IBYX IMOJICUCTEM, MOKHO HAIIMCATh:

KBaHTOBBIX cocTostHuil). [1o [Tnanky, W =

S=8+S,, (a)
W=Ww W,. (b)
onaras, uro S = @(W ), BMecTo (a) Gyaem nMeTh
o(WW,) = oW,)+ oW, ). ©)
[pomuddepenuupyem (c) cHauana no Wi:
oW W, W, =g W,), (@

a3arem no W,
"W W, WW, + ¢ (WW,)=0, 1o W =W,W,,

CJIEI0OBATENIBHO,
o'WW +9'(W)=0. ()
HOCHGI[HCC BBIpa)KeHI/IC HepenmueM B BUJIC
dg'(W) ,
I w o (W)=0,
W (W) (f)
paSI[eJII/IM HCpCMGHHBIe
dgW) dw
? ) +——=0 9]
gw)  w
U IIPOUHTETPUPYEM
Ing'(W)+InW =Ink, (h)
orkyna @' (W)W =k . (k)

Pemum ypaBHenue (k) orHocutensHo @ W):

AWy apw)=k Y
aw W

@(W)=kInW +k, , 50 S =¢p(W), Torna okonuarensso
S=klnW (4.44)
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R
(MOYKHO 110Ka3ath, 4To k = VO =1,38-107 /K - nocrosiuHas bonbimana, a k;=0).
0

JlnajieKTHYeCcKo€e TOJIKOBAaHHE BTOPOIO 3aKOHA TEPMOJAMHAMUKHI

Beolmie roBopumiioch, 4ro TEPMOJAMHAMUYECKUH METOJ HUCCIEJOBAHMSI NMPUMEHUM JMILb K
KOHEYHbIM cucTeMaM. [IpuMeHeHHe ero K MHUKpPOMHUpY, Ille TEPAIOTCS MOHATUS TEIUIOThl U
paboThl, a Takke K OCCKOHEUHBIM CHCTEMaM IMPUBOAMUT K OIMMOOYHBIM BBIBOJAM. Pymnonbd
Knay3nyc, mpuMeHUB BTOpPOH 3aKOH TEpPMOJMHAMUKH K OECKOHEYHOH CcHCTeMe, IpUIIeN K
BBIBOJly, YTO PaHO WMJIM IIO3JHO HACTYNHUT TaK Ha3blBaeMas ‘‘TEIUIOBas CMEpThb BceleHHOW . OH
nucay: “OHeprusi Mupa OCTaeTCsi NOCTOSHHOM, SHTPOIUS MHpa CTPEMUTCS K MaKCUMYyMYy .
Teopuss “remyioBoil cmepTH” NPUBOAUT HAac K cymectBoBaHuto bora. Ilama Iuit XII Ha
3aceaHny TMAICKOW akageMuu Hayk B 1952 romy roBopui o cymiectBoBanuu ‘‘Heob6xoaumoro
CymiectBa”. @puapux Durensc (cMm. @.OHrensc, Juanexktuka npupoasl, 'ocnonuruzaar, 1952,
c.19) nucan: ... MaTepus BO BCEX CBOMX IPEBPALLEHUSAX OCTAETCSI BEUHO OJHOM M TOM XKe, HU
OJIMH U3 ee aTpuOyTOB HMKOIJIAa HE MOXKET OBITh YTPAaueH M YTO MOITOMY C TOH Ke camoi
NPU3HAHHOW HEOOXOJAMMOCTBIO, C KaKOW OHa KOTJa-HHOYIb UCTPEOUT Ha 3eMyie CBOW BBHICIINN
I[BET - MBICISIIIMNA JTyX, OHA JOJDKHA Oy/leT CHOBA MOPOJIUTH YTO-HUOYAb B JPYIOM MeECTe U B
npyroe BpeMms’. B mporuBoBec Kilaysmycy bosbliMaH cuMTan, 4TO BCEJIEHHAs HaXOIUTCH,
BOOOIIIE TOBOPS,, B COCTOSIHUU TEPMOJMHAMHYECKOTO PABHOBECHS, OAHAKO B HEH HEM30EKHO
BO3HHUKAIOT CKOJb yrogHo Oombmme (iaykryanuu. HabGnromeHuss u OTKpHITHS acTpO(U3UKOB
[OKa3bIBAIOT, YTO Marepus o0OJaJaeT HUKOIrJa HE YTPauuBaeMOW CIOCOOHOCTBIO K
KOHIICHTPALMU SHEPTUH U MIPEBPAILECHUIO OJHUX (POPM ABIKEHHS B JpyTHE.

S. IlpuyoskeHre BTOPOro 3aKOHA TEPMOAUHAMUKH K AHAJIHU3Y TePMOANHAMUYECKUX
NPoLeccoB

CpeaHsisa TepMoiMHaMuYecKas TeMIieparypa npolecca
[Ipu TepMoaMHAMUYECKOM aHAIN3€ LUKJIOB B PAJE ClydaeB yZOOHO BBECTH IMOHITHE CpEIHEH
TEPMOJAMHAMHUYECKOM TeMIIepaTypsl mpolecca (CpeiaHed TemmepaTrypsl IOJABOAA WIM OTBOJAA
TeroTel). B sTom ciydae pabora mmkna B T-s amarpamme H300pasuTcs B BUIE
IPSIMOYTOJIBHUKA.
PaccmotpuM nonutponuyeckuil nporecc B 7-s nuarpamme (cm. puc.S.1).
JUst oM TpOnMUecKoro npouecca dq, = c¢,d1 unyu B UHTErpanbHoil Gpopme

4.2 =€, (Tz _Tl) (a)
d
T I[lo omnpenenenuto ds =&, TaKk dYTO IIOCIHE
p 2 T
y . MHTErpUPOBAHUS IIOTydacM

7 b . As ,=c Inl2 (b)

1-2 IW////////' C Sl—z - Cn ,Zwl *

4

YMmuoxenue (b) Ha cpeaHIO TeMmIiepatypy HoABOAA

TEIIoThl 71,_, Jaer

a As,, |d S

— T
qh—c = 7—1—2011 lniz . (C)

Puc. 5.1 T,

[IpupaBHuBas qp.. U qn1-2, HAWJIEM BBIPAKECHUE IS

CpeaHer TeMnepaTypbl HOABOAA TENIOTHI
f _ Tz - T1
-2 = T. .
In—2
1

(5.1)
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AHaJIOTUYHBIE pacCcyxKacHus NpoBOJAATCA U B Cliyda€ OTBOAA TCIIJIOTHI OT TepMOHHHaMI/IqCCKOﬁ
CUCTCMBI.
Tak kak B T-s auarpamme u300apbl PeaJbHBIX BEIIESCTB HA MOTPAHUYHBIX KPHBBIX HMEIOT
U3JIOM, TO CPEIIHsS TeMIIepaTypa mporecca J0/KHA ONPeeNIAThCs 00jiee 0OIINUM BhIPAKCHHEM
T,=2""". (5.2)
Sy =8
AI[I/Ia6aTI/I‘-IeCKOC TCUCHHUC C TPCHUCM
[Ipu TeyeHun BA3KOro rasza B KaHajaX 4acTh KMHETHYECKOHW SHEPrHM raza pacxoqyeTcs Ha
paboTy MPOTUB CHJI TPEHUS, KOTOpasi paBHA TEIJIOTE TPpeHUs. PaccMOTpUM TeueHne BA3KOIo ra3a

Jk
B come JlaBang B i-s amarpamme. Tak kak B amuabaruueckom kanane di =0, 1o npu
OTCYTCTBUHU CUJI TPEHHUSI CIIPABEIJIMBO PABEHCTBO

2 2
L . C . C
=i+ =i+, (a)
2 2
[Ipy HanMuMu CUII TPEHUS OyIeM UMETh
2 2
R & . c
L :ll+fl:lm+72u, (b)
2 2

e

rJe UHJEKC “N° XapaKTepu3yeT AeHCTBUTEIbHbIE 3HaueHHs BequuuH. [IpupaBuuBas (a) u (b),

HOJYYUM
2 2
¢y —c¢
. ) 20
Aiy, =1y, —i, = BT (c)

rne AiTp - IOTepsl KWHETUYECKON SHEPTHHU, 00YCIIOBICHHASI TPCHUEM.
Beenem monstue ko3dduumenta ckopoctu

c
@.=-—"", ¢ y4eTOM KOTOpOro mnepenuimem (c) B

cl/2
L Ai,, = (1—(/’3)62;-
5.3)

2 2 — —
¢ —c Jost mneansuoro comna @, =1, a Ai =0. llpu

2 O9TOM HMEET MCECTO MAKCUMAJIbHOC IMPHPAIICHUEC

2 2
6 ¢

=i —i,. B T-s

Ioy t A KHHETHYECKOW SHEPruu
lrp

auarpaMme  Ha puc.5.3 miuomanb NoJx KpUBOH
mpouecca a-1-2x-b-a  m300pakaer  TEIUIOTY
s TpeHus, a Aiyp=is,-i» 0OTOOpakaeTcsl MIOIAIbIO 2-

2n-b-a-2 u qacTo Ha3bIBaeTCs

TepMOAMHAMUYECKOM  morepeil.  YacTte ke
Puc. 5.2 TEIJIOTHI TPEHHUSI, COOTBETCTBYIOIIAs IJIoImanu 1-
251-2-1, et Ha yBelIMYeHUe SHTAIBIIUU [TOTOKA U

MOKET OBITh HCIIOJIb30BaHA B TPOIECCE MOCIEAYIOMIEro pacmupeHus. [lokaxkem mpoIeccs

)
¢ —¢

Asyp

pacumupeHuss B p-v  auarpamme (puc.5.4). 3mech pasHOCTb JHEPTHM npu

W309HTPONMIHHOM pacHIMpeHu B mporecce 1-2 u3obpasurcs miomanasto 1-2-m-d-1. PeanbHblit
MpoIleCC pPACIIUPEHUs C TPEeHHeM OyJeT MpoTekarb 1o KpuBod 1-21. YUtoObl HaWTH
NEICTBUTENbHOE MPUpPALIEHNE KUHETUYECKON SHEpruu, HeoOXOAMMO M3 TOYKHU 27 MPOBECTU
n309HTaNbIy di=0 (JTMHUSA 271-C) 10 TIepeceueHus ¢ U309HTpOomon 1-2.
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/Pl d
P1 %

P2
2 2,I[ " AiTp

ab s 4

Puc. 5.3 Puc. 5.4

2 2

Crn —C

Torna n300pasurcs miomanpo 1-c-e-d-1, a Aiy, - niomanso c-2-m-e-c. Bes temnora

TPEHMSI B p-V JuarpaMMe COOTBETCTBYET Iuiomanu 1-2a-m-e-c-1.

[IpoBeneHHbIe 115l COIIa pacCyI€HUs CIIPaBEAIUBbI U IIPU PACCMOTPEHUH IIPOLIECCOB B
TypOuHe. [Ipn paccMOTpeHNH BHYTPEHHEW SHEPTUU U SHTAJIBIIMK OBLJIO MOKAa3aHO, YTO 3HAYCHHUS
3TUX (YHKIMHA COCTOSHHSI MOTYT OBITh H300pa)XeHbI B p-V OUarpaMMe B BHJIE IUIOIIAACH
(cM.puc.2.5). IlpuMeHuM 3TO MOJIOKEHUE NPU U3YUYEHUHU IIPOLECCOB C TPEHUEM.

Ha puc.5.5a noka3an uaeanvHblil 1-2 u peanpHblid 1-21 npouecchl paciuupenus. [lpu

M30PHTPONMITHOM Tpoliecce padoTra H3MEHEeHHs] 00bema 11—214;[ =Uu; —U, u300paxaercs

pasHocThio momaneid 1-c-a-1 u 2-c-b-2. B peanbHOM mporecce 1-27 u3-3a DEUCTBUS CHI
TPEHUSI BHYTPEHHSISI SHEPTHSI Uy, B TOUKE 211 OyAeT OObIIIe Uy M U300pa3uTCs TII0Mmab0 210-d-b-
2n. Tak xaxk [_,, =u,—u,,, T0O paboTa HM30PHTPONUKHOro pacmmpenus (mr. 1-2-b-a-1)

YMEHBUINTCSA HAa BEIUYMHY IUIomanu 2xa-d-c-2-2x, t.e. I, =ll_2m—(uzﬂ—u2). B mpouecce

cKaTusl ¢ TpeHueM (puc.5.50) BHYTpEH Hsisl DHEPTUs ra3a B TOUKE 27 M300pa)kaeTcs TUIONIAIbI0
2n-d-a-2n, a B Touke 1- mmomanero 1-c-b-1, Torma nedcrBuTENbHAas padboTa CKATUS [ox 4
n300pasuTes miomanbo 2n-d-c-1-b-a-21.

PaccmarpuBast 1elCTBUTENBHYIO TEXHHUECKYIO paboTy pacmupeHus (puc.5.5B), BUIUM,
4yTO MAeanbHas padota (1. 1-2-a-b-1) ymeHbIIaeTCs Ha BEIUMYHMHY, SKBUBAJICHTHYIO TUIOMIAIH
20-d-c-2-251, xoropas paBHa Airp. s TOro 4roObl HalWTH PEalbHYI0 TEXHHYECKYIO DPaboTy
cxatus (puc.5.51) HeoOxoauMo U3 tiomaan 21n-d-0-a-2 1 (3Ta mionanab n300pa)xaeT SHTATBITHIO
i) BBIYECTH TUIOMIAAb 1-c-0-b-1, n300pakarouIyio i.

Huxe npuBoasiTcs pUCyHKH MTPOLIECCOB CXKATHUS B KOMIIpeccope B i-s, T-s U p-v Auarpammax.
OtMeTHM, 4TO B Iporeccax cxatus Aigp=ir,-i» (puc.5.6b, mi1. a-2-21-b-a) 6oiblIe TEMIOTHI
Tpenus (11.a-1-21-b-a), a B mporeccax pacuimpeHus - Hao0opoT ( cM. puc.5.4).

OnpenenuM 3Ha4YeHHE T[OKas3aTess MOJMUTPONbI MPH PACHIMPEHUH HICAIbHOTO ra3a B
aquMabaTHUecKoM KaHajle, eciu u3BecTeH Koopduiment tpenus & Tak Kak d@pren=0, TO
YPaBHEHHE EPBOrO 3aKOHAa TEPMOAMHAMHUKM MpPUMET BUA dq, =di—vdp, HO dq,, =&di,

torna  (1—-&)di—vdp =0 umn
(1= &)c,dT —vdp =0. (a)

k
Tak kak ¢ , = ﬁ R, 10 (a) npeacraBumM B BUJIE

k k
(l—f)ﬁRdT—vdp—(l—f)ﬁd(pv)—vdp—o. (b)
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pV'=const

ds=0

i

v

p

0

i
l,2n / ‘ | §
15 P2 2 \\\\§§

A p2
dS :0 lK - lK )
pl 1
N : : | |
a b |

Puc. 5.6

Beenem o6o3Hauenue B = (1— é)kkl u ipeodpaszyem (b):

Bpdv+(B—1)vdp =0.
PaznenuB mepeMeHHBbIC, IOJyYHMM YpPaBHEHHE IMOJUTPOIIMUYECKOTO TIpolecca ¢ TPEHUEM B
nuddepennuanpHoi Gpopme

B

B-1

dv

1%

+d—p:0,
p
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g -9
rae n= = i - 5.4)
Bl -9 = -
k-1
noKaszaTeib HONUTponsl . Belpaxenue (5.4) uMeer mnpemensHbI Tmepexox, T.e. npu &=0
noiaydaem n=k.

[Iporiecchl cMeneHus
Bo MHOrMX »HEpreTMYecKmx CHUCTEMax M YCTPOMCTBAX HMMEIOT MECTO IMPOIECCh
CMEIIEHUsI Ta30B C pa3IMYHbIMU (U3MYECKUMU CBOHMCTBaMH U TapameTpamu. Ilpu sTOM
BO3HHMKAET BOIPOC O COCTOSHUM CMECHU: KaKMMH OyayT TemIeparypa W JaBJIICHHE CMECH,
HACKOJIKO YBEJIMYUTCS SHTPONUS W T.II. PaccmoTpum mporiecchl CMENIeHusl Ta30B B
o0beMe, B MOTOKE U TIPH 3aIIOJTHEHUHU COCYIOB.
Cwmemnienre B oObeme. Jlmst sKecTKOM aanmabaTHUuecKoW CHUCTEMBI, COCTOSIIEH W3 JBYX Tra3oB,
pa3zeneHHbIX MePeropoaKoil, MOKHO HaIMCaTh
U.=U +U,. (a)
Ecnm yOparh meperopoaky Mexay ra3amMu, TO BHYTPEHHsISI dHeprusi cuctembl U, He
M3MEHUTCS (HET MPUYUH ISl €€ U3MEHEeHUs1). PackpbiBasi BhIpayKeHUE JIJI1 BHYTPEHHEN YHEPTHH,
nepenuiiem (a) B BUIE

(Gy + Gy )eyenTen = Giey Ty +Gocyo T, (b)

1 2 OTKYJla HalJIeM TeMIIEpaTypy CMECH
_ G, T1 +Gye 0T, (5.5)

“ (G,+G ' '
Ul’pl’ U23p27 ( 1 Z)CVCM
T, T, BBoist moHsiTue MaccoBoii nomu g, =G, /G, , nepenuuieM (5.5)
T, = 8iculi + 8,601, _ 8icuTi +8,¢,,T, . (5.6)
Puc. 5.7 Crom 81Cu1 T 826,

Jlist uaeansHoOro rasa p, = p, + p,, TIE p - MapuUaibHOe
nasienue rasa. U3 ypasuenuii cocrosuus pV, =G,RT, u p,V,, =G,R,T,, waiinem
NapUUATbHbIE TABJIEHUS Ta30B

,  GRT, , G,RT
—__ 1 1"cM C), = £ £ M™ d
P v () P> v (d)
W3 ypaBHEHUI COCTOSIHUS, 3aMMCAHHBIX ISl TA30B JI0 CMEIICHHUS, ONPEIEIIMM MacCy T'a30B
PV P,V
G="1"(),G =% (2
R1711 R2T2
[ToncraBnss (e) u (g) cooTBeTCTBEHHO B (C) U (d), MOJIy4UM BBIpaKEHUE AJI JABJIECHUS CMECH
P =| DO+ 22T (5.7)
L T

rae r;=Vi/V.y - 00beMHasi 0Jig Ta30B; p| U p, - JABJICHUS ra3oB 0 cMellieHus. B camom o6mem
ClIydae CMEIICHHUsI 71 Ta30B MOYKHO HaITUCATh

n 7
Py = TCMZ%- (5.8)
=1 4

3Has mapaMmeTpsl ra30B 10 U MOCJE CMEUICHHS, MOXKHO HAlTH yBETUYEHHE SHTPOIHUHU CUCTEMBI,
BBI3BAHHOE MPOLECCOM O00pa3oBaHUs CMecH. VI3MeHeHHe HHTPONHHM CHCTEMBbI €CTh CyMMa
M3MEHEHUN SHTPOMHH JIJISl KAXKI0TO U3 KOMIIOHEHTOB:
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1 P 2 P
rue pl' u p; - MapIuaNbHbIE JaBICHUS KOMIIOHEHTOB B oOpa3oBaBiueiics cmecu. [lepenumem

AS, =AS, +AS, = G{cpl In TTM ~R/In plj +G, (cﬂ In Y;M ~R,In pz}

9TO BBIPAXKCHUC C YICTOM TOI'O, YTO p, =TIPey -

AS, = G{cp1 Inle R In %J + G{cp2 Inle R In rzpm} =
T, P T, P>

T, T,
=Gl(cpl In—"—R,In Po - R ln’lj"‘Gz(sz In—*-R, In Po - R, lnrzjz
T Dy T, D>

T T
=G1(cpl nls R n Pw}c{cﬂ T R 1n Pw]+
T P T, P>

+GR, lnl +G,R, lnl .
h r
B pacuere Ha 1 kr cmecn, T.€. paznenuB AS, Ha G+G,, TOTy4uM

As. = gl(cpl In Lo —R/In pm]"'gz(cpz In Lo -R, lanMj+

1 1
+g,RIn—+g,R,In—.
h n
JIBa mepBbIX cnaraeMbeix B (5.9) XxapakTepu3ylOT NpUpAIlEHUE SHTPONHMM CHUCTEMBI,
CBA3aHHOE C M3MEHEHUEM TEMIIepaTypbl M [aBJEHUS, JBa IOCIEJHUX - MpHUpAlICHUE,

oOycnoBiieHHOe TmporeccoM nuddy3un Tpu CMENICHWH Pa3HOPOAHBIX Ta30B. BwipaxkeHue

1
G,R,In— =GR, lnp—cﬁ4 MOJKHO YCIIOBHO pAacCMAaTpuBaThb KaK YyBCIMYCHME DHTPOIMU B

F Di
pe3ynbTaTe IPOCCEeTUPOBAHUS i-T'O Ta3a OT JABJIEHUS CMECH Pey 0 €r0 MaplIHATIbHOTO JTaBICHHS
p.-

CmMenieHre B OTOKE.
PaccmoTpuM aBa ra30BBIX MOTOKA, KOTOPHIE HAIIPABIISIIOTCS B
G,

~>_|

\\

KC = Gy =6+ Gy
T

a
G2

Puc. 5.8

annabaTuvecKyro Kamepy, IJe MPOMCXOJUT HMX cMmemeHue. s OTKphITON agumabaTHyecKon
CHUCTEMBI MOKHO HaIucaTh

I,.=1 +1,. (m)
CZ
N3 (m), mpeneOperas KHHETHYECKOW OSHeprued razoB ( i >>—), MOXKHO ONPEICIUTh

_ GlcplTl + Gchsz _ 8¢ 1+ 8,¢,,T,

TeMIepaTypy CMecu (5.10)

CcM

G, +¢,,6, €81 1Cn8s
ITporneccel cMelIeHns MIOTOKOB MOKHO ITOKa3aTh B i-s [uarpaMMe. M3 o4eBUIHBIX COOTHOLICHUM
i, =&+ 8,0, 1 & + &, =1 MOXKHO NOJTy4IUTH
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Gl iCM — i2
== -—= , n
gl GCM il _i2 ( )
G, i—i
= =1 M . )
g2 GCM il - i2 (p

PaznenuB (n) Ha (p), HailIeM COOTHOIIEHUE MEXIAY MAaCCOBBIMH JOJISIMU U DHTAIBIIUSIMU Ta30B
(cm. puc. 5.9)

i —1i
Sl Tl (1)
g2 ll - lCM
I[aBJIeHI/Ie cMECcHu OHpeI[eJII/IM n3 BLIpa)KeHI/IH OHTAJIBIINAU
(u + pV)CM G, = (u1 +pv )Gl + (uz + PV, )Gz
:(ul+p1v1)g1+(u2+p2v2)g2_ucm . (511)
Vv

CcM

M

Ecnu 6b1 mpouecc cMmemenus Obl1 00paTUMBIM, TO
Sem = &151 T 825, (em. pue. 5.9), oxnako
HaJIn4yue yIapHbIX HOTEPb, KOTOpBIE
IPONOPIMOHATIBHBI KBaApaTy Pa3HOCTH CKOPOCTEH
CMEIINBAEMBbIX [TOTOKOB, U CHJI TPEHUsSI IIPUBOIST K
i c 21 YBEJIMYEHUIO SHTPONUH Ha Asy, T.€.

Soun = &85+ 828, +As,.  (5.12)

1 Doy Pem

Low
i £2 3aroiHEHNE COoCy1a Fa30M.
2 HyCTB A0  3aIlloJIHCHUA  COCylda Ta3oM
As, BHYTPEHHSSI SHEprusi raza B OayuioHe paBHa U,
P [ocne 3anonnenus OyaemM UMETh
¢

U,=U +1 =U,+G,|i,+—=1, (513
S1 Sem A\Y) K : ! ! 2| 2 2 ( )

Puc. 5.9 rne G,=G,7- Macca 3aKayaHHOTO  Tasa,

By )
UMEIOILEro SHTaNIbNuUIo [ ; 7- BpeMs 3akauku; G, -

MaccoBbli pacxon. [IpeneOperas kuHeTWyeckoW 3Heprued rasza, u3 (5.13) MOXHO HaWTH
TEMIEPATypy CMECH

_ Gie, T, + Gchsz _ gic, 1+ gchsz

= (5.14)
o™
(Gl +G2) CVCM cvlgl +cv2g2
HaBHeHI/Ie ra3a B 63JTJTOHC IIOCJIC 3AaIIOJIHCHUA HaﬁHeM N3 YpaBHCHUS COCTOSAHHUA
G, R T
Pew = oM ‘/CM oM , (515)
YBECJIIMYCHUE DHTPOIIUHN U3 BBIPAXKCHUA

ASCM = GCMSCM - (Glsl + G2s2)' (516)

MakcumanbHas paboTa H30JMpPOBaHHOM cucTeMbl. Teopema ['tou-Ctoaobl

[Ipu ananuze 3¢pGEKTUBHOCTH PHEPreTUYECKUX YCTAHOBOK BCTAET BOIPOC OIpPEAeTICHUS
MoJIE3HOM paboThl aauabarmueckoil cuctembl. C ITOM 1EIBI0 PACCMOTPUM  3aKPBITYIO
aanabaTUYECKyI0 CUCTEMY, COCTOSIIYIO U3 UCTOYHHKA PabOThl U OKpYykarolen cpenbl. st Toro
yTOOBl Takas CHCTEMa MOIJIa COBEPUIMTH paboTy, HEOOXOAUMO HaJU4Me TEIUIOBON WK
MEXaHMYECKON HEpPaBHOBECHOCTH MEXIy  IOJCUCTEeMaMM, T.e. TeMIeparypa M JaBJICHUE
UCTOYHUKA pabOThl JIOJDKHBI ObITH OOJIBIIE AABIICHUS U TEMIEPATyphl OKpyXkatouiei cpeasl. B
aanabaTHYecKol cucTeMe TMoJie3Has padoTa MOXKET OBITh MPOU3BEACHA TOJIBKO 3a CYET YOBbLIN
BHYTPEHHEU YHEPTUHU
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L = (Ul + Uocl )_ (U2 + UocZ ) = (Ul - UZ)_ (U0C2 - Uocl ) ’ (a)

/i€ IOACTPOUYHbIE MHJIEKCHI 1 U 2 COOTBETCTBYIOT MapaMeTpam J10 U MOCIe COBEPIICHUS paOOTHI.

N3MeHeHne BHYTPEHHEW HSHEPrUM OKPYKAIOUIEH CpeAbl ONpEeaeIuM W3 NEPBOro 3aKOHa
TEPMOJIUHAMUKH:

(UOCZ - Uocl ) = ro - Loc : (b)

bynem cuntath, 4TO MOACHCTEMa OKpYXKarollas cpeia HAMHOTO OO0JIbIlIE HCTOYHHUKA padOThI,

9TO MO3BOIIAET NONAraTh po.=const u To.=const. B atom ciyuae, 1.x. (V, =V,)=—(V. , -V ),

[

MOXXHO HAIMCAThb Loc = poc (VOCZ - Vacl ) = _poc (VZ - ‘/1 )’ (C)
ro = Toc (S()C2 - Socl ) N ( d)

[Toacrasisis (b) B (a) ¢ yuerom (¢) u (d), momyuum
L:UI_UZ_poc(VZ_‘/l)_Toc(S()CZ_S()Cl)' (517)

Ecnu B cucteme mponeccsl MpoTeKaroT 00paTUMO, TO MPHUPALIEHHE SHTPOIHMHU CHCTEMbI PaBHO

HYITIO
]72,/T2,U2, V2 AS, :(Sz _Sl)+(Soc2 _Sm):o’
¢ L S ,—S,.,=S-S,, a npousBenennas paborta Gyzuer
Il | Une MAaKCHMAJIbHOM:
pl/,Tl,Ul, Vi L..=U-U,-p, (Vz - Vl)_ T, (S1 -5, )

poc,Toc:Uocl / (5 . 1 8)
Z Ecinn OB B COCTOSIHME TEILUIOBOrO M MEXAHUYECKOIO

paBHOBeCHsI C OKpyXKarolieil cpemoit pabodee Teno
HMCTOYHHMKA paboThl Maccol G TPHILIO OOpaTHMBIM
myreM, Obuta OBl MOJy4eHa MaKCHUMaJbHO BO3MOJKHAS
paboTta, KOTOpPYIO MOET COBEPIIUTH 3aKpbITas

Puc. 5.10

aguabaTrndeckast cucremMa
LmaXBosm:Ul_Ua+p0c(‘/1_Vo)_Toc(Sl_Sa)’ (5183)
GRT,,
poc
3HTpOHI/ISI pa60qer0 T€j1a B COCTOSAHHNU paBHOBeCI/IH C Opr)KaIOH_[eﬁ CpeI[Oﬁ. 3Ty MaKCHUMaJIbHO
BO3MO)KHyIO pa60Ty MOKHO Ha3BaTb BKCCPFHeﬁ BHy’TpeHHeﬁ 3HepFI/II/I (06 3KC€prI/II/I CM. HI/DKG).

N3 (5.18a) BumHO, YTO HE BCS BHYTPEHHSS HHEPIUs HCTOYHHKA pabOTBI MOXKET OBITH

rae 'V, = , R - ra3zoBas mocrosiHHas pabouero tena, Uy U Sy - BHYTPEHHSST dHEPTHs U

npeBpalieHa B TOJE3HYI padoTy. Boruuras (5.17) wu3 (5.18), HailmeM mnotepro
paboTOCIOCOOHOCTH TEPMOAMHAMHYECKON CHCTEMBI
L,=L,—L=T,[(S,,-S,.,)-(S-5,)]=T,AS,. (5.19)

Takum o0Opa3oM, 4TOOBI ompeaenuTh moTtepto padorocrnocodbnoctn TC HeoOXxoanMo
TEMIIEpaTypy OKpYKAIOLIeW Cpeabl YMHOXUTh Ha NPUPALICHHE OSHTPONHMU CHUCTEMBI,
00yCIIOBIIEHHOE BHEIIHEH W BHYTpPEHHEH HeoOpaTuMocThio. B obmem cimydae teopema I'rom-
CTOm0JIBI UMEET BUL

L,=T,Y> AS, . (5.20)

i=1
rae AS,, - mpupallleHHe SHTPOIUM B OTAEIbHBIX 3JEMEHTaX SHEPreTMYeCKOW YCTaHOBKH,
00yCIJIOBIIEHHOE HEOOPATUMOCTBIO.
M. T'tou - dpanmysckuii ¢usuk, noaydwn ypaBHenue (5.20) B 1889 r.; Cronmdna -
CJIOBAllKMH TEIJIOTEXHUK - BIIEPBbIE IPUMEHIII €0 JJIsl TEIIOTEXHUYECKUX PacueTOB.
OKceprud TEeIIOThl U OTOKA, dkceprerudeckuit KITJ{
®dopma 3HEpruu, KOTopasi MOKET ObITh MOJHOCTBHIO MpEBpalleHa B Ipyrue (GopMbl SHEPrUH
HA3bIBACTCS HKCEPruei, OHa XapaKTepu3yeT Mepy TEXHMUYECKOH LieHHOCTH »Hepruu. K Takum
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dbopMaM SHEPruM OTHOCSTCS AJIEKTPUUYECKas, KOTOpas B HJCAIbHON 3JEKTPUUECKON MalluHe
MOJIHOCTBIO TPEBpAIlaeTCsl B MEXaHMUYECKYI0, KMHETHYecKas U IMOTeHIMalbHasd. Terora xe
BKJIIOYAET JBE (DOPMBI SHEPrUM - HKCEPrui0 M aHepruto Temnotsl. Ilox skceprueit Temnotsl Eyp
MNOHMMAIOT Ty 4YacTh TEIUIOThl, KOTOpas MOXKET OBITh IOJHOCTBIO IpeBpalieHa B padboTy
UJEabHOTO LIUKIIA, OCYHIECTBIIsIEMOro B uHTepBaje temmneparyp 7...7o.. BTopas cocrasnsromas
- aHeprus TeIIOoThl By HE MOXET ObITh NpeBpalleHa B paboTy M NepesaeTcs OKpyKarollen
cpene. DKceprus U aHeprusl TeIJIOThI SIBISIOTCS QYHKIHUSIMHU MTpoliecca.
DKceprus TeIIOTHI.

PaccMoTpuM ujeapHy0 TEIUIOBYIO MallMHYy, paboTaronlyro B uHTepBajie remneparyp 7... 7.
Tak kak mpoueccel MPOTEKAIOT 00paTUMO, TO HW3MEHEHHME SHTPOIUU CUCTEMBI (TOpsiuero u
XOJIOTHOTO UCTOYHHUKOB TEILJIOTHI) PABHO HYJIIO:

T ds,=dS+dS, =0, (a)

0 Ho dS =dQ/T , Torna

nacajabHas
TEIUIOBast - @ + % =0, (b)
MaIlliHa Ly = EQ T T,
T
2 orkyna dQ, = 7‘:‘ dQ=dB, . (5.21)
0
Ty Tak xak dQ =dE, +dB,, To noxacrasisis crona (5.21),
Puc. 5.11 HoJIyquM

dE, = (1 - 7;"jalQ . (5.22)

B unTerpansnoit hopme popmynsr (5.21)-(5.22), Hanmpumep, A1 ©300apHOTO MpoIecca, IPUMYT
BUJ (CM. puc.5.12)

2
do T.
By, =T, [ <" =Ge, T, In > =T,(5,~5,). (5.23)
1 1
2
T, T.
Ep, = I(l _;]JQ = ch{(n _Tz)_ T, In T2:| =0, - BQ[—Z : (5.24)
1 1

B peanbHOil MammHe, r1e ©IMEeT MECTO He0OpPaTUMOCTh, YacTh SKCEPTUU MPEBPAIIACTCS
B aHepruto (cMm. puc.5.13) u orBogumas Temiora Q,. yYBEIMYMBAETCS Ha BEJIMYMHY IOTEPH

T T
2 N
dp=0 Q= “
| .
1 K:D Lun:EQ'D
Epi =]
Toc BQ »—ie
BQl—Z Qac
S1 52 s T,
Puc. 5.12 Puc. 5.13

akcepruu D, TO ecTh
0, =B,+D, Tx.

KayecTBeHHYI0 CTOpPOHY TMpeBpallleHHs] SKCEPruu TemIoThl B  padoTy LHUKIA
xapakrepusyet 3kceprerrnueckuii KI1/]

nex =—4= ¢ :1_2 (525)
Qo EQ
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Jns upeansHoit MamuHel D=0, a 7., =1.
DKceprus MmoToka.

JIJ1st OTKPBITON CHUCTEMBI, TpeHeOperas KWHETUYECKOW M MOTEHIIMAIbHOM dHEepruei rasa, s
MOTOKA YHTAIBITMU MOKHO Hamucathb (cM. puc.5.14a):

2
12211+.[dQ_LTex' (a)
1
L[exl—Z ASH
1 |
Il —_ — 1.2 S'l—> —>S2
t2 . t de'
d =
1 '!. Q 2 1 '!- T 2
a 6
Puc. 5.14
Jnist motokoB sHTpomnuu (puc.5.146) 6ynem umersb
, -
$, =58+ 40 | AS Bk (b)
T
Ymuoxum (b) Ha T, 1 BRIUTEM U3 (a)
2
j2 - TOCSZ = jl - T()CS1 + J‘(l - %de - LTexl-Z - YZ)CASH . (C)
1
Paspemas (¢) OTHOCUTEIHHO TEXHUUECKOW pabOThI, HOTYYUM
2
LTexl-Z = jl _j2 _T;)C(Sl - S2)+I(l_ Y;C de_T;)cASH N (526)
1

npu AS, =0 HaiiieM MakcuMaibHyl0 pabory L [ToTok coBEepHIMT MaKCUMAJIBHO

Tex1-2)max *
BO3MOKHYIO pabOTy B TOM Ciy4ae, €CJId OH OYJeT pacIupsAThCS 00paTUMO BHavYaje 1o aauabdare
(mpomtecc 1-a Ha pwmc.5.15), a 3ateM mo wu3orepme npu 7T,. 10 COCTOSIHUSI PaBHOBECHS C
OKpyXxaromen cpenoi. Jljis ogqHOTrO Kujtorpamma rasa u3 (5.26) ¢ yueToM CKa3aHHOTO MOJyYuM
BbIpaXXEHHE SKCEPIUU MTOTOKA
ex, =i, —i,—T,(s,—s,), (5.27)

T.€. B Touke 1 moTOK 00JasaeT 3Kceprueii ex;, BeJIMYuHa KOTOPOH B p-v AUarpaMMe u300pazurcs

momaasio 1-a-0-b-d-1. Kak Bugum, skceprusi moToka 3aBUCUT

p HE TOJIBKO OT HauaJbHBIX MApaMETPOB, HO U OT COCTOSTHUS

d 17, OKpy»Karolen cpenbl. UTak, moa skcepruei moToka NOHUMMaroT
MaKCHMaJbHYIO paboTy, KOTOPYIO MOXET COBEPIIUTH MOTOK,
pactupsisick BHauase npu ds=0, a 3aTeM 1o oopaTuMoit

ds=0
uzorepme npu Ty, 10 COCTOSHHS MOTHOIO PABHOBECHS C
c g Toe=const  oxpysxaromeit cpesioit. MokeT BO3HHKHYTE BOTIPOC, a He
/0 COBEpLIAET JIM TIOTOK paboTy B npouecce a-0 3a cueT

Poc JUCCUITUPOBAHHON TEIUIOTHI OKPYKAIOIIEH CPEBI ¢ e, KOTOPYIO

OH I0JIy4aeT, He HapyIlIaeTcs JIU 3/1eCh BTOPOil 3aKOH
TEPMOJMHAMUKH, 3aIPELIAIONINI aHEePTUIO MpeBpaliaTh B
skcepruto? Jlemo B TOM, 4YTO B TOYKe “@” HACTymaeT
puc. 5.15 TEIUIOBOE PaBHOBECHE MOTOKA U OKPYXKAloIIel cpesibl, HO
OTCYTCTBYET MEXaHHUECKOE PAaBHOBECHUE, TAK KaK Py>Poc U
MOTOK MOXKET PACIIUPSITHCS JI0 Poc, COBepILIas padoTy. [ToaBo ke TEMIOTHI ¢, OT OKPYKaroIIei

CpE€AbI ABIACTCA JIUIIb KOMIICHCAIMOHHBIM IIPOLECCOM, ITO3BOJIAOIINM ITOTOKY OCYHICCTBIIATH
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pacuupenue npu T,.. C yueToM KHHETUYECKOW U MOTEHIIMATIbHOM SHEPTUM SKCEPIrus MOTOKa
2
c
—i 1
UMEET BUJL ex, =i, —i, —T, (s, —so)+?+gzl. (5.28)

Ha pucynkax 5.16 u 5.17 npencrasiensl rpadudeckre n300paxeHus 3KCepruu notoxa B 7-s u i-
s muarpammax. M3 puc.5.16 BUIHO, 4TO 3KCeprusi MOTOKa € MapaMeTpaMu OIpeaeIsieMbIMU
Toukou 1, n3oOpaxaercs B Bune AByX miomanaeit - ledel (i1-ip) u aObca (Toc (s0 -5, ), T.e.
e =41, +T()C(S0 _Sl): L=l _Toc(sl _S())'

B i-s nuarpamme skceprusi MoToka U300pakaeTcsi BEpTUKAIBHBIM OTPE3KOM, COCTOSIIIM
U3 ABYyX 4dacren: i;-ip uT,, (s0 - sl) .
Jlns Toro uToGbl momyduth otpe3ok T, (s, — s, ), IPOBEIeM ClleIyIomue PacCykIeHHs.

W3 ypaBuenus Tds=di—vdp npu dp=0 Oynem

%/////% | exi 17 Totsosn
///// (50 - s)Toc @

puc. 5.16 puc. 5.17

So N

UMEThb (aj =T . Jlna  Hamero  ciydas
s
p

ds

Toc (so -5 ) :

[Ipu ucnonw3oBanum skceprerudyeckoro KIIJ[ mpu aHamusze sHEpreTUYECKUX MalluH
0ojiee MPaBWIBHO OIEHHBAaeTCsS MX 3(PQPEKTUBHOCTh, TaK KaK 7, XapaKTepU3yeT OTHOIICHHE
KayeCTBEHHO OJINHAKOBBIX BEJIMYUH - padoT.

. . 2 T\ - .
L II_IZ_TOC(SI_S2)+I(1_;de_TocASH

Tex1-2 1

nex = — = 2 =
LTexm{l-Z 7 _ 7 _ 5 _ ' _ L -
Il 12 Toc(Sl S2)+_!(1 T )dQ (529)
— 1_ T:)L-ASH — 1 _ D

2 2 .
I.I_I'Z_]:>C(S'I_S2)+J.(l_7;fde Exl—Ex2+J.(l—7;f)JQ
! 1

rae Ex=G[i—i0—T (S—SO)],BT.

oc

(81) =T, =tgep (cMm. pucS5.17), cienoBarenpbHO, yMHOXas (g¢ Ha (so—sl), MOJTYyYUM
Poc

Jnst oqHOTO KMjlorpamma rasa 0yaeM UMeTh
d

=1- :
" ex, —ex +j 1—L q
1 2 1 T

B cucremax, rae remnora He nogsoautcs, dg=0. IIpu orcyrctBun norepu sxcepruut d=0, 7., =1.

(5.29a)
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B kauecTBe mnpuMepa paccMOTPUM TEIIOOOMEHHBIH ammapar W ONpeAesiuM €ro
skceprerudeckuit KITJI.

. . Ex, — Ex
G, - = N
Or_n HO Ex, = Ex; + (Exl — Ex, )— D, TOIJa BMECTO
- (a) MOXXHO HamUCaTh
: Ex,—Ex,-D D T,.AS
~ . . = G]] 776}6 = XI' xz- =1-— . =]-—"——
2 Ex, Ex, 3 Ex, — Ex, Ex, — Ex, Ex, — Ex,
(5.30)
Puc. 5.18 rae
AS, =AS,, +AS,, =G, ¢, In 2~ R n P2 |+
T, P
L= T, . _ T
+Gyle it R, P4 | =G | -c, m b+ R In L |+
T, Ps T, P
N = T, D5 | . .
+G, Conr lnF +R,In"=f py=p —Apys Py =P~ AP 5
3 Py
0.1 =Gy (i4 —1 ) =G, (il —1 )
L JtoOyro PHEPreTHYecKyro CUCTEMY MOXHO TMPEICTABUTH B
TTGX BUJe O0BEKTa, B KOTOPBIM BXOAST M BBIXOIAT MOTOKH SKCEPIHU

Ex, E,. Ecnu cucremoii coBepinaercst Texuudeckas padora Loy

. TO OHa JOJDKHAa OBITh BKIIOYEHA B OallaHCOBOE YypaBHEHHE
EQ —> — Ex, TOTOKOB. Tak, mis o0bekTa, mokazaHHoro Ha puc.5.19, morepro
MOTOKA SKCEPTUU B HEM OIPEICTUM M3 BBIPAKCHHUS

D=E,+Ex —Ex,-L

Tex °

(5.31)
T

. . T \: .
Ex; rne £, =|1- T Q 1 Ex, - BXOIA1IHE IOTOKU DKCEPIUH TEMIOTHI

Puc. 5.19 Y DKCEPruu NoToKa; Ex, u L - BEIXOASIIHAE NOTOKH.

6. Tensiocu/ioBbie ra3oBble HMKJIbI H PeaKTHBHbIE IBUraTe/IH
Iuknsl qurarteneit BHyrpeHHero cropanus (JIBC)

[TepBbIii pabOTOCTIOCOOHBIM JABYXTAaKTHBIA Ta30BBIA JIBUTATEIh BHYTPEHHETO CrOpaHUs
0e3 mpeaBapUTENBHOTO CKaTHs OBLT co3jaH ¢paHIly3kuM MexaHukoMm Jlenyapom B 1860
rogy. llukn B 3TOM JABurarene coBepuiajicss 3a OIUMH O0OpPOT KOJIGHYaToro Baja.
3anonHeHue MWIMHApAa TOproYed CMechl0 MPOUCXOIMIO 1O TIOJOBHHBI XOJa TOPILIHSA,
3aTeM CMeCh MOJPKUTaNach JJIEKTPUYECKOM HCKpOMl M cieaylollue IMoJIXoJa B Ipoliecce
pacmiMpeHus — coBepuianack  mosie3Has —pabota. Ilpu  crnemyromem  Xoie — HOPIIHS
OCYIIECTBISUICSI  BBIXJION  OTpaboTaBmmx Ta30oB. KoaddumueHt mone3Horo AelcTBuUs
JIBUTATENS COCTaBisil Bcero 3...5%. B 1877 romy, mocine 12 ner ymopHOW paboTHI,
Hemenkuil TexHuk H.Otto (1832-1881) co3maeT TOpU3OHTANBHBIM YETBIPEXTAKTHBIA OIHO
UJTUHIPOBBIA ABUTATENb MOIIHOCTBIO 4 j.c. (OTTO B paboTe moMoras uHx. JIaHTreH).
JBurarenu, paboratonye no npuHuuiny OTTO, TZie MOJABOJ TEIJIOTHI OCYIIECTBISETCS MPHU
MOCTOSSHHOM 00BbeMe, Ha3bIBalOTCA ABUTATEISIMH OBICTPOTO CrOPaHMS.
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B 1872 romy amepukanckuii wHkeHep BpaliTOH CKOHCTpyHMpOBan IBYXTaKTHBIA OCH-
3UHOBBIM JBUIaTelIb IIOCTENEHHOIO cropaHus. B 3ToM aBurareise B KOHIE CKATHS B LIWJIMHIP
BBOJAWJICS BO3JyX, HACHIIICHHBIA MapaMu O€H3MHA, W TMPOLECC CropaHusi MPOTeKal TNpu
p=const.

B 1890 romy IlaprpeaBec cosmaer ABUTaTeNb MOCTENEHHOTO CropaHusi paboTaromiero
Ha HedTH, TJe BIEpBbIE OBUIO OCYIIECTBIECHO CaMOBOCIIAMEHEHHE pabodeil cMecH.

Kanutsn coznaer JBYXTakTHBIM KEPOCHHOBBIA JABUraTElb CO CrOpaHWEM IPHU TOCTOSH-
HOM JaBJI€HUH, B KOTOPOM B KOHLE CXaTUS B LMJIMHIP BBOAWIACH CTPYd TOHKO pacIbLICH-
HOT'O KEpOCHHA.
Pynoned duzens (1858-1913) coBmectHo ¢ ¢upmoit Kpynm B 1897romy co3manu mepBbid
SKOHOMUYHBIA IPOMBINUICHHBIA YETBIPEXTAKTHBIA JIBUraTelb IIOCTEIIEHHOI'O CrOpaHus, B KOTO-
POM BOCIUIAMEHEHHE JAM3EJLHOTO TOIUIMBA OCYIIECTBISUIOCH 0O€3 3amalbHOro YCTpoWcTBa (CBe-
4H).

JIBurarenssMy BHYTPEHHEIO CTOPaHMS Ha3bIBAKOTCS TEIUIOBBIE MAIIMHBI, B KOTOPBIX TEIUIOTA
K pabouemMy Teily MOJBOAMTCS B PE3yJIbTaTe CrOPAHHS TOILTUBA HEMOCPEICTBEHHO BHYTPHU JIBUTATE-
ns1. Pabounm tenom JIBC Ha mepBoM 3Tane B Mpolieccax BCACHIBAHUS U CHKATHUS SIBISETCS BO3IYX
WM CMECh BO3/IyXa C JIETKO BOCIUIAMEHSIOIIMMCS TOTLUTUBOM, Ha BTOPOM dTare B Imporecce padode-
ro X0/1a - TPOJYKTHI CrOPaHMsl KHUAKOrO WK Ta3oo0pa3Horo ToruBa. JlapneHus pabouero tena B
JIBC He cIMIIKOM BEIHMKH, a TEeMIIEPAaTypbl HAMHOTO MPEBBIIIAIOT KPUTHUYECKUE, TaK 4TO padbouee
TEJI0 MOXKHO pacCMaTpUBaTh KaK WCAIbHBIN ras.

K npeumymectsam JIBC, oTHOCSTCS:
- KOMINAKTHOCTb, T.K. TOPSAYUN UCTOYHUK HAXOJIUTCA BHYTPU CaMOr0 JIBUTaTeNs W, CIE€I0BaTEIbHO,
OTIazaeT He0OOXOUMOCTh B TEIIOOOMEHHBIX TOBEPXHOCTSIX, YEPe3 KOTOPbIE MepeIaeTCs TEIIOTa K

pabouemy Temy (PT);
-BO3MOJKHOCTh TOJIYYEHHsI OTHOCHTEIbHO BhICOKOro KIIJI, T.K. B IMMIMHApAX ABUraTeIsl MOXKET
OBITH 00OecIeYeHa BRICOKAsl TEMIIEpaTypa ropsiuero HCTOYHHKA. OCHOBHBIMH 3JIEMEHTAMU JTF000-

ro nopuHeBoro JIBC sBistoTCS IMIMHAP C MOPIIHEM, COEIUHEHHBIM C BHEUIHUM IOTpeOuTesneM
pabotel. [lunuHap uMmeer 1Ba KiamaHa - 4yepe3 OJIMH MPOUCXOauT BcackiBanue PT, uepes apyroif -
BbIOpoc PT mocne 3aBepmienus nukna. Pasnuuaror Tpu ocHOBHBIX BHia 1ukioB [IBC: nukin OTTO
(cropanue npu V=const), nuki Juzens (cropanue npu p=const), UMK TpuHKIEpa (CMEIIaHHOE
CropaHue, cHayaya rnpu V=const, 3aTem rnpu p=const ).

[Tuka OtToO

OCHOBHBIMM 3JIEMEHTaMHU JBUTATeNs, paboTatomiero mo nukiay OTTo, SBISIOTCS LUIMHIP C
MOPIIHEM, BITYCKHOM M BBIITYCKHOM KJIamaHbl, cBeuda (CIYXKUT JjIsl BOCIIJIAMEHEHUS TOproYeit cMecH),
PacIoNOKEeHHbIE B TOJIOBKE IWJIMH/PA, U KapOropaTop - yCTPOMCTBO IJIsi IPUTOTOBICHUS TOTUIMBHO-
BO3/IYIIIHON CMECH, KOTOPOE HE PACCMaTPUBAETCS B TEPMOJMHAMUYECKOM aHAIIN3E.

PaccMoTpuM mporiecchbl, NPOUCXOASIINE 32 OJUH IIUKI Ha MHIUKATOPHOW auarpamme puc.6.1
(nuarpamme, MOJY4EHHOW MPU UCTIBITAHUU JIBUTATEIS):

a-1 - BcachIBaHUE TOPIOYEH CMECH IMPH JaBJICHUU HECKOJIBKO MEHbIIEM aTMochepHOro (u3-3a ruji-
pPaBIMYECKOTO COMPOTUBIIEHUS BIIyCKHOI'O KjamnaHa), 1-2 - ckaTue roproueid cMecu, Ipu 3TOM TOII-
JIMBHO-BO3/IYIIHAs CMECh MOJKUTAETCS JIEKTPUUYECKON MCKPOH HECKOJBbKO paHbIIe, YeM IHOpPIIEHb
MPUXOJUT B BEPXHIOW MepTBYIO TOuky (BMT), 2-3 - cropanue roprouyeil cMecu M MOABOJ BbIJE-
JIUBIIEHCS TETJIOTHI K TPOYKTaM Cropanusi, 3-4 - pacimpeHue npoayKToB cropanus (pabouniixon),
4-5 -BBIXJION OTPa0OTaBIIMX MPOJIYKTOB CTOPaHUsl MPH OTKPBHITOM BBIITYCKHOM KJamaHe, 5-b - BbI-
TaJKUBAaHUE OCTABUIMXCS MPOJYKTOB CIOPAHUS MOPIIHEM IPU JIaBJICHUM HECKOJIBKO OOJbILIEM aT-
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MocdepHoro. 3a OMH IMKJI MOPIIEHb COBEPIIAET YeThIpe Xoaa (Takra). st ynoOcTBa nanbpHei-
LIET0 aHaJINU3a CJeNIaeM psiJl TOMyIIEeHU!:

1.Tak kak KOJIMYECTBO TOIIMBA B TOPIOYEH CMECH IO MAcCe HEBEJIMKO U CBOMCTBA CMECH U IPO-
JIYKTOB cropaHusi OJM3KM K CBOMCTBaM BO3yXa, CUMTaeM pabO4YuM TeIOM Bo3ayX. bynem cuurarh
TaKk)Ke, 4To paboThl MPOIECCOB a-1 U 5-b paBHBI 110 MOYIIO, TOT/IA JIMHUU TIPOIIECCOB COIBIOTCS, a
LUKJI CTAHOBUTCS 3aMKHYTBIM.

2.bynem cuuTaTh, YTO MOJIBOJ U OTBOJ TEIUIOTHI B IIUKJIE TPOU3BOIATCS Y€pe3 CTEHKU LMIMHPA.

3.Tak kak mpoueccsl cxkatus 1-2 u pacmmpenus 3-4 MpoUCXOAAT 32 BECbMa KOPOTKHE MPOMeE-
KYTKH BpEMEHHU (TEIUIOOOMEH C OKpYXAlolIeH Cpeloi HE YCIEBaeT COBEPIIUTHCS), CUUTAEM HUX
annabarnueckumu. [Iporeccsl moaBoaa TEIIOTH 2-3 ¥ OTBOAA TEIJIOTH 4-5 OyneM cuYuTaTh M30-
XOPHBIMU (TIOPIIEHb HE YCIEBACT NIEPEMECTUTHCS 3@ BpEeMs II0J{BOJIa U OTBOJIA TEIIJIOTHI).
B pe3ynbTaTe caenaHHbIX TONYIIEHUH NPUXOAUM K UACATM3UPOBaHHOMY HHUKITY OTTO, COCTOSIIEMY
13 IByX oOpatuMbix anuadat 1-2 u 3-4 u aByx u3oxop 2-3 u 4-1 (cm. puc.6.2).

Omnpenenum tepmuyeckuid KITJI naeansroro mukiaa Otro. KonmmuecTBo TEMIOTHI, TOIBOIMMON B

u3oxopuom mporecce 2-3 ¢, =c, (T, —T,), otBommmoii B nponecce 4-1 g, =c,(T,-T;). B co-
OTBETCTBHH ¢ onpejenaeHreM tepmuaeckoro KITJ{
—1_9n 4 ¢, -T,)
n=1-—"—=l-——"73"
4q; c,(,-T,)

TAC TCINIOEMKOCTHU B YHUCIUTCIIC U 3BHAMCHATECJIC - CPEAHNE B UHTCPBAJIaX TCMIICPATYpP OT T4 a0 T] u

oT T2 10 T3 COOTBETCTBEHHO. CumTas pa60qee TCJI0 nJICaJIbHBIM I'a30OM, 6YI[€M moJjiarath ¢,=const,

Ly

4

Loy
T2

I UW30DHTPONUN-

Horo mpoiecca 1-2
MOpLIEHb

MOKHO 3a1mcaTb
k-1

(T4 _Tl)

Toraa 77t:1_(T ) (*)
3 2

ITpeoGpasyem 310 BblpakeHue 77, =1—

IR

HIATYH 2 5= Y2 Ha-
/ T, Y|

30BEM OTHOIICHUEC
yIIENbHBIX 00BEMOB
b, 5 0 U TIIOCJIC CXKaTUusl

CTCIICHBIO cXKaTtus
\ |

\% N
\ / E=—". C yye-
\ — V,

KPUBOIINIT

—H TOM BBEIECHHOTO
0003HaUYEeHN

k-1
Puc. 6.1 YT“I = (lj . s
£
2

anguabar 1-2 u 3-4 3anumiem ypasaenus [lyaccona

plvlk = pz"ﬁ ) (a)
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PsVs = P3Vs - (b)
Tak kak v, =v,, a v, =v,, T0 nocie aenenus (a) Ha (b) HaiineM, 4TO

Ps _ Ps , WK & = 5 , Tak Kak 2-3 u 4-1 - U30XOpHI.
P1 P2 I, T,
Bo3sBpamasce k Beipaxenuto (*) mia KIT, momyunm
1

n = I_F , 6.1)
T.¢. Tepmuueckui KIIJ[ npeanu3zmpoBaHHOTO LMK
OTTO 3aBHCHUT OT CTETICHU CXKaThsl B Tiporiecce 1-2 u
g — MOKa3areyss HW309HTPOIBI k. YeMm BhINIE CTENEHb
CXKaTHs M TIOKa3aTeNlb U303HTPOIBI, TeM BhIte KIT/I.
2 OpnHako Ha TMPAKTUKE CTENEHb CXKATHS B COBPEMEH-
— HBIX KapOIOpaTOPHBIX IMOPIIHEBBIX JBUTATEISIX HE
4 npeBbimaer 7...10, Tak kak npu OONbIIe CTeneHu
— 4y _ CXKaTHS MPOUCXOUT CaMOBOCILUIAMEHEHUE TOPIOYEH
1 CMECH M JIETOHAIMs, KOTOpash MOXET pa3pylIuTh
UWJIMHAP W HopuieHb. JleToHanus - 3TO TOpEeHHE,
CKOPOCTh KOTOPOTO 3HAYUTEIbHO MPEBBIMIAET CKO-
v pOCTh HOPMAJIBHOIO TOPEHUS, COIPOBOXKIAEMOE
yJIapHO# BOJIHOM, 00Jafaroniell 3HaYUTEeILHON pa3-
Puc. 6.2 pymmTenbHo cwitoi. C yMEHbBIIEHHEM MacChl TOII-
JUBa B BO3JlyX€ k BO3pACTaeT, CIEIOBATEIbHO, C
[ICIBI0 TIOBBIIICHUS TEIJIOBOW 3(P(PEKTHBHOCTH IMKIAa HeoOXoaumo B kadecTBe PT ucnonb3oBaTh

OeIHbIE TOILIMBHO-BO3AYLIHbIE cMecH. Tak, npu k=1.25u £=8 1 =0,405. Ecom k=14, 0 1} ;
=0,574.

Kak u mnsa mneanbHOoro (cMm. puc. 6.3), Wi peaJbHOTO IUKIA, B KOTOPOM pacIIupeHue U
C)KaTUe MPOUCXOAT C HEOOPATUMBIMU MOTEPSMH, CYIIECTBYET ONTUMAJIbHAsI CTEIIEHb CKATHUs, IPU
KOTOpO# paboTa nuKIiIa mpu 3aAaHHbIX 7 y T3 JOCTUTAeT MaKCUMAaJIbHOTO 3HaueHus. UToObI HAlTH
3Ty ONTUMAIBHYIO CTENIEHb CXKATHSI, 3aIUIIEM paOOTy IEHCTBUTEIBHOTO IUKJIA B BUC

L :lpﬂ+l o

r1€ Ly 1y Ip 5o lex n - NEACTBUTENBHBIE PAOOTHI LIMKJIA, PACIIMPEHUS M CKATHs COOTBETCTBEHHO. BrIpa-

3uM paboTy nukiIa yepe3 crenenb ckatuss € u KIIJ[ nelicTBUTENBHBIX MPOIECCOB PACIIUPEHUS U
CKATHA 1], U 7], :

R (1,-T)
lua:lpa+lc>xa:ﬁ (TS_T4)77p_ﬁ =
_ R gl [1- T, ST (B ) L)
k=170 T, L\ 1, /-
R 1 ) 1
- T (l_gk-ljﬂp_f(g“_l)n , (6.2)

rne 7T=—.
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Baenem 0603HaueHNE Y = Sk_l,

R 1 1
L o=—"T1|l1-=lp —z(y-1)—
na k _1 3 ( y]’]p T(y )770)K
al

U HaiiieM dKCTpeMyM (QYHKIUH [y 1(V), B3SIB IPOU3BOIHYIO a—“ U TPUPABHSAB €€ HYIIO
Y

ol
w _ RT; lg_i =0 = yZ:%:gz(k‘“,OTKyﬂa
ay k_l y 77(:)1( T
1
T, \2(k-1)
£ :(Wj . (6.3)
T

Tak, npu p=")cx=1, T3=2273K, T1=293K  &=12,95; npu 1,=1»=0,9 E:r=9,95.

B nelictButensHOCTH Tipoliecchl ckatus u pacmuperus B JIBC sBistoTCS MOTUTPOIH-
yeckuMU. MccnenoBaHus TIOKa3bIBAIOT, YTO TIOKA3aTeNlb MOJHUTPONBI CKATHSA M, = 1,35, a
pacumMpenus n, = 1,3.

IIpu pacuere [IBC wucnonb3yercs Takoe MOHATHE Kak CpEJAHEE WHAUKATOPHOE JaBJIEHUE

—_un
P v

h

, tne V), =V, =V, - pabounii 00beM LHIMHIpA. 3HAs P; MOXKHO ONPENEIUTH JCHCT-

BUTENIbHYIO paboTy IMKIIA.

OmpenenuM pacxoji TOILIMBA WM rasa By mnorpeGisemoro jgsuratenem. KommdecTso
TEIJIOTHI, BBIJCIMBIIEECS MPU CrOPAHUU TOIJIMBA, MJAET B HM30XOPHOM IIPOLIECCE HA YBEIUYE-
HUE BHYTPEHHEH JHEPruu CMECH

Q,=BH;/7n,.=U,-U,,=G, ¢, Iy _(Gs ¢, T +B, ¢ T, )’ (6.4)
rone H ,5 - HU3MIas TEIUIOTBOPHAs CHOCOOHOCTHh TorumMBa (it OeH3mHa H 15 = 44 M]Ix /xr);

Ner - KITIJI XapakTepu3yromuil NOIHOTY CropaHus TOIUIMBA, OTKYAA

— Gr Cvr71r3 _GB CVBTBZ (6 5)
P .
HH 77 cr+ CT TT
I[J'Iﬂ IIOJIHOI'O CropaHu:ia 6€H3I/IHa HCOGXOHI/IMO BBIACPIKATb OIIPCACICHHOC COOTHOIICHUC
MCXKOY Maccoil TOIIMBa M BO31yXa. ByﬂeM cyurarb, 4YTO COCTaB 6CH3HHa XapPaKTCPUIYCTCA

MAaCCOBBIMH JIOJISIMU: =0,85, =0,14 n =0,01 (0OBIYHO B TOILJINBE COLEPKUTCI OKOJIO
C H, 0y

B

.=

OJIHOTO MPOLIEHTa KUCIOpOAa), a MaccoBas JOJS KHUCIOPOJa B BO3AYXE g 0 = 0,23, Torma Teo-
2B

peTHYEeCKH HEOO0XOJUMOE KOJMYECTBO KHUJIOTPaMM BO3JyXa I CTOpaHHs OJHOTO KHUJIoTpamma
TOIUIMBA HaimeM 1o Qopmyre
K. BO3/I.

(6.5a)

1 (8
b _(3gc +88u,~ 8oy, j=14’68 KT TOILI

80,,

JlelicTBUTENBbHO, U3 XUMHUeckux peakuuil H, +0.50,=H,0 u



62

C+0,=C0O, Buaum, 4TO Ui cropaHus 1 Kr BoJopoga HeoOXoAuMO 8§ KI' KHCIOpOJa, a
32 8 o
Uit cropanusi 1 Kr yraepoga Tpebyercs E:E K Kuciopozaa. Unciio KujaoMosei Bo3ayxa, He-

00X0/MMOe ISl TOJHOTO CTOpaHWs OJHOTO KHWjoTpamMMa TOIUIMBA, omnpeaenuMm u3 (6.5b)
1 | gc +8H2 80, KMOJIb. BO3/I.

Ly, =— =0.5025 ————, 6.5b
o o, \ 124 32 KT TOIJL (0:3b)

rae 1, ~=0,21- obbemHas Jons Kuciopoxa B Bosiayxe. Mexay Lyn Ly, cymecrByer cBsi3b

L,=L,, - U, - B ICUCTBUTEILHOCTH B HWIUHIP ABUTATENs mopactcst Bo3ayxa Gy =a L B,

rie a=038...1,]1 - koopdunuenT u30bITKa BO3AyXA.

T
333
ol e ;

¥

Puc.6.3

! !I/IKJ'I Z!I/ISCJ'IH

Ecnu cxxumaTh He roprouyro CMeCh, @ UUCTBIM BO3/YX, @ 3aTEM BIPBICKUBATh FOPIOYEE, CTEIIECHD
CXKaTUsl MOYKHO IMOBBICUTH, TaK KaK MCYe3aeT yrposa JieToHauuu. B sTom ciiyuae BMecTo kapoOropa-
TOpa HMCIIONB3YIOTCS (POPCYHKH, BIPHICKMBAIOIINE TOIUIMBO B IIMJIMH/P MOCIE CXKATH BO3yXa, KO-
I71a TaM BBICOKHE JaBJICHUE U TemrepaTypa. TOIMIMBO Terneph BOCINIAMEHSIETCS HE C IIOMOIIBIO CBE-
YH, a 3a CUET BBICOKOW TemImeparypbl Bo3ayxa B muiauHiape. [logada TomamBa peryaupyeTcs TaKum
o0pa3oM, 4TOOBI Mpoliecc ropeHus (MOABOA TEIJIOThI) MPOUCXOAMUI NIPU MOCTOSSHHOM JaBJICHUH, a
HE IpU NOCTOSTHHOM o0beMe Kak B nukie Otro. MneanusupoBaHHbiil UK [{uzens B p-v quarpamme
MPEACTaBIIEH Ha puc.6.4.

Boiuncnum tepmuueckuid KIIJ aToro mukia. BeeneM mMoHATHE CTENEHU MPEABAPUTEIHLHOIO

pacmupeHus L0 Kak OTHOIICHHE ylenbHoro oobema PT mocie moaBosia TEmIoTsl K yielIbHOMY 00b-
€My 10 TIOABOJIA TETLIOTHI:
V3
pP=—.

V,

Tak kak ¢, =c, (T, —T,) B usoxoprom mpomecce 4-1,a g, =c ) (T, - T,) B u306apHOM Mpouecce 2-3,

T,
2y
T e N E
QI Cp (7-'3_T2) k£_1 T2

T,
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Bripa3um OTHOIIEHHS TemrepaTyp depe3 Oe3pas-
F MEpHbIe TTapameTpsl ukiIa P u € B uzobapHoM mpo-
recce

Vo _ Vs I3 _ vy _

B

, 1, T, v
4 W3 ypaBHeHuit annabatHbix mpoueccos 1-2 u 3-4
PV = DPavss

k_ k
PsVy = D3V

1 k
¥ = - Ps _ (VSJ
C YYETOM V= V4 U pp= p3 ,0ylleM UMETh = .
P vy
Puc. 6.4 Tak kak musg u30xopHOro mnpouecca 4-1 crpasenauso
k
T T,
Ps _ 74 16 nomyuaem -t = (‘}3] = p*. Takum 06-
2B T, V)
pazom, Beipaxkenue aiis repmuueckoro KIIJ[ mukna {uzenst npuHUMaeT BUA
1 p" -1 1
=1-—- . . (6.6)
G k p-1 &
0.64
n k=1,35
0.60
p=1,5
0.56
0.52
25
0.48
0.44
10 12 14 16 ¢ 1€
Puc. 6.4a
Tepmuueckuii KIIJI nukna Jlusens TeM BbllIe, YEM BIIIE £ U YeM HUXKE O,
YTO HaIVISIIHO WJUTIOCTpHUpYyeTcs puc.6.4a
OnpenenuM peanbHYIO U HICTbHYIO paboTy mukia Ju3zens.
Lp,=bLy+l +1,, (a)
k
p,EV
L, = Pz(Vs - V2)77p = pzvz(p _1)77p = %(p _1)'713 =
=RT.e(p-1)n, . (b)

R T
Ly =us—u, :Cv(Ts _T4)77p :Hn(l_;jﬂp,
3
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_ kR [ ()
l34_k—1T3[1 [8) }np’ (©)

1 1 RT (T 1
1-2 (”2 ”1)77% Cv(z 1)770)1( k—l(Tl ]ﬂm
R

_ 1) 1
= k—l(g 1)77“( . (d)

[Toacrasnss (b),(c), u (d) B (a), momydnm:

k-1
l, = RT,e"" (p—1)n, +kR1T3{1—(’0] an _R (e* —1)L =

E k-1 e

-5 [r(k e (o~ H/’j}n ~ et —1);]. (67)

k-1

OmnpenenuM ONTUMAaJIbHYIO CTENEHb CHKATUs JUIs IUKIa J{u3ens, npu KOTOpoil pu 3alaHHBIX 7, P U

k-1
6pa60Ta OUKJIa UMECT MaKCUMAJIbHOC 3HAYCHHUC. BGHGM y= & , TOrga

_ R, {T(k ~)y(p-1)y, + (1 _P ;l ]np —7(y- 1)1}

| Mo

[IpupaBHSAB NPOU3BOAHYIO OT [y ; TIO y HYJIIO:

al k-1
( j =2(k=1)p -1y, + £, - =0,
N ), y M

IIOJIYYHUM

k-1

e = P (6.8)

[ 1 —(k—l)(p—nJ

Mexc,

( popmyna (6.8) momyuyena B. A. bapunosuyem).
[Monaras 75=2500K, 71=293K, jex= 1, =11 p=1,5, HalineM &, = 14,95.
1

Nexlly |26
- .

[Ipu p =1 nonydum & Ana uukia OTTo: €om:(

CpaBuenue KIIJ mukinoB Otrro m [uzens BBIMONMHUM TpadUUECKU C TMOMOIIbI0 7-s AHarpaMMbl
(puc.6.5). Ilpu ogunakoBbix creneHsx cxatus KIIJ uukia OTTO BBILIE, T.K. CPEAHSS TEMIEpaTypa
OTBOJA TEIUIOTHI B HEM HIDKE INPU OJMHAKOBBIX CpPEIHMUX TeMIepaTypax I0ABOJa TEIJIOThI
(puc.6.5a). Ognako nukn Ju3ens kak pas npeamnoiaracT OOIbIIYIO CTETIEHb CXKaTHs, TIOITOMY Tpa-
BUJIbHEE CPaBHUBATh 3(P(PEKTUBHOCTh LIMKIIOB IPU OJMHAKOBBIX MAKCHUMAJIbHBIX JABJICHUU U TEM-
neparype U pa3HbIX CTeneHsx cxarus (puc.6.50).
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Puc. 6.5

[Tpu Takux ycnoBusix Beie cranoBuTcst KITJI mukna Jlu3ens uz-3a 60see BHICOKOM cpeaHeit
TEeMIIepaTyphbl MOABOJIA TEIIOTHI.

[ukn Tpunknepa

JIaHHBIM UK MOXHO paccMaTpHUBaTh KaK KOMOWHAIIMIO JIBYX paHEe pPaCCMOTPEHHBIX, B HEM OCY-
LIECTBISETCS] CMEIIAHHOE CrOpPaHMe: YacTh TOIUIMBA TOPUT MPU MOCTOSTHHOM OObEeMe, YacTh - IpHU
MOCTOSTHHOM J1aBlieHuH. JlocTuraercs 3TO 00aBICHHEM €Ille OAHOTO 3JEMEHTa KOHCTPYKIUU —
dbopxamepsl (cM.puc.6.6), COETMHEHHON OJJTHUM WJTH HECKOJIBKUMHU Y3KMMH KaHajlaMH C IHJIMHIIPOM,
B KOTOPO# TOIUIMBO cropaeT npu V=const. [Ipx 3ToM pe3ko Bo3pacTaeT AaBlIEHUE, U MPOYKTHI CTO-
paHMsi BMECTE C HECTOPEBILEN YacThIO TOIUIMBA BHITAIKUBAIOTCS B LWIMHJIP, TI€ TOIUIMBO JOrOpaeT
yKe Tpy IocTostHHOM jaBneHun. Tepmudeckuit KITJ] mukna BeipasuM 4depes g 4 gir:

)
Zay
77 :1—@:1— Cv(T4_Tl) =1_ Tl ﬁ
T S R (N A
2 TZ TZ
g1
P
A
O [— i
1 2
4
20y
1

Puc. 6.6
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1

1 12 N o
Kak u panee, T =, TJe €= - CTeneHb cxkartus. BBoas HOBbIN Oe3pasMepHBIi Iapamerp
£ v
2 2

ﬂ

A= Ps CTEIECHb IMOBBIIICHUS TABJICHHUS B M30XOPHOM IPOLIECCE MOJABOJAA TEIUIOTHI M HCIIOJb3YS
P>
I, _ ps
ypaBHEHHE W30XOPHOTO Mpoiiecca 2-5, mojaydum —> = > = A . VI3 ypaBHEHUS H30XOPHOTO MPOIIEC-
2 D
_pe
P
k_ k kK _ k _
1-2 p,v, = p,v; 1 p,v/ = p,v, , pa3leNuB IEPBOEC yPABHEHUE HA BTOPOE C YUETOM PABEHCTB Vi= V4 ,

P5=p3nV=Vs !

ca4-1 , @ OTHOIIICHHE JIaBJICHUN ONPeIeTIUM U3 YpaBHEHUH afquabaTHBIX MpoIreccoB 3-4 u

NS

k

Py _DPs| Vs k
— = — = /Ip N
Py Pa\Vs
&
3/1eCh P = — - CTENEHb NPEABAPUTEIHHOTO PACHIMPEHHUS B ©300apHOM IIPOLECCE MT0IBOA TEILIOTHI.
Vs
T4 k
Takum o6pazom, T = Ap" . TIpomoikuM npeodpa3oBaHusL:
1

L _L|_, (L
TZ TZ TZ 7;
OKOH‘-IaTCJ'IBHO I MAKJIAa CO CMCIIAHHBIM ITOABOI0OM TCIIJIOTHI HOJ'Iy‘-IaeM
_ Apt-l 1
(A-1)+kA(p—1) €

ITpu p=1 (v3= vs, oTCyTCTBHE N300apHOTrO Mpouecca) popmylia nepexoauT B BbipakeHue i KI1/]

k —1|=kAp-1).

7 =1 (6.9)

nukia OTTo, a mpu A=1 (ps=pa2, oTCYTCTBUE N30XOpHOTrOo Ipoiiecca) - ;s KITJ[ nukna Auzens.
ITo s¢pdexruBHOCTH 1MKA TpuHKIEpa 3aHUMAET MPOMEKYTOUYHOE MOJOKEHUE MEXKAY MHKIAMHU
Otto 1 [lu3ens, 4To WILTIOCTPUPYETCS] pUCYHKOM 6.7.

B paccMOTpeHHBIX IIMKIIaX KPYTOBOM MPOIIECC OCYIIECTBISAETCS 3a 4YeThipe Takta (4
X0J]a TOPIIHS), KOTOPBIM COOTBETCTBYET JBa 00OpoTa KoJeHdaToro Bana. OQHAKO CYIIECTBY-
0T U JBYXTAaKTHbIE JBUTaTEeNM, IJl€ LUK MPOUCXOAMT 3a OJMH OOOpPOT KOJIEHYATOro Bala.
Takue nBUTATEeNM, KAaK IMPaBHIO, UMEIOT HEOOJBIIYI0 MOIIHOCTh M HAXOMST, KAK M YEThIPEX-
TaKTHbIE, IIMPOKOE NPUMEHEHHE B aBTOMOOWJIBHONM M MOTOLMKJIETHOM HPOMBIIUIEHHOCTH.

[{uxn CtupiavHra

B 1816 roay motnanackuii cBsimeHHUK PobepT CTUpIMHT 3amaTeHToBajl JBUraTelb BHEIII-
HEro CropaHusi, B KOTOPOM TEIUIOTa MOABOUTCS U OTBOAMTCS Yepe3 CTeHKH munuHapa. B 1843 roay
nsurarenb CTUpIIMHTA YK€ UCTOIb30Baics Ha ofHOM U3 3aBojoB lllotnanauu. Ilossnenue nsura-
teneid, padoraromux mo nukiay Orro (1877 r.) u duzens (1897 r.), okazaBmmxcs 6omue dddexTus-
HBIMU U HaJI©KHBIMH, IPUBEJIO K 3a0BEHUIO HA JUIUTEIBHOE BPEMsI 3TOT0 OPUTHHAIBHOTO YCTPOMCT-
Ba. Oxgnako B 1938 rogy dupma «Dumunc», ucnonb3dys nareHT CTHpIMHTA, CO3/IAeT JBHUTraTellb
MotHocTeio Oosiee 200 m,c, ¢ k.mm.a. 30%. C 3Toro MOMEHTa CHOBa BO3PAacTaeT MHTEPEC K ATOMY
uukiy. B Hacrosimee Bpemst nukil CTUPIIMHTA UCIIONIB3YETCSI KaK B TEIUIOBBIX, TaK U B XOJIOAMIBHBIX
MammHax. DPpQexkTuBHOCTh coBpeMeHHoro nukia Crtupaunra B 1,6...1,8 pa3a Bbllie, yeM HUKIIA
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Huzens. Ha puc.6.7aB 7T —su p — v JauarpaMMmax MOKa3aHbl MPOLECCHI, TPOTEKAIOIINE B UE-
asibHOM 1ukiie CTupiauHra B cpaBHeHUU ¢ nukiiom Kapho.
Jlist uukna Ctupnunra 1 KapHo nmoaBeneHHast U3BHE TEIUIOTA B Ipoliecce pacmupenus 3-4

T 3
dp=0
dv=0 5
2u r
2T
20
v
4
1
&
Puc. 6.7
p
T dT=0 S dv=0
T, 3 . 4 Ti=const
dv=0
Y pal %€ 4 ds=0
ds=0 dv=0
Tu PR 1 To=
2¢c 2K K n=const 2K
qRr le 1x
a b c d s \%
Puc. 6.7a

(cm.puc.6.7a) onunakosa (1. 4-d-b-3-4)

%
¢,=l,, =RTIn"* =RT, In > .
V3 2
B nukne Ctupnunra nporecc pacmuperus 4-1c¢ ocymectisiercs 1o uoxope dv=0 c otnayeit Ten-
noTH B pereneparope g, = c, (T, =T, ), KOTOpas WJeT Ha MOBHIIIEHHE BHYTPEHHEH YHEPIUH Ta3a B

npouecce cxarus 2¢-3, a 'y KapHo — no uzosntporne 4-1x. Ilogsoa TennoTsl perenepanuu K rasy B
pe3ysbTare OXJIAXJACHHsI MOPUCTOTO HAMOJIHUTENS pereneparopa npu dv=0 obecrneunBaeTcs TeM,
YTO yMEHBIICHHE 00BEMa rOPSYETo MUINHIPA PABHO YBEIUYCHHIO 00beMa XO0JI0IHOTO, U HA00OPOT.
Tak Kak JJMHUM HU30XOPHBIX MpoleccoB 4-1¢ u 2¢-3 S3KBUAUCTAHTHBI, TO KOJIUYECTBO TEIIOTHI OT-
JTAaHHOE OKpy»Karolien cpese B nukie Ctupnuara (1. a-2¢c-1c-c-a) paBHO TEIUIOTE OT/IaHHOM B IIHK-

ne Kapuo (mn. B-2k-1k-d-B). ¢, = RT} In 2 = RT, In 2% B npouecce lc-2¢ Temiora gp uepes
Vie Vik

OpeOpEeHHYIO CTeHKY IepefaeTcss OKpyxaromen cpeae. Otmerum, uro npoueccsl 3—4 u 4—1c¢ mpo-

HCXOJIAT OJHOBPEMEHHO, TakXke Kak u mpoiecchl 1c—2¢ u 2¢-3. Onpenenum paborty mukiaa Ctup-

JIMHTA KaK Pa3HOCTh MEXK/Y MOJABEACHHON U OTBEICHHON TETUIOTON
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=R T2 =T, in e |= R 7, 22— 1, n P2 | = R(T, -7, )n 22 = R(T, - T, )In ",
Vs Vac Dy P Dy Vs
Tak Kak npu dv=0 £=const,T0 D, =pgi, ap.=p,=.
T C T, CT

Tepmuuaeckuit KI1/] nukna Haitnem u3 ¢hopmMyibt

1%
lm{ R(TI _’TII)lni4
7] :L: V3 :1—i

@ RT, In* L
V3

Kax Bugum, tepmudeckuit KIIJ[ nneansnoro nukna Crtupnunra paBeH tepmudeckomy KIITJ nnme-
ansHOro uukia Kapso.

[Ipu co3manum nBurateneit CTUpAMHra BO3HHUKAIOT MPOOJIEMBbI HAJAEKHOCTH YILUIOTHEHUS
BHYTPEHHEr0 IPOCTPAHCTBA, MPEOJI0JIEHUS TEIUIOBOM MHEPIIMOHHOCTH MPOLIECCOB MEpelaun TerIo-
ThI, CHIDKAIOUICH MPHEMUCTOCTh JBUTATENsl, U 00eCredeHus: NEHCTBUTEIbHOW H30TEPMHYHOCTHU
nporieccoB 1c—2c¢ u 3—4.Ha puc.6.78 npeacTaBieH OJuH W3 MHOTUX BAPHUAHTOB KOHCTPYKTHBHOTO
pemtenust nurarens Ctupauara. [[BUratenb COCTOUT U3 CIEAYIONIMX OCHOBHBIX AJIEMEHTOB: 1, 2 —
MOPIIIHU, 3 — pereHepaTop, 4 — TOPSUUI MUJIUHIP, 5 — XOJOAHBIN TUIHHIP.

Puc.6.76

["a30TypOUMHHEIC YCTAaHOBKHU

l'azotypOunnas ycranoBka (I'TY), B ommuue ot JIBC, mo3BosieT B 0JIHOM arperate Mmojay4uTh
3HAYUTENHHO OOJIBIIYIO MOJIE3HYIO MOIIHOCTh 3a cdeT Odnmbiero pacxoaa padodero tena. OmpHako
cosganue ['TY craso BO3MOMHBIM JMIIb TOTJA, KOIZAa HayyHas MTEJUIMTECHLHs HAy4dwIach CO3Za-
BaTh KOMITPECCOPHI M TypOWHBI BhICOKOW 3 dexTuBHOCTH. PaccmoTpum npumep. [lycts monesnas
MoIIHOCTh TypOuHbl N=4000 kBT, 15 npuBoga kommpeccopa tpedyercs mouHocTh N,=3000 kBT,
TOrAa MoJIe3Hasi MOITHOCTh YCTAHOBKH Nuox= Nr - N¢ = 1000 kBrt. IIpeanonoxum, 4ro TypoO-
MallMHbl UMEIOT BHYTpeHHUW oTHocutTenbHbli  KIIJI (0 Hem Oyaer ckazaHO TO3XKe)

T

n.=n,=n,=0.8. Toraa momHocTs, Tepsemas BHyTpu I TY, coctaBut
N =(-7")N, +(1-75)N, =1400 Br,

ot oi

TO €CTb COU3MEpHUMaA C MMOJIE3HOH MOIIIHOCTBIO. OTO0T MPHUMEP TAKIKE IMOKA3BIBACT, HACKOJILKO OIIpaB-

naHa 6opn0a cozmareneit ['TY 3a moBbIeHUE 1],; @xe Ha COThIC I0JIH.

[TepBoie monbiTku co3ganus ['TY otHocsaTcs k koHIy XIX B. B 1892 romy unxenep I1./1.
Ky3bMuHCKHH CIIPOEKTUPOBAI M MOCTPOMII Ta30TYpOMHHYIO YCTAHOBKY MajoOi MOIIIHOCTHU JUISl KaTe-
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pa, HO BCTPETHIICA C CEPbE3HBIMU TPYAHOCTSAMH IO PErYIMPOBAHUIO TEMIIEPATYypbl MapOra3oBOi
CMecH Tiepe]l TypOMHOM.

B 1900-1904 rr. B 'epMaHny HauMHAIOTCS UCHBITAHHUS BO3AYIIHOW TypOWHBI, pa3paboTaH-
Hoil mwxeHepom IlItonbue B 1872 r., HO u3-3a HU3Koro KIIJ TypOGomamuubl ObLIM MPU3HAHBI He-
YIaYHBIMH.

Bo ®panmuu B 1906 r. u3roraBnuBaercs U UCHbIThIBaeTCS ['TY HEmpephIBHOTO TOPEHHS
(p=const), cipoekTupoBaHHas uHxeHepamu Apmanro u Jlemans, KI1J[ ycTaHOBKH cOocTaBHII OKOJIO
3%.

TypOuHa npepbIBUCTOro ropeHust (MOABOJ] TEIIOTHI B KAMEPE CrOPaHuUsl OCYILIECTBIISIICS TpU
V=const) HemMenkoro nHxeHepa XosblBapra Obuia ucnbiTana B 1908 r. B nanprelimem ObUIO 10-
CTPOEHO HECKOJIbKO TaKMX MamuH. MakcuManbHbli tocTuraytsiid KI1J[ cocraBm okomno 17%.

B Hacrosimiee BpeMsi pa3BUTHE TOJYYHIN TypOMHBI HENPEPBIBHOTO TOPEHHS, Y KOTOPBIX
Ipolecc B KaMepe ropeHusi IpoTeKaeT npu p=const, TypOUHBI MPEPHIBUCTOIO FOPEHUsI HE HAIIN
MPUMEHEHUS U3-3a CIOXKHOU KoHCTpyKinK kamepbl cropanus (KC) un muskoro KIIJ tTyp6un, pabo-
TaOLMX B MyJbCUPYIOILEM NOTOKE. B TO ke BpeMs ciieqyeT OTMEeTUTh, uto Tepmuueckuit KITIA I'TY
npepsiBucToro ropenust Boiie tepmudeckoro KIIJ I'TY ¢ HenpepblBHBIM TOPEHUEM.

[osiBnenue B koHue Bennkoit OTeyecTBEHHOM BOMHBI CKOPOCTHBIX CaMOJIETOB € TypOopeak-
tuBHBbIMU JiBUTaTeNsIMU (TPJI) nano Tomyok pa3BUTHIO Ta30TYpOMHOCTPOEHUSI B HaIlleH CTpaHE | 3a
pyoexxom. B Hacrosimiee Bpemst ' TY HenmpepbIBHOTO TOPEHHS HAXOAT IIUPOKOE MPUMEHEHHUE B Pa3-
JIMYHBIX 00J1aCTAX TEXHUKU.

WneanpHas ra3oTypOuHHAs ycTaHOBKa (1uki1 bpaiiToHa)

[Ipocretimas razorypounnas ycranoBka (I'TY) cocrout u3 kommpeccopa, TypOHHBI U KaMme-
pbI cropanus (cM. puc.6.8a). [Ipoueccel, npotekaromue B uaeanbHou ['TY, nokazansl B p-v u T-s
Ha puc.6.80 u 6.8B. Uneanbubril uka ['TY coctout u3 aByx oOpatumsbix aauadar 1-2 u 3-4 u 1Byx
n300ap 2-3 u 4-1. Paccmorpum ux 6onee moapoono mist I'TY, rne B kauecTBe pabodero Tena uc-

nosib3yerca uaeanbHbiii Ta3. [Ipomecc 1-2 , ds=0 - nmoBbIIeHNE JaBICHUS T'a3a B UI€aTLHOM KOM-
k-1

k
npeccope. B uzosHTponuitHOM nporecce ? =| P2 BBeneM noHsiTE CTENEHU MOBBILIEHUS
1 D
JIaBJIEHUS] B KOMIIPECCOpe 7T = Pz ,
P
&l RT.
torna T, =Tix * . 3nas T, u p;, HaligeM V, = —2 OmnpenenuM paboTy HAEATHHOTO
I29)
KOMIIpeccopa
Kamepa CropaHyst k R T
BT lK:_(lZ_ll): Cp(T2 Tl):_k_lonl ?2_ =
TOHJH’IBO‘*‘ KC 1
' k R,..[ =
=————T| 7" -1}| (a)
5 3 k—=1 u
Typbita
K T av)
G 1 KOMIIpECCOp 4 | LICHEparop
i ~ | BeuOn
BO3/yX G =G +B,

Puc.6.8a
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[Ipouecc 2-3, dp=0 - npouecc ropeHus TOIIMBA, KaK IPABHIIO KEPOCUHA, PACIIBIIIEHHOTO
¢dopcyHKaMu, ¢ BBIJEIIEHHEM TEIUIOTHI IPU IMOCTOSIHHOM JaBICHHU B HJICAIbHON Kamepe CropaHHsI
(OTCYTCTBYIOT TUJPABINYECKHUE TTOTEPH).

BeinenuBiasics TETIoTa uaer Ha yBEITHYCHHE SHTAJBIINU MIOTOKa

Puc.6.86 Puc.6.88
0, =B,H!1, =G.c,T,~(G,c,T,, +B,c,T.) (),

B~ pBT B2

B.(H™p, +c.T.)+G,c,T

orkyna T, = G Boppinl (c)
c
r~pr

Tak kak B peanpHbix ['TY BT = O,O3GB, TO OyIeM CYHMTaTh, YTO Gr = GB, c_=c_=c;

n. =1.Pa3nenus (b) Ha GB C YYETOM C/EJIAHHBIX JOMYIIEHU, TOIyYUM
q,=¢,(,-T,) . (d)

T,
rae q, = . JIns m3o00apHOro mpouecca TakKe MOXKHO Hamucarb v, =Vv, —. [Iponecc 3-4 -
B TZ
paciIupeHye ra3oB B UjeanbHoOi TypOuHe. 31ech

ket

L _[ps)f _ _ _ _
= sHOp3=py,aps=p,torna I, =—;>+, v, = .
T, yn s Dy

W3 nepBoro 3akoHa TepMoaUHAMUKHN dg= di + dlex Tipu dg= 0 1ocie HHTerpUpPOBaHUS HalIeM pa-
00Ty UeanbHON TypOUHBI

o k R, 1 k R, 1
= — — = — = - | = -1
1, =—(i,—iy)=c,(T,-T,) (k—l),uT31 T (k_l)ﬂTl =l (6.10)
T4 T

[Tpouecc 4-1, dp=0 - oTBOI TEIJIOTHI U3 IUKJIA. Y AETbHOE KOJIMYECTBO TEIUIOTHI, OT/IaBae-
MO€ OKpYKaIoIlel cpesie
k R (

qy =i, —i,=c,(I,-T)= =o(1, -T). (6.11)
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OTHUM MPOLIECCOM LUKJII YCIOBHO 3aMBIKAETCSl.
[Tonyuum Beipaxenue Tepmuueckoro KIIJI uaeansHoro nukna I'TY. Ilo onpenenenuto

T4 T4
——1 — -1
ﬂ:l”&:l—@:l—cl’(n_n):l_ﬁ T, —1— 1 \7
t k-1 ?
ql ql Cp(Y—;)_TZ) T2 5_1 7[7 E_l
TZ T2
HO JJIsl U303HTPONUNHBIX TTpoiieccoB 1-2 u 3-4
i T, “ T,
£:—3=7£ k, torma —3:5,
0’58 ’Tl T4 TZ 1
0,48 CJIEIOBATENBHO,
1
n=l-—-. (6.12)
Tk
Hannuue BHyTpeHHEH HEOOPATHMOCTH MPUBOIUT
0 1 10 20 g K CHIKEHHIO s dextuBHoctu I'TY. Tak, y peanbHOTO

KOMIIpECcopa TEeMIEpaTypa BO3AyXa B KOHIE C)KaTUS

BBIIIE, YEM Y UJEaJIbHOTO MPU OJMHAKOBBIX 7. [Ipu 3TOM
pacteT TexHUYeckas paboTa C)KaTus, a CJIEJOBATENbHO, U MOILIHOCTh, MOTpeOdIIsieMasl KOMIIPECCOo-
poM. Jlns oueHkH 3¢(HEKTUBHOCTH KOMIIpEccOpa BBOJSAT NMOHATHE BHYTPEHHEIO OTHOCHUTEIHHOI'O
KIIJI kax oTHOIIEHUE HI€aTBLHOM pabOTHl KOMITpEccopa K AeMCTBUTEIbHON

n _llcwl _ iz_il _ Epl—Z(TZ_’Tl)
Oixk — - . [ .
lxa lZA - ll Cp1—2£1 (T211 - Ti )
He AcJ1as pa3jinius B TCINIOCMKOCTSX, ITOJTYIUM
T,-T
Mo = 70> (6.13)
TZ}J - ’Tl

rae T, - NecTBUTENbHAS TEMIIEpATypa BO3/lyXa 32 KOMIIPECCOPOM.
B kamepe cropanus npouecc noAaBoja TeMmIOThl U3-3a THIPABIMYECKUX NOTEPh MPOUCXOIUT
C YMEHBLICHUEM JaBJeHMs, T.e. pH dp<(0, 4YTO NMPUBOAUT K YMEHBUICHUIO CTENEHU PACHIMPEHUS

rasa B TypOuHe 7, = &, TaK KaK ., =0 T, TIe O = ps/ps <1, o, - xodpdurmenT BoccTa-

KC“"K? K
Py
HOBJICHUS JIaBJICHUs, XapaKTEPU3YIOIIMK OTHOLIEHUE IOJHBIX MEXAHMYECKUX HHEPruil IOTOKa
k
* k_l 2 k=1 C C
p =pll+—M B COOTBETCTBYIOIIUX CeUeHUsX, M =—=—— - yucio Maxa, ¢ - cKo-
2 a ~JkRT

POCTh IIOTOKA, @ - MECTHAsI TEPMOAMHAMUYECKAsi CKOPOCTh 3BYKa.
B TypOuHe u3-3a NEeHCTBUS CUII TPEHUS NEHCTBUTEIbHAS TEMIIepaTypa ra3a 74y, BbIIIE, YeM TeM-
neparypa T4 B KOHIIE U303HTPOINUIHOTO pacuiupenus. [1o onpenenennto, BHyTPEHHUN OTHOCUTENb-
Hb1ii KI1/ TypOuHBI paBeH OTHOIIICHUIO N€WCTBUTEILHON pabOThl TYpOMHBI K UI€ATHbHOM
- L, -l T,-T,
Oixk — - . . .
l i,—i, T,-T,

TH]I

(6.14)

Ha puc.6.9 B T-s nuarpamme nokasaH LUK peaiabHoil I'TY.
Omnpenenum paboTy LMKIA C YYETOM MOTEPh B TypOOMAIIMHAX U ONTUMAJIbHYIO CTETIEHb MOBbI-
[ICHUS JJABJICHUSI B KOMIIPECCOPE, TPH KOTOPOM paboTa IUKIIa MaKCHMaJIbHa.
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luH:lT+lK: k ROTS 1- 171 7701T g & 1 ET_I L:
(k=1) u s (k1) u o
k-1
:L&E 1—% Mo —T| T * =1 L . (6.15)
(k _1) M 72,7 770!1(
k-1
Benem o0o3HaueHue y =7 * , BO3pMEM HPOU3BOAHYIO OT (6.15) mo y u mpupaBHsieM ee
HYJTIO
ol . ..
aiu — nL;:[‘ _i — O, = y2 — 7701T7701K , WIH
y T y 770!'1( T
7, T, |21
7, = | TolToncs \ T (6.16)

onr
T

W3 nomydyeHHOro BBIPaKEHUS BUAHO, YTO CTENEHb MOBBIIMICHUS JABICHHUS B KOMIIPECCOPE AOKHA
ObITh TEM BbllIe, YeM Oojblle BHyTpeHHHE oTHocuTesnbHble KIIJ[ TypOomammH u oTHOIIEHHE

T;/T, .

[oBbimenne TerioBoit 3¢ dexkruBnoctn ['TY
T BO3MOXHO 3a CYET: YBEJIMUYEHUs HAYaJIbHOM TeMIlepa-
P2 pP3 TypBI Ta3za nepea TypOuHO (B 9TOM Cilydyae BO3HHUKAET
npoOiemMa HaJeKHOCTH). Bo3Bpara yacTu TEIioThl B
LUUKJIA U MPUMEHEHUsI CXEM, B KOTOPBIX MUMEET MECTO
MMPOMEKYTOUHOE OXJIAXKICHHE BO31yXa MEXIY KOM-
IpeccopamMu B IPOLECCE CKATUSA U IPOMEKYTOUHBII
MOJIBO/I TEIUIOTHI MEXy TYpOMHAMH B IMPOIIECCE pac-
LIMPEHUsI ra3a, 4YTo I03BOJISET B ONPEACIECHHON Mepe
npuOIM3UTH KOHPHUTypanuio nukia Kk Kty Kapao.

I'TV c pereHepanuieit TENAOTHI

BosBpaT wactu TemIoTH B IUKI MOBBIIAET dhdek-
s TuBHOCTH I'TY U cMelllaeT ONTUMAIIBHYIO CTENEHb IO-

BBIIICHUS JTABJICHUS B KOMIIPECCOpE B CTOPOHY Ooiee

HU3KUX 3HAYEHUH, 4YTO MO3BOJISET YMEHBLIUTH YMCIIO

cryneHen kommpeccopa. Paccmorpum I'TY ¢ perene-
paTuBHBIM TerooOMeHHBIM amnmapatoM (TA). B takom ammapate mepemada TEIJIOTHI OT TOPSUUX
ra3oB K HarpeBa€MoOMY BO3/yXY OCYLIECTBIISIETCS YEPE3 CTEHKH - TEIUIONEPEAAIOIINE TOBEPXHOCTH.
Ha puc.6.10 nokazansl npuHIunuanbHas cxema I'TY ¢ pereHepanueil TeIIoThl U LUK TaKOM ycTa-
HOBKH, COCTOSIIIIMMA U3 CIEAYIONINX MPOIeccoB: 1-211 - aquabaTruueckoe cxaTue BO3ayXa B KOMIIpEC-
cope;

Puc. 6.9

211-5 - MOABOJ TETUIOTHI K Bo3ayXy B TA npu dp=0;
5-3 - moasox Temnotsl B KC Q, = Grcp (T, -Ty);

3-4n - agmabaTHYecKoe paclIipeHre ra3a B TypOuHe;
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471-6 - oxnmaxaenue razos B TA nipu dp=0;

6-1 - mepenaya TEIUIOTHI OKPYXKAIOIIEH cpese Q b= Grcp (T, -T).
Tennosoii 6ananc st TA umeer Bua :(i5 =iy, )GB = (i4l1 — 1 .r , U3 KOTOPOT'O OIIPEAEIIIETCS TEMIIE-
parypa rasa 3a typounoii T .
PasHOoCTH SHTANBINI (i5 - izﬂ) COOTBETCTBYET ILIOMIAAb 21-5-b-a-21, a (i4ﬂ - i6) n300paXkaercs
MJIOLIAbIO 4n-d-c-6-41. OTHOILIEHHE TEMIOTHI, KOTOPYIO MOJIydaeT BO3AyX (mpoiecc 21-5) K

TEIJIOTE, KOTOPYIO OH MOT OBl MOJIYYUTh B OeckoHeuHo OousbiioM TA B mporiecce 41-6 npu Te=17y,

Kamepa CropaHus

/ «
// ) 2
TOILLIUBO ] 4 (Y4 6—’ BBIXJIOI
3 A

2

TypOuHa 3J1.T€HEepaTop
1 KOMIIpeccop
BO31IyX

Puc.6.10a

HAa3bIBACTCA CTCIICHBIO PCTCHCPAIIUU TCIIJIOTHI

U= is_izn — Cp2a-5(TS_T2a) - Ts_Tm

l4a - lZZL Cp4a»2a (T411 - TZA ) T4a - T211

Bripasum BHyTpenHwmii abconroTHbIi KIT/I nnkiia yepe3 oCHOBHBIE MapaMeTPhl U CTETICHb

L RT3 (1 - 1]77% - T(ﬂ-m - 1)L
Il k-1 " Mo

(a)

77[11 =77t770iu = = luﬂ = k =
U o ﬁR(Ts ~Ty)
perenepanuu B
1 m
(1 - mjﬂ(m 7’-(7[ - 1)7
— 7 7701‘1(
I ’
T3
(b)

rae m=(k-1)/k; ©=T/Ts.
U3 (a) onpenenum T, =T, + ,u(TM —Tzﬂ). (©)
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Ucnonwiys Beipaxkenus nist BHyTpenHux KI1J] kommnpeccopa u TypOuHBI,

“\\\\\\\\\\\\%‘
N

HanaeM

Ts:m(m_ﬂjlw 1_(1_T4},m_ﬂ
I, T, LT T, )1 T T

(d)
(e)

_(Tzﬂ_ﬂjl _
LT, T, )1

=T+ (m’” - *:)L + ,u[l - (1 - {n]n% -T- (m”’ - r)l}. (2)
b4

770[&

770!'1(

[Toacrasisas (g) B (b), HOTy4UM OKOHYATEIBHOE BBIpAXKEHHE IS 77; . Prc.6.11 miumoctpupyer 3aBu-
CUMOCTS 77, = f (7) npu pasHBIX 4, HOCTPOCHHYO Ha ocHOBaHHHK (opMystbl (b) MpH 3a1aHHOM T .

W3 pucyHka BUIHO, YTO C yBETUYEHHEM L Bo3pacTaeT TeroBas dpdextuBHocts ['TY (kpuBbie npa-
BE€ TOYKU A JUIICHBI (PU3NUECKOTO CMBICIIA, TaK KaK B TOUKE A Ty,= T, ), HO IPU STOM PACTET
noBepxHocTh TA. Tak, yBenuuenue crenenu perenepamnuu ot 0,5 1o 0,75 npuBoAUT K pOCTY TIJI0-

maau TENI000MEHHOMN IMOBCPXHOCTHU HpI/I6J'II/IBI/IT€J'IBHO B3 pasa.
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I'TY cranoButcst 6ojiee METAIIOEMKOH, YCIOXKHSIETCS €€ dKCIuTyaranus. B To ke Bpems pocT

CTOMMOCTH TOIUIMBa 3acTaBisieT co3nareneit I'TY uatu
= Ha YCIIO)KHEHHE CXEM.
u=0.75 0247 Y k-1
0.50 A BBoas o6o3HaueHwe y=7 % W B3IB IPOM3-
. 030 e
] BOAHYIO OT (b) mo y c¢ y4yeTtoMm (g) M HPUPOBHSB €€
9 HYJII0, TIOJIyYUM KBAJIPAaTHOE YPAaBHEHHE I103BOJISIO-
J / / iee Onpeienurh 7, ., IPU KOTOPOM TEIIoBas (-
/ (EKTUBHOCTh yCTAHOBKH JIOCTUTAeT MaKCUMyMa
- oi T zm()i
/ (== A=Du—=2mm) - y* + =0 (1=2p)y -
ﬂk k
1 l—7—( o _r—2m™ —0
—(I=7=A-o)n” —7(1=2u)~-=0.
T ﬂk
0.00 4.00 8.00 1200 T 160C Tak, nmpu 7 = 0,247, 77;"' =0,89, 77:f =088 u ©=0,3
Puc. 6.11 7, =10,198. 3nauenuto x=0,5 orBewaer 7, =

7,535. Jns caoywas u=0,75,
T o = 4,738.

MakcumainbHas pa60Ta UKJIa HEC 3aBHCUT OT CTCIICHU PErcHCpaluu U 7[01.[ OIIpCACIIACT-

T
ci mo Qopmyne (6.16). Ilpu wu=0,5 mMakcumanbHble paboTa HWKIa U TeruioBas 3(PQexTusn-

HOCTb JOCTHUIarOTCA IIpU OAHHAKOBOM T

ont

onpenensiembiM 10 (6.16). Ilporpamma pacyera

I'TY ¢ perenepamnueit temwnorsl Ha O9BM mpuBenena B npuiokeHuu I.

IIporecchl B TypOOpEaKTUBHOM JIBUTATENE

Jnst co3nanusi camoJieTOB, Pa3BUBAIOLIMX CKOPOCTh noJiera cphiile 800 kM/4ac (pekop/ CKopo-
CTH ISl BAHTOMOTOPHBIX CaMOJIETOB - 756 Km/4ac - ObLT YCTaHOBJIEH Ha camosnere ¢pupmsl “Mec-
cepumuatr”’ B 1939 r.), moTpeboBascst HOBbIHM TUIl ABUTaTens - TypoopeaktuBHselii (TP/I), B koTopom
TEIJIOTa CTOPAaHMsI TOIUIMBA MPEBPAIIACTCS B HAIIPABICHHYIO KMHETUYECKYIO SHEPIHI0 CTPYM rasa,
CO3/IaI0NICH PEAKTUBHYIO TATY.

B 1930 r. anrnmuyanun @.YUTTA 3aaTEHTOBANI KOHCTPYKIHUIO TypOOpEaKTUBHOTO nBUTaTeNs. B
1939 r. coBepun nepBbli ycnenHbii noset camoier Xeitnkens HE-178 ¢ TypbopeakTHBHBIM J1BU-
raTeneM, y KOTOpOro Tsra B CTaTUYECKUX YCIOBUsAX cocTaBisiia 410 kr.

B 1941 r. anrnuuane, a 3arem B 1942 r. amepHuKaHIbl UCIIBITHIBAIOT PEAKTHUBHBIE CaMOJIEThI Ha
6a3e nBurareneil Yurtia.

Ilepssle camonersl ¢ TP/] B Boenno-Bo3aymssix cunax CCCP nossunuce B koHIe 40-X Toa0B.
Ha camonerax koHctpykropoB fIkoBneBa u JlapoukuHa ycranasinuBatotcsi TPJ] ¢ oceBbIM komIpec-
copoM, a Ha camoiieTax MUKOsIHA - ¢ HEHTPOOeKHBIMU Kommpeccopamu. Y miepBbix TPJ] morope-
CypC coCTaBJIsi1 0K0J105-10 "acos.

Ha camonerax Mul'-15 (xonctpykropbl A.M. MukosiH 1 M.W. I'ypeBuu)  ycTraHaBIMBaeTCs
nsurarenps KoHCTpyknuu B.SI.Kmumoa - BK-1 ¢ mentpoOexHbIMEH KOMIIpeccopoMm. B pexume
B3jIeTa TsAra ABUraresns cocrapisiia 2700 kr npu pacxose Bozayxa S0 kr/c. OgHaKo mocie Toro Kak
Hay4YWIUCh PETYJIMPOBATh CTYIIEHH OCEBOT0 KOMIIpEccOpa 3a CUET MOBOPOTA HAIMPABJISIOLIMX amla-
paToB, Ha BCE CaMoOJIeThl YCTAaHABIMBAIOT, Kak mpaBuiio, TP/l ¢ oceBbMU KOMIpeccopamu, MO3BO-
JSOUIMMH TPOMYCTHTh OOJIBIINI pacxo] Bo3ayxa u uMmermuMu Oomnee Boicokuit KIT/, yem nen-
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TpoOexxHsie. Ha mepBom maccaxupckom peaktuBHOM camosere TY-104, cozmannom B 1955rT.
nox pykoBojactBoM A.H.TymoneBa, pacxon Bo3ayxa yepe3 aBurareilb AM-3 koHcTpykumu A.A.
MukynurHa ¢ oceBbIM KoMIpeccopoM coctaBiisl 150 Kr/c, a peakTUBHas TSra Ha B3JI€TE€ paBHsIACh
10 Tonnam. Pacxon Bo3ayxa depe3 nByxkoHTypHbie TPJ] moxker coctaBmsats 6onee 500 kr/c. Bro-
pOIi KOHTYp MPEACTABISET COOOM KOJIBLIEBOI KaHaJl, OXBATHIBAIOIIUI OCHOBHOW KOHTYP, C KOMIIpEC-
COpPOM HM3KOTO JIaBJI€HUs (BEHTHJISTOPOM), B KOTOPOM IIOBBIIIAETCS JABJIEHUE BO3[yXa C IOCIe-
JYIOIUM PaclIMpeHUEM €ro B COIUJIE BTOpOro KoHTypa. JByxkoHTypubie TP/l mpumeHnsitorcs B
camoJeTax, JICTAIOIINX KaK MpaBuio C J0 3ByKOBbIMH cKopocTsmu. B TPJl camoneroB- ucrpedure-
Jiel TIociie Ta30BOM TypOMHBI YCTAHABIMBAIOT (OPCAXKHYIO KaMepy (JIOTMOTHUTENBHYIO KaMepy Cro-
paHusl), NPEeJHA3HAYEHHYIO 111 KPATKOBPEMEHHOI'0 YBEJTMUEHHUSI TSTU JABUTATEIS.

dopcyHku

PCAaKTHBHOC COILIIO

TypOHHa

dbopcaxkHas kamepa
CTaOUIIM3aTOP TIIIAMEHU

oOTekarenb
KOMITpEeCcop KaMepa CropaHus

Puc. 6.12

PaccmoTpumM mponecchl, mpoTekaronme B 0JHOKOHTYpHOM uaeansHoM TP/l B mosere. Tax
KaK CaMoJIeT JIETHT, TO Mepell KOMIIPECCOPOM B CEUCHHH |* TMoyHas SHEprusi MOTOKa Bo3ayxa 0e3

yucTa MMOTEHITNATHLHOM OHEPIUU COCTABJIACT
2

s . Ch
i, =1 +?, (a)
IJ€ ¢y - CKOPOCTh nojeta. Pa3aenus (a) Ha € pTl, MOJYyYUM
* 2 )2 _ 2 _
LU Uit I 2l 1) 1+ 57 e 61y
T, 2¢,T, 2kRT, 2 \a 2

C o
rae a, =-/kRT, - MecTHasi TepMOTMHAMUYECKAsT CKOPOCTh 3ByKa; M, = —" - kpurepuit Maxa.
a,
I/ICHOHB3yﬂ CBA3b MG)K,I[y nmapamMeTpamMu B H303HTpOHHﬁHOM mpouccce, ornpeacinm
k
T Vel
w 1
Pr=D | (6.18)
T,
.
IJie p, - IABJIEHUE TOPMOKEHHS, XaPAKTEPU3YIOLIEE MOJIHYI0 MEXaHHYECKYIO SHEPTHIO [IOTOKA.

PaboTy uaeanbHOro KOMImpeccopa, KOTopasi B p-v quarpaMMe n3o0pakaercs IIomaabio b-
* *
1 -2 -e-b, onpenenum o Gopmyie
L =—(i;-i"), (6.19)

paboTy HaeanbHON TYpOuHLI (1. e-3 -4 - d-e) - o popmyite
L =il—i, (6.20)
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2
s . C
rae i, =i, + ?4; C4- CKOPOCTD r'a3a Ha BBIXOJ/I€ U3 TypOUHBI B a0COIIOTHOM JBH)KEHUU.

B TP/ MomHOCTh TYypOMHBI paBHA MOIIHOCTH, MOTPEOJIIEMO KOMIIPECCOPOM, TIOITOMY, IPeHeOpe-
ras pacxojlOM TOIUIMBA IO CPAaBHEHMIO C PAacXOJO0M BO31yxa, nmoiayuum: [, = [ . B mpouecce 4-5
ra3 pacmupsieTcs B aJnadaTHYeCKOM COIUIe, CIIE0Ba-
TenbHo, di =0. U3 i, =i; cleayer, 4To yBeIMUEHUE KH-

p qr HETUYECKOIl SHepIruu raza paBHO yObUIN €r0 SHTAIBIINU
* * 2 2
e 2 Y 3 _ Cs—Cy _ . . &
D2 : — ds=0 ==k (. 4-5-a-c-4).
k- &
d T\ 4D L
P N——\4. Tak xaK i, =1i, +?4 , TO
ol . . e =l i) 6.21)
1 l qi 5 5¢ IToxg Tepmuueckum KIIJ TypObopeakTuBHOTO
JIBUTATEIs] MOHMMAKOT OTHOLIEHHE IPHUPAILEHUs KHHE-
TUYECKOM PHEPIHM ra3a B MJCAIbHOM PEaKTUBHOM CO-
IUIE K TEIUIOTE, [T0/IBEICHHON B IIUKJIE
1% 2 —c?
5 4
n=——=". (6.22)
Puc.6.13 2q,

PeaktuBHyto TATY R, pa3BUBaeMyro JBUraTElIEeM
B PaCUETHOM PEXUME (Ps5=Poc), HANIEM U3 YPABHEHUSI KOJIMYECTBA ABUKECHUS

R=G.c,—Ge,~G,(c;—c,),H. (6.23)
Z[J'ISI HCPACUYCTHOI'O pCixKrUMa, Koraa JaBJICHHUC Ha CPE3C COILIa p5>p0c
R=G,(cs—c,)+F (ps— Do) (6.24)

rae Fep- MI01aap IoIepeyHoro comia Ha cpese.
* *
Ecmu TPl umeet ¢opcaxknyro kamepy, rae B uzobapuom npomecce 4 -4 ¢ (puc.6.13) moa-
BOJIUTCS JIOTIOTHUTEIbHAS TEIJIOTa 3a CUeT CKUTaHWs TOIUIMBA, TO PACTET IIOJHAS JHTAJIBITUS

(14(1) = l4 + qu ), a CJICAOBATCIIBHO, YBCINYHUBACTCA CKOpPOCTb IIOTOKa Ha cpese coIuia

* 5
Csg = [2(i4<p — sy, )]O :
IIpsAMOTOYHBIN BO3AYIIHO-PEAKTUBHBIN JIBUTATEIb

WUnes co3manus mpsMOTOYHOrO BO3MyIIHO-peakTuBHOro pasuratens (IIBPJ]) mpunaamexut
¢panysckomy unxenepy Pene Jlopeny, xotopsiii B 1913 r. onybnukoBan cBoe uzodperenue. B
1926 r. b.Kaprep 3anarenroBan [IBP/l nns aptuinepuiickux cHapsinoB. B 1929 r. pycckuil yueHslit
b.C.Creukun co3ngaet ocHoBbl Teopuu [IBPJl. ®pannysckuii unxenep Pene Jlemroxk B 1933 1. pas-
pabotai, a B 1934 r. momyunn nareHT Ha camonet ¢ [IBP/I. B 1935 r. on ucnieiran [1BP/] Ha crenze,
7€ CKOPOCTh BO3AYIIHOIO MOTOKAa HA BXOJ€ B ABurarenb gocturaia 280 m/c. B 1938 r. Bo ®dpan-
nuu OblJIa HavaTa MmocTporka camosera ¢ nuratenem P.Jlearoka, HO B cBs3u ¢ okkynaiuein dpan-
uuu ['epmanueii pabotel ObuTH pUOCTaHOBIEHBI. B Hawane 1945 r., mocne ocBoboxaeHus dpan-
MY, paboThl BO3OOHOBIIIMCH M K KOHITY rojia ObUTa 3aKkOoHYeHa mocTpoiika camosnera Jleaok-010. B
CCCP B 1939 r. nox pykoBozctBoM M.A. MepkynoBa OblT CO37aH U MCIBITaH B [10JIETE JO3BYKOBOM
[IBP/I. B nacrosiee Bpemst IIBPJ] HaxoasT mimpokoe NpUMEHEHHE B KAU€CTBE CUJIOBBIX YCTAHOBOK
JUISL KPbUIAThIX PakeT, UMEIOUINX CBEPX3BYKOBbIE CKOpOCTH moiieta (M>2). K J0CTOMHCTBaM Takux
JIBUTATENIEd MOYXXHO OTHECTH MPOCTOTY KOHCTPYKLHMH, OTCYTCTBHE ABHKYIIMXCS 4acCTeH, BHICOKYIO
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HYKOHOMUYHOCTH TP TMOJIETe Ha OOJBIINX BBICOTAX CO CBEPX3BYKOBBIMHU CKOpPOCTAMHU. Tak, mpu
M=cy/a= 0.8 tepmuueckuii KIIJ[ nqurarens cocrasmnsier Tosnbko 0,113, Ho mpu M=3 yxe 0,643, a

npu M=6 177, =0,878. HenocraTrkoM sIBIsSCTCS. HEBO3MOXKHOCTD 3aIlyCKa B CTATHYECKHX YCIOBUSIX

0e3 CTapTOBBIX JABUraTesieil (OOBIYHO JJIS 3TOH LM MCIIONIb3YIOT IBUTATENId Ha TBEPIOM TOILIHBE).
PaccmoTpum npoiieccsl, mpotekaroniue B ujaeaasuom [IBP/I.

dopcynku COILIO
KC 3 4

muhdy3op 2 3

CTabmWmM3aTop IIIaMEeHU

puc. 6.14a

Puc.6.140

*
1-2, ds=0 - mporecc BOCCTaHOBIICHHS AaBJICHUS Bo3ayXxa B n1uddy3ope, 31eCh KHHETHIECKAst SHEP-
rusi Haberaromero moToka npeoopazyeTcsi B SHEPTHUIO JaBICHUS

x k-1
T, =T1(1+2 sz, (a)
Kk
. Tz* k-1
P> pl( T j (b)
2°-3", dp=0 - ToIBOJ TEMJIOTHI B KAMEPE CropaHus q, = i; - i;; (c)

£
3 -4, ds=0 - pacmmpenue ra3os B corie Jlapans
2

i: —i, = % = (4= [Z(i: -1, )]05 > (d)

/i€ Pa3HOCTh PHTAIBITUN i; — 4 COOTBETCTBYET ILIOIIAMH a-3"-4-b-a Ha puc. 6.146;
4-1, dp=0 - 0TBOJ TEIJIOTHI B OKPYKAIOIIYIO CPEeIy
qy =1i,—1. (e)
[Homyuum BeIpakenue 1yist repmuyeckoro KITJ nukna [IBP/I.

T
TR e |

q, T, -T, T;(T{ _ 1}
T.

2

€3]

Taxk kak B mporieccax 1-2" u 3"-4 ds=0, T0
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k-1 k-1

R T [ . R Py JHO p, =p,,a p,=p,,T0oraa —> = orkyga — == . Tenepsb
I P T, Py L 1, I, T,
C YY€TOM TOCJIETHETO COOTHOILEHHUS U (a) MOXKHO NIepenucath (g) B OKOHYATEIIbHOM BU/IE

1

n, ZI—T. (625)
1+—M?
2

W3 dhopmyiiel BUAHO, UTO C POCTOM CKOPOCTH MojeTa 3((HEKTUBHOCTb JBUTATENs YBEINUNBACTCS.
Peaxtusnyro Tary [IBP/] Hailnem U3 ypaBHEHUS KOJIUYECTBA JBHKECHUS

R= (Grcr4 + p4FCp4)_ (GBCBI + plFauq)(b.l)’ (6.26)

KunKoCcTHON peaKTHBHBIN IBUTaTENb

IlepBbie pakeThl, HCIOIB3YEMBIE B BOEHHBIX LEJAX, YMEIN U3rOTaBIMBaTh elle B ApeBHeM Ku-
Tae Mmociie Toro Kak Obul n300peTeH nmopox. PeakTuBHbIe ABUTaTEeNN, paboTArOIIKE HA XKUJAKOM TOTI-
mmBe (OKP]I), mosBUINCE 3HAYUTEIBHO MO3KE.

B 1903 r. pycckuit yuensiii K.O.I{uonkoBckuii pazpaboran BOZMOXKHYIO KOHCTPYKLIUIO KHJIKO-
CTHOM paKeThl, IJIe B KAYECTBE TOIUIMBA MJIAHUPOBAJIOCH UCIIOJIB30BATh KUIAKUNA BOIOPOJ, a B Kaye-
CTBE OKHCIIUTENS - KUIKANU KUCIOPO/I. 3HAYUTENbHBIN BKIaa B pazputue Teopuu JKPJ] BHeC coBet-
ckuit yuensrid Lannep (1887-1933), nox pykoBoacTtBoM kotoporo B 1931 r. Obul co3maH mepBbIit
KPJI ¢ taroit 5 xr. B 1932 1. coznatotcst u ucnbireiBarotcs JKP /[ koncrpykiuu B.I1.I mymiko, pabo-
Tarole Ha OCH3MHE U )KHUJIKOM KHUCIOPOJE.

Co3nanrie HEeMEUKMMH YY€HbIMU B KOHIIE BTOpoii MEUpOBOI BOWHBI OAIITUCTHUECKOM paKkeThl V-
2 (@ay-2) nanbHero aeiictBus ¢ JKPJl mociyuiao MOIIHBIM TOJYKOM K Pa3BUTHIO MHUPOBOrO pake-
ToCTpoeHus. JlBuratenb pakeTsl V-2 paboTan Ha STUIOBOM CIIMPTE M JKUIKOM KHCIIOPOJE, Pa3BH-
BaeMasi UM PEaKTHBHAs TATa COCTaBJsIa 25 TOHH, BpeMs paboTel ABurarens - 60...80 ¢, 1aabHOCTh
nosieta paketsl - 270 kM.

OrpoMHbI BKJIaJ B pa3BUTHE PAKETOCTPOEHMs HAIIEH CTpaHbl BHECIU TAaKUE Y4YeHbIe Kak
C.I1.Kopones, B.I1.I'nymko, A.M.Hcaes, M.K.SIurens.

B HacTosiiee Bpemsi pakeTsl, ocHameHHble MolHbIMU JKP/I, ncnonb3yroTcs Kak B KOCMUYe-
CKHX UCCIIEIOBAHUAX, TAK U B BOCHHBIX LEJISX.

Paccmorpum npunnunuaneHyro cxemy XKP/I Ha puc.6.15a.
['oprouee u oxuciuTeNnb U3 6AKOB MOCTYNAIOT K HACOCaM, I'/ie TMOBBIIIACTCS AaBjieHHe areHToB. [1o-
CJie HAaCOCOB OHU HAIPABIIAIOTCA K (POPCYHKAM, PACIOJIOKEHHBIM B JTHUINE KaMEPhI CrOpaHusi, KOTO-

Hacoc roproyero PbIC OCYHICCTBIIAIOT pacClibll TOIIJIMBA U OKHUC-
tdopcyHku  comio
roproyee 3 4] 2 JINTECIIA. HpOLIGCC okucinenust tormanBa B KC
Gaxu COIIPOBOXAACTCA BBIACICHUECM TCIIJIOTHI. Ha-
- <
" e ¢ COCBhI IIPUBOJATCA BO BpalICHHUE Typ6I/IHOI/I,
ra30reHepaTop| \ o
_ 3 4 \ 1 2 paGO‘II/IM TCJIOM KOTOPOM ABJIACTCA ras, 06pa-
OKHCIIUTENb o o
Kamepa cropaHus 3YIOOIMUCA B PE3YIBTATE XMMUYCCKON pPCaK-
HACOC OKUCIUTENS
AU MEXITY TOIINIMBOM M OKHUCIIUTEIIEM B Ia-
30r¢HeparTope.

Puc. 6.15a



Ha puc.6.156 nipeicraBiieH waeaabHbIN UK ABUTATEIS B
p-V IuarpaMMe, COCTOSIIUN U3 CISAYIONINX MPOIECCOB:
1°-2, ds=0 - mporiecc pacuIMpeHHs ra3a B COILIE;
2-3, dp=0 - 0TBOJ TEIJIOTHI B OKPY>KAIOIIYIO CPEILY;

0 3-4*, ds=0 - mporecc cxKaTusl OKUCIIUTENS M TOIUIMBA B
Hacocax, [, = —(14 —i3) ;
47 -1, dp=0 - mporecc MoJBoO/a TEIJIOTHI B KaMepe cropa-
HUSL

2 Onpenenum tepmuueckuii KI1/1 sxkunkoctaoro pe-
AKTHBHOTO JIBUTATENS

2
G

n :1—@=1—i2_i3 _ (if_iz)_(?:_i3):?_l

H

q; L= Ll q;
(6.27)
Tak kak pabora HacocoB (cM. puc.6.150, miomans a-b-4"-3-a) HAMHOTO MEHbIIle KMHETHYCCKOH
SHEPrUu ra3a Ha BbIXOJE U3 COILIA, TO C YAOBIETBOPUTEIbHON TOUHOCTHIO MOKHO HAIUCaTh

Puc.6.156

2
c
—_2
n=_. (6.28)
2q,
N3 dopmyner BugHo, uto Tepmudeckuii KI1/[ XXP/] Bo3pacTtaer ¢ pocTOM KHHETHYECKOHN dHEp-
MU UCTEKAIOILEro U3 COIlja rasa.

PeaKTI/IBHaH TdATa ABUTaTCIIsL
R=G.c,+F,(p,~p..) (6.29)

B pacuernom pesxume pabotsl JKPJ] cratnueckoe 1aBlieHHE Ha BBIXOJHOM CPE3€ COIIA D¢y PAB-
HO JIaBJICHUIO OKPYKAOIIEH CPENIBI Poc, U TATA IBUTATENS] MAKCUMAJIbHA!
R=G.c,. (6.30)
7. TepMoauHaMHuUyecKre NOTEHUHAIBI U TU(PepeHunaNbHbIE
YPaBHEHUS TEPMOAUHAMHUKHU
TepMoamHaMUYeCKHe NOTEHIIMAIIbI
DJeMeHTapHas MexaHu4eckast padoTa B MOJI€ TPABUTAIMOHHBIX CHJI paBHA YOBUTH MMOTCHIIHAb-
HOH DHEPruu I'py30B U HE 3aBUCUT OT IIyTH MHTEIPUPOBAHMS, TAK KAaK NOTEHLIMAIbHAs dHeprus 11
SIBIISICTCS] (PYHKIIUEH COCTOSIHUS

dL,. =-dll =-Ggdh. (a)
B unrerpansHoii hopme Oynem MMeTh
Lo =—G8 (hz —h ) =Gg (h1 —h, ) (b)
[IpuMeHss aHATOTUYHBIHA TTOAX0/1 K TEPMOJAMHAMHYECKON cucteme, u3 ypasuenus 1dS = dU + dL
nmpu S=const HaXOJUM, YTO dJIEMEHTapHas paboTa WU3MEHEHHUs o0beMa paBHA yOBbLIM BHYTpPEHHEH
SHEpr'uH rasa, T.e.

dL=-dU , (©)
WJIM B MHTETpaIbHOU popme
L,=U -U,. (d
s rexaudeckoit pabotsl u3 Tds = dI +dL,, nipu dS=0 nomyuum
dL. =-dI, (e

L

Tex1-2 =

1, -1,. ®
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Paccmorpennsie ¢ynkuuu 11, U, [ Ha3pBarOT MOTEHIMANIAMH, TaK KaK WX Pa3HOCTh pPaBHA
TOMY WJIM THOMY BUJY paOOTHI.

Kpome agmabaTideckoil cMCTEMBbI CYIIECTBYIOT, KaK TOBOPST, ‘COMPSIKEHHBIE” C OKPYKAIOLICeH
cpenoi TepMOAMHAMUYECKHE CUCTEMBbI, KOTOpbIE MOTYT OOMEHUBATHCS C OKpYXKaroIlel cpeloi Ter-
J0TOH U paboToil. B 3TUX cucTemax BBOJSTCS B PAaCCMOTPEHHUE TaKWe TEPMOAMHAMUYECKHE (YHK-
MU KaK CBOOO/HAs SHEPIUsl UM MU30XOPHO-U30TEPMUYECKHM MOTeHIHan (moreHuuan ['eabmrosb-
na)

F=U-TS, (7.1)
rane 7TS- Tak Ha3piBaeMasi CBSI3aHHAs OHEPrHs, CBOOOJHAS DHTAJBIHS WIM H300apHO-
M30TepMUYECKUH oTeHInal (morennuain ['ndoca)

®=7-TS. (7.2)
[Momyunm BeIpaxkeHus It U hepeHInanoB dTUX QYHKIHA.
Boruntas d(7TS) w3 neBoit u mpaBod dYacted ypaBHenuss dU =TdS—pdV, nomydum
d(U —-TS)=-8dT — pdV , nuim
dF =—=SdT — pdV . (7.3)
BbINoHUB aHaNOrMYHbIC BBIKJIAAKU ¢ ypaBHeHUeM dI =TdS +Vdp, naiinem nuddepeHuuan cBo-
OOIHOM PHTATBITHH
d(I-TS)=TdS —-d(TS)+Vdp,
d® =-SdT +Vdp . (7.4)
U3 (7.3) nerko BUAETH, YTO dJIEMEHTapHas padoTa u3MeHeHus: oobema npu d7=0 paBHa yObLIH CBO-
00IHOM PHEPTUHU
dL=-dF . (7.5)
Wnrterpupys (7.4) npu d7=0 ¢ yuyeToM ypaBHEHHS COCTOSHHUS HJICATHHOTO Ta3a IMOIYyIUM

AD,_,=GRT ln(&). OnHako Ui peanbHBIX a30B M3MEHEHHE NOTeHIuana ['ubbca 3amuchl-

P
fa

1

Bator uepe3 serydects f AQD,_, = GRT In(*>) (310 nousitue GbUIO BBEJEHO B TEPMOAMHAMUKY

JIetoucom B 1901 r.). CBA3p MexQy p U f HalgeM u3 BblpaxeHus In A :—1?7{,
p

Al — pPa3HOCTb MCXKAY YACIbHbIMU pa60TaMI/I COBCpIIaACMbIMU  HUJACAJIbBHBIM W PCAJIbBHBIM TIa3aMU

rac

B m30TepMuueckoM mpouecce. [lpu p—0 lim, ,,(f/ p)=1).

Eciu TC nmpu d7=0 xpome pabOThl U3MEHEHHS 00beMa COBEpIIACT APYrue BUABI padoT (B
MarHUTHBIX, 9JEKTPHUECKUX, TPABUTAIIMOHHBIX TOJSIX, IPOTHB CHJI TIOBEPXHOCTHOTO HATSKEHHS U
T.1.), TO UIX CyMMa paBHa YOBLJIU CBOOOIHOM SHEPTUH

dL+Y dL, =—dF , (7.52)
i=1

rje ZdLW - CyMMa 2JIEMEHTapHbBIX padoT, HEe CBA3aHHBIX C U3BMEHEHHEM 00beMa.

i=1

Tepmonunamuueckue noreHuuanst U, I, F 1 @ mmpoko UCMONB3YIOTCS IPH pacCCMOTPEHUU (a-
30BBIX IEPEX0/I0B, BOMPOCOB ycToiunBocTH TC, MPOIECCOB, COMPOBOMKAAIOIIMXCS XUMUYECKUMHU
pEaKIusIMH, MPOLIECCOB B TAJIbBAHUYECKUX U TOIUIMBHBIX AJIEMEHTaX ( B TOIJIMBHOM DJIEMEHTE XH-
MHUYECKasi SHEPTHs TOIUIMBA C IMOMOIIBI0 OKUCIUTENS MPEBPAIIAeTCs B AIEKTPUUYECKYIO SHEPTHIO).
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HpI/I HN3YYCHHUHU TAKUX CUCTCM HNPUMCHAIOTCA YPABHCHUA rH66ca-r€J’IBMFOJ’IBL{a

I:<D+TS=<I>—T(8(DJ , (7.6)
aT ),
U:F+TS:F—T(8FJ . (7.7)
aT ),
Wcnonb3yst 3TH ypaBHEHUs JJIs IBYX JFOOBIX TOUEK MpOLecca, MOKHO HAaIluCcaTh
Al :ACIJ—T(aAcDj , (7.8)
T ),
AU :AF—T[aAFj . (7.9)
or ),
Tak kak MakcuMallbHas pa0oTa XHMMHYECKOW  peakIuu Tmpu p=const W T=const
L,=—AP,a 0, =Al =AU + pAV , 10 (7.8) nepenuiiem B BUze
Q =-L_+T L (7.10)
P ‘max p aT , . .
J1s ©30XOPHO-U30TEPMHUYECKON CUCTEMBI OyleM UMETB L = —AF , O, =AU,
o, =-L_ . +T L sy (7.11)
vV = ‘max v aT § . .
B o0miem Bunie ypaBHenue ['n66ca-I"enbMromnbiia uMeer BUA
0 L T L (7.12)
=— +T| —=| . .
X max x aT i

[Tpu ananmze, HampuMep, ralbBAaHMYECKOTO dJeMEeHTa (IIpH OOpaTHMOM HPOTEKAHUH MPO-
LIECCOB), UCMOJNB3Ys ypaBHeHHE [ nOOca-I enbMroba, MOXKHO OMPEICIIUTh SICKTPOABIKYIIYIO CH-

E *
1y E snementa. Tak kak paboTa 1o mepeHocy anekTpudeckoro 3apaga L =n® E, rae @ - mo-

‘max p

crosinHast dapajiest; n- BAJIGHTHOCTh, a L =—Ad, TO MOKHO HAIKCATH

‘max p

AP=-L =-ndPE. (7.13)
[loacrasnsas (7.13) B (7.8), nonyunm
E:T(an - AI* . (7.14)
or ), nd

Paccmorpenusie Gyukiuu U, I, F, ® Ha3bIBAIOTCS TAKKE XapaKTEPUCTUYECKUMHU (DYHKIHS-
MH, TaK KaK MX YaCTHBIE MPOU3BOHBIE ONPEIEISIOT TEPMOINHAMUYECKHE MAPAMETPBI CHCTEMBL.
Tak, u3 dU =TdS — pdV coorsercreento nonyunm

U

(asjv =T, (7.15)
U

(a‘/js =—p. (716)

B3sB wactHble npousBoansie 0T dI =T7dS +Vdp npu S=const uinu p=const
HanzmeM
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(g;l -V, (7.17)
@éjp =T (7.18)
W3 (7.3) 1 (7.4) nonyiy
@;jv _ s, (7.19)
(gil - (7.20)
@‘;’jp __s. (7.21)
@jl —v. (7.22)

I[I/Id)d)GDCHHI/IaJ'IBHBIG YPAaBHCHHUA TCPMOJMHAMUKN
HpI/I AHAJIN3C TCPMOJUHAMUYCCKHUX CHUCTEM WJIM PCHICHUU 3aJa4 4acCcTO HCO6XOI[I/IMO OJJHHU 4a-
CTHBIC ITPOU3BOAHBIC BbIPA3UTh UCPE3 APYIUC, 3HAYCHUS KOTOPBIX MOTYT OBITE IMOJIYYCHBI U3 OIIbITA,

ou 0i

HalpuMmep, ¢, = (j ,C, = (j . 3aMeHa OJTHUX YACTHBIX NMPOU3BOJHBIX Yepe3 APYrue B Au-
or ), " \dT),

(epeHInaNbHbIX YPAaBHEHUSIX MOXKET YIPOCTUTh YpaBHEHHMsI, 00JETYUTh UX PEIICHUE, WU PUBECTH
K BUAy, Oosee ynoOHOMY JUIsl TEPMOJIMHAMUYECKOT0 aHAIM3a (CM. TeMY “‘ApoccenrpoBaHKEe ra3oB U
napoB”). [lox muddepeHnnanbHBIMU ypaBHEHUSAMUA OyJeM MOHUMATh HE TOJBKO YpPaBHEHHS, CO-
Jiep Kallye 4acTHbIe IPOU3BOHbBIE, HO U BBIPAXKEHUS, yCTAaHABIIMBAIOIIUE CBsI3b Mex 1y HUMU. K 1o-
CJIETHUM OTHOCATCS ypaBHeHHsI MakcBema. [Toyunm ux.

[Tpupasusiem ypaBHenus (7.15)-(7.22), conepskaniue OAMHAKOBBIE IMpaBble YacTH, HAIpPHUMED,

(7.15)u (7.18), (7.17)nu (7.22) u T.4.:
oU ol
) (2) -+ o2

7.24
(), ~(5v), - a2
ol
— | == =V , (7.25)
[apl [ap l
oF 0P
= == ==5 . 7.26
(arl (arl (720
Bo3bsmem cmemannbie pousBoiHbIe OT (7.23)-(7.26)
azU:(aT] (7.27)
ovas \aV )’ '

°U op
7.28
aSaV (BSJ (7.25)
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0’1 oT
=L, 7.29
aPaS (apjs ( :
o’ (a9V
Hpaa 7.30
dSop (as]p 730
J0°F op
== 7.31
oToV (aij’ (7.31)
O°F __(asj (7.32)
ovor  \ov ).’ '
°d (Vv
R 7.33
oTadp (BT][, (7.33)
0’d oS
%, 7.34
opoT (apl ( )

N3 xypca BbICIIEl MaTeéMaTUKH M3BECTHO, YTO 3HAYEHHS] CMEIIAHHbBIX MPOU3BOJHBIX HE 3a-
BUCSAT OT Nopsiaka auddepeHupoBanus, 1odToMy, npupasuusas (7.27) u (7.28), moxydum o1HO U3
mud depeHnmanbHBIX ypaBHEHUH MakcBeia

["’Tj _ _("’P] . (135)
aV J as ),
[Ipupasnusas (7.29) u (7.30), (7.31) u (7.32), (7.33) u (7.34) 3anuuiem ocrajabHble ypaBHEHHs] Mak-
CBeJLIa:
oT oV
= ==, 7.36
op ] s ( oS j ) (7.36)
apj :(&S’j , (7.37)
oT ), \dV ),
oV oS
— | =—=— . 7.38
3ij (BP ]T 79

[Monyunm nuddepeHnnanbHOE ypaBHEHHE, CBS3bIBAIOLIECE YACTHBIE IIPOU3BOIHBIE OT TEPMHU-
yeckux napamerpos. Tak kak T = f ( D, v), To nocine quddepeHunpoBanus OyaeM UMETh

oT oT
dTl =| — | d, — | dv.
(apjv p+(avjp ’ @
ITonarast T=const, HallIeM, YTO
T (Ip T
o \fop) _ (o) b
(apjv(avl (avl ®)
oT \ (dp ) ( ov
— || = |=—=1 =-1. 7.39
“““[apl(avl(aTl (7

Haiinem yacTHbIC MPOM3BOIHBIE BHYTPEHHEH YHEPTUU U dHTAIbINU. 13 00BbeIMHEHHOTO 3a-
KOHA TePMOAMHAMUKH Ui 00paTtuMsblx npoueccoB dU =TdS — pdV nonydum 3aBucumMocts U OT

V npu T=const
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U as

— | =T|—| -p. 7.40

(aVJT [aVJT g 7
(o), ~(ar)

Hcnonw3ys ypaBHenue Makcsemia | —— | =| — - | , nepenuwem (7.40) B Buzae

ov ), \dT ),
oU op
— | =T| == | —-p. 7.41
[avjf (aij g 74y

[TomyyeHHoe ypaBHEHME YacTO Ha3bIBAIOT YPABHEHUEM COCTOSIHUS peaslbHOTO Ta3a B nudde-
peHnuansHOi (popme. OHO CBSI3BIBAET MEXIY COOOM KAIOPUYECKHE M TEPMHUYECKUE MapaMeTpHhI.

[ng npeansHOTrO Ta3a [GUJ =0,a [g;j = B, Toraa TB— p=0wm pv=RT.
T v 4

oV v
3aBUCUMOCTH BHYTPEHHEH YHEPTUU OT JaBJCHUS Mpu 7=const HaiiieM U3 ypaBHEHU I
(aUJ :T(asj - p(avj . (7.42)
p ), p), ap ),
aS oV
C ygyerom toro, uto | — | =—| — | , Oyaem uMeThb
p), T ),
(auj _ _T(a"j _ p(a"j | (7.43)
p ), T ), p ),

YacTHble IPOU3BOAHBIE I SHTAIBIIMY HaliieM u3 ypaBHeHus dl =TdS +Vdp:
Bl G E ), o
av ), lav)  lav),  “lar),  "\av),

(2] =r{2) (2] (2] v .
p ), p ), p ), oT ),
BriBeiem HekoTophie nudhepeHnranbHble YpaBHEHUS AJIs1 TETIOEMKOCTEH.
Tds = c dT + [[auj + p}dv, (7.46)
),
oTkyna npu dv=0
s
e, =T — | . (7.47)
aT ),
Tak kak s = f(T,v), TO IIpU s=const
B0 e
aT ), v )\ dT ), oT )\ dT ),
Taxum oOpazom,
op )\ (ov
=T —||=—]|.
“ (aij(aTl @

2

N3 Tds =c dT +
ar|(%

j —v}dp pu p=const ciexyerT
T

ds
=7 & 7.4
c, (aij, (7.49)
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Ho s= f(p,T), cnenoBarensHo, pu ds=0 GymeM HMETH

) 23 3] oo

() (o
., _T( aTM arl' (b)

Berunras (a) u3 (b), HaliieM CBA3b MEXKIY Cp U C,

(e () ey
“ C”_T(aTj,,(aTl+(aij(aTl ' ©

IIpupaBHuBas ypaBHenus dq = c dT + (auj +pldvndg=c,dT + 9 —v |dp npu dp=0,
), g p ),
HaWgeM YTO
ou ov
c —c,=||—| + — | . 7.50
s [(aj ”}(afj,, (730
J1s uaeanbHOro ra3a (auj =0, (8\/) =£, Torna ¢, —c, =R.
v ), or ), p g

8. PaBHoBecHe TepMOAMHAMUYECKUX CHCTEM
U (pa3oBbIe Nepexo/bl
TepMoarHaMUYECKOE PABHOBECHE, YETHIPE CIIydas COMPSIKEHUS
TEPMOIMHAMUYECKON CUCTEMBI C OKPYXKAIOLIEH Cpeion

TepMoanHaMuyecKkue CUCTEMbI MOXKHO pa3[eUTh Ha CHUCTEMbI, HE OOMEHUBAIOLIUECS Tel-
JIOTOM C OKPYKAIOIIeH cpeoit (annmabaTuuecKkre CUCTEMBI) U CUCTEMBI, KOTOPbIE MOTYT OOMEHH-
BaTbCsl C OKPYXAIOIIEH Cpeol TEeTuioTol m paboToi. YcraHoBuM mpu3Haku nepexona TC B
PaBHOBECHOE COCTOSTHUE M OIpENeiINM, KaKUMU CBOMCTBAMU XapaKTEpU3yeTCs CHUCTEMa B CO-
CTOSIHUM PaBHOBECHSI.

1. s usonmuposannoii TC u3 06beIMHEHHOTO 3aKOHA TEPMOTUHAMHUKU
T7dS 2dU + pdV  npu dU=0u dV=0 nonyunm dS>0, T.e. yBenuueHue SHTPONUHU B aAuadaTu-

yeckoil TC coyXHUT MPU3HAKOM TEPEXo/ia €€ B PaBHOBECHOE COCTOSIHHE. B paBHOBECHOM CO-
crosunu dS=0, d*s <0, T.e. S=Smax- Takum oOpa3om, Koraa aguadarudeckas CUCTEMA MPUXOAUT
B PABHOBECHOE COCTOSIHUE, YJHTPOIIHS CHCTEMbI JOCTUTAET MAKCUMAJIbHOTO 3HAYCHHUS.

2. TC o6MeHHBAETCs ¢ OKPYKAIOIIEH CPeNol TEMIOTOM, HO TaK, 4To S=const U V=const. J{is
takoil TC moxHo Hamucatb dU <TdS — pdV , otkyna npu dS=0 u dV=0 nonygaem dU<O0, T.¢

yMeHbllIeHuEe BHYTpeHHeN 3Hepruu TC CyXKUT NpU3HAKOM CTPEMJICHHUS €€ K pAaBHOBECHOMY CO-
cTosiHMIO. B cocTossHUM paBHOBECHS
dU=0, d*U>0, 1.e. U=Upipn.

3. TC oOMeHMBaETCSI C OKPYXKAIOIIEH Cpelor TEIUIOTON W paboTol, HO Tak, 4TO p=const u
S=const. U3 dI <TdS —Vdp npu dp=0 u dS=0 nonyunm dI<0 - npu3HaK nepexoaa CUCTEMbI B
paBHOBECHOE cocTosiHHE. B cocrosinum paBHoBecust dI=0, d21>0, T.€. I=1 0.

4. TC oOMeHHMBAETCS C OKPYXKAIOIMIEH Cpe/loi TeII0TOM, HO Tpu 3ToM T=const u V=const. 13
nosiHOTO nuddepeHimana cBOOOTHON YHEPTUun (CM. paszen ‘‘TepMOJUHAMUYECKHE TOTEHIINA-
aer’) dF £—-SdT — pdV tupu dT=0 u dV=0 6ynem umets dF<0. B cocTtossHuu paBHOBeCUS
dF=0, d’F>0, F=Fyip.

5. TC oOMeHHBaeTCs ¢ OKpYKaroLleil cpeaol TEIIoTol U paboToll, HO Tak, uyTo T=const u
p=const. Torna uz d® <-SdT +Vdp npu dT=0 u dp=0 nipu nepexojie CUCTEMbI B pABHOBECHOE
cocrosaue noayuyuM d@<0. B cocrossuuu pasosecust dd=0, d2q§>0, D=Din.
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XYMHUYECKUN TOTEHIIAT
[Tpu paccmoTpeHun (pa3oBBIX MEPEXO0JI0B, KOTJa UMEIOT MECTO MCHapeHHe M KOHICHCAIHs
BEIIIECTB, 0CO00E MECTO 3aHUMAET YEJIbHBIA N300apHO-U30TEPMUIECKUNA TOTEHITH AT (yaeIbHBINA
noreHuan ['u6oca) ¢ =i—7Ts, NOTyYUBIIMIA HA3BaHUE XUMHUECKOTO MOTEHIHANIA.

Boipasum morennman ['mb0ca dyepe3 XMMUYeCKMH TOTEHIMAaT M Maccy BemectBa Gt
® =Go. [locne muddepenmpoBanus OyaeM UMETh

d® = Gdo+ @dG = G(— sdT +vdp)+ ¢dG .

0P
[Tpu dT=0u dp=0 - =, 8.1
it i ®) - -

T.€. XUMHUYECKUI MOTEHIAAJ CBA3aH ¢ m3MenenmneM mMaccel B TC.

( e j
PaccMoTpuM CBOOOAHYIO SHEPTHIO M OTIPEACTHM | — | .
v.r

oG
F =Gf, dF =Gdf + fdG = G(- sdT — pdv)+ fdG = —GsdT — Gpdv + fdG. (a)
Bripazum Gdv xak ¢pynkuuio V u G.
V=Gv, dV =Gdv+vdG, = Gdv=dV —vdG . (b)
IToncraBum (b) B (a)
dF =—=SdT — pdV +(f + pv)dG . (8.2)
IIpn dT=0 u dV=0 nonyuum
(5)
— =f+pv. (8.3)
G )y r

[Tokaxxem, uto f + pv =¢. [l 3TOro pacCMOTpUM JMarpamMmy MOTEHIMAJIOB, U3 KOTOPOM
BUIHO, uT0 F+TS+pV =P +TS, F+pV =P. PaznenuB Ha Maccy, noayuum f + pv=¢.
[Ipoussens nonpodubie Beikianaku st U u I, Oyaem uMeThb

56)..~e) =(56),, <55 ).. -
o6 ), \oG) , ~\aG),, \ac) , =7

Takum 00pa3oM, XUMHUUYECKUI MOTEHIMAI TT03BOJIIET ONPEACTUTh U3-
MEHEHHE JI000H XapaKTepuCTUUEeCKON (YHKIIUN NMPH U3MEHEHUHU KO-
JIMYECTBA BEIECTBa B (Pa30BBIX MpeBpalleHusIX. BHyTpeHHss sHeprus

LA assl B Takoii cucteme - GyHKIus Tpex nepemennbix U = f(S,V,G),
LB e o U U U
hilg dUz( j dS+[j dV+(J dG =
()] TS oS V.G oV 5.6 G V.S
' Sl =T1dS — pdV + ¢dG,
Puc. 8.1 oTiyna
17dS =dU + pdV — ¢pdG . (8.4)

OObenuHEHHBIN 3aKOH TEPMOJAMHAMUKH JJII CUCTEMBI ¢ (Pa30BBIMU MEPEXOAAMH H C yUe-
TOM paboT Ly;, HEe CBA3aHHBIX C U3BMEHEHHEM 00beMa, UMeeT BUJ (m — 9uciio ¢a3s):

TdS >dU + pdV — Y @,dG, + Y dL, . (8.5)
j=1 i=1

YcnoBHUs YCTOMYUBOCTH U PABHOBECHUS B U30JIUPOBAHHOU CUCTEME.
YcnoBus yCTOMYUBOCTH
TepMoarHaMUYECKUI aHAIIN3 MTOKa3bIBaeT, uTo TC OyaeT MeXaHU4ICKU
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%)
YCTONYMBOH, eciu (p < 0. TennoBas ycTOMYMBOCTh CUCTEMBI BHIPAXKAETCSI HEPABEH-
T

v

)
ctBoM ¢,>0. JIeHCTBUTENBHO, €CIIN (p >0, To yBenmuueHue oObeMa MPUBEIET K POCTY J1aB-
T

1%

JICHHS B CHCTEME U JallbHEHIeMy ee pacimupenuto, T.e. TC Bce nanbplie u aanbiie OyIeT yxo-
IUThb OT paBHOBecHOro coctosiHus. [lpu ¢,<0 moaBOJA TEIIOTH MPUBOAUT K YMEHBIUICHUIO
TEeMIIepaTypbl CUCTEMBI, T.€. K POCTy TemmeparypHoro Harnopa mexay TC u okpyxaroiiei cpe-
JIOM ¥ yBeNmM4eHUI0 TerionoaBoa K TC - mpoiecc Takke CTaHOBUTCS JIABUHOOOPA3HBIM.
Y c1oBHS paBHOBECHS B OJTHOPOIHON M30JUPOBAHHON CHCTEME
b0 mokazano, 4TO JUIsl U30JIMPOBAHHOM cucTeMbl, koraa dU=0 u dV=0, B coctosiHuu pas-
HoBecus dS.=0. bynem cunrarb, yto TC COCTOUT U3 IBYX MOICUCTEM

1u?2, Toroa
/ ! dS. =ds, +ds, =0, (a)

Z,
/ 3 dU
2 / no ds, = <14 Prygy b
% / ! T, T, 1 (b)
Puc. 8.2 ds, =2 P2 gy (©)
2 2
Tak kak U.=U;+U,=const, T0 dU,=-dU,. (d)
Amnanoruuso, u3 V.=V;+V,=const cienyer dVi=-dV,. (e)
[ToncraBus (b) u (c) B (a) ¢ yuerom (d) u (e), moaydnum
ds, = (1 - ldel + (pl - pZJdV1 =0, (8.6)
7—'1 T2 1 2
HO dU| u dV| He paBHBI HYJIIO, CIIEI0BATEILHO,
T =T
{ b (8.7)
P = P-

Takum o0pazom, u3onupoBaHHas ogHopoaHas TC Oyner HaXOOUTHCS B PABHOBECHU B
TOM cily4ae, eciid Bo BcexX Toukax TC oauHaKOBbIE JaBICHHUE U TEMIIEpaTypa.

Ycnosus ¢ha3zoBoro paBHOBECHUS
Paccmotpum cuctemy, coctosmnyto U3 AByX ¢a3. Kak u B mpenbiayiem ciiydae, B COCTOSHUN
PaBHOBECHSI CHCTEMBI

dS.=dS, +dS, =0 , (a)
7,
y
l—anK(f:% as =AU Py O s b
% 4 o T T ®
dU
Puc. 8.3 ds, :72+&dvz_&dG2- (c)
2 2 T2
Tak xak U.=U+U,, V.=Vi+Vo u G.=G1+G, , 10 dU>,=-dU], (d)
dV=-dV,, dG=-dG, . Iloacrasnss (b) u (c) B (a) C y4ETOM MOCHEAHUX PABEHCTB, MOTYYUM
as, =| L Vg, 4| o P gy [P |y, =0, (8.8)
L T, L T, L T,

Tak kKak dU, , dV, u dG| He paBHBI HYJIIO, CJIEI0BATEILHO,
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I, =T,
Pr= P> (8.9)
O =0,,

T.€. 4T00BI B m3osmpoBanHoi TC He mpoucxoauinn (a30BbIe MEPEX01bl, HEOOXOAMMO PaBEHCTBO
TEMIIeparyp, AaBICHHH ¥ XUMUYECKUX MOTEHIIMAIOB (a3. B nmeiicTBUTENbEHOCTH paBHOBECHE SIB-
JsieTCsl TMHAMHUYECKUM: (a30BBIil MEPexo]] HIMEET MECTO, HO YMCIIO MOJICKYJI, TOKUHYBIIHUX I10-
BEPXHOCTH JKUIKOCTH, PAaBHO YHCITY MOJICKYJI, BO3BPATHBIINXCS U3 TIapa B KUIAKOCTb.

®daszoBrie nepexoanl. IlpaBuio da3 I'mdoca
PaccmoTpum daszoBsie mepexosl B p-1 quarpamMmmMe Bemectsa. Jlroboe
BEIIIECTBO MOYKET HAXOAUTHCS B TPEX arperaTHbIX COCTOSHHIX: )KHIKOM, Ta3000pa3HOM U B BUJIC
TBEPJIOTO BEIIECTBA, B KOTOPOM IIPH OMPEIACICHHBIX (DU3NYECKUX YCIOBUAX MOXKET OBITh He-
CKOJIbKO (ha3 (HampuMep, jKeJie30 MOXKET COCTOSITh U3 O-)Kelie3a u B-kenesa).
p B Ha p-T nunarpamme arperaTHbl€ COCTOSIHUS pa3-
) K JeneHbl JTUHUAMH ($a3oBbIX mepexonoB. AO-
Pi ? nuHug cyonmumanuu, OB- nuHMS 1U1aBIeHUs,
Ldp / HKUIKOCT OK- nuums ucnapenus. B Touke O, xoTtopas
/ 2 Ha3bIBACTCS TJIaBHOW TPOMHOW TOYKOW (IJ1s1 BO-
t TB. TEIO a3 ne1 pr=610,8 Ila, £,=0,01 C), BemecTBO HAXO-
JUTCS OJHOBPEMEHHO B TpPEX arperaTHbIX CO-
O cTosSHUAX. B nmanmpHelimeM, eciu He Oyner
o e dT 0co00 oroBopeHo, moja (¢azamu OyneM IOHHU-
A MaTh arperaTHbIE COCTOSHUS BeliecTBa. B Tou-
T xe K BemecTBo HaXOAMTCA B KPUTHYECKOM CO-
CTOSTHUH, 3IeCh TEPSETCS TOHITHE KUJIKOCTH U
napa (ra3a), Tak KakK Vx=vp=V, TeIIOTa mapooo-
pazoBaHusi U KOAD(PHUIIMEHT MOBEPXHOCTHOTO
HaTsDKEHUS paBHBI HYMIO. ECM mMOABOM TEIUIOTHI MPU MOCTOSSHHOM JABJICHUU OCYIIECTBIISETCS
pu p1>prr (CM. puc.8.4), TO BEMIECTBO U3 TBEPAOTO COCTOSIHUS MEPEXOAUT B )KHUIKOE, a 3aTEM B
razo00pa3Hoe, OJIHAKO €CIU pr<prp, TO TIPH HArpPeBE Cpazy MPOUCXOJUT MEPEX0] U3 TBEPAOTO B
razo00pa3HoOe COCTOSIHUE.
[IpaBuno ¢a3 ['mb606ca ycraHaBnMBaeT 3aBUCUMOCTh cTenieHH cB0Oo b1 TC (T.e. yncia He3a-
BUCHMBIX TIEPEMEHHBIX) OT YHCJIa KOMITIOHEHTOB U (a3 B CHCTEME:

A 4

A 4

P2

Puc. 8.4

V=n-r+2, (8.10)
TJI€ 71- YUCII0O KOMITIOHEHTOB CUCTEMBI, F-4UCIIo (a3 B CUCTEME.
s uucroro BewecTsa, Hanpumep, kucinopoaa O,, n=1, r=1, y=2. B Takoii cucreme

MO>KHO IPOM3BOJIBLHO M3MEHATH J[Ba MapameTpa, TPETHH XKe SBIseTcs 3aBUCUMBIM, OIpeesse-
MBIM YPaBHEHHEM COCTOSIHUS (Hampumep, p = f (T,v) ).

JIy1si OTHOKOMIIOHEHTHOM CUCTEMBI, COCTOAIIEH U3 ABYX (pa3, Hampumep, BOJALI U BOJSHOTO
napa n=1, r=2, y=1. B 3TOM ciy4yae JuIllb OJWH HapaMeTp MOKHO BBIOMPATh MPOM3BOJIBHO.
Tak, SHTPOIHS W SHTAIBIINAS CYXOTr0 HACBHIIICHHOTO IMapa, SHTPONHUS W YHTAIBINS HACBHIIICHHON
JKUJIKOCTH OJTHO3HAYHO OIPEACIISIIOTCS TOJIBKO TEMITEpaTypou (MJIM TOJBKO JIaBJICHUEM, TaK Kak
B ByX(azHoii obmactn p = f(T)).

B rnaBHO# TpoiiHON TOuke n=1, r=3, Y=0, T.e. CyIIECTBOBaHNE BEILIECTBA B TAKOM COCTOSI-

HUW BO3MOXHO TOJIBKO TPU €IMHCTBEHHOM ISl K&KJIOTO BEIIECTBA COYETAHWUHW TEMIIEPATyphl U
aBJICHHUSL.
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Ypasuenue Knanelipona-Knaysnyca
bbut0 moka3zaHo, 4TO YCIOBHMSIMM TEPMOJMHAMUYECKOTO PAaBHOBECHUS SIBIIAIOTCS PaBEHCTBA
Tx= Ty, px= Pn, 1 @Ps= @n. Paccmorpum npouecc Brosnb kpuBoil OK (puc.8.4). B Touke 1 umeer
MECTO PaBEHCTBO

¢m1(T’p): ¢n1(T’p)-
W3menum Temmiepatypy u aaBieHue Ha d1 U dp Tak, 4ToObl Touka 2 ocranachk Ha kpuBoil OK. B
HOBOM TOYKE CHOBA MOIYy4UM
@uo(T +dT, p+dp)= ¢, (T +dT, p+dp),

wiu @ +de, =@, +de, ,H0 ¢ =@, , Torna do, =de, . PackpsiBas noinsie nuddepenmua-

sl d@, U d¢,, ToTy4um —s,dT +v dp =—s dT +v dp, oTkyna
P _ 505 (8.11)
dalr v, —v,

Vpasuenue (8.11) Ha3piBaeTcst ypaBHeHneM Knaneitpona-Kiay3nyca u MoxeT OBITh TPUMEHEHO
KO BCeM (pa30BBIM MTPEBPALIEHUSIM UYHNCTHIX BEIIECTB.

B TepMonnHaMuke NPUHATO XKUAKYIO M Ta3000pa3Hyto (as3bl, HaxosUIMecs] B paBHOBECHH
(korza cocTOosTHUE BelIecTBa n3o0pakaercst Toukoid Ha kpuBoit OK) 0003HauaTh HaICTPOUYHBIMU
WHJIEKCaMH ~ ISl )KUIKOCTH ¥~ JUIS 1apa, ¥ Ha3bIBaTh X COOTBETCTBEHHO HACHIIICHHOM JKHUI-

r
KOCTBIO ¥ CyXMM HACHINIEHHBIM mapoM. Tak kak s~ — s = ?, TJe 7 - yaeabHas TeIuioTa mapooo-

pa3oBaHus, T- TeMIieparypa HachIlleHus, TO ypaBHeHue (8.11) MOXkHO niepenucaTs B BUAE
dp r
ar  1(v'—v)
[Ipounrerpuposas ypaBHeHue Knaneiipona-Knaysuyca, HaiinieM CBs3b MEXIY NaBIECHUEM U
TeMIEPATypON HACHILEHUS

(8.12)

r
Dy :J-T(v”_v,)dT'FCOl’lSt. (813)

YcroiiuuBocts a3
[Ipu paccmoTpeHUM TpoIEcCOB ¢ (a30BBIMU MEpPEXOaMH BO3HUKAET BOMPOC, MPU KAKUX
YCIIOBUSX Macca OJHOM u3 (a3 OyJeT yBemnuuBaThes 3a cueT Apyrou (dhaza, y koropoi dG>0
Ha3bIBACTCS] YCTOMYUBOM).
Paccmotpum xon kpuBsix @ = f(p) npu T=const B ¢-p auarpamme. U3 nmomaHoro audde-

Ll
dp

penuuana @. d@=-sdT +vdpupu T=const TOJIy4UuM (

(8%} > (a(p’“ J , T.€. B (-p Auarpamme
o)y \p )

] =vy. Tak kak v’>v’ TO
T
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TOuKa (ha30BOro KpuBas ¢, UAET Kpyue KpuBoil ¢x. Kpome To-

@ pasrOBeCHs T=const @ 9 3
ro, F = a— <0, 3HaYuT, KpUBBIC
Pu1<Px1 == Oy P )y P )y
oOparieHs! BITyKI0CThIO BBepX. s TC mpu
Ouo< P P1<ps MO’)KHO Halucarthb

®,=9,6,+0,G,, (8.14)
HO B 3TOM COCTOSTHHH CHUCTEMa HE HaXOJUTCS B
paBHOBecuH. Tak Kak B Tporecce (a3zoBOro
nepexoia MpH HEU3MEHHBIX p; U 11 ¢h U @
OCTAIOTCS TIOCTOSIHHBIMU, TO A epeHInpo-
P1 ps P2 P Banwue (8.14) naer
d®  =¢ .dG +¢, dG, . (8.15)

Nwmes B Buny, uto dG, =—dG, , a Takxe TOT

Puc. 8.5

dakT, uro npu nepexoae TC B paBHOBECHOE COCTOSTHHE B M300apHO-U30TEPMHUUECKOM TIpoliecce
d®.<0 (moTeHIaI CTPEMUTCA K MUHUMYMY), TiepenuiieM (8.15) B OKoHYaTeIbHOM BHJIC
d®,, = (@, ~ ¢,)dG, <0. (8.16)
Takum oOpazoM, 4TOOBI TMpoIECC I B HAIpaBICHUH OOpa3oBaHUsS MapoBOW ¢asbl
(dG>0), NOMKHO BBHIMOTHATHCS YCIOBHE @) < (1, T.€. YCTOWUMBOI OyzeT Ta (asza, y KOTOpoit
XMMHWYECKHI TOTEHIMAI MPU NaHHBIX yciaoBuaX meHbine. Ecin B TC monHsTh naBieHue 10
P2>Ps, TO HAUHETCS TPOIECC KOHACHCAIIUHT (dG)K > 0), TaK KaK Tenepb @y < P.

da30BbIe NEPEX0/Ibl NPU HEOTUHAKOBBIX JaBJICHUAX (a3
Paccmotpum aBe ¢a3bl, HaxosIMeCs] B TEPMOJIMHAMUYECKOM paBHOBecHH. B aTom ciyuae
XUMHUYECKHE MOTEHINAIbI (a3 paBHbI

¢1(p0’T): ¢2(p0,T).
VYBenuuuM gaBiaeHue B niepBoi (aze Ha dp; npu T=const. Torma B HOBOM COCTOSIHUM paBHOBE-
cus OyneM uMeTh

¢1(Po +dp1,T)= q’z(l’o +dp2,T).
Pasnaras pynkuuu ¢ u ¢, B psaa Teitnopa, noryuyum

0 0
¢1(po’T)+(¢lj dp, +---:¢2(P0’T)+(¢2J dp, +...,
T T

ap1 apz
dg
HO | - | =V.Torma vidp) =Vvodps., (8.17)
p T
W (apzj =0 (8.18)
apl T v2

- ypaBHeHue [loiiHTHHTa, U3 KOTOPOTO Ui KUAKOCTH U Mapa mpu 7=const MOKHO, HallpuMep,
MOJTyYUTh

APy = | “2dp,, (8.19)
Pin X
TO €CTh yBEJIMUEHHE JIaBJICHUS B OHOM (haze Ha Ap, npu 7=const IPUBOIUT K POCTY AABICHHS
B JIpyroil aze Ha Apy, KOTOpOE 3aBUCUT KaK OT Apy, Tak M OT OTHOLICHHS yJENbHBIX 00BEMOB
¢a3. B paccMaTpuBaeMOM CIydae vi> Vy, CIEA0BATEIBHO, AP(1-2)x>Ap(1-2)n-
Hcnonp3ys BelpaskeHHe Ui TOTHOTO AuddepeHnnana XuMH4ecKoro moTeHnuana
d@ =vdp — sdT npu ycnoBuu paBHOBecHs (a3, MOKHO HaMCcaTh
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v, dp, — s, dT, =v,dp, —s,dT, . (8.20)
Hns cnywas dT\=dT,=dT v dp,#dp, Haiinem cBsI3b MEXIy MPOU3BOIHBIMU dp/dT st co-
CYIIECTBYIOIIMX (Da3 MpU HEOJUHAKOBBIX JABIICHUSAX B 3TUX (azax

(8.21)

[Ipu dpi=dp,=dp nonyuum ypaBaenue Kianelipona-Knaysuyca, npu d7=0 - ypaBHenue Iloiin-
TUHTA.

da3oBble epexoIbl NPU UCKPUBICHHBIX TOBEPXHOCTAX pa3zena das.
YpasHenue Jlannaca
Ha »xuaxocTh, pacroaoKeHHYIO 110 BOTHYTON IIOBEPXHOCTBIO, JEHCTBYET JOMOJHUTEIbHAS
cuiia, 00yCIIOBIIEHHAs! CHJIaMH TIOBEPXHOCTHOTO HaTspkeHus. Ha puc.8.6 moka3aH MBICICHHO BbI-
pe3aHHBIN y4acTOK MOBEPXHOCTH paszzena (a3 pazmepom / x [. J[ns Toro 4toObl OH OCTajics B
paBHOBECHH, K HEMY HEOOXOAUMO MPUIIOKHUTH CHIIBI IOBEPXHOCTHOTO HATSKEHUS F = F) =F3=
F4. Cuny F MOXHO BBIpa3uTh yepe3 K03 PHUIHUEHT MOBEPXHOCTHOTO HATSKEHUS O

F=ol. (a)
CnpoextupyeMm cuity F| Ha BepTUKaIbHYO oCb 0-7
2
Flz:FlSin%:E(ll/szdl’ (b)
' 2 2p,

IZi€ P - paAnyC KPUBHU3HBI IOBEPXHOCTH.
IIpoexuust cunsl F> Ha och -z paBHa

ol’
FZZ =5 (C)
2p,
CxknanpiBas (b) u (¢), MOTy4YUM
2
£+ F, =00 (@

1
AHaJOrM4HOE BBIPAKEHUE MOXKHO 3amucaTh U JUIS
IIPOCKLUN Ha BEPTUKAIBHYIO OCh CUJl 3 U Fy

2
F3z+F4z:61 . (e)

2
CxknanpiBast (d) u (e), HaileM JOMOJHUTEIbHYIO
cuny Fj, NEUCTBYIOILYIO Ha >KHUJIKOCTb, pacIoJio-
KEHHYIO TI0J1 BOTHYTON MOBEPXHOCTHIO

F = 0'12(1+1j.
P P>

PazgenuB a1y crity Ha Ioma b MOBEPXHOCTH TUIOMIAIKH, OTIPEICITHM
JIOTIOJTHUTEITLHOE JIABJICHHUE HA KUJKOCTh, 00YCIIOBIIEHHOE CHJIAMH TIOBEPXHOCTHOTO HATSKEHUS

Puc.8.6

Py = (1 +1j. (8.22)
P P
Jns xarum p;=0»=R, TOr1a
20
P, = R7K ) (8.23)
Jns kanum, HaxoAsuiencs B mape ¢ AaBJICHUEM Py,
po=p.+22 (8.24)

R

K
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U3 popmyn (8.23) u (8.24) cnenyer, 4TO ¢ yMEHBILICHHEM pajilyca pacTeT JaBJICHUE B Karuie

U TIPY OYEHb MAJIBIX PaJMycax »KUIKOCTb B Karie OyeT HaXOIUThCS M0/ 3HAYUTEIbHBIM J1aBJie-
HUEM.

Ypasuenue Knanelipona-Knaysuyca ¢ yuerom
KPUBHU3HBI HOBEPXHOCTHU
[Ipu ¢dazoBOM paBHOBECHH >KUIKOCTU M mMapa ¢ =¢,. Ilocne nuddepennupoBanus Oynem
umeTh d @ =d @,. Tak xak d@ =vdp —sdT , To
vdp,—s.dl =v.dp —s dT . (a)
PaccmarpuBast )KUAKOCTb, HAXOSAIIYIOCS MOJ CEepUUecKoil MOBEPXHOCTHIO C PajinycoOM KpH-
BHU3HBI R, MOKHO HaIlUCATh:

20
=p +—. b
P =Put (b)
nepenumiem (a) ¢ yuetom (b)
2v. do
v.dp, + ”‘T —s.dTl =v dp, —s.dT . (c)

’
Hens (¢) Ha dT ¥ y4uTHIBasA, 4TO S, —§, = T’ MOJTYyYUM

d, r 2v do
Pn _ TR L . (8.25)

dT T(vH —vx) R(vn —vx) dT
[IpunsTo cuutarh paaumyc KpuBH3HBI R B (opmyrne (8.25) mol0KUTEIHHBIM, €CIH Tap
HAXOJUTCSI C BOTHYTOM CTOPOHBI MOBEPXHOCTU pa3fielia U OTPULATENIbHBIM - €CJIU C BBITYKJION

(cm. puc.8.7).

do
Tak kak c=a—-bT , TO ﬁ BCEr/la MEHbIIE HYIS, U

3HaK BTOpOro ciaraemoro B (8.25) ompenensercs 3Ha-
koM R. CnenoBarenbHO, B Mape, HaXOASIIEMCs CO CTO-
POHBI BOTHYTOM MOBEPXHOCTH, 3aBUCHMOCTH J1aBJICHUS

d
OT TEeMIIepaTypbl % ciabee, 4eM B Iape HaJl BHIIYK-

Puc. 8.7

J0¥ moBepxHOCThIO. MHTErpHpoBanue (8.25) ¢ yueTom
3HaKa pajuyca KpUBU3HBI IOBEPXHOCTU pa3jelia MoKa3bIBaeT, uTo npu R>0 py<p,, a npu R<0
Pu>Ps, TIE Py - TaBJICHHUE TIapa HaJ TUIOCKOW MOBEPXHOCTHIO pasnaena da3. [1pu miockoii moBepx-
HOCTH, Korja R=co, unu npu o=const ¢opmyna (8.25) mepexoaut B ypaBHeHue KiamelpoHa-
Knaysuyca.

®Popmyina KenbBuHa
®opmyna KenbBuHA MO3BOJISET ONpEAETUTh JaBiICHHE Mapa HaJ Karuied >KUIKOCTH, HaXo-
JsIeicss B COOCTBEHHOM Iape MpH MOCTOSHHON M OJJMHAKOBOW TEeMITepaType >KHIKOW U Mmapo-
BOIl (a3 B ycioBusX ()a30BOro paBHOBECHs. 3allMChIBasi MOCIENOBATENbHO (Pu=@ , d@=dPn,

v.dp, —s dl =v dp —s dT npu ycinoBun T,= T,=T=const u yuutsBas p, = p, + 3{6 , oIy~

K

20
YUM vd|l p, + ® =vdp,.

[Tocne muddepenrpoBanms JIeBOW YaCTH ypaBHEHHUS Oy/1IeM UMETh
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2
OVs qr =RT, Pn ©)
[IpounTterpupyem (c) 1Mo JaBJICHUIO OT P 10 Py U MO PAAUYCy OT o 10 Ry
v po —20v TdR“ =RT [jdp"
K m K J Rz nu : pn )

K

v,dp, —

pS
20v,

=RT,InPr. (d)

v, (p,—p,) R )

Paspenum (d) na R Ty :

20
v, Pu g _Ps +A=ln&, HO A:vn, Torna oOkoHYarenbHO (Gopmyny KenbBuHa
RHTH pl'l RKRHTH pS RHTH

MOXXHO 3aIIiucaThb B BUJEC
y : 20v
InPo = Ya| g Ps |y ZOVa (8.26)
pS vl'l pl'l RKRHTH
Jis citydast, Korjia JJaBjieHue mapa HaMHOT'O MEHBIIIE KPUTHIECKOTO (T.€.
Vi>>Vy), (8.26) ympormaercs:

InPu= 20V (8.27)
pA‘ RKRHTH
JlaBiieHue napa HaJl Karied HalJleM U3 YpaBHEHUS
20v
= pexpl —=|. 8.28
Pu =D, p( 3 RHTHJ (8.28)

TepMoanHaMuKka 00pa3oBaHus HOBOM (ha3kbl.
KpuTrnaeckuii pagnyc oy3sIpbKa
3apoxIeHNe MapoBOTo My3bIpbKa (HOBOHM (pa3bl) B )KUIKOCTH TPeOyeT BHITIOJHEHUS ABYX YC-
JIOBUH - HaJW4Hs IEHTPOB MapooOpa3oBaHus (ITy3bIPhKOB ra3a, TBEPIbIX YACTHII) U Meperpena
JKUJKOCTH OTHOCHUTEIBLHO TEMIEPaTypbl HACHIIICHUS TPH JaHHOM JaBiieHHH. OCTaHOBUMCS
JUITH HA TEPMOJMHAMHYECKOM aCIIEKTE ATOTO BOMPOCAa U paCCMOTPUM 00pa3oBaHHe HOBOM (Da3bl
B YHCTOH XUIKOCTH, HaXOOAILIENCS B OOJIBIIIOM 00BEME.
Jlo o6pa3oBaHus My3bIpbKa H300apHO-U30TEPMUUECKHI TTOTSHIINAI KUJIKOCTH PaBeH
®, =(G, +G,)o,. (a)
Takast 3amuch MpeanoyiaraeT, YTo MOJICKYJIbI TTapa pacTBOPEHHBI B kuakocTu. [locie Toro, kak
o0OpazoBaJics MapoBOi My3bIpeK, H300apPHO-U30TEPMHUIECCKUI TTOTEHITMAT CUCTEMBI 3aITMChIBACTCS
B BUJIE

2
P,=G,0.+G, @, +470R, (b)
rae Ry - paauyc my3bipbKka. M3MeHeHne n300apHO-M30TEPMHUECKOTO MOTEHIIHAIa TePMOJIHHA-
MI/I‘IGCKOﬁ CUCTCEMBI COCTAaBUT

AP=d, D, =(p, — ¢ )G, +470R>. (c)

4
Tak xak Macca my3bIppka G, = gﬂRi P, » TO IIepenuieM (¢) B BUAC

A® =(p, — %)iﬂRﬁpﬂ +470 R; . (d)

Oyukiusa AP = f (Rn) MMEET HKCTPEMYM TOJIBKO IIPU  @Ph< @ (cM. puc.8.8). Onpenenum 3Haye-
HUE KPUTHUYECKOTO pajuyca IMy3bIpbKa, P KOTOPOM (YHKIUS UMEET SIKCTPEMYM
J(AD)

—=—\Q, — @, )R +27n0=0,
73 (@, — . )R, P,
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oTKYIA R =20 (8.29)

KD

AP / (@, —o.)p,

;f Po= ¥y TTy3bIpeK, MMEIOMMI TaKOH pajyyc, Ha3bIBaeTCA KpH-
¥ THUYECKUM, TaK KaK CHCTEMa MY3bIPb-)KHIKOCTh B 3TOM
Ja Clly4ae HaXOJIUTCA B HEYCTOWYMBOM paBHOBecuH. Ile-
o pexon TC K COCTOSIHUIO YCTOWYMBOTO PAaBHOBECHS CO-
MPOBOXK/IAaeTCsl, KaK M3BECTHO, YMEHBbIICHHEM H300ap-
HO-M30TepMHUYecKoro moTeHnuana (AD<0) um nubo
yBEJIMYEHHEM, JTHU00 YMEHBIICHUEM pajuyca My3bIpbKa.
Takum o0Opa3oM, €ciii B MEPEerpeTor KUIKOCTH TOSB-
JSIFOTCS Iy3BIPBKU ¢ Ry>Ry «p, TO OHU OyAyT pacTu; my-
Puc. 8.8 3BIPBKU C PAANyCcOM Ry <Ry « OyIyT CXJIONBIBATHCS, T.€.
MCYE3aTh.
Pa3HOCTh XMMHYECKHX MOTEHIHAIOB (a3 MOXKHO

BBIPA3UTh Yepe3 NEPErPEeB KUIKOCTHU
T, -T, AT, "

— = r = . (S
Pu — P T T (e)
rzie r - yaenpHas TerioTa napooopaszosanus. [Toacrasmnss (e) B (8.29), momyunm
20T,
TIKp = ° * . (830)
rpnATnep xK

Pabora oOpa3oBaHus My3bIpbKa KPUTUYECKOTO pa3Mepa CKIIabIBacTCa U3 paboThl 0Opa3oBa-
HUS 00beMa My3bIpbKa U pabOThI TPOTHB CUJI MOBEPXHOCTHOTO HATSKECHUS

W, =—ApV, +47R> 0 = ;":mgw +AR: o = ;‘le’fxpa. (8.31)

IKp Kp
TIKp
[oncraBnsist 3HaYeHHE KPUTHUYECKOTO pajauyca Imy3sipbka B (8.31), Halimem cBs3b Mexay pado-
TOI 00pa30BaHUs My3bIphKa KPUTUUECKOTO pa3Mepa 1 MeperpeBOM KHUIKOCTH
2
16 T

W ol —— 1| . 8.32
e 3 rp AT ( )

Tep x

Kak Bumum, W

MKp
MeHbIe padboTa 00pa3oBaHMs My3bIphKa KPUTHIECKOTO pazMepa. HHTeHCHBHOCTH  00pa3oBa-
HUS ITy3BIPHKOB KPUTHYECKOTO pazMepa ONpeesisitoT o popmyIie

MPOIMOPLHOHANIbHA 1/ AT? T.. 4yeM OoJibllie TeperpeB XHUAKOCTH, TeM

mnep x °

. Wnlc 1
J = Aexp| — P, — (8.33)
kT, MC
roe A=NB ; N~10% M - uucno MOJIEKYJI B €IMHUIIE 00bEeMa KUIKOCTH; B=~10"0¢!-

KUHETUYCCKU MHOXUTENb ( InA=89,8); k :1,38'10'23 JIx/K - mocrosunas bonsnmana. Cornac-
Ho omnbiTaM B.I1. CkpurnoBa u ero cOTpyIHHKOB, U3y4aBIIUX 00pa3oBaHUE HOBOH (hasbl B mepe-
TPETHIX KHUAKOCTSX, 7S BOABI B OOJBIIOM 00beMe

Inj=91- (8.34)
kT,
9. CBoiicTBa peaJbHbIX I'a30B M IAPOB
HanoMHuM, 4TO MaeaqbHBIM ra30M HA3bIBAETCS r'a3, MOJEKYJbI KOTOPOTO paccMaTpuBa-
IOTCSl KaK MaTepualIbHbIe TOYKH, UMEIOIIME Maccy, HO He UMerIue oobeMa. MexMOoIeKysip-
HBIE CHJIBI OTCYTCTBYIOT, a ME€pefada dHEPruu B TaAKOM ra3e OCYHIECTBIISETCS 3a CUET YNPYIHX
COYJIapE€HUI MOJIEKYJI, Ta3 NOAYHUHIETCA YPABHEHUIO COCTOSHUS UICATIBHOrO ra3a pv=RT.
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Jlonroe BpeMsi CUNTANIOCh, YTO peallbHbIE ra3bl MOAUUHSAIOTCA 3aKoHy boiins (1662), ogHako
B koHIe XVIII Bexa M. Ban-Mapym, uccienoBaBmui aMMuak, ycranoswi, uro NHjz He ciienyer
3akoHy boitng u MoxxeT OBITh IPU ONPEIETCHHBIX YCIOBUAX MEPEBEACH B JKUAKOe cocTosiHue. C
3TOr0 BPEMEHHU HAYNHAETCSI CUCTEMATUUECKOE U3yUEHUE CBOMCTB I'a30B.

OneIT DHJproca

Omneitel T. OHaproca ¢ yraekucnoroi (CO;), koTopsle oH npoBoaua B1857-1869 rr., mokasa-
JH, YTO Ta3 MOXET ObITh MEPEeBEACH B XKHUIKYIO (ha3y B M30TEPMHUYECKOM IIpOIecce CXKATUS B
cllydae, €cia JaBJI€HHME Ia3a HUKE KPUTUUYECKOTO, TP KOTOPOM IPOMATAET Pa3ivunue MEKIY
KHMJKOCTBIO M Ta30M B PABHOBECHOM COCTOSIHMH, T.€. Vy = Vr = Vip. IIpH KpUTHYECKOM JJABIICHUU
yaelnbHas TEeIUIoTa MapooOpa3oBaHWs paBHA HYNMIO, Tak Kak W3 ypaBHeHHs Kiamelipona-
dp
dT

CyTb omnbITa 3akiatodanack B cienyromeM. [Ipo3paunsiii nunnHap, 3anonHeHHsii CO, u

3aKpBITHIA NOPIIHEM, IOMELIAJICSA B MPOTOYHYIO KUJIKOCTh, B KOTOPOU NOJJEpKUBAIACh 3aaH-
Has Temneparypa. IlepeMenienre NOpuHs Npu CKaTHU OCYILECTBISUIOCH OUEHb  MENJICH-
HO,  YTOOBI c/IenaTh Mpolecc U30TEPMUUECKUM. B pesynbraTe onbITOB ObLTO OOHApYXKe-
HO, YTO Ha y4yacTKe a-b Tpu t; MOBEJIEHHE H30TEPMbI OJM3KO K pv=const, a ra3 ocTaBajics
npo3payHbiM. B Touke b Habmromancs usnom kpuBoil. [lanee, Ha ydacTke b-c ©30T€pMa COBIaja-
Ja ¢ u300apoi, a B ra3e MmosBisUIach kuakas ¢asza. B Touke ¢ razoobpasHas (asza MOITHOCTHIO
ucuesana. [Ipu ganpHeieM CkaTHH U30T€pMa MPUOIIKANIACh K M30XOpe. BBIMOIHUB ONBITHI
IIPU TEMIIEPATYPAX fi... Iy U COEIMHUB TOUKH, IJI€ U30TEPMbl UMEIN U3JIOM (B TOUKE “Kp” - Iepe-
ru0), DHAPIOC NOIYYUI KPUBBIE, OTAEISAIOMNE 01HO(a3HbIE 001aCTH OT ABYX(a3HOU (HIKHIOKO
C-Kp U BEpXHIOW Kp-b OuHonmanu, cM. puc.9.1). Onbitel nokaszanu, uro aias CO, KpuTudeckue
TEMIIEPATypa U JAaBJIECHUE PABHBI COOTBETCTBEHHO =3 1°C u DPip=1,4 MIla.

Knaysuyca cnenyer r = (vr -V, r

CKMMaeMOCTh peabHBIX Ia30B
3HaYMTENbHBIN BKJIAJ] B pelIeHUe MPOOJIeMbl COKUMAEMOCTH ra3oB BHec E. Amard, KoTopsiii B
nepuon ¢ 1878 mo 1893 rr. nccnegoBall MOBEAEHUE MHOTUX Ta30B B 3aBUCUMOCTHU OT JaBJICHUS
IpU pa3HbIX TemnepaTtypax. Ha puc.9.2 B pv-p nuarpamme noka3aH XoJ U30TEPM pEaIbHOTO Ia-

dlpv
3a. Kak BMIHO M3 PUCYHKa, U30TE€PMbl MMEIOT IKCTPEMaJbHbIe TOUYKH, /e (ap ) =0, B TO
P Jr
BpeMs KaK H30TE€PMa HIEaIbHOTO rasa B pV-p IMarpaMMMe U300paykaeTcs IPIMOM JIH-

HUEH, IapaJlJIeIIbHON OCH p.
PaccmoTpuM moBesieHHE pearbHOTo rasa, BBeIs MOHATHE KOd(D(UIIMEHTa COKUMAEMOCTH

v
z= % Eme Knaysuyc cuutai, 4ro Haauuue o0beMa y MOJIEKYJI ra3a JOKHO MPUBECTUH ypaB-

HEHUE COCTOSIHUSI UJICAIBHOTO Ta3a K BUAY
p(v=b)=RT, 9.1)
rae b- “HemocTymHBIA® 00beM, 3aBHCALIMA OT YHMCIa MOJIEKYA M HX pa3sMmepa, OTKY-

RT

aap = (7 , T.C. JaBJICHUC B PCAJIbHOM Ta3¢ 60.HBI_HC, 4YCM B UJICAJIbHOM IIpH TOM Ke TeMIIe-
v=b)

patype. IloBenenne n3orepm Amara MOKHO OOBSICHUTH  ClenyronuM odpazom. [Ipu HEOOB-

IIOM JaBJICHUHU (MaJIbIX IJIOTHOCTSIX ra3a) npeo0iasaioT CUjIbl B3aMMHOTO MPUTSKEHUS MOJIEKYIT
U C)KHUMaeMOCTb rasza ynyumaercs (Ko3pGUIUEeHT C)KUMAaeMOCTH Z YMEHBIIIAETCs).
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Pxp|

Puc.9.1
[Tpu 3HAYUTENHHBIX JABICHUSIX ONMPEIEISIIONIYI0 POJb UTPAET COOCTBEHHBI 00BEM MOJIEKYN U
. a\pv
CKMMAEMOCTh YXYALIAETCs, a pv U Z pacTeT. Boie Touku boins B, rae ((ap) =0,
P T,P=0

C)KUMAEMOCTh YXY/IIIAeTCs 1aXke B pa3psuKeHHBIX — raszax (p—0) u3-3a mpeoOiagaHus CUI OT-

TaJIKUBaHUA.

VYpaBuenue Ban-aep-Baansca (1873 1.)

Ban-nep-Baansc B omiinuue ot Kinay3uyca npu BeIBOJI€ YpaBHEHUs COCTOSIHUS PEAIBHOIO T'a-
3a y4eql He TOJbKO 00BbeM, 3aHMMaeMbIii MOJIEKyJIaMH, HO U JIeHCTBHE MEKMOJCKYIISIPHBIX CHIL.
OH nonyuyws1 ypaBHEHUE, KOTOPOE KaYECTBEHHO OTPakaeT MOBEAECHUE BELIECTBA BIUIOTH J10 Ie-
pexoja U3 ra3000pa3HOro COCTOSHUS B XKUIKOE.

pv " T>To  pr=RT BHyTpu rasa cuiibl NpUTSKEHUS IEHCTBY-
=1B

a( pv) 10T Ha MOJICKYJTy BO BCEX HAMPABJICHHUSX OJIH-
— HAaKOBO, HO Ha rpaHHIax o0bema (IIOBEPXHO-
CTH paslena ¢ JApyrumd  (a3amu, CTEHKH
cocy/la) Ha MOJICKYJbl JEHCTBYET pe3yibTH-
pyioliasi Cujia, HampaBje€HHAs BHYTPh rasa.
3T10T 3 PeKT NPUBOAUT K YMEHBIICHUIO JaB-
JIHHsI Ta3a Ha CTEHKY COCy/a Ha BEIMYUHY

-4 T.e _ RT _a Win
o2 o p (v=b) v*

(p+ij@—w:RT, 9.2)
\%

I7I€ - KOHCTAaHTa, 3aBUCALIAs OT IMPUPOIbI
rasa. YMHOXKHB (9.2) Ha OTHOLICHHE v/, IIOJTy4UM

ﬁ—(RT+b}9+“v—“b=o. (9.3)
p p P

B

Puc.9.2
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Ban-nep-Baanbc nokasan, yTo npu OOBIYHBIX IUIOTHOCTAX b PaBHO YYEeTBEPEHHOMY COOCTBEH-
HOMY O00BEMY MOJIEKYJI OJHOTO KHJIOMOJIS Tra3a. YpaBHeHue Ban-nep-Baanbca OTHOCHTENHHO
obbeMa sABiIAETCA KyOMYEeCKUM, T.e. UMeeT TpH KopHs. IIpu p<p,, uMeeM Tpu BelleCTBEHHBIX
KOPHSL: Vi, v, W V;.B KpUTHYECKOI TOUKe Bce TPU KOPHS BEIIECTBEHHBI H PABHBI Vyp,. B 06u1ac-

TH pP>pyp OJMH KOPEHb BEIECTBEHHBIM M 1Ba MHUMBIX. Ha puc.9.3 B p-v nuarpamme nokasaH

)
xon u3zorepM Ban-nep-Baansca. CoeMHMB TOYKH U30TEPM, OTBEYAIOIIHUE YCIOBHIO (p =0,
v
T

MOJTyYUM BEPXHIOIO (a-c-Kp) U HIKHIOW (b-d-kp) cnimHonanu. B 06macTu, 3aKkiIt0ueHHON MEXKTY
HIOKHUME OMHOJAJBIO0 U CIIMHOAANBIO (3aIITPUXOBAHHAS TUIOIIA/h) BEIIECTBO MOXKET HAXOAUTh-
csi B 0gHO(DA3HOM KUIKOM METACTa0MIBHOM COCTOSHUU (TIEPErpeTOM OTHOCUTEIHHO TeMIIepa-
TypBl HACBIIIEHUS). B 00macTu Mexy BEpXHUMU OMHOMANBIO U CIIMHOAANBIO Tap MOXKET HaXo-

)
IUTHCS B TIEPEOXJTKICHHOM COCTOSIHMH. B o0ilacT MeXIy CIHHOIAISAMH, TJIe (p >0
Y
T

UMEET MECTO MEXaHWYeCcKass HEYCTOWYMBOCTb, TO €CTh 3/I€Ch BEIIECTBO MOXET HAXOIUTHCS
TOJIBKO B JIBYX()a3HOM COCTOSIHMH. Tak Kak B KPUTUYECKOH TOUKE M30TepMa UMEET Meperud, To

ap d’p .
— | =0mu >~ | =0.B34B 5Tu IPOU3BOIHEIE U IPUPABHAB UX HYIIO, HAHIEM IOCTOSHHBIE
v ), v )
2 Vip 8 PwpVip
aub:a=3p _v.; b= 3 [ToacraBuB 3Tu 3Hauenus B (9.3), onpenenum R = 3T

Kp

BBons Oe3pasmepHbie JaBlieHUE EZL, yIeNbHBIA 00BeM
Kp

v
@ =— ¥ TeMIeparypy 7= ——, C yUeTOM a U b IOJIly4YuM ypaB-

Kp Kp
HeHue Ban-nep-Baanbsca B 6e3pazmepHOM BUie

(75+ 32)(301— 1)=8r. (9.4)
w

VYpaBHEHUS COCTOSHUS, 3alKCaHHBIE B Oe3pa3MepHOM BHJE, HC-
HOJIB3YIOTCSL B TEOPUU MOA0OHS peabHBIX Ia30B.
Kpome ypaBuenus Ban-mep-Baanbca cymectByer Oosnblioe
v YHCJIO YpaBHEHUH COCTOSHUS peasibHBIX TazoB (Oonee 150). B
ypaBHeHHU bepreno yduThIBaeTCs OClablIeHHE MEKMOIEKYJISp-
HBIX CBSI3€M C POCTOM TEMIEPATYPHI

Puc.9.3

v'T
VYpaBuenue (9.5) yIOBIECTBOPUTEIBHO COTJIIACYETCS C ONMBITHBIMH JaHHBIMU MPU HU3KUX JaBJe-
HUSIX.

(p+aj(v—b)= RT. 9.5)

IlepBoe 1 BTOpOE ypaBHEHUS JluTepruyn UMEOT BU

a
plv—b)=RTE RIV (9.6)
(p+v?/3j(v—b):RT. 9.7

Bbonpioe pacnpoCTpaHCHUC IpHU OMUCAHUN U MOACITIUPOBAHUN CBOMCTB PCAJILHBIX Ta30B
MOJIY4YHUJIN YPAaBHCHUSA COCTOAHUA C BUPHUAJIbHBIMHA KOZ-)(bq)I/II_[I/ICHTaMI/I
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(9.8)

2 3

ABC)
VVV.

pv=RT(l++++...

3aBHCHUMOCTE M300apHON TEINIOEMKOCTH OT JABJICHUSI
[To ompenenenuro yaenbHas n300apHas TEMJIOEMKOCTh €CTh MPOU3BOIHAS OT YHTAIBITUN
10 TEMIIEPAType MPU TOCTOSTHHOM JIaBJICHUU

dp=0 di ,
T~ p=p Cp =31 - PaccmarpuBas mpoueccsl B i-1 nuarpamme
=P
P I —— \ aT ),

(puc.9.4), mpuxoauM K BBIBOZY, YTO B ABYX(a3HOU 001acTu U
Kp B KPUTHYECKON TOYKE Cp=00, TaK KaK

““““ di
—— | =0o0.0TMeTUM, YTO M30XOpHAasl TEIUIOEMKOCTh C, B

oT

T p

IByx(a3Hoi 001acTu UMeeT KOHEUHYI0 BelauuuHy. 13 pucyn-
Puc.9.4 Ka BUJIHO, YTO Ha IOTPAHUYHBIX KPUBBIX UMEET MECTO CKaYOK
TEITIOEMKOCTH, HO B 001aCTH 0AHO(A3HOTO COCTOSIHUSI Bellle-
di . .
CTBA C, UMEET KOHEUHbIC 3HAYEHMs, TaK Kak | — | 7# o°. BOmusu BepxHell MOrpaHUYHON

p
KPUBOH TEMJIOEMKOCTh I1apa BbILIE, YEM BIAJIM OT HEE, TaK B IIEPBOM CIIydae MOABEIECHHAs TEll-
JOTa UJAET He TOJBKO HA yBEIMYEHHE TEMIIepaTyphl Mapa, HO U Ha padoTy TUCCOIMALINU, CBS-
3aHHYIO C Pa3pyLICHHEM KPYITHBIX acCOIMAIMi MOJIEKYJN Ha Oojiee MenKkue. J[aHHOe MoyioKeHne
WLTIOCTpUpyeTcsa pucyHkaMu 9.5 u 9.6. Ha puc. 9.5 nokazaHo u3MeHEHHE TEIJIOEMKOCTH Tapa
IPU Pp<pyp, @ HA pUC.9.6 - IPU pp,p, TNIE UMEIOT MECTO aAHAJIOTUYHBIC SBJICHUS.

c P2AMR
30

i 30

KK

15

1C

ST

0 50 1C 0 374 40 500 tC

puc. 9.5
puc.9.6

JpoccenupoBanue ra3oB u napoB. dddext JHxoyna-ToMcona
Ecnu moTok peanbHOro raza nmponyckarb 4epe3 MOPHUCTYIO BCTaBKY (IPOCCENb), TO B 3aBUCH-
MOCTH OT MCXOAHBIX MapaMeTpOB OH WJIM OXJAQJWUTCS, WIM Harpeercsi, HO JaBJIEHHE ero Bcerna
ymensbIaercs (dp<0).
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JlpoccenupoBaHue ra3oB U KUAKOCTEH IHUPOKO MPUMEHSIETCA B XOJIOJUIBHON TEXHUKE IS
NOJTyuyeHHUs] HU3KUX TeMrieparyp. Ha puc.9.7a nokasan xapakrep U3MEHEHHS CTaTUYECKOIO J1aB-

1 nopucrasa 2 .
BCTaBKa l
1 2
P1 ¥ Mo 1=l
D>
X1 X X 51 52 S
Puc. 9.7a Puc. 9.70

JIEHUs B aua0aTHYECKOM KaHajle ¢ TOPUCTON BCTaBKoW. 3 pucyHKa BHIHO, YTO BOCCTAHOBJIE-
HUE JIaBJICHUS HAa KOOPJWHATE X; MPOUCXOAMT 0 0OJiee HU3KOTO 3HAYCHHS pr<pi, T.€. UMEIOT
MECTO I'MJIpaBINYECKUe NMoTepu Ap = p, — p, IPU NPOXOKIEHUU NMOTOKOM BeTaBKu. [Iponece
JIPOCCETUPOBAHUS SIBIIACTCS CYyryO0O HEPaBHOBECHBIM TPOIIECCOM M €T0 HENb3s MOKa3aTh B JHa-
rpamme coctosiHus. OHAKO MOYKHO IOKa3aTh, YTO MPU IPOCCEIUPOBAHUN DHTAIBIINS TOTOKA
OCTaeTCsl HEM3MEHHOM, T.e. i1=iy, uiu di=0 (cM. puc.9.76). Ilokaxem, uto 310 Tak. J{ms 1ByX ce-

yeHuil 1-1 u 2-2, 10CTaTOYHO yAAJIEHHBIX OT BCTABKH, MOKHO HAIKMCaTh YPaBHEHUE COXPaHEHUS
2 2

. C .
SHEPruM Ul aauabaTUYeCKOro KaHaja B BHIC I + 31 =i, +EZ. Tak kak pacxona BIOJIb TPyObI
He MeHsercs, To P, Fic, =p,F,c, (ypaBHEHHE CITIONIHOCTH). bynem cunTaTh, 4TO a3 ABHKETCA
B TpyO€ C HE3HAUUTENILHOW CKOPOCTHIO, T.€. a3 HECKUMAeM U C; = C,. Kanan mocrossHHOrO

ceueHusi, F, =F,, cienoBarenbHo, ¢, =c,. Takum 00pa3oM, J0Ka3aHO, 4TO Ij=i. Tak Kak

i=f(p,T),T0 MPU JPOCCETUPOBAHUU a’i:(alj dT + ﬁ dp=0.
aT ), p ),
N3 nocnennero BeIpaxkeHUs: OJIy4UM
ﬁ +[alj or =0, wm
dp ), \9T )\ dp )
T . . .
[T 9 (alj -9 [ . 9.9)
dp ). dp ),/ \oT ), p ),

oT

rne o, = 3, - k03¢ dunueHT annadbaTuyeckoro apoccenupopanus. JuddepeHnupys mo p npu
P )

T=const ypaBHeHHE OOBEAMHEHHOTO 3aKOHA TEPMOJWMHAMHUKH MJii OOpaTHMOro Impolecca
Tds=di-vdp, nonyunm

S
p ),

di Js
Ry N (9.10)
o), \dp),

T = 81] —V , OTKyJla
p ),



101

[Toncraisis (9.10) B (9.9) ¢ yueroM ogHOrO M3 ypaBHeHUN MakcBemia (asj = —[ avj , Hal-
P

dp oT
(37 j
P

T

JIEM, YTO o =——""--. 9.11)
C[’
IIpupaBHUBas ¢; HyIO, IIOJy4UM YPaBHEHUE KPUBON MHBEPCUU
ov
T — | —-v=0. (9.12)
o),

KpuBass mHBepcun pazmenseT oOJacTH MOJIOKUTEIBHBIX U OTPHUIATETBHBIX 3HaueHUU ¢;. Ha
puc.9.8 B O6e3pa3MepHOil 7—7 nuarpaMMme MoKazaHa KpuBas WHBepcuu BaH-gep-BaanbcoBckoro
raza. M3 pucynka BHIHO, uyTO 00Onacth, rae  @>0 3Ha4YMTENbHA, TaK KaK G=pu/Dip=9,
5=Tu/Tp=3, @=vu/vip=1. BBINONHUB pacyeThl, MOXKHO IOKa3aTh , 4T0 7Tp=1p/T,=0,75,
Ta=Ta/T\p=06,75. Tak Kak B IpoIECCE N30PHTPONUINHOIO PACHIMPEHUS Ta3 TAKKE OXJIaXKIaeTCs,
TO MPEACTABISET HHTEPEC CPABHUTH UHTETPANbHBIN 3 ekt oxmaxkaenus npu di=0

23 aT
AT = [[ 25 |4 9.13
, j(ap] p (9.13)
P2
1 mipu ds=0 AT, = j(g—TJ dp . 9.14)
AN

Onpenenum o/, = (BT

8) . PaccmarpuBas sHTponu0 Kak QyHKIUIO IBYX MepeMeHHbIX s=f(p,T),
D

3

oT

j dT+(asj dp =0, oTkyna
P T

npupaBHsieM ee auddepeHnnan Hymao ds = [ 5
P

/4
)2 (o)
& op), \or) \ap) ~
8 a=0 CJIEIOBATEIILHO,
oT s [asj
o =|—|=—| — 1, (9.15
6 | (apjs (apl/ JaT ),
%<0 HO o :_(avj , Toraa
p ), aT ),
4
AR, -
©o\oT ),/ \dT ),
2 >0 Jlnst onpenenum (;;j npoauddepeHIrpyeM 1no
P
T npu p=const ypaBHeHue Tds=di—vdp:
B 2 4 6 A ‘
T ) )
oT oT ’ oT T
Puc. 9.8 ! g g

neps BMecTo (*) MOKHO HamucaThb
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ov
o =T|—| /c,. 9.16
K [aT jp p ( )
Brruuras (9.11) u3 (9.16), Halizem
a —a =—. (9.17)
CP
T <0 =0 Taxkum 0Opa3oM, IPU TOM Ke Iepernaje
l >0 di=0 JaBIICHUS O >0; U, CIIEI0BATEIBHO, B O11-
v HodasHoii obnactu AT, > AT, (cm.
PPN A AT; AT, puc.9.9). B nByx¢aznoii obnactu o5=0;,
/ 1 P35 : v TaK Kak ¢,=o0 (cM. -1y 9.17 1 puc.9.9).
/ T S ~ds=0 [Ipu ApOCCENUPOBAHUM HICAIBHOIO rasa
AT;=AT; ) ero Temieparypa He u3MeHsercs. Jleuct-
BUTEIBHO, B3SIB IPOU3BOHYIO
§ ov R v
Puc. 9.9 — | =—=— wunoxacrasus ee B (9.11),
o), p T

nonyunM «; =0.
Boasnoii nap, Auarpamma cocTosiHus, IPOIIecce Mapoodpa3oBaHus

Bopa u BoasgHOM map ¢ ApeBHUX BPEMEH HCIIOJIB3YIOTCS YEIOBEUYECTBOM B KauecTBE paboye-
ro Tejla B TMJPABIMYECKUX W MapoBbIX MamuHax. [lepBas mapoBas MamuHa Obla CO3/1aHa B
Anrmmu B 1710 r. Hetomenom u KoyneilHOM M ucnosbp3oBanach A OTKAYKHW BOJbI U3 IIAXT.
OCHOBHBIMHU 3JIEMEHTAMH MAIIMHbI OB BEPTHKAJIBHBIA OTKPBITHIA CBEpXY LMJIMHIP U TIOP-
nieHb. BoasiHOM nap 1mojasaics CHU3Y IO MOPLIEHb U oAHuMa ero. [locie Toro kak nopueHs
JIOCTUTAJl BEPXHETO MOJIOKEHUS, B HWIMH/P BIPBHICKUBAJIACh X0JI0AHas BoAa. B pe3ynpraTe KoH-
JIEHCAllMY T1apa B IWIMHIPE CO3aBaJICAd BaKyyM U NOPUIEHb 10| I€HCTBUEM Pa3HOCTHU JaBJICHUN
Poc-Punn M1 COOCTBEHHOT'O Beca ycTpemyisuicsa BHM3. IlapoBble MamuHbl, paboTaBIIMe Ha OCHOBE
3TOTO MPUHIUIA, HA3bIBATIUCH “aTMOC(HEpHBIMU ™, TaK Kak B HUX ‘“‘pabotana’” atmocdepa. KIT
TaKoW MammHbI cocTaBisi1 okoiio 0,5%. B 1765 r. N.M.ITon3yHoB cTpouT noo0Hyr0 arMochep-
HYI0O MallUHY U1 [IPUBOJA MEXOB IUIaBWJIBHOM meuu. OnHaKo TOJIbKO IOTIaHAuy JDkenmcy
VYarty (1736-1819) ynanock coznate IapoBYIO MalluHy, I[PUHLNI JNEUCTBUS KO-
TOPOH He IpeTepIieN CyIeCTBeHHbIX U3MEHEHUH 710 HamuX IHei. B mammue Yarra pabo-
Taja y)xe He atMoc(epa, a map ¢ gaBieHueM 2-3 atM. MammHa uMmena KOHIEHCATop U Oblia
JBYXCTOPOHHETO JEHUCTBUSA: Map MOOYEPEAHO MOABOAWICSH TO € OAHOM, TO C APYrOMl CTOPOHBI
nopuiHs. B panpHelinieM napoBble MalllMHBI COBEPIIEHCTBOBAIUCH 3@ CYET IPUMEHEHUS MHOTO-
KPaTHOTO pacIIMpeHus mapa B AByX-4eThlpex mmHapax (Aptyp Bonbd).

Ha cMmeny napoBbeIM MalMHaM, Iie IOTEHIMAIbHAsI SHEPTHS [1apa IpeBpallagach B MEXaHU-
YeCKyI0, MPUIILIN MapoBble TYpOUHBI, B KOTOPBIX MOTEHIMATbHAS YHEPTHs Mapa MPEeBpaIlacTCs B
KMHETUYECKYIO, a 3aTEM B MEXAHMYECKYIO SHEPTUIO BPALaTEIIbHOTO JBUXEHUS Baja. ComloBble
anmaparbl IepBbIX MAapOBBIX TypOUH COCTOSTN U3 cxosamuxcs HacaakoB Paro. B 1900 r. ¢pan-
y3ckuit mpodeccop Asryct Paro (1863-1930) comectHo ¢ upmoii Corra-I"apne cozmaer u
UCTIBITHIBACT MEPBYIO aKTUBHYIO MapoByio TypouHy MommHocTbio 1000 n.c. Hacanku Pato He mo-
3BOJISUTM TTOJIHOCTBIO cpaboTaTh IMepernaj SHTAJIBIINU Tapa B KHHETUYECKYI0 SHEPrHi0 Harpas-
JIEHHOI'O IOTOKA, TaK KaK Ha Cpe3€ HacaJKka YCTaHABIMBAJIOCh TaK HA3bIBAEMOE KPUTHUYECKOE
JaBJIEHHUE Pyp>Poc. 10JIBKO TOCHE M300peTeHus Jlapanem B 1889 r. coma, cocTosmiero u3 cxo-
JISIIIErOCs. M PACXOSIIEToCs KaHaMoB, 3()()eKTUBHOCTD MAapOBBIX TYpOUH pe3ko Bozpocina. (Kap:xa
I'ycraB ne JlaBanp (1845-1913) - mBenckuit goktop ¢unocopuu, u3odperaTensb cernaparopa, B
1888 r. co3znan oJHOAMCKOBYIO TypOUHY aKTUBHOTO THIIA).

B 1884 1. Beimycknuk KemOpumkckoro ynusepcurera Yapns3 [lapconc (1854-1931) momy-
YaeT MaTeHT Ha PEaKTUBHYIO TypOUHY, B KOTOPOW YCKOPEHHUE IMapOBOT0 MOTOKA OCYILECTBIISCTCS
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HE TOJIBKO B COIUIOBOM arllapare Kak y akTUBHOW TypOWHBI, HO M Ha paboyuX JIOMAaTKax KoJieca.
Bckope mociie 3Toro oH €o3/1aeT W HMCIBITHIBAET PEaKTHUBHYIO TypOMHY MoIIHOCTBIO 10 J.c. C
yacroroil Bpamenuss 18000 o6/mun. CoBpeMEeHHbIE MOIIHBIE MMapOBble TYPOUHBI CTPOSITCS, KaK
IIPABUJIO, PEAKTUBHBIMH.

[Tocne kpaTkoro 3KCKypca B UCTOPUIO TEIJIOTEXHUKHU, IEPENHIEM K pacCMOTPEHUIO CBOMCTB
BOJISIHOTO T1apa.

Bopna, xak u n1r060e qpyroe BEmEeCTBO, MOKET HAXOAUTHCSA B TPEX arperaTHhIX COCTOSHHSIX.
Ha puc 9.10 B T-s nuarpamme mokaszaHbl 00JacTH CYIECTBOBAHHS BEIIECTBA B TBEPAOM (T),

T TBEPJOM U KHAKOM (T+XK), KUIKOM (3K), KUIKOM
ft K U 1MapooOpazHoM (K+IT), TBEPAOM H MapooOpas-

K 1§ HOM (T+IT1) COCTOSHUSAX. DTU 00JacTH pasnuens-

- KA I0TCS KpUBBIMU ab u de - 71€BOW U IpaBoil Io-
TPaHUYHBIMH KpPUBBIMH JIByX(azHOU oOsacTu

T/ b ¢ . q “rBepmas ¢asza - map”; ck U kd - JIeBOU M Ipa-

4 e BOM MOTpaHUYHBIMH KPUBBIMU JBYX(a3HOU 00-

JacTH ‘“KMIKOCTh - map”’; mb U nc - JEBOU H
NpaBoOil MOrpaHUYHBIMU KPHUBBIMH JIBYX(a3HOM
Puc. 9.10 obnactu “TBepmas daza - KUAKOCTH; bed - nu-
HUEW, COOTBETCTBYIOIIEH TPOMHON TOUKE, B KO-

TOPOM COCYIIECTBYIOT BCE TPU arperaTHble COCTOSIHUSI BEIIECTBA.

[Tpy u3ydeHWH NUKIOB MapOCHIOBBIX YCTAaHOBOK Hac OyneT MHTEpecoBaTh JHIIb 00IacTh,
orpaHnueHHas Ha (a30BOU qUArpamMme MPSIMOYTOJIbHUKOM.

PaccmoTpum npouecc napoodpazoBanust B 7-s nuarpamme (puc. 9.11a). [Ipeanonaoxum, 4yto
MMeeTCs BOJla C MapaMeTpaMu, KOTOpbIe XapakTepusyroTcs Toukor 1. Byaem npu mocrossHHOM
JABJICHUU TOJBOAUTH TEIJIOTY K BOJE /10 TE€X IMOP, MOKA OHA HE CTAHET HACBIILIEHHON (KUIISIICH )
- iporiecc 1-s. ITpu aToM sHTANBIHS BOBI yBenmuautest oT iy (tur. 0-0'-1-a-0) mo i;=i” (tur. 0-0"-s-
b-0), a yaenpHOE KOJMYECTBO IOABEIECHHOW TEIUIOTHI PABHO ¢, =i'—i1. Ilonaraa Temioem-

KOCTb C () =CONSt, HAHIEM YBETHYEHNE SHTPOIUH

T T, Lo
AS_ =€y g ln?. JlanpHENIMI MOABOX TEIUIOTHI
1
npuBeneT K 00pa30BaHHUIO BJIAXKHOIO Mapa (IIpoLecc
s-2), mapamMeTpsl KOTOpOro OyAyT OINpenensThCsi Co-

crosguueM 2. Tak kak B OByX(a3HOH obOnacTu c,=co,

), ¢

P

nByx(a3Hoi 001acTu, BKIOYas JEBYIO U MPABYIO TO-
IpaHUYHBIE KPUBBIE CO CTOPOHBI JIBYX(a3zHoi obnac-
Puc.9.11a TH, COBNAAa0T. B Touke s m300apa uMeeT U3JIoOM, a
TEIIOEMKOCTh €, BEIECTBA CKAUKOM U3MEHSETCS OT
KOHEYHOTO 10 OecKOHEeYHOro 3HaueHus. Ecnu nmpogomxuts noasoa npu dp=0 (mpornecc 2-3), TO
BJIQKHBII IIap B TOYKE 3 IPEBPATUTCS B CyXOM HACBHIIIEHHBIN Nap, TEPMOAMHAMHUUYECKUE Iapa-

METPbI KOTOPOTO MPUHATO 0003HAYATH HAACTPOUYHBIM MHaeKcoM ~ : i”

oT T
TO =—=0, T.e. u300apel U H30TEPMHI B
p

” ”
i,8",v" ¥ T.1. 3HAUYEHUIO
. N v
SHTaNPIUH I3 =1 B T-s AMarpaMMe COOTBETCTBYeT momas 3-d-0-0"-s-3. Ha mpasoii mo-

TpaHUYHON KpHUBOH (B TOUke 3) n300apa CHOBA UMEET M3JIOM, a TETNIOEMKOCTh CKAaYKOM U3MEHSI-
eTcsl OT OECKOHEYHOTO 3HAUEHUS JJO KOHEUHOU BEIMYMHBI, TAK KaK CO CTOPOHBI MIEPErpeToro ma-

oT T
pa | — | =—>0. [lonBoxn temnoTsl B mpoiecce 3-4 AemaeT nmap neperperbiM. Tak Kak Mmoj
P

ds Cpn
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p=const ynenpbHOW TEMJIOTOM mMapooOpa3oBaHUs r
p=const l NOHMMAIOT KOJIMYECTBO TEIUIOTHI, KOTOPOE
HEOOXOIMMO MOABECTH K | KI KHIAIIEH
’ KHUJIKOCTH, 4TOOBI IIPEBPATUTh €€ B CyXOu
p=const | | V HACBIIIEHHBIN T1ap, T0 7 =i —i (w1 b-s-3-
d-b). Eciu Terieps yBEIMUYUThH JABJICHUE OT

p=const

@ P1 10 py ¥ OCYIIECTBUTH MOABOJ TETUIOTHI,
L2 _ — @ MOJIYYMM HOBBIC TOYKH s" u 3”. Bomon-
— — | |- HUB TOJABOJI TEIUIOTHI MPHU Pa3HBIX JaBIie-
- — = HUSX U COSAMHHUB TOYKH H3IIOMOB M300ap,

i i} h i} noyaum JeByro (0’-s-s’-k) u npaByro (k-3"-
Q. 0., 054 Q5.4 3-n) MOrpaHUYHbIE KPUBBIE KaK I€OMETpPU-
YeCKHE€ MeCTa COCTOSHMM HaCBIIIEHHOU
KHUJIKOCTH M CYXOTrO HACBIIEHHOIO Iapa
COOTBETCTBEHHO. B kpuTHueckoil Touke (k)
r=0,v'=v"=v_.

Puc. 9.116

ITapameTpsl BIaXKHOTO I1apa
BBenem noHsiTHE CTENEHM CYXOCTH BJIQXKHOIO Mapa X KaK OTHOIIEHHE MACChl CyXOro Hachl-
meHHoro mapa G~k 0o0IIei Macce CMeCH, COCTOSIICH U3 MACChl HACHIMCHHOW BOJBI U MACCHI
CYXOT0 HACBIIICHHOTO Mapa G'+G”

=G .18)
G+G
HOI[ CTCIICHBIO BJIAXKHOCTH Hapa IIOHUMAKT BBIpa)KeHI/Ie
G/
Y G+G (
B nByxdasnoit obnactu 00beM cMmecH

V=V'+V’, (9.20)

Ho V =Gv, torma (G'+G”)v =GV +G"V", oTkyna HaiiieM yenbHblii 00beM cMecH
AN S W+ =(1-xp +x". (9.21)

Core To+a
Tak kak QYHKIHH COCTOSHUS SHTAIbIUA [, SHTpomnuss S U BHYTpeHHss1 sHeprus U obmamaror
CBOMCTBOM aIUTUBHOCTH, TO TaK K€ KaK ¥ i1 00beMa, MOKHO HAIIMCaTh

I=I'+I"=(G'+G")i=GV+G"",

= i=(-x)'+xi"=i+rx; (9.22)
S=8+8"=(G'+G")s=G’s'+G"s",
= s=(-x)s"+xs" = s'+?; (9.23)
U=U+U"=(G'+Gu=Gu'+G"v",
= u={1-xW'+xu". (9.24)
Tak Kak u=i-pv, TO yeIbHas BHYTPEHHSS SHEPTUS CMECU
u=1-x)i'=pv)+x(i"=pv’). (9.25)

VYaenbHast M30XOpHAasi TEIJIOEMKOCTb CO CTOPOHBI JBYX(a3HOW 00JIaCTH MMEET KOHEUHOE
3HAQ4YCHUE U 3aBUCHUT OT CTEIICHU CYXOCTH I1apa

¢, =(1=x)c)y + 3]y, (9.26)

re uHAeKcoM “n¢” 0003HAUYEHBI TETITIOEMKOCTH CO CTOPOHBI IBYX(a3Hoi 001acTH.
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T-s, p-v ¥ i-s q{uarpaMMbl BOASHOTO Iapa.
TaOnuibl CBOMCTB BOJISIHOTO Mapa

JlnarpaMmbl COCTOSIHUSL BOJSIHOTO mapa (0coOeHHO 7-s U i-5) MIMPOKO MCHOIB3YIOTCS TpU
BBITIOJIHEHUH TEPMOJAMHAMHYECKUX PAcCUeTOB IHEPTreTHUECKOro obopyaoBanus. YToObl mocTpo-
UTh JBYyX(a3zHyi0 00sacTb 7-s IuarpaMMsl, MOCTYMAIOT cieAyromuM oOpasoM. Ilo Tabmumam
TEPMOJMHAMHYECKUX CBOMCTB BOJSHOIO Mapa, T€ MPEACTaBIECHbl 3HAUYEHUs NapaMeTpoOB Ha
JIEBOM M MpPaBOM NOTPaHUYHBIX KPHUBBIX B  3aBHCHUMOCTH  OT TemIepaTypsl (cMm. puc.9.12),
HaXOJIST NpH pasHbiX Temieparypax Benuuussl s (11), s (1), s (T»), s 7 (T>) u T.1.

t T p v/ | v// i/ | i// | r S/ | S// | S//_S/
C K Oap M /KT kJx/kr kJIx/(krK)
| | |
Puc.9.12

CoenuHUB 3TU TOYKH, MOJyYaeM JIEBYIO U MPaBYyIO0 NOTpaHUYHbIE KpUBBIE. Tak Kak B AByX(az-
HOUl oOnactu p=f(T), To Ha T-s nuarpamMmMe MOXHO HaHecTu JuHHH p=f(T)=const. 3amaBasch
3HQYCHUEM Xx=const U IepexoAs OT OAHOW M30TEpPMbI K JPYroW, HaWJIeM 3HA4YCHHE
’
v—v

” ’?

s=(1-x)s’+ xs”, oTBeuaromee NAHHOH cTemeHH cyxocTH. Mcrmomssyst dopmyry x =

JUIsL pa3HbIX TEMIIEpaTyp HAHOCUM TOYKH, OTBEYAOIHE V=const, T.€. CTPOMM H30XOphl. AHaJIO-
THYHBIM 00pa30oM CTPOSTCS JIMHUU i=const. J[1st mocTpoeHus u3obap U U30X0p B 00IaCTH Tepe-
IPETOro mapa HMCIOJIb3YIOTCS TaOMUIlbl, OKa3aHHbIe Ha prc.9.13. DTH TaObIUIIBI TO3BOJISIIOT IO
3aJJaHHBIM TEMIIEPATYPE U JIaBJICHUIO HAXOIMTH V,i,S U Cp U1 HEJOTPETOM JIO TEMIIEPaTyphl Ha-
CBILLEHUS BOABI (3HAYEHMsSI ATUX BEJIMYMH JIEKAT BBIIIE )KUPHOW TOPU3OHTAIBLHON YEPTHI) U I1e-
perpeToro napa (Huxe )KUpHOU 4EpThI).

v i s Cp

HEOOTpPCTass 40 TEMIICPATYPhl HACBIIICHUS BOJA
] ]

| | | |
MeperpeThIil map
|

Puc.9.13
Bun ¢a3zoBbix AuarpamMm BOJISIHOTO Tapa M XOJ] OCHOBHBIX KPUBBIX - H30T€pM, H300ap U U30-
XO0p B p-V U i-S KOOpAMHATAX MpeAcTaBieHbl Ha pucyHkax 9.15 u 9.16 coorBercTBenHo. Kak u B
T-s nuarpamMmMe, BHYTpU IBYX(a3HOU 007acTH U30TEpMBbI U U300aphl COBIAAAIOT. B To e Bpems
i-s quarpamma (Obua co3znana B 1904r. mpodeccopom Bricmielt TexHuyeckoi MIKosl B T. [Ipes-
nene Monbe Puxapnom (1863-1935)) umeer psit OCOOEHHOCTEN 1O CPABHEHHUIO C ABYMS JPYTH-

dv=0 dT=0 dp=0
dp=0
x=const dT—O
dp=0 dT=0
dv=0 J
) 1%

Puc. 9.14 Puc. 9.15
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TAHTE€HC yTIJla HaKJIOHA KacaTeJbHON K MOTPaHUYHOU

di
Mu. Tak, B cCuily TOTO, 4TO | — | = TKP,
s
Kp

KPUBOW B KPUTHUECKOW TOUYKE OOJbIIEC HYIS U, CIEIOBATEIbHO, KPUTHUECKAsT TOUKA (K) JICKHT

Ha BOCXOJSIIEN BETBH MOTpaHMYHON KpuBOMl (puc.9.16). Jlanee, mocKonbKy (alj =T, yron
P

HaKJIOHa M300ap (M COBMANAIOMIMX C HUMHU M30TE€PM) B ABYX(a3HON 0OIACTH YBETUUHUBACTCS C

pOCTOM TEMIIepaTyphl, a 3HAUUT U JaBJICHUs (CM. H300aphl p; U ps HA PUCYHKE, P> pi). B obnac-

TH TIEPErPeTOro napa U30TepMbl U M300apbl paCXOAATCS: TAHTCHC yIJia HaKJIOHa U300ap HauMWHa-

€T PacTH, a U30TePM - YMEHBIIATHCS, NPUOIMKAs U30TEPMbl HA OECKOHEYHOCTU K aCHMIITOTE

di=0.

IIporecchl B BOASHOM Hape
Pacuer mporieccoB B BOASHOM Tape MOXKHO BBITIOIHUTH TPEMS CIIOCO0AMU - aHATUTHYE-
CKHM, HMCHOJIb3ysd JIOCTATOYHO CIIOKHBIE YPaBHEHHUS COCTOSIHHS BOJSIHOTO Mapa, MpU MOMOIIU
TaOJIUIl TEPMOAMHAMHYECKUX CBOWCTB BOISIHOTO TIapa U AWArpaMM COCTOSIHUS.  PaccMoTpum
pelIeHne 3a/1a4 ¢ UCTIOIB30BaHNEM TaOIUI] M TUarpaMM COCTOSIHUSL.

[Iporecc npu nocrosHHOM 00beMe, dv=0
dv=0//.dp=0 [TycTs B M30XOpHOM HpoIlecce HayallbHOE CO-
di=0 3 CTOSTHHE IEPErpeToro mapa onpeaessercss Toukoi 1
¢ mapaMeTpamu p; u 71, a KOHEUHOE COCTOSIHUE OTI-
pEeAeNeHO CTEMEeHbI0 CyXocTu Xp. [lo Tabmuiam me-
perperoro mnapa 3Has p; U Tj, HAXOOUM YIEJIbHBIN

o
p={. ’/Af"‘" 00BEeM MEperpeToro mnapa v, yAeiabHbIE SHTAIBIINIO
_ /’/’ X dv=0 Yh=Oonst ¥ SHTPOIIHIO TIeperpeToro napa i; u s;. [lo popmyre
Lt 7 //////% Uy =1y — pyVy OIpeeNsieM yAEIbHYI0 BHYTPEH-
J////////// g1, 2 S HIOIO 3Hepruto napa. /s Toro 4rodbl onpenenuThb
. _ napaMeTpsl Iapa B TOYKE 2, CIeslaeM AOIyLIEHHE,
a  Pa#ie®.16 b § g0 B BEIpaKeHHH v = (1 — X, v} + X,V; TIepBBIM Ciia-

TaeMBIM MOJKHO TIpeHeOpeub, T.e. x,vs >> (1—x, ),

” 1%
Puc. 9.17 torma vi(p,)=—. 3nas v;', 1o TabiunaM Hachl-
X

IIEHHOTO apa B IEPBOM MPUOIMKEHUU ollpenesieM p, = f (v;') [TonmyueHHOE 3HaUEHUE HYKHO
YTOYHHTB, YTOObI YIOBICTBOPUTH ycioBuio v = (1 — X, )v; + x,V; =const. Y IeJbHYI0 BHYTPEHHIOKO
SHEPruI0 BJIAXKHOTO Ilapa B TOYKe 2 oOmpeaenuM no ¢opmyne u, =i, —p,v,, TIe
I, = (1—x2 )l; + x,i, . Tak Kak B paccMaTpuBaeMoM ciydae dv=0, TO COIJIACHO TIEPBOMY 3aKOHY
TEPMOJMHAMUKHN YAEIbHOE KOJIMYECTBO TEIUIOTHI, OTBOAMMOE OT Iapa B mporecce 1-2, paBHO
yOBIIM BHYTPEHHEN PHEPIUU ¢, , = U, — U, = —(u1 — uz) U u3o0paxaerca B T-s nuarpamme Iio-
maneo 1-2-a-b-1.

[Tpu ucnonap30BaHUU TUArpaMMbl COCTOSIHHS pellleHue 3anadu ympoinaercs. [lepeceue-
HUE 1300aphl p; U U30TEPMBI 1] ONIpeesieT HauaabHOe cocTosiHue 1. J[Burasch u3 Touku 1 BHU3

0 U30XOpE V JI0 MepeceueHus ¢ JIMHUEH Xp=const, OMPENETNM Pa,iz,52. Y A€TbHYIO BHYTPEHHIOIO
SHEPTUIo B TOUKaX 1 U 2 U g, OIpEIeNM IO BhILICIPUBEIEHHBIM (hopMyIIiaM.

IIpoitecc npu MOCTOSHHOM aaBieHuu, dp=0
JlommycTuM, 9TO B M300apHOM TIpoliecce TOYKa 1 HaXOAUTCS B KUIKOW 00JIACTH M OTIPEIEIIsi-
ercs nmapameTpamu p u 1, a ToYKa 2 JEKUT
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B AByX(pa3HO# 00JIacTH U OINpeNeNnseTcsl CTENEHbI0 CYXOCTH BIAXHOTO mapa x. [1o 3HaueHusM
napaMeTpoB B TOUKE | C MOMOIIBIO TaOIUIl ONIpeaesisieM iy, Vi, §;. TaK KaK JaBI€HUE W3BECTHO,
no TabnIUIlaM HACBHIIICHHBIX BOABI W TMapa HaXOAUM i'( p) 51 i”( p). I[lo dopmyne
I, = (1- X, )z; + X,[, HaXOIUM YIEIbHYIO SHTAIBIIHIO
T K cMmecu. B m3o0apHoM mporiecce moBouMast TEMIIO-
' Ta paBHA M3MEHEHUIO DSHTANBIIUU ¢, , =1, —I.
VY nenbHas BHYTpEHHSS SJHEPIUsl B TOUKax 1 1 2
u, =i, — pv,, U, =i, — pv,, TIe
V, = (1 X )V/(p) + xzvﬂ(p)-
Pabora u3menenuss o0bema B H300apHOM
nponecce [, = p(v, —v,).

//////////////

a b s W3oTtepmuueckuii npouecc, d7=0
[TycTh HavanbHas To4Ka | BO BIaKHOM Iape Ofl-
Puc. 9.18 penensiercs napamerpamu x; U 7. 3Has 7, o Tab-
VWA /4

JMnam ompeaensieMm p, v, v’ i, 17, s'n s, mocie
yero HaXOIMM v =(—x ) +xp”,

i =0-x)"+xi", s,=(1-x)s"+x5", u,=i,— p,v,. Touxa 2 onpenensercs 3anannpvMi T u

P2, TI0 3HAUEHUSAM KOTOPBIX C MOMOIIBIO TAaOIHUI] EPETPETOro Mapa HaXoduM Vs, i» U So. Jlanee
MOXKHO ONPENETHUTh iUy, =iy — PyVys G, =T (s, —5,), Au_, =u, —u,, Ai_, =i, —i,, yIeabHyio
paboTy usmMeHeHus oobema [,_, =q, ,—Au, , ¥ yIeabHYyI0 TEXHUYECKYIO paboTy

Lixin =91 2= Al .

T X Pl
dp=0 [[\
dT=0 2 I 1
[ o d1=0
/ %%/ p2 S ”_g;-\
/ / q 12%4 | % x=1
ol // /
a b A a b v
Puc. 9.19s. Prc.9.196
_ /P UzosnTponuiineii npouece, ds=0
! T Bynem cuutath, 4TO HauanbHas TO4YKa | mporec-
K dr=0Q p, A& Haxomures B 00JIaCTH TEpPerpeToro mnapa u

olnpezensercs napaMmerpamu p; u 77, a KOHeUHas
TOYKa 2 JIGKHUT Ha n300ape p,. [1o 3HaUeHUsIM p)
u 7| ¢ TMOMOMIbIO TabIUI] MEperperoro mnapa

X HaigeM vy, i M sy, u, =i —pyv,. Tak Kax
0 S s=const, To u3 5, =5, = (1—x,)s} + x,5; Haiizem
CTENEeHb CYXOCTM B KOHIIE H309HTPONUHHOIO
5, =S,
9.19a mpouecca X, =—,—, , II0CJIE€ YEr0 MOXKHO OII-
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pelleUTh OCTANbHEIE MapaMeTpel B Touke 2: i, =i, +7r(p,)x,, v, =(1-x, WV (p,)+x"(p,) 1

Uy =1 = pyv,.
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YaenbHyto pabory u3meHeHus: oovema (mi. 1-2-d-c-1 B p-v auarpamme) HaiiieM Kak pa3HOCTh
yAENbHBIX BHYTPEHHUX OdHepruii [_, =u, —u,. Texnuueckas pabora (w1 a-1-2-b-a):

[ i —i,.

Tex1-2 =

c ..
PaccmarpuBas mporecc paciMpeHHs rapa B COIie, MOXHO Hamucath ———— =i, —i,,
2

Sk . \[0,5
OTKyZla CKOpPOCTb IIapOBOr0 IIOTOKA Ha Cpe3e HUACaIbHOIO COIUIA C, = [2(1l —12)] , TIe
2
R o
i, =i, +—. B T-s quarpamme sHTanbnus B Touke 1 m3obpaxaercs miomanpo 1-c-0-a-1, a B

TOYKE 2 - TUIOMaaAbto 2-c-0-b-2. Pa3HOCTH 3THX IUIONIAICH ONPEACIIUT TEXHUUECKYIO paboTy HIIH
M3MEHEHNE KHMHETUYECKOM SHEPTUH Tapa.

BaaxHbIi BO3IyX
MexaHudeckass CMECh CYXOT'0 BO3/lyXa U BOJSIHOTO Tapa Ha3bIBACTCS BIAKHBIM BO3ayxoM. C
MOHATHEM "BJIAKHBIM BO3AYX" MBI BCTpEYaeMCs KaK B IMOBCEIHEBHOM JKU3HU, KOTJa YTPOM IO
pamuo CIbIIKUM OOBSBICHHE 00 OTHOCHTEIBHOW BIAXXHOCTH aTMOC(EpPHOTO BO31yXa, TaK U B

T K L K

p
' ds=0 [\
’ a Pi

S/ ds=0
2 | b

0 C S

Puc. 9.20a

L 5 - P1c.9.206
TEXHUKE MPU PACCMOTPEHUH, HAIPUMED, TPO-
P2 1IECCOB B KOHJUIIMOHEpaX, MpeaHa3HauYeHHbIX
2 T JUTSL TIOJIZIEP>KaHUsI B TIOMEIICHUSX TpeOyeMoit
BJIQKHOCTH W TEMIEpaTypbl BO31yXa, B CYy-
IIWIBHBIX KaMepax, IJe MPOUCXOIUT 00e3BO-
JKUBaHHE MaTepHUaJIOB, B TPATUPHIX, TAC 3a
0 s CYET MCTMApeHHsI BOJBI MPOUCXOJUT €€ OXJia-

JKJICHUE.

B oramume OoT ra3’oBbIX cMeced BOJISTHOU
Puc. 9.208 nap, HaxoJSLIMIiCS B BO3AyXe, IPH Ompee-
JICHHBIX YCJIOBHSX MOXXET TNPEBpAIaThCI B
YKUJIKOE WITH JTaXKe B TBEPJIOE COCTOSIHUE, YTO HEOOXOIUMO YUUTHIBATH MPHU BBITOTHEHUN TEPMO-
JTUHAMHYECKHX pacdeToB. Tak Kak MpOIEeCChl, MPOTEKAIOIINE BO BIAKHOM BO3JyXe, UAYT Kak
MpaBUjIo0, TP aTMOC(HEPHOM MaBIICHUM, TO BIAXHBIM BO3JAyX MOXHO CYUTATh Pa3psOKCHHOU
CMECHIO, TOAUHMHSIONIEHCA YPABHEHUIO COCTOSHMS MACAIBHOTO Ta3a W 3akoHy [lameToHa. Ilap-
[IMaJILHOE JIaBJICHUE BOJSHOTO Mapa py MPHU JTaHHOW TeMIIepaType He MOXKET OBITh BHIIIE JaBJe-
HUS HACBIIIECHUS, KOTOPOE 3aBUCHUT TOJBKO OT TEMIIEpaTyphl CMECH M HE 3aBUCHUT OT JaBJICHUS

cmecr, T.e. p, < p, = f(T,,). BoaxHEIi BO3OyX, B KOTOPOM p_ < p, GyleM Ha3bIBaTh HEHACHI-
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IIEHHBIM, €CIIM P = P - HachlleHHbIM. [Ipyu qanHoM p < p, BOASHOMW Map HAXOIUTCA B II€-

perperom coctostHuu (cM. Touky 1 Ha puc.Bl). Ecnu B u306apHom npouecce 1-2 oTBOIUTH Ten-
JOTY, TO B TOUKE 2 BOJSHOM Iap CTaHET HACBIEHHBIM. TeMmnepaTypa, Ipu KOTOPOH 3TO IpOMC-
XOJIUT, Ha3bIBAE€TCS TOUKOU pOChl (Touka 2). JlanpHelee MOHMKEHUE TEMIIEPATYPBI IPUBOJIUT K
BBINA/ICHUIO BJIaT'¥ U YMEHBUICHUIO TapLUaIbHOIO JaBJICHHUS Mapa.

BBeneM Takue MOHATUS KaK MacCOBOE BJIArocOAEpXaHHUE, MOJIbHOE BIArocoJep:KaHue, oT-
HOCUTENIbHAs U a0COJIIOTHAS BJIAYKHOCTb, CTETIEHb HACBHIIICHHS. OtHolleHNWE Macchl BOJBI,
KOTOpPasi MOKET HAXOJIUTHCS B JIIOOOM arperaTHOM COCTOSIHMH, K MAacce CyXOro BO3/yXa Ha3bIBa-
€TCsI MACCOBBIM BJIarOCOIEPKaHUEM

d G (9.27)
K = . .
p GB03E[
ITony4yum BbIpaskeHHME NI MOJIb-
Ds \ dT=0 HOT'O BIArocojepxanus x=—2 Tak
dp:() MBOS}:[
AN G
P T, Kak M =— , 1O
T, H
G
x: BOI ﬂBOSH — ﬂBOSE{ d. (9'28)
ﬂBOH GBO3H ﬂBOH
1%
Haiinem sasucumocts X = f(p, ). s
Puc. 9.21 mapa v BO3yXa MOXHO HaIluCaTh
pHVCM = GanT'cm ’ (a)
pBO3H‘/CM = GBO3HRB03H7—:?M * (b)
Paznenus (a) Ha (b), Oynem umeTh
pl'[ — dn Rl'I :dn lLlBOSH . (9.29)
pBOSH RBOSH ﬂl’[
IToncraBisis 3navenus d us (9.28) B (9.29), naiimem
x= Lo P (9.30)
pBoga p - pr{
rae p = p,+ p,,,, - AaBIEHHE CMECH.
N3 (9.29) ¢ yuerom (9.30) MOKHO MOJTYYHUTH
d =t xo P g Po 9.31)
/'150312( p - pn Il'lBOSH p - pn

TakK Kak U ;=18,016, U 503,=28,960.
MaxkcuManbHO BO3MOXKHOE MapocojepkaHue NpU 3aJaHHOW TeMIlepaType BIaXHOTO BO3/yXa
onpeaenuM u3 (9.30) u (9.31) npu p, = p,.

OTHOCHUTEIHHON BIAXKHOCTHIO HA3bIBETCS] OTHOIIEHUE MAapIUAIbHOIO JAaBIICHUS Napa K JaB-
JICHUIO HACBHIIICHUSI IPU TOM Ke TeMIeparype, T.e.

p=| P |, 0<p<1. (9.32)
P, ),
AOGcooTHas BIaXHOCTh BO3/[yXa paBHA MapIHaJbHOMY JaBICHHIO Iapa
G.R/T,
p, =—rower (9.33)

V

CcM
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NHuorna mox abCoMOTHON BIaXKHOCTBIO MOAPA3YMEBAIOT TUIOTHOCTD Mapa MPH €ro MapiuaibHOM
JaBJieHUH (TapiuanbHasi IIIOTHOCT):

G p
=In _ Pn 9.34
pn VCM RHY::M ( )

CrerneHb HACBIIEHUS - 3TO OTHOLIEHHE MacCOBOTO MapoCOoepKaHusl BO BIAKHOM BO3JyXe K
MaKCHMaJIbHO BO3MOXKHOMY IIPH JIaHHOM TeMIieparype

Pu My PP e _Pp=p)_ [P} 935

d
W:J:
ds P~ Dy lusosu Py My ps(p_pn) PPy

Onpenenum MOJIEKYJISIPHYIO MAacCy U IUIOTHOCTD BIAXKHOT'O BO3yXa.

I pno3n pruun + P~ Dy lunos
IUCM = rnlun + rBosuluBosu = P Iun + ﬂBogH = ( ) A (936)
p p p
PR R N YR Y
. RCMTCM ROTCM ROTZ:M
— plusosn B (lusosn _lun )pn (937)
ROY—;M

N3 popmymnsl (9.37) BUIHO, YTO Pen< Psosn » T-€. BIAKHBIA BO3IYX JIeTde, 4YeM CYXOH.
OHTAJIBIHIO BIXKHOIO BO3JlyXa MPEACTaBUM B BHJIE€ CYMMBI SHTAJBIIUNA CYyXOro BO3AyXa U
napa

ioa (G + G,) = Gy + G-
[Tocne nenenus Ha G, OyzneM UMETh
i (+d,)=i, +d.i,, (9.38)
i, BBOAsA o6o3Hauenne [ =i (1+d,) :
I=i,, +di, . (9.39)
ITonaras, 4To SHTaNBIINA [1apa IPU 0°C paBHa HYJIIO, a [1ap - UJICAIbHBIN a3, 3alulIeM
i, =r0°C)+c,t, (9.40)

rae cpn = 1,93 xJIx/(xr-K), r(OOC)=2501 kJDK/KT - yaenpHas TeTuioTa mapooOpa3oBaHUsT BOABI
npu =0°C.
B camom o0mieM citydae SHTaNbINSI CMECH OMPENEISCTCS C YIETOM HAJIMYUS BO BIAKHOM
BO3JIyX€ BOJIBI B PA3JIMUHBIX arperaTHBIX COCTOSHUIX
I=i +di+di +di,
A€ dyx, dy - MacCoOBbIE COJEPIKAHMS KUIKOM (ha3bl M JIb/Ia B CYXOM BO3JIyX€E;
i, =A, +c,t=-335+21lt xJlx/xr.

Jlis ornpeneneHus MacCOBOTO BIIArOCOJEP)KaHUS B BO3yXE UCHOJB3YIOT MCUXPOMETP -
npubop, COCTOSIMM U3 ABYX TepMOMETPOB. OJIMH TEPMOMETP U3MEPSIET TEMIIEPATypy BO3/1yXa B
MOMEILEHUH, TaTYUK JPYroro o0epHyT BIaKHOM TKaHbIO. Tak Kak Ha McmapeHue BOJbI U3 TKaHU
3aTpayrBaeTcs TEIUIOTa, TO TeMIlepaTypa MOKpPOW TKaHU OyJeT MOHUKAThCs BIUIOTH 0 TEMIIe-
paTypbl HACBHIIEHUS MIPU JaHHOM JaBJIEHUU, YTO COOTBETCTBYET TOUYKE POCHI JJIsi TaHHOTO Iap-
UAIBHOTO JaBJIEHUSI BOJSHOTO napa. VcmapeHue BOAbl C MOBEPXHOCTH BIAKHOUM TKaHU Oyner
MPOUCXOJUTh TEM MHTEHCHUBHEE, YEM MEHbIIE BJIard B BO3AyXe (T.e. YeM HIXKE py). OmHako
CHI)KEHHE TeMIIepaTypbl BOJbI, U3MEPSIEMON MOKPBIM TEPMOMETPOM, MPUBOAUT K MPUTOKY TETI-
JOTHl OT OKPY’KAaIOLIETO BJIAXKHOTO BO3/yXa, M TEIJIOBOE PAaBHOBECHE YCTAHABIMBAETCS MpU
TEeMIIepaType BbIIIE TeMOEepaTypbl TOYKU POCHIL. 3Has TEMIIEpPATypy CYXOro ¥ MOKPOTO TepMO-
METpOB, 10 Tabiuiam wim rpadpukam (puc.9.23) Haxomar d. Ilpu cTONpPOIEHTHON BIAXKHOCTH
TEMIEPATYPBI CyXOTr0 U MOKPOTO TEPMOMETPOB PABHBI.
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PaccMoTpuM mporeccsl, MpoTeKaroIue Ha IpaHuLe BO3AyX-BOa BO BIaXKHON TkaHU. CKOpOCTh
M3MEHEHUsI SHTAIBINU BOIbI dl, /d T 3aBHCHT OT HHTEHCHBHOCTH KOHBEKTUBHOTO TIOJIBOJIA Te-

IJIOTBI Ot(t—tx< )F., rne o xoddduuuent

I
CyXoii — BIKHBIA  remmoornaun; F, - TOBEpXHOCTD KUIKOCT-
TEPMOMET] TCPMOMCTP  Horo oObema, M TEIUIOTHI, 00YCIOBICHHOM
UCIIAPEHUEM KUIKOCTH ¥ ——, T.€.
dt
dy _. g ﬂza(l—t )F, +r 90
dr " "dr e dt
. (9.41)
O IZie ¥ - yaenbHas TeloTa ucrnapeHus. Tax
BJIa)KHAs KaK MPOMCXOAMUT HCHApPEHHE BOABI, TO
TKaHb | BoOMa dG, <0. B cBA3M C TeM, 4TO Macca BOJIbI
HAaMHOT'O MEHBLIE MAacChl BIJIAXHOI'O BO3-
7 nyxa, TO CUMTAIOT TEMIIepaTypy Bo3jayxa f
OCTOSIHHOM. IIpu ycraHOBiI€HHMH TEIUIOBO-
Puc. 9.22 ro paBHOBecUs OyJIeM UMETh
alt—t,)F, =r 4G, (9.42)
dt
TemnepaTypa >kKHIKOCTH, OTBEUAIOIIasi 3TOMY PaBHOBECHIO, HA3bIBAETCS TEMIIEPATYPOH MOKPOIO
TEPMOMETPA.
[Iporeccbl BO BIa)kHOM BO3IyXe yIOoOHO paccMaTpuBaTh B I-d nuarpamme, pazpaOoTaHHOU
npodeccopom JLK. Pam3unHbIM B
d, 1918 r.
KI/KT B ocHoBe mnocTpoeHus auarpaMMsl
JEKUT BBIPAXKEHUE DHTAIBIIMKU BJIAXKHOTO
0,03 - BO3JyXa B pacdeTe Ha OAUH KUJIOTpaMM CY-
¢=100 XOro BO3ayxa
0.02 - 60 I=t+d (2501+1931)+
’ 40 +419d, 1 +d,(~335+2,11). (a)
0,01 3 , %Ezs Jnist 061acTH HEHACHIIIEHHOTO BO3/1yXa,
B35IB IIPOM3BOJHYIO OT / 10 dy, IIpu t=const,
20 TOJTYYHM
| ol
10 20 30 t.,, C (ad] =2501+1,93¢ , (b)
o/t

Puc. 9.23
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1 & = d=const
ey I a=9

{bo@& dt=0 < HEHACbILLEHHOTO ~ dr=0
oS
ﬁ\ & 0=1 ><>;§/Bosawa/ o=1
I, & /% dt=0
o6n. TymaHa N SN o6nacte ~ [=0C
0 TyMaHa
d; d
Puc.9.24
T.e. B [-d KOOpAMHaTax H30TEPMBI d
U300paKAIOTCSI TPSMBIMH JTHHUSMH, Puc. 9.25
uc. 9.

HAaKJIOH KOTOPBIX BO3pacTaeT ¢ poc-

ToM TeMieparypsl. Ilocrpoenue Ta-

KO muarpammsl (puc.9.24) mokas3siBaeT, 4TO 00JIACTh HEHACBIIIEHHOTO BO3/1yXa, Haubojee Bax-
Hasl Ul pacyeToB, CWIIBHO CXKaTa U JuarpaMMa HeynoOHa Ui IPaKTUYECKOrO MCIIOIb30BaHMS.
Opnako ecnu coBMeCTHTh m3oTepmy t=0 ¢ ocklo abcumcce, 00JIaCTh HEHACHIIIEHHOTO BO3/IyXa
YBEJIIMYMBACTCS, @ JUarpaMMa CTaHOBUTCS KOCOYTOJIBHOW (JIMHUM [=const TOBOPAYMUBAIOTCS HA
yrox 135° 1 uayr napamiensao ocu 0-d, prc.9.25). Jlist mocTpoenus B I-d quarpaMme THHEHA 110-
CTOSIHHOW OTHOCHTEJIBHON BIQXKHOCTH ()=const MOCTYNArOT clieAyromuM oOpa3oM. Ha kaxmoi

U30T€PME HAXOIAT Pr=¢ ps, KOTOPOMY COOTBETCTBYET CBOC 3HAYCHHE d, = 0,622L. IIpu
D= Pn
JOCTH>KEHUH BJIAKHBIM BO3[yXOM TEMIIEpaTyphl HACBILEHUS f; IMHUU @=const TEPIAT U3JIOM U
IOJHUMAIOTCS BEPTUKAIBHO BBEPX (€CIU CUMTATh, YTO BJIAXKHBIN BO3AYX MOJUMHAETCS ypaBHeE-
HUIO COCTOSIHUS UJEATIbHOIO I'a3a, B I€HCTBUTEIBHOCTH OHM HECKOJIBKO OTKJIOHSIFOTCS OT BEPTH-

dH
Kajin), TaK Kak (p=0,622m U TpU t>f; 3aBUCUT TOJBKO OT BJarocoiepkaHus (cMm.

puc.266). Kak ykaspIBasioch, NpH Mepexoje yepe3 JTUHHUIO HACHIIEHUS @=1 H30TepMbI UMEIOT
u3soM. JleicTBUTENbHO, B3SIB MIPOU3BOJAHYIO OT (a) 10 d, rae d=dn+dx+d, ¢ ydeToM TOro, 4to
d,=d=const, a d n = 0, npu >0 nonyurm B 067aCTH TyMaHa

ol
(adl =419t . (©)

0

Ecnu temneparypa BnaxkxHoro Bo3ayxa Huxe Hyns (1<0°C), To B 001acTi TymaHa Biara Mo-
’KET HaXOIUThCS TOJIBKO B BUJE Napa U apaa. M3 (a), ¢ yuetom Toro, uro dy=d=const,a d, =0,
HaueM

(alj =-335+2,l1 . (d)
ad <0

CpasHuBas (¢) u (d), BuauM, 4TO U30TEPMBI TyMaHa IIpU 1<0°C UIYT Kpyde, 4YeM U30TEPMBI IIpU
0
>0"C.
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B kauecTBe mpumepa paccMOTPUM MPOLIECCHI

: B CYLIWIBHOW Kamepe, I/Ie€ MPOMCXOAMUT CYIIKa
054 BI@KHBIX M3feanii (cMm. puc.9.26a u 9.266). B
KaMepy MOCTYIAaeT BJIAXHBIM BO3IYyX C MapaMeT-

2 ———’@ @@ ) pamu, onpenensieMbiMu Toukoi 1. B mpornecce 1-
2 w ( 2 Kk BiaxHOMY B03ayXy ¢ ¢=10% nonsoaurcs
l TEIUIOTa M €ro Temieparypa nossimaercs oT 40

m0 155°C. B npouecce 2-3 npu dI=0 npoucxoaut
YBII&XKHEHHME BO3/1yXa 3a CUET BJIaru, OTHUMaeMOu
OT u3zaenuid. MoxeT BO3HUKHYTb BOIIPOC, IIOYEMY
YBIIQKHEHUE MJIET MPU MOCTOSHHOM SHTAIbINU?
Jleno B ToM, 4TO paccMaTpuBas Ipolecc B HJe-
aIbHON CYHIWIKE (T.€. TP OTCYTCTBUHU TEIUIOBBIX MOTEPH), CUUTAIOT YTO TEMIIEpATypa OCYIIH-
BAEMOTO Tea i Biard B HeM pasra 0°C, a 3HAYMT SHTATBIHS XKUAKOCTH paBHA Hymo. Toraa B

n3aCIuA

)K

Puc. 9.26a

npolecce CyIIKH TeIoTa ucnapenus rG, , KOTopyro MOJIy4aeT BO3LyX, paBHa TEIUIOTE, epesa-

BAa€MOH OT BO3/yXa K U3JEIUsIM O((t — )F T.C.

u3j ?

Al =alt-t,,)F,, —rG, =0.
[Ipu oxnaxkaeHuu BO3yXa 10 TeMIepaTypbl =30°C (mporuecc 3-4) TMHUA Mpolecca NePeceKaeT
muHU @=100%, T.e. TOCTUTraeTCsl COCTOSIHUE HACBIIIEHMS, a TEMIIepaTypa CTAHOBUTCS PaBHOU
temnepatype Touku pocbl (TTP). C 3Toro MoMmeHTa npu JadbHEHIIEM OXJaXIECHUH HAYUHAECT

BBITIZaTh Biara u B mporecce TTP-5 ee oTHocHTENbHOE KOJIMYECTBO BO BIAKHOM BO3IyXE
yMeHbIIaeTcst oT dy 10 ds. Ilpu 3a1aHHOM pacxozne cyxoro Bozayxa G, KOJIMYECTBO BBIICIHUB-

mieiics Baru HaiineM u3 BeIpakenns G, =(d, —d,)G,. DTO KONMYECTBO PaBHO Macce BJIarH,

MIOJIyYEHHOW BO3yXOM OT OCYIIaeMbIX m3nenuil. Ecin npogomkuts mpouecc 2-3 10 nepecede-
HUS ¢ JIMHUEH ¢=1, momy4um Temreparypy aauadbatHoro HaceimeHus Boznyxa (TAH).

OTmeTHM, 4TO KpOME PAaCCMOTPEHHOM AMAarpaMMbl, IOCTPOEHHOM JUIsl IPOLIECCOB MPU aTMO-
cepHOM JaBJIEHUH, CYHIECTBYIOT JHArpaMMbl, B KOTOPBIX YYHUTHIBACTCS JABJICHHE BIAXKHOTO
BO3ayXxa. Takue nuarpamMMbl UCHOJIB3YIOTCS, HAPUMEp, IIPU pacdeTe KOMIPECCOpoB, paboTaro-
IIMX Ha BJIaKHOM BO3JyXe.

Vi
2 150°
kJDK
KI
(]
100 0% 20
40%
h 5‘7 3
o=100%
) napuuansHoe
60 TAH aOaBrneHune
o napa pn(d)
1 5
30 40
30°
4 pl'[3
‘ pHS
ds d, d, r/xr

Puc. 9.266
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10. ITapoBble 1 KOMOMHUPOBAHHBIE HUKJIbI TEIVIOIHEPreTHYECKUX YCTAHOBOK

Oxoio 80% (79,3% B 2005 r.) snexTpuyeckoid 3Hepruu B Poccun BbipabaThIBaeTCst SHEpre-
tudueckuMu yctanoBkamu (TOC u ADC), paborarommMu Ha BOASHOM nape. B HacTosee Bpems
C IIEJIBIO MOBBILICHUS TEIUIOBON 3()(h)EKTUBHOCTU CO3/1al0TCSI KOMOMHUPOBAHHBIE YCTAHOBKH, HC-
NOJIB3YIOIIME pa3Hble pabovHe Tela, YTO MO3BOJISIET OBBICUTH TEMIIEPATYPY MOABOAA TEIIOTHI U
YMEHBIIUTh TEMIIEPATYPY OTBOAA TEIIOTHI.

Tak xak nukn KapHo umeer HauboIbLIyIO TEMIOBYIO AP (GEKTUBHOCT B 33JJAHHOM HHTEpBa-
Jie TeMIIepaTyp, HAUHEM PACCMOTPEHUE NaPOCUIIOBBIX IIUKJIOB C HETO.

[{uks KapHo
Paccmotpum uneanbubiit nuki Kaprao, paboTaromuii B uHTEpBaiie Temmneparyp ot 1 no 7.

Hukn cocrout u3 AByX m303HTpon 1-2 u 3-4 u AByX oOpaTuMbIX u3otepMm 4-1 u 2-3 (Temnepa-
Typbl pabo4ero Teia Ha BEPXHEM U HH)KHEM TeMIIEpPATypHBIX YPOBHSX PAaBHBI COOTBETCTBEHHO
TEMIIEPATYpaM TOPSIUEr0 U XOJIOAHOIO

UCTOYHUKOB Ter1oThl). PaboTa naeansHoro mukina KapHo MoxeT ObITh 3amMcaHa pa3TudHbIMUA

T K
4 1 P1
T; »
& l]_[ //4 p2
T <
11 3 )
0 c v 0 a b s
Puc. 10.1a Puc. 10.16

crocobamu:
lu = (il _iz)_(i4 _i3): (TI _TII)(Sl _54)'
U3 puc.10.1a BHmHO, 9TO TexHUYecKkas pabota cxartus [, , = —(i, —i,) 3HauuTenbHA (T,
3-4-a-b-3), a B Touke 3 map uMeeT OOJIBIIYIO BIAXKHOCTb y, =1—X; M CXKaTh TAKYyIO CMECh UpE3-

BbIYANHO TPYJHO M3-3a BOSHUKHOBEHMSI TUAPABINYECKUX yIapOB.
Tepmuueckuit KI1J] nuxna Kapao onpenenum no gpopmyne

_ (TI _TII)(Sl _54) :1_&
\ .
T, (S1 8 ) T,
Kak oTmedanock paHee, MK KapHO Helb3s OCYIIECTBUTh, HO C HUM BCEr/IA CPABHUBAIOT
IIHUKIIbI peaﬂbHHX 3HepFeTI/I‘IeCKI/IX YCTaHOBOK.

(10.1)

Hukn Penkuna
V. A.Penkun (1820-1872), motmannaen, Obu1 mpodeccopoM yHUBepcuTeTa B [ masro, kpyn-
HBIM CIIEUATNCTOM B 00JAacTU TEXHHUYECKONW TEPMOJAMHAMUKHU M TEIJIOBBIX MAIIUH, aBTOPOM
ydeOHUKa 10 TexHu4YecKor TepmoanHamuke (1857r.). [IpennokeHHbIH UM ITUKIT TApOTYPOMHHOM
ycTaHOBKHM (UMK PeHKnHA) ObUT OLIEHEH Kak 00pa3ioBbid AHTIIMICKAM OOIIEeCTBOM HH)KCHE-
pOB.
[TapotypOuHHas ycTaHOBKa, paboTarorias mo nukiny Peraknna, cocrout (puc.10.2a) u3 mapo-
reneparopa I1I', B koTopom Boja nipeBpariaercs B map, Typounsl T, koHneHcaropa K, rie Bmax-
HBII Map, KOHJIEHCUPYSCh Ha XOJIOAHBIX TPYOKax, BHYTPU KOTOPBIX LUPKYJIUPYET OXJIaXkAaro1as
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BOJIa, MPEBPAIIAETCSl B HACBIIIEHHYIO BOAY, U Hacoca H, B KOTOpoM MOBBIIIAETCS JaBJICHUE BO-
IBL.

B otinuwme ot nukiia Kapno, mporiecc noBbliieHus AaBieHus 3-4 0CyIIeCTBIAETCS B KUIKOU
¢aze, 4TO 3HAUUTEIHHO YMEHBILACT TEXHUUECKYIO paboTy cxarus (1. 3-4-a-b-3 na puc.10.26).
[Ipoueccer, mpoTekatomue B 1ukie Penkuna, mokasansl Ha puc. 10.100,B,r:

. 1-2, ds=0- pacmmmpenue mapa B HJICAIbHOW TypOuHE
GH [o=i—i,;
2-3, dp=0- mpomecc 0TBOJa TEIJIOTHl B KOHJIEHCATOPE
T o Qu:Gn(lz_l3):GxB(l11_l1);
3-4, ds=0- mporecc TOBBINICHHUS JaBJICHUS B HACOCE
lH :_(l4 _13);
4-1, dp=0 - IOJIBOJ TEIJIOTEI B IAKIIE
Q,=B.H™_=G,(i,—i,), rne B,- pacxox Tormsa; HP -
HU31I1as TEIIOTBOPHAsl COcOoOHOCTh ToruuBa; 77, - KIIJ]

»
»>

1

naporeHeparopa.
MoOIHOCTh HICATBHOTO LIUKJIA HAWIEM U3 BBIPAKECHUS

Nu:Gn[(il_iz)_(i4_i3)]- (10.2)
Paznenus (10.2) Ha pacxox mapa, MOJIy4UM YIENBHYIO pa-
Puc. 10.2a 6oty uKia
L, =(i1—i2)—(i4—i3). (10.3)

Onpenenum tepmuueckuit KI1/1 naeansnoro nukina Penkuna

77[:Lu:(l}—iz)—(l@—l}):l_@:l_@. (10.4)

q; L=l q; L=

BausiHre HauanbHBIX M KOHEYHBIX TapaMeTpoB Ha 3 deKkTUBHOCTD 1ukiIa PeHknHa
PaccmoTpuM BiMsiHME Ha4aIbHOTO JaBJIeHUs Ha 3¢ ¢dekTuBHOCTh IukiIa Penkuna. Kak Bua-
HO u3 puc.10.3, ¢ pocTOM HayaJILHOTO JIaBJIEHMS BO3pAcTAaeT CPEAHs TEMIIEpaTypa I0JBOAA Te-

P K T K =1 P1
\
AN
a ;4 > D1 1 )2
A 4 «
b < p2 a%’:; 2 \
[ 3 2 b
0 1% 0 S
Puc. 10.26 Puc. 10.28
IUIOTHl B LIUKJIE f4_1 = hTh , T.C. 77"4_1,«* >77"4_1,<., >i_l, YTO MPHUBOAUT K POCTY TEPMHUYECKOTO
5, =8,
T,
KIIJ uukna 7, =1—==.
T,

OpHaKo ¢ pPOCTOM HayalIbHOTO JABJICHUS YBEIMYHMBACTCS BIAXHOCTb Mapa y, =1—Xx, B KOH-
1€ TpoIecca PACHIUPEHUS, YTO MPUBOAUT K CHUKEHUIO BHYTpEeHHEro otHocutTeiabHoro KIIJ]



— T
qr=ii-is TYpOMHBI 7]); M3-3a HAJIW4YUs BIIAard B JIONATOY-

[E—

1 K Y HOM amnmnapaTe IMOCIEAHMX CTylneHed  TypOwu-
x=\0 -~ HBI (karenpKHu Bjaru 00MOapaIUpyIOT TTOBEPX-

2 HOCTh  JIONIATOK,  CO3/aBas  3HAYUTENIbHBIE
4 Gri=in-is dx=0 KOHTAKTHBIE HaIPSOKEHUs). YBEJIWYEHUE HAadajlb-
v HOW TeMIlepaTypsl Mapa, Kak M B INpeablIylieM
3 cllyyae, YBEJIMYMBAET CPEAHIOI TeMIepaTypy

0 S MOJIBOJIa TEIUIOTHI, a CJIEI0BATENIbHO, U 7}, , TIpH-

YeM BO3pacTaeT U CTENEHb CyXOCTH Iapa B KOHIIE
Puc. 10.2r T
pacIIMpeHusl, YTO IPUBOIAMT K POCTY 17],; IIO-
CIIEIHUX CTyneHel TypOuHsl. B 10 xe BpEMsl IpE3MEPHOE YBEIIMUCHUE TEMIIEPATyPhl (touxa 1
puc.10.4) Bener k nepeMeleHUI0 TOUKU 2" B oGmacts [IEPErpeToro napa, T.€. K pocTy TeMHepa—

TYPbI OTBOJa TCIIIOThI

T

T TRy

/”_

y

)
}E P2

Puc. 10.3 Puc. 10.4

_ 12** — l3 T
T .. =-—"——— W CHWKECHUIO Tep- |

muueckoro KIIJI. Kpome Ttoro, pocr = /\\‘ P2py.py
- ; /P

TEMIIePATYPBbI TZ**—S Oyaer orpuia- ;

TEJIbHO CKa3bIBATHCS HA /3 272" T\\
TEMIIEPATypHOM pEeXUME KOHAEHCATOpa.

YMeHbIlIEeHHE MPOTUBOJABICHUS 3a Ia- 5
pOBOIl TypOMHON CHMKAET CPETHIOI0
TEMIIepaTypy OTBOJIA TEIJIOTHI

A

Puc. 10.5
]
T2 3 = 27 , 9TO TIPUBOJIUT K POCTY
52 753
tepmuueckoro KIIJI, Ho mpu 3ToM yBeIMUMBAETCs BJIAXXHOCTh IIapa U CHUYKAETCS] BHYTPEHHUN
otHocutenbHbIN KITJ] TypOuHbI 7751- (puc.10.5).

B coBpeMeHHBIX MapOBBIX TYpPOMHAX BIAKHOCTH Mapa B IMOCICAHUX CTYIEHSAX HE MPEBBIIIa-
er 15%.

Iuka Penkyda ¢ mpoMeKYTOYHBIM IIEPErPEBOM I1apa
Jnst yMEHBIIIEHUs CTETeHH BIIAXXKHOCTH Tapa B MOCJIEIHUX CTYIMEHSX MapoBBIX TYpOUH
MIPUMEHSETCS MPOMEKYTOUHBIN TIEpeTrpeB mapa.
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VBenuueHue CTEeneHu CYXOCTH I1apa IYTEM €T0o MCPETpCBa MOJIOKHUTCIBHO CKAa3bIBACTCA HA

T
No; - Kpome toro, B psjge ciry4acB BO3MOXHO M HEKOTOpOE MoBbiIeHHe Tepmudeckoro KIT/]

o

[r

Y

H

Puc. 10.6a

[UKJIA, YTO B KOHEYHOM MTOT€ MPUBOJAUT K pocTy 3()PEeKTUBHOCTU MapOTypOMHHON yCTaHOBKHU
(IITY).

PaccmoTrpum miporieccsl Ha npumepe uaeanbHor [ITY (puc.10.66): 1-2, ds=0 - u303H-
TPONMITHOE pacIIupeHue napa B TypOuHe Beicokoro aasiaeHus (TB/);
2-3, dp=0 - mpoMeXyTOUHBII MOABO/ TEIUIOTHI B MapOreHEpaTope, TeMIeparypa napa pacTeT oT
T no Ts;
3-4, ds=0 - pacmpenue mapa B TypouHe Hu3Kkoro aasineHus (THJI);
4-5, dp=0 - 0TBOJ TEIIOTHI B OKPYXAIOIIYIO CPEAy B MPOIecce KOHIEHCAIIMU BIAXKHOIO Mapa u
MIPEBPAIICHHS €T0 B HACKIIICHHYIO BOY (TOUKa 5);
5-6, ds=0 - IOBBIIIIEHNE IaBJIIEHUS BOABI B HACOCE;
6-1, dp=0 - moBOJ TETUIOTHI B TApOTe€HEPATOPE.
N3 pucynka 10.66 BugHO, 4TO €ciid ObI MPOMEKYTOUYHBIN MOABOJT TEIJIOTHl OTCYTCTBOBAJ, TO B
KOHIIE MpOolecca pacUIMpPEeHus CTENEeHb CyX0CTHU napa Obuia Obl MeHbIIE (ToUKa 4a BMECTO TOUKU
4).
Kpome Toro, ecnu tepmuueckuit KIIJ[ nonmonnurenbHoro nmkia (mi. 3-4-4a-2-3) BbIlie, 4eMm
KIIJI ocroBHOrO (11. 1-4a-5-6-1), TO NpOMEKYTOUHBIN IOABOJ TEMJIOTHI yBEIUYUBAET 7], .

VY nenpHy0 paboTy UACATBHOTO IUKJIA ONPESTIHM 10 (hopmyIie
Lo=1,+1, ==, —i,)+ (i —i,)— (i, —is). (10.5)
y,Z[GJ'IBHOG KOJIMYCCTBO TCIJIOTHI, IOABEACHHOC B ITUKIIC
q, =iy =ig)+ (i =5,). (10.6)

yAacCiibHasA OTBCACHHAA TCIJIOTA

qy =1, — s, (10.7)
tepmuyeckuit KIIJI mukina
[
n=-. (10.8)
q;

PerenepaTuBHbBIN UK
PaccmotpumM cHauvana uukn Penkuna co 100% pereHepanueil TEIIOTHI, a 3aTEM LIUKII C
KOHEYHBIM YHCJIOM Bojomnonorpesateneil. WneanbHbril nukn Penkuna 6e3 perenepanuu B 7-s
quarpamme M300paxkaeTcsl TUIOMIAIbIo 1-2-3"-4-1 Ha puc.10.7 (ecnu npenedpeysb paboToii Haco-
ca). B mpouecce pacmmpenus 1-2 ocymecTBUM OTBOJ Mapa yepe3 OECKOHEYHOE YHCIIO 0TOOPOB,
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HO TaK, 4TOOBI JIMHUSI 1-2" 6bu1a SKBUJIUCTAHTHA JIMHUU 34, Terora, OTBeAEHHAs B IIPOIIECCE
1-27, COOTBETCTBYET IUIOLIAIN 1-d-c¢-2"-1. Hcnonb3yem 3Ty TEIUIOTY JJIsI HarpeBa BOJBI B IPO-
necce 3 -4. TToydeHHAast BOJOH TEMIOTa H300pasuTCs MIOMANbIo 3 -4-b-a-3". OXHAKO peaTbHO
nporiecchl 1-2° 1 3 -4 OCYIIECTBHTH HEBO3MOXKHO, TAK KAK HEBO3MOXKHO BBIMONHHTH GECKOHEY-
HOE YHMCJIO 0TOOpOB mapa. OcTaBiisisi B CTOPOHE BOIpOC peanu3anuu nukia Penkuna co 100%
pereHeparyeii, onpeaeauM ero JOCTOMHCTBA C TEPMOJMHAMUYECKON TOUYKHM 3peHus. Wtak, 6e3

pereHepaliu TEIUIOTH MIOABEACHHAs B LUKIE TEILUIOTA PaBHA(; =I; — I3+, B Lukie co 100%
pereHepanueil OyneM UMeTb ¢, =1, —i,, T.. ¢, <q,. OTBelleHHas TEIIOTa COOTBETCTBEHHO
. . * . .
qy =l — iy (W 2-d-a-3 -2) ¥ qup = by — 55 g <G -
Paccmorpum mukn Kapuo (mn. 1-2-3-4-1): g, =i, —i,, qux =i, —1;, HO G =q, A
Qur =49 (Tak Kak mi. 2%-c-q-3*-2* paBHa mi. 2-d-b-3-2). Takum 00pa3om, NIPUXOIUM K BbI-
Boay, uto Tepmuueckuit KIT/I nukna Penkuna co 100% perenepanneil TEIIOTH paBEH TEpMUIE-
ckoMy KII/I nukia KapHo B TOM k€ HHTEpBajle TEMIIEpaTyp.

13
T K T

&
b-—/—;fl\)

5 4a4

Puc. 10.60 Puc. 10.7

A4

PaccmoTpuM teneps nukin Penknna

C KOHEYHBIM YHCJIOM BOJOIOJOTrpeBaTe-
@ nei. Ha puc.10.8a mokazaHa NpUHIMIHN-
allbHasl CXeMa YCTaHOBKH C JByMs BOJIO-
MOJIOTPEBATEIISIMHU. CocTaBum
MatepuanbHbiid Oamanc s [ITY. Pacxon

I 11,6y G, napa, MOCTYNAIEero B TypOUHY, MOX-

HO MPEJICTAaBUTh B BUJIE CYMMBI

G =G, +G,+G_, (a)
rae G,,G,, - pacxonsl apa, oCTynarume
B MEPBBI U BTOPOM BOJIONOJOTPEBATEINH,

G, - pacxonm mapa 4Yepe3 KOHACHCATOP.

Puc. 10.8a Pazgemus (a) Ha G1» IOyYnM

l=a,+a, +_, (b)

i

rac a’i = - MaCCOBBIC JOJIU Iapa. CocraBum YpPaBHCHUC TCIIJIOBOTO Oananca AJIs1 BOAOIIO-
1

norpesareneit. s Broporo (1) BomomogorpeaTenst MokHO HanucaTh (cM. puc.10.80)
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o/ . . o/
(15 —ly )(1 -0, -, ) = (111 — s )all , (10.9)
T.€. BOJIa TIOCJIC HACOCA, UMEIOIIAsl PHTAJIBIHIO iy U
6espasmepryo Maccy  (1— o, - a,,), HarpeBaeTcs

10 TEeMIIepaTypbl HACBIIIEHUS 5 3a CYET KOHJAEHCa-
P UM 6e3pa3MepHON Macchl Mmapa ¢ U3 0ToOopa ¢ H-
TaJbIMEN iy, OTAAOUIEd BOJAE TEIUIOTY, PaBHYIO
PasHOCTU DHTANBIHUMH i), —i, .

\\

A
/ // Just Bogononorpesaresst I Gyem HMeTh

a  bd s (@-i)l-a,)=(,-1)e,. (10.10)
Puc. 10.86 Bei6op mapamerpoB otGopa mapa (T.e. aaBiie-
HUS) ONpEeNsieTCsl B pe3ybTaTe PacueToB TaKUM 00pa3oM, 4TOOBI TOCTUTANIaCh MaKCUMalIbHas
TerIoBast 3PPEKTUBHOCTh YCTAHOBKU. 3HAA i U i, MOXKHO OIIPENCNIUTh O U (4 U3 BBILLIECTIPUBE-
JICHHBIX YPABHEHUM.
Hannune oT60poB napa npuBOIUT K YMEHBIICHHUIO YSIbHONW pabOThl TypOUHBI Ha BEIWYH-
HY pabOThl, KOTOPYIO MOT ObI COBEpIIUTH OTOOPAHHBIN Hap:
L, —( 2) al(il_iz)_all(ill_iz)' (10.11)
Y aenbHyr0 paboTy HACOCOB MOKHO 3aITUCATh CIEAYIOIINM 00pazoM
lH = _[(i4 —1 )(1 -0, - )+ (i6 — I )(1 - )+ (is —I )] (10.12)
Pabory nuxmna u repmuyeckuit KI1/1 naiinem u3 popmysn

Ant lL[:lT_lH’ nt:liu:‘lu. :
0,15 dr L™k
0,10 - IIpu orcyrcTBUM pereHepanuy TEIUoTel ¢, =i, —i,. Tak
0,05 KaK I >1i,, TO qr<qr , T.. IITY crana Oonee 3¢ppexTus-
0,00 Hoii. Ha puc.10.860 mokazaHa 3aBUCHUMOCTb INPHPAIICHUS
] 5 3 4 5 z ng)négt;eac};gro KII[ ot yucna z Bogonogorpesarenei (0tT-
Puc. 10.88 KoMOWHHMPOBaHHBIN ITUKJI ¢ BEICOKOHAIOPHBIM ITapOreHe-
paropom

[TpumeHeHre KOMOMHUPOBAHHON YCTAHOBKHU, COCTOSIIECH U3 ra30BOM M MapoOBOi TYpOMH IO-
3BOJIIET YBEJIIMYUTHh CPEAHIOID TEMIIEpAaTypy IOABOAA TEILIOTHI B BEPXHEW YacTH LMKIA U
YMEHBUIUTH TEMIIEpaTypy OTBOJA TEIUIOTHl B HUKHEH 4acTH, 4TO NMPUBOAUT K POCTY TepMUYE-
ckoro KII/] uukna. Ha puc. 10.9a,6 nmoka3aHsl NpuHIMIKATIbHAS TEIJIOBAs CXeMa U IIMKJI KOM-
OMHHMPOBAaHHOU yCTaHOBKH. TeruioTa, BbIIEIMBIIAsICS B BRBICOKOHAIIOPHOM naporeneparope BIIT
B PE3yJIbTATe CropatHs TOILIMBA, HJCT HA YBENIMUCHUE SHTAILIINA CMECH

0, =BH,, =G.i,—(Ci +Bl) (10.13)

B B2

[TogBo TETUIOTHI K Mapy B Mporiecce 9-5 cHMKaeT TeMIiepaTypy raza Ha Bbixoje u3z BIIT
¢ Ty no T, 9TO JenaeT TeMIepaTypHbIi peKUM B TypOUHE 0oJiee O1aronpusTHBIM.
B BIII" ypaBHeHUE TEmIOBOTO OajgaHca UMEET BU]T
G, (ir3’ —1 ) =G, (is — 1y ) . (a)
CoOTHOIIIEHUS MCKAY MAaCCOBBIMU IMMOTOKAMHU B I'a30BOM U MMAPOBOM KOHTYpax HaﬁHGM H3 ypaB-
HEHUA TCIIJIOBOT'O 6aﬂcha, COCTAaBJICHHOI'O I TGHHOO6M€HHOI‘O arrapara

Gr (i4/:[ - il') = Gr{ (i9 - iga ) . (b)
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> 3
B G, T
o1 G, 3 /]
BH/. > &/
’ 3 5 4
23 4™
/ Al
K I'T T U 4\ <
J{ 1 9 .0 . g
GB Bon
1,

ab mc de knt §

@J Puc. 10.96
8 7

Puc.10.9a

TemnoBoit NOTOK, NOJBEICHHBIH B KOMOMHUPOBAaHHOM LiuKie, nonaras G, >> B, Haii-
neM u3 hopMyIbl

0y, =G, iy —1,,)= G, i~ 1, )+ G, is =iy ) - (10.14)

TermoBoi MOTOK, OT/IaBa€MbIN OKPYKAIOLIEH Cpejie, COCTABUT
Oy =G, iy —i)+ G, lig, —i,) - (10.15)

I[eﬁCTBHTCHBHyIO MOIIIHOCTH IIUKJIa OHpe,Z[G.HI/IM nu3 ypaBHeHI/IH
Nu/:[ = GB [(l3 - i4;[)_ (i2;[ - il )]+ Gn [(15 - i6/:[ )_ (i8;[ - i7 )] . (1016)

Buyrpennuit abcomrotubiii KIIJ[ mukina paBeH NMpou3BEICHUIO BHYTPEHHETO OTHOCHUTEIHLHOTO
1 .
KITJI uukna 775, 1 repmuaeckoro KITJI 77, :

i = NMax Num _ N (10.17)
77[ 770[771‘ N G ( . ) ° °
LA QIHlI sy Tl
DNEKTPUYECKYI0 MOIITHOCTh (MOIITHOCTh 3JIEKTPHYECKOT0 TOKA Ha KIEMMaX JJIEKTPOTEeHepaTopa)
Haiinem u3 Gopmysl

Nan = NunnMexnreH ’ (1018)
€ 7y = Nyor /Ny, =0,97...0,99 - mexannuecknii KITJ, Nyex - MeXaHHYECKasi MOIIHOCTb, IIe-
penanHas reeeparopy; 77,., = N, /N .. =0,97...0,99 - KII[] anexrporeHeparopa.

Dddexrunsiii adcomotHblil KIT][ ycranoBKH
o __ i _ )il
776 - nOinrnMexnreH - 7]1’ nMexnreH . (1019)
Hcnonb30Banne Mapora3oBhIX ITUKIOB MO3BOJISIET CYIIECTBEHHO MOBBICUTH TEIJIOBYIO 3(h-
(EKTUBHOCTH YHEPTETUUECKUX YCTAHOBOK (77;l =0,5...0,55).

Co3anne U MPUMEHEHHE BRICOKOTEMITEPAaTypHBIX Ta30BbIX TypOuH (#3>1000C) B maporaszo-
BBIX I[UKJIaX MO3BOJIUT ClIeJaTh 3TH YCTaHOBKU elle Oonee 3ppexTuBHbIMU. OTMETUM, YTO 3HA-
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YUTEIbHBIN BKJIaa B pa3pabOTKy TEOpPHM IMaporasoBbiX LHUKIOB BHec mnpodeccop CIIOITIY
B.A.3wicun [12].
K HenmocraTky paccCMOTpEHHON YCTAaHOBKHU ClI€AyeT OTHeCTH KOoHcTpykuuio BIII', koTopsiit
B oTianuue oT kamepsl cropanust ['TY umeer 3HauuMTeNbHBIH 00BEM M JTOJDKEH BBIICPKHUBATH
JIOCTaTOYHO BhICOKHE naBiieHus (p3=0,6 MIla).
buHapHbIl PTYTHO-BOASHOW LMK
Kak oTmeuanoch Bbllie, OMHApHBIE IIUKIIBI TO3BO-
o JSI0T YBEJMYUTDH CPEIHIO0 TEMIIEPATypy OABOJA
1 'S5 TEIUIOTHl U YMEHBIIUTH CPEAHIOI0 TEMIIEPATYPY OT-
BOJIa TEIUIOTHI, YTO IPUBOJUT K YBEIMUEHUIO TEILIO-
PT T ij BO 3()(heKTHBHOCTH KOMOMHUPOBAHHOTO LIUKJIA.
Hcnonb3oBaHue pTyTd B KauecTBe pabouero Tena
b 63 B BEPXHEH YaCTH IIMKJIa O3BOJISIET IPU OTHOCUTENb-

HO HEOOJIBIINX JaBJICHUAX B KOHTYPE UMETh BBICO-
>, & 9 Kyl0 HauaJbHYIO TEMIeparypy Iepen TypOuHoOU

(trouka 1 Ha puc.10.100), a cnemoBaTenbHO, U BBICO-

)\ KYIO CPEHIOI0 TeMIIepaTypy MOJBOAA TeIIOTsl 1,_;.

Tak, mpu temneparype 550C naBiieHHE HACHIIICHHS
4 3 8 7 pTyTH cocTaBiseT Bcero auiib 1,4 Mlla.

Puc. 10.10a

OtmeTuM, 4TO y BOJSHOIO INapa IpH KPUTHUECKON
temneparype 374C KpuUTHYECKOE AaBIIEHUE paBHO 22,4 T
MIIa. IIpuMeHeHue Ke pPTYyTM B HH)KHEW 4YacTU LUKIJIA
HEPALMOHAIBHO M3-3a CJIMIIKOM HU3KOTO JIaBJIEHUS Ia-
poB - npu t=30C naBnenue Hackimenus p,=0,36 Ila.
[lonnepxanue B KOHAEHCATOPE CTOJIb HU3KOTO JaBile-
HUS NPEACTABISAET 3HAUUTEIbHbIE TEXHUYECKUE TPYAHO-
CTH: Takasl CUCTEMA JO0JDKHA UMETh BBICOKYIO I€pMETHY-
HOCTb W MOUIHYIO KOMIIPECCOPHYIO YCTAHOBKY IS
OTKAaYKW U3 KOHJEHCATopa B aTMoc(epy MOCTOPOHHUX Puc. 10.106
razos. IloaToMy B HMXXHEH 4YacTH LHKJIA HUCIOIB3YIOT
Boxy (mpu t=30C p,=4 klla). B aTom cityuae s ynaneHus Bo3ayxa U3 KOHAEHcaTopa J0CTaTou-
HO HCIIOJIb30BaTh MapoBOi 3keKTOp. OTMETHUM, YTO B PTYTHOM KOHTYpE HET HEOOXOAMMOCTHU
neperpeBarb mnap mepeja TypOWHOM, Tak Kak y PTYTH JieBas M IpaBasi NMOTPaHUYHBIE KPUBBIC
ONMU3KM K BEPTUKAISIM U MAp B KOHIE pacIIMpeHusi B TypOUHE (TOYKa 2) UMEET BBICOKYIO CTe-
IIEHb CYXOCTH.

CooTHOIIEHHE MEXYy MAacCOBBIMM PACXOJaMHU BOJBl U PTYTH ONPEIEISIIOT U3 ypaBHEHUS
TEIIOBOTO OajaHca, COCTaBICHHOTO Ul TEINIO0OMEHHOTO anmapara

Gy (i, —1y) = Gy 0 iy — i) (10.20)

N neanbHblil pTYTHO-BOASHON LIMKII COCTOUT U3 CJIEAYIOIINX MPOLIECCOB:
1-2, ds=0 - pacmupeHue cyxoro HachIIIIEHHOTO PTYTHOTO Tapa B TypOUHE;
2-3, dp=0 - mepenaya TETUIOTHI OT PTYTH K BOJIE BTOPOT'O KOHTYpPA B TEILIOOOMEHHOM aIlapare;
3-4, ds=0 - IoBBIIIICHUE TaBJICHUSI )KUJIKOW PTYTHU B HacOCE;
1-4, dp=0 - moBOJ TEMJIOTHI K PTYTH B ITapOTreHEepaTope;
5-6, ds=0 - pacimupeHue BOASTHOTO Iapa B TypOUHE;
6-7, dp=0 - mporecc KOHIEHCAIIUH BOJISTHOTO Tapa C OTJAa4YeH TeTUIOTHI OKPYKAIOIIEH Cpeie;
7-8, ds=0 - TIOBBIIIIEHNE TaBJIIEHUS B BOIAIHOM HACOCE;
8-9, dp=0 - moaBO/ TETUIOTHI K BOJIE B TETNIOOOMEHHOM aIlapare;
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9-5, dp=0 - neperpeB BOASHOTO Mapa 3a CUET TEIJIOTHI TOPSYETr0 UCTOUHUKA ITUKJIA.
Tak Kak MOTOK TEIJIOTHI, BBIICIHUBIICHCS B Pe3yIbTaTe CrOPaHUs TOIUIMBA B MTAPOTEHEPATO-
pe, UIET Ha YBETUYCHHUE YHTAIIBIIUY TOTOKOB pabodero Tena, TO MOKHO HAMHCATh

0, =B.H!, =Gy, (i, —i,)+ Gy olis —iy). (10.21)
MoOUIHOCTh HICATBHOTO LIUKJIA HAWIEM U3 BBIPAKECHUS
N, =Gyl —i,) = (i, = i)+ Gy oG5 — i) - G =) (10.22)
Tertora, 0OTBOAMMAS B OKPYKAIOLIYIO CPELY

Q) =G olis i), (10.23)
tepmudeckuit KIT/ koMOMHUPOBaHHOM YCTaHOBKH
17, = al (10.24)
t QI .

["a3onapoBO¥ LUK € KOTIOM-YTUIN3aTOPOM

Kak yxe ormeuanoch, BO3BpaT YacTH TEIUIOTH B LIUKJ MOBBINIAET TEIUIOBYIO 3(PeKTuB-
HOCTb YCTAHOBKH, CHHUKAET TEIJIOBOE 3arps3HEHUE OKPYKAIOIIEH Cpeibl, YIy4lIaeT 3KOJoTuye-
CKYIO0 00CTaHOBKY Cpejibl OOMTaHUS YeJIOBEKa.

B 1940-1960 rogax B LlenTpampHoM KOTIOTypOMHHOM HHCTUTyTe uM. W.M.Ilon3yHoBa
(IKTHW) u JleannrpaackoM nonutexaudeckoM uHCTUTYTe uM. M.M.Kanununa (CIIOITIY) non
pykoBoactBoM A.H.JloxxkuHa u B.A.3picuHa BeIUCh CepbE3HbIE HAYYHBIE HCCIIEA0BaHUS 1O TMO-
BBIILIEHUIO 3(DPEKTUBHOCTH SHEPreTUUECKUX YCTAaHOBOK M 3JIEKTPUYECKHUX TEIUIOBBIX CTAHIUH 3a
CUeT NMPUMEHEHHUs] KOMOMHUPOBAHHBIX YCTAHOBOK Ha 0a3e Mapora3oBbIX CXEM C BBICOKOHAIIOP-
HBIM IMMapOre€HEepaTOpPOM U KOTJIOM-yTuiauzaTtopoM [12]. B mocnenyromme rojapl 3HaAYUTENbHBIE
HayuyHble cwiibl U cpenctBa B CCCP Obumn HampaBneHbl Ha coznanue MI'JI-renepatopoB u pas-
BUTHE aTOMHOM SHEPreTUKH, a HCCIEAOBaHUS Mapora3oBbIX IHUKJIOB OBLIM MPAKTUYECKU Ipe-
kpamieHsl. [locme Heymau ¢ yctaHoBkamu Ha 6aze MI'J[-reHepaTopoB CHOBa BO3pPOC MHTEPEC K
apora3oBbIM LIMKJIAM y Hac U 3a pyoexkoM. B HacTosIee BpeMst co3/laHa U YCIEIIHO paboTaeT B
Jlenunrpanckoit o6nactu CeBepo-3amannas TOL] ¢ mapora3zoBoi ycTaHOBKOH MOMIHOCTHIO 450
MBT, KOTOpast COCTOMT W3 ABYX Ta30BBIX TypOMH MOIIHOCTHIO 10 150 MBT, KoTHa-yTHIM3aTOpa
¥ oHOM mapoBoil TypOunsl MoutHOCTRIO 150 MBT. DddextuBnniit KIIJ] ctanuu cocraBiser
okosio 52%. Ha puc.10.11 moka3zaHa nmpuHIUNHAIBbHAS TEIUIOBas CXeMa KOMOMHUPOBAHHOM mMa-
pora3oBoii yctaHoBkH, coctositied u3 I'TY, IICY u kotna-yrunuzaropa, a Ha puc.10.12 — npo-
ueccol B T-s quarpamme. Koten-yTuinnu3aTtop cOCTOUT U3 sKoHOMaizepa JK, B koTopoMm Boza 1o-
cie Hacoca H HarpeBaeTcs 40 TeMIeparypbl HACHIIEHUS IPU JaHHOM AaBieHuH (miporecc 137 -
8), maporeneparopa III', rae HachlmeHHas BOJAa MPEBPAIIAECTCS B CYXOM HACHIIIEHHBIA Map
(mpouecc 8-9), maponeperpearens 111, B koropom B npouecce 9-10 cyxol HachlleHHBIA map
cTaHOBUTCA neperpeTsiM. [Ipu pacyere nukia He06X0AUMO, UTOOBI B MPOIIECCE OTBOJIA TETLIOTHI
oT ra3oB (44-7) k mapoBoMy KoHTYpY (131-8-9-10) obecneunBacs MoOIOKUTENbHBIN TeMIepa-
TYpPHBIN Hamop MEeXIy Ta30M M BOJ0H (a 3areM mapom). C 3TOH 1eNbio TeMIepaTrypy B TOUKe 6
Ha3Ha4yaloT Kak MUHMUMYM Ha 10 rpagaycoB Bblllle, YeM TeMIepaTypa HACBILIECHUS BOABI fg MpU
BbIOpaHHOM JIaBJIEHUU Tapa B KoTJie-yTuiuzaTope. [locine 3Toro cocrapisiioT ypaBHEHHE TEILIO-
BOro OanaHca

Grcpr (t411 - té ) = Gn (110 - 18 ) >
N3 KOTOPOTO ITpH 3aJaHHOM PAaCXOAC ra3da 4epce3 ITY OIMPCACIIAIOT pacxo/ rmapa B mapoBOM KOH-
Type
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Temmeparypa yXoJsIIUX Ta3oB f; ONpPEENIIETCS U3 yPaBHEHUS TEIJIOBOro OallaHCca, COCTABIICH-
HOTO JJIs1 DKOHOMan3epa

Gl‘l (l8 - l13;[ ) = Grcpr (tﬁ - t7 )
CocTaBuB ypaBHEHHE TEIJIOBOTO OanaHca JUlsl IIaporeperpeBarelis, HaliaeM TEMIIEPaTypy ra3oB

B TOUYKE 5 G.c (t4ﬂ_t5):Gn(i10_i;’)

r-pr

JleliCTBUTENBHYIO TOJIE3HYI0O MOIIHOCTh KOMOMHHMPOBAHHOW Iapora3oBOil YCTaHOBKH OIpejie-
JIUM U3 BBIpAXCHUS

1’
KC

6 K 4
VWY DWW
8 W 13
Puc. 10.12
NLT:T = (Nurry + Nuncy )Zl = Gr [(l3 - i4/:[ )_ (i2)1 - il )]+ Gn [(il() - ill):l )_ (i131:[ - ilZ)]
[ToTOK TENIOTHI, OTAABAEMBIN OKPYKAOLIEH Cpeae

Qy = Gr(i7 - i1)+ Gn(illn - ilz)’
IIOTOK TEIIJIOTHI, HO,HBCI[eHHBIﬁ K OUKITY
. . H . . .
QI = BTHP nKC = Grcprt3 _( BchtZLl + BTcTtT)'

Puc. 20.11

U3 mocrieiHero BeIpaKeHust, 3Hast HU3IIYIO TEMIOTBOPHYIO CIIOCOOHOCTS TOMIMBA H | , MOYKHO

ONPEACIUTh Pacxo] TomnusBa B, .

D¢ dexrunsbiii KI1/] ycranoBku Haiiem o hopmyse

yer __ C'unx
e = nMex nreH ’

0,

1 (G 7 N mexannyeckuit KIIJ[, yuuTbiBaromuii morepu B MNOJUIMITHUKAX, Neew - KILJT
anekTporeHeparopa. Pacuer nmpu UCXOAHBIX JaHHBIX t1=17OC, t3=11000C, n,: =0.89, n,,=0.88,

ni=07, ni=0.85, 7,.=09, =10, p;=0.1 MIla, G.=100 kr/c, pi=8 MITa, t,=450"C,

p11=0.01 MIlIa noka3zan, uro pacxon mapa coctasisier 10.7 kr/c, nelcTBUTENbHAs MOILIHOCTh
nukina Penkuna 10.7 MBt, mounocts I'TY 28.3 MBt, Momuocts ycraHoBku 39 MBT,
spdextuHblit KI1J] ycranoBku 7"

e

=0.5. Ilpu strom npupoct KII/] 3a cuer npuMeHeHus 1UKIA

yer

PenknnaAn = (779 -n” ) 100/ n,” =44% . llomydeHHBIM pe3yabTaT CBHIECTEIBCTBYET O
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HaAn = (7] r—n” ) 100/ n.” =44% . Iloy4eHHBIN pe3yabTaT CBUIECTEIbCTBYET O BBICOKOM TEII-

e

J0BO# 3()(hEeKTUBHOCTH MAPOTa30BhIX YCTAHOBOK.

TemnodukannoHHbIE ITUKIBI
BripaboTka HU3KOMOTEHIIMAIBHON TEIUIOTHI (TOpsSYel BOJBI, Mapa HU3KOTO JABJICHUS)
JUTSI TEXHUYECKUX U OBITOBBIX HYXKJ 32 CUET BBHICOKOIOTEHITMAIBHOMN TETIJIOTHI SIBISIETCS TEPMO-
JTUHAMHUYECKH HEBBITOJHOW M3-3a 3HAYUTEIBHON MOTEPU IKCEPIHH TEPMOAMHAMUYECKON CHUCTE-
MBI, OOYCIIOBJIIEHHOW OOJBIIUM TeMIepaTypHbIM
T 1 + Tl—z nanopom AT mexmy rperomeii cpemoil u Harpe-
BaeMbiM noTtokoMm. Ha puc.10.13 moxkazan mpo-
LIECC HArpeBa BOJBI 3a CYET OXJIAXKJACHUS BBICOKO-
AT TeMIiepaTypHoro raza (7-s nuarpammsl BOJBI U
ra3a yCJIIOBHO COBMEUIEHbl B OJHOM PHCYHKE).
[Tpupanienue >HTpONHUM CUCTEMBI ra3-Boja, 00y-

4
) v T CJIOBJICHHOE€ HEOOpaTHMBIM TEIJIOOOMEHOM, CO-
3 34 CTaBHUT
Z . . T, - _ T,
a b cd s AS. =G, c,,In—+=G.c, In_-. (10.25)
T3 2
Puc. 10.13 ITotepro skcepruu D ompemenum 1o ¢Gopmyiie

I''on-Ctomomnsl
D=AST,. (10.26)
[onarasi, 4TO B TEINIOOOMEHHUKE TEIJIOBBIE TOTEPU B OKPYKAIOIIYIO CPELy OTCYTCTBYIOT, IPH-
PpaBHACM TCIIJIOBLIC ITOTOKHU I'PCIOLICTO U HArpe€BacMoro arcHToB
G.(i,-i,)=6G,(i,-1,). (10.27)
Hpouecc MMOJIy4YCHHUA HI/ISKOHOTCHHH&J’IBHOﬁ TCIIJIOTEI MOXXHO 3HAYUTCIBHO YIYYIIHWTH,
€CJIN UCIIOJb30BaTh TaK HA3bIBAEMBIC TGHJ’IO(l)I/IKaHI/IOHHBIe M KIJIBI, BLIpa6aTBIBaIOIHPIe KaK JJICK-

TPUUECKYIO SHEPTHUIO, TaK U TEIJIOTY HU3KOro noTeHnuana. IHPeKTUBHOCTh TAKUX YCTAaHOBOK
olieHuBaeTcsa KO3 (OUIIMEHTOM UCIIOIb30BAHUS TETIJIOTHI

K= Nan -i?QHOTp )
0,

OTOT KO3(PPHUIMEHT B peabHbIX YCTAaHOBKAX JOCTATOYHO BBICOK, HO B UUCIIUTENE (POPMYJIBI
(10.28) cToAT BEIMUMHBI pa3HOTO Ka4eCcTBA: SKCEPTUs N,; U TEIUIOTa

(10.28)
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HU3KOTO MOTEHIIHaIa QHOTp . Ha puc.10.14 moka3ana cxema TeriopuKaIlmOHHOW YCTAaHOBKHU C

T 9
ropsiyasi Boja K

v IOTPEOUTEITIO

I1r
D

H

Puc. 10.14

YXYALIEHHBIM BaKyyMOM, B KOTOPOM Harperasl B KOHJIEHCATOpE BOJa HAIIPaBJIsETCS HA TEXHUYE-
CKHE WM OBITOBBIE HYXIbL. Tak Kak JaBJIeHWE B KOHICHCATOPE BBINIE, YEeM Y KOHJCH-
CallMOHHBIX TypOWH, MOIIHOCTb TypOMHBI yMEHbIIACTCA. J{JIs monydeHus napa HU3KOro J1aBje-

Hus (0,2...0,4 MlIla) 11 TEXHOJIOTUYECKUX HYX] UCTIOJIB3YIOT TYpOUHBI C IPOTHBOAABICHHEM
(puc.10.15).

»
»

A 4

6 .

K IIOTPEOUTENIO

K ITOTPEOUTEIIO
B S — »

Hr i OT NOTPEOUTENS Hr g

OT IOTPEOUTEIS
A @ Oak A +—L
H 777
B
Puc.10.15
H

Puc. 10.16

B Hacrosiee Bpemst [uis 1iesiel TeriouKaui HanoobIlee PaclpoCTpaHEHHE TOTYIHIH Typ-
OHMHBI C TPOMEXKYTOUYHBIM OTOOpPOM Tapa. [IpuHIHMIUaNbHAsS cXeMa TaKOH YCTaHOBKH TOKa3aHa
Ha puc.10.16.

LIMKIBI aTOMHBIX TENI0HEPIETUYECKUX YCTAHOBOK
B pesynbrare aenenus sapa u3oTona ypaHa Sy Beigemnsiercst okoo 200 MaB (Merasiex-
TPOH-BOJIBT) SHepruu. Kunerndeckas sHeprus (okojo 167 MaB) ockoIKOB JeieHUs, UMEIOIINX
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Mallyl0 JUIMHY TpoOera, MOYTH MOJHOCTHIO MOTJIOINACTCS B TEIMJIOBBIICISIONUX 3JIEMEHTaxX
(TB3JI), npeBpamasich B Temnoty. [Ipu “cropanun” ogHOro Kujorpamma U BeImensteTcs 0Ko-
510 80-10" JIx Terurotel. Ecii B KauecTBe TEIIOTHI cropanus 1 Kr yriis npuHsATh nudpy 7-10°
Kan wm 29,4-10° Ik, To OJIHOMY KMJIOTPaMMYy SIIEPHOI'0 TOIUIMBA COOTBETCTBYET 2,72:10° kr
yrist. Tak kak 3amachl siA€pHOrO TOIJIMBA Ha 3€MJIE BEJIUKH, TO MOYKHO NPEANOIO0KUTh, YTO B
OynyiieM OINpeesIONM CTaHeT MPOU3BOICTBO IEKTPUIECKON YHEPIUH Ha aTOMHBIX CTaHIIH-
sx. B nacrosimee Bpems B Poccun Ha ADC BeIpabaThiBaeTcs okoi0 10% 31eKTprudeckoi Mol-
HoctH (22,2 muiH. kBT). Ha TOC-149,4; 'DC-44,6 mna. kBT. Cephe3HbIME (paKTOpaMu, CACPIKHU-
BalOMMU  cTpouTenbcTBO  ADC, ABIAIOTCS  TPYIHOCTH  OOeCHeueHHs]  HaJeKHOCTH,
panuanoHHON 6€30MaCHOCTH CTAHLUN M YHUUYTOXKEHUSI OTPaOOTaBIIETrO SAEPHOTO TOILUIHBA.
[lepBbIit B MUpe aTOMHBINH peakTop ObuT 3amymieH B 1942 r. B UMKarckoM yHHUBEpPCHUTETE.
[lepBas B Mupe atromHas 3JIeKTpUYecKasl CTaHLUsA MOIIHOCTBI0 5 MBT Betynmiia B ctpoit B 1954
r. noa MockBoii. Jlo mOsSBICHHS IPOMBIIUIEHHBIX PEAKTOPOB MEPBBIC SCPHbIC YCTAHOBKU OBLIH
pa3paboTaHbl I TOJBOJHOTO (IIOTA, B CO3/IaHUE KOTOPHIX HEOI[CHUMBIH BKJIaJl BHECIH COBET-
ckue akagemuku: .B. Kypuaros, A./[.Caxapos, A.Il.Anexcanapos, H. A. [lonnexans.
TennoBas cxema ADC MokeT OBITh OJTHOKOHTYPHOM, Koraa pabdodee Telo MOJy4aeT TErIo-
Ty HEIIOCPEJCTBEHHO B peakTope, oMbiBast TBDJIbI (B 3TOM ciydae mpoOTOYHAS YacTh BCEro 000-
PYAOBaHHUS 3arpsI3HAETCS OCKOJIKAaMU SIIEPHOTO JEJIEHUs1) U ABYXKOHTYPHOH. B 1ByXKOHTYpHOM
CXEM€ TEIUIOTa, BBIACIAIOIIASACA B PEAKTOPE, MEPEAAETCS MPOMEKYTOUHOMY TEIJIOHOCHUTEIO,
KOTOPBI B MaporeHeparope oTAaeT Temiory padouemy temy. Ha puc.10.17 nmokazana nmpuHIM-
nuanbHas TEMIoBasi cxema ogHOKOHTypHOU ADC ¢ peakropom kumsniero tuna. Ha Beixone u3
peakTopa B pe3ynbTaTe nojsoaa Temnotsl o TBDJIoB k Boge o0pasyercs BHICOKOBIAKHBIN T10-
TOK Mapa ¢ My3bIpbKOBOIi CTPYKTYpoii (06beMHOe mapocosepkanne [ nomxHO ObITh He Goree

40...45%, uTOOBI UCKIIOUYUTH IJICHOYHBIM PEXHUM KUICHHS), KOTOPBII MOCTynmaeTr B mapocOop-
HUK. B mapocOopHHKE BIaKHBIA Map pa3fessercs Ha CyXOil HaCBIIIEHHBINA Map U KUIISIIYIO BO-
ny. Jlanee nap, eciy B cXeMe IIPelyCMOTPEH NEPErpeB Mapa, MOCTYNAET BO BTOPOU peakTop, Iie
ero temrmeparypa MoxeT ObITh nogusTa 10 400< t <600C (npu temnepatype 600C B ypane Ha-
YHHAIOT IPOUCXOIUTH HEeXeNaTeIbHbIe (pa30BbIe EPEX0/Ibl), a 3aTeM - B TypOUHY.

PaccmoTpuM pacuer OCHOBHBIX IAapaMeTPOB OJHOKOHTYPHON aTOMHOM 3JIEKTPOCTAHLIUU C
KUIISIILIUM peakTopoM Ha npumepe benosipckoit ADC.

NcxonHbIMU TaHHBIMU JJIS pacyueTa sBISIOTCS: AaBieHus po=13 Mlla, p;=12,8 Mlla u p,=

0,04 Gap, cTeneHb CyXOCTH Tapa Xy, Pacxoj MapoKUIKOCTHOW CMECH Go =889 kr/c, Temnepary-
pa neperperoro napa 7= 773 K.

N,,=200 MBr |y

\-.
N

2N

___

7

2

///;r
%

HR

6"_@5< 463

N

Z

Puc. 10.17
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I[JBI OIMPCACIICHUA HavyaJILHOU CTEIICHHU CYXOCTH I1apa Xy BOCIIOJIb3YyEMCH YCJIIOBUCM, UTO Ha

”

BBIXOJIE M3 peakTopa 00bEMHOE PACXOIHOE MAPOCOAEPKAHUE CMECH [ = —— HE JIOJDKHO Ipe-
. . ., G/ G” G// G/ G” x
Bpimiath 40...45%. Tak xak V=V'+V'=—+—, x=—, l-x=—, 10 — =—, a
p P G G G 1-x
V// ﬁ
= | ,6” OTKYZ[a MOKHO TOJIYYUTh CBSI3b MEXKIY OOBEMHBIM MapOCOICPKAHUEM H CTCTICHBIO
V —
CYXOCTH CMECH:
x _ B P
I-x (1-pB) pf

Takum obpasom, mpu [=0,45 crenens cyxoctu x0=0,09123 (mpu py = 13 MIla). Konudectso
napa, BbIpadaThIBAEMOT0 MEPBBIM PEAKTOPOM

G'wo =G,x, =889-0,09123 =811 xr/c; G =G,—G,, =807,9 xr/c.

Bynem cuurtarh, 4TO AaBieHHE MAPOXKHUAKOCTHOM CMecH B cemapaTtope (mapocOOpHUKE) paBHO
p1=12,8 Mlla, a cam nponecc 0-1(cm. T-s auarpammy Ha puc.10.17) n303HTaNbIUNHBINA, TOTAQ

iy = (1= x, )i’ + x,i" =1634,63 /.
l. _ o/
Crenens cyxoctu mapa B Touke 1 (cm. puc. 10.17):  x; = 01 2 0,09719.
h
Pacxon mapa vepes TypOuny Gnl = Goxl = 86,4 kr/c.
TeruioBo# MOTOK BO BTOPOM peakTope
Owy, =G, (i, — i) =86,4(3334-2667) = 57,63 MBHr.

Mo1mHoCTb TYypOUHBI
N, =G (i, =iy, ) = 86,4(3334-2148,6) = 102,42 MBr.

TemnoBoit IIOTOK, OTHaBaeMBIﬁ BJIAJKHBIM I1IapOM OXJ'Ia}KI[aIOH_[eﬁ BOJC B KOHJACHCATOPC
Ou =Gy lin, —i5)= 17515 MBr, iy, =iy, — L, . 770:=2148,6 KJlc/kr, 77;= 0.85.

Mo1HOCTh Hacoca KOHJEHcaTopa
N oo =GV (P =)/ 1 =86,4-0,001-130 -10° /0,75=1,5MBr.
TennoBo# MOTOK, MOJABOAUMBIN B IIEPBOM PEAKTOPE
O =G, (iy — i) = 889(1634,66- 1405,26)=203,94 MBr,

N2 ~ .
. Giiy + Gy,

. o/
rae iy =iy + 1yx,, Is= =

. o/ o/
sy =1 "‘ZH;[ =1, +

Gl + Gl'[l GHI
CyMMapHbIi TENI0BOM MOTOK
N._—-N__—N
D¢ dEeKTUBHBIN K.I1.JI. YCTAHOBKH n,= e —a PR 0,386; rue

0,

— H o
N ypr =Govs(po—py) / T]o; - ACHCTBUTENIbHAS MOIHOCTh HACOCA PEaKTOopA.
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Ecnu neperpes napa oTCyTCTBYET, TO Iociie TypOuHbI Bbicokoro nasienus (TBJI) nap nme-
€T 3HAYUTEIIbHYIO BIAXXHOCTb. I yqaneHus BJIard U3 mnapa ciry:kut cenaparop. Ilocie cenapa-
TOpa, Kak Moka3aHo Ha cxeme puc. 10.17a, MoxkeT ycTaHaBIMBATHCS IPOMEXKYTOUHBIN No0Tpe-
BaTenb napa. Hanuuume mojorpeBarenss CHUXKAET BIAXXKHOCTh B IOCJIEIHUX CTYNEHSAX TypOUHBI

T
Hu3koro nasnenus (THJL), 9To nonoXUTeNbHO CKa3plBaeTcs Ha 77 ;

>
MapocOOPHUK s
X ll
| TBA TH]L
cenaparop|
BJIaru TIPOMEXKYT.
y Y TOJI0rpeBa-
— il TEJIb 1apa
peaxTop 1t
reperpesa Y
mapa
‘V
KOHJICHCATOP

/

BOAOIIOAOTPEBATEIb

Puc. 10.17a

Ha puc.10.18 nokaszana ynpolueHHas TeroBas cxema ABYXKOHTypHOU ADC ¢ HEKUMSIIUM
peaktopoMm. B peakTope Bona HarpeBaeTcs Bcero Ha 25...30 rpaaycoB, pH 3TOM Ha BBIXOJE U3
peakTopa OHa OCTAaeTCs HEJOTPETOil 10 TemrepaTypbl HachllleHHs (mapooOpa3oBaHUE 37€Ch HE
nomyckaetcs). Ilocne peakropa ropsiuas Bojia IepBOro KOHTypa MOCTYMAeT B MaporeHeparop, B
KOTOPOM BOJIa BTOPOTO KOHTYpA, MOJIy4yasi TEIIOTY, BCKUIIAET, 00pasys nap, KOTOPbIN HalpaBiis-
eTcsl B MapoByI0 TypOUHY, 3aTeM B KOHJEHCATOp, HACOC U CHOBa B maporeHneparop. CooTHoIe-
HUE MEX]y CEeKYHIHBIMU MaccaMH BOJbI B MEPBOM M BTOPOM KOHTypax HaiJleM U3 TEIJIOBOTO
OanaHca, COCTaBJIEHHOTO JIJIs TApOreHepaTopa

G, (i, —i,)=G,iy—i,). (10.29)
MOIIHOCTH LUKJIA OIPEICTHM 110 GOopMYyJIe
N, =G, [(is - i4)_ V; (p6 —Ps )]_ le; (pz* — P ) ) (10.30)

TJe po+ - JABJICHHUE BOJbI HA BBIXOJIE U3 HAacoca nepBoro KoHtypa (cm. puc.10.19).
Ecmu x onpenenenuto KIIJ monxonuth Takke Kak B cllydae TEIUIOBBIX CXeM, paboTaro-
[IMX Ha OPraHUYECKOM TOIUTHBE, TO

go=two N (10.31)
o, Gl(ll_l2*)

TenioBble HUKIIBI T€OTEPMANIbHBIX 3IEKTPOCTAHIINH
Poct croumMocTu TOrUIMBa, UCTOIICHHE €r0 3aracoB, HEOOXOAMMOCTh 3allUThl U COXpa-
HEHUS OKpY’Kalollel cpeibl 3aCTaBIsIOT YEI0BEYECTBO 00Jiee Cephe3HO MOIXOUTh K OCBOCHHUIO
HETPaJUIIMOHHBIX BO300HOBIISIEMBIX HMCTOYHUKOB SHEPTUU: DHEPTUU COJHIIA, BETPA, TEIUIOTHI
3emnu. B Hacrosiiee BpeMs XOpOIIO H3Y4EHHBbIE T'eoTepMalbHBbIE PECypchl 3aHHMalOT Oolee
10% mnosepxuoctu 3emuin. CymMMapHasi MOILTHOCTb, BbIpaOaThiBaeMas TEINIOBBIMU Ie0TEpMallb-
HbiMU 3JiekTpocTaHuusMu (I'eoTOC) mupa B 1976 1. cocraBuna 1325 MBT, B 1979 1. - yxe
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2000 MBT, B 1983 r. BeipabatsiBaioch 3159 MBT anextpuueckoil snepruu. K 1990 r. ara undg-
pa nocturna 11,4 I'Bt. Ilpupoct momuoctu I'eoTOC ¢ 1985 mo 1990 r. cocraBun 12%. B
2000 r. mupe 3xcruryatupoBasiock 0onee 200 reorepManbHbIX CTaHIUMKA MoiHOCTRIO 17,2 I'BT.
OcoO0slii mporpecc AOCTUTHYT B Takux cTpaHax kak CIIIA u ®ununnusasl. Ha Oununnunax
2000 r. moctpoenst ['eoTOC mounoctsio 1,91 I'BT, a B CIHA — 2,23 T'Br.

4
HEKUTLAIIN Y
PEAKTOP 4
2*
KOHJICHCATOP
Hacoc 1
i Hacoc 2
Gy
6 @ 5
Puc. 10.18
T K p(Ty)
T | o  AT=T,- T>0
]E e |
1 2*
5 3
6
> 4
S
Puc. 10.19

VYpouieHHble CXeMbl IPE0OPa30BaHUS TEIIOTH 3EMIIN B AJIEKTPUYECKYIO SHEPTHUIO II0Ka3a-
Hbl Ha puc. 10.20 a,6,8,r. Ecnu reotepManbHblii HCTOYHUK MUMEET Hap HU3KOIO BJIAr0oCOAEpKa-
HUS NpU NPAKTUYECKOM OTCYTCTBMM B HEM COJIEH, TO HCIOJb3YyeTCS CXEMa, MOKa3aHHas Ha
puc.10.20a. Ilpu 3HaUMTENBHOM BJIArOCOAEPKAHUM TEPMAIbHOW CMecH Imepea TypOuHOU ycTa-
HaBiIMBalOT cenapartop Biaaru (puc.10.200) u B TypOMHY NOCTYHaeT CyXOM HacChILEHHBIN Hap.
Boga nocne cenaparopa, Kak IpaBUJIO, HAIPABIsAETCS B PACIIMPUTEND, I'/I€ BCKUIIAET, a 00pa3o-
BaBLIMIICS Map MOCTYNAeT B IPOMEKYTOUHBIE CTYIIEHH MapOBOW TYpOMHBI U COBEpPUIAET JOIOJ-
HUTENIbHYIO paboTy. [IpumeHeHue pacmupuTensl yBEIUYUBAET TEIJIOBYIO 3(P(PEKTUBHOCTb CXe-
Mbl. OiHaKoO Ipolecc Mapoodpa3oBaHus B paclivpuTene nporekaeT npu di=0, 4To NPUBOIUT K
3HAUUTENIBHON IIOTEPE SIKCEPIUH.
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Puc. 10.20 B,r

[Ipumenenue BMmecTO pacmmputeneil ruaponaposeix Typoun (I'TIT), paboraromux Ha
BCKMIIAIOIIKX MOTOKAaX, OCOOEHHO IPHU HU3KOW CTENEHU CyXOCTH TEPMalbHOW CMECH, CYLIECT-
BEHHO NoBbINIAaeT TenaoBylo 3ddextuBHocTh 'e0TOC. Ha puc.10.208B nokazana cxema I'eoTOC
¢ I'TIT. B nannoit cxeme I'TIT He Tonbko reHepupyer nap ais NpoMekyTouHbix cryneneit 11T,
HO U IPOU3BOJUT 3JIEKTPUUECKYIO SHEPIHIO.

ITIpod. B.A.bapmiioBudyem Oblin pa3pabOTaHbl OCHOBBI MHXEHEPHOTO METOAA pacuera MpoToY-
Hoit vactu I'TIT u B 1986 1. cozmana monens ['TIT momuocteio 100 kBT, koTOpast ycnemno

mpoluIa HcubiTanus, nokasas 77'.=0,42. Ucnons3osanue B ['TIT comeln ¢ maporesepu IUMU
ol

peleTkaMu, pa3paboTaHHbIX Ha Kadenpe “TeopeTHueckre OCHOBBI TEIJIOTEXHUKU IO3BOJIUT
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coszmasate ['TIT ¢ 7),=0,55...0,60, 9ro mpuBener k nanbHEHmeMy pocty 3¢ dekTuBHOCTH ['eo-

TOC (unes coznanus Takux comnen npuHayiexkuT npodeccopy JIIN B.A.3picuny). K nHacTos-
memy Bpemenu Ha kadpeape TOT CIIGIITY npod. B.A.bapunosuuem u non. FO.A.CMupHOBBIM
BBIINOJIHEH TEPMOJAMHAMUYECKUI aHAIU3 ¢ ONTUMHU3ALUEN [TapaMeTPOB OJJHOKOHTYPHBIX U JIBYX-
koHTYpHbIX ['e0TOC ¢ I'TIT.

J1st reoTepMaibHBIX HCTOYHUKOB C FOpsiYei TEPMAIBHON BOAOM, COJAEPKALEH 3HAUYUTEIIb-
HOE KOJMYECTBO PACTBOPEHHBIX COJIEM, UCIOJB3YIOTCS JBYXKOHTYpHbIe cxeMbl (puc.10.20r),
3¢ (PEKTUBHOCTh KOTOPBIX HMXKE, YEM OJIHOKOHTYPHBbIX.

PaccMoTpuM HIMPOKO MCHOIB3YEMYIO B T€OTEPMAIbHOM SHEPIETUKE CXEMY, IOKA3aHHYIO Ha
puc. 10.206. VYcraHoBka cocTout u3 cenaparopa Biaaru C, pacumpurens P, napoBoil TypOuHbI
IIT, xongencaropa K, nacoca xonaencaropa HK, nacoca 3akauku Boasl B miact H3 u snextpo-
reHepatopa OI'. TepmanbHas cMech U3 CKBaXHHBI C 3HTAJIbIUEH ijcy MOCTYNAET B cemaparop,
IZIe pa3JenseTcsl Ha HACBHIICHHYIO BOJY M CyXOH HACBHILICHHBIN nap. BoasHON map ¢ cexyHaHOU

o o .
maccoit G, =G, X, SHTaNbNUEN 1| IPH JABJIECHUM p| IOCTYIAET B TYpOHUHY, B KOTOPOM paciuy-

psetcst 10 py (Touka 2¢ Ha puc.10.21). B koHI1Ie pacuivpenus CTeNeHb CyXOCTH Mapa paBHa
i=0

puc. 10.21

Sy =S ’(pn )
S”(pll )_ s,(pll )
pacIIMpuUTENlb, T BCKHUITAET B mpoiecce apocceauposanus (1°-2r, di=0) u pa3mensercs Ha map ¢
SHTaJbIUEH i; A BOJy C DJHTaJblUEH lé Cyxoil HachIIEHHBIA Map € pacxoiaom

Xy, = . Hacwimennas Boza (touka 1°) ¢ pacxonom G, =G, (1—x,) moctynaer B

. . o 7
G,=G, (1—xl )xz,_ U DHTAIbIMEN I, MOCTYNAET U3 PACIIUPUTENS B MPOMEKYTOUHYIO CTYIIEHD

TypOMHBI, IJIE CMELIMBAETCSI C OCHOBHBIM ITOTOKOM I1apa B COCTOSIHUM 2f, B pe3yJibTaTe CMelle-
HUS COCTOSIHHME I1apa XapakTepU3yeTcsl TOUKOH 2¢M:

Dyen (Gm + an ) = GnliZt + ani;(pll ) = Gnl [i,(pll )+ r(pll )xzr]+

+ ani;(Pu )’
OTKyJa

— 'xl [i’(pll )+ r(pll )x2r]+ (1 - xl )'x2ri;,(p11 ) (10 32)
X+ (1= x)x,, ' '
HOHaFaH HpOL[eCC CMCIHICHUA O6paTI/IMBIM, 3HTpOHI/IIO S2em HaﬁHeM 1o (bOpMYHe

, r(p, )x,, ,
X S(p11)+(p(”)§ +(l_x1)x2rsz(p11)
s 11

2cem

(10.33)

P ™ X + (1 —X )'x2r

Tax kak npouecc AaJbHEHIIEr0 pacliupeHus napa B TypOuHe 2cM-3 npotekaeT npu ds=0, To
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LS,(IJK) (10.34)

BT -sp,)

DHTaJIBIHKS BIQKHOTO IMapa B TOYKE 3 paBHA
i, =i'(p)+r(p)x,. (10.35)
OObIuHO HaBIICHHE Py B KOHIAeHcaTopax TypouH ['eoTOC cocrasisiet0,16ap.
MotHOCTh TYpOHMHBI ONIpeACIIIeTCs epenagamMyu dHTAIBINNA U pacxoJaaMH MTOTOKOB Iapa Gnl u
Gn2
N, = Gnl (ilﬂ_ Iy )+ (Gnl + an lyew — I3 ) =

o o (1036)
= GCM [‘xl (ll - l2t )+ ('xl + (1 - xl )‘x2r )(lsz - l3 )]
CymmapHas notpebisemas HacocaMi MOLTHOCTh
NH = NHK +NH3 = GCM[(XI +(1_'x1)'x2r)v4(p5 _px)+v6(p7 _p6)]
MomHoCcTh LMK N,=N,—-N,.
(10.37)
JlaBneHue p;; B paclIMpUTesie ONPEIEsOT paCUeTHBIM ITyTEM U3 yCIOBUS
N, =N .
Tepmuueckuii KITJ] I'eoTOC
N N
== (10.38)
QI GCM (llCM l7 )
skceprerudeckuit KITJJ
N
n, = > (10.39)

Goulliron =10 ) =T, (510, = 5.)]
rae 71,.=283K - cpennerogoBas Temneparypa BOJIbl, i, = 42 kJxk/kr, s, = 0,1511 xJx/(xrK) -
SHTAJIBIMS U SHTPOIUS BOJBI IPU T,
OHTaNBIUA BOJbI B TOUKE 6:
i = (1= =265, )i =+ (o o+ (1= )y, Jis (10.40)
=i+ Ps _’ D4 '
Py
TemnepaTtypa Boabl, 3aKauMBacMON B IUIACT 7, JA0JKHA ObITh He Huxke 70C (mpu Oozee
HU3KUX TeMIIepaTypax MOPUCTOCTh IUIACTA, a CIEA0BATENbHO, U MPOU3BOAUTEIBHOCTh CKBAXKU-
Hbl C TEYEHHEM BpEMEHU OyIeT YMEHbLIATHCA M3-3a BBINAACHUA coledl) : t, = f (i7,p7),

=i +u. HaBnenue B miacrte pg = p,+ p,gh, rae h - riayOuHa 3aneraHus

6
IJ1acTa ¢ TePMaJIbHOM cMechio (BO0H).
Ecnu cuutath, 4TO TepMaibHas BOJa SBISICTCS BO30OHOBIISIEMBIM HCTOYHUKOM SHEPTHH,
TO 60JIee MPaBWIBHO onpenessaTh 3hdexkTuBHOCTH peanbHoil ['eoTOC no Gopmyme

Z NH;[,i
Myey =1————— N (10.41)

h

. o/
rae is =i, +|[

. [Y4
i, =i+

lH3

ra€ Nyy v Nyy - COOTBETCTBEHHO JIEUCTBHUTENIbHASI MOIIIHOCTD, MOTPE0IIieMasl HacocamMu, BCIIOMO-
raTeJIbHbIM 000pYyI0BaHUEM U ACHCTBUTENIbHAS MOIIHOCTHh TYpOMHBI. B 3TOM cnyuae TemioBas
ap¢pextuBHOCTh ['e0TOC Oyzer Bblllle BceX CYLIECTBYIOLIUX YCTAaHOBOK.
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Amnanus nukiaa PeHKMHA ¢ y4eTOM HEOOpaTHUMBIX OTEPh
SHTPOIMHUHBEIM M DKCEPreTUYECKUM METOIaMU
DHTPONUNHBIN U KCEPTETUUECKUI METO/IbI MO3BOJISIIOT OnpeaeisaTh 3p(HEKTUBHOCTD YHEP-
TETUYECKON YCTAaHOBKM C MO3WLIUM MEPBOTO U BTOPOTO 3aKOHOB TEPMOJMHAMUKH U BBISBIATH
AJIEMEHTHI, B KOTOPHIX TEPMOIMHAMUYECKHUE MOTEPU MAKCUMAIbHBI M KOTOpPHIE B CHUIIy 3TOTO
TpeOYIOT JalbHEHIIIErO COBEPILICHCTBOBAHUSI.

OHTPONUNHBIN MeTOoA
JUis TEpMOAMHAMUYECKON CHUCTEMBI MCTOYHHMK pabOThI - OKpyXkarollas cpela, COBEplIaro-
1Ie UACAIBHBIN IPOLIECC, MAKCUMAalIbHAs MOIIHOCTG LIMKJIA B MHTEpBasie TeMieparyp 1 ... T,

Lmax = QI [1 - ;.C j = Qlﬂrc 4 (1042)

rae 17,.- tepmudeckuii KIIJI obpatumoro nukna Kapno (daxrop Kapno). JleiicTBuTenbHYyIO

MOIIIHOCTh HalJieM 1o Gpopmyie

L =L, —AL (10.43)

np °
rie AL =T OcZAS . =D - mnoteps paboTOCIOCOOHOCTH TEPMOAMHAMUYECKOM cucTeMsl (10-
Teps SKCEPTHn).

C npyroit CTOpOHBI, JEHCTBUTEIBHYIO MOIIHOCTh MOXHO 3alucaTh 4Yepe3 aOCONIOTHBIN
s dexrusnbiii KITJ ycTaHOBKH

L =0m". (10.44)

[Ipupasnusas (10.43) u (10.44), nosyuum
ALy =0 =12)0; (10.45)

Beenem nonstre ko3¢ dunreHTa norepu paboTocrnocoOHOCTH

n. = A.an (10.46)

" Lmax

¥ K03QpuiueHTa OTHOCUTENbHONU paboTOCIOCOOHOCTH

Moo =1=11, (10.47)

Tenepp abcomoTHbIi > dextusnbiii KIIJ[ ycTaHOBKM MOXKHO BBIPAa3UTh 4€Pe3 Top U ;e JEHCT-
BUTEJBHO, NOACTaBIIAA 7p 13 (10.46) B (10.45) ¢ yuerom (10.42) u (10.47), momyunm

yer _

e nopntc . (1048)
O,Z[HaKO TaKkoM noJAxXo/J OLCHUBACT YCTAHOBKY B IICJIOM, HC JaBas BO3MOXHOCTHU BBIABUTH JJIC-
MCHT, I’JI€ UMECT MCCTO HauOOIbIIAs norepa pa60TOCHOC06HOCTI/I, IMO9TOMY PACCMOTPUM Kax-

neii arperat [ICY B oTnenbHOCTH.

[Taporenepatop. Beenem KIIJ] maporeneparopa
(ilo B i4u )Gn
Q/

rne Q"= HPB, - Tenora, BbIEIUBLIASCS IPU CTOPAHKMH TOILIMBA B TOIKE HEAILHOIO

M = ) (10.49)

naporeneparopa (7],.= 1), u KII/l napornposoaa
Mo =2 (10.50)
ST

Bripasum i) — iy, u3 (10.50) n moncrasum B (10.49):
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(il B i411 )Gn _ (ll B i411)Gn

= = . . 10.51
g, T HBa, (1020
Onpenenum pacxos TOIUIMBA
. . G
> B = (i=i.,)G, (10.52)
: nHFnHHH}]ID
L10.P10 1 . .
ITo onpenenenuro, q, = (il —i4ﬂ), a Q, =q,G,, Torna
T 7% QI = BTH:nnrnnn * (1053)
Haiinem norepro paboTocrocoOHOCTH Maporenepa-
;2 TOpa AanI’ 00yCIIOBJIEHHYIO HEOOpAaTUMBIM TEIIOO0OMe-
or HOM MEXIY TOITOYHBIMH ra3aMy U padOYuM TEIIOM
K A, = sy =5, 6.~ T (1050
A4 3 T,. AL, =T,AS,;. (10.55)
PaccmarpuBas notepro padotocnocobHoctu B I1IN 3a cuer
H notepu TemwioTs O B OKPYXKAIOILYIO CPELY, MOKHO Ha-
Puc. 10.20a frucath _
O =(1-7,,) 0", (10.56)
As = oL 0 (10.57)
arll Toc i 1ot :
: . T -
ALrlpII = T:JCASanI = 1 - ? Ql‘lOT . (1058)
Takum oOpa3oM, cymmapHas oreps paborocrnocoonoctu B [1I°
Aannr = AanI + AanII : (1059)
[TaponpoBoa. IToTepu B mapornposoae
Qno‘r.rm = (iIO - ll) Gn ’ (1060)
. 1 1) -
AS  =|———=— , 10.61
juisg (TOC THH jQHOT.HH ( )
— T,+T . : T ).
v Ty =0 Ay, =T,A8,, :(1_ = jQ (10.62)

TypOuna-reneparop.
Bripasum npupaiieHre SHTPOIUY Mapa B MPOLEcce paclIMpeHus B TypOuHE Yepe3 BHYTpEH-

Hui oTHOcHUTeNnbHBINA KITJ] 7]&- U UJeaNbHYI0 paboTy TYpOUHBI [; iy (cM. puc.10.23):

As, =20 (@)

i —i

1 2

Tak kak 1), =——"
L=hL

, TO

i) _izu = (il —1i, )7751' . (b)

3anuiieM pa3HOCTh izﬂ — I, B BUJIE
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C yuerom (b) nepenuuiem BolpaskeHue (c)

iZ,H - i2 = (ll - iz)_ (ll - i2 )7](;[1 = l’rml - l’rmngi = (1 - 77(; ) l’rml : (d)
IToncranss (d) B (a), ¢ y4eTOM CEKYHHOTO pacxoja mnapa Gn HOJIyYUM
(l - 77; ) lTHHGH

AS =~ o/ Truan 10.63
HT T2 ( )
T AL, . =T,AS,,. (10.64)
=1 1 MexaHU4ecKyro MOTepr0 paboTOCIIOCOOHOCTH B TYp-
OuHe onpenenum o Gopmyie
Aan.Mex = (ll - iZH )(1 - nMCX ) Gn = l’r mn;i (1 - nMCX ) Gn :
(10.65)
s anekTporeneparopa
ALHP.FCH = lTnnMex (1 - nreH ) Gn : (1066)
Konaencarop.
W3 ypaBHeHUs TenaoBoro OamaHca
¥ QII = EpXB (TBLIX - Toc )GXB = (iZLI - l;) Gn (1067)
;’i NS MOXHO ONpPEAEIUTh TEMIEPATypPy OXJIAXKIAOUIEN BO-
oc Ibl Ty,x HA BBIXOAE U3 KOHAEHcaTtopa. MI3MeHeHue 3H-
TPONIMHU CUCTEMBbI, OOYCIOBJICHHOE TEIIO0OMEHOM
Asy & T
[
Puc. 10.23
. P
* Gn > iZI( 1
TBLIX
GXB ’ TOC 4
n
% 4
I3
T 3 2 o
Puc. 10.24

Puc. 10.226

MEXAY OXJIaXKJAIOIIEH BOJON M KOHACHCUPYIOIIUMCS BIIAXKHBIM [1APOM, HAWIEM U3 BBIPAKCHUS

(cm. puc. 10.24 u 10.23)

o/

. . L i - .
AS, =AS, +AS, =c, G nim — 275G (10.68)
Toc T2
Ioteps paGotocriocobrocTH B Konaencatope AL, =T, AS,, .

Hacoc.
Jlis Hacoca MOYKHO HamucaTh:



136

ps, =i~ li=is) =G i) (a)
H.H T4_4;1 ’114_4’11

e YT4—4;1 :(T4+T4u)/2’HO Mo: = .l4_l? » OTKyJa

an b
iy, —iy =i, —i,) 1H : (b)
Toi
IToncrasnss (b) B (a) ¢ yueToM pacxoja napa GH , IOJIy4YuM
1 1 .
(i4—i3)( : —1} l( : —IJGH
AS, = Mo g A , (10.69)
T4—4;{ T4—4;{
AL, =T.AS,,. (10.70)
[ToTepst paboTOCTIOCOOHOCTH YCTAHOBKHU
AL, ... = Z AL, . (10.71)
DIIeKTPUUYECKYIO MOIITHOCTH (Ha KiieMMax reHeparopa) [ITY Haiinem o ¢popmyse
N,=L, -AL_ ... (10.72)

DKCcepreTuYecKnii METOI
[Taporenepatop. Ilotepro skceprun D wim moTepro padorocnocoOHocTr AL B Iapore-

TIp.nr
HEpaTope 3aluIleM KaK ajlreOpanvyecKyrd CyMMY MOTOKOB DKCEPIHH, BXOISAIIUX W BBIXOMISIIHUX
n3 [1I

Dy = Ay, = Ey +Ex,, ~ Ex, = (1 I j o+
+ Gn [(1'411 =i, )— T, (s411 -5, )]— Gn [(i10 —i, )_ T, (S10 s, )] , (10.73)

—p . . . .
Ex, o Tae Q'=B.H?; E, - IOTOK 3KCepruu TeIuioTsl ; EX, - MOTOK 3KCep-

I'MU OUTATEeIbHOU BOAbI, Bxoadmeun B 111 ; Exlo - MOTOK 3KCEpPruu

Ex napa, Berxozsiero u3 11
0 I Taponposox (cm. puc. 19.206). .

D, =AL_ =G, (ex,—ex,), (10.74)

i TIp. 1111

rne ex; = (i, —i, )T, (s, s, ) - yienpnas skceprus i-ro moToka.

Ex‘m Typ60reHepa"§0p.

D, =AL :('?H(ex1 —exzﬂ)—N

™ TIp.Tr

(10.75)

on ?
rac NM - MOITHOCTD JJICKTPUYICCKOI'O TOKA Ha KJIICMMaX 3JICKTPOTCHEpATOPA.
[Toreps motoka skceprun D, B TypOOreHepaTope YUHUTBHIBAET MOTEPIO0 IKCEPruu B TypOUHE 3a

CYeT BHYTPEHHEW HEoOpaTUMOCTH, B MOALIMIHHUKAX TypOoreHepaTopa (MEXaHUYECKUE MOTEPH)
U B CAMOM DJIEKTpOreHepaTope (3JIeKTpUUECKUe MOTEPH).

Konpencarop D =AL_ . =G, (eleI - ex3) . (10.76)
Hacoc. DH =AL_ = GH (ex3 +lal = ex4ﬂ) . (10.77)

Tp.H
HNanpneimmii pacuet d3pdexruBHocTr [ITY ocymiecTBisercs no Gpopmynam, MOJIyISHHBIM B 3H-
TPONUITHOM METO/IE.
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BoinonHenHble pacueTsl LMKiIa PEHKHMHA HAa OCHOBE 3HTPONMMHOIO MM 3KCEPreTHUUECKOTo
METO/Ia MOKa3bIBAIOT, YTO OCHOBHAs motepst padborocnocobHoctu (3kcepruu) B IITY nmeer me-
CTO B IIAPOr€HEpPATOpPE H3-3a 3HAUUTEIHbHON BHEIIHEH HEoOpaTUMOCTH, 00YCIOBIEHHON 00JIb-
IIMM TEMIIEpaTypHbIM HAallOpOM MEXJy TOINOYHBIMM ra3aMU W HarpeBaeMbIM pabO4yMM TEIOM

= = = — I —1
10 4
AT =T -T, . tne Ty, = 7;‘ Ha puc.10.25 npuBeneHa rarpaMma oToKOB SKCEPruu U
10 4n

IMOTOKOB IMOTEPU SKCCPIruu, AAr0lias HArIAAHOC MPEACTABICHUC O BCIMYNHAX MMOTCPh SKCCPrun

. T -
Ha MYTH TPEBPAIICHUS MMOTOKA SKCEPrUM TEIUOThl E, = 1—% Q" B DJIEKTPUYECKYIO MOIII-

HOCTB N,y

<
MOTOK YKCEPTHU KOHJEHCaTa,
noctymnatomiero B Hacoc (0,08 %)

N,,, 38 %

SARY)

f——— D, | Dy D, D. D,
49 % 0,7% 8% 4% 0,05 %

Puc. 10.25

[Ipu onpeneneHuu MOTEPh SKCEPTUU BO3MOXKEH W HECKOJIBKO MHOHM moxaxon [8]. Tak, mis
naporeHepaTopa MO>KHO HaIlMCaTh

D, =AL, . =Ex +Ex, + Ex, —(Ex, +Ex,),  (10.78)

Ex T Ex ,Ex,, Ex, , Ex,, Ex - COOTBETCTBEHHO IOTOKH JKCEPIMU TOILIM-

) Ba, BO3/lyXa, IUTATEIbHON BOJBI, IIapa Ha Bbixoae u3 I1I', yxoxsmux

ExT T razoB. Tak Kak TIOTOK 3Kceprud Bo3ayxa Ha Bxoge B III
— ; ; —C —

Exy Ex, =G,ex, =0, 10

—> D, = Aan.nr =Bex +Gex, — (GnexlO +G.ex, ) (10.79)

— B uHXeHEepHBIX pacueTax MOXXHO CUMTaTh, YTO IKCEPrUsl TOIJIMBA

Ex, ex; paBHA BBICIIEH TEIUIOTBOPHOU crocoOHocTH TommBa H), T.e.

= H? . Tax, nna Hedtu ex,;=43 MJIK/KT, a JUId OKUCIIEHUS] METaHa
T E kucinopogom CHy+20,=C0O,+2H,0 , ex;=51,9 MJx/xr.

Yn 3KcepreTquCKMH KIIJI maporeneparopa onpeneauM o
GII (ex10 ex4ﬂ) B D ot G ex,

| —— . (10.80)

OpMVIJIC = Z
Gopmyne 77, .. Bex, Bex.

Jns koHpeHcaTopa uMeeM
D, = AL, = Ex, + Ex, - (Ex, + Bx, )=

= G'HeleI + stexm - (Gnex3 + G.XBexXBII ) (10.81)

JlnarpamMMa moTOKoB 3kcepruu B I' TY




138
B cBs3u ¢ Ttem, uto B I'TY 3HaunTenbHast 4acTb MOLHOCTU TYpOHUHBI pacXOAyeTcsl Ha Mpu-
BOJI KOMIIpECCOpa, AuarpaMma MOTOKOB 3Kkcepruud B I'TY CyllleCTBEHHO OTJIMYAETCS OT JHa-
rpaMMBbl TOTOKOB dKcepruu B IITVY.
D yx.r

30%

s, |
Ex,
K

; ’ 100 %
EX3 EXXBH 7

TypOuHa

80 % Noy 19%
28%

=)

Ex. 25% 4% ) .
Xg D
< KC

Ny
D,
| =y
ExXBI
Puc. 10.26
U3 puc.10.26 BugHO, YTO B KaMepy CrOpaHHsi BXOJUT MOTOK IKCEPTHH, COCTOAIINNA U3 TOTOKOB

Kamepa cropaHus

9KCEpruM TOIUIMBA U BO3JyXa Mocie koMmmpeccopa Ex = Ex_+ Ex, u cocraBiser okoyo 125%
110 oTHOMmeHNO K FX . JItst KaMephl CropaHusi MOXKHO HAIMCATh
D =Ex,+Ex —Ex =G,ex, +Bex, —G.ex, . (10.82)

N3 nuarpammsel BugHO, yTo B KC mMeer mMecTo 3HauuTenbHas moTeps skcepruu. [lepenumem
(10.82) B BUzE

Grexr - (';BexB = l.fTexT - D](c . (a)
Paznenus (a) Ha B 1 €X., onpenenum skceprerudeckuid KIT/[ xameps cropanus
. o b
Poe = x5 =G g D (10.83)
' B ex, B ex,

N3 (10.83) ciemyer, uTo 4eM BhIIIE TeMIlepaTypa raza Ha Beixoze u3 KC, Tem Oonbline skcepre-
tuueckuit KITJI, a cnenoBarensHo, Menslle noteps D, .. B TypOuHy BXOOUT ©OTOK rasa,

umerounit 80% nortoka 3xcepruu Tormaa. g TypOMHbBI MOXHO HanucaTh

D,,+D,=Ex, —(N,+N,), (10.84)

oTKyna HaiiaeM skcepreruaeckuii KITJ[ TypOuHbI B BUIE

+ D o T DT
Nexx = Na”- N, =1-—" . (10.85)
' Ex. Ex.
Oxceprernueckuit KI1/] yctanoBkH onpenenum 1no popmyie
N

ex.ycT = ‘ (1086)

Texy B ex,

Hust mpocreiimmx I'TY 7, =0.2..0.25.

11. MeTtoan! HenocpeacTBEHHOT0 NPe0GPa30BAHMS JHEPTHH
MarHuToruApoAMHaMUYecKHil TeHepaTop Ha ra30BoM pabodeM Tene
Brarosapsi IOCTUKEHUAM HAyKH B 0OIACTH BBICOKMX TEMIIEPATyp, CO3AIOTCS OJ1arompusr-
HbIE YCIIOBHS [ pa3pabOTKH SHEPreTUYECKUX YCTaHOBOK HEMOCPEACTBEHHOTO MPeodpa3oBaHus
TENNOTHI B 3JIEKTPUUECcKyI0 dHepruio. Takue yCTaHOBKM Ha3bIBAIOTCA MArHMTOIUIPOAMHAMUYE-
ckumu reneparopamu (MIJI-reneparopamu). IIpunnun paGoThl reHepaTopa OCHOBAH HA TOM,
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YTO NP MEPECCUCHUH MOHU3MPOBAHHOMW IIa3MOM (T.e. Ta30M, COJAEPKAIIUM CBOOOIHBIC DJICK-
TPOHBI) MarHUTHOTO MoJIA o0Opasyercs anekTpoasmxkymas cuwia (JC). C poctom TemnepaTypsl
ra3a pacTeT CTENEHb €ro MOHU3ALMK, OJHAKO YTOOBl MOHM3MPOBAHHAs IIa3Ma MOIJIa ObITh UC-
I10JIb30BaHA B KauecTBE pabodyero Tena, ee Temneparypa aosmkHa Obith okosio 3000...4000C, Ta-
Kas IJ1a3Ma Ha3blBaeTCsl HU3KoTeMieparypHoil. IIpu Gosee BbICOKHX TeMmmepaTypax HaUMHAETCS
pacmaj siep aTOMOB, a IJIa3Ma Kilaccu(UUUpyeTcss Kak BbICOKOTeMIleparypHas. Peanmzanus
MI'/I-reneparopoB ¢ Temneparypoi mia3Mmel Bbiie 3000C B HacTosiee BpeMsi HEBO3MOXKHaA,
MO3TOMY HCIONB3YIOT Mmiasmy ¢ temmeparypoit 2500...2800C, nobaBisisi B HEe € LIENbIO MOBBI-
IIEHUs] CTENIEHU MOHU3ALMK N1aphl MIEJTOYHBIX METAJIJIOB (Kalus, Le3us).

MI'JI-renepatopsl, Kak MIpaBWIO, COEAUHSIIOT C MapoTypOMHHON ycTaHOBKOM (puc.11.1),
YTO MO3BOJIIET IOJIyYUTh KOMOMHMPOBAaHHYIO YCTAHOBKY BBICOKOW 3¢ dexTuBHOCTU

(72" = 50%).

PaccmorpuMm mporuiecchl, MpoTeKkarwomue B KOMOMHHUpOBaHHOW yctaHoBke ¢ MI'JI-
TFEeHEPATOPOM:
1-2, ds=0 - noBblllIEHHE aBJIEHUS B KOMIIPECCOPE, KOTOPBI NMPUBOAUTCA BO BPALICHHUE 3JIEK-

TpudeckuM jBHTaTeNeM JI, MOITHOCTS, IoTpebnsemas kommpeccopoM N, =G, (i, —i,);
2-5, dp=0 - mporuecc HarpeBa Bo3Ayxa B TEINIOOOMEHHOM aIllapaTe 3a CUEeT OXJIAKIEHUS ra30oB
(4-6), ypaBHeHue TeroBoro 6ananca B TA umeer Bua G, (i5 -1, )= G, (i4 - i6) ;

5-3, dp=0 - nmonBoj TernoTH K pabodyemy Teny B KC 3a cueT cropaHus TOIUINBA;

3-4, ds=0 - pacimmpeHue mia3Mbl B pa3roHHOM COILIE JI0 JABJICHUS OKpYKalolle cpenbl (B uie-
2 2

cp—C5

. R oK . .
alpHOM Hukiae). B aguabartuueckom comne di*=0, wm i; =i,, OTKynaa =i, —i,. B ka-

Han MI'/I-reneparopa BxoauT miazMa c temneparypoir okoso 2000C u ckopoctbio ¢y = 1000
M/c, TAe KMHETUYEeCKas 3HEprus Ijia3Mbl NpeBpamaercs B annekTpuueckyro. ius MI'Jl-kanana

*

ok [E3
MOXKHO Hamucarb i, —l, —q,, =i, T g, - OTBOANMAs TEIUIOTA OT CTEHOK KaHala C LeJIbI0
oxnaxaenus. Ho iy =i,, Torma ynempHas MJeanbHas  dJeKTpudeckas  pabora

2 2
c;—c¢
o . 3 4
L, =iy—i, + B q,., - Ecin Ha Beixone m3 xanana MI'JI-remepaTopa CKOPOCTb ILIAa3MBI Cy

31

paBHA CKOPOCTHU Ha BXOJE B Pa3srOHHOE COIIO ¢3,a ¢, =0, T0 [ =i,—i, (cM.puc.11.1);

4-6, dp=0 - mpouecc oxnaxaeHus ra3oB B TA;

6-7, dp=0 - oxnaxzaenue razoB B mnaporeHeparope III', u3 ypaBHeHus TemiaoBoro OasaHca
G, (i6 -1, )= G, (i8 - in) HaxoIAT COOTHOLIEHUE MEXAY CEKyHIHBIMU MacCaMU TEIJIOHOCUTENIEH,
LUPKYJIUPYIOIIUMHU B KOHTYPAX;

11-8, dp=0 - nponecc nonsoaa Ternotsl B I1I" k Boe;

8-9, ds=0 - pacmupenue napa B ujeaibHOI MapoBoOil TypOUHE;

9-10, dp=0 - xoHeHCcalKs apa B KOHJACHCATOPE.

10-11, ds=0 - noBplIeHHE JaBJIECHHA B MECAIBLHOM HACcOCE [ = — (ill iy )

MOH_[HOCTI) naACaJIbHOIoO NUKJiIa KOM6I/IHI/Ip0BaHHOI71 YCTaHOBKH
Nu = Gr[(i3 - i4)_ (iz _i1)]+ Gn[(iS _i9)_ (in _iw)]' (11.1)

TlonBeneHHEBIN B IIMKJIE IOTOK TEMJIOTHI

0, =B.H'=G.i,—(G,i;+B,i, +G, . ). (11.2)
TennoBol MOTOK OTJaBAaE€MbIl OKPYXKAIOUIEH Cpee
0, =G. (i, —i,)+ G, (iy —iy,). (11.3)

Tepmuueckuit KIIJ[ ycranoBku
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g o=t (11.4)

Puc.11.1

Hukn MI'/I-reneparopa ¢ )KUIKOMETAIINYECKUM paboYuM TEI0M

Kunkomeramnuyeckne MI'Jl-yCTaHOBKH MOT'YT HaWTH NPUMEHEHUE B KOCMMYECKHUX all-
naparax, rje B KayeCcTBe MCTOYHMKA TEIUIOThl UCIOJB3YeTCs siiepHbli peakTop (puc.11.2). Ta-
KM€ YCTAaHOBKHM B CBSI3U C OOJIBILON IJIOTHOCTBIO pabodero Tena (IpUMEHSIETCS, KaK MpPaBUIIo,
cMech MeTallioB, coctosdmas u3 Na u K) Moryr reHepupoBarh 3HAUMTEIbHYIO 3JIEKTPUUECKYIO
MOIIIHOCTb Ha €AMHUILY 00beMa. K pasronnomy conny PC nmoaBoauTcs ropsiuas xuakas Me-
Tajndeckas cmech (25% Hatpus u 75% xanus), HeoTrpeTast 10 TEMIIEPATypbl HACHIIIEHUS Ha
HECKOJIBKO I'paaycoB. B mponecce pacliupeHus cMech BCKHIIACT, IPEBPALIAsCh B BBICOKOBIIAXK-
HBIH nap ¢ O0NbIION KMHETHYECKON 3Hepruei. Jlajgee mMoTok mapa nocTymnaer B KaMepy cMellle-
Hus KC, Kyaa Takke oJaeTcsl X0JIOAHAs KUAKas METAJUIMUECKas CMECh U3 XOJIOAUJIbHUKA. B
pe3yJIbTaTe CMEUICHUSI YBEJIMYUBACTCSA CTEIEHb BIAXKHOCTU IOTOKA, YTO MOJIOKUTEIBHO CKA3bI-
BaeTcs Ha pabore MI'Jl-reneparopa, ogako B KC nMeer MecTo 3HauuTeNbHAs OTEPS] KUHETH-
YECKOM HYHEPIHM IOTOKA, NPONOPLUUOHAIbHAS KBAAPATy Pa3HOCTH CKOPOCTEH CMELINUBAIOIIMXCS
IIOTOKOB. YJIapHble IMOTEPU NPUBOJAT K CHIKEHHUIO 3(PQPEKTUBHOCTH ycTaHOBKU. B MI'JI-
reHepaTope UMEET MECTO IPe0Opa30BaHNEe KNHETUUECKOW SHEPruu B AleKTpudeckyro. B nuddy-
30pe IPOUCXOAUT IPOLECC BOCCTaHOBIEHUs AasieHus. Ilocine nudgysopa oaHa yacTh NOTOKA

MOCTYIIACT B PEAKTOP, TAie MomydaeT Temioty (), a apyras - B XOJOAWIBHHUK, II¢ OKPYKArOIIei

cpexne otmaercst rerwora Q.

| O .
G,
Peaxrop <
Huddysop
1 2 4 5
PC ”KKC — MI' I+
6 7 _
G
XOJII-K |« "
|
'Oy

Puc. 11.2
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MomHOCTh HHMKIAa TaKOM YCTaHOBKH MOKHO OIPEICIUTH Mo popmyie

Nan:Ql_Qn- (115)
AoGcomoTHbI 3¢ dexktuBubiil KIT/] peanbHON yCTaHOBKH HAWEM U3 BBIPAKCHUS
e = o 29 (11.6)
0, Q,
N3 paccmoTpenus npoueccos B i-s nuarpamme (puc.11.3) cienyer, uro
0, =Glii -i5). (11.7)
0, =Gylis -iz). (11.8)
N, =i -5)6, +6,), (11.9)
. Lk + ok
rae i, = M; u= @— KOA(DPUITMEHT WHKEKITUH.
1+u G,
*
. b pr* =ps* = pe*
! K
P3= D
1%
i*cmzi*3
R i3* - iS* = lLl
6* > X3 :
2 A
7 3
7
S
Puc. 11.3

s Toro 4ToObl MOHATH cMbIch (opmyisl (11.9), MpIcieHHO MOMeHsieM MecTaMH u(-
dy3op u MI'/I-kaHain, Toraa mocie Kamepbl CMEIICHHs MOTOK MOCTynuT He B kaHan MIJI-
reHeparopa, a B 1uddy3op, rie AaBIeHUE MOTOKA YBEIUUUTCS OT p3 10 p3* (cm. puc.11.3). B ka-
Haje MI'JI- renepaTopa nociie cpadbarbiBaHus SHTAIBIHHU ToyduM (11.9).

DIIEKTPUUYECKYIO MOIITHOCTh YCTAHOBKH 3aIIUIIEM KaK
Ny, =Nyl (11.10)

A€ 7 ren - KIIJL MI'JI-renepatopa.
Pacuersr mokassiBatoT, uto 77" =2..3% , MO3TOMY Takue YCTaHOBKH LeIeco00pa3HO

CO3/1aBaTh JIMIIb JJIS CIEIUaIbHOr0 Ha3HaueHus. [IpumMeHenne HaTpusi B KaueCTBE KOMITIOHEHTA
cMecu TpeOyeT aOCOMIOTHOW TePMETHYHOCTH KOHCTPYKIHMH. JIOCTOMHCTBOM PacCMOTPEHHOM yC-
TaHOBKHM MOXHO CUHUTATh OTHOCUTEJIbHYIO MPOCTOTY KOHCTPYKIIMU M OTCYTCTBHE BpallalOIINXCs
qJacTeu.

LK TepMO3IEKTPUYECKOr0 TeHeparopa
B 1821 r. nemenkuit ¢usuk T. 3eebexk yCTaHOBWII, YTO MPH IMOMEIIEHUU CIAEB JBYX
TEPMOAJIEKTPOIOB C Pa3IMYAIOUUMUCS (U3HUECKUMU CBOMCTBAMH B CpeZbl C Pa3HBIMU TEMIIe-
paTypaMu BO3HHKAET TEPMO-3.1.C., UYTO MPUBOAUT K MOSIBICHUIO DJIEKTPUYECKOrO TOKA MpPH 3a-
MBIKaHUU 1IN Ha BHEIIHIOK HArpy3Ky cornpoTusiieHrneM R (puc.11.4). Mexny Temnepatrypoit u
TEPMO-3.11.C. UMEET MECTO CBS3b

dE=adT , (11.11)
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rae o - TepModiekTpuueckuil koapduunent. Murerpupys (11.11) npu o = const, noayyum 3a-
BUCUMOCTbH 3.11.C. OT IIepernaja TEMIIEpaTyp MEXy 3IEKTpoAaMHU

AE=E -E,=alT,-T,). (11.12)
DddekT 3eedeka MHUPOKO UCIOIB3YETCS B U3MEPUTEIBHON TEXHUKE MPU OMPEACIICHUHN TeMIIe-
patypsl Ten u cpel. Ha aTrom npuHnune paboTarT U MOJIYyIPOBOIHUKOBBIE TEPMOIIEKTPUUECKUE
TrEHEpPaTOpPBI.
B 1934 r. ¢pannysckuit pusuk XK.IlenpThe 0O0HapyX M, YTO NpPU MPOIYCKAHUU YEPE3 TEPMO-
JIEKTPO/IbI AIEKTPUUYECKOT0 TOKA OT BHEIIHErO0 UCTOYHMKA OJIMH U3 CHAEB BHLACIAET TEIUIOTY, a
npyroit — nornomaer (3¢ ekt Ilenbrhe). bbulo ycTaHOBIIEHO, UTO NOTOKU BBIJEIMBIIEHCS U IO-

TJIOIIEHHON TEIIOThI (TCHHOTH IlensThE QH) IpsAMO IPOINOPpHHUOHAIIbHBI BEJIMYUHEC IMPOTCKAIO-

mIero BHCKTpI/I‘IeCKOFO TOKa I, T.C.
0,=111, (11.13)

rae I1 =oT — kosddunuent [lenpThe, KOTOPBIH OAHO3HAYHO CBS3aH C TEPMOIIEKTPHUUECKUM KO-
3¢ puLMeHTOM U TeMIlepaTypoil 3JIeKTpoa.

[Ipu 3aMKHYTOM 3JIEKTPUYECKOM LIENMU TOPAYNI clal MOTJIOMIAET OT TOPSAYEro HCTOYHUKA
¢ Temnepatrypoi 71 MOTOK TENIO0ThI

0. =all, (11.14)
a XOHOHHbIﬁ BBIACIIACT U IICPEAACT XOJIOAHOMY UCTOUYHUKY C TeMnepaTypoﬁ T2 ITIOTOK TCIIJIOTHI
0, =al, 1. (11.15)

MouiHOCTh M€aNbHOrO IUKJIA HaJAeM KaK Pa3HOCTh MEXIY BbIICIMBIICHCS U MOIJIOIIEHHON
TEIUIOTON

N,=0,-0,=al;-T,). (11.16)
[ToTok TerioThl, 0OTOMpaEMBblil pealbHON YCTAHOBKOM, 3allMCBIBAETCS C YUYETOM IIEpETOKa TEIIIO-

TBI OT TOPSAYETO K XOJOJHOMY CHAK0 IO 3JIEKTPOAaM IIyTeM TEIUIONPOBOMHOCTU MU J[3KOYJIEBBIX
OTEPH

0,=0,+0,~ O (117

Ccliamu
Wl T,>T,

Y

Puc.11.4



143
rae Q, = XTIFIJF/L;F” (
1 11

TCILJIOIPOBOJHOCTBIO, F — nnomans MOTICPCUHOI'0 CCUCHUS TCPMOIJICKTPO/I4a, [ - JJIMHA TCPMO-

T, - Tz) - TEIUIOBOM IIOTOK, IIEPEJaBaeMbIi 110 IBYM TEPMO3JIEKTPOIaM

snekrpona; Oy, =1 *r - notok JI)0ysIeBOii TEMNOTHI; 7 — 3IEKTPUIECKOE CONMPOTUBIEHHUE dIIEK-

TpooB. II0TOK TEIIOTHI, NepeaBaeMbIil XOJIOAHOMY HCTOYHUKY

) ) ) 1 -
Q2=QZH+Q1+5QM. (11.18)
Boruuras (11.18) u3 (11.17), mosydum eHCTBUTENBHYIO MOIITHOCTD ITUKJIA
N, =DIR=al(l,~T,)- Oy, (11.19)

rze R — 31eKTpuueckoe CONpOTUBIEHNE BHELTHETO NOTPEOUTENS SIIEKTPOIHEPTUH.
TennoByto 3¢ (heKTUBHOCTb TEPMOINEKTPUUECKOT0 FEHEPATOpa OMPEISIIUM U3 BhIPAKCHUS
N, I’R
n= 0 - 1.
! an + Qﬂ. - 5 QI[)K

(11.20)

Jlist uneanvuoit ycranosku (Q, =0y, =0) tepmuueckuii KIIJI paBen tepmuueckomy

KII/ unkna Kapno:
g =2 @ N7 T (11.21)
an 711 71
Ecnu KIIJ 3anucats B BUjie
a(T -T,)-C
r,-1.) Qﬂ"‘, (11.22)

. . 1 -
an + Q/l A Q[l)]c
2
TO MOXHO 3aKJIKYHNUTH, UTO 77 TEM BBIIIIC, YEM OoJibliIe Q, I, AT ¥ yeM MeHBbIIIE Ql u Qﬂ* . boib-

wue 3Hayenuss O, u Q. 'y COBPEMEHHbIX YCTAHOBOK HE TO3BOJISIIOT UMeTh Bbicokuil KIIJI (ou

coctaBisieT Benuuuny nopsiaka 1,2...1,5%). Onnako ecTb HaAeXa, YTO MPUMEHEHHUE BBICOKO-
TEMIEPATYPHBIX TEPMOIJIEKTPOJOB HA OCHOBE OOPHUIOB U KapOMI0B 1aCT BOZMOXHOCTb B Oyay-
meM nostyuuts 77=15...20%.

TonAMBHBIN 3JIEMEHT

TonnusHble 31eMeHThl (TD) nmpenHa3HaueHb! I MOJIyYEHUS JIEKTPUUYECKOW IHEPruu
nyreM okucieHus tominsa. Eme B 1839 r. anrnuiickum yuensim Y. I'poyBom (W. Grove) Obu1
CO3/1aH BOJIOPOJHO-KUCIIOPOJHBIA TOIUIMBHBIN 31eMeHT. OJIHAKO M3-3a €r0 HU3KOM 3P QeKTuB-
HOCTHU (TI0JIydaeMbIil TOK HE IpPEBBILIAN COTHIX JOJIEH aMmIiepa) J0Jroe BpeMsl 3TO HallpaBJIEHHE
peoOpa3oBaHus SHEPTUHU CUNTAIOCH OE€CIIEPCIIEKTUBHBIM.

C pa3BuTHEM KOCMOHABTUKH BCTajl BOIIPOC O CO3JAAHMU HAAEKHBIX OOPTOBBIX HCTOUHU-
KOB 3JIeKTpuyeckoil sHepruu. COBpEMEHHbBIE TOIUIMBHBIE 3JIEMEHTHI 110 CBOMM MacCOBO-
HHEPreTUUECKUM XapaKTEPUCTHUKAM IPEBOCXOJAT CEpeOPSIHO-IIMHKOBBIE U COJHEYHbIE OaTapeu.
Ha xocMuueckom kopabiie «ANNOJOH» HMCIONb30BAINCH TPU TOIUIMBHBIX 3JIEMEHTAa BBICOTOMN
1,12 m, muamerpom 0,5 m 1 maccoit 110 kr. Ouu umenu KIIJ 70%. Hegocratkom TD siBnsiercs
BBICOKAsl CTOUMOCTb, TaK Kak JJi MOJAEPKaHUS XUMHUUYECKON peakiuu MPUMEHSIOTCS KaTajlu-
3aTOPbI U3 IUIATHHBI.

PaccmoTpuM nponeccsl, NpoTeKarouIie B TOIUIMBHOM 3JIEMEHTE
(cm. puc. 11.5).




144

R
_ %—:}—% . l'a3000pa3Hble KHUCIOPOI W BOJOPOA TOJ
| 1 JABJICHUEM 4Yepe3 IOPHUCTHIC IIIATHHOBKIC

_ el ks [ - 3IEKTPOJIbI MOCTYNAIOT B PAacTBOP LIEIOYU
H ©£%| omexTposr |..C. o B v
= 5 xoH | [l = 9™ KOH. ATomsr KUCJIOpOA “‘3aXBATHIBAIOT
e o ANIEKTPOHBI C IOBEPXHOCTU OKUCIUTEIBHOTO
H [ son e )
o, aJeKTposia (KaToaa) U MpeBpaIlaoTcs B OT
e Cler pUIaTEeNbHBIC HOHBI
- e 1 B B
H0 |0 —0,+H,0+2¢” =20H", (a)
aHoJ RS N KaToJ 2
KOTOPBIE MEPEMEIIAIOTCS OT KaToAa K aHOLy
ﬂ yepe3 dIEKTpouT. Ha TOmIMBHOM 3I€KTpO-
H0 ne (anone) nonsl OH 3axBaThIBalOTCS BOJO-
Puc. 1115 ponoM (IPOUCXOAUT MPOLECC OKUCICHUS
BOJZIOpO/IA)
H, +20H =2H,0+2e". (b)
CxunanpiBas () u (b), MOJY4YUM peaKlMIO0 OKUCIEHUS BOJAOpOAa
1
H2+502 =H,0. (c)
Hcnonb3ys ypaBuenue ['u66ca-I'enpmromnbia
od
[=D+TS=D-T (bopmyia 7.6)
oT
p
JUISL IBYX COCTOSIHUII Mpoliecca, MOKHO HaIlucaTh
0AD
AD =Al + T( . (d)
p
MaxkcumanbHasi yaenbHas paboTa MO MEPEeHOCY AJIEKTPUYECKOro 3apsiia paBHA yOBLIU
u306apHO-M30TepMUIECKOro  motenmmana Lo p= —AD, uwo ¢ gpyroii cTOpOHSI,
k
Lmax p= n® E ., toraga BMecTo (a) moaydyum
oE Al
E= T( - (e)
o ), nd

rae £ — aneKTpoABMKYILAs CHJIa TOIUIMBHOIO 3JIEMEHTa, B; n - BaJieHTHOCTh; D* =96487-10°
(AMniep-cex)/kMouib — nnoctossHHasg Papajes.

Jliig peakuuu oKHMCIIeHUs Bojopoza rnpu remmneparype 7= 298 K

ADygg=—-238- 10° KJK/KMOIb, Alygg= —286- 10° KJIK/KMOJIb

(31ech, HECMOTpS Ha 3arjaBHbIE OYKBbI, BCE BEJIMUYUHBI OTHECEHBI K OJHOMY KHUJIOMOJIIO, KpOME

TP
O,N,H B.H, » W3MCDACMBIX B kB1).

U3 (d) cnenyer

(aACDj = AP-Al =161 xJx/(kmoab-K).
or ), T

3k
Tak xak AP=-L . p= —n® E, 10 ypaaenne I'nb66ca-I'enbMronbia MOKeT ObITH 3aIlu-

caHo B JIBYX BuJax — B opme (d) u B hopme
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A(I)zAI—n(ID*T[an :

or ),

OTKyI[a HO.HYLH/IM
(an _ 1*(“‘1’) __ 01 834.10°BK.
or) ~nd \ 9T ) 964872

[ToxcraBnss moaydeHHblE 3HauY€HUs B (€), OMPENEIUM MakcuMalbHylo Benuuuny DJC
TOIUIMBHOTO 3JIEMEHTA

3
g= 286100 5o¢ 0834107 =1.23B.
964872

s
MakcumanbHas neanbHas paboTa 1o IepeHocy MeKTpuueckoro 3apana NP  pasna
s
L ax =n® E =-237,4 M]I:/xMo1b.

VYMHOXag L, Ha IOTOK MoJiel moaseaeHHoro Tomiusa (Hy)

n= p KMOJTB/C,
RyT
MOJlyYUM MAaKCHUMAaJIbHYI0 MOUIHOCTh, Pa3BHUBAaEMYIO0 TOIUIUBHBIM 3jeMeHTOM. Jlig ciydas
V =0,01m/c, p=10° MIla, T=298 K 6ynem umers N o = Lo -1 =949kBT.
[ToTox MoJel mpopearupoBaBIIEro TOTUTMBA OOBIYHO COCTaBIsAeT okoyio 90% oT monBe-
nen”oro, torna N =09N_ =854xkBr.

m

[TonyyeHHBIN pe3ysbTaT MOKa3bIBAET, YTO TD MOryT pa3BUBATh 3HAYMTEIbHBIE MOIIHO-
CTH.

U3 nepBoro 3akoHa TEPMOJAMHAMUKHE MOKHO ONPENETUTh TEIIOBON MOTOK (), KOTOPBIH

HEOOXO0AUMO OTBOIUTH OT TO:
Hi, =09nHg, =Q+N,orkyna
0=09-4-10"2859-10° —85,4 =17,5xBr,
rae HE, - BbICIIAs TEMJIOTA CrOPaHHUs BOJOPO/A.
Otmerum, uto oTHOmIEHUE L / Hgy, =083 cBUACTENBCTBYET O BBICOKOH CTeNeEHH mpeodpa-

30BaHU BBICIIEH TEIUIOTHI CTOPAHHsI BOJAOPOAA B HICAIBHYIO JIEKTPHUECKYIO padoTy.

Peanbupie TO B cuity HEOOpAaTUMOCTH MPOTEKAIOIINX MPOLECCOB UMEIOT O0jiee HU3KYIO
3¢ (HEeKTHBHOCTS.

Ha puc. 11.6 npezncrasieHa BOJbT-aMIIEpHasl XapaKTEPUCTHKA peanbHoro TO — 3aBucH-
MOCTb HAIIPSDKEHMS Ha KJIEMMax OT IUIOTHOCTH TOKa, rae F' — miomane anektpoaos. Kak BugHo,
C POCTOM BHEUTHEH HArpy3kH (TOKa B IIEMH) MPOUCXOIUT MaJIeHNE HAMIPSKEHUs Ha KiieMMax TO.

MOXHO NpEnNnoNokXUTh, YTO COBEPLUIEHCTBOBAHUE INPOLIECCOB B TOIJIMBHBIX 3JIEMEHTAX
MO3BOJIMT UM B OyIyIIeM 3aHATH JJOCTOWHOE MECTO B KauecTBe Mpeodpa3oBarTenell SJHepruu TOI-
JIMBA B 3JIEKTPUUECKYIO - SHEPTHUIO BBICIIErO KauecTBa (3KCEPTHUIO).

Bonee monpobuyto nadopmaruio o TO 1 ux npuMeHeHNH MOKHO HaiTH B [35].
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U, B UspE
1,0
\
0.5
0
0,2 0,6 1,0 I/F, Afer?
Puc. 11.6

12. {ukabI X010AWIBHBIX MAIIIMH U TEIJIOBBIX HACOCOB,
OJKMKeHHe I'a30B

XONMoauIIbHBIE MalIMHBI paOOTal0T Ha OCHOBE TaK Ha3bIBAEMBIX OOpATHBIX ILIMKIIOB, B
KOTOPBIX MPOLIECC PACILIUPEHUS B p-V AMArpaMMe JIS)KUT HUXKE IIpoLecca CKaTus. X0J0AUIbHbIE
MamuHbl (XM) cimykaT Uil CO3aHus U NoAJepkKaHus B xonoauibHo kamepe (XK) Ttemnepa-
Typbl HWJKE TEMIIEpAaTypbl OKpyXkarolmen cpensl. 11o nmpuHnuny neicTBrs pa3iandaroT BO3AYLI-
HbI€, NTAPOKOMIIPECCUOHHBIE, TapOIKEKTOpHbIe U abcopOunonnsie XM. B kauectBe pabouero
Tena B XM (KpoMe BO3AYIIHBIX) HCIOJB3YIOTCS HU3KOKHUIsIME >xkuakoctu: ammuak (NHs),
dpeon-12 (CCLF,), dpeon-13 (CCIF;), ppeon-14 (CF,), bpeon-22 (CHCIF,) u 1.n. Kaxasiii u3
NIEPEYUCIIEHHBIX XJ1aJ0ar€HTOB UMEET CBOIO TEMIIEPATYPY KUIIEHUS IIPU JaHHOM JaBiIeHHUU. Tak,
npu gasnenun p=0,1 Mlla tremneparypa kunenus NH; pasna -34C, ¢ppeona-12 -30C, ¢ppeona-14
-128C, uro u ompenenseT UX MPUMEHEHHE B 3aBUCHMOCTH OT TpeOyeMmoii Temnepatypsl B XK.
OpnHako He Bce HM3KOKHUITALIME KMIKOCTH HAILIM HMIMPOKOE NMPUMEHEHUE B XOJIOJUIBHON TEX-
HUKE U3-32 TOKCUYHOCTH M KOPPO3HMOHHOW akTWBHOCTU. Hambombiee pacnmpocTpaHeHue B ObI-
TOBOHM TEXHUKE MOTYyIHiu (ppeoH-12 u ¢ppeoH-22. OHU ABIAIOTCS XUMHUUYECKH CTOMKUMU, HETOK-
CUYHBIMU U HE B3aUMOJECHCTBYIOT C METAJUIMYECKUMU JIEMEHTAMU KOHCTPYKIIUH.

OO6partHbrii nuks KapHo, X0I0IuIbHBIA KODGUIIHEHT
OO6patumslii oOpaTHbId UK KapHO COCTOMT M3 JIBYX HM309HTPOI U JBYX OOPaTHUMBIX
M30TepM, KOorja Temmneparypsl xinanoarenta 7y u 1) B mpoueccax 2-3 u 4-1 paBHBI COOTBETCT-
BEHHO TeMIIepaType B XOJIOAWIBLHON Kamepe u

T TEMIEPAType OKpYXKarollel cpelpl (B 3TOM CIIy-
T, 1 ) 4 Yyae MpoIecChl Mepeadyd TeIIoThl O0OpaTHMBI,
T ¥ AT}  Tak Kak OTCYTCTBYET TEMIEpATypHBIii Harop). B
oc JIEACTBUTENILHOCTH, JUISI TOIO YTOOBI nepeaarb
! lII ) 3aIaHHOE KOJIMYECTBO TEIUIOTHI YEPE3 KOHEYHBIE
MOBEPXHOCTH, HEOOXOIMMO HMETh MOJOXKH-

T I TEJIbHBIE TEMIIEpaTypHbIE HaIopsl
Y’fi 5 x ATy AT, =T,-T, u AT, =Ty —T, (cm. puc.12.1).
3 Opnako Hamu4ue TeMIIEpaTypHbIX HAIlOpOB IO-

4 poXJaeT BHEUIHIOI HEOOpaTHMMOCTb, MPUBOJIS-

IIyI0 K CHIKEHHMIO XOJOAMIBHOTO KO3 (uIu-

As > S enra. Kpome TOro, peajbHbIE MNPOIECCHI

Puc. 12.1
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pacmpenust 1-2 u cxatust 3-4 NpoOTEKalT C POCTOM HTPOIUH, YTO TAKXKE OTPULIATEIILHO CKa-
3pIBaeTcs Ha dpdexktuBHOCTH XM.

[Ipu paccMOTpeHHHU XOJIOAMIBHBIX MAIllUH BBOJAT MOHATHUS XJIaOTPOU3BOJUTEIHLHOCTH
- KOJIMYECTBO TEIUIOTHI, KOTOPOE MOJIyYaeT XJIAA0areHT B XOJIOAMIBHONW KaMepe U XOJIOMIIbHBIN
K03 PHULMEHT, XapaKTepu3yromuil 3P PekTHBHOCTs XM.

VY aenpHyI0 XJ1aJ0MpPOU3BOAUTEIBHOCTD JJIsi paCCMAaTPUBAEMOr0 IIMKJIA HaliZieM U3 BBIpa-
KEHUS

qy =i3—1,. (12.1)
[Mox xonmoaunbHBEIM KOI(PPUIMEHTOM MOHUMAIOT OTHOIICHUE XJIAJOMPOU3BOAUTEIHHO-
CTH K paboTe IuKia

p= @ TAS Ty (12.2)
N L @-T)As T -,
KonnuectBo TeminoTsl, KoTopoe oTaaeT XM OKpy:Karoiieu cpene, paBHO
4 =qy +|1, - (12.3)
Tak kak paboTa IUKJIa OTPUIIATEIbHA, TO IS €r0 OCYIIECTBICHUS HEOOXOIUMO TMOIBO-
TUTH paboTy U3BHE.
Haiinem cBsi3b £=£(77,).

i

TH T] _TII
E = —_—, = = T - T = T D)
T -T, n, T, I u =4
L, _T,-AT T, T,-T, _ 1 | (4
n, TI 1, TI m, TI m TI .

Tak, ecnu t;;=-5C, t;=20C, T0 £€=13,9, a 71=0,067.

OTKyZa &=

HWneancHas Bo3ayigas XoJoauiabHasg Mampnaa (BXM)
K noctomncrBam BXM MOXHO OTHECTH HCIOJb30BAHUE BO3yXa B KAYECTBE XJIa10areH-

Ta U BO3MOYKHOCTb CO3JIaHMsI MaIlIMHbI 00JIbIION XonomonpousBoautensHoctu Q, = q,G,, He-
JIOCTAaTKOM SIBJISIETCS HU3KUH XOJIOUIBHBIN KOG DUITHEHT &=2.

Bozaymraas XxonoaunasHas MalnHa COCTOUT U3 Typooaetanaepa T/, xonoauiabHO#M

OXJI
A 4
1
T K
2 3
XK %
a 0

Punc.12.2
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kamepsl XK, xomnpeccopa K, oxnmagurens OXJI u gBurarens [l (cMm puc.12.2a). Pac-
CMOTPHUM HIPOLECCH], IPOTEKAOIINE B UICANbHON BO3AyIIHOW MamuHe: 1-2, ds=0 - u303HTpO-
nuitHoe pacmupenue B Typbonerannepe; 2-3, dp=0 - moaBoj TEIIOTH K Xianoarenty B XK; 3-4,
ds=0 - u30dHTpONUIHOE C:KaTHE BO3AyXa B KomImpeccope; 4-1, dp=0 - oTBOJ TEMIOTHI OT XJa-

JoarcHTa K Oprmanmeﬁ Cpeac B OXJIAAUTCIIC.

Omnpenenum Xoa0aMIbHBINA K03 uuneHT uaeansHoii BXM

nuki Kapso

1_T3

12.5)

T

?2.

E = @ = i3 -~ lz = 1 = 1 =
[, (i4_i1)_(i3_i2) 14_11_1 T, E
P c,li| -1
I3 =1 T, T,
-1
T’i
c,l,| -1
2
TaKk Kak JUlsl M30PHTPONUIHBIX npoueccoB 1-2 u 3-4
L _T, T,
CIPaBEUIMBO PABEHCTBO — = —, OTKyZa — - =
CpaBHUM 3(PPEKTHBHOCTH IHMKJIA BO3AYITHOU
T

XOJIOMWJIbHOW MamuHbl W 1ukia Kapno. B unpeasns-
4 Hoii BXM temnieparypa Bo3ayxa B XK uzmensercs ot
T, no T5=Tx, T.e. HIDKHUWA TEMIIEpATypHBI YPOBEHb
LUKJIA ONpeNeNnseTcs TeMneparypoi 73, a BEpXHUH -
. temneparypoil 71=7,. ( B Touke | TemmepaTypHBbIi
HAamop MeXAy BO3IyXOM M OKpYXKarollel cpeaou pa-
BeH Hym0). ClienoBaTenbHO, COMOCTABUMBIM  ITUKII
Kapno ocymiectpiisieTcsi B muHTEpBaie Temmnepatyp 1 -

ITapoxoMnIpeccHOHHAS XOJ0ANIbHAS YCTAaHOBKA

4
XK v 3
T3
— Tsn € =——— . Tak kak T5>7», TO E<E.
B

C uenbto moBblimeHust 3((HEKTUBHOCTH XOJI0-

JWIBHON YCTaHOBKH HCIOJIB3YIOT MapOKOMIIPECCHUOH-

Pric.12.3 HYI0 XOJOIWIbHYIO MamuHy (€ = 5). YcraHoBKa

(puc.12.4a) cocTouT M3 KOMIIpEccopa, OXJIaguTels,

JPOCCEIILHOTO YCTPOMCTBA, XOJOMWUIBHOW KaMmephl W JABHratens. B kauectBe pabodero Ttema
IPUMEHSIETCS HU3KOKUIIAIIAS )KUAKOCTh. B 1MKIIE OCYILECTBIISIFOTCS CIEAYIOLIUE TPOLIECCHI:

1-2, ds=0 - noBblllIeHNE JaBICHUS XJIaI0ar€HTa B KOMIIPECCOPE,
2-3, dp=0 - otBOA TEMIOTHI (1J1.2-3-d-c-2) B OXJaguTee,

3-4, di=0 -mporiecc apoccenupoBaHus (l_;, =1y ),

4-1, dp=0 - noaBox TeraoTh K xaanoareHTy B XK.

1o onpenenenuto,
e =dn _h~h
B - . .0
‘lu‘ LY

rJe ip-i; COOTBETCTBYET Iuiowmanu 2-3-a-b-n-1-2, a iy-is - momanu 4-1-c-t-4.

(12.6)
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Ecnu BMecTo IpoccenbHOro yCTpoicTBa MPUMEHHTh TypOonaeTaHnuep, padoTalomuid Ha HAChI-

3 OXIJI

‘N‘

- X Ap

A

A\

A

XK
Puc. 32.4a

mieHHou kuakoctu (puc.12.46, mporecc 3-
m), TO paboTa IMKJIa yMEHBIIUTCSI U Oyaer

paBHa ‘lu‘ =(i,—i,)- (i, i, ), tae iy —i,- mo-
JIO)KHUTENIbHAs paboTa TypOoaeTanaepa, mi. 3-
m-n-b-a-3, a  XJaJOMpPOU3BOAUTEIHLHOCTD
YBEJIMYUBACTCS Ha BEIMUUHY IIOWaau m-4-t-
d-m. Bce 3T0 mpuBeno Okl K pPOCTY XOJIO-
TUIBLHOTO Kod(duimenTta
il - im

(i, =)= (s ~i,,)

Opnako WCMONB30BaHUE TypOomeTaHzaepa,
paboTaroniero Ha HACHIIIEHHON XHJIKOCTH,
MOKET OBITh OIpaBAAHO JIUIIL TPU 3HAYHU-

£= (12.7)

TEJLHOW (), M YIOBIETBOPUTEILHON €ro

3¢ (HEeKTUBHOCTH.
Ecnu B KOHLIE CokaTHsL B KOMITpECCOPE

napaMeTpsl XJIaJ0areHTa COOTBETCTBYIOT TOYKE 2, KOTOpas JIEKUT Ha BEPXHEH MOrpaHUYHON
KpuBoil (cM. puc.12.4B), To B mpouecce 2-3 temnora, kKak U B 1ukie KapHo, oTBoauTcs npu
dT=0. IlogBox TEmIOTH K XJaJ0areHTy Takke ocylecTisercs npu d1=0, Ho u3-3a mpouecca
JIPOCCETUPOBAHUS XJIAJONPOU3BOAUTENbHOCTh (M1.4-1-c-b-4) MeHblie, yeM B 1ukie KaphHo

(HJI.4*-1-C-CZ-4*), Ha BEJIUYUHY i4 —i4>:<, YTO COOTBETCTBYeT Iuiomaan 4*-4-b-a-4*. 1o

cHIDKaeT 3((HEeKTUBHOCTh NApPOKOMITPECCHOHHOTO IukiIa XM 1o cpaBHeHHIO ¢ IuKiIoM KapHo.
C poCTOM KpPUTHYECKOW TemIlepaTypbl BEIIeCTBAa M YBETMYEHHUEM TEIUIOTHI MapooOpa3zoBaHUs
XJIaZOMPON3BOIUTENILHOCTE OYAET BO3pacTaTh, NMPUOJIIKAs pacCMaTpUBAEMbIN IMKJ K ITHKITY

Kapuo. Tax xak Q, =G_r(T,)(x, —x,), To Ans XIagoareHToB ¢ OOJNBIIMM 3HAYCHHEM F

Tpebyercst MEnbLHit pacxox Gy IpU TOI 3Ke XJ1aT0IPOH3BOAUTEIBHOCTH.

Puc. 12.46
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ds=0 i
T / 4+ T 1
i b C s
Puc. 12.48

[TapoxoMIIpecCHOHHBIE YCTaHOBKH MpHU-
MEHSIOTCA Ul MoNydeHus temreparyp Txq oT 0
1o -120C. BepxHuil ypoBeHb TemmepaTypbl XJja-
JoareHra TI:T0C+(5...100), HWKHUN - Ti=T -
(5...10°).

[Tapo3KkeKTOpHAs XOJIOANIbHAS YCTAHOBKA
[k mapodKEeKTOPHOM XOJIOAWIBHOU YC-
TaHOBKHU HE MMEET, B OTIUYHUE OT paHEe pacCMOT-
PEHHBIX, KOMIIPECCOPA, YTO YIPOLIAET €€ KOHCT-
pykuuro. Posb kommpeccopa 31eCh BBIIOIHSET
»KeKTop. OHAKO H3-3a 3HAUUTENBHBIX IOTEPH

IpY CMEIIEHUH TIOTOKOB B KaMepe CMELICHUsS MHXKEKTOpa, ero 3ppeKTUBHOCTh HEBBICOKA. B ka-
yecTBe pabouero Tena, Kak MPaBHIIO, MCIOJIB3YEeTCsS CYXOW HACHIIEHHBIA MM HE3HAYUTEIBHO
NIepETrpeThIil BOASHOM Iap HU3KUX I1apaMeTPOB, KOTOPBIM IIOCTYIIAET B aKTUBHOE COILIO IKEKTO-
pa mpu nasnenuu 0,3...1 MIla. Temneparypa B XK 00bryHO coctaBinsieT +3...+10C. ITapoaxek-
TOpHasl XOJOAWIbHAsI YCTaHOBKA (puc.12.5a) COCTOUT M3 3KEKTOpPA, KOTOPBIN BKIIOUAET aKTHB-
HO€ COIUIO, TAacCMBHOE COIUIO, Kamepy cmemeHus u auddysop, oxmaaurens, Hacoca,
naporeHepaTropa, ApOCCEIbHOr0 YCTPOMCTBA U XOJOAMUIBLHOM KaMepbl. PaccMoTpuM mpoleccsl,
IPOTEKAIOIME B MAPOKEKTOPHON XOIOAMIBLHON ycTaHOBKE (pHc.12.56):

1-2, ds=0 - pacmnpeHnue neperpeToro napa B ueajibHOM aKTUBHOM COILIE;

3-4, ds=0 - pacmpeHne cyxoro HachIIIIEHHOTO Mapa B ACCUBHOM COILIE.

Touka 5 xapakTepu3yeT IIOTOK I10CJIE CMEIIEHUS areHTOB;

5-6, ds=0 - BoccTaHOBIIEHUE JaBIeHUS B uaeansHoM auddysope;

6-7, dp=0 - OTBOJI TEIJIOTHI B OKPYXkAIOIILYIO CPELLY;

g

aKTHBHOC

COILIO

Y

KEKTOP

ITaCCHUBH(

COILIO

[

KC

L 3
(3] 444444444T

4

—5

mabdysop | g

XK
- QII

H

6
OXJI

<
<

7

>
>

Puc.12.5a

Hp

GII

T

Puc. .12.56

7-8, ds=0 - TOBBIIICHUE [ABJIEHUSA HACHIIIEHHON
BOJIbI B UI€AJTBHOM HACOCE;

8-1, dp=0 - moaBoOJ TEMJIOTHI B NApPOr€HEPATOPE;
7-9, di=0 - mpouecc apocceaupoBaHUs HACHIIICH-
HOHU BOJBI;

9-3, dp=0 - noxBoxa TEMIOTHl K BIAXKHOMY Iapy B
XK.

B nneanbHOM pasroHHOM (aKTMBHOM) COIUIE B PE3YJbTaTe PACIIMPEHMSI CyXOrO HAaChl-

LICHHOTO I1apa POUCXOIUT YBEIUYCHUE €r0 KUHETUYECKOW YHEPIUU (022 —c/ )/ 2=1i, —1,. Bnax-

HBII Map, UMEIOIINA Ha Cpe3e aKTUBHOTO COIIa CKOPOCTh Cp, BXOJUT B KaMepy CMELIEHUs, Tie
CMEIINBAETCS C MOTOKOM, MapaMeTpbl KOTOPOTo XapakTepu3yroTcs: Toukoi 4. [locie cmemmenus
COCTOSTHUE MOTOKA XapaKTePU3YIOTCS TOUKOM 5 (cM. puc.12.56). st Touku 5 MOKHO HANHCATh
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(G, + G,,)imsz G,i, +Gyi,, oTKYyna i, .= (G,i2 + G,,i4)/(G, + G,,). B mponecce BOoCCTaHOBIIEHHUS
JaBJIeHNA B uaeanbHoM quddy3ope JaBiaeHre NOTOKA YBEIHYHBAETCA OT ps 10 pe (Touka 6). Jla-
Jiee nap HarpaBlIeTCsl B OXJIaJUTENb, TA€ NMPEBPAIlasCh B HACBHILEHHYIO )KHIKOCTh, OTAAET OK-
pyxkatomeit cpenie motok Temtotsl Q, =\G, +G,, fi; —i,). B Touke 7 moTok pasaensercs: ojHa

4acTh ¢ pacxogoM G, mocrtynaer k Hacocy, apyras (G, ) - k gpoccemnto. Ilocie Hacoca B napore-
Heparope K  IOTOKY  IOABOJUTCS  TEIUIoTa
.
Q,=B.Hn =G, (z1 —18). B mponecce apoccenupo-
BaHUsA 7-9 HaChIlIEHHAs KUJIKOCTH MPEBPAIIAETCS BO
e BJIQXHBIM IIap, CTENEHb CYXOCTH KOTOPOTO MOKHO

o V4 . .’
I3 - HaliTu M3 ypaBHEHMs [7 =19 =1lg + FXg. B xom0-
~ IUIBHOM KaMepe XJIaJ0areHT MoJIy4aeT MOTOK TeIIo-
ol O, =G, (i9 —i3). B naccuBHOM coruie B Ipouecce

2
TE' pacimupeHus cpabaTbIBa€TCsl SHTAIBIUS I —i, U BO3-

2 2 . .
pacTaeT KWHETHYECKAs DHEPTHs (04 - )/ 2=i—1,.

NH, D¢ HeKTUBHOCTD MaPONKEKTOPHON YCTaHOBKHU
oIleHUBaeTCs KO (HUIIMEHTOM TETIJIOUCIIONH30BAHMS

Puc. 12.6 g9 _=b)Gy (12.8)

Qo (i1 - is )GI

AGCOpOIMOHHAs XOJ0IMIIbHAS YCTAHOBKA

Bo Bcex paccMOTpEHHBIX paHee XOJIOJWIbHBIX YCTAaHOBKAX B KaueCTBE XJIaJ0areHTa MC-
II0JIb30BAJIOCH YHCTOE BEILECTBO, Hampumep, aMMmuak NHi, 1 noBbllIeHHE AaBIIEHUS C LIETIBIO
nepeaayy TeIIoThl OT XOJOAMIBHONW KaMephl Ha 0oJiee BBICOKHM TeMIIepaTypHbI YpOBEHb MPO-
U3BOJUIIOCH C ITOMOILBIO KOoMIpeccopa. B abcopOLuOHHON ycTaHOBKE 3TOT HMPOLIECC OCYILECTB-
JsIeTCs. TEPMOXUMHUECKUM ITyTeM OJarosiapsi yIMBUTEIbHBIM CBOWCTBAM pacTBOpoB. B pacTBo-
pax HCIIOJIb3YIOTCS BEILIECTBA, TEMIIEPATypbl KUIIEHUS KOTOPBIX CUJIbHO paznuyarorcs. Ilycts
OuHapHbI pacTBOp cocTouT U3 Boasl H,O u ammuaka NHi. KomroHeHT, KOTOpbIi nMeeT Oosee
HU3KYIO TeMIlepaTypy KMIIEHHs NpU JaHHOM JaBJIEHUH, Ha3biBaeTcs xJjagoareHToM (NHj), Be-
IIECTBO C BBICOKOW TeMIiepaTypoil kumnenus - abcopoentom (H,O). Macca pacTBopa paBHa CyM-
Me MacC KOMNOHEHTOB G, =Gy +Gy o, WM B OespasmepHom Bune Cyy +Cy o =1, rme

C,=G,/G,, - KOHUEHTpalus i-T0 KOMIOHEeHTa. PaccMoTpuM - CNH3 nuarpamMmy (puc.12.6).

Kpusas A-a-b cOOTBETCTBYET HACHIIIICHHOMY TIapy, KpuBast  A-b-B - HaCBIIIIECHHOMY PacTBOPY.

[IpoBenem B auarpamme uzotepmy t; . Toukn 1 m 2 XapakTepu3ylOT COCTOSTHUE TEPMO-
JTUHAMHYECKOI0 PaBHOBECHUS MEXIY XKUAKOM W mapoBoil (azamu, mpuueM KOHIEHTpalus am-
MHUaka B xkuAKoN ¢aze C; MeHbIe, yeM B mapoBoit C,. Eciu nmpuBecTr B KOHTAKT KUIKOCTh C
TeMnepaTypon t; 1 KoHueHtpauueil C3<C; (Todka 3) ¢ mapom Ipu TEMIIEpAType f; , TO BOZHU-
KaeT Au¢y3MOHHBIN NOTOK KOHAEHCcUpyromerocs napa. [lpu sTom Temnora koHieHcauu Oyner
OTBOJUTHCS TIPHU 1> 1, T.€. OyJET MPOUCXOAUTH MPOIIecC Mepeiayl TeIIOThl OT MEHEe HarpeTo-
ro tena (mapa) k 6oyiee HarpeToMy (KUIKOCTH).

Ha pwuc.12.7 nmokazaHa npuHIMIHAIBHAS cXeMa aOCOPOIMOHHON YCTaHOBKH, COCTOSIIEH
U3 CIIENYIONIUX OCHOBHBIX 3JIeMEHTOB: apocceneit pl u [p2, xonomunsHoit kamepbl XK, a0-
copbepa A, Hacoca H, maporeneparopa I1I" u kounencaropa K. Paccmorpum mporiecchl, nmpoTe-
Kalolllie B yCTaHOBKE.
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JKuakuil HaCBIEHHBIM aMMHAK € IapaMeTrpaMu p; U 717 B Ipolecce APOCCEIUPOBAHUS
(dp1) npeBpamaercs BO BIaXHbIN Nap, UMEIOLUI AaBJIEHUE ps> U TeMieparypy 7>. B xonoauins-
HOU Kamepe Onarofapsi MOoABOy TEIUIOTHI BiaxxHbIH ap NH;3 npeBpariaercst B Cyxoil HachIIeH-

HBII TIap, KOTOPBINA MOCTymaeT B abcopOep u noriomnaercs pactBopom. Termtora abcopobumu Q

abc
OTBOIUTCS OXJIaXKmaromieid Bomour. OOorameH-

HBI pacTBOp, UMUK Temneparypy Ty o
(T ,<T, < Tl), C IIOMOIIIBIO HACOCA MOJAETCS B /

parope 3a cdeT MoJBOJa TEIIOTHl () =~ TeHe- U

pUpyeTCsi TPAaKTUYECKH CYXOHW aMMHUa4YHBII K .
nap, TaK Kak NapiuaibHOE IaBICHHE BOSHOIO | 4 T, e
napa Ipu HU3KUX TeMIepaTypax OueHb Malo. 0]
[Tap NH3 u3 I1I" HanipaBiiseTcsi B KOHIEHCATOD, I[pl I[p2X e
I7le TIPEBpAaIlaeTCs] B HACBIIEHHYIO KUIKOCTD,
a 0OCTHEHHBIM PAcTBOpP C HU3KOH KOHIICHTpA-
nuel amMmmuaka - B abcopOep uepe3 apoccelb XK =
Hp2 (c mageHueM JaBieHUS OT p; 10 p2), THE / .
OH o0oramaercs aMMHaKoM 3a cueT abcopOu- O.sc
pyeMoro ammuauyHoro mapa. Kak BuauMm, B /
JAaHHOW YCTaHOBKE OTCYTCTBYET Kompeccop, a QII
€ro poJib BBIMOJHAET y3€l, COCTOSAUINM U3 ma-
poreneparopa, apoccenst [p2, abcopbepa wu
Hacoca.

D¢ hekTUBHOCTH aOCOPOIMOHHON YCTaHOBKH OIEHUBAECTCS KOY(PPUIIMEHTOM HCIOJIB30-

reHeparop ammuayHoro mnapa I1I'. B maporene-

\
\
7'}

2.1

v
\

Puc. 12.7

00
§ Qnr

BaHUA TCIIJIOTHI

TerioBble HACOCHI

Jliis oTomeHus 3JaHUi ¥ MPOU3BOJICTBA TOpsiueid BOJBI 17151 OBITOBBIX HYXK] PacX0OyeTcs
OTPOMHOE KOJIMYECTBO IIEHHOT'O TOIUIMBA, CKUTAEMOT0 B PaHOHHBIX KOTEIbHBIX ropoioB. OxHa-
KO MOJY4YE€HHE TEIUIOTHI JIJIsl OBITOBBIX HYXJ 3a CUET TEIJIOThI BHICOKOTO MOTEHIIMaNa, IoayJae-
MOW MpHU CrOpaHHM TOIUIMBA, TEPMOJUHAMHYECKH W SKOHOMMYECKH HEBBITOAHO (CM. pas3fen
"TernnouKaMoHHbIe ITUKIIB"). bonee panuoHaIbHBIM CIIOCOOOM pPEIICHHS 3aJa4d SBISICTCS
IPUMEHEHHE TEIUIOBBIX HACOCOB, MO3BOJISIIOIIMX HCIOJIb30BaTh TEIIOTY HU3KOTO MOTEHIIMAaa
(TerioTy rpyHTa 3€MJIM, BOJIBI B BOJOEMaxX, CTOYHBIX BOX). B TemimoBoM Hacoce TemmepaTrypa
pabouero Tena (Hampumep, ppeoHa, n3o0yTaHa), MOTYUYAIOMETO TETUIOTY HU3KOTO MOTEHITHAIA
OT WCTOYHUKA, MOBBILIAETCA O HEOOXOJUMOTO YPOBHS 3a CUET MEXaHUYEeCKOW padoThl, MOABO-
IVUMOM U3BHE, TO €CTh

QHOTp = QI = Q][ + LH s (12.9)
rae Q,— TeIoTa, oTIaBaeMas MoTpedutento; (0, — TEIIOTa UCTOYHMKA HU3KOrO MOTEHLHANA;

L, — pabota nukina. [Ipu 3ToM BenuunHa (J, MOXET OBITh B HECKOJIBKO Pa3 OOJIbIIE BEIMYUHBI

3arpayeHHO# paboThl. Ha puc.12.8 moka3aHa ogHa U3 BO3MOXKHBIX CXEM TEIIJIOBOTO HAcoca, Co-
CTOSILLETO U3 CJIEAYIOIMNX OCHOBHBIX 3JieMeHTOB: I — ucnapurens, Il — kommnpeccop, I — smek-
TpUYECKUU IBUTATENb, [V — KOHAeHcaTop, V — nepeoxnaautens, VI — npoccens, H — Hacock!.

MorHbIe TEMJIOHACOCHBIE CTAHIIMK C OOJIBIION MPOU3BOAUTEIHHOCTHIO TOPSUYEH BOMIBI
COCTOST U3 HECKOJIBKHUX TETUIOBBIX HACOCOB, BKIIFOUEHHBIX MMapajuiebHoO. [|jisi mpou3BOACTBA TO-
psuelt Bojwl ¢ Temrepatypoit 6onee 100C nmpuMEHSIOT TOC/IeIOBAaTEIFHOE COSTMHEHNE arpera-
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ToB. Puc.12.9 wummoctpupyet B T-s nuarpaMMe MpoLecchl, IPOTEKAIONNE BO BHYTPEHHEM KOH-

TYpC UACAIBHOT'O TCIIOBOT'O HACOCA:

1-2, ds=0 — nmponecc B uaeanpHOM KoMmpeccope, N, = G'm (i2 —il), Gys- pacxoq xJiajoa-

10 Grg

—‘E CTO4YHasdA BOJa

Ai(HCTOQHHKTBHHOTH)

Puc. 12.8

11

QHOTp

13

Puc12.9

reaTa (u3o0yrana); 2-3, dp=0 — npo-
Hecc KOHJEHcaluu paboyero Tena B
KOHJIEHCATOopE, QK :Gm(i2 ~i,); 3-4,
dp=0 — mpoliecc B mnepeoxiiaguTene,
Q'H = G'm (i3 —i4). [TpumeHneHne mnepe-
OXJIQJUTENS. TO3BOJIAET  YBEIUYUTh
Pa3HOCTb DHTAJIBINN (il—is) U TeM

CaMbIM YMCHBIIHUTL PACXOJ G

L, A
CIIEIOBATENbHO, M  MOTPEOJIIeMYO
KOMITPECCOPOM MOIIHOCTD ; 4-5, di=0
— TMPOIIECC B JPOCCEILHOM YCTPOWCTBE
; 5-1, dp=0 — npouecc B ucnapurerne,
rac OC}’U.[CCTB.H}IGTCH IIoABOd TCIIJIOTHI

Q,, OT CTOUHOH BOJBI K paboyeMy Te-

1y, ann = Ql[ = GH3 (ll - lS) OTMeTI/IM,

4TO Q,zQ =QH+QK. Amnanus

o
IIPOLIECCOB MTOKA3BIBAET, YTO TEIJIOBOU
HAacoc, Kak M XOJIOAWJIbHAs MaIlMHA,
paboTaeT Ha OCHOBE OOPAaTHOIO IIUKIIA,
HO B TEIJIOBOM HAacOCE YpPOBEHb TEM-
nepaTypbl Oonee Bbicokuil. Hasnaue-
HUE TEIUIOBOIO HAacoca — IOJy4eHUe
TEIJIOTHl BBICOKOI'O IIOTCHIMAJIA W3
TEIJIOTHI HU3KOTO MOTEeHIHana. XoJo-
JUJIbHAsE MalllMHA CIY)KUT JUIS CO37a-
HUS U NOAJIEP)KaHUS B OXJIAXKAAEMOM
o0beMe TeMIlepaTypbl HIXKE TeMmIepa-
Typbl OKpYXarolen cpensl. TerioBas
9 (HEeKTUBHOCTh TEIUIOBBIX HACOCOB

OIICHUBAETCA OTOMUTEIbHBIM
K02 punreHTOM
), G.(i,—i
K:]%: FB(102 11) , (1210)
“ N,+).N,
i=1

rae Ny — MOIIHOCTB Hacoca.

VY peanbHBIX TEIJIOBBIX HACO-
coB K=3, T.e. Ipy HUCHOJIb30BAHUU Te-
IUIOBOIO Hacoca IsT OTOIUICHHS IIO-

TpeOyeTcs B TpU pa3a MEHbIIIE AIEKTPOIHEPTUH, YEM IIPH JIEKTPOOOOrpeBe.
MexTy OTONMUTENBHBIM U XOJIOAWIBHBIM KO3 PUIIIEeHTaMHU UMEET MECTO CBSI3b

K=

&:Ql,+NH _&N, +N,

N

I

N,

1

=£+1, 12.11
N ( )

1
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rJie € - XOMOIWIbHBIA KO PHUIIHEHT.
Jiis meanbHOTo TEIUIOBOTO Hacoca, padoTaroliero no ooparnomy ukity Kapuo
_q, T, As T,
. L, (TI =T, )AS T, -T,

IIpu T;;=290K u 7,=333K K,,=7,74; ecnu T;=363K, 0 K,;=4,97.
W3 ckazaHHOTO CleyeT, 4TO MHPOKOE IPUMEHEHHE TEeTJIOBBIX HACOCOB IS
OBITOBBIX HY)K]] CTAHOBUTCSI OCOOCHHO aKTyaJbHBIM B YCIOBHAX POCTa CTOMMOCTH TOIUIMBA U
AIIEKTPOIHEPTUU.

TennoBoii Hacoc MOKET OBITH MCHOJIB30BaH HE TOJBKO KaK MCTOYHUK TEIUIOTHI JJIS Ha-
rpeBa BO3AyXa B MOMELICHUH, HO U PabOTaTh B PeXKHME KOHIUIMOHEPA, OXJIaXKIasi B IIOMeIlle-
HuM Bo3ayX. JlaHHOE moJ0)keHue wimocTpupyercs puc.12.10

(12.12)

1. Oromnenue (3uma) 2. KonmuimoHep (JIeTo)
TEIUIbI BO3IYX ] BO3YX 13 Boytyx ]
B [IOMEIIeHue | HOMEIIICHUS a yJII/IIlyé* e8 BO3IyX C yJIMLIbI

Xomno/aHbIH BO3IYX

BO34YX C YIMIIbI 8% —> Ha YIHILY

BO3/yX U3 8 OXJIXKIECHHBINA BO3IYX
NIOMCIICHUA B IIOMEIICHUC

Puc.12.10

Buxpesas tpyOa Panka.
[TomyueHne TOPSYMX M XOJIOJHBIX MOTOKOB BO3MOXKHO 3a CYET NPHUJAHUS razy Bpaila-
TEJBHOTO JBW)KCHUS B TUIOCKOCTH, TIEPIICHIUKYIIPHOW TIPOAOIBHOW OCH IMJIMHIPHYECKOTO Ka-

Hama. Temmeparypa aanabaTHYeCKOro IOTOKA, Ha OCHOBaHMHM YpaBHEHMs] DSHEpPruil, paBHa
2

s C
T=|i Y €, » OTKy/Ia CIIEIYET, YTO C POCTOM CKOPOCTH MOTOKA €TO TEMIIEPATYPa Ma/IaeT.

He BmaBasice B moapoOHOCTH THIIPOTra30MHAMUKH, OTMETHM, YTO SIIOpa CKOPOCTHU MOTOKA 3a-
KpY4YEHHOI'O HEBSI3KOT'O ra3a MMeeT BHJ, MOoKa3aHHbIN Ha puc.12.11. 13 pucyHka cienyer, 4To B
TaKOM IMOTOKE MMEET MeCTO 00JacTh C MOHIKEHHON TeMIiepaTypoit u nasineHueM. Ilpu R<Ri,
M3MEHEHHE CKOPOCTH OIHMCHIBACTCS 3aKOHOM BpAICHUsT TBEPAOTO Teha c/R =const, a mpu
R>R.,i — 3aKOHOM TIOTEHIIMATBHOTO BpaIIeHus c¢- R = const . BnepBeie coco0 pas3aeneHus ro-
pSAYEro M XOJIOJHOTO MOTOKOB OBLI Mpe/JIoKeH U ocymecTBieH PankoM B 1931 r. Ha puc.12.12
MoKa3aHa cxema BUXpeBoi TpyOsl Panka.

PaccMOTpuM OCHOBHBIE TIOJIOKEHUST MAaTEMAaTUYECKOIO OMUCAHUS MPOLIECCOB, UMEIOIINX
MECTO B BHUXPEBOIl TpyOe ¢ TepMoAnMHaMHUYeCKUX mo3uiuil. Tak kak BuXpeBas TpyoOa sBiseTcs
OTKPBITON anabaTUuecKol CHCTEMOMW, TO U3MEHEHHE MOTHOW YHTAIBIIUU MMOTOKA PAaBHO HYJIIO,

T.€. dI: =0, umm
i=itsi, (12.13)
rae I, - monHas SHTATBIMS IOTOKA Ha BXOJE B COIUIa, . , I, - NOJHBIE SHTAIBIIMK TOPSYETO U

2
o < . c
XOJIOHOTO MTOTOKOB HA BHIXOJIE U3 BUXPEBOil Tpyosl, I =G| i +?
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[epenumem (12.13), mnpeneOperass KWHETHYECKOU
SHEpruen rasa:

Gi =Gi +G.i. (12.14)

T T ﬂJ’IH IIOTOKa MAacCChI 3alTMIIEM OYE€BUIHOC€ COOTHOIIICHUC

il

' l 7 — G, =G +G.. (12.15)
BBO,Z[}I IMOHATHUC OTHOCHUTCJIBHOI'0 pacxoda XOJIOAHOTO Trasa
Rin u= GX /Gc U Ucmoib3ys ypaBHeHus (12.14) u (12.15), mo-
JTy4uM
uc,(t,—t.)=Q1-u),(t -1,), (12.16)
OTKYyJla HaliJIeM TeMITepaTypy ropsiuero rasa

Puc. 14.11 ¢ =g AL (12.17)

1-u

rne At, =t,—t,.

peryIUpyrOIIUi

Puc. 12.12

TennoBas 3 heKTUBHOCTS BUXPEBOTO ammapara OneHUBaeTcs Kod()PHUIIMEHTOM TeMmrie-
parypuoit sddextuBHOocTH M anuabatuyeckuMm KIIJ. Tlox kosddunmentom temrepaTypHOi

5bdEeKTHBHOCTU MOHMMAIOT OTHOLIeHHE d(hdekra oxnaxaenus Af, Kk >pbdexTy oxnaxneHus
At nipu N303HTPONMHUITHOM PaCIIMPEHNH ra3a B COILIE OT IABJICHMUS P HA BXOJE B COILIO [0 JaB-

JICHUSI px XOJIOAHOTO MOTOKA B BUXPEBOU Tpyde:
At

==, 12.18
P =4 : (12.18)
1 p
rne At, =T,|1——— |, Z, =—% - CTENEHb PACIIMPEHUS Ta3a B COILIE.
X P
Anmnabaruueckuit KI1/] BuxpeBoit TpyOs! Panka onpenemnstoT no Gpopmyne
ulAt
=—", 12.19
="\ ( )

Jlyumme annapatsl umerot @, = 0.7, 17, = 0.32 1 XapaKTepU3yOTCs CIEAYIOUIUMHU I1a-
pamerpamu: 7T.=4...17, L/D=3...15, u=0.2...0.75, px=0.1...0.2 MIla. Pacuet BuxpeBoro armrma-
para o meroauke A.Il. Mepkynosa npu 7. =4, u=0.5, T.=288K naer: 1:=334K (51C), T:=242K
(-31C), G.=3.64 xr/c, G.=1.82«kr/c, G =1.82«kr/c, @,,=0.49, 7],=0.246.
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DKcrepuMeHTabHbIE UCCIIEI0BAaHMSI BUXPEBBIX aIlllapaTOB Ha BOJIE, BHIIIOJHEHHBIE B I10-
clieZlHEe BpeMs, IMOKa3bIBAalOT, YTO BO3HMKHOBEHHE B IOTOKE KaBHTAllMH, T.€. 0Opa3oBaHUs
ra3onapoBbIX MY3bIPPKOB B 00JacTH MOHMKEHHOTO JABJICHUS C TOCIEAYIOIIUM UX
CXJIOTIBIBAHHEM B OOJIACTH BBICOKOTO JABICHHS, MPUBOAUT K TOMOJHUTEILHOMY JIOKAJIHLHOMY
BBIJICJIEHUIO TETJIOTHl U POCTy 3(P(HEKTUBHOCTH YCTPOHCTBA. JTO sIBJICHHE ObUIO OOHAPYKEHO
npodeccopom F0.C. TTotanoBeiM [16]. CozmaHHbIE UM BUXpPEBbIE TPYObI MO3BOJIIOT MOTYYHUThH

QHOJ'I

oTonuTeNnbHbIH Kodhduiment K =—""-=23. 3aech Q

TI0J1

- TEIJIOBOM TOTOK, IMOJy4aeMblid

Hac

norpeduteneMm, N, - IEKTpUYECKass MOIIHOCTb, IOTpediasieMas HacOCOM, 00ECIIeUnBaIOIUM

MOBBIIIEHHOE JaBJICHUE KUIKOCTU Tepell KOHWYECKHMHU comuiaMH (Tpu paboTe ammapara Ha
MKUAKOCTH JOJKHBI IPUMEHATHCS CYKUBAIOILUECS COILIA).

MeToab! 0KMKECHUS I'a30B

B texHuke myis co3naHus ¥ HENPOJOJKUTEIBLHOTO MOAJIEPKAHUSI HU3KUX TEMIEpaTyp B
KaKoOM-JTH00 HEOOJNBIIOM O0BhEME HCIOJIB3YIOTCS CXKIKEHHBIE Ta3bl, KOTOPbIE UMEIOT HU3KYIO
TeMreparypy kunenws. Tak, mpu aTMocepHOM aBICHHH TEMIIepaTypa KHUIICHUS KHUCIOpOaa
cocrasisieT 90,2K, azota 77,4K, Bonopona 20,4K, renus 4,2K.

J1st oKMKeHHsl Ta30B MPUMEHSIOT, KaK MPaBUjlo, TPU OCHOBHBIX METOAAa — KACKaJHBIM
meron Iluxte, meton JImaae u meton Kmona.

B kackagHOM Meroze, MpeIoKeHHOM IBeinapckuM ¢uszukom [lukre B 1887 romy,
UCIIOJIb3YETCSI HECKOJIBKO KaCKaJ0B MapOKOMIIPECCUOHHBIX XOJIOAWIBHBIX YCTAHOBOK C Pa3HbIMU
xnanoareHTamu. Ha puc. 12.13a nokazana npuHIUIIMAIbHAs CXeMa TaKOM YCTAaHOBKHU, COCTOSI-
el U3 TPeX KacCKaJOB C IMOCIEA0BATEIbHO MOHMKAKOIIEKHCS TEMIIEpaTypor KUIIEHHS XJIaJa0a-
reHTOB. B mocnenHeM U3 HUX HUPKYIUPYET ra3, KOTOPBIA JOKEH OBITh CKUKEH. Y ObUTh CXKU-

KEHHOIo rasa G)K KOMIICHCHUPYETCA XJIagoar¢HToOM C pacxoJoM GFK’ BBOIUMBIM B IUKII B

razoobpazHom coctostHuu. Ha puc.12.130 mpencraBieHbl TepMOAMHAMUYECKHAE MPOIIECCHI, YC-
JIOBHO IOKA3aHHBIE HA OJHOW auarpamme. M3 pucyHKa BHJIHO, YTO HaJW4HE IMOJOKUTEIbHBIX
TeMmrepaTypHbiX HanopoB 717 - 71 u Ty - Ty TO3BOJISIET B KOHEYHOM HUTOTE MEPENABaTh TETUIOTY C
0oJiee HU3KOTO TEMIIEpPaTypHOTo ypoBHs Ha Ooisee Beicokuit. [locne npoccens plll morok raza
HAIpPAaBIISETCS B CemapaTop, I/ie MPOUCXOAUT pasjielieHne NByX(]a3Hoi cMecH Ha CyXOH Hachl-
meHHbIA nap (mpouecc 4y — lr), KOTOPBIM HaNpaBiIseTCS B KOMIPECCOP U HACBIILICHHYIO KUI-
KOCTh COKMKEHHOro raza (mpouecc 4mq — Sm), cimBaeMmyto B cocya Jproapa. s momydeHus
KHUJKOTO a30Ta HE0OXOIUMO UMETh YeThIpe Kackana. [1saTh kackasoB TpedyeTcs A MoIydeHus
YKUJKOI0 BOJOPOJA U IIECTh — IS CKUKEHUS TEeNHS.

Merton Jlunne siBisieTcst Gojiee MPOTPECCUBHBIM, TaK KaK YCTAHOBKA B KOHCTPYKTUBHOM
OTHOILIEHUH TPOILE U B HEW LIUPKYIUPYET JIUIIb 0KMKAEMBIN ra3.
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Puc.12.136

Ha puc.12.14 noka3ansl npuHIMNUaNbHas cxeMa u 7-s 1uarpaMma TEpMOAMHAMHUYECKUX
IPOIIECCOB B MJICabHOW YCTaHOBKE, paboTaromieil mo merony Jlunge. Ilpu mycke ycTaHOBKH
CKMPKAeMBbIM ra3 UMeeT TeMIIepaTypy U JaBICHUE OKPYXKAIOLIEH cpeasl 11 U pj, a Ta30BbIHA IIOTOK
nocie ApocceaupoBanus (mporecce 4-5) xapakTepusyeTcs COCTOsSHUEM S B 0THO(a3HOH 001acTu.
B nponecce BbIXOZja YCTAaHOBKH Ha CTallMOHAPHBIN pEXXUM IMPOUCXOANT "3aX0jakiBaHue" raza u
[0 JOCTHMXEHUM YCTAaHOBUBLIETOCS peXHMMa MapaMeTphl Ia3a B XapaKTEPHBIX TOUKAX LMKIA CO-
OTBETCTBY 0T COCTOSIHUSIM, OTMEUEHHBIM MHAEKCOM "p" (pacdeTHbIil pexuM). PaccmMoTpum 3TOT
PEXUM.

1, — 2,, ds=0 — npouecc B uaeanbHOM Komnpeccope; 2, — 3,, dp=0 — oxJla)KJieHue raza B OXJia-
aurene; 3, — 4,, dp=0 — oxnaxieHue raza B IpOTUBOTOYHOM TENIO0OMEHHUKE; 4, — 5,
di=0 — npouecc npoccenuposanus; 5", — 1p, dp=0 — n0ABOJ TEMNOTHI K Ta3y B TEMIOOOMEHHU-
ke. Touka 5,, XapakTepu3yromas COCTOSHHE Ia3a Ha BBIXOJE U3 JIPOCCEILHOIO YCTPOWCTBA, Ha-

xoxutesi B aByx(dasHOW obmacTh, W mpomsBoauTenbHOCTh ycraHOBKH Gy = Gy 1—x5p).

[Ipumenus meton JIunne, anrnuiickuii yuensiii Jproap B 1898 r. BriepBble NOTY4IHII KUAKUN BO-
nopoa. B 1913 r. romnanackuii puzuk Kamepauar-OHHec NOTYYnIT )KAIKUHN TeIHid, 32 4TO OBLI
ynocroeH HoGeneBckoii mpeMuu.

B ycranoBke, paboratomiei mo merony Kiona, BMecTo apoccenst mpuMeHsiercs: Typooie-
Tanjep (npouecc 4,-5p¢), YTO MOBBIIAET €€ MPOU3BOJUTENBHOCTD IO CPABHEHUIO C YCTAHOBKOM
JIunge, Tak Kak Xspe < X5p (CM. puc.12.14), HO Ipu 5TOM yCTaHOBKA ycioxHsAeTca. OIHAKO IpU
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Hu3koMm KIIJI TypOomeraniepa npeuMyniecTBO 3TOT0 METO/Ia MOXKET OBITh CBEACHO K HYINIO (B
ATOM ciydae JUHHS aauadaTUYecKoro pacIilupeHuss MpHOIMKaeTcs K JIMHUHM i=Cconst, CM. IPo-
necc  4p-Spcn)-

T
O
ds
xSpK
Puc.12.14

13. OcHOBBI XUMHYECKOI TEPMOTUHAMUKH
OO0111e MOJOKEHUS

Jlo cux Mmop MBI pacCMaTPUBAIHU MPOIIECCHI, OCYIIECTBIIIEMbIC JTHOO ¢ YMCTHIMU Tra3aMH,
aM00 ¢ MEXaHUYECKUMH CMECSIMU Ta30B (MCKIIOYCHHE COCTABUJI JIMIIb MPUMED aHAJIN3a rajibBa-
HUYECKOro 3jieMeHTa). OHAKO B PsJie SHEPreTHYECKUX YCTAHOBOK MMEIOT MECTO XMMHUCCKHE
peakuu — MPOIECCHl MPEBPAIIEHUST OJHHMX BEINECTB B Apyrue. Tak, B TOIKe HaporeHeparopa
MapOCUIIOBOM YCTAaHOBKH MPOTEKAET PEAKIUs OKUCIICHHS, YPAaBHEHHE KOTOPOH MPH TMOJTHOM CTO-
paHuu yriepoja B cpejie KHCI0pOoia UMEET BH/T

C+0,=C0,+0, (13.1)
rae Q — TemioTa peakium.
[Tpu HemoIHOM CropaHuu yriiepoja —
C+050,=C0+0Q’ . (13.2)
Cnenyer OTMETHUTb, YTO €CIU IpOIeCC MPOTEKaeT MPHU 3HAUUTEIbHBIX TEeMIIepaTypax
(Berme 800C), To peakiusi TOpeHHUsT TPOTEeKaeT B OCHOBHOM 10 ¢opmyiie (13.1) u B pe3ynbrare
obpasyercst mpumepro 80% nByokucu yriaepoaa u 20% oxucu yriepoxaa. IIpu Temmeparypax
HKe 550C cOOTHOIICHNE CTAHOBHUTCS OOPATHBIM, a PEaKIIMs ONMUChIBaeTCs ypaBHeHHeM (13.2).
[TpuBeneHHbIN MpUMep CBUAETENLCTBYET O TOM, UTO XapaKTep Peakiuy B 3HAUUTEIHHOU CTere-
HU 3aBUCUT OT TEMIIEPATYPh.
[Tpu “3yyeHHH MpoLEeccOoB ¢ XMMUYECKHUMH PEaKIUsMU BO3HUKAIOT BOIPOCHI OMpeerie-
HUA TerioBoro 3ddexra peakiuu, paboThl XUMUYECKON pEaKIH, apaMeTPoOB, OT KOTOPHIX 3a-
BUCAT CKOPOCTh PEAKIMH U YCIOBUSI HACTYIUICHUS JTUHAMHYECKOI'O PaBHOBECHS, a TaKXke ycTa-
HOBJICHHUS BO3MOKHOCTH MPOTEKAHUSI KOHKPETHON PEeaKINH MPHU 3aJaHHBIX YCIOBHUSX.
XUMHYECKUE peaklMH, MPOTEeKaloIllue B OJHOHN (a3e, Ha3bIBAIOTCSI TOMOTCHHBIMU, Ha-
npuMep
2CO+0, =2C0,, (13.3)
B Pa3HBIX — reTeporeHHbIMH (cM. ¢-me1 13.1, 13.2).
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JIro6ast XuMUYecKas peakiys MOXKET OBbITh 3aIllCaHa B BHJIE
aA+bB+..=cC+dD+..., (13.4)
rae A,B,C,D - xumuueckue GOpMyIIbl peareHToB; a,b,c,d — CTEXUOMETPUYECKHE Ynca - KOJH-
4eCcTBa KWJIOMOJIEH BEIIECTB.
KonnenTpanus i-ro KOMIOHEHTa, KOTOpast SIBJSETCS] TapaMeTPOM COCTOSIHUSI, OIIpeIesieTCs OT-
HOIICHHEM YHCIIa KMJIOMOJICH BEIIeCcTBa K 00bEMY pearupyromieil CUCTEMBI (CMECH):

c,=—". (13.5)
cM
PeaKI_[I/II/I, COHpOBO)KI[aIOH_[I/ICCH BBIJCJICHUEM TCIIJIOTHI, HA3bIBAKOTCs 3K3OTepMI/I‘IeCKI/IMI/I,
a IIOTJIOICHUEM — 3H,Z[OTepMI/I‘ICCKI/IMI/I.
ECJ'II/I HpeI[CTaBI/ITB, YTO BBIACIIAOIIASACA B 3K30TepMI/I‘IeCKOI>'I peaKI_[I/II/I TCIJioTa HEMECIJICHHO OT-
BOJIUTCA, 4 B BHﬂOTepMquCKOﬁ — IIOABOAUTCA U3BHEC, TO OTU peaKI_II/II/I MOXHO CBECTHU K H306ap—
HO—I/I3OTepMI/I‘-IeCKI/IM NnJin I/I3OXOpHO-I/I3OT€pMI/I‘ICCKI/IM peaKHI/IHM, qTo CyH.[GCTBeHHO ynpomaeT
aHaJIn3 peaJIBHBIX XUMHNYCCKUX HpOHeCCOB.
Temnosoii dddhexkT XUMHUIECKOH peakinu. 3akoH I'ecca
B xuMuueckol TepMOAUHAMHUKE IEPBBIN 3aKOH TEPMOJAMHAMUKHU IIPUHATO 3aIMCHIBATH B

BUJIE
U,-U =Q+L+L . (13.6)

3nech U3MeHeHue BHyTpeHHel sHeprun pearupyomeii TC uner Ha o0Opa3oBaHuE TEIUIOTHI XH-

V)
MHUYECKOW peakiuu (, paboTy MPOTHUB BHEIIHUX CHII L = j pdV wu paboty L* mpOTUB DJIEKTPH-

Vi
YeCKHuX (B TaJIbBAHWYECKUX M TOIUITMBHBIX AJIEMEHTaX), MarHUTHBIX U TIpouux cuil. Paboty L*
Ha3bIBAIOT TOJIE3HON PabOTON XMMUYECKON peaklnH, KOTopas NMPUHUMAET MaKCUMaJbHOE 3Ha-
yeHue B 00paTuMBIX mporieccax npu Q=L=0:

U,-U,= Ltnax .

YToObl COXpaHUTh MPUHLHUIIBI TEPMOJUHAMHUKHN, pacCMaTpPUBAIOIIEH MpoIecchl 0e3 XH-
MUYECKHUX MPEBPALIECHUH, TEMIOTY SK30TEPMHUUECKON peakiuu OyaeM CUuuTaTh OTPULIATEIbHOMU,
TaK Kak B 9TOM ClIydae HEOOXOJIUMO OTBOJIUTH TerioTy oT TC, a 3HAOTePMUYECKON — TOJI0XKH-
TEeJbHOW. 3HAaK MUHYC B MPABOM YAaCTH YPaBHEHHUS XMMHUYECKON PEAKIMH CBUIETEIBCTBYET O
BBIJICJIEHUM TEIJIOTHI M OTBOJIE €€ B OKpyxkawuryr cpeny (cm. ctp. 208). B umzoxopnHo-
M30TEPMUYECKOM Mporecce npu L=L*=0 Temiora XuMAYECKON peaklui MaKCUMaJlbHA U Ha3bl-
BaeTcs TEIIOBBIM 3 dekToM peaknuu. B atom cioyqae u3 (13.6) cnenyer

Uu,-U,=0,. (13.7)

st n306apHO-U30TEepMUYECKON peakiuu, ucnonb3ys (13.6) npu L*=0 M0XHO HanmucaTth
U,-U, :Qp + P(Vz _Vl)

W L-1,=0,. (13.8)

Takum o0OpazoM, TermioBol 3(peKT peakiuu onpeaesseTcss N3MEHEHHEM BHYTpPEHHEH
sHepruu npu V,T=const ¥ U3MEHEHUEM PHTAJBIHNU CUCTEMBI TIpu p, T=const. Tak kak U u [ s1B-
ASAIOTCS QYHKIMAMU COCTOSIHUA, TO O, U O, OJHO3HAYHO ONPEACIAIOTCS HaYaabHBIM U KOHEU-
HbIM cocTtossHeM TC. Oto monoxenue no3zponuio ['.U. I'eccy B 1840 r. chopmynupoBaTs 3a-
KOH, COTJIACHO KOTOPOMY TEIUIOBOM 3P EeKT peakiiu, MpoTeKaroIiel Mpu NOCTOSIHHBIX V uiu p,
HE 3aBHCUT OT TOTO, MPOUCXOJUT JIM JAHHOE XUMHUUYECKOE MpeBpallleHre cpa3y Wi MOCTENEHHO,
yepe3 HECKOJbKO cTaaui. M3 3Toro 3akoHa cieayer:

1.  TemmoBoit 3hdexT pazmokeHHs KaKOTO-THO0 XUMHUYECKOTO COSAMHEHHUS 10 OMpEeeiicH-
HBIX MPOAYKTOB paBeH IO BEIWYMHE U MPOTHUBOIOJIOKEH MO 3HAKY TEIUIOBOMY 3(dexTy
00pa3oBaHMs 3TOTO COSAMHEHUS U3 T€X KE MPOIYKTOB, T.€. Q10,=- (0> .
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2. Ecnm xumudeckasi CUCTeMa M3 HA4aJbHOTO COCTOSIHUS A MOXXET OBITh IepeBe/ieHa B CO-

CTOsiHMEe B pasnmuuHbIMM XMMHUYECKMMHU MPOLIECCAMH, TO CyMMa TEIUIOBBIX 3(P(HEKTOB BO
BCEX CiIydyasx Oy/eT OJHa U Ta ke (CM. puc.),

Te. 0, +0,+0,=0,+0; . (a)
Ecnu, Hanpumep, TemmoBoit 3GdexT Q) He MOXKET ObITh ONpeeNeH dKCIIePUMEHTAIbHO, TO OH
MOJKET OBITh HalijicH U3 (a)
0,=0,+0:-(0,+0y). (b)
C Q D B kauectBe mpumMepa MOKHO NMPHUBECTH TPYAHOOCYIIE-
CTBHMYIO PEAKIHIO
Qi Qs H,0+CO=H,+C0,+0Q, .

A Omnpenenum TernoBoit a3pdext O, 3Toi peakuuy,
UCTOJIb3ysl N3BECTHBIE TEIUIOBBIE 3((EKTHI CIETYIOMINX
peaKkuuii:

Q4 Os co+Lo,=co, -283170 < (¢
E 2 KMOJIb
1
H,+ 10, =H,0-241980 ¥ (g
2 KMOJIb
Boruuras nounenno (d) u3 (c), noaydum

CO-H, =CO, - H,0-41181 "2 4oy

KMOJIb
kJx
CO+H,0=C0O,+H,-41181 —/——.
KMOJTb
3. TennoBoil 2pPeKT peakuy paBeH aareOpandeckoil cymMMe TEmaoT 00pa30BaHUs MPOIYKTOB
PEaKIMU 32 BBIYETOM aJIreOpandecKoil CyMMBI TETJIOT 00pa30BaHMsI HCXOAHBIX BEIIECTB

Qp = z Qp,ioﬁp.npo;[. - Z Qp,joGp.ch. . (139)
i=1 j=1

4. Ecnu BO3MOXHBI JIB€ pPEaKLUU, MPUBOASIINE U3 Pa3-
JUYHBIX COCTOSIHUM A 1 B K 0lHOMY U TOMY K€ COCTOSI-
Huto C (cMm. puc.), To TerIoBod 3pdexT mepexona Xu-
MUYECKOW CHCTEMBI U3 COCTOSHHS A B cocrosiHue B
OTIpeIeNIAeTCsl KaK Pa3HOCTh MEX]y TETJIOBBIMH 3 eK-
TaMU 3THUX ABYX peakuuid O, =0, —0,.
(I'ecc I'epman MBanosuu (1802-1850), npuexan B Poc-
CUIO C POJIUTEISIMH B TpexJIeTHEM Bo3pacte u3 [lIBen-
napuu. SBisics npodeccopoM TOPHOTO U IeJaroruye-
CKOI'0 MHCTUTYTOB, apTUJUIEPUUCKOro yduiuiia. BHec
3HAYUTENbHBIN BKJIQJ B MCCIEAOBAHMS MPUPOIHBIX 0O-
rarcTB Poccuu, pyKOoBOIMI IIKOJIOW PYCCKMX XMMHUKOB,
uznan B 1831 r. yae6HUK "OCHOBBI YUCTOU XUMHUH").

Omnpenenum cBsa3p Mexay O, u Q, 111 UIEAIbHOIrO rasa npu p=const . 13 ypaBHeHuit
COCTOSIHUS

pV,=nRT, (m)
pV, =n,R,T . (n)

BreruuTas (m) u3 (n), noayuyum
p(V, =v.)=(n, —n)R,T, (13.10)

Taxk kak
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Q,=U,-U, +pV,-V), (13.11)
T0, noactasisig (13.10) B (13.11) ¢ yuetom (13.7), moiaydaem UCKOMYIO CBSI3b
Q,=0,+AnR [T, (13.12)

rae An=n,— n; W3MEHEHHE YHCJIa KHJIOMOJIEH BeIleCTBa.

Takum o6pazom, ecnu u3MeHeHue uncia moaei An>0, to Q, > Q,, npu An<0, 0, < Q,,
eciu An=0, T0 Q) = Q..

OTMeTuM, YTO IPH ONPEIEICHUH YHCIIa MOJIeH TBepAble U KUAKKUE (KOHIEHCUPOBAHHBIC)

BEI[ECTBAa BO BHUMaHUE HE MpuHUMaroTcs, Tak aig peakuun C+0,50,=CO An=n; —n; =1 —
0,5=0.,5.

3akon Kupxroda (1858 r.)
Tak Kak BHYTPEHHSIS SHEPIrUsl U SHTAIBIUS 3aBUCAT OT TEMIEPATYpPhl U JABJICHUS, TO U
TEIUIOTHI peakuuu O, u O, TaKKe 3aBUCAT OT 1 U p.
Bossmem npoussoanyto ot Q, =U, —U, no temneparype npu V=const:

90, _(oU,\ (oU,\ _,. . & 2
( oT jv _( or jv ( o jv =Cy,=Cy = (nyc,), ;(nicvi)l, (13.13)

j=1 i

oT

[Ipu p= const Oynem UMeTh

90, (I, o) _ . . _3 R
( oT Jp _(aij _[aTj,, B CI’2 Cpl _Z(njcpj )2 Z(nicm’ )1 ’ (13.14)

j=l i=1

d
rae [ Q). TeMIepaTypHbIi KO3 PUIIMEHT TEIIOTh PEaKIUH.
\4

VYpasuenus (13.13) u (13.14) ycranaBimBaroT 3aBUCUMOCTE (), U O, OT TEMIIEPATYPhl U
JABJICHUSI ITyTeM 3aIIUCH IIPOU3BOIHBIX YePE3 UCTUHHBIEC TETIJIOEMKOCTH CMECe KOHEUHBIX U UC-
XOJIHBIX KOMIIOHEHTOB PEaKIMK U Ha3bIBaloTCs ypaBHeHHs MU Kupxroda. BHyTpeHHsis sneprus
Y SHTAJBIUS UJIEATHOTO Ta3a 3aBUCST TOJBKO OT TeMIepaTypbl, mo3ToMy ypaBHeHus (13.13) -
(13.14) npumyTt BUA

&_ n B m

dT _jzl(njcwi)z ;(nicvi)p (1315)

g, ¢ e

dT _:Zl(njcpj )2 ;(nicpi)l . (13.16)
dQ

N3 ypaBuenuit (13.15) u (13.16) criexyer, 4TO 3HAK MPOU3BOTHOM T 3aBUCHUT OT pa3-

HOCTH TEIUIOEMKOCTEH

(njcj )2 = (e, )1 =C,-C =AC.
= i=1
dQ dQ

[Tpu AC>0 T >0, eciu AC<0, Tou T <0, mpu AC=0 TernoBoil 3PdeKT peakiuu He 3aBH-

d
CUT OT TeMIEpaTyphl, TO €CTh dg =(. CkazanHoe wunoctpupyercs pucynkom 13.1. U3 pucyn-
Ka BUJIHO, YTO €CJIM CyMMapHas TEIIOEMKOCTh MPOAYKTOB peakiuu C, 6oJble cyMMapHOil Ter-
JIOEMKOCTH UCXOAHBIX peareHToB Ci, TO TemioBoi 3((eKT peakunuu yBeITUUUBAETCA C POCTOM
temriepatypsl. [Ipu AC<0 umeeT mecTo 0OpaTHast KapTHHA.
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Wnterpuposanue ypasuenuit (13.15) u (13.16) mo3BossieT onpeaenuTs TernaoBbie 3h(eKThl
peakuii. Tak Kak UHTErpaJl CyMMBbI paBE€H CyMME MHTErPajIOB, TO MOKHO HalucaThb

T

Puc. 13.1

Q, =0, +(Zn:j”1cvdeJ _(ijnicvidT] ; (13.17)

=T i=l 7,

0,=0,, + ( j"jcp, ] (mjnc dTJ , (13.18)

T, T,
rIe QV,TO u QP,TO - 3HAQYCHHS CTAHJIAPTHBIX TEIUIOBBIX 3(P(HEKTOB XUMUUYECKUX PEAKIUN TPH
temnepatrype To=298K u p0=1,01325-105 [Ta, koTopsie mpuBOAATCS B Tabnunax. Hampumep, ais

peakiuu

Hra3+10ra3 HO

2 (oxmmxocTs)

TemnoBoit dpdext Qv,TO =286021 kJIK/KMOJIb.

3anumem ypaBaenus (13.15) u (13.16) B obmiem Buze

dao
T =C,-(C (a)

U IIOKaXeM, Kak onpezensercs temiora peakuuu Q = f(7') 1mo U3BECTHbIM UCTHHHBIM MOJIBHBIM
TEIUIOEMKOCTAM ¢; = f(T') peareHTOB (DAHHBIM IPUMEpP NOKA3bIBAET PELICHHE OJHOIO U3 ypaB-
Herui (13.17) unu (13.18)).

Paccmorpum peakuumro Buna n,A+n,B=n.C+n,D . bynem cuurarb, 4T0 MOJIbHBIE TEII-

JIOEMKOCTH OINPEIeNIAIOTCA KBaAPATHYHBIMH MOIMHOMAMU ¢ = a+bT +dT’, Toraa cyMMapHbie
TEIJIOEMKOCTH PEAr€HTOB 3aMUIIYTCSA B BUJIE:

C =nla, +bT+dT*)+n,a, +b,T +d,T?),
C,=nla +bT+dT*)+n,(a, +b,T+d,T?).
Tenepb BMeCTO (a) MOKHO HAMCaTh
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do
E = (ncac +ndad —-n,

+(nd +nd,—nd, —nd)I*=a+BT+yT", (b)
a= (ncac + ndad - naaa - nhah): zniai ’ﬁ’ = (ncbc + ndbd - naba - nbbh): znibi >
v =(m.d, +n,d, —n,d, —n,d,)=Ynd, .

a,— n,,ab)+ (ncbc +n,b, —n,b, —n,b, )T +

Pa3snenum nepemenHsle u npounterpupyeM (b): Q = aT + 'iTZ +};T3 +C . TIpn T=0 nHaiinem

KOHCTaHTy uHTerpupoBanusi C=Q, rae Qp — temiora peakuuu npu 7=0 K. OxoHyaTenbHO B
TPaAUIIMOHHOM BHUJIE MOXKHO HAIMcaTh
Q=Q,+aT+ BT +yT°, (13.18a)

B .Y
e f=—; y="-.

2 3
CKOpOCTh XMMHUYECKOW PEeakiMy M 3aKOH JAEUCTBYIOMUX Macc. [1o HICTUHHOW CKOPOCTBIO XH-
MUYECKOW peaKIMy MOHUMAIOT TIPeiesl OTHOIICHHSI U3MEHEHUST KOHIICHTPAILIMH [-TO KOMITOHEHTA
K IPOMEXYTKY BpeMeHU AT, 32 KOTOpOE MPOU3OIILIO 3TO U3MEeHeHue, npu AT—0

W, :—lim(ACAjz—ch, (13.19)
ar

rae C4 — KOHLIEHTpaLUsi KOMIIOHEHTa A.

C yBenuuyeHUEM KOHIIEHTpAIIMU BEIeCTBAa PEareHTOB PACTET YUCIO0 MOJIEKYT H, Cie-
JIOBATEIbHO, YHCIO HMX COYJIapeHUM, YTO MPUBOJUT K POCTY CKOPOCTHU XMMHYECKON peak-
IUU. 3aKOH JEUCTBYIOIIUX MACC TJACUT, YTO CKOPOCTh PEAKIUU B KAXKIbII MOMEHT BpPEMEHU
MNpONOPIMOHATIbHA TMPOU3BEACHUIO KOHIEHTpalui pearupyromux BemectB. s peaknuu
A+B=C+D 06ynem umeTh

W =KC,Cy, (13.20)
rae K — KoHCTaHTa CKOPOCTH.
Ecnu ypaBHEeHuE peakuu UMeET BUJL aAd+bB=cC+dD, To
W = KCiC}. (13.21)
Tax, nns peakuuu 2CO + O, = 2CO, cKOPOCTh PEAKIMHN paBHA
W =KCZ,C,, .

[Tomydaennsie nmust W BBIpaKEHHs CIIPaBEUIMBHI JIUIS BEIIECTB, HAXOASIIUXCA B Ta30BOM
COCTOSIHMH ¥ TIOJYMHSIIONTUXCSl YPABHCHHUIO COCTOSIHHS HcaIbHOTO rasa. Eciu B peakuuu y4a-
CTBYIOT BEIIIECTBA B TBEPJOM WJIH JKUJKOM COCTOSIHUH, TO UX KOHIICHTPAIIMHM HE BXOJAT B YpaB-
HEHME JJIs1 CKOPOCTH peakuuu (T.e. s HuX noyiaratoT C=1). Iy peakiimu OKUCIeHUs TBEPAOTO

yraepoga C + O, = CO, ckopocTh peakiuu ompexensiercs: Bepaxkenuem W =KC,, , Tak Kak

KOHICHTpalMd W MapHUaAJIbHOC JAaBJICHHUC IMAapOB YIJICpPOJa HAA MOBECPXHOCTHLKO TBCPIAOTO TCJia
npu T=const ocTar0TCs IIOCTOSHHBIMU M HE BIMSIIOT Ha CKOpPOCTH pCaKIUu.

Xumunueckoe paHoBecue. [Ipunnun Jle [latenwe - bpayHa
Paccmotpum peakuuto ad+bB & cC+dD.
CKOpOCTh NPAMON peakuu

_ ab
W, =K,CC! (13.22)
C TCUCHUEM BPEMCHH MAJACT M3-3a YMCHBIICHUA KOHIOCHTPAIIUN UCXOOHBIX BCIICCTB. CKOpOCTB

00paTHOM peakiuu
W, =K,C.Cs (13.23)
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B CBOIO OuY€peilb, HEMPEPHIBHO PACTET M3-32 YBEIMUYEHHUS KOHILIEHTPALMH MPOAYKTOB PEAKILIUHU.
Xumuueckoe paBHoBecue HactynaeT npu Wi = W,. Eciu Wi >> W,, To peakiusi COpoOBOK-
JaeTCsl MPAKTUYECKU MCUE3HOBEHUEM MCXOIHBIX BEIIECTB M €€ HA3hIBAIOT HEOOPATUMOH.

[Ipupasnusas (13.22) u (13.23), noayuyuM KOHCTAHTY PaBHOBECHS, XapaKTEPU3YIOIILYIO
COCTaB PaBHOBECHOW CMECHU

K, _CCy
. :? :W’ (13.24)
2 A™B
KOTOpast, Kak Oy/eT MOKa3aHO HUXKe, SBISIETCS (PYHKIUEH TeMIepaTypsl U 1aBICHHUS.

Buemnee BozxeiictBue, coryiacHo npuHiuiy Jle Illarense - bpayna, cmemaer paBHO-
BecHe B Ty WM HHYyI0 cTopoHy. IIpm stom TC okaspiBaeT NpOTHBOJCHCTBUE, OCIA0IIAsA
BHEIIHee  BozjeiicTBue. Tak, yMEHBbIIEHHE TEMIepaTypbl B PEAKIMOHHOM o0OBeme, 00y-
CJIOBJIEGHHOE TEIUIOOOMEHOM C OKPY)KAIoLIeH cpenoil, B K30TEPMHUUYECKON pPEaKLUu CMella-
€T PaBHOBECHE B CTOPOHY IPOAYKTOB PEaKLUU U YBEIMYMBAECT TeIuloBblAencHUE. Ilpu mo-
BBIIICHUU TEMIIEpAaTypbl PAaBHOBECUE CMEIIAETCS BJIEBO B CTOPOHY HCXOAHBIX IPOIYKTOB C
YMEHBUICHUEM TEIUIOBBIICIICHHUS.

BsIpazuM KOHCTaHTY paBHOBECHs Yepe3 MapLHUaIbHbIC JaBICHUS KOMIIOHEHTOB UCXOHBIX U
KOHEYHBIX ITPOJYKTOB PEaKlMM. 3alliCcaB ypaBHEHUE COCTOSHUS MI€aIbHOIO ra3a yepe3 Nnaplu-

anpHOe naBneHue B popme Menneneesa-Knaneiipona p;Viy = n;RpT.,, . ¥ BBOAS KOHIICH-

n. 2
TPaLHIO ¢; = ——, IOJIy4uM C;=——. 13.25
p VCM yq ROTZ:M ( )
IMonctasnss (13.25) mig kaxxaoro u3 KOMIoHeHToB B (13.24), HalimeM, 4TO
c _d
K, =Ll (g it (13.26)
APg

rae c+d—a—d = An - U3MEHEHNE Yncia KWIOMOJIEH Ta3000pa3HBIX MPOAYKTOB B PE3YJIbTATE
XUMHYECKOU PEaKLUH.
BBoast KOHCTaHTY paBHOBECHS, BEIPAXKEHHYIO Uepe3 NapliaibHbIe JaBICHUS
c _d
K, =LcPp (13.27)
PaPs
nepenueM (13.26) B OKOHYATETLHOM BHJIE
K, =K,(RT,)"™. (13.28)
@opmyna (13.28) ycranaBnuBaer cBA3b MeX1y KoHCTaHTaMu paBHOBecus K. u K,. Cie-
nosatenbHo, eciin An>0, K. < K, npu An<0 K, > K, ecnu An=0 K, = K,,. Tak, misi rerepo-
TE€HHOU CUCTEMBI, HAllpUMEP, B Cllydae peakluuu

C+CO, & 2C0
Oyaem UMeTh
2 2
co C co
Kp:p 4 aKc: ’ Kc:Kp/(ROY—;M)’
pCOz CCOZ

Tak Kak An= 2-1=1 (cMm. ctp. 209).
[To M3BECTHBIM KOHCTAHTAM PaBHOBECHS OJHHX PEAKIIMA MOYKHO BBIYHCIUTH HEHU3BECT-
HbIE KOHCTAHTHI IPYTUX PEAKIMI U COCTaB CMECH MPHU XUMUYECKOM PAaBHOBECHUH.

’ ” 19
[TycTh M3BECTHBI KOHCTAHTHI paBHOBecHsT K pH K p PeaKuuii

200 C+CO,, C+2H,=CH,: K, = Pzwz . K= sz4 1 TpeOyeTcs ONpeIeuTh KOH-

P co P n

CTaHTY PaBHOBECHS peaKINU
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ch4 pco2
2

pleo P,

HEHMS UMEIOIMXCs BeIpakenui ms K,, K [', u K ; nonydaem K, =K ; ‘K ;, TO €CTh KOHCTaHTa

2C0,+2H, < CH, +CO,. Tak xak uckomas KOHCTaHTa paBHa K , = , TO U3 Cpas-

CYMMapHO# peakIK paBHA MPOU3BEICHUIO0 KOHCTAHT MPOMEKYTOUHBIX PEaKIUil.

CTeneHb AMCCOIMALIMM U €€ CBI3b C KOHCTAHTON paBHOBECHS

[Ton aucconumanueil MOHUMAIOT MPOLECC Pa3IOKEHUS CIOKHOTO BellecTBa Ha Ooiee
MPOCThIE, OOBIYHO TUCCOLMALIUS TPOUCXOIUT MPU BBICOKHX TEMIEpaTypax.

Jlonst NCXOTHOTO BEUIeCTBa (¥, KOTOpasi pa3iokKuiach K MOMEHTY JOCTHKEHHS paBHOBE-
CHsl, Ha3bIBa€TCA CTENEHBIO TepMHUUYECKOil nuccornuanuu. CocTaB CMECH NMPU PABHOBECUU 3aBU-
CHUT OT CTENEeHU TUCCOLMALIUU U, CIIEeA0BAaTEIbHO, KOHCTAaHTa PAaBHOBECHS, 3aBHUCSIIASl OT TOJTHO-
THl PEaKIUH, MOXKET OBITh BBIpAXEHaA dYepe3 cTeneHb aucconuanuu K=f{). Paccmorpum
peaxkuuo

ad & bB + cC, (a)
BBIpPaXEHHE JIs1 KOHCTAHThI PaBHOBECHS KOTOPOI MMEET BUJ
c b
K, = Pch ’ (b)
Pa
®opmyie (a) OTBEYAET, HAIPUMEDP, XMMUUECKAsl peaKus
2C0, =2C0+0,. (©)

K MOMCHTY HACTYIUICHHUA PaBHOBCCHUA YHUCIIO KHJIOMOJIEH KaXaoro mM3 BEIISCCTB COCTABUT:
n, =20-a) n,=2a, n, =a.

Taxum 006pa3oM, YKCIIO KWIOMOJIEH cMecH
n, =20-a)+2a+a=2+a. (d)

i

B pasgene "I'azoBble cMecu" ObLIO MOKa3aHO, YTO OOBEMHas JIOJs (-0 KOMIOHEHTA 7, =

CcM

i

paBHa MonbHOW gmone N,=——, torma p,=r.p,, =N,p, . Bblpasum napuuaabHble IaBICHUSA

CcM

Ta30B 4C€pPEC3 MOJIBHBIC JOJIH U JaBJICHUC CMCCHU:

Mo, Al-a
pcw:NiPCM: pCM: ( )pCM’
’ n,, 2+«
Peo = 2 p Po, = a p
co 2+a’ cMm? 0, 2+a cMm*

[loxcraBnss napuuanpHele gaBieHus B (b), HalleM MCKOMYIO 3aBUCHMOCTb KOHCTAHTBI PaBHO-
BECHs OT CTEIEHU JUCCOLMALUU

P’
K =—-+~%% 13.29
" —a)ra) (1329

3Hasi KOHCTAHTY PaBHOBECUS, MOXHO ONPEAEIUTh CTENEHb Aucconmanuu. Kaxnas xumMuueckas
peakius UMeeT CBOI (DYHKIIMOHAJIBHYIO 3aBHCUMOCTh K=f(0). B paccmarpuBaemoM ciydae
YHCIIO KUIIOMOJIEH 00pa3oBaBIIMXCS MPOAYKTOB PEAKIMU /=3, YHCIO KHIOMOJIEH HMCXOHBIX

BellecTB 7;=2, Toraa An=n, —n; = 1. Ha ocHoBanuu (opmysl (13.28) MOXKHO HamucaTh

3

K, =K,(RT, )" = JFo . (13.30)

(1-a)Q2+a)l R,
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TepMoIMHAMUYECKUE YCIOBUS PABHOBECUS XUMUYECKUX PEAKLIUN
B pasgene 7 "TepmomuHamuyeckue MoTeHUUanbl M aAuddepeHnnanbHble ypaBHEHHS
TEPMOJMHAMHUKH" ObUTH BBEIEHBI B pacCMOTpeHHe (GyHKIUU cBoOoaHas sHeprust FF' = U — TS u
cBoOoHas sHTanbnus @ = [ — TS. beuto nokaszano, 4to npu 7=const cymMma paboThl H3MEHEHUS
o0bema L 1 paboT, He CBA3aHHBIX C U3MEHEHHEM 00beMa paBHA YObUIM CBOOOJHON SHEPTUU

n
dL+ZI:dLVJ. =dL+dL =—dF .

i=
B ciiydae n3oxopHo-u3oTepMuueckoi peakiuu npu dL = pdV = 0 paboTa XUMHYECKOW peaKIuu
TaK)ke paBHA yObUTH CBOOOHOM SHEPTHH

dL =—dF . (13.31)

B mpomecce mnepexoma cucTeMbl B PAaBHOBECHOE COCTOSIHUE M3  ypaBHEHUS

dF <—SdT — pdV (cm. pazpen 8) cienyet, uro npu dT=dV=0 cBobomHas dHEpPrusi JOHKHA
YMEHBILIAThCS, a B COCTOSHMM paBHoBecuss dF =0, d*F >0, F=F_ . U3 ycnosus dF <0
TaKXe CJIeQyeT, YTO NMPHU MPOTEKAHUU OOPAaTHUMBIX XUMHUYECKHUX PEAKIMHA CBOOOTHAS SHEPTHS
ocTaeTcs HEM3MEHHOM, a P HEOOPATUMBIX — YMEHBILIASTCS.
AHaTOrH4HEIM 06pa30M IS H306apHO-H30TEPMUYECKON PeaKkiii MOKHO Hanucath dL = —d® .
Tak xak d®<-SdT+ pdV, To Tpu Tmepexone B pPaBHOBECHOE COCTOSIHUE H300apHO-

U30TEPMHUYECKUN  MOTeHIMaT yMmeHbmaeTcss (d®<0), a B COCTOSHHH pPaBHOBECHs
2 N

dP=0,d°®P >0, ® =D, . [Ipu nporexanun obparumsIx peakuuii dP=0, mpu HeoOpa-

TUMBIX paBHOBecue Hactymaer npu @ = P ...

B o6mem ciiyyae cBoOOHAS SHTANBIUS g XuMudecku pearupyromeii TC MoxeT ObITh
3arvcaHa B BUJE

®=f(p,T,G,G,...),

OTKyZa d® = 9@ dp+ (acpj dT + z 9° dG, .
dp T.G,.G,... o p:G.Gy. =l aGi p.TG,,
Jnist 1300apHO-U30TEPMUYECKOM CUCTEMBI OyZIeM UMETh
(0D
d®,, = S dG, (13.32)
i=t it/ pTG,
od .
HO | — = ¢, (CM. XUMUYECKUH MTOTEHIIMAN), TAKUM 00pa3oM
JG, pIG,,
d®, . =D 9dG, . (13.33)

i=1
Ecnu B cucteMe nmpoucxondar xumuueckue npeBpaiienusi, To dP<0. [Ipu HacTymienuun
XUMHUYECKOT0 PaBHOBECHS BbICJICHUE WM MOTJIOUICHHE TEII0THI peKkpataercs u dP=0.

XHUMHUYECKOE CPOJCTBO

[Ton XxUMUYECKUM CPOJCTBOM MOHHUMAIOT CTENEHb CIIOCOOHOCTH Pa3IMYHBIX BEILECTB
COEUHSATHCS APYT C IPYTOM.

bruto mokazaHo, 4TO Mepexo]; N30XOPHO-U30TEPMHUUYECKOI CHCTEMBI B PAaBHOBECHOE CO-
CTOSTHHE COIPOBO’K/IACTCS YMEHbBIIIEHHEM CBOOOHON dHepruu (dF<0), U B COCTOSTHUN paBHOBE-
cust dF=0, d2F>O, F=Fin. s n300apHO-U30TEPMUIECKON CHCTEMBI, COOTBETCTBEHHO, dP<0),
dD=0, d’ D>0, D=Dyyp.

TakuM 00pa3oM, BO3MOXXHBIMHU SIBJIIIOTCSI JIMIIb T€ PEAKLIHUU, KOTOPHIE MPHUBOIAT K
YMEHBIIICHUIO CBOOOTHOW PHEPTUH WUJIM CBOOOTHOM SHTAIBIINH, YTO WILTFOCTpHUpYyeTCs puc.13.2.
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W3 pucyHka BUIHO, YTO MpOTEKaHHE MPSIMON M 0OpaTHOM peakiuii BO3SMOXHO JIMIIb MPU BbI-
nonaennu yenosuit Fp —Fy <0, @) —P, <0 nwm Fy —Fz <0, &, -Py <0, 110 F)
U @) — 3HaYCeHUs NOTCHIMAIIOB TTOociie peakiuu. B Touke C MMeeT MeCTO XMMUYECKOe PaBHOBE-
cue. OTMETHM, YTO B 3TOM COCTOSHHM HU OJIHA M3 KOHIICHTPAIWH BEIIECTB HE paBHA HYJII0. Uem
oonpmre F, — F, nmu ® 4, — Py, Tem Gonbire paboTa peakiyy, a CIEIOBATENBHO, H XUMH-

YEeCKOE€ CpOACTBO. BmepBble 93TO TMOJIOKEHHE OBUIO  BBICKA3aHO PYCCKUM  yYEHBIM
H.H.bekeroBsiM, a 3aTem ['enpmronbiieM u Baut-I'opdom.

F.® YpaBHEHHE U30TEPMBI XUMUYECKOU pe-
Fy. @y aKIuu
[Tonyyum ypaBHEHHE, CBS3bI-
BalOI[e€ MAKCUMAIIbHYIO pa00Ty XUMHU-
Fu, Dy YECKOM peaklMu ¢ KOHCTAaHTON paBHOBE-
CHsl U HAYAJILHBIMU JABJICHUSIMA
BEILIECTB, YYACTBYIOIIUX B PEAKIUU. ITO
C YPaBHEHHE HA3bIBAETCS YPABHEHUEM
Fo. Dy MU30TEPMBI XUMUYECKOW peakuuu. Pac-
CMOTPHUM 00paTUMBIE MTPOLIECCHI, TPOTE-
KalOIlKE B YCTAHOBKE, MPEIJIOKEHHOU
Bant-T'opdom B 1884r. (puc.13.3).

O

100 0 Ca%
Puc. 13.2

PA’ PB, PC’ PD’

CA CB CC
Emxoctu A,B,C.D

> TypOunsI /( —

Ammk Baat-T'odda

4 A

Y D ]_ A
PasPs>sPc>Pbp
D Cas Cp > Cc, Cp

1

Pnc.13.3

VYcranoBka Bant-I'odda coctout us typobun, emxocteit A,B,C,D, B KOTOPBIX HAXOIATCS KOMIIO-
HEHTBHI C apUUATIbHBIMU naBieHusIMu P4, Pp, Pc, Pp u xoHueHTtpamusamu Cy, Cp , Ce, Cp, 1
smuka Bant-I'odda, comepkaiiero paBHOBECHYI0 CMeCh KOMIIOHEHTOB U MMEIOIIETO MOTYIPO-
HUIIaeMbI€ TIEPETOPOIKH, KaK/1asi U3 KOTOPBIX MPOITYCKAET TOJIBKO OJWH U3 KOMIOHEHTOB. [Ipu
3TOM P> pa, Pg> ps, pc >Pc, pp >Pp . PaboTta xumudeckoi peakuuu L* MOXKET ObITh IPEICTAB-
JeHa Kak anreOpandveckas cymMMma padoT HAealbHBIX TypOuH, paboTtatomux npu 7=const. Tak

v
KaK paboTa M30TEPMHYECKOro pacimpenust pasia L, = nR,TIn—* =nR,T ln&, TO B HallleM
4 p
1 2
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cilyyae, CKJIaJbIBasi pabOThl BceX TypOMH, MOIy4yaeM ypaBHEHHE M30TE€PMbl XMMUYECKOH peak-
105051

Ly, = ROT(alnPA+blnPB+clan+d1nij _

Pa Psp P P,
P P P P
=R0T(alnA+blnB—clnc—dlnDjz (13.34)
DPa P Pc Pp
Pan a h PCPd
- ROT(ln 45 _1n Pals j - ROT(ln K, —1ncal;j= ~AD,
PP, PcPp Alp
¢ _d
TaK Kak 110 onpeenenuto K, = P ip o
PaPp
Bripa3uB mapuuanbHble JaBICHUS Yepe3 KOHIICHTPAIIMH KOMITIOHETOB, TOTyYUM
CiCy
L. =RT/InK,—In—= lg =—-AF. (13.35)
CiCs
c pd
Ecim InK . >1n c LZ , To TC HaxoIuTCS B HEPABHOBECHOM COCTOSIHHH, PaboTa MOJ0KUTEIIbHA
A" B

U BO3MOXXHA JIMIIb mpsiMas peakuus. [Ipum L*<0 Bo3MokHa TOJIbKO oOpaTHas peakuus. Ecnu
L*=0, To TC HaxoauTCsl B paBHOBECUM U XMMHUYECKAsl peaKLUsl HE POTEKAET.
st cpaBHUTEIBHOM OLICHKM XMMHYECKOTO CPOJCTBA CUUTAIOT, YTOHAYAJIBHBIE KOHIICH-
Tpauuu U NapUUaibHbIC JaBICHUS KaXIOr0 U3 KOMIIOHEHTOB COOTBETCTBEHHO PABHBI OJHOMY
KWJIOMOJIO WIM OJHOW  ¢usmueckoir armocdepe (p; :1,01325-105Ha), TO €CTb
LT
A" B A™B

npuMep, B [36]) NPUBOAATCA 3HAYEHUs TEIJIOT oOpa3oBaHus (TeruioBod 3¢ddekr peakuuu

=1, Torma L’ix =R, TInK, u L’;Zx =R, InK .. B cnpaBounukax (cM., Ha-

Al ), lx/monb), suTponuu Sy, Jx/(mone K) u Termmoemkoctu ¢, Jx/(mons K) npu T)=298K,
KOTOPBIE MO3BOJISIFOT OMPENCTUTh H3MEHEHNE M300apHO-U30TEPMUIECKOTO MOTSHIINANIA B CTaH-
NapTHBIX ycnosusx A®)=Al) -TAS; .

3akon Baur-I'odda
3akon Bant-T'odda ycraHaBnmBaeT 3aBUCUMOCTh KOHCTAHTHI PABHOBECHUS OT TeMIIEpaTy-

PBL.
PaccmoTpuM BHayane M30XOPHO-U30TEPMUUECKYIO CHCTEMY U MOIy4YuM ypaBHeHue ['1o-

oF

oca-I'enpmroneiia. CBoOomHyro sHepruro F =U-TS ¢ yderom S = —( T

j (Tak Kak
\%4

dF =—S8dT — pdV ) MOXHO TIpeICTaBUTh B BUJIE

F=U+T(8Fj . (13.36)
T ),

JIns HayanbHOrO0 U KOHEYHOTO COCTOSIHUWA CUCTEMBI (O U MOCJIE XUMUYECKOW PEaKLMU) MOKHO
HaIlKcaTh
oF,
F=U + T(l , (a)
oT
\4
JF,

F,=U,+ T(aTl . (b)
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Berunras (b) u3 (a), nomyunm ypaBaenue ['u66ca-I'ensmrombia

L,,=F-F=U-U, +T(8(F1_F2)j =0, +T(8L”J . 13.37)

oT oT

Jnist 1300apHO-U30TEPMUYECKOM CUCTEMBI OyZIeM UMETh

(P, - P,) oL,
L,=®-®,=1-1I, +T(18T2jp =0, +T(a"Tij, (13.38)

TaK Kak dL, ,=—dF ,a dL,, =-d ®.

BossMmeM nmpouzBoanyio ot (13.35) mo temmneparype npu V=const

* e d
L I €Co | T onKe
oar | cict o ),

u nojctaBuM B (13.37) :

# c ~d 1 K o )
Lo =0 +TR0(IH Ko ~In <00 j—ROTZ(aan 1O TRo[ln K, —1nCCCDj: L
Vv

cict or cict ma
InK
ciefioBaTenbHo, O, —ROTZ(aancj =0, wm dln c| = QV2 = AU2 ] (13.39)
or ), ofr ), RJT- RT

[Tony4yenHnoe ypaBHeHHe Ha3bIBaeTcsl 3akoHOM Baut-I'odda. st m300apHO-H30TEpMUUECKOM
peaKIMu 3aKOH OyJIeT UMETh BUJ

[aancj 9, A (13.40)

of ), RT® RT*

. dlnK,.
Tax Kak 1y 5K30TepMHYECKuX peakiuii 0<0, To u 37 <0, TO €CTb C POCTOM TEMIIEPATYPHI

yMeHbaercs U d In K., 1 KOHCTaHTa PaBHOBECHs, IIPU 3TOM pPEAKLUs CMEIAETCS B CTOPOHY

UCXOJHBIX BEIIECTB, a KOJIMYECTBO KOHEYHBIX NPOAYKTOB PEAKLMU YMEHBILIAETCS, TaK Kak

ciCy dInkK,

=—=—=. B sHmorepmuueckux peakuusix (>0, ———— >0 uU ¢ pOCTOM TEMIEPATYpPHI

C a b

C.C, oT
(dT>0) 3HaueHNE KOHCTAHThl PABHOBECHUS YBEINUUBAECTCS (d InK ) > (), xuMHUECKOe paBHOBE-
CHE CMEILAETCs] B CTOPOHY KOHEYHBIX IIPOAYKTOB, YBEIMUNUBAETCS CPOJCTBO U BBIXOJ IPOJYKTOB
peaxkuu.

3aBHCHUMOCTH CKOPOCTH PEAKIIUU OT TEMIIEPATYDHL, 3aKOH AppeHnyca
brimo mokazaHo, YTO CKOPOCTh PEaKIIMU 3aBUCHT OT KOHIEHTpAI[MU PEeareéHTOB M KOH-

cranthl ckopoctd W = KC4Cy. VBenuueHre KOHIEHTPaLKii MPUBOIUT K POCTY CTONKHOBEHHIA

MEXIY MOJIEKYJIaMH PEareHTOB B €IMHUILY BPEMEHH, T.€. K pOCTy CKOPOCTH peakiuu. Eciu Ob1
KaXJ10€ COyJIapeHue MPHUBOAMIO K PEaKlUu, TO OHA IpoTeKaja Obl MPAKTUYECKH MTHOBEHHO.
OpnHako MpoTeKaHUE PEeaKIMKM BO3MOYKHO JIMIIb IPU COYAAPEHUU AaKTUBHBIX MOJIEKYJ, SHEPrus
KOTOPBHIX OOJIbIIIE WJIM paBHA DHEPrUH, HEOOXOIUMOU JUIS pa3pyIIEHUs] BHYTPUMOJICKYJISPHBIX
cBsA3eH (PHeprum axkTtuBauuu E,). AppeHuyc, uccienys BIUSHHUE TEMIEpaTypbl Ha KOHCTaHTY
CKOpPOCTH J1J1s1 OMMOJIEKYIISIpHBIX peakiuil Buna A+B < C+D, B KOTOPBIX JBE MOJIEKYJIbI HC-
XOJIHBIX BEILECTB MPEBPAILAIOTCA B OQHY MJIH HECKOJIBKO MOJIEKYJ IPYIHX BEILECTB (IIOJ MOHO-
MOJIEKYJISIPHOM peaKkueil MOHUMAIOT peakiuio pasioxenus A=B+C, korga Mojekynaa Kakoro-
HUOYJIb BEIIEeCTBAa MPEBPALIAECTCS B HECKOJIBKO MOJIEKYJ APYIMX BEIECTB), MOJIYYMII 3aBUCH-
MOCTb (3aKOH AppeHunyca)
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E
K=K, expl —% |, 13.41
of-E) s

rae K — koHcTaHTa cKopocTH, Ky — aMmuprueckas KOHCTaHTa, XapaKTePU3YIOIIas MOJTHOE YHCII0

a

CTOJIKHOBEHUH MOJIEKYJI peareHTOB, exp(— j— MHOXHUTENb, OTPAKAIONIUN IO CTOJIKHOBE-

0
HUM, BO3HUKAIOIIUX MEXKIY aKTUBHBIMHM MOJIEKYJIaMH. Y paBHEHHE AppeHHnyca IPUMEHUMO AJIs
peakuuil B razax u pacrsopax. M3 ypaBHeHMsI BUAHO, YTO YEM MEHBILIE SHEPTUs aKTUBALMM, TEM
0oJbIlIe KOHCTaHTa CKOPOCTH M TeM OBICTpee mpoTekaeT peakius. B koopaunarax K-7 ypaBHe-
Hue (13.41) umeer Bu, NOKa3aHHBIA HA puc.13.4.

B3sB Bropyro npoussoanyto ot (13.41) no TemnepaType 1 IpUpaBHSB €€ HYJIIO

d’K E, | E, [E, y
> =K, exp| - . 3 —2|=0, omnpenenumM TOYKy repernda KpuBoil AppeHuyca
dT R,T ) RT \ R,T
E, . .
= , BBIIIIE KOTOPOH HAYMHAET 3aMeJUISITbCA CKOPOCTh XMMHUYECKOW peakumu. Tak Kak
T, T

0
T Hepf~~104K, TO B OOBIYHBIX YCIIOBUSX pEaKLUs nIpoTeKkaeT mpu remneparype 7< Tyep.
OtmeTnM, 4TO MHOTAA 3aKOH AppeHnyca 3alluChIBaloT Yepe3 CKOPOCTh XMMHUYECKON pEeaklUy B

E
Buge W =W, eXp(R‘%j , rie Wy — BooOpaxkaemasi CKOPOCTb, KOTOPYIO UMela Obl peaklusi, €CIu
0

OBl BCE CTAJIKMBAKOIIHUECA MOJICKYJIBI MTHOBEHHO p€arupoBalin.

Jlorapudmupys (13.41), momyuum

K
InK=InkK, - E, . (13.42)
R,T
K, 3aBucumocts (13.42) nmpencraBieHa B rpaduuecKoM

a
RO
3Hasg KOHCTAHTBhl CKOPOCTH JaHHOW peakiuu
IpU pa3HbIX TeMIEepaTrypax, MOKHO ONpPEIEIUTh
SHEPTUIO aKTUBAITUH, UCTIONIB3Ys popmyiy (13.42):

InK, —-InK, = E, (I—IJ,

BHJI€ Ha pUCYyHKe 13.5, e tgor = —

T RO TZ Tl
nep
K, E,(T,-T,
In—=—% ——= |, oTKyna
Puc. 53.4 KT2 R\ TT,

K
E, = Ro( 11 jlnT‘, Jlx/xmons,  (13.43)
Tl ) KT2
K7 1 K77 — COOTBETCTBEHHO KOHCTaHTBI CKOPOCTH AHHOW peakuuu npu teMuneparypax 77 u 1s.
Huddepenuupys (13.42), moaydanm ypaBHeHHe AppeHuyca B iuddepenunansaoil popme
E
dink _ E, (13.44)
dT R,T

CpasnuBas (13.44) c (13.39), npuxoauM K BBIBONY, YTO YPaBHEHUS] UMEIOT OJMHAKOBBIN BH].
Ecnu 3anucate ypaBuenue (13.39) depe3 KOHCTaHTBI CKOPOCTH OOpaTHOM M MPSIMOM peakIuid

dlnK, JdlnK, U,-U,
— =—=——, a(13.44) npencraBuTh B BUJE
( oT jv [ oT jv RT? (1344 mp
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(aanzj _(aanlj _E,-E,
InK or ), ofr ), RT* ~

0k, TO TEr10BOM 3(h(eKT peakluu MOKHO BBIPA3UTh ye-
0 pe3 pa3HOCTb YHEPruil aKTUBAIIMH MPSIMOU U 00paT-
HOM peaxkuui

o, =U,-U =E,-E,. (13.45)

TeroBoii 3akon Heprcra
HeprcToM OBUTO 2KCIEPUMEHTATBHO yCTa-
o HOBJICHO, YTO TEIUIOEMKOCTH KPUCTAUIMYECKUX BeE-
[IECTB MPHU TeMIepaTypax ONM3KUX K HYIIO PaBHBI

HYIIIO, T.€. cP‘T 0 0. Torma u3 ypasHenus Kupxro-
—

da (13.14) cnenyer, uro (ggj =0. Ha ocHo-

P 110
BaHUHM 5TOro HepHCTOM GBUIO BBIABHHYTO IIPEIIIO-

oL,
=|| S =0.
(5

P 1r—0

/T
Puc.13.5

noxeHnue, uyto npu 7—0

o)

Kpowme toro, u3 ypasaenus [ mo66ca-I" enpmronbiia

P 1r—0

oL
L,=0,+T a;’j
p
MoJIy9aeM, YTO MakcHMajibHas paboTta peakumu npu 7=0 paBHa TermoBomy 3ddekty, T.e.
Ly=Qy. Takum o6pazom, ipu 7=0 xkpussie Q=f(T) u L=¢(T) He TOIbKO BBIXOAAT U3 OJIHOH TOY-
KM, HO U UMEIOT OOIIYI0 KacaTeabHYI0, MapajljiesibHyt0 ocH Temieparyp. [lokaxem, 4To 3TO Tak.
BO6113u abcoitoTHOTO HyIsl TEMIIEPATyphbl SHTPOIIUU BCEX BEIIECTB, HAXOMASIIMUXCS B PaBHOBEC-
HOM COCTOSIHMH, CTAHOBSATCS HEU3MEHHBIMU U PaBHBIMU MEXIY co00ii, T.e. Sjp=Sxo=const, rue
S10 ¥ S20— SHTPONIMM UCXOIHBIX BEILIECTB U MPOAYKTOB peakiuu npu 7=0K.
JleficTBUTEIBHO,
dL, _|[(o®, ~,) _|[9®,) (o2, ¢ s —o
oT oT oT oT S
P 1r—0 P 1r—0 P P 110

4yTO U TpeboBaaoch MoKazaTh (cM. puc.13.6). Hepuct B 1906 1. chopMynupoBan TEMIOBYIO TEO-
peMy, COTJIaCHO KOTOPOM MpHU TeMIieparypax OJM3KUX K aOCOITIOTHOMY HYJIIO CBOMCTBA KOHJEH-
CHpPOBAaHHBIX (TBEPJIbIX) CHCTEM IIEPECTAIOT 3aBUCETh OT TeMIleparypbl. B nanbHeiiem
M.I1nank, ucnosb3ys ypaBHeHue bonbimana s=kInW, mokasan, 4to s;0=s20=0 (Tak Kak TepMo-
nuHaMuueckas BeposiTHocTh W nipu 7=0 paBHa enuHwmIe) U aajl Oosiee 001Iyr0 (HOpMyIUPOBKY
3akoHa HepHcTa: SHTpOINUU BCeX Tell KOHEYHOro 00beMa U OJJHOPOJIHOTO COCTaBa Oe3rpaHuYHO
YMEHBIIAIOTCS MPU TeMIlepaType, cTpeMsiieiicss K aOCOMIOTHOMY HYJ0. DTO 03HAYaeT, YTo MpuU
JOCTHKEHUH a0COJIOTHOTO HYJS TEMJI00OMEH MOJHOCTBIO MPEKpallaeTcs, CIeI0BaTeNbHO,
HEJb3s MyTeM OXJIXKACHH Teja (0TBOJIA TeIUIOTHI) TOHU3UTD €ro TEMIEepPaTypy A0 abCOIIOTHOTO
HYJIS.

3Has TemioTy peakuuu Q) npu 7, MOXKHO omnpenenutb QJp (a cieaoBaresbHo, U Lj) U3

ypaBHenus (13.18a) Q) =Q, —(,BTI2 + 77’13) npu & =0, tak kax hmT*O(g?j =0. U3 ypas-
P

HeHust ['m60ca-I'enbmrosnplia Tak)ke MOXKHO MOJTYYUTh 3aBHCHUMOCThH PabOThl XUMUYECKON peak-
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1
— 2 3
uuu ot Temmneparypsl L, =0, -pT" - 5 YT~ . IlmaHK, KaKk y»Xe OTMEYasocCh, IIPEATIOI0KUIL,
yro lim S =0, T.e. mpu abCOMOTHOM HyJIe TeMIepaTypbl SHTPOIH paBHa HyI0. Mcronb3ys oty
T—-0
TUIOTE3y W 3Has 3aBHCUMOCTb MCTHHHOI TerutoeMkocTd ot Temmeparypst ¢, = f(T), moxHoO

OTIpeNeNUTh a0COMOTHOE 3HAYEHUE SHTPOIHH TIpU Temrieparype 7.

Hampumep, mutst 1306apHOTO TMporecca
T,

TUIaBJI 7-I(Hll T
— dT rnnaBn dT s KHUII dT
S = Cp,l_B 7T +7T CP)K 7T 7T + Cpr 7T .
0 IIJ1aBJI T KHI T

TUIaBT KHIT

B 3akimouenue emie pa3 OTMETUM, YTO OOBEAMHEHHBIH 3aKOH TEPMOJWHAMHKH SIBIISETCS
YHUBEPCATbHBIM 3aKOHOM, OTpa)KaloUIMM HanboJjee o0ue nporeccsl B mpupoje. B wactHocTH,
U3 HETO MOXKHO TOJYYUTh, HAIPUMEp, BhIpaKEHUE JJIS1 XMMUYECKOH paboThl, KOTOpasi IpOU3BO-
JUTCS TEPMOJIMHAMUYECKON CUCTEMOMN MPU MPEBpAILEHNH OJHUX BEIIECTB B APYrHe B H300apHO-
M30TEPMUUYECKUX U U30XOPHO-U30TEPMHUUECKHUX IIpOLeccax.

Tak, pa3pemiast (8.5) OTHOCUTENBHO 3J€MEHTapHOU pabo-

Q,L O=AT) Thl XUMHYECKOH peakuuu dL* nmpu odpaTUMOM TmpoIliecce,
HOJTYYUM:

\ dL =TdS —dU - pdV . (a)

0, Hurerpupys (a) npu 7=const, V= const u G= const, oI-

0, Lo penenm MaKCHMaJIbHYIO pabory U30XOPHO-

U30TEPMUYECKON PEAKLIUU

L;,Vmax = T(Sz _Sl)_(UZ _U1): (U1 _TS1)_(U2 _T'Sz): F - F,
(b)
L=¢(T)
Ecnu (a) nponHTerpuposaTb Npn T=const, p= const
0 T T na- const, TO NONy4YMM MakcumarnbHy paboTy
Puc.13.6 n306apHO-M30TEPMUNYECKON peakLmum
Ly =T(S, = 8,)= (U, ~U,)=p(V, V)= (U, =TS, + pV,) -

—(U, =TS, + pV,)=(F + pV,) - (F, + pV,) =@, - .
(c)
Bripaxkenue (c) MOXHO MOJMYYUTh TaKXKe U U3 0OBEAMHEHHOI'O 3aKOHA TEPMOIAMHAMUKH, 3aIlH-
CaHHOT'O B BUJIE
TdS = —dI —Vdp +dL’ . (d)
JeiicrBurensHo, nuTerpupys (d) npu 7=const 1 p= const, CHOBa MOIY4YUM (C):

L, :T(Sz _S1)_(Iz _11):(11 _TS1)_(12 _Tsz):q)1 —,.

T, pmax
14. OcHoBHBbIE IOHATHSI HEPABHOBECHOM TEPMOJIMHAMHKH.

Metoabl paBHOBECHON TEPMOJIUHAMUKHU CBOASTCA K OMMCAHUIO CBOMCTB TEPMOJUHAMU-
YECKOW CHCTEMBl B COCTOSHMHM DPAaBHOBECHS, KOTJa BO BCEX TOYKAX CHUCTEMBI ee (pu3nueckue
CBOMCTBA OJITMHAKOBBI. SIBJIEHUS HEOOPATUMOCTH, KOTOPhIE UMEIOT MECTO B PEAIbHBIX aauadaTH-
YECKHUX CHCTeMaxX IPH MPOTEKAaHUU MPOIECCOB, MPOSIBISIOTCS Yepe3 yBeIUUEHNUE SHTPOIIUH, YTO
JIa€T BO3MOXKHOCTb, coryiacHO Teopeme ['tou-CTomonbl, CyAauTh O MOTEpe pabOTOCTIOCOOHOCTH
(3Kceprur) TEpMOJMHAMUYECKOW cuCcTeMBbl. Pa3zBuTHe mpo1eccoB BO BpEMEHHM B paMKax paBHO-
BECHOM TEPMOJIMHAMHUKHN HE pacCMaTpHUBAETCSI.

B HepaBHOBECHOW TEPMOJIMHAMHKE CUYHTAIOT, YTO TEPMOJIMHAMUYECKAs] CHCTEMa Tpe-
CTaBJIsIeT cOO0M COBOKYITHOCTh MaJIbIX, HO BCE €Ille MaKpooOJacTel, COCTOSIHUE KOTOPBIX 3aBH-
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CHUT OT KOOPIMHAT M BPEMEHHU, M K KOTOPHIM MOTYT OBbITh INPUMEHEHbI 3aKOHBI PaBHOBECHOU
tepmoauHamuku 7dS =dU + pdV —z M1.dG, , HO MeKIy HUMH OTCYTCTBYET pPaBHOBEcHE (Tell-

i
JIOBOE, MEeXaHN4ecKoe Wiu Jp.). HepaBHOBECHOCTh MOPOKJAeT MOTOKU BEIIECTBA, TEIJIOTHI, H-
TPOIMU W3-3a HAJIMYKS TPAJAMEHTOB KOHIIEHTPALlUU, TeMIEpaTypsl U T.1. HepaBHOBecHas TepMo-
TUHAMUKa, SIBISISICH pa3BUTHEM KJIACCHMUYECKON TepMOIMHAMUKH, TO3BOJIsLeT Oosiee TIIyOOKO
U3YUYUTH SIBJICHUS, HUMEIOIME MECTO B MAaKPOCHCTEMAaX, BbISIBUTH HOBbIE 3((EKThI, 00YCIIOBIECH-
HbIE€ HAJIOXKEHHEM Pa3IMYHbIX OJHOBPEMEHHO IPOTEKAIOIIUX MPOLIECCOB.

OcHoBareneM HEpPaBHOBECHOM TepMOAMHAMUKH siBisieTcs On3arep (1931), koTopslii BbI-
B€JI OCHOBHBIE YpaBHEHHMsI JUJISl IMHEHHBIX MPOLECCOB U MOJIYYMJI MEPBbIE COOTHOLICHUSI MEXITY
KuHeTnyeckumMu kKodpounuentamu. [lo OHzarepy, TepMOAMHAMUYECKHE CHIIBI — 3TO BO3JEHCT-
BUS, BbI3bIBAIOIINE HEOOpAaTUMbIE SIBJICHUS — [IEPEHOC TEIUIOTHI, BEIIECTBA U OHU HUYETo 00ILEero
He uMmeroT ¢ HproTroHOBckUME critaMu. Tak, AJis mpoliecca TemIONPOBOIHOCTH TEPMOIMHAMUYE-
CKasl CUJIa UMeeT BUJL

X, =X, :—;gradT, (14.1)
a s nporiecca nuddy3un

X, =X, = —Tgrad(’;lj. (14.2)

CornacHo nuHeltHOMY 3akoHy OH3arepa, OTOK J; MpONOPLMOHATIEH BbI3BIBAIOLUM €TI0
cunam Xy

J, =Y LX, (i=12.n), (14.3)
k=1

rae Ly — nuHelinbie ko3 dumueHTel. B kauecTBe 3TUX KOA(h(OHUIIMEHTOB MOTYT BBICTYNaTh, Ha-
npumep, kodpduirenTs! rermaonpoBogHocTd Wik aAuddysun. Kosdbduunents: Ly npu i=k cBi-
3aHBl C HAJIATAIOMMMHUCS SBJICHHUSIMU, T.C. TIPU OJHOBPEMEHHOM NPOTEKAaHUHW PA3JIMYHBIX IPO-
[IECCOB OHM HAKJAIBIBAIOTCA IPYr Ha Jpyra, mopoxkaas HOBBIM 3ddekr. Tak, ecau BHYTpHU
TEPMOJIMHAMUYECKON CUCTEMBI TPAJAMCHTHI TEMIIEpaTyphl M KOHIIEHTPAIMW HE PaBHBI HYIIO, TO
BO3HHMKAET MEPEHOC TETUIOTHI U BEIIECTBA, MTOPOKIAAIONIUN HOBOE SBJICHHE — TepMoauddy3uto.
OH3zarep yCTaHOBWJI, YTO MPHU COOTBETCTBYIOIIEM BBHIOOpE MOTOKOB J; ¥ cuil X; BBIMOJ-
HSFOTCS COOTHOIIEHUS B3aMMHOCTH M MaTpHIla KHHETHYECKUX KOI(PPUIIMEHTOB SBISETCS CHM-
METPUYHOMH, T.€.
Liy=Ly; (i,k=1,2,...n). (14.4)
Cormacao (14.3) moToku TermaoTel J; 1 BemecTsa J, MOTyT OBITh 3aITCaHbI B BUJIE
J, =L X +L,X,
J, = L,X, + L, X,.

Kak BuauM, Ha nepBblil MOTOK HAKIAABIBACTCS Mpoliece nepeHoca Bemecrsa Ly, X, , Ha BTOpoi

(14.5)

— mporiecc mepeHoca Temiorsl L, X, .

Ecnu B cucteMe MpOTEKaloT TPU Pa3HBIX CBA3AHHBIX APYT C IPYroM IIPOLECca, TO MOKHO
HanMcaTh

J1 = L11X1 + L12X2 + L13X3
J,=L X +L,X,+L,X, (14.6)
J3 = L31X1 + L32X2 + L33X3'

TaKaﬂ CUCTEMAa MOXKCET, HaHpI/IMep, OIIMCBIBATH HepeHOC TCIIJIOTHI U BEUICCTBA B I[BYXKOMHO-

HEHTHOHM cpefe. 37eCh NUaroHaJbHble KMHETHYEeCKUuEe KOdPGUIueHTsl L1, Ly, L3z COOTBETCT-
BYIOT MPSIMBIM MIPOIECCAM, a OCTAJIbHBIE OTPAKAIOT MPOLIECCHl B3AMMHOIO BIUSHHUS.
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Cnenyst OH3arepy, HOJyddM CKOPOCTh POCTa SHTPOIMU S M TOKAXKEM, KaK ONPEIEISIIOT-
Csl IOTOKU M TePMOJMHAMUYECKHE CHIIbl. BBeleM B paccMOTpeHUE BEJIMYUHBI OTKIOHEHUM Tep-

MOJIMHAMHYECKHX MTapaMeTPOB TEKYIIErO COCTOSHHS aanabaTHuecKol N30IMPOBAHHON CHCTEMBI
ai, a... a, OT PABHOBECHOTO COCTOSIHUS 4, ,as...d.
a =a —a (i=12..n).

B paBHOBecHOM cocTostHun ¢; =0, a S=S,.x. B HEpaBHOBECHOM COCTOSHUU B MIEPBOM MPUOIIHKE-
HHUU
1
AS=S-S,= —EZLi,kaiak : (14.7)
ik
rae Lj, — MOJOXUTEIBHO ONpeeICHHAs MaTpuIla KuUHeTHIeckuX ko3¢ dunrerTos. [lo Onzarepy,

notok J,=——- - 3TO TpPOU3BOJAHAA II0 BPEMEHH OT MapaMeTpa ¢4, a [POM3BOJHAS
o(AS) a
S X, = —Z L, 0, €CTh TEPMOJMHAMIYECKAs JBIKYIIAs CHIIA.

ai k=1

Torna nokanpHast CKOPOCTh MPOU3BOACTBA PHTPONTUHU HAa ocHOBaHUU (14.7) OyneT uMeTh BUI

§=B -3, % -y X,. (14.8)
dr k=1 i

al
dt
B cnyqae HCpCHOCﬂ TCIJIOTHI U BE€HIECTBA MOXXHO HAITNUCATh

J, =L X +L,X,
J, =L)X +L,X, (14.9)
S=JX, +J1,X,.

Jlns ananu3a HeoOpaTUMBIX MpoieccoB OH3arepoM ObLTH BBEICHBI ABE HEPABHOBECHbBIE
MOTEHLIUAJIbHbIE JUCCUITATUBHBIE (PYHKIIMH, OJIHA U3 KOTOPHIX UMEET BU:

P(X,X) = ; > L,XX, 20. (14.10)
ik=1
o < oo
B3sB npousBoaHyto X =J, = z L, X, , nolyunM JTUHEHHBIN 3aK0H (cM. popmymy 14.3).
i k=1

Bropas npousBoanas ot (14.10) gaet

9, :Lik:Lki:ai, (14.11)

X, ’ ). ¢

TO €CTh PaBEHCTBO BTOPBIX MPOU3BOJHBIX OT JMCCUIIATHBHON (DYHKIIMHM SKBHUBAJIEHTHO COOTHO-
IICHUSM B3auMHOCTH (14.4).

WN. Ilpuroxwun, pazBuBas Teoputo OH3arepa, BBEN NPUHIMUI MUHHMYyMa IIPOM3BOJCTBA
SHTPOIUU: CTAIIMOHAPHOE COCTOSIHUE CUCTEMBI, B KOTOPOM MPOUCXOIUT HEOOPaTUMBIN MpoIece,
XapaKTEepPU3yeTCs TEM, YTO CKOPOCTh BO3HUKHOBEHMS DHTPOIIUU UMEET MUHUMAIbHOE 3HAYCHUE
IIPU TaHHBIX BHEIIHUX YCJIOBUAX, IPEIATCTBYIOIINX JOCTHKEHUIO CUCTEMOM PaBHOBECHOIO CO-
CTOSIHUSL.

YcraHoBUM 3TOT NpUHIHMIL, cienys [19], Ha mpumepe nByxdasHoii cuctemsl. [lpu 3anan-
HOU pa3zHocTH Temreparyp (X;=const) COCTOSIHHE CUCTEMBI, COCTOSIIEH U3 ABYX (a3 Oyzaer cTa-
LUOHAPHBIM, €cIH Jj=const, a TOTOK BEHIECTBA OTCYTCTBYET, T.€. Jo= L X+ L»X, =0.
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Torma ¢ ywerom cootHomieHuss Ownzarepa L, = L TNPOU3BOJACTBO DHTPONUU
S = JIXI + J2X2 = L11X12 + 2L12X1X2 + L22X§ >0, roeJi= L1 X1+ Li2Xs, Jo= Ly X+ Ly Xo.

S
B34B 1pou3BOAHYIO | ——— | ¥ IPUPABHSAB €€ HYJIO, ITOJYYUM

X,

X
2
X

2X1

= 2(L21X1 + Lzzxz) =2J,=0.

Tak Kak S SBIAETCS MOIOKHTENBHOI KBaJApaTUYHON (YHKIIUEH, TO JAHHBIA SKCTPEMYM COOT-
BETCTBYET MUHUMYMY, YTO U TPEOOBAIOCH 1OKA3aTh.

Janexue oT paBHOBECUs TEPMOJMHAMMYECKUE CUCTEMBI PACCMATPUBAIOTCS B HEJIIMHEU-
HOM HEPABHOBECHOU TEPMOAMHAMUKE.

[puroxunsim U. u I'mancnopdom 1. Teopernyeckn mokazaHa BO3MOXKHOCTh CaMOIIPO-
U3BOJIBHOTO IOSIBJICHHUS B TaKMX CUCTEMAax HOBBIX YCTOMYUBBIX B IIPOCTPAHCTBE U BPEMEHU
ctpykryp. CormacHo kpureputo sBomoonuu [Ipuroxuna-I'nancnopda, B TepMoIuHAMHYECKON
cucreMe, napaMeTpbl KOTOPOW UMEIOT 3HAYUTEIbHOE OTKIIOHEHUE OT PABHOBECHOI'O COCTOSHHS,
CKOPOCTb IPOM3BOACTBA SHTPONIUU yMeHbaeTca! (OTMETUM, YTO B HACTOALIEE BPEMsI IIPUHIIU-
bl HEJIMHEWHON TEPMOJUHAMUKYU IPUMEHSIOTCS IIPU U3YYEHUH KUBBIX OPraHU3MOB, IIPEICTAB-
JSIFOIIKX cO0O0M OTKPBIThIE OMOIIOTHYECKHUE CUCTEMBI, B KOTOPBIX MMEET MECTO CYIIeCTBEHHas
HEpaBHOBECHOCTh, a MPOTEKAIoIUe MpPOIecChl HOCAT cyry0o HeoOpaTumeblidi xapakrep. M3imo-
JKCHHBIM B TAHHOM pasjieie MaTepHal JaeT MpeicTaBlieHne 00 OCHOBaX HEpaBHOBECHOU TEPMO-
nuHaMuKd. J{1st Gojiee TiTyOOKOTro M3y4eHHUs 3TOM TEeMBbl OTCHUIAEM YHUTATeIsl K JHUTEparype
[17,18]. [Ipumeps! npUMEHEHHUS METOJIOB TEPMOJMHAMUKHA HEOOPATUMBIX MPOIIECCOB U3JI0KEHBI
B [20].
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Yacrs I1. Teopus Temio - 1 MacconepeHoca

15.061mme moJ10KeHusI M TIOHSITHS
Ileas Kypca - 0O3HAKOMUTH CTYJCHTOB C OCHOBHBIMH 3aKOHAMH TEIUIO- U MaccoIe-
peHoca B MpHUpOoie MPUMEHHUTEIBHO K 3a/1auaM YHEPrOMAIlIMHOCTPOSHUS U HAYYUTh MX
MCITOJIH30BaTh 3TH 3aKOHBI U TIOJIOKCHHS TIPH pacueTe dHEPreTHUYECKUX MAIlWH U CHUC-
TEM.
Ilepenaua TennoThl B Ipupojie. MacconepeHoc

Tennora MOXeET mepeaBaThCs:

[Iyrem TemnonpoBoaHocTH. s pacuera IMIOTHOCTH TEIJIOBOTO IMOTOKA IMPH pac-
CMOTPEHHMH TIepefadd TETUIOTHI B TBEPJBIX Tellax NMpuMeHseTcs 3akoH Dypwe (1768 —
1830 r.1.)

G=-A-gradT  Bt/™*, (15.1)
rae E] - IUIOTHOCTb TEIUIOBOIO MOTOKA, A - kod(pdurment reronpoBogHOCTH, BT/(M-K).

3aKoH CIIpaBeIIUB U JJIs Ta30B MPU OTCYTCTBUU KOHBEKILIMH, T.€. KOTJa Iepeaada Ter-
JIOTHI OCYIIECTBIISIETCS HAa MOJIEKYJISIPHOM YPOBHE.

IlyreM koHBekIMU. B 3TOM ciydyae mepeHOC TEIIOThl BCEr/la CBsI3aH C JBUKEHUEM
KUAKOCTU WM rasza. Pa3nuyaroT cBOOOIHYIO M BBIHYXKICHHYIO KOHBEKLHIO. [[BrxkeHMe
npu CBOOOJHOM KOHBEKLHH OOYCIIOBICHO HAJIMYUEM DPA3HOCTH IUJIOTHOCTEW rasa WiH
KUJKOCTH B TIOJIE MAcCOBBIX CHJI, a MPHU BBIHYXJIEHHOH - NeHCTBUEM BHEIIHMX cui. B
TOM M JIPYTOM Cllydae IUIOTHOCTh TEIUIOBOTO MOTOKA OMPEIeNeTcss IMIUPUYECKUM 3a-
koHOM Hprotona. Hanpumep, nipu nepegade TEIUIOTH OT CTEHKH K OKPY>Kalolleu cpeje,
MO>KHO HalMcaTh

g=a(T, -T,), (15.2)
T.>T,, & - cpenHuit KOAXPPHUIUCHT TETUIOOTAAYH, BT/(MZK).

[Iyrem sy4ucToii SHEepruu. B ocHOBe mepenaum TETUIOTHI JIGKUT 3akoH Ctedana -
bonbimana, corimacHo KOTOpPOMY JIyducTasi 3HEprus, Hu3idydaemas aOCONIOTHO uep-
HBIM TEJIOM C €IUHUIBI MOBEPXHOCTH, ONPEAETSETCS BhIpAXKEHUEM

4
E,=0,T" = co(lgoj Br/M’, (15.3)

rie O - mocrossHHas boneiMana, C, - KOOQQUIUEHT H3TydeHUs aOCONIOTHO YEPHOTO
Tena; ¢, = 5,67 Br/(M’K?).

E
Ecnu Teno cepoe, TO kK03(Q(UIMEHT U3ITydYeHHUs CEporo tena —=-—,€, TIe €=
0

- CTEIEHb YEPHOTHI, OTHOLICHUE JIYYHCTONU YHEPTUU, OTJABAEMOM CEPHIM TEJIOM K DHEp-
T'HH, KOTOPYIO OTJaeT aOCOIIOTHO YEpPHOE TENIO0 IPU TOH XKe TeMIepaType C eIHMHMIIbI
nosepxHoctu. [Ipu nepenaye TenaoThHl MEKAY ABYMs MapajuIeIbHBIMUA IUIACTUHAMMU, KO-
rna F, = F, = F, apacCTOAHHUE MEXy HUMU CTPEMUTCS K HYJIFO, MOYKHO HAIlUCATh:

Y\ (1Y
92 = Cnp ( 1 j _[ 2 j s
100 100

1 o
TA€ € =—— 1 - IPUBENCHHbI K03 PHULIHMEHT U3ITyUeHHUS;
G &G G

C,=ECy, Cy=&¢,; T, >T,.
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B ocHoBe ommcaHusi MaccorepeHoca, KOTOPhIH OCYIIECTBIISIETCS Ha MOJIEKYJISIp-
HOM YpPOBHE, JISKHUT 3aKOH Puka

j. =—=DgradC, , xr/ (M°c), (15.4)
I7Ie j; - TJIOTHOCTh MOTOKA MAacChl i-Oro KOMIOHeHTa ; D-koadduruent nuddys3uu ,
m/c; C ; - KOHIIEHTpaIHs [-0r0 KOMIIOHEHTA , KOTOpas MOKET ObITh BBIPAXKEHA YEPE3 €0

napIuaibHOE JIaBICHUE p;

G. D;
V. p=GRT ; p,=—-=C ; p,=CRT, ; C =—""
CMpl 1 I~ CM pl VCM 1 p RiTCM

Hanpumep, niis cucreMsl BO31yX-Boja:

p=p,| 1| Po

T ,rne  Do- koapduument nuddy3un mpu HOPMAIBHBIX YCIOBHIX
0

Po=760 MM pT. CT.ZZ?(;-IOSHZL T, =273K; D, =22-10° m*/c; n=1.5..2.5

Ecnu kpome TOro, uMeeT MeCTo KOHBEKTUBHBIN MTEPEHOC, TO
Js=J: t Jioms=— DgradC, + C,w,
rae W- CKOpOCTh MOTOKA.
CpenHss IIIOTHOCTh TOTOKA MAacCChl i-0if KOMITOHEHTHI TAK)KE MOYKET OBITh 3aIliCaHa B

sune j; =p(C,, —C.) , tae C,,,C;. - KOHUEHTpaIMH i-0ff KOMIIOHEHTBI Ha TO-

BEPXHOCTH Tena U Ha Geckoneunoctn; [ , m/c - cpennuit kKo3bdUIMERT MacconepeHo-

ca , KOTOPBIH, HapUMep, IS TJIACTUHBI IPH JIAMUHAPHOM PEXKUME TEUSHUS OIpees-
€TCSl U3 KPUTEPUATIbHOTO YpPAaBHEHHS
Sh =0.646Re"*Sc"*, = Shl' =
TeMmmnepatypHoe I10JIe

COBOKYITHOCTh 3HAYCHHI TEMIIEpaTyp BO BCEX TOYKaX HM3y4yaeMmoro Tena odpasyer
TemrneparypHoe moyse. OHO MOXKET OBITh CTAIlMOHAPHBIM 7=f{X,y,7) U HECTAIIHOHAPHBIM,
KOI'/la TEMIIepaTypa 3aBUCUT HE TOJbKO OT KOOPJIMHAT, HO U OT BpEMEHU 1=f{ TX,y,z7).

COBOKYITHOCTh TOYEK TeJa C OAMHAKOBBIMU TEMIIEpaTypaMu oOpa3yeT W30TepMUYe-
CKYIO TOBEPXHOCTb. EClii 3Ty MOBEPXHOCTh pacceub MIOCKOCTHIO, TO MOJIYYUM HU30TEp-
My (€CTECTBEHHO, UTO U30TE€PMbI HE MOT'YT IIEPECEKATHCA JPYT C IPYTOM).

I'pagueHT TeMneparypsl
gradT - 3TO BEKTOp, UMEIOIIUI HanpaBieHUue ObICTPENUIIET0 N3MEHEHHS TeMIIe-
paTypsl U HaIIpaBIEHHBIM B CTOPOHY BO3pacTaHUsl TEM-

T+dT -
nepaTypbl. BekTop IUIOTHOCTH TEIJIOBOIO MOTOKAa (

nporuBononoxed grad7 1O HaNpaBIEHUIO M IPOIOP-
LIMOHAJIEH EMY T10 BEJIUYUHE
gradeﬁa—T . (15.5)
on
[IpoeKTHpPYs TPagMeHT TEMIIEPATYPhI Ha OCH B IEKApPTO-
BOM CHUCTEME KOOPIUHAT, TIOIyYUM

(gradT)x = ?):cos(nij = ?)Z;

Puc. 15.1
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dy
oT A oT
radT) =—cos|nz |=— .
Teneps BMecTo (15.5) MOXXHO HamucaTh:
gradefa—T+ 70T lga—T nwm gradT =VT,
0x ay 0z

29 -9 -
V=i —+j—+k
BRI P I

3

MUJIBTOHA ‘‘ HaOJa ““ (CHMBOJMYECKHUN BEKTOD).
Monynb rpagueHTa TeMIepaTyphl PaBeH:

2 2 2
\gradT\: (E)Tj + o +(8Tj
ox dy 0z

[1J1I0THOCTB TEMJIOBOrO MOTOKA, 3aKOH Dypbe
CornacHo 3aKOHY CDpre BEKTOP IUIOTHOCTh TEMJIOBOTO MOTOKA

- muddepeHManbHBIN onepatop win onepatop [a-

=-nl oT =—AgradT . (15.6)
on
BekTop IIOTHOCTH TEIUIOBOTO IMOTOKA MOYET OBbITh BBIPAXKEH YEpe3 €ro MPOEKITUH
L= - ~ oT oT oT
=iq, +jg,+kq, ,tne g =-A—;q,=-A—; q. =-A—.
g=iq,+jq,+kq, q o 3 oy

[ToTok TenI0THI Yepe3 JIEMEHTAPHYIO TUIOANKY dF He
3aBUCUT OT €€ OpUEHTAIlMh B MpOCTpaHCTBe. JlelcTBuU-
TEJbHO,

dQ = qdF, =

dF
" =q,dF,,
0sQ

rae dF, - sneMeHTapHas IUIOLIAAKa, Jiexaliass Ha U30Tep-
MUYECKOW MOBEPXHOCTH, dF; - aleMeHTapHas IUIOLIAIKa,
MepHeHIUKYISIpHAsT IPOU3BOJIBHOMY HaIpaBjeHUto [ , co-
CTaBJISIOLIEMY YIOJI () C HOPMAJIbIO K U30TEPMUYECKOM I10-
BEPXHOCTH.

Puc.15.2 KomnuectBo TennoTel, mpomemmen 3a BpeMs T 4Yepe3
HonepMquCKy}o TIOBEPXHOCTh F W TOBEPXHOCTH F), paB-

:—jjﬂ—dFd =—”/1 dF,dt, JIx.

KO3(bd)I/IHI/IeHT TEIUIOIIPOBOIHOCTH

q
\ gradT\
JMYECTBY TEIJIOTHI, IPOXOAILEH Yepe3 eMHUIlY U30TePMUYECKON TOBEPXHOCTHU B €1U-

Orpaxaer TermIopu3nIecKue CBOWCTBA BellecTBa, A = . HucieHHo paBeH Ko-

HMILy BPEMEHHU IIPH \gradT\ =1. Tunwuunble 3Ha4eHHs A I HEKOTOPHIX BEINECTB:
A, =390 Br/(MK); A, =50 Br/(MK); A =0.3 Br/(MK); 4,,=0.6 Br/(mK). [ns

1 _
UIeaIbHOTO Ta3za: A = gcv pIC ,THe C - MIOTHOCTh; [- IrHA CBOOOIHOTO Ipodera Mo-
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R, T
0" - cpemHss CKOPOCTh Xa0THYECKOTO JABMKEHUS MOJIEKYIL. TaK Kak

JIEKYJI, C=

NPy U3MEHEHUM JABJICHUS Mpou3BeaeHue Pl = const, TO KOAOPHUIMEHT TETUIONPOBO/I-

HOCTHU HUACAJIIBHOI'O rasa MpakKTHYCCKHU 3aBUCUT TOJIBKO OT TEMIICPATYPHI. ﬂﬂfl TBEPABIX
MaT€praJioB 3Ta 3aBUCHUMOCTb MOXET OBITE AIMpoOKCHUMHPOBAaHA ITOJJMHOMOM

A=a+bt+ct’+...+nt" , mpudeM B GONBIIMHCTBE CIydaeB A=a*bt.

JuddepeHnnaibHoe ypaBHEHHUE TEILIONPOBOIHOCTH
N3ydenune mr060ro (pu3uveckoro mpoiecca CBS3aHO C YCTAaHOBICHUEM 3aBUCHMOCTH
MEXAY BeJIMUYMHAMU, ONIPEACISIONIMME 3TO sIBJIeHHE. B OCHOBE omucaHus ABJICHUS Tel-
JIOTIPOBOJTHOCTH JIEXKAT ypaBHEHUS] MaTeMaTH4eckoi (pusuku. B aTOM cinydae B uzydae-
MOM TeJ€ BBIACISIOT OECKOHEUHO Malblii 00bEM , KOTOPBII Mall C TOYKH 3PEHUS MaTe-
MaTHUKH , HO €IIe BEJIHK , YTOOBI B HEM BBITIOJIHSUIIOCH YCIIOBUE CIUIONTHOCTH .
BrigeauM B Tene OSCKOHEUHO MBI
o0beM dv=dxdydz ¥ paccCMOTPUM TEIUIOBBIE
MIOTOKU Yepe3 ero rpaHu:

z
Yy tdx

q.dydz -TemnoBoil IOTOK, BOLICAUINH B

dydz - ten-

= — 00BEM Ha KOOPIWHATE X, 9 (x+dx)

JIOBOH IOTOK, BBIMIEAIINNA U3 00bEMa Ha KO-
/é; opIMHAaTe X+dx, Te TIOTHOCTh TEIIOBOTO
x MMOTOKAa MOXET OBITh 3alliCcaHa B BUJE Pa3-
x dx noxxeHus: GyHKIUK B psn Teinopa

Puc.15.3

36] ﬁzq 2 J nq
=g +dq =q +——* dx+ dx . dx"
Q(x+£b() qx qx qx 1'&)(: 2|& xZ n‘& Xn

OrpaHuauMcs IByMsI WICHAMH Psijia pa3ioKeHHs, TOT/Aa:

dq
=q.+ 2% x|
Q(x+dx) qx ax

Byznem cuurath, 4TO KOJIMYECTBO TEIUIOTHL q, 4, )dydzdT Gonbiuie g, dydzdT . 310 HOMK-

X+dx
HO HpI/IBeCTI/I K yMeHBH_IeHI/IIO SHTAJBbIIMU B BBIACJIICHHOM O6’beMe, T.C.

di J
p—dvdt = (q(x+dx) -q, )dydzdz' %4
or J

dxdydzdt , unn

X
di 9q.
po ==t
0T ox
BEINONHKUB aHAJIOTUYHBIE BHIKIAAKU JUIS IPYTUX OCEH, TTOTydHM:
p2i_ (24,90 da.) 0 9T g (15.7)
dr \dx dy Iz o 7 '

CymectByeT U apyroi BbIBOJ AU(PPEepeHIINATHLHOIO YPaBHEHUS TEIIONPOBOIHO-
cti. Tak Kak IOTOK TEIJIOTHI YEpe3 IMMOBEPXHOCTh TeJIa UIET Ha YBEIUYECHHUE €r0 DHTAJb-

i
MU, TO MOXHO HAaIHCATh: —jqndF = j pa—dV (3HaK MHUHYC B JIEBOW YacTH YpaBHEHHUS
F 1%

O6YCJ'IOBJICH TEM, UTO CZ[HHHqHBIﬁ BCKTOP fi U INIOTHOCTH TCIIJIOBOI'O IIOTOKa Zi HUMCIOT
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MPOTUBOMNOJIOKHBIE HampaBieHus). [lo teopeme Octporpanckoro-I'aycca, moTok
BEKTOpa 4epe3 MOBEPXHOCTb, OTPAaHUUYUBAIOLIYI0O 00beM V, paBeH AMBEPreHIIMH 3TOTO

BEKTOpA, B3STOI 10 00BEMY, T.€. .[ q,dF = .[ divgdV . Torna .[ (pal+div§jdv =0.
F \4 \4 aT
Tak kak dV#0, To nomydaem (15.7).
B usy4aeMbIX Tenax BO3MOXHO Kak BBIIEJIEHHE, TaK U MOIJIOIIEHHE TEIIIOTHL. B

3TOM Cilydae ypaBHEHHE TEeIUIONPOBOAHOCTH MPUMET
_} .

0i -
n BUI p—=-divg+gq,, (15.8)
kN or
q rie ¢, - OOBEMHAas IUJIOTHOCTh TEIJIOBBIICICHUS,
B/, bynem cumrarh, 4TO C,=const u A=const, To-

dF raa

oT A (0°T o°T 9°T) gq,
—= S+t t+— |+ :
0t c,plox” dy” oz c,p

v Beenem ko3ddunmeHt TemmeparypornpoBOIHOCTH

A

a=—"—, v, KOTOPBI XapaKTEPU3YET CKOPOCTh

c,p
PacHpOCTpaHeHHs TeMIIepaTypHO# BOMHBI (A Xapak-
TEpU3YeT, HACKOJIBKO XOPOLIO TEJIO IPOBOIUT TEILIO-

Puc.15.4

TY; Cpf0 - TIOKA3BIBAET, HACKOJIBKO XOPOIIO TEJIO AKKYMYJIUPYET TEILIOTY).

3T=aV2T+ 4 (15.9)

T c,p

> 9* 9°
—+——+

ox>  dy* 97
VYpasaenue (15.9) no3Bonser HaliTH 3HAYEHHUE TEMIIEPATYphl B 3alaHHBII MOMEHT Bpe-
MEHHU B JIaHHOW TOYKE HCCIIEAYeMOro Tejla. B HMIMHIpUYECKON CUCTEME KOOpPIMHAT
onepatop Jlamnaca oT TeMneparypbl UMEET BUJ

0°T 10T 1 9°T 9°T 1 a( aTj 1 0°T 0°T
e e e [ e B
o ror r’o@* 97" ror\_ or) r’aoe* 97’

rme V= - oneparop Jlamaca.

VT =

YacTHble cayyau:

°T 9T 9T

2 + 2 + 2
ox* dy- 0oz

a) mpu E;T =0,g, =0, nomyyaem =0 - ypaBHenue Jlamnaca.
T

oT
0) npu o7 =0,g, # 0 (BHyTpeHHHE UCTOYHHUKH TEILUIOTHI IPUCYTCTBYIOT):
T

o7 + o7 + o7 + 4 —o - ypaBHenue [lyaccona Il mopsiaka
ox> oy’ 9z A '
B o6mem ciyuae mo6oe nuddepeHuanbHoe ypaBHEHHE ISl HEM3BECTHON QyHKIUU @
ABYX HE3aBUCHUMBIX INCPEMCHHBLIX MOXKET 6BITB 3alluCaHO B BUJIC:
Aaz—(p+2B R +C@+aa—¢+b%+c¢=f(x,y),
ox’ 0xdy dy’ ox dy

rae A, B, C, a, b, c — KOHCTaHTHI; f - 3a7aHHBIC (YHKITHH.

XapaxTep pelieHust ’TOr0 YpaBHEHHUSI B pacCMaTpUBaeMOil 00JIACTH OMPEIEIAeTCs 3Ha-
KOM JHUCKpUMHHaHTa O=AC- B*.
Eciu 0<0 — ypaBHEHHE THIIEPOOTHUYECKOTO THIIA,
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npu &=0 — ypaBHEHHE MapabOINIECKOro THIIA,
npu >0 — ypaBHEHHE IUTUIITHYECKOTO TUTIA,
€CIIM J=var , TO IMeeM ypaBHEHHE CMEIIaHHOTO THIIA.

KpaeBsble ycnoBus (YCIOBUS OJTHO3HAYHOCTH)

Jl5is Toro, 4yTOOBl PElINTh KOHKPETHYIO 3aJa4y, He0OOX0IMMO K HUCXOJIHOMY YpaBHE-
HUIO MPUCOECTUHUTH KpaeBble YCIOBHS. B 3T yclioBUS BXOIAT T€OMETPUUYECKUE YCIIO-
BUsI (XapakTepusyloT GOpMy U pa3sMepbl Teja), GU3NUEeCKUe yCIOBUS (XapaKTepU3YIOT
CBOICTBa Tena, 3aJal0T pacrpeiesieHne BHYTPEHHUX UCTOYHUKOB TEIUIOTH ¢,), Hayallb-

Hble ycnoBus (nipu T=0 3amaercst pacnpeneneHue temmneparypsl B tene T=f(x,y,z) ), a
Taxke rpaHuvHbie yenoBus (moryt ObiTh LILIILIV pona).

['pannunsie ycnoBus I poga: Ha MOBEPXHOCTH M3y4aeMoro Teja 3aJaHa TeMIepaTrypa, B
m000it MoMeHT BpeMeHH T.=f (TX,y,2).

I'pannunbie ycnoBus Il pona: 3amaHa MIOTHOCTH TEMJIOBOTO MOTOKA HA MOBEPXHOCTH

Tena g, = f(z,x,v,2).

['pannunbie ycnosust Il pona - 3amaroTcst yenmoBus TEII000MEHa Tejla C BHEITHEH cpaoi

- l[gTj =a(T. —T,), oTKyna MOXHO HOTydHTH
n n=0

oT T —-T
— =——c % 15.10
(an jn_o Ao ( )

U3 puc.15.5 BugHO, 4TO YeM BbIle KOAPOUIIMEHT TETUIOOTAaud, TeM T, Omrmke K Ty.
I'pannunbie ycnoBusa IV poma 3amaroTcs Ha

T rpaHulle MeXAy ABYMS TBEPABIMU TeJIaMH MpPU OT-
o el CYyTCTBMHU 3a30pa. Tak Kak IUIOTHOCTH MOTOKa Ha
crg rpaHuIe Ten OJIMHAKOBBI,
— FAV
= i T ! TO%(ale :gz(aTZJ
- 2 on ) on ) _,
5
e T Aigey =A@y 1 (%)
7 N At
2 S 21892 _ congt. (15.11)
: : A 1gp
Puc.15.5

[Ipu uaeansHOM TETIOBOM KOHTaKTe 00a Teja Ha TpaHUIlE pa3zesia UMEIOT OJMHAKO-
BYIO TEMIIEPATYpy, T.€. U30TEPMbI HEMPEPHIBHO MEPEXOAT U3 OJHOTO Tela B JIPYroe,
OJIHAKO MCTBITHIBAIOT U3JI0M, OIIPEIEIIsieMbli ypaBHEHUEM ().

16. TenJ1oNpoOBOAHOCTDH NPH CTALMOHAPHOM pesKUMe
Hepe;[aqa TCIJIOTHI YEPE3 INIOCKYIO CTCHKY ITPU 'PAHHUYHBIX YCJIIOBHUAX 1 poaa

aT 2 qv
PaCCMOTpI/IM YPaBHCHUE TCIIJIOMMPOBOAHOCTHU aizav T+— JIs1 cTaluno-
T

c,p

T
HApHOro ciydass —— =0mpH OTCYICTBUHM BHyTpeHHero Tterutobinenerust ¢, =0:

9’T 9T 9°T
+ + =0.
ox>  dy® 97’
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Ecii ToNIMHA CTEHKH MHOTO MEHBIIE PasMepOB CaMoi TUIACTUHBI, TO MOKEM Ha-

IIUCaTh:
oT dT
—=—=0, oTkyzna
dy 0z
d’T d (dr
=0uwm — | — |=0.Hrarerpupysa aBaxnasl, moaydnM — =C,,
dx® dx ( dx j PPy v dx :
T=Cx+C,. (16.1)
W3 rpaHUYHBIX YCIIOBUM Hal1eM KOHCTAHTBI UHTETPUPOBAHHUS:
npu x=0 T,=C,,
T,-T
C,=———< rorma

npux=0 T.,=Cio+T = S
T -T

T=T —|-"_-2|x. 16.2

B ( 5 jx ( )

®opmyina (16.2) mMo3BoJIsIeT HANTH 3HAYCHUE TeMIiepaTypbl 7' Ha 000 KOOPIUHATE X.
[110THOCTP TEMJIOBOTO MOTOKA Yepe3 MIIACTUHY HANJEM, UCTIONB3Ysl 3aK0H Dyphe:

A

q:_fg:—ﬂq:( L -T.). (16.3)

)
3Has MIOTHOCTh TEIUIOBOT'O MOTOKA, MOKEM OMPEAEITUTH TEMIOBOM MOTOK Q =qF (B1)
M KOJIMYECTBO TEIIOTHI, mpolueamee 3a BpeMs 7: Q=qgF7 ([x), roe F — nnomanb
MOBEPXHOCTHU TIJIACTUHBI.

Ilepemaga Tena0TH Yepe3 INIOCKYIO CTEHKY IIPH KO3(bd)I/IHI/ICHTC TCILJIOIMPOBOJAHOCTH,
3aBHUCAIIEM OT TEMIIEPATYPbI

[Tycth A MeHsIeTCS IO TMHEHHOMY 3aKOHY: A =a+bt .
dt
PaznenuB nepeMeHHbIE B YpaBHEHUU ¢ = —/ld— , HOJIyYHM:
X

gdx=—Adt ,mmn  qdx =—(a +bt)dr.
HNurerpupoBanue seBoid yact ot 0 10 X ¥ IpaBoOM OT ) 1O ¢ JAeT:
b
gx=alr, —t)+5(t31 —2). (16.4)

b
qo = a(tcl - tc‘2)+ 5 (tfl _tfz )’

I _
a=gar 2,4 )i, 1)

Ecnu BBeCTH MOHATHE CPETHETO MO TONIMIUHE KO3(PPUIIMEHTA TeTIOPOBOTHOCTH

ITpu x=0 umeem:

A=a+— (tq +1,, ), TO (popMyIa Il INIOTHOCTH TEIJIOBOTO MOTOKA MPUOOpeTaeT BUJ,

Kak npu A=const: q= g (tcl ~1, ) (16.5)
B o6miem ciygae, koraa A = A(f) # a+bt, TOBOPST O CpeiHE-UHTEPATLHOM 3HAYE-
HUH KO3 UIIEHTA TETIIONPOBOIHOCTH
a7 1 Tel
A= Aleyr . (16.6)

j— .
1, =1, Y
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Ilepemaya Tena0THI Yepe3 MHOTOCIOMHYIO IIJIOCKYIO CTEHKY
MY TPAaHUYHBIX ycaoBHX I pona
PaccMoTpuM cTanMoOHapHYIO 3aAady [Jis IUIOCKON CTEHKH, COCTOSIIEH U3 He-
CKOJIBKMX CJIO€B Pa3HOW TOJIIIMHBI C Pa3HBIMU KOA(h(HUITMEHTAMU TETUIONPOBOHOCTH

A

(puc.16.1). Iyt mepBOro cios MIOTHOCTh TEIJIOBOTO MOTOKA paBHA: ¢ :g(tc1 —tcz).
1

I[JI}I OCTAJIbHBIX CJIOCB MOKHO HAITUCATh aHAJIOTUYHBIC BBIPAXKCHUA. Paspemaﬂ HUX OTHO-

CUTEJIBHO Pa3HOCTEH TEMIIEPATYP MU CKJIAAbIBAsl C Y4ETOM TOTO, YTO IIPU CTAL[MOHAP-

HOM PCKUMC MJIIOTHOCTD TCIIJIOBOI'O MOTOKA UCPE3 BCC CJIOU OJJHA U Ta KC, MMOJIyYUM

_t .
cl c(n+l) q — c(n+l (167)

. 1 fo = oion)
=5/ 5 s/ s )
IR onal 7 S VY

/i€ B 3HAMEHATeJNe - CyMMapHOe BHYTPEHHEE TePMUYECKOE COTPOTUBIIEHUE MHOTO-
CJIOMWHOM CTeHKH. Eciii BBECTH SKBHUBAJICHTHBIN KOA(D(PHUITUEHT TEMIOMPOBOAHOCTH KaK
K03 (ULKEHT TeIIONPOBOIHOCTH OJHOPOIHON CTEHKHU C TONIIMHON U TEPMHUUECKUM
COTIPOTUBIIEHUEM TaKUMHU K€, KaK Y MHOTOCJIIONHOM CTEHKHU:

¥ ¢, Yo
A _i:1/1i’m_ g

KB i
T8 8 & 8 A
| TO BBIp@YKEHHUE JUIsl TUIOTHOCTH TETUIOBO-
r'o MOTOKA MPUMET TaKOU Ke BUJI, KaK
JUJIs1 OMHOPOJIHOM CTEHKH

]
M
BN A
x q= 231; (tcl _tc(n+1)) .

Teif | T IIepemaya TeNa0THI Yepe3 IMIOCKYIO
I3 CTEHKY IIpH I'paHNYHBIX yeroBusax III po-
Ia

[lepenaya TEmIOTHl OT OJHOW >KUAKOCTH

K JIPyrol depe3 TBEPIAyH CTEHKY Ha3bl-

BaeTCs TEIIonepeaayei.

Puc. 16.1 Tak kak 3amada CTalMOHapHA W OJIHO-
MEpHa, a BHYTPEHHEE TEIUIOBBIJICICHUE

, (16.8)

dJT _JT_JT
Jdr dy Jdz

JIaBa€MOT0 OT rOpsIYEH KUIKOCTH K CTEHKE ¢=Q, (tm'tcl ) )

OTCYTCTBYET, TO =0, =0. INTOTHOCTEL TEILIOBOIr'O IIOTOKA, IIEpe-
q,

TPOXOJIAIETro uepe3 cTenky -g=A /5 (1, -1,)
NIEPEAABAEMOr0 OT CTEHKH K XOJIOJHOM KUAKOCTH ¢ = & , (tcz -lo )

BsIpazum U3 KaK0ro ypaBHEHHUs COOTBETCTBYIOLIUH IIEpENa TEMIIEpaTyp U CIOKUM
IIOJIyYECHHBIC BBIPAYKECHHUS, YUUTHIBASA, YTO BCE PACCMOTPEHHBIE IIJIOTHOCTHU TEIIIOBOTO
IIOTOKA PABHBI

6](% 1 +%+%t’ 2) =1, -1, OTKYA
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r. -t
q= "‘15 x2 . (16.9)
1 1
a2 fa)
3nech L + é + L =R, - TIOJHOE
a, 1 «a,
TEPMHUYECKOE CONPOTUBJIEHHE TEIUIONEpPE- T 4]
1 1
aup; ——,—— - BHEIIHUE TEPMU- P e
A o, o, P I3'51 Fﬁ
S A
YECKUE CONPOTUBIICHMS; i BHYTPCH- E \
HEEe TePMHUUYECKOE COMpoTHBIeHUE. BBOAsS K
K02 PUIMEHT Teronepeaavn
k=i ’ Tet| Tet Tey [Tw2
Rt
(16.10)
HOJIyYUM q:k(Tm -T, ).
(16.11) X
B kauecTBe mpumepa paccMOTpUM Iepe-
Jlady TEIUIOThl IIPU IPAHUYHBIX YCIIOBUSAX Puc. 16.2
IlI-ro poma 4epe3 TPEXCIOHHYIO CTEHKY
(puc.16.3):
! l_t 2
q= = , (16.12)
1 o, 1
o 1 i=1 Z’i o 2
TEeMIIepaTypy Ha IpaHHIIe cJIoeB 2 U 3 HallJIeM U3 ypaBHEHUs
18 4
3 =l =4 +o : (16.13)
o, A, 4,
1 &
WIIH I3 =lgort+ql —+— |. (16.14)
a - A 3
[epenaya TemynoTh! Yepe3 OECKOHEUHYIO HUIMHAPUYIECKYIO CTEHKY
IIpY TPAaHUYHBIX ycloBUAX I-ro pona
PaccMoTpuM CTaniMOHApHBIN Cy4an : 0_)T =0. YpaBHEHUE TEIIONPOBOJHO-
T
CTH B LUIMHIPUYECKUX KOOpAMHATax UMeEeT BUJI:
AT |1 Jd( JdT) 1J°T 2°T
—=al— —| r +— s+ |
ar r dr ar ) r°de az

JoT
Tak kak creHka OECKOHEYHA, TO 7 =(0 . KpoMe TOro, mpu mOCTOSTHHBIX 3Ha-
Z

aT
YEHUSIX TEMIIEPATyphl Ha TOBEPXHOCTAX CTEHKHU Yo =0, OTKy/a NOJIy4yaeMm:
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LdfdT)_ (16.15)
rdr\ dr
T | & %, 5
A L | ] WuTterpupys 310 audepeHnnanibHoe ypaBHe-
> Ay Ay | g /,33 HUE, TOTyIUM
E ] dT dr C
T r——=C, =" 616
dr dr r
Tt Ter | | Te2 Te3 || Tey | Tz
dt=C1£:>t=C1 Inr+C,. (16.17)
r
N3 rpaHUYHBIX YCIOBUH HaXOAUM KOHCTAHTBI
X UHTETPUPOBAHUSL.
IIpn r=n:
T t,=C,/Inn+C,, (a)
npu r=r,:
t,=C Inr, +C,. (b)
J/;__—_ ______K_ Berunras (b) u3 (a), moaydnm
A f,-t,=—C, In (GJ
—— h
orkyma C, = _tatla (d)
Tt In ("zj
h
Tey IloactaBum (d) B (a)
1 _"_'_;. r — tcl B th — tcl - th
1 L, =-— ‘Inn+C,=C,=t, + Inr
— 3= In (’"2] In| 2
16.4 i i
Puc.16.
: (e)
[Tocne onpenenenus KOHCTaHT UHTErpupoBanus (16.17) npumer Bux
I, -1, r
t=t, ——<—<.In— . (16.18)
In| 2 i
h
Hcnone3ys 3akoH Pypbe, HalAEM IUIOTHOCTH TEIUIOBOIO ITIOTOKA:
C, Al -t
A ﬂz—ﬁ—le , Br/iv’. (16.19)

q=—
d
: : r ln(rzj
h

N3 (16.19) BuAHO, YTO MIOTHOCTH TEILIOBOTO MOTOKA 3aBUCHUT OT pajuyca.

[epenaya TemynoThl Yepe3 OECKOHEUHYIO HMIMHAPUYIECKYIO CTEHKY
Ipyu rpaHuyHbIX yeaosusax II-ro poxa
TennoBol MOTOK, NPOXOJAIIUN Yepe3 HUIUHIPUYECKYIO CTECHKY, MOXKHO 3aIld-
caTb pa3HBIMH CIIOCOOaMU:
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ﬂ’(tcl - th)

O=mlt,, —t,),, Q=qaD]= o ADL
“ip 22
2 D
Q = nDzl(tcz - txz)az .
T BeIpazum nepenaasl TeMIeparypbsl U3 KaxkI0ro
YpaBHCHUA U CIIOXKUM UX:
(tm - tcl) = Q/%”DJ ) (a)
::”"H\l an&
T 2 (1 —t2)= b ®)
— /_9 cl c2 Zﬂ,ﬂi 4
\ (tCZ >!<2 Q/a'/ 7ZD l (C)
Tad| | Teq CymmMmupoBanue (a),(b) u (c) naer:
. D
TCE t)!(l - t>1<2 = Q 1 + 1 lniz + 1 »
" oDl 27zl D, o,mD,l
! ? OTKYJIa HaXOJIUM TETUIOBOM ITOTOK
— 27 - (t 1! z)
0=  —— , BT. (16.20)
Prc.16.5 L 1, D 1
oDl 27Al D, o,mD,l

BBeneM MmIOTHOCTH TETUIOBOTO IMOTOKA HA €AWHUILY JUIMHBI (JTUHEHHYIO TIJIOT-
HOCTb):

, Br/m. (16.21)

Bripaxenue B 3HameHatene (16.21) ecTh MOTHOE TEPMUUYECKOE COMPOTUBIICHNE

. 1 1. D,
€IMHUIB] [UIMHBI IUIUHAPUYECKOH cTeHKH R, =——+ —In—+ , oOpaTHas
“aD, 21 D, a,D,
BCJINMYHHA
ko= = ! (16.22)
== .
R, 1 1, D 1

oD, 24 D, «a,D,
- MMHeHHbIN K03 dunmeHT Teronepeaayun ¢ pasmepHoctsio Bt/(M:-K). C yuetom storo
MO’KHO 3aIicaTh:
g, =70, (g — 1) (16.23)
OTHOCH TerI0BOI NOTOK Yepe3 CTEHKY K IIJIOLAAN BHYTPEHHEN WK HapyKHON
TOBEPXHOCTH, TIOTyIHM COOTBETCTBYIONIUE IIOTHOCTH TETIIOBOTO MOTOKA B Br/m*:

0 0 k, k,
=k to), =——=klt, ~t,). 106 ki=—", k,=—".
q, = oY ( 2) q D, 2( 1 2) 1 D, 2 D,
C yuerom (16.22) nomyuaem:
1 1
kl_lDlD Dl’kz_lD Dy Dy 17
o 24 D, a,D, o D, 24 D «,

D
B cilydae TOHKHX CTEHOK, Koraa —= — 1, uMeem
1
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D, (D i1(p, Y 25
1(@(1} )
D, D, 2\ D, D,
Ha npaktuke npu D»/D<1,8 MOXXHO BECTHU pacdeTbl LUIUHAPUYECKOW CTEHKH IO
dbopMynam s TUIOCKO# cTeHKH. [leficTBUTENBHO,

L - 1 ~ 1
'"1 D25 1D 1 & 1
+ +—+

=k.

o 24D «a,D, o« 2 a,

Ecnu st pacuera TEIIoBOTO MOTOKA MCIOJB30BaTh Gopmyny Q = 7erlc(t)K1 - tmz)l , B

KOTOPOH ompenestomuii tuaMmetrp Dy paBeH JuaMeTpy CTEHKH CO CTOPOHBI MEHBIIIETO
Koa(duimenTa Ternao0TaauH, T.C.
npu or<<e; Dx=D;,
npu <<y Dx=D;,
IIpu & = D= (D1+D2)/2 s
TO OomMUOKa MPU OMpPeaeTICHUN Q BBI3BaHHAsI MTPUMEHEHUEM (DOPMYJIBbI JJIs TIOCKOM
CTEHKH, HE MPEBBICUT 4%.

Ilepegaya TEMIOTHI YePE3 MHOTOCIONHYIO IIMINHAPHYECKYIO CTEHKY IPH IPaHUYHBIX
yeaopusx IIl-ro pomxa
AHAJIOTUYHO CITy4ar0 OJHOPOJHOW CTEHKH, 3alHIIEeM TEIIOBBIC TIOTOKH CO CTO-
pOHBI  KaXJOM M3 JKUAKOCTEW M  Yepe3 KakKIbld M3  CIOEB  CTEHKU:

: : 2 f, -t
Q=a17rD1l(t>«1'tc1) : Q=L-Ml)17;[ ,
D, . D
ni
1
-2 f, -t - 24, -t :
0= 4, -tzzl ,0="3 -wDJ[l ...0=a, 7an+ll(tc(n+l) —tmz).
D D, D D,
2 In— 3 In
D2 D3
YMHOXUM 00€ 4YacTh TEepBOrO0 M3 ATHUX YpPaBHEHUU Ha ¥, BTOPOTO - Ha
o, D]l
In D, /D, InD,/D, InD, /D,
-, TPETHETO - HA ———, YCTBCPTOTO - HA ——— W MOCJICIHCIO - Ha
20, 7wl 20,7l 20 7w 1
S N
a,rxD, I’

[Tocne cymmupoBaHus MOIYy4UM

: 1 1 D. 1
0 +> In—"* + =1, -1,
o, Dl TS24, xr D, a,nD,,l

1

IInoTHOCTE TEIUIOBOIO IMTOTOKA HA CANHUIY JJINHBI
g=2= (10 )7 (16.24)
1T 1 D, 1
+Y ——In—t4

o D, 24, D, a,D,
1 1 D. 1
R, = + z In—=*L 4+ - IIOJHOE TEPMUYECKOE CONPOTUBIICHUE MHO-
o, D, 20, D, a,D,,

TOCJIOMHOI CTEHKH.
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Kputnuecknii juaMeTp M30JISIIHH.
3anumieM BBIpAXEHUE i TEPMHYECKOTO CO-
MPOTUBIICHUS UWIMHAPUYECKON CTEHKH, IOKPBITOU
CJIOEM U3OJISLIH:

1 1 D, 1 D,, 1
Ri=——+ —In—+ In + =
%ﬁ alDl 2ﬂ’l Dl 22’143 D2 aZ Dm
i
1;“ “2 =R +R,+R, +R,
) ARy PaccMOTpuM, Kak MEHSIOTCs cllaraéMble 3TOTO BEIpa-
(1 CIOEE) JKEHHSI TIpU U3MEHEeHuu auametrpa Dy, . bynem cum-
T —— Tath, 4TO R;=const u Ry=const, a Rz 4=f(Dy;). Haiinem
KCTpeMyM QYHKIUU Ry (Dys;).
Tx2| Tep+ drR, 1 1 L,
= - -— =0, oTkyna noxy4um
_rl J.a‘ r dDm 2ﬂ’m DKp a 2 chp
_rﬂ+1%‘ nt+1 D = 22’ 3
Kp a ) *
Puc. 16.6

Takum 00pa3oMm, cymiecTBYyeT AMAMETpP, MPHU KOTOPOM
R, nmocruraer MuHMMYyMa, a IITEps TEILIOTHI ¢ - MakcuMyMa. Eciu Tpy6a nmeer Ha-

pyxkHblil fuamerp D, < D,_, To U301UpoBaTh TpyOy HE HYXKHO, TaK KaK B 3TOM CIIydae

Kp *
HpI/I HaAJIOKCHHUU H30JISILUHN IINIOTHOCTH TEIIJIOBOT'O ITOTOKA 6y1[eT HE yMeHBH_IaTBC}I, a

Bo3pacrath. Temnosas uszonsuus Oyner spdexrnsaa tonbko npu D, > D, . B onek-
TPUYECKUX MAIIMHAX TMPAKTHYECKU Beeraa D, < D, 1 NOKPbITUE MPOBOJOB H30JIsl-

LIHGI>'I ONPUBOJAUT K POCTY TCIUIOOTAAYU H YIYUYIICHHUIO TCIUIOBOTO COCTOSAHUA IOBU-
raTrcii.

R
|
| Ry
| |
| |
| | Rtk
|
Puc. 16.7

TenaonpoBOIHOCTh B NJIACTUHE MPY HATUYHNH
BHYTPECHHUX NCTOYHUKOB TCTIJIOTHI

aT 2 QV 2
YHpOCTI/IM YPaBHCHUE TCIIJIOMPOBOAHOCTHU ai =aV-T +F A1 OJHOMEpPHOHU CTa-
T

oT
[IMOHAPHOM 3aJlayu: a—:O. Tak kak macTMHa OECKOHEYHA IO OCSIM y U Z, TO:
T
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(b)

a—T = a—T =0, Torma «a d’T + 4 _ 0,a= i BBenem HOB repeMeHH
dy 9z a* Cp  Cp’ vio Hep Yo
¥ g,
Vx)=Tx)-T,_: i = E bynem cuurars, uro 7, = const u g, = const
X
Paznenum nepemeHHble:
; d(dﬂj __dg,
dx A
U TIPOMHTETPUPYEM J[BA pasza
t g*u‘ @
7‘ / s __4 x+C,
7_ / L—> dx A
o / e

U= —(;];sz +Cx+C,

Haiinem xoHctantsl uHTerpupoBanus C; u C, u3

/ o TPaHUYHBIX YCITOBUM.
dv
e / — IIpu x=0 , (j =0, cnegoBarensuo, C;=0.
t / dx )
K

IIpu x=0 MMeeM TpaHHYHBIE YCIOBHS TPETHETO PO-

-5 0 3 X v
na —l(dj = _;. IloacraBuMm croja 3Haue-
Puc.16.8 * /s
. (dﬂ} q,0
HUE MPOU3BOJIHON U3 (a) | —— =——"— U 3Ha-
dx ) _s A
gyenne ¥ u3 (b) npu
4.9 9.9 4,9
x=0: qd0=a|-——+C, |=> C,=""—+"—, c
& ( 22 ZJ Y] ©
2 2
IMoxcraBuM (c) B (b) : ¥=— 9.x + 9,0 + 9.9 , A
20 24«
2 2
_ 4.9 1—[’“j £ 4.9 (16.25)
24 o o
[IpoaHaau3upyeM 3TO BHIPaXKEHHE.
Iycts x=0, Torna Y_s=q, ° , (d
a
un t,—t, = 9,0 , OTKya f, =1, +M. Ecim ¢ — o, 101, =1, .
(94

Bepnemcs k BoipakeHuto (d) 1 HaliileM IUIOTHOCTDH TEIJIOBOTO IIOTOKA HA MIOBEPXHOCTHU
TUIACTHHHI ¢,_; = @ _5 = q,0 , Bt/M’.

Omnpenennm, Kak M3MEHSETCS IUIOTHOCTH TEIUIOBOIO IOTOKA B 3aBUCUMOCTH OT KOOp-
JTMHATBI:

(16.26)

Jlna onpezneneHuss pasHOCTH TEMIEPATYP fo-fx=§ MEXKIY CEPEIUHONW U MOBEPXHOCTHIO
MJIACTUHBI MOYHO BOCIIOJIB30BaThCs ypaBHeHUEeM (16.25), eciii MONIOXKUTH
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x=0, a Ol=00: q.5° (16.27)

tO - tx:b' -

21

TermonpoBOAHOCTh MUIMHAPUISCKOTO CTEPIKHS

IOIpHU HAJIWYWY BHYTPCHHUX MCTOYHHUKOB TCIIJIOTHI

or dT
Tak kak P = N =0, 1o nupdepeHInANTbHOE YpaBHEHUE TEIJIOMPOBOIHOCTH
Q Z
IpUMET BUJ: a 1d(rd?9j +9 =
rdr\ dr cp
1d( dvo q
S| r—=|=="", tne O=T(r)-Tx -
t g r dr( drj A )
/_/ M Pa3nenuB nepeMeHHbIE W NPOMHTEIPUPOBAB JBa pasa,
7_? = MOJIYYMM 3aKOH U3MEHEHUS TEMIIEPATyphl B CTCHKE:
‘ﬁ\/ e iy a0 as_ q.r
/ d(rj:—q”rdr, rel=_4 +C,,
dr A dr 24
@w__ar G @
L= dr 24 r
Z
te //'\-._ v=-— 4;/1 +C/Inr+C,. (B)
e / /
(&)
pu r=0: | — =0 — B cuIly CUMMETPUYHOCTH 3a-
2}“ r r r=0
0 naan C;=0.
Puc.16.9
Ipu r=ro: — /I(Mj =av._, .
d}" r=ry ’
2
Taxxax [ 40] =90 ,ad_,=— Do C,, 10
dr ),_, 24 41
7 ry 7 r (©)
qvoza_qvo +C, |, = szqvo_l_qvo
2 42 20 44
2 2
. 4% 9%
Iloxcrasisig (¢) B (B), moJiyuynm: ¢#=—-1—+ 22 4+ , NN
! (©) 5 (8), oy 41 44 2a
2 2
p=L0 || L] DD (16.28)
42 A 2
HaiineMm mi10THOCTE TEIUIOBOI'O IIOTOKA:
g=-290 44T ar (16.29)
dr 24 2
Ha moBepxHocTH cTepHs OyJeM UMETh
g, = quro : (16.30)

2 2
Bepuemcs k popmyne (16.28): &= Dl |y | T Do
42 7 200



193
IIpu r=ry : & —M—t —t ,Torma t =t +M W3 monyyeHHOro BBIpaXke-
p =ro - r:ro_za_c XK 0 it ¢~ 'x Za yq p
HUSI BUJIHO, YTO YXYIUIEHHWE TEIUIOOTIAYM MOXKET MPUBECTH K 3HAYUTEIBHOMY POCTY
TeMIepaTypbl CTEHKH.

[Tomaras B (16.28) r=rp 1 O=co, TIOJIYyYUM Pa3HOCTH TEMIIEPATyp MEXIY LIEHTPOM W

2
IIBEPXHOCTBIO CTEPIKHS ty—t, = % . (16.31)

B camom o6mem ciydae g, siBisiercs GyHKIHMEH BpEeMEHU M KOOPMHAT.

TennonpoBoIHOCTh NUANHAPUYECKOW CTEHKH PU HATMYHUU

BHYTPEHHUX UCTOYHUKOB TEIJIOTHI
JlanHas 3a1a4ya pa30oUBaeTCs Ha TPU 3a74a4H:
1. BHYTpeHHsIS CTEHKa TENION30IMpPOBaHa.
2. HapyxHas CTeHKa TEIJI0U30JMPOBaHa.
3. HMmeer MecTO TEMI00TJa4a OT BHYTPEHHEN U HAPYKHOW TOBEPXHOCTH.
1.Tenuiota OTBOANUTCA Yepe3 HAPYKHYIO IOBEPXHOCTH (puc.16.10).

[IpuMeHNM MOTy4YEHHOE BBILIE PELICHNE

2
v __ar Gy 47 e, ()
dr 24 r 44
C HOBBIMH TPAaHHYHBIMH YCJIOBHSIMH JUISI paccMaTpH-

Ba€MOro ciydas.

o
N~

Ipu r=ry: (dﬁj —_4h G o ~BHYTPCHHIA

1 oy dr 24
el CTEHKA TEIJION30JIMPOBaHa
2
Ne
) ¢=" @
'\\.._\_\_\_\_
""" | Ly dd
I [pu r=ry: =4 — =av._, ,
L— dr )., 2
AN 2
.1 , 4.1 .17 4.1
Puc.16.10 S| (LE T, (/T R . TR (R P Ao fo 1
" ( 24 2/1r2j ( 4 22 17

crona HaxomuM Cs:

— QVrZ _ QVrIZ + QVrZZ _ QV’/'I2 lnr .
2a 2ar, 41 21 °

2

IToacrasuMm C; u C;, B (*):

9

2 2 2 2 2
ﬁ:_QVr +erl 1nr+ quz _QV’] +er2 _qul lnr

42 22 2 2na 44 24

, 2 , 2 (16.32)
el B N B IR i
4 r, 20, 2« r,

[T10THOCTH TEMIOBOTO MOTOKA HalEM 10 GhopMyIe
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. (16.33)
2
g= 2P a4 (G _ar_ar _ar| (n
dr 24 r 2 2r 2 r
2.TermoTa OTBOAUTCS Yepe3 BHYTPEHHIO MOBEPXHOCTH (puc.16.11).
2
s=-2" Lcmr+c,, (a)
/ " 44
f_ : ds__qr G b)
\ lé_/ ; dr 20 r
o) cl I'pannuHbIC YCIOBHS:
dd qrn C q.1;
t r=ry, —=0, D2 M0 = C = v2’
z_lc,l, ? dr 240 22
3
dd
.f‘“___“*m\_____h r=r; ,— /l(\) = (Zﬁr=rl ,
S ar ),
Puc. 16.11 -A —M+—W22 —a——q”n2+q”r221nr +C
e 2o 24 2Ar, a3 22 )

= C — qul _ quZZ + qulz _ QVrZZ lnr
> 2 2ra 414 22!

IToacrasisist C; u C; B (a), TOTYYUM:

— quz QV r22 QVrl QVrZZ QV r12 QV r22
v ) + Y Inr + T + v 1 Inr,, oTkyna, rpynnupys ciaracmsle,
HanIeM:
2 2 2 2
st 1U SN 1(] |
4 n 20 2o n
qz_ldﬂ:_l[_qu_'_qufj:qu 1_(’5j2 . (16.34)
dr 24 24r 2 r

3. TemyioTa OTBOUTCS Y€pPE3 BHYTPEHHIOIO U HAPY/KHYIO IOBEPXHOCTH
OueBUIHO, YTO B CIy4ae OTBOJA TEIJIOTHI C 00EUX MOBEPXHOCTEN TPyOBI, KpHU-
Basl paCIpeeICHUs TEMIIEpaTyphl JOKHA UMETh MAKCUMYM IIPH HEKOTOPOM 3HAYEHUU

pazuyca ry , CIENOBATENIbHO, [wj =0. Takum 00pa3om, MOBEPXHOCTh MPU F'= T
dr ),

MOYKHO CUHMTATh TEIUIOM30JMPOBAHHOMN M pa30UTh 3a1auy Ha JBE yXKe PaCCMOTPEHHBIC -

B obnact 71 < r < rp - C TETION30JIMPOBAHHON BHEITHEH CTEHKOW M B 00MacTH ro < r <

12 - C TEIUIOM30JIMPOBAaHHONW BHYTPEHHEW CTEHKOM. 3ajada CBOJUTCS K ONPEIECIICHUIO

HEU3BECTHOTO 7.

Pemras 3agady ¢ TEIUIOM30JIMPOBAHHOM BHEIIHEH IOBEPXHOCTBIO, HAXOIAT pac-
IIpeIeJICHUE TeMIIepaTypbl MEXIy 71 U ro. [locae 3Toro paccmMaTpuBaroT 3agady C Tell-
JIOU30JINPOBAaHHON BHYTPEHHEW MOBEPXHOCTBIO I 00NacTH 1o < r < ry. [IpupaBHuBas
3HAYCHUS TEMIIEPATYPBI IIPU 7= Fy, HAXOIAT PALUYC Fy.



195

TemmonpoBOIHOCTS TOHKOT'O CTEPKHS
B TexHuKe 4acTo BCTpedaroTCs ciydau, Korjaa Ko3(pGUIUEeHTHl TeIUIO0TIaqH 110
pa3HbIe CTOPOHBI CTCHKHU, Pa3ICIISIONICH KUAKOCTH WU Ta3bl, 3HAYUTEIBHO OTINYAIOT-

Csl IPYT OT JApyra.
JIJ1s1 II0CKOM CTEeHKH MOYKHO HAIlMCaTh

4= K 1) B TR =

1
| 0 1/
Ja 1t e,
Q:qF ,Br; QO=gqgFt, Ix.
[pu ézO u a, << q, kzﬂzaz.
A a, +a,
Takum 0o0pa3zoMm, KO3(pEUIMEHT TeIulonepenayd NPUOIU3UTENFHO paBeH Hau-

MeHblIeMy Kod(huienTy Terutooraaun. [Ipu 3agaHHoM TerioBoM moroke (0 310

IPUBOIUT K OOJIBIIUM 3HaYEHUSM MoBepxHOocTU F. [IpuMmenenne opeGpeHus mo3BossieT
YMEHBIIUTh TEPMUYECKOE COMPOTUBIEHUE CO CTOPOHBI HaMMEHBIIETo Kod(duireHTa
TEIUIOOTIaYH U TEM YBEJIUYUTH KOOPPUIUEHT TerIonepeaayu k.

YroObl pemarh 3a7au, CBSI3aHHBIE C OTBOJOM HJIM IMOJIBOJAOM TEILJIOTHI 4Yepes
pedpucThie MOBEPXHOCTH, HEOOXOAMMO 3HATH 3aKOH pacIpeneeHHs] TeMmIepaTypbl B
TOHKOM CTEpKHE, TaK Kak pedpa, Kak MpaBHJIO, MO)KHO CUATATh TOHKUMH CTEP)KHSIMH.
3amaya cTalioHapHas U OJAHOMEpPHAs , CIIEJIOBATEIbHO:

T dT JT

—=0 ; —=—=0.

ar dy Jdz
BrigenuM B cTepikHE ¢ MOCTOSHHBIM MOMEPEYHBIM CEYCHHEM f DAIeMEHTapHBIH 00BheM
dV=fdx (puc.16.12) u paccMOTpUM I HETO OAJAHC TETIOBBIX MMOTOKOB

9.f = Qeran)f = a0 1ldx, (a)
e q.fs q(ua)S - COOTBETCTBEHHO BXOISUIMHA W BBIXOSMIMA TEIUIOBBIC MOTOKH;
avI1dx - TerioBo MOTOK, OTAABAEMBIN OKPYKAIOIIEH Cpefie ¢ AIeMeHTapHONH OOKOBOM
noBepxHoctu Ildx, Ho

d
Grar=9. +d9=9, + gy . (b)
dx
Iloacrapnss (b) B (a), umeeM: —Zq fdx=adllddx. (c)
by
2
Tak Kax qz—/ld—ﬁ,To ﬂz—ﬂd 129 (d)
dx dx dx

[Toacrasmsis (d) B (c), monmydaem nuddepeHmaibHoe ypaBHEHUE TEIUIONPOBOHOCTH
JUTSL CTEPIKHSA:

o _al
x> N

) (16.35)

rne #=t(x)—t,; ¢ =const.
YacTHoe penreHne 3Toro ypaBHeHus umeet Bua: = Ce™ . (e)
TMoncrasum (¢) B (16.35) = Cm’e™ :incem rorma m=+ OA’?

Teneps obuiee peieHue:
B=Ce™ +C,e™ . (16.36)
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Haitnem C; u C; 13 TpaHUYHBIX YCIOBHUU.
Ipu x =0 % =C+cC,, C, =9 -C;
npu x =1 - )\(dﬂj =t . (%)
dx x=[

[TogcraBum 3Hauenume C, B (16.36): d=Ce™ +e ™ —Ce ™,

dv i .
OTKyzma| —— = Clmeml — Jyme ml 4 Cime ml.

dx x=]/

av a
IoncraBum ¢, u | —— | B (*) uBBeneM n= —L_ torna:
X ). mA

- /1(C1me”” —%me™ +Cyme™ ) =q, (Cle’"’ +e™ —Ce™ ),
—Ce" +8e™ —Cie™ =Cne™ +ntde™ —Cne™ ,
(1-n)de™ =Ce™ +Ce™ +Cpne™ —Cne™ ,

(1-n)se™ =C, (e’"’ +e™ )+ Cln(e'"l - e'ml) .

X -X X -X

Tak kak ch(x)= ¢ -;e , a sh(x) = ¢ ¢ (puc.16.13), To
(1- n)ﬂoe'”’l = 2Clch(ml)+ 2C1nsh(ml), OTKyZa
3 (1-n)e™ 3 (14 n)e™
C, = o , C,=¢,-C = 0 .
" 2(nsh(mi)+ch(mi)) 20 7Y 2(nsh(ml)+ ch(ml))
Ly
2% 2
3 | Oﬂj
o |
¥ [#A Ix +dx
~
x adx 11

Puc. 16.13

[Moncransss Cy u C; B (16.36), Haligem 3aKOH U3MEHEHUS TEMIIEPATYPHI B CTEPIKHE:
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_ -m(l-x) m(l-x)
(1-n)e +(1+n)e (16.37)

2(nsh(mi)+ ch(mi))
Onpenenum MOTOK TEIUIOTHI, OTAaBAEMBI PeOpPOM OKpYyKaroIIei cpene (OH paBeH To-
TOKY TEIJIOTHI, MPOXOASIIEMY Yepe3 OCHOBaHME CTepKHs mpu x=0 ) :

: dv nch(ml)+ sh(ml)
=-Af| — = Afimd} . 16.38
Q=-4f ( i j Iy shlml)+ chimt)” OO
Bepuemcs k (16.37). Ecnu npeneOpedb TEIIOTOM, OTAABAEMOM TOPIIOM CTEPIKHS
-m(l-x) m(l-x)
e +e

S=18,

a;=0,n=0), T0 v_, =0 16.39
(@ ) o0 2¢ch(mi ) ( )
[peamonoxum, 9To CTep>KeHb OECKOHEYHO JJTMHHBIN, TOT/A !

ml mx
B =G = 0™ (16.40)
" + ml
e
(B hopmyne 16.40 eml -0, % — 0), cnenosarensro, ¥, .. = ﬂoexp(—mx).
e e
Bepuemcs k (16.38). Ciry4aid, korja TOpel CTEP>KHsI TETUION30JIUPOBaH:
0, o = Af m®, th(ml). (16.41)
[Tnockast pebpucTas cTeHKa ¢ peOpaMu MOCTOSHHOTO CEYCHUS
[Ipeobpazyem (16.41) c yueTom reoMeTpHUECKHUX pa3MepOB pedpa
f=b-8 , T =2(b+0)
t
o oy K
F e all |a, 20 |2«
1 o=l m= | =\/p =\/ 2 (mpu b>>4-
. ! Af ASb AS
%l ToHKHE pebpa, [1=2b). YMHOXUM U pazaenum
te1 MOJKOPEHHOE BBIPAKEHHE Ha O
be) 5 Ra 2a,8
t;\lha' m= p-é:l P torma
A6 & o\ A
b : 20,0 200, 0
0, =asb "2 o m “%0 L
5 ; o\l 1 A d

. 200,6
YMHOXUM M pasgeauM  Ha | !
Puc. 16.14 A

" Zapé'.i
S oy S A 0
Q= 20,00 W |
A

th

/
[\]
NSRS
[w%
Q| ~
N—

YMHOXHUM U pazienum Ha [: Qp =2a, b9,

b
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rae F,=2bl - noBepxHOCTh pedpa; th =a,F4E,
(16.42)

2
" ap(fi
\ A 6

rae E= Chas kodpdunuent s¢pdexTuBHOCTH pedpa. U3 (16.42) cnenyer
@,0 |
p —
A 0
9,
=T19’ T.e. E XapakTepusyeT OTHOILIEHHE TEeIMJOBOro MOTOKAa, OTJABAEMOTO
a
p-p-0

OKpyKarowieil cpene pedpom (0, ), K TEIIOBOMY IIOTOKY, KOTOPBIi OTIAeT HACAIbHOE
pebpo ¢ HYJIEBBIM TEPMUUYECKHM COMPOTUBICHUEM (ap Fpﬂo) . O6o3HauuM: Fye- 110-

I1aab IOBEPXHOCTU PEOPUCTON CTEHKH, ZF,- 00mas IIomans NOBEpXHOCTH pedep, F-
TJI0IIAh HEOPEOPEHHOM MOBEPXHOCTH (MEXITY pedep).
BBeneM noHsATHE TPUBEICHHOTO KO3 PUITUEHTA TEIIIO0TIaYr

0= o F.0 =a.FY, +a,F,z0E, rae z-uucno pedep.

_ Fc FP . —
a, =a, +tozE——  F =F +zF,.
pc pc
CocraBuM ypaBHEHHE TEIUIOBOTO OajaHca sl peOpHCTOM CTEHKU

: .2 .
Q:alFl(tm_tcl) > Q:E(tcl_tcz)Fl > Q:a’/rlprc(th_txd)'

Pa3pemiast ypaBHeHHSI OTHOCUTENIBHO Pa3HOCTEH TeMIlepaTyp U CKIAIbIBasi UX C YUYETOM
O=const, MOXHO HaIIMCaTh

1 ) 1 : ty-to
+ + =t -t Q= "‘ . (16.43

mp pe + +
alE ﬂ’ E anp F pc

K1

0

HaiimeM miaoTHOCTH TEIJIOBOTO NOTOKA, OTHECEHHYIO K HEOPEOPEHHON MTOBEPXHOCTH

ng: t)Kl_t)KZ
S R ) 1
—t—t+
a A F,

aﬂ
" F

Beenem nonstre ko3¢ dunrerTa opedpeHus:

F,
p=-">1,cyuerom dero
1
r.,-1

=m0 16.44
o A a.p
1 o
Tak kax < —, TO IpUMEHEHHEe PEOPUCTON MMOBEPXHOCTU IO3BOJISIECT YMECHBIIUTH
(94

p c

TEPMHUYECKOE COMPOTUBIIEHUE CO CTOPOHBI HAMMEHBIIETO KOA((UIIMEHTA TETIO0TIauH,
CIIEIOBATENLHO, [JIS 3aJaHHOr0 IO0TOKa TemaoThl () moTpedyercs MeHbIas I10-

BEPXHOCTh F.
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[lepenaya TEIIIOTHI Yepe3 KPYriioe pedpo MOCTOSTHHOTO CEUCHHS
[ToBTOpSIsE B TEIOM MOJIXOJ IUIsl CIydasi TOHKOTO
CTEPKHsI, TMOayduM auddepeHIaIbHoe YpaBHEHHEe Tel-
JIOTIPOBOTHOCTH TUTst KPYTJIOTO pedpa.

t)K:const,gT:O, 3T_8T:0’ ﬂzt(r)—tm.Tenno—

T dz do
BbIC TIIOTOKHM Ha pajguycax r A r+dr COOTBETCTBEHHO
paBHBI

0 22769
dr

. . dQ
grl 0.,=0 + : dr +... (b)

r

(a)

21"2 Beruntass (b) m3 (a) m  mpupaBHHBAsS K TIOTOKY
TEIJIOTHI, OT/IaBa€MOMY OKPY’KAIOIIEH Cpelie OT JIEMEH-
Puc.16.15 TapHOU MOBEPXHOCTU pedpa 27rdr -2, moTyduM

- dQ dr =20a07rdr-2 wmm 2/175561(1”6&9) =4mral,
dr dr\  dr

d( d¥\ 20o8r d® d*® 2ar

Bl e , o tr—— =S 9=0

dr\  dr A0 dr dr y¥e)
2
d f+1@—2—“ﬁ=0. (16.45)
dr rdr A0

Pemenue ypaBHenus (16.45) ¢ yueTom 0003HauUEHUS fioét‘ =m’ UMeeT BHJ

¥ =CI,(mr)+C,K,(mr), (16.46)
rae I - momuduimpoannas Gpynkuus beccens I -oro posa HyneBoro nopsiaka;
K - monuduuumposannas ¢pynkuus beccens Il -oro poga Hysnesoro nopsixa.

['pannyHbIe yCI0OBUS:

Ipu r=ry: ¥ = Cllo(mﬁ)‘i' CzKo(mrl) > (@)
pH r=ry: —/l(dﬁj =ad,_, .
dr r=r, ’

[IpeneOperasi TEIJIOBHIM TIOTOKOM C TOPIIEBOH TOBEPXHOCTH pedpa, 3aluiieMm:

dv
—A d_ =0, Torga, B34B pou3BoHYIO 0T (16.46), MOKHO
FJr=r

dv

HaIHCcaTh (dj = Cyml, (mrz)_ C,mK, (mr2 )= 0 orxyna C, - C,K, (mrz )
r=r

r I, (mr2 )
C,K, (mrz )Io (mrl)
I, (mrz)

Ty UHTErpUpOBaHus: U1, (mr2 ) =C,K, (mr2 )I0 (mrl )+ C,K, (mrl )Il (mr2 ) ,

1, (mrz) _
K, (mrz )Io(mrl )+ Ko(m’l )11(mrz)
[Toncraisist C, B BeipaxkeHue st Cy, MOJTy4IHM:

+C,K,(mr,) w Haiinem BTOpy!O KOHCTaH-

IToncraBum C B (a): ¢, =

) =
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5K, (mrz )

Kl(mrz)lo(mrl)"'Ko(mrl)ll(mrz) .

41 ‘Fl(x) L3T Klffx,}
gl ol K=K (%)
| r 057 K fx)
I ID(X)=EI(X)
32 1 2 3x 0 1 3 X
11
1z =t Iy=1 K=
1-3 K=o ‘l'ir|:| = . KI:I= |:|
Puc. 16.16

C yueToM KOHCTaHT UHTerpupoBanus (16.46) npuHUMaeT BUA:
S=1 Kl(mrz)lo(mr)"' Ko(mr)ll(mrz) .
’ Kl(mrz )Io(mrl)+ Ko(m’i)ll(mrz)
OnpenenuM TEMIOBOM MOTOK, KOTOPBIM OTBOAMT KPYTioe pedpo MOCTOSHHOTO
CEUYEHHUS OKPY’KaIOIIEH cpee.

0,= —2/1nn5(‘j;9j . (16.48)
r r=n

(16.47)

B3siB nmpousBosHyto o1 (16.47) (HamtoMHUM, YTO
I; (x)z I (x), K; ()C)Z—K1 (x) , tie I,- momuduimpoBannas ¢GyHkius beccerns
MIEPBOTO poja MepBOro nopsaka, Ki- mogudunupoBannas ¢GyHkuus beccens BToporo
poza mepBoro mopsiaKa )

()1, )}

[MJ.] :’9”{ o )
1, (mr,)

di" , 1(mr2)10(mrl
K, (mn,)1, (mr, )= K, (mr,) —¥ | OKOHYATEILHO
)+ K |

Kl(mrz)lo(mrl O(mrl)ll(mrz)_
HOIYYHM Qp = 27Aonym¥Y , Bt (16.49)

._.

1 0003Hayas

[lepenava TEMIOTHI Yepe3 TPANCIMEBHUIHBIC U TPEYTOJIbHEIE pedpa
PeGpa Takoit hopmel Goree 3 PEKTUBHEI IO CPAaBHEHUIO ¢ peOpaMu MOCTOSTHHOM TOJ-
muHbl. OHY GJIM3KH 110 CBOMCTBaM K pedpam ¢ g=const. COCTaBUM ypaBHEHHE TEIIJIOBO-
ro OayaHca s 3JIEMEHTapHOTO 00beMa, BBIICJICHHOTO B TPANELUEBUIHOM pedpe (CM.
puc.16.18). Pa3HOCTH TENIOBBIX TOTOKOB Ha KOOPJUHATE X U X+dX MIPU CTaLlHOHAPHOM
peKuMe paBHA MOTOKY, OTBOJUMOMY B OKPYXKAIOIIYIO Cpedy ¢ OOKOBOW MOBEPXHOCTH
DJIEMEHTApHOT0 00BbEMA.

dx
cos (p

do,
dx

Qx+dx Q = aﬁn

(a)

rne d=1t(x)-t,, Qx+dx Qx dx+.. (b)
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Tak Kak TeIUIOBOW IOTOK Ha-
MpaBjeH MPOTHUBOIIOJIOKHO HArmpaBJe-
HUIO OCH X, TO

0. =167 ©
dx
C y4eroM reoMeTpun pedpa BBINOJIHUM
psn mpeoOpa30BaHUINA:
I=2(5+b)=~2b,
= t(r:l-t " S
t tgp=— = 0=2xtgp,
o| 8 gp=_ =0=2xgp
d(wb‘mjdx —2bas &
by dx dx cos @
BEE r r d( dv dx
2z 2Abtg q)(xjdx =2bat} ,
dx\  dx cos @
Puc. 16.17 d( dz?j a
— | x— |=———¢. Tenepp ypaBHe-
dx\ dx ) Asing
HHUEC TCIIJIIOBOT'O 6aﬂcha IMPpUMET BU
2 2
L O T R P L L ) (d)
dx*  dx Asing dx* xdx xAsing
o o
BBesieM HOBYIO TIepeMeHHyYI0 Z = ——— X, Torga dZ = ————dX,
Asin @ Asin @
2 . . . 2
o Asin Asin Asin
a2 =| - | ax? x =2 = (pdz,,de:((pj dz2.
Asin@ o o o

Hoxcraimsist x, dx 1 dx” B (d), noJryduM Mo upunrpoBanHoe auddepeHnnaibHoe
ypaBHeHUe beccens s TparnenueBuIHoro pedpa

2
d ?+1d—ﬁ—iﬂ=0 ) (16.50)
dz zdz z

OOl1iee peleHne 3TOro ypaBHEHUS UMEET BHI
8=C1,(2/2)+ K, 2/2). (16.51)

I'pannuHsble ycaoBus:

IpH X=X| 190=C110(2\E1)+C2K0(2&1), (*)

dv .
opu x=x, —A I =av,_, =0 (31eck MbI IpeHeOperaeM TEIIO0T auei ¢ Top-
x X=X

. dv o (dv
IIBO# MOBEPXHOCTH pedpa), HO | — =— — , TOTIa
dx ) Asing\ dz )

(dz?j _anz) k()
dz =z \/Ez \/22

_C2K1(2 Zz)
- 11‘2 zzi

=0,

= C, . ()
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h HOI[CTaBI/IM( (**) B). (*(): )
die'=dxfcosp _ C,K, 2z, I, 2z,
sy 8 = o) +C,K,(2z)),
OTKyZa
2p| |9 H|8 81
C. = 790[ 1 (2\/22)
LY ’ Kl(z\/EZ)Io(Z\/El)"‘ KO(Z«/EI)II(Z\/EZ)
TS . (+#%)
X
- C yueroMm (**%*), Belpaxenue (**) npu-
1 MET BHU]I
$1 8@ . 8K (21z.)
&U 1 Kl(z\/EZ)Io(z“/zl)"' KO(Z\/;)II(Z«/EZ)
. [ToncraBmsis KOHCTaH'TBI WHTETPUPOBAHUS
Puc.16.18 B (16.51), moayyum 3aKOH U3MEHEHUS TEM-
nepaTypbl B TpareueBUIHOM pedpe:
S= 9 K1(2 2y )10(2\/2)"' 11(2 2y )KO(Z&)

OKI(Z Zz)lo(zx/Z)+Ko(2\/Z)Il(2 Zz). (16.52)

OnpenenuM TEIUIOBOM TOTOK, OTJAaBa€MbIN TPANEIUEBUIHBIM peOpPOM  OKpYXKaromen

cpene
: dv dv a (do
oonl2) () %)
de )., \dx)_ ~ Asing\dz)_.

(dﬁj — K_l(z Z2)11(2\/;1)_11(2 Zz)Kl(z\/Z) | oTKyA

dz =z 0\/;111{1(2( <y )15)(2(\/;1)')" KOEZ\/Z))Il(z( <y )J)’

. 3 K2z, )I,\2\/z, )—-1,\2+/z, )K 12/ 2,

e T s v

Jnst TpeyronbHOro pedpa x,=0, mostomy I, (2 2, )= 0. CnenoBarenbHo,
v=1, 7—)10 (2&) , (16.54)
_ abd, I 2z,

pA = ﬁsin(p Io(zﬂ)- (16.55)

Cy1ecTByeT ONTUMAaIbHOE COOTHOIIEHHUE MEX/1y TOJILIMHON OCHOBaHUS pedpa u
BBICOTOM, 00€CIIeUunBaroIiee MaKCUMAIIbHBIA TEIIJIOBOW MOTOK Yepe3 TPEyrojibHOe ped-

0

1

h 2 )3

: =1309 “~ | .
P52 (aczj

PeOpo mocTOSHHOTO TEMI0BOTO HAPSKEHUS
VY pebep MOCTOSIHHOTO CEYSHHSI TUIOTHOCTh TEIUIOBOTO MOTOKA W TEIUIOBOM IMO-
TOK BJIOJIb MIPOJIOJILHOM ocu yMmeHbInatoTcs. Haiinem dopmy pedpa, y KOTOpOTO IIIOT-
HOCTb TEIIOBOTO MOTOKA HE Oynmer U3MEHSTHCS, T.€.

q= —ld— = const, I % = —d— =const, 4yTo obecneunBaeT 0Oojiee BBICOKYIO 3(-
by by

(bexTUBHOCTH pedpa.
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W3 mocneaHero ypaBHEHUs BHAHO, YTO TeMIlepaTypa BAOJb pedpa B 3TOM
cllydae MOJYMHSAETCS JIMHEHHOMY 3aKOHY.
HcxonHoe ypaBHEHHE TEIJIOBOTO OajlaHca UMEET BUJ]

—i( fq)dx = a9T1dS
dx
2
re U= t(x) — . Il= 26+ 5)z 2b - mepumerp, dS = 1+i(flfj dx .
H/.f/ N Jnist TOHKHX pedep
' 2
iS 1("5) ~0.= dS = dx,
3y & 4\ dx
3 % — f=0b, otkyna
o
“ T | b qu—édx =-20bdx , nnn
/,_,-——- dx
do
I gL =208 . (a)
dx
Pa3nenuB mnepeMeHHbIE M MPOHHTET-
2 pHupoBaB ypaBHEHHE Ddypnbe
‘o ']\ q= —ﬂd—ﬁ HaliJIeM 3aKOH U3MCHEHHUSI
b dx’
X U30BITOYHON TEMIIEPaTyphl MO KOOP-
JIMHATE X:

v
%’

qdx =—AdV , qx‘; =—/lzﬂ
Puc.16.19 (*)

gx= A1, — ), d=10, —‘LZ . (16.56)

[TonacraBum (16.56) B (a) 1 pa3aenum NepeMeHHbBIC:
qdS = —20{&0 —q;jdx :

IIPOUHTETPUPYEM:
X

q(5 -9, ) =-2a0,x + 61/106 x°

U MMOJIYYHUM 3aKOH U3MCHCHMUS TOJIIUHBI pe6pa o JJIMHC ITPpH YCIIOBUH q:COHSt
) 200,x  ax’
—~ +

(16.57)

9y %04 @ .
Bepnemcs k ypaBHeHMo (*) U mpouHTerpupyem JieByro yacts oT O g0 / , a npaByro OT
Yo U

ql=4(ﬂo—ﬁz):q=w. ()

[ToncraBum (B) B (16.57), Torna :
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o 20l ax?
—=1- + ) (16.58)

0

Jnst ciydast, KorJa TeMIepaTypHbIid Harmop Ha KOHIE pedpa paBeH HYJIIO (191 =0):

2
o 2l o (16.59)
o, g 0 A Oy
Bropoe u TpeTbe ciaraemsbie B mpaBoi yacTH (16.58) yMHOXHMM U pa3aenuMm  Ha O g
S, 205, ax’ 6,
50 522{( ?7 j 522
2
Tak kax = %:Bl0 (Bi ¢ - xpurepuii buo - oTHOLIEHHE BHYTPEHHErO TEpMUYE-
a

CKOTO CONPOTUBIEHNUS K BHELIHEMY TEPMHUYECKOMY COLPOTUBIICHUIO, SBISETCS OIpese-

JISIFOIMM KPUTEPUEM), TO OKOHYATEIBHO MOXKHO HAITHCATh
. 29y -

) - 2[Bi, WX Bi,

9 _ x+ X5
s, K 5

(16.60)

5|1
0

TennoBoii MOTOK ompeneauM 1o Gopmyiie

0, =qbd, . (16.61)
[Toncrasnss (B) B (16.61), mosiyuum BbIpa)x€HUE JUIsl TEIJIOBOTO MOTOKA, OT/IABAEMOIO

peOpoM MOCTOSIHHOTO TETJIOBOTO HANPSHKEHUSI B OKPY)KAIOLIYIO Cpey 4epe3 pa3HOCTh
TEMIIepaTyp B OCHOBAaHMHM pedpa M Ha €ro KOHIIE:

- UG, -9 )bd
o, =—( 2 ; )3y (16.62)
ITpu & =0 6ynem nmets
: _ Ao,
o, g0 | (16.62a)

Iopucroe oxnaxxaeHne 6eCKOHEYHON TJIACTHHEI

B sHeproycraHoBkax, pabOTalOMIMX HAa Ta3e C BBICOKOH TeMIlepaTypod, 4acTo
UCIOJIBb3YIOT MOPUCTOE OXJIAXKIEHUE JUISl 3alUThl CTEHOK KOHCTpYyKIMH. K mopuctbim
MarepuajaM B 3TOM CIy4ae MPeIbsBISIOTCS )KECTKUE TPeOOBaHUS- Y HUX JIOJDKHA
OBITH paBHOMEpHAs IOPHCTOCTh MO BceMy 00beMy. Kpome Toro, TemioHocHTeNH, KO-
TOpbIE “TIPOJABIUBAIOTCA” YEPE3 MOPUCTYIO CTEHKY, TOJIKHBI UMETh BBICOKYIO CTEIIEHBb
OUUCTKU. HeBbIMoJHEHHE 3TUX YCIOBUH MOJKET IPUBECTH K TEIIOBOMY pas3pyllie-
HUIO CTEHOK . OmpenenuM MOpucToCTh p Kak OTHOILICHHE 00beMa Mop Tena K oduemy

f

Vv
o0BeMy: p:VH =" . byneM cuuTaTh, 4YTO TEMIIEpATypbl JKHUIKOCTH B IOpax U

f

TBEpAOro '"ckenera" paBHBI.
CocTtaBuM ypaBHEHHE TEIJIOBOrO OanaHca

Qx - Qx+dx = chpxdt ’ (a)
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0.,=0 + 40, iy , (b)
dx
rie O, =-A4,(- p)fﬂ (c)
dx

- TEIJIOBOM ITOTOK, NPOXOJAIIUN Yepe3 MaTepuan caMOM IUIaCTUHBL.  Takas 3amuch
ypaBHEHHUs (C) IMpEAIoaraeT, 4To MOPUCTHIA MaTeprall UMEeT 3HAYUTEIbHO OOIbIINI
K03()(DUIMEHT TEIIOMPOBOAHOCTH, YeM KUAKOCTh (A>>Ay). Tloacrasum (b) B (a) ¢

y4eToM (C):
R )
A, (l — p)al—;f dx = % cpmdt , WIW, BBOAA INIOTHOCTH
dx f
.G,
IOTOKa KUJKOCTH  j = 7 u 0003Hayas
j)x cp)K
=N,
ﬂM (1 - p)
2
T, d_g. (16.63)
t.o dx dx

Pemenue ypaBaenus (16.63) umeet Buj

t=ce"" +c,, (16.64)
KoTopoe crpaBeuuBo st 0 < x< d.

5 Jims  KMAKOCTH cleBa OT CTEHKH (CM.
puc.16.20) MOKHO aHAJIOTUYHO MOJTYYHUTh:
2
ar_, Aoy, (16.65)
Puc.16.20 dx dx
j)KCp)K n,.x

rae n, = R Torna nmeem t.=c,e’™ +c,,

(16.65a)
npu -oo < x < 0.
Haiinem mnoctosiHHblE MHTErpupoBaHus B ypaBHeHHU (16.64).

HpHX:O, tcl:C1+C2, (a)
mpu x=0, t, =c,e" +c,.(8) Bbrurem (a) us (8 )
n.0 t.—t
I =l =6 (e 0 _ l), OTKyJz1a ¢, = echLE[S _Ci ©
nojcrasuM (e) B (a)
. —1t -
¢ = C;H; 1 +C2 , Tormga c, :tcl _ cn2'5 cl (d)
e — e _1

[ToacraBuB c;u c; B (16.64), HalimeM 3aKOH HM3MEHEHHUsS TEMIIEpaTypbl B CTEHKE

tot, 1, —t, oty (.

[=— %5+, — 15— WM = (e ‘ —1)+tC . (16.66)
n. 1 n n, 1

e" —1 e —1 e" —1

Bepnemcs k ypaBHenuto (16.65a).
HpH X=-09, t)[(O:C4 » IpA X = 0 tC[ = C3 + C4’ = C3 = tcl ~ Lo (*)

[MoacraBnsist C3 u C4 B (16.652), nmomyyum
1=t —t,,)e"™" +1,. (16.67)

Uto0B! HAUTH 1., 3aMHIIEM TPAHUYHBIE YCIIOBUs Tipu x=0:
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dt dt
bt < = 1- —
A)K( dx jx:O lM ( p)(dxszo ,

ﬂ’mnm (tcl - t)KO ) = ﬂ’M (1 - p)(tcz_tdjnc ’

P
e"’ —1

sla Tl o ().

OTKya CY4Y€TOM Ny U Ne @ [~ =" = 1
e(' —_—

cl

IMoxacrasum C; u Cy B (16.65a): t = th&_tcienmx i,
e’ —

HpH x=0 tﬂ( = tCl = tcl = t>!<0 + (tcz _two)e—nﬁ .

(16.68)

[MoncraBnss (16.68) B (16.66) , moaydyuM OKOHYATENbHOE ypaBHEHHE MJIs OINpejere-

HUs TEMIICPATYpPhl B HOpHCTOﬁ CTCHKC:
—n.8

t=t 4t =t ) + 12 T In0 ey = t0)e ™ (e 1),

5
e™’ —1

_ _ _ -n.0
t_txo = (tCZ _tmO )e—” ° + tCZ t)KO n({scz t)KO )e ( et _1),
e’ —1
1 1
- —e? Y

0= t t)K() — e—ncﬁ 1 n: (encx _1): e n.o + . 56 (encx _1):

| e " —1 e’ —
— e—nc5 + e Cn 5_1 — e—ncﬁ + e—nc5 (encx _ 1): e—ncﬁencx — e—nc(ﬁ—x) )

e

r—t
=" =exp(-n,(6-x)
th - t)KO
Hcnonb3ys (16.69), HaliieM cpenHIO TeMIlepaTypy CTEHKHU

s
7 =}5.[0dx=nl§(1—e_"“5),
0

c

t)KO

-~ t
rae 6 =
th - t)KO

[110THOCTH TEMJIOBOrO MOTOKAa OMpeneiuM Mo (dopMmyie

dt
q= /1M (I- p)(dxj

C yuerom (16.68) nmosnyunm
g= lM(l—p)nc_%.

t,—t
:ﬂ/ 1_ nw M .
M( p) C(en(.é‘_lj

x=0

Ecnu co cTopoHsl rasa (fx) 3amaH Kod(Q(GUIMEHT TemIooTnauu O,

TO tczztmz—i, a(16.72) npumer Bun
aZ

_ A= pIn (e, — 1)
encﬁ + ﬂ,u (1 B p)nc
a,

(16.69)

(16.70)

(16.71)

(16.72)

(16.73)

Jnga ciydas , KoOrja OXJaXIAromias >KUIKOCTh HCHapsieTcs Ha TMOBEPXHOCTH
MOPUCTON TUIACTUHBI (X=0), TPaHUYHBIE YCIIOBUS TPETHETO PO 3aAMHUINYTCS TaK:
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d
al (tcl - talcO) = A’M (1 - p)(dtj >
x=0

X

) dt
ot 1) jr=A, (- p>(j ,
dx ) _s

r/ie 7- yaellbHasg TerioTa Mnapoodpa3oBaHUsI.

JIByMepHasi cTalluoHapHas TeIIONPOBOIHOCTD
PaccMOTpUM IUIOCKYIO TUIACTHHY IIMPUHOM & ¢ A=const W HeOrpaHWYECHHBIM
pazmepom 1o ocu O0Z B »o3ToM chnydae — ypaBHEHHME  TEILJIONPOBOJHOCTHU

a—T=aV2T+ 9 npu a—TzO, a—TzO, q,=0
ot Cp ot 0z
2 2
OyneT WMETh BHU]T 8772” + 8772” =0.Bsenem ¢=T(x,y)-T,, rae
ox° dy
2’ 9%
T = const, Torqa MO>XHO HaIlMCcaTh —+t-——>5=0 (a)
ox°  dy

Pemenne Oynem HCKaThb B BHJAE IPOU3BEIE-
HUA ¥ = (D(x)l//(y),HO,Z[CTaBJISISI ¥ B (a), moIy4um
g depeHIanTbHoe ypaBHEHUE
f ¢ )Y+ POV (7)=0.
/ [locne pazgeneHust MEepeMEHHBIX MOTY-

YuM:

” ”
h (p(x):_lﬂ (y)zconst.
h olx)  wly)

Tak kak JeBas M TmpaBasg 4YacTu
ypaBHEHUS OJMHAKOBBI, TO HMX MOXHO IMpH-
paBHATH IOCTOSHHOM, O0O3HAUYMB €€ uepe3 -

=f(x) K. Tenepp ypaBHEHHME pacnajoch Ha JBa
OOBIKHOBEHHBIX MU PEpeHIINATBHBIX YpaBHE-
HUs

¢"(x)+ K plx)=0 (8)

' (y)-k*p(y)=0. (©)
Pellienye nepBoro ypaBHEHHs UMeeT BHI:
Puc.16.21 @(x)=C, cos(kx)+C, sin(kx),

BTOPOTO - w(y)=Ce” +Ce™ Toraa
8= (C, cos(kx) + C, sin(kx))(Cye® + Che™ ).

HaiieM KOHCTaHTBI MHTEIPUPOBAHUS U3 TPAHUYHBIX YCIIOBHIA:
mpu x=0: 9=0,npu x=06: 9=0,npu y=co: 9=0,mpu y=0: #=F(x) Urobs

)

=0 1npu x=0 u y=o0 , He0OXO0IUMO MONOKUTH cooTBeTcTBeHHO C; =01 C3=0,
tornaC = C,C,, a ypaBHeHHe OyneT UMeTh BUJ

¥ =Ce™ sin(kx) (16.74)
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Jlnst Toro 4ToOBI MOMy4eHHOE ypaBHeHue yaosiersopsino ¥ =0 mpu x=6 He-

o6xomMo, utobst sin(kx) _; =0, k& =m, n=123....., k= ”;
d=Ce ¢ sin(”; xj . (16.75)
MBp! noxyunnu gactHoe perienne. O01ee peleHne 3anruchiBaeTcs B BUAE OECKOHEYHO-
ropama: =3 Coe © sin(”; xj (16.76)
n=1

[ . [ m
[Monoxum y=0, Torna Oynem umers: F (x): ZCn Sm(ﬁ x}, a 3TO €CTh Pa3JIOKEHUE

n=1

¢byukuun F(x) B pan @ypbe 1o cuHycaMm, B KOTOPOM KOHCTaHTa UHTETPUPOBAHUSI OII-

penensieTcsi U3 BIPAKCHHS:
s
C, = ZIF(x)sin(m xjdx.
04 0

Pemenne B okOHUATEILHOM BUAC 3aIIUIIICTCA TaK:

m
V= z e s1n[5 ij. F(x s1n(§ xjdx . (16.77)

PaccMoTpuM YacTHBIN ciydaid; Oynem cuuTars, 4ro 3, =1, —1,

jF(x)sin(”; xjdx - )fsm(’? xjdx _ (fz—mj)fsfsm(?xjd@x) :

0

t,—t,)0 2(t, —t,)0
r,~1,) —cos] Pty ZM,TOFIM
m o ), m
v . (m
_e? sm(xj
)
Z NN
n

t(x, y) f
I, =

Onpenenus @, HaiiieM HCKOMYIO TeMIIEpaTypy

9= J (x’ y ) -

27 4

6= Z e s1n( j,menzl,S,S... (16.78)
Tign )

=t(x,y)=1,+6(, —1,).

17. HectaumoHapHbie MPOLECCHI TENMJIOMPOBOIHOCTH
C 3agayaMu HeCTAlIMOHAPHOM TETIOMPOBOIHOCTH MBI BCTpEYaeMCsl B SJHEpreTuye-
CKHX MalllMHaX BO BpeMs MX MyCKa U OCTAHOBKH U MPU U3MEHEHUU peXrMa paboThl
SHEProyCTaHOBOK, KOTJa TEMIepaTypa 3aBUCUT HE TOJILKO OT KOOPAMHAT, HO U OT Bpe-
MEHHU.

Oxyaxxnenne (HarpeBanue) O€CKOHEYHOMN IJIACTUHBI
JuddepennmranbHOe ypaBHEHHE TETIONPOBOTHOCTH

IT _ e o (@)
ar cp




209

U1 OECKOHEYHOW B HAIIPaBJICHUSX Z M ) MJIACTUHBI 0€3 BHYTPEHHUX HCTOYHUKOB

dr dT
TEIUIOTHI, T.€. IpH yclIoBusAX —— =—=0, g, =0 npuHUMacT BUI
dy dz
T I°T
T =al, (b)
ar dx
W, [I0CJIe BBEIeHUs U30bITOuHOU Temneparypsl =1 -1, ,
@ =a 3219 (C)
or dx*

Pemenue OyneM uckaTh B BUE MPOU3BENEHUS ABYX (YHKIMH, OJJHA U3 KOTOPBIX 3aBU-
CUT TOJIBKO OT BpeMeHI/I, ﬂpyraﬂ - OT KOOp,Z[I/IHaTBI
= o()y(x). (d)

[ToncraBnsist ¥ B (¢), MOTy4yaeM COOTHOIIECHUE

1¢(2) _y'(x)

i o - :
N a olz)  ylx)
[ fl:l 2 Tr:l:'
Tak Kak OHO JTIOJ’KHO BBITIOJIHSITHCS TIPH JIO-
/-'\,_; iz} ObIX 3HAYECHUSAX HE3aBUCUMBIX MIEPEMEHHBIX T
» U X, TO KaXaas u3 ApoOeil paBHa HEKOTOPOI
) | i %) 2.
o LT KOHCTaHTe, KOTOPYIO 0003HaUUM -k
I 1L¢(c) _y'x)
Il 19@) _y'&)_ -
PO a o(r)  ylx)
| =, oty 3HaKk ‘“MUHYC” BBIOMpAETCS C IENBI0 TOJTyJe-
A T T3 HUSI OTPAHUYEHHBIX PEIICHUN MpHU T—3oo, T.€.
——————]
x paccMaTpuBalOTCsl CUCTEMBI, CTpeMsIIuecs K
28 COCTOSIHUKO TE€PMOJMHAMUYECKOTO pPaBHOBE-

cus. Takum o00pazoMm, UCXOIHOE ypaBHEHUE
Puc.17.1 (C) B 4aCTHBIX MPOM3BOJHBIX CBEJIOCH K CHC-
TeMe JIBYX OOBIKHOBEHHBIX AubdepeHnnainb-

HBIX YpaBHEHUU

() +ak’e(r)=0 (e)
v (x)+ Ky (x)=0 . (f)
YacTHoe peureHne ypaBHeHus (e) umeer Bux:  @(7)= cle"‘sz ,a ypaBHeHus (f)
-p(x)= czsin(kx)+ C,COo8 (kx) . CenoBarenbHO, 9aCTHBIM permeHuneM ypaaerus (d )
Oyner:
8= c,e ™ (c,sin(kx) + c,cos (kx)).
Haiinem mnocTOsiHHbIE HHTETPUPOBAHUS:
o 2 )
npu x =0 (dj = c¢,e7(c,k cos(kx)—c; ksin(kx)] _ =0.
X x=0 -
W3 ycioBUS CHMMETPUYHOCTH TPAHWYHBIX YCIOBHH OTHOCHTENBHO ocH x=(0 ciemyer:
=0, Torma = c1c3e'“szcos(kx), i 0bo3Hauast ¢ =c,c,
d=ce“cos(kx).
dv

Ipu x=0: -4 (&j = oY _s (TpaHU4HBIE YCIIOBHS TPETHETO POJA):
X x=0

Ace ™ ksin(kd)=ace™ - cos(ks).
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O0603HaYNM ko=u,=» &k =§, Toraa ﬂgsm( ) a cos (,u),

é,i —Ctg(,u) WA Ctg(/t) ,u . Ilocnegnee BbIpakeHUE SIBISAETCS XapAKTEPUCTH-

A

YCCKHMM YpPaBHCHHUCM TPAaHCUHCHACHTHOI'O THUIIA C OCCKOHEYHBIM YHCJIOM KOpHeﬁ M,

n=l...oc ,rOE é;? = Bi -xpurepuii buo.

, Takum o0OpazoMm, oOiee pemieHue

/'(ﬂ n ypaBHEHUsI (C) NpPENICTaBIsAETCS B BHJIE
I 7B  cyMMbl 6ECKOHEYHOTO psja
had —aﬂ—g‘r X

¥=> ce ¥ cos ,ung . (17.1)
n=l

Jlnst onipenenennst K03 GUITMEHTOB psia Cy
H BOCIIOJIb3YeMCsI HAYaJIbHBIM YCIIOBUEM TIPH

=0: ¢, = ZC cos(,un j(*) VYMHO-

n=1

KN/

[N ]

5

I
________\A_____

UM IIPaBYIO U JIEBYIO YacTH (*) Ha

cos[ U, ;j U IPOMHTETPUPYEM TI0 X OT -

Puc.17.2
o + 0

+5 +0
Y, Icos (,un ;jdx = Icl cos(,u1 ;jcos(,un ;jdx +

s

+0
+ .[c cos(,u2 5)005(/111 5jdx +oet J-cncosz(,un gjdx. (%)

-0
JInst 1eBoi yacTU ypaBHEHHS MO>KHO HANMCaTh

5 5
¥,0 X x| 200
B cos( jdx == | cos (,un jd(,un J =="sing,. (g
0—-[5 5 lun -0 5 5 lun

B npaBoii yactu (**) 3HaU€HUS BCEX UHTETPAIIOB, KPOME IOCIIEIHETO, PABHBI HYJIO, TaK
KaK MOJIMHTErpajbHbIe (PYHKIMH - HEYeTHbIE. BO3bMEM 3TOT MHTETpall C y4eToM pa-

X . . . .
BEHCTB ZCosz[zj =1+4cosx, sin(—x) =-sin(x) 1 sin2x=2sin XCOSX :

+J

:Lcncosz(,un ;jdx =c [ Idx +ii£oos[2,un §j [Z,Lln ;jj =
=c, (5+;5sin(2,un )j =

s

x 106 . [ xj ’
=c,| -+ ——sin| 24, —
2 4u o))

=cn[cs+jsm<un keos(x, )j.

n

n

(h)

IMpupasusiem (g) wu  (h): 28, O singt, = cn(5+5sin(,un ) cos(x, )j ,
M, M,
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21905 Sln(/’ln) — Cné(/’ln + Sin(/’ln )Cos(ﬂn )) = ¢ = 2190Sin(llln )
A, H, T, +cos(u, )sin(u, )

[NoncraBum ¢, B (17.1) 1 mOIyYMM OKOHYATEIBHOE BBIPAKEHHE ISl ONIPEIEIICHUS 13-
OBITOYHOI TeMIepaTyphl MJIACTUHBI B 3aBUCIMOCTH OT X M T :

>0 1 —a'u—g‘r
9=y % sin(g,) < cos[,un xj . (72
n=1 /’ln +Cos(ﬂn)81n(ﬂn) 5

Beenem 6e3paszmepHoe Bpemst ( kputepuit @ypre Fo) u 6e3pasmepHyto Temriepatypy 6,
TOT/1a:

( - 2sin 1, 2
6= — 1°F X), 17.3
to_t = i ok expl- uZFokos(u,X),  (17.3)

a
?.
Ipu Bi=oo, @=c0, u =(2n- 1)—; nmpu Bi=0, a=0, u, =(n-1)z

rmue X=§; ,u=f(Bi);F0=

Ecnu B HayabHBI MOMEHT BpEMEHU (T = 0) 3a/1aH 3aKOH paclpeaeeHUs] TeMIeparTy-
pel = F(x), To m36bITOUHAS TeMnepaTypa ompeneauTcs o GpopMmyiie

ﬂn

] X 527
O= 25(# +Cosﬂ s U} j Flx COS(,U 6)de cos(,u 5) e . (17.4)

AHanm3 IoJIY4SHHOT'O pPEeIICHUS
Pacuet mokaseiBaet, uro npu Fo>0,3 psiix OBICTPO CXOMUTCS W TOCTATOYHO TIEP-
BOTO WIEHA Psi/ia, 9YTOOBI C BBICOKOW TOYHOCTBIO ONPEEIUTh 3HAUCHUE TEMITePaTyphl B
JAHHOW TOYKE B JaHHOE Bpems. Torna BBIpOKEHHE ISl M30BITOYHOM TEMITepaTyphl
MIPUHUMAET BU/T

243, sin(u,) abe ( xj ( xj e
Y= 0 1 s , ¥=c, - = s
U, +cos(u1)sin(ul)e cos| A ) Creos A ) ¢

[Iponorapudmuponan MocJeaHee BBIpaXKEHHUE, MOJTYyYUM

X 2
In?}= ln(clcos(,u1 5)] —Fou, , oTkyna BUAHO, 4TO B MOIyJ0orapu(MUUYECKUX KOOPIU-

HaTax 3aBUCUMOCTD In ¥ oT umcna Oypbe HOCHT IMHENHBINA XapakTep.
PaccmoTpuM yacTHBIE Cilydawu.
1. Bi >« (Bi2>100), Fo>0,3. YpaBHeHUE

v=2 2sin 4 e_a%r cos(,u xj
’ (lul +C0s /4, sin :ul) s

o T T
C Yy4ETOM KOPHEW XapaKTePUCTHYECKOIO ypaBHEHUS [, = (2n - 1)5 u M = > MIPUHU-

MaeT BUJ,

[Ipu x=0 8 o =" =—¢ , (17.5)
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7
] . pu x=0 @ =0. IIpu oYeHb MHTEHCHBHOM TeII000Me-
|~ HE (O — o) U3MEHEHUE TeMIEPaTyphl B TEJ€ HE 3aBU-
9 = CUT OT BHEIIHUX YCJIIOBUH, a 3aBHCHT OT (U3HUECKUX
T CBOWCTB TeJa.
| P %) [Tpeo6pazyem (17.5):
.- 5 5
'IEI 2] —azif 4 a z T
|~ { xTs) lze 52 , T e & ,
4 or
a 2
2 4
a~——_—7=In — |
o or
Puc.17.3 3Ty hopMyIly MOKHO UCIOTIB30BaTh, HAIIPUMED,

JUISL OTIpeieNICHUs] BpEMEHHU, He0OXOIMMOTO ISl OXJIa-
JKJICHHS WM HarpeBa CepeIMHbI INTACTUHBI 10 3aJaHHOM TEMIIEPATYPHI:

7:452111( 4 j (17.6)

ar 0_,7w

X

2. Bi—»0 (Bi<0,1), Fo>0,3 Tlpu Bi—0 pemenuem ypaBHeHm]’;l_zctgﬂ Oy-
i

JeT ,uzﬁ (t.x. mpu u—0 siny = u ,cosy =1,

Torna ]’;l 1 ), CII€/IOBATENBHO, M3 UCXOMHOTO YPAaBHEHHS
i
2sin k4, —a%‘zf X
V=1 - e cos| U4, — | mory4ynm
(g, +cos g, sin 1) 5
Bi
=19, A e * COS[\/E xj , HJIH
(e + 44, S
6 =c """ cos(@ ;) . (17.7)
Mpu x=0, §_, =e ", (@ mpux=8, O _s=e """ cos(ﬁ) (B)

PaznenuB (B) Ha (a), MOJy4uM OTHONIIEHHWE TEMIEpaTyp Ha MOBEPXHOCTH U B LIEHTPE

MJTACTUHBI s = cos(«/E )z 1. Kak BuguM, TeMiiepatrypa B Tejie MPAKTUYECKU MOCTO-
x=0

SIHHA, HE 3aBUCHUT OT (DU3UYECKHUX CBOMCTB TEJa U OMPEISISIETCS HCKITFOUUTEIBHO YCIIO0-

BUSIMU BHEITHETO TEIIOOOMEHa.
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T KonanuecTBO TEILUIOTHL OTAaBAEMOE IIJIACTUHON
R0 OKpVYKaIOIIEH cpeJie
B IpoIlecce OXJIAKICHUS
,ff'-q,:,; =[] Tertora, OTHaHHAS IJIACTUHOM, HAarpeTOM A0 TeMIle-
- ) patyphl fy, IpHU TMOCTOSIHHOU TeroeMkocTu C, paBHA YObI-
- 2 () JIY SHTAJIBIUU TUIACTUHBI 32 BPEMSI OT T 10 T :
[ 9wy Q=pPCVIG-1), (a)
rae o u V- IOTHOCTh U 00bEM ITACTHUHEI.
x .
Tennora, oTHaHHAS TIACTUHOM 32 BpeMsl OT T JI0 Tew:
1 Tty -
0(z)=pCVit-1,), (b)
Puc.17.4 rae t (T ) - CpPEIHsIs 10 TOJIMHE TeMIlepaTypa IIJIaCTUHBI B

MOMEHT BpemeHu 7. Torga paszuuia (a)-(b) mact xonuue-
CTBO TEIUIOTHI, IEpeJaHHOE OKpYy»Karolleil cpene 3a BpeMs oT 0 107

Q,. = pCV (1, ~1,.)= pCV (e (z)~1,.)= pCV (1, ~ 1, )[1 _f(f)‘fw]

1, —t
1(z)-1t

Hc

Tak kak 6 = %€ | TO MOHO 3aIlMCaTh
ty—t,
0, =0,(1-6)=pcvie, -1, )1-6). (17.8)
YuursiBas BBIpa)KEHHE TUIst JIOKAJIbHOM N30BITOYHON TeMnepaTypbl
2sin ~abie X .
Y= 2190 4 - e % cos M, — |, HallleM CpEeIHIO MO TOJIIUHE H30bI-
(1, +cos u, sin 4z,) 0

TOYHYIO TeMIIepaTypy IJIACTHHBI, a 3aTeM CPEIHIO 0e3pa3sMepHyro TeMmneparypy 6 :

— 1% 2sin _QLE, X
19=§J;2190 (i + il e cos(ﬂn(sjdx,

COS /4, sin ,un)
: X 5 ¢ X X o . o\’ .
.[cos M, |ldx=—|cos| u, ~ |d| M, < |=—sin| K, =—s1n(,un)cnez[013aTenb—
0 5 /’ln 0 5 5 Il’ln 0 Il’ln
— > 12 —aﬂ—sr
Ho. 19:2190 2sin ,t.ln A
1 (ﬂn + COSII’ln s1n ﬂn )ll'ln
i 2sin’ u —a”*”jf
0= . o 17.9
Z (4, +cos a1, sin 6, i, (179

Oxytaxxnenne (HarpeBaHue) 0€CKOHEYHO JUIMHHOIO I[IMIHHIDPA
3anuiieM ypaBHEHHE TEIUIONPOBOJTHOCTH B IIMJIUHIPHUYECKUX KOOPIUHATAX MPU

or dT
YCIIOBUSIX a—za—zO, ¢,=0. BBous, kpoMe TOro, H30BITOYHYIO TEMIIEpaTypy
< ®»
19=T(r,2')—TM,

IIOJIy4UM

S R (@
or o’ ror
Kak u B ciyyae ¢ miiacTHHOM, pelieHne UIleM B BUJIC TPOU3BEICHUSI IBYX (YHKITUH :

=ty (r) (b)

0 (8219 1&9}
=a +—— .
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ITonctaBumM (b) B (a):

Paznenum nepemeHHbIE:

1) _v'(r) 1y()_ o
ape) wlr) rylr) ’
¢z )+ak o(z)=0, ©

v )+ Ly )+ () =0 . (d)

Pewrenne nepBoro ypaBHeHust go(r) = Cle_”sz; sroporo :y(r) = C,J, (kr)+ C.Y, (kr),
rae Jo — ¢yHknusa beccens mepBoro poaa HysneBoro nopsaka, Yo — Gynkmus beccens

BTOPOTO pO/ia HYJIEBOTO MOPSIJIKA.
YactHoe penieHne ypaBHeHUs (a) OyieT UMeTh BHI:

= Ce™ 7 (CyJ (kr)+ CY, (kr)) . (e)
I'pannuHsble ycaoBUs:
Tpu r=0 @’9] = kCe (- C,J,(k-0)+C,Y,(k-0))=0.
r r=0
Tak xak Yl (0): - o0, 2 J1(0)=0, To C3=0. O603nauas C=C,C,, moxyaum
8=Ce "7, (kr). (k)
[lpu r=ry UMeeM TpaHUYHBIC YCIIOBHS TPETHETrO

Yo(x) poxna

0
-A =ad._ .
(arj . Foren

C y4yeToMm TOro, 4To

Ik =4, o)

(kr)  (kr)*  (kr)
r;[eJO(kr)zl— - +2242 _224262

J (k) = kzr k), ()

ceeey

224  2%4% ~~ MOXHO HamucaTb
— ACe "7 (- kJ, (kr,)) = afCe—“szJ0 (kr,),
Ak (kry) = o J , (kry).

BBoas HOBYIO mepeMeHHYH [ = kI, HOIY4UM XapakTepHCTHYECKOS yPAaBHEHHE B

sune A% (W=ady () , W M, L) _n

n Iilu) J\(u) Bi

Jo(ﬂ)

J,(u)

noM (puc.17.5). OxoHuarenbHo, o011ee peleHne ypaBHeH s (a) OyaeT UMeTh BUJIL:

3= Ce " Jo(ﬂn’"]. (17.10)
o

n=1

HaIIOMHMHACT INMOBCACHHUEC KOTAHI'CHCOHUAbI C Y6I)IBaIOH_[I/IM Iepuo-

OtHourenue

- r
3anumeM pemenue npu 7=0: 190 = z CnJ0 (,un j .
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YMHOXUM JIEBYIO U IIPABYIO YaCTH Ha

i r
L rl, ( U, j u ipouHTerpupyem ot 0 10 ry.

s neBoi 4yacTW ypaBHEHHS MOKHO
HaIuCaTh:

. \":.‘ | %
u .[19 rJ ( M, Jd = 19 o rJ 0 (ﬂn r} ’ d(,u n r} =
0 ﬂn 0 T 0 rO

%
O g () (@)

n

yi=Jo/hy

yo=4/Bi JUISl TIPAaBOM:

(b)
(3mech Bce 4IEHHI psisia, KpOME IMOCIEIHErO,
U3-32 OPTOTOHAIBHOCTH MOAMHTETPAbHBIX (DYHKIUI paBHbI HYIIO, @ HHTErpall

Puc.17.5

X 2
j xJ § (ax)dx = %(Jj (ax)+ J] (ax)), em. [31], ctp. 120, d-na (19)).
0
HpnpaBH;IeM (a)m ( b)
2190‘]1 (ﬂn )

ﬂ” J(u)="° ( 12 (u,)+ I3 (u,)) . otkyma c, = )+ 1)

[ToncraBisis 3Ty KOHCTaHTy B (17.10), monyuum

—( = #s) expl— 1*Fo r
6= -y (%ij»duEM@m} (17.11)

tO >!< n=l1 lun
Ha nosepxHoctu nunuzapa (r=rp) uMeeM

_t(ro’f)_tm N 2J1(;Un) ] 2
R Y Py R
B cepenune (r=0): 6_, = i 2J( “) exp(—,ufFo). (17.13)

KojnyecTBO TENMIOTHI ,0TAaBaCMOC€ IMMJINHAPOM B ITPOLCCCC OXJIAKACHUA
Brimonnus BBIKJIAAKH, aHAJIOTUYHBIC CITy4aro C HHaCTHHOﬁ, MOoJIyduM:

0 = Qo(l—()tj 0,(1-6) ,tne 0, =cpV(e,—t )=cprrillt,~t ),

t,—1t

_ J,(4, Jexpl- 42Fo) T \wdr e
6_7[1”02 0 Iy J;E,Un(f Y, )+ 7 (,Un))Jo(lun ’"oj - ©
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PaccmoTpum nHTErpan
Ty Ty 2
j‘lo(ﬂn rjmdr:'bj”‘]or(ﬂn rjd(ﬂn rj=r°ﬂll(ﬂn)- )
0 rO lun 0 rO rO lun
IToncraBum (k) B (€)
o & 407w, Jexpl- 42Fo)
6= ft 7 . (17.14)

[Tonmy4yeHHble pemeHust A1 UIACTHHBI U IIHJIMHAPA MOTYT OBITh MCIOJIB30BAHbI TS OII-
peAciIeHNs TeMIIepaTyphl B JaHHOM TOYKE B JTAHHOE BPEMs KakK IIPU HarpeBaHUU, TAK U
IIPU OXJIAXKICHHUU TEIL.

OxJaxieHre ( HarpeBaHue ) TeJd KOHEUHBIX Pa3sMEPOB
a. OxnaxxaeHue ( HarpeBaHue ) napajuleIenuneaa.
Tak kak nmapaenenumes MoOXeT pacCMaTPUBATLCS KaK PE3yJIbTaT IEPECEUEHUs
Tpex 0eCKOHEUHBIX IUIaCTHH (puc.17.6), TO MOXKHO 10Ka3aTh, YTO PELICHUEM IS Ta-
paJulesenuIe1a IBIsIeTCsl MPOU3BEICHUE PeIlIeHHUH [ OECKOHEUHBIX IIACTHH C TOJI-

mHamMu 26, 26, 1 26, :

o t(6y27) =1, _ 6.6,6, (17.15)
ty—t,
Petenus JJISL 6CCKOHC‘IHBIX IIJIACTUH UMCHKOT BU:
= 2siny e N %)
ex = Z 81nﬂne : Cos ﬂnx ’ FOX = Li’ﬂ = f(le )’ le = a * ?
o= U, +cosu sini, 0, 0, A

‘o u, +cosu, -sing, )

y

= 2sin(u )™ T ) 1)
ey = z (’u“) cos(,un y]’ Foy :;l_z; n= f(B1y); B1y = ﬂ,y ,
Yy

& 2sin(u, Je ™ 4 ar . .
0 = n - ’F :7’ — B ’ B — z ,
, ;ﬂn T cosy -sing cos\ 4, - |:Fo, 5 u=f(Bi,); Bi,

z

oo . -Fo, 47 o . -Fo, i1}
TOT/Ia 6=y 2sinth,e cos('u“sz 2sin{s, )e cos(,un ng
y

1m0 M, +cosp,sing, O, Jast M, +cosp, - sing,
28y
o : -Fo,u;
s 5 y Z 2s1n(,un )e ' cos(,un J
¥ M, +cosp, -sing, 0,

6/7/4?? h (17.16)

Cpennee 3HaUEHUE TEMIIEPATYPbI

TAKXKE ONPEAEISAETCS MPOU3BEICHUEM
CpeIHUX TeMIIepaTyp st OECKOHEUHBIX

wiactud (M. hopmyny (17.9) ):
0=—"—2=6-6,-6,.
el fo =l

0. Oxyaxxaenue ( HarpeBaHue ) MHIUH-

apa.
Hns uwnunaapa (puc.17.7) MoXHO Ha-
. MHCATh:
Puc.17. —
0-"r2)"h g 5 (7.7)

tO _tx
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2 $ 20 )" r

0 roe 6. = Jol m, — |5
n=lﬂn(‘]§(ll’ln)+‘]12(ﬂn)) ’ Ty

- Fo,=“%: u=f(Bi) Bi,=“":

———
-
1=28,  2sin{u, Je ™4 cos 1,
6.=). : 2
' n=1 ﬂn +Ccos /’lnSIHﬂn
at .
L Fo, =g M= f(Bi.). (17.18)
-~ CpenHio Temmneparypy UWIMHAPA KOHEU-
-~

HBIX pa3MepoB HaxoauM 1o  dopmy-

1e O :t(z-)i_tmzéz.é‘
Puc.17.7 £, —t

X

PerynspHelil pexxum
B mporuecce oxitaxaeHus 11000ro Teixa MOKHO BBIICIUTh TPH CTAIHH:
HAYaJbHYIO, KOTJIa CKOPOCTh U3MEHEHHS TeMIlepaTypbl BHYTPH Tella 3aBUCUT OT Ha-
YaJIbHOTO pacIpeieleHHs] TeMIIepaTypbl B Teje, YCIOBHM Termioo0MeHa U GU3NYECKUX
CBOICTB TeNa; CTaJUI0 OXJAXKACHHS, KOTJa TMpOIecc OMpPEeNeNseTcs TOJIbKO YCIOo-
BUSMU TEIUIOOOMEHAa Ha TpaHulle Tela U Cpelbl, (PU3NYECKUMU CBOWCTBAMHU Teja
U ero reomerpuueckond (opMoll M pasMepamu; CTaaUI0 YCTAHOBJICHHUS TEIUIOBOTO
PaBHOBECHSI C OKPY KaIOIIEN cpefioil. AHATU3UPYA pelIeHUs I TIaCTUHBI U TAJIWHAPA

BUJUM, YTO OHU MOTYT OBITh MPEACTABICHBI B BUJE: U= ZCHU ™, e non
n=1
U cos| u a Jo| 1 ) aft,
IIOHHUMAECTCA - Wi I = .
n n 6 0 n ]"0 52
I[pu Fo>0,3 nocraroyno nepsoro wieHa psaaa: ¢ =c,Ue™ (a).
[Ipomorapudmupyem wu npoauddepeHuupyem (a) Mo BpeMEHH:
In®¥=In(c,U,)-m7 , i(1n19)=—m,pmn lﬁ:—m, (17.19)
T v or

I/Ie M- CKOPOCTh U3MEHEHHUsI OTHOCUTEIbHOM TeMIepaTypbl BO BpEMEHH, UM TEMI 0X-
naxxJaeHus. Bropas cranusa oxJjaxaeHus, KOTopas XapaKTepU3yeTcsi OJIMHAKOBBIM TEM-
IIOM OXJIXIEHUS ISl BCEX TOYEK TeJla, HAa3bIBAETCS PEryIsipHbIM pesxxumoM. M3 (17.19)

Ind, —In?,
CIeIyeT, YT0 m = —————— . TeMIl OXJaKeHus IIPH PETYIAPHOM PEKHME HE 3aBHU-

LT
CHUT OT Ha4aJbHOTO pacHpeAeseHUs TEMIepaTyphl, a ONpeAeNseTcs yCIOBUSIMHI TEIUIO-
oOMeHa, GU3NIECKUMHU CBOHCTBAMH, TEOMETPUUYECKIMHU pa3MepamMu U GopMoi Tema.
OmnpenenyM 3aBUCHUMOCTb TE€MIIa OXJIQXKICHHS Telda OT ero (pu3MUecKux CBOICTB, reo-
METPUYECKOH (HOpMBI, pa3MepOB U YCIOBHI TEMIOOOMEHA.
Hamnumem nBa ypaBHeHUs:

0
dQ =cpV—dr (a)
ot
- KOJIMYECTBO TCIJIOTHI, KOTOPOC UACT HA YBCIMYCHNEC DHTAJIBIINH,

dQ = aFd,dt (b)
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-KOJIMYECTBO TEIUIOTHI, KOTOPOE MOJIYYHIIO (OTAANI0) Teo 3a d7.
3neck ¥, - Temmeparypa, OCpeJHEHHas 110 00beMy; ¢}, - TeMIepaTypa, OCpeJIHEHHas

1o nosepxHoctu. [Ipupasuusas (a) u (b), moxyunm:

008, 00,  aFdv, a

C—V=aFd,, C=pcV, orkyna ; : =@, 17R10 mzﬂ.BBeneM TOHSI-
ot d, dr  Cd, Cv,

THE KodddumeHTa HEPaBHOMEPHOCTH pacmpeneneHus TEMIIEPATYPHI

ﬁF

==—=,0<y<l.

14 3 4

Torna m= O‘FC”’ (17.20)

- mepBas Teopema KonaparseBa. M3 (17.20) BuIHO, Kakue BEIUYMHBI BIHUSIOT Ha
TeMI oxJaxaeHus. PaccMoTpuM ciydaid, korga Bi—eo  (mpaktuuecku Bi>100). s
IUTACTUHBI MO>KHO HAalMCaTh:

2

T
=
_afy _ \2

m =a ! rae u, =(2n 1)E ,u—E
Bi=co 52 52 25 2 n 2 ’ 1 2 :
T
BBoas nonstue kodd¢unuenta Gopmbl Tena A MIACTUHBI
2
20 a
k=|— | , momydgaem: m_ =—; a=m_k (17.21)
V4 k
- BTOpas reopema Konaparnesa.
1
Jns mapa kod¢p¢uueHtT ¢GopmMbl UMEeT BUA Kk = >
z
Ty
1
JUI KOHEYHOTO IMIIMHApA k = 5 >
2,405 V1
+ J—
A l
1
JUTs mapajuienenunena k = 5 5 S
V4 V4 T

ll 12 l3
Bropas teopema KonpaparbeBa yacTo HCHONIB3yeTCs Ui ONpEAETeHHUS Terlo(pu3u-
YECKUX CBOMCTB DPA3JIMYHBIX MaTCPHUAIIOB.

18. UncieHHbIe MeTOAbI PellIeHHUs 32124 TeIJIONPOBOAHOCTH
MerToib1 penieHus 3a/1a4 TeNI0NPOBOIHOCTU

OmnpeneneHue TeMIepaTypbl B Teje Jaxe MPOCTOi (OpMBI CBA3aHO C ONpEAEIICH-
HBIMM MaTE€MaTHYECKMMM TPYAHOCTSAMHU (CM. 2-X MEpHas CTalMOHApHAas TEIIONPOBOJI-
HOCTB). 3agaya ermie Ooliee yCIOXKHSIETCS, €CIIM peub UJIET O TeNax CI0XKHOU (OpPMBEI.
B »stoM cnywae ans pemieHus 3aadd MCMONB3YIOTCS 4YHUCIEHHBbIE MeTonbl. CyTh
YHCICHHOTO METO/A 3aKJII0YaeTCs B TOM, YTO AU(epeHIIraIbHble YpaBHEHUS 3aIUChI-
BAIOTCSl B KOHEYHOPA3HOCTHOM (hopme.
PaccmoTpuM Teno (macTuHy) U pa3o0beM ero Ha sueiku, mpuyeM OyaeM CuuTaTh, YTO
Macca COCpeloTOUYEeHa B y3jax, a epeaada TeIIoThl IPOUCXOAUT 10 HUTM (puc.18.1).
PaccmoTpuM cHavasia BHYTpEHHUH y3€Il.
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Jnst cranmoHapHoO# 3aj1a4u CyMMa TEIJIOBBIX MTOTOKOB K TaHHOM siYEiKe OT coce-
HUX Yy3JIOB paBHA HYJIIO.

>0.,=0 . (18.1)

Tak kak Q = —AFgradT , To TennoBoii MOTOK , KOTOPHIi TToMyuna y3en "0" oT y3ma
" 1 ",

0y = ﬂbAy[TlA_xTOj (@)
(8 (a) muddeperuuan ‘Z 3aMeHEH KOHEUHOH PasHOCTHIO). AHATOTHYHO,
0550 = ﬂbe( & AyTO ) (b)
Qs = /U9AY£T3 AXTO] (c)
Q4—>0 = %A’C[ s AyTO j (d)

[IpencraBum, yto B y3ie “0” ecTh BHYTPEHHU UCTOYHUK TEIJIOTHI, TOT/AA:

Q, = q,bAxAy . (e)

Jnst mpocToThl monoxkuM, 4to Ax = Ay. CnoxuMm ypaBHenus (a,b,c,d,e) u npupaBHsem
CyMMY HYIIIO:

2
T -T,+T,-T, +T3—TO+T4—TO+%3" =0,

2
AT, =T +T, +T, +T4+qvAx

TOT/la TeMIlepaTypy B HCKOMOM Y3Jie¢ HalJeM W3 BbIPAKEHUS:
Ax?
ﬂ+n+n+n+$;—

T, = . A (182

IIpu ¢,=0 nomyyaem :

r,=lith ZT3 1 (18.2a)

Uem MeHplie pasmep suehiki (Ax X Ay), Tem

TouHee Oyner pesynbrar. [lycTh Temephb y3en
HAXOJIUTCS HA NMOBEPXHOCTH Tena (puc.18.2).

[Tonoxum, uto Ax=Ay, Toraa

ﬂbAy(Tl _TO)+%&(T2 _TO)+
Ax 2 Ay
+/1bﬂw+abAy(Tw—To):o
2 Ay

200Ax (

2T -T))+T,~T,+T,-T,+ (T, —T,)=0.
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21, =21, +T, -T,+T, -
—T,+2BiT,, —2BiT, =0,
AT, +2BiT, = 2T, +T, + T, + 2BiT
21, +T, +T, +2BiT,
2(2 + Bi)
V3en HAaXOJUTCA Ha BEPIIMHE BHEIIHETO yTIiIa
(Ax=Ay) (puc.18.3).

ﬂbe(Tl_T")+ab(A2x+A2xj(Tw ~T,)+

T, = (18.3)

2 Ax
BT
2 Ax
20 Ax
Puc.18.2 I -T, + 1 (Tm_To)+T2_T0:0’
T, -T,+2BiT, - 2BiT,+T,-T, =0,
T, +T, +2BiT
2T, +2BiT, =T, +T, +2BiT,, , T, =-"> o Eemm 6w yroJi GbUI TEIIOU30JIH1-
‘ 2(1+B,)
poBah, T.e. & =0, TornaBi=0,a T, = L -12-T2 )
T slns2 VY3en HaxoaUTCS B BEPIIMHE BHYTPEHHErO yriia
ﬂu’é‘\ 1 [ Ax=A4y, ZQHO:O’
2 = - - —
LY '\\ . | ﬂb&(Tl To)_l_/lex(Tz To)_i_ﬂbe(Ts To)+
2 \ NP 2 Ax Ax Ax
. l}r _
+@M+ab g.}& (TQK _TO):O ,
\ 2 Ax 2" 2

7] T, -T,+2T, - 2T, + 2T, - 2T, + T, —

T —T,+2BiT, —2BiT, =0,
«Ix 6T, + 2BiT, =T, + 2T, + 2T, + T, + 2BiT,,

T, +2T, + 2T, + T, + 2BiT,
TO — 1 2 3 .4 1 x (184)
2(3+Bi)
Puc.18.3 . s TeIIon30IMpPOBAHHOIO BHYTPEHHEIO  yIJia
(puc.18.4) OyneM uMeTh
L@+, 4
sx T =2 _
’ 3
_,—'—'_‘-1..\_\_\_\_

Bo3MoxkHbIE CITOCOOBI YHCIEHHOTO
// 20 W pelieHus 3a7ad TEeIUIONPOBOAHOCTH pac-
=y 1 i 3 . CMOTPHUM Ha MpHUMepe pacyeTHON 00J1acTu C
2 0 © Ay HEOOJIBIIUM YUCIIOM Y3710B. [lycTh TpeOyeT-
T @ Csl paccuMTaTh paclpelelieHue TemrepaTy-
x4 pBl B IJIOCKOM KBaJgpaTHOM Teje, OAHa M3
sxi? CTOPOH KOTOPOTO TEIUIOU30JIMpOBaHa, Ha
s / JBYX 3aJlaHbl TPAaHUYHBIE YCJIOBHSI IEPBOTO

ponaa, Ha YETBEPTOH - YCIOBUS TPETHETO PO-
na (cM. puc.18.5).

Puc.18.4
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1.1TepalnOHHBINA METOJ.

Jlis KakJIoro ysja COCTaBisieTcs ypaBHe-
Hue Buaa (18.2)...(18.4), koropoe paspemia-
€TCsl 3aTeM OTHOCHUTEIBHO TEMIIEpaTyphl B
4 5 6 B TeKyieM y3ie. Tak, 1Jis y3i1a 5 uMeem:

- - g=0U T,+T,+T, +T,—4T, =0,

T,+T, +T, +T,
4 .
7 s 9 3HaueHus TEMIIEPATyp B COCEMHUX y3jax Oe-
- 7 pyTcsi ¢ mpensiaynied urepauuu. B Hauane
cd cyeTa BO BHYTPEHHHUX Yy3JaX MPUHUMAIOTCH,
KaK MpaBWJIO, HYJIEBbIE 3HAUECHUS TeMIIepaTy-
pel. IIpouecc cuera mpoposmkaercs OO0 Tex
nop, Moka TeMIlepaTypbl BO BCeX y3Jlax pac-
YETHOW CETKH HE COBMNAIYT C 3aJaHHOM TOY-
HOCTBIO CO 3HAUEHHUSMHU Ha MpEeAbIAYIIeH UTepaluu . ITOT METO/ Ha3bIBAETCS METOJIOM
l"aycca.

Yucno urepamnuii MOKeT OBITh YMEHBIIIEHO, €ClIU NMpUMEeHUTh MeTon ['aycca -
3eiinens , B KOTOPOM IpU ONPEeSIEHUU TEMIIEPATyPhl B OUEPEIHOM Y3JI€ UCIIOJIb3YeTCs
TEeMIepaTypa, TOJIbKO YTO HalJIEeHHAs B COCEJTHEM Y3II€.

2. PenakcaltmoOHHBIA METOS.

3anucaB ypaBHEHHMsI JJIsl KaKIOTO y3ja, BMECTO HYJSl B MPaBOM YacTH ClieqyeT Mo-

CTaBUTh OCTATOYHBIN WIEH

T, =

Pnc.18.5

T,+T,+T,+T,—4T, =R..

Hcxons u3 obmux MpeacTaBlIeHUN O IMpoliecce, 3a/laéM HaudajibHble 3HAYCHUS
TEMIEPATyp B y3JaX, MOJCTABISIEM UX B YPAaBHEHUS U OINpPENAEssieM OCTaTOUHbIE YJICHBI.
Haxoaum y3en, B KOTOPOM OCTaTOYHBIN WiEH UMeeT HauOOJIbIIYIO0 BETUYMHY U U3MEHSI-
€M TeMIepaTypy B y3Jie TaK, 4TOObl OCTATOUHBIM YJIEeH CTPEMMUJICS K HYIIO, IPU 3TOM
U3MEHATCS TeMIIepaTypbl B coceHUX y3nax. CHOBa UIIETCA YpaBHEHHUE ¢ HAUOOJIBIIUM
OCTAaTOYHBIM YJIEHOM, U T.A. DTOT MPOLECC MPOJOJIKAETCS JO TeX MOp, IMOKa MaKCH-
MaJIbHOE 3HAaYeHHE OCTATOYHOIO 4JieHa HE CTAHET PaBHBIM HYJIO C 3aJJaHHOW MOorperl-
HOCTBIO.

3.Marpuunslii meton. CyTh MeTOZA - OOpallIeHHe MAaTPUIIBI HA OCHOBE YpPaBHEHUH,
3aMKUCaHHBIX JJI Ka)KIO0T0 y3J1a pacueTHON CEeTKU
a,t, +a,t, +a,t; +---+a,t, =b,

a, t, +a,t, +a,t;+---+a,t =b,
a,t +a,t,+a t;+---+a_ t =b.

B marpuuHOM BHE:!

apdpdyy ety t b,
a,a,a,, ‘“--a t b
21422423 2 2 2
AT =B, rze A= "oy T= ; B=
.................. t, b,
anlan2an3 ”.ann tn bn

Pemenne B maTpuunoii popme umeer Bug T=A"' B=CB,



- oOpallleHHas MaTpULa, Cjj- JIEMEHThl 00pa-
CHICHZCH3 e C
LIEHHOW MATPHIIBL.
Hckomble TeMIiepaTypbl HAXOAATCS U3 YPaBHEHUN:
¢, b, +c,b, +c by +--c, b, =1t

n

C,b, +cpb, +cy3by +---c, b, =1t,

n

Cnlbl + Cn2b2 + Cn3b3 +o Cnnbn =

OTmeTHM, YTO CYIIECTBYIOT CTaHAApTHBIE MPOTPaMMbl OOpallleHus: MaTpHUll, HaIlu-
CaHHbIE JIJI1 OCHOBHBIX A3bIKOB MporpaMmmupoBanus (cMm. [Ipunoxenune II).

SIBHBIN METOJI pEeIISHHU 334349 HECTAIIMOHAPHON TEINIONPOBOJHOCTH
Kpurepunii yCTOMINBOCTH
a. Y3eJl HaXOOUTCSI BHYTPH Tea.
Ecnu npu paccMOTpeHHH CTaIllMOHAPHON TEIJIOMPOBOAHOCTH CyMMa TETUIOBBIX TI0-

TOKOB OT COCEJHHUX Y3JIOB K TEKYILEMY paBHA HYJIIO ZQ.

.o =0, TO mpu Hecranuo-

HapHOM pPEXUME IOCTYNAIOMIMM B y3€J TEIUIOBOM IOTOK UAECT HAa U3MEHEHHUE DHTAJIb-

IIMU BEILECTBA BO BPEMEHU ZQHO = 3 0. Tlepexonas ot auddepeHIHaTbHOro
T

ypaBHEHMs K 3aIMCH B KOHEYHBIX pasHoCTAX mnpuAx = Ay, monydnm (CM. pHCYHKH
npeabIayIero naparpada)

(1,-1,) (1,-1,)f
Ax

AbAx——""—+ A bAx——""—+ A bAx———

T T T T —T T T+AT_ T
( ) +)\be(4 0) :cpbeZ(O 0)

Ax Ax AT
rJe HaJICTPOYHBIM MHAEKC 7 ONpEeAeNseT MOMEHT BPEMEHH.

Pa3nenum ypaBHenue Ha A:

(Tl'To)r"'(Tz'To)f"'(T3'To)T+(T4'T0) = €p sz( HM'TOT)'

AA
y cp ., A 1 1 A
BBonas xputepuit ®ypre Ax® = = — a=—|, HIOJIyYUM
PHISPIELOVPYE Jac™ = 4, T adt "o ( cp )oY
cp Ax®

T T _ TH+AT T
(T, + T, + T, +T,) -Fo—4FoT; =T/ -T; .
ITocnennee ypaBHeHHE pa3pelInM OTHOCUTEIBHO TEMIIEPATYPHI B y3JI€ HA HOBOM
BPEMEHHOM 11are =A7T

T 5= (T, +T, +T, +T,) -Fo+T/(1-4Fo) . (18.5)

Hckomast TemmiepaTtypa 6y/:[eT OTBEYATh PEATPHOMY 3HAUYCHHIO, €CITH KO PHUITUEHT npr

T 1
TO MOJIOKHUTEJICH WM paBeH HYyNo, T.e. Fo SZ . IlocnenHee HEpaBEHCTBO MOXKHO

paccMaTpuBaTh KaK KpUTEPUIl YCTOWYMBOCTH YHCIEHHOTO PEIICHHUS.
0. Y3en HaXoAUTCS HA TOBEPXHOCTU

(T T) lbﬂ(Tz'To) +/1bg(T3'To)

2 Ax 2

AbAx 107 +abAX(T, -T,) =
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AXZ ' (TOT+AT _ Toz') .

2 AT

;o1 ;o1 - aAx cp AT -T)
(Tl'To) +5(T2'To) +E(T3'To) (T T) ,0 ( }

=cpb

A /12 AT

TT+AT Tz'
2T 207 +T7 -T7 +T7 - T +2Bil’ - 2BiT} = (F)
(6]
(2T, +7T, +T,) Fo— 4FoT + 2BiFoT’ — 2BiFoT; + T = T/,

b

77 = (2T +T, + T, + 2BiT, | - Fo+(1—2Fo(2+ Bi))T7 . (18.6)
JI71s1 y3110B 3TOr0 THUIIA KPUTEPUM YCTOMUYUBOCTA UMEET BUJL F0(2 + Bi) < 1 .

Ecin nmoBepXHOCTh TEIUIOM30JIMpPOBaHa, TO B ypaBHeHUH (18.6) cienyer moiio-
#xuTh Bi=0.

B. ¥Y3ex oOpa3yer BHEIHUHN YroJl IIpyu rpaHnnyHbix veaosusax I pona

_ T T+AT T
SOy s T 1y - T)
2 Ax | 2 Ax 4 At
(0,-1,) +(1, -1, +2BiT, -1, =L LA (e )

2 1 At
T+AT _ pT
(T, + T, + 2BiT, ) — 2T, — 2BiTy el oh
‘ 2Fo
T,/ = 2Fo(T, + T, + 2BiT, )" — 4FoT — 4FoBiT; + T, =
= 2Fo(T, + T, + 2BiT, )’ + T, (1— 4Fo(1 + Bi)). (18.7)

UroObl  pemieHue OBUIO  yCTOWYHMBBIM, HEOOXOJUMO  BBINOJIHEHHE

YCIIOBUSA
Fo(l+Bi)< i :

I. Y3ea HaxXOAUTCS B BEPIIIMHE BHYTPEHHETO VI
opu rpaanyHbix yeaosusax I poaxa

%Ax(T -T,) MX(T -T,) %AX(T T)
2 Ax Ax Ax
_ T T+AT _ T
+/1be (T4 To) +ab(Ax+ij(Tw—To) Cpbez(TT)
2 Ax 2 2 AT

(T1 _TO)T +2(T2 _To) +2(Ts _To) + (T4 _TO)T +
3(T07+Ar _ ToT )
2Fo '
2Fo(T; +T, +2(T, + T,))" +4BiFoT’, —12T,Fo — 4BiFoT; = 3T, " — 3Ty

T i Fo(T, + T, +2(T, +T,)) + : BiFoT] + TJ(l - 4Fo(1 + ; BiD (18.8)

F0[1+1Bij Sl. *)
3 4

Ecnu BHYTpeHHHWI yron TEIIOM30JIMPOBaH, TO HeoOXoauMo monoxuth Bi=0. IIpu-
MeHeHue ypaBHeHus (18.8) mis y3ma B MOMEHT (T + AT) peanu 3yeT SIBHBIA METO/I.
[Tpu pemiennu 3agaun SBHHIM METOJOM HEOOXOIUMO BBITIOJIHATD YCIOBHE

+2Bi(T, -T,) =
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YCTOMYMBOCTHU (*), €ClIM 3TO YCJIOBUE HE BBITIOJIHAETCS, TO MOJIYYEHHbIC 3HAYECHUS] TEMIEPATYpP
He OyIyT OTBeYaTh ACHCTBUTEIbHBIM.

HesBHbIN METO1 pellieHHs 33/1a4 HECTAIIMOHAPHOUN TEIJIONPOBOAHOCTH
B sToM MeTone pa3HOCTHbIE ypaBHEHHS 3alMCHIBAIOTCSA ISl TeMIepaTyp B MOMEHT
(z+A7).
PaccmoTpum, HanpumMep, y3el Ha MOBEPXHOCTH Teia npu rpanndHbIX yeinosusx I pona:

T+AT T+AT T+AT
ad BT A (LT A (T T
Ax 2 Ax 2 Ax

1 (Tﬁ—Ar _ Tz')
+abAx(T, —T,)"™" =~ cppAx* 007
2 AT
Tak kak 3Ha4eHHs] TEMIIEpATyp Ha mare 7+ A7 HEU3BECTHBI, TO JJIsl TOTO, YTOOBI 3a/1a4a
OblTa 3aMKHYTOW, CJIEAyeT pelaTh CHUCTeMY C YWCIOM YPaBHEHHM, PaBHBIM YHUCIY Y3JIOB.
HesiBHBIIT MeTOn Bcerja yCTOWYWB, TOYHOCTH OIPEACTICHHUS TEMIIepaTyphl 3aBHUCHT OT BBIOOpA
maroB Axu At.

19. KonBeKTHBHBIIi TeNJ1I000MeH B OTHOPOIHON cpefe
OCHOBHBIE TTOHATHUS U ONIPEICIICHHUS
Teopuss KOHBEKTHBHOTO TEIIOOOMEHA H3ydaeT TEIUIOOTAady MEXAy TeJIoM |
OKPYXKaIOIeH €ro *XHUIAKOCThI0O NMPH WX IBWKEHWU. B OCHOBE OMHMCaHUS TEIMJIOOTIAYH JICKUT
sMnupudeckuit 3aKkoH Hetotona-Puxmana:
q= a(TC — Tw) , BT/MZ,
rae moJ 7. MOHUMAETCS TEMIIEPATypa KUIKOCTH B HEBO3MYIIIEHHOM TIOTOKE.
Ww Tm
F F

Pnc.19.1

Oxkono obTekaemMoro >uiakocTeio Tena (puc.19.1) oOpasyercs ruaApoIMHAMUYECKUI
MOTPAHUYHBIN CIIOM, B KOTOPOM CKOpPOCTH MOTOKA HUAKOCTH MEHSETCS OT 3HAUEHUS CKOPOCTHU
Ha OeckoHeunoctd W, 1o W =0 Ha moBepXHOCTH (Tak Ha3bIBaeMbId IP(HEKT MPUITUTIAHHUS).
[TpakTH4ecku CUMTAIOT, YTO TOJIIMHA TOTPAHUYHOTO CIIOS 5()6) paBHA PacCTOSHUIO OT CTEHKH,

Ha KOTOPOM CKOPOCTh JKUJIKOCTH cocTaisieT 0,99 W...
AHAJOTUYHO THAPOJIUHAMUYCCKOMY, BBOIST MOHITHE TEIUIOBOTO MOTPAHHYHOTO CJIOS, BHYTPHU

ot
KOTOPOI'0 TEMIIEPATypa MEHAETCA OT . 10 f.. BHE TennoBoro norpanu4Horo cimosi — =0.
y
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Ecnu B TBepIbIX TeNax MIOTHOCTh TEIIOBOTO MOTOKA OIpeeseTcs 3akoHoM Dypbe
q =—AgradT , TO B IBHKYIIUXCS CpeiaX HEOOXOIMMO yIeCTh, KPOME TOTO, IIEPEHOC TETLIOTHI
MOTOKOM

- -
g =—AgradT + piw, Bt/™?,
I/le TIepBOE CllaraeMoe OMHMCHIBAET MEPEHOC TEIUIOTHI TEIIONPOBOIHOCTHIO (Ha MOJEKYISIPHOM
YPOBHE), a BTOPOE - KOHBEKIMEN (MMOTOK BEUIECTBA MEPEHOCUT SHTAIBITHIO).
Ha Ttennoornady oka3piBaloT BiMsHHE KOAD(HUIIMEHT OOBEMHOTO pACIIUPEHUS U
KOA(DPUITMEHT N30TEPMUUYECKOTO CKATHUS KHUIKOCTH.

Koaddunment 00beMHOro pacimpeHus: p= —1(8'0j , (19.1)
p\dT ),
p 9P p
JUIS UI€AIBHOTO ra3a: =, —— | == . a
P RT (aTl RT’ @
RT P 1 1 1
IoxcraBum (a) B (19.1): p=———=— K, 10€CTH 0, (0o = -
(@) B (19.1): S b RT® T . T
1(dp -1
KoaddunmeHnt nzorepMudeckoro cxaTus: €= — 5 [Ta™ . (19.2)
pP\op );

Tns somer €=5-10""Tla™". V Bosayxa mpu Hopmamsmbix yeiosusix €=10- > [la ™!
Takum 00pa3oM, CXKHMAEMOCTh BO3AyXa OONbIIE CKHMAEMOCTH BOAbI B 20 THICSY pa3.
Eciu ckopocTh rasa He Oombmie 0,3  TepMOAMHAMUYECKOH CKOPOCTH 3ByKa , TO MOTOK
MOXHO CYUHUTATh HCCKHUMACMBIM.

OCHOBHbIE YPaBHEHMSI COXPAaHEHUS
YpaBHEHHE CIJIOMIHOCTH
[Monmyynm ypaBHEHHE CIUIOIIHOCTH Ul OJHOPOAHOHM cpenbl. Boyiennm B GecKOHEUHOM
U30TPOITHOM cpefie HenmoABMKHBIN 00beM V (puc.19.2) .

J
M3MeHeHne MI0THOCTH L B GUKCUPOBAHHOM 00BEME B €IUHUILY BpEMEHU j; dV BO3MOXHO
1%

3a CYUCT IIOTOKa BCHICCTBA 4YCPC3 IMOBCPXHOCTH F, OrpaHU4HMBarOUlyIO 00BeM V, TO €CThb:

[ 132

—jw-ﬁde , 3IeCh 3HaK OOyCIIOBJIEH TEM, 4YTO BEKTOP W HMEET HalpaBJeHue,

F

IPOTHBOIIOIOXKHOE HANPABJIECHUIO €IMHUYHOTO BEKTOpa 7 dleMeHTapHoi Iiomanku dF.
Takum oOGpa3zom,

;[gidvz_}[ﬂ;ﬁpd]?, WIn —}[pwndFZ.‘[gidV . (a)

[To Teopeme Octporpajackoro-I'aycca moTok BeKTopa 4epe3 MOBEPXHOCTh F paBeH TUBEPTeHIINA
ATOTO BEKTOPA, B3SITOH 110 00bEMY, OTPAaHHYCHHOMY JTaHHOW TTOBEPXHOCTHIO

[ pw,dF = [div(pw)av . (8)

IMoxcrasum (B) B (a): —J.div(va/)dV = ja—pdV , WK j(ap+ div(p vT/)jdV =0.

5 > 0T AL
[TpupaBHUBas HYJIO MOABIHTETpalIbHOE BhIpakeHue (T.K. dV#0), momydyaeM UCKOMOE ypaBHEHHE
CIUIOMIHOCTH B AU depeHIInaTIbHOM BHUIE

a—p+div(vaz)=O . (19.3)
0T
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YpaBHeHUE IBUKECHUS
oW B Kypce THUApPOTra3oJuHaMHKH Ha OCHOBE
MOJIOKEHUS O TOM, YTO CHJIa MHEPLUU AJIEMEHTapHOIO
00beMa ypaBHOBEIIMBACTCS CYMMOM BCEX JIEHCTBYIONTUX
HAa HEro BHEUIHUX CHJI, BBIBOJUTCS YpaBHEHHE
dF JBUKEHHS, BEKTOpHas (opma 3amucu KOTOPOTO HMEET
BUJ

—

v plzwz—Vp Ui +F . (19.4)
T

IlepBoe cnaraemoe B NpaBOM YacTU OIMUCBHIBAET CHUIIBI

JIaBJICHUS], BTOPOE - CUJIBI BA3KOCTHU, TPEThE - OOBEMHBIE

Puc.19.2 (MaccoBbie) cuiibl. OTHaKO BEKTOpHAst popMa ecTh JHUIIb

Kpatkas (hopMma 3anucu ypaBHeHUsA. UTOOBI pemuTh €ro,

CleyeT HaWTH BCE COCTaBJSAIOLIME CKOPOCTHM (B JEKapTOBOM CHCTEME KOOPAMHAT 3TO
W, W, ©W_), a Ul 3TOTO CIEyeT 3alUCaTh NPOCKIIUK YPABHCHHs! IBUKEHHUSI HA KOOPANHATHBIC

oCH.

- -
Tax Kak B oGuteM ciydae w=f (,x, y,z), 3amumem d w kak auddepeHiman QyHKIHE JeThPex

-

S 9w dw . dw. dw
+

NepeMEHHBbIX d w= dt dx+ dy+ dz, Torga BBIp@XEHUE ISl TOJHOM WIH
ar ok w 124
CcyOCTaHIIMOHATBHOMN MPOU3BOIHOM MPUHUMAET BH/]I
e e - - - -
Dw Jdw adw adw dw w

I or +w, o +w, & +w, Fal 3nech 72’ XapakTCpU3yCT JOKAIbHOC H3MCHCHHC
CKOPOCTH Kak (YHKIUMIO BpPEMEHH, OCTallbHbIE CjaraeMble OINpEeAeNsiioT KOHBEKTHBHOE
U3MEHEHUE CKOPOCTH, CBSI3aHHOE C JBW)KEHHUEM YacCTHIbl B IPOCTPAHCTBE. [IpeacraBum
ypaBHeHue (19.4) mocne neneHus Ha P B BUAE CHCTEMBl TPEX YPAaBHEHUH - MPOEKIMI HA OCH
JIEKAPTOBBIX KOOPAWHAT:

MPOEKIUs HA OChb X

MPOEKILIUSI Ha OCh Y

M M, w M
W, AW W, y:—l@+
Jr ok 174 p dy
’w, dw, Iw,
+V Lo+ Lo+ “l+g,

IMMPOCKIMA HA OChb Z

M, M, M, M, 1o
-+ W - +w - +w t=—-———+

ot Yook Yoy © ook p 0z
A w. Pw, Iw,
WMt pE + e +g.-
3anuch B BHJE YPaBHEHWH B MPOCKIUAX HAa OCH BHIOPAHHOW CHCTEMBI KOOPIMHAT
MCITIOJIb3YETCS TIPH PEIICHUH YPaBHEHUS BMKEHUS, HAIPUMED, OJHUM M3 YHCIICHHBIX METO/IOB.
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YpaBHEHHUE DHEPTUU
[Ipu paccMoTpeHur 3aaad TEIJIOMPOBOAHOCTH, MBI TMOJYYHUIIM yYpAaBHEHHE JSHEPTHUU B

BHU]IC:
02l divyg . (19.5)
or

B 3amagax KOHBEKTHBHOI'O TENI000MEHa IIJIOTHOCTh TEIIOBOI'O IOTOKA HMEET JBE
COCTaBJIAOOIUE - 3a CUHET TCHJ’IOHpOBOI[HOCTI/I " 3a CYET KOHBCKIITNHN

q= ‘h"“]k = ﬂgradT+1pw (19.6)
3amuIeM TUBEPreHIIHIO BEKTOPa §
& :
div q— A, , 24, + 94, (a)
Bx dy Jdz

C yuerom (19.6) npu mocTosHHBIX A U L

q, :—lg +piw, , q, :—,Ig +piw, , q. :—AZ +piw,,

Toraa

8qx 3 N (l &wx j
dx P dx W ax)’

J Jd ;
é’(]yy + (l Wy +w, o"yJ , ()

2
&qZ——/i& . +p(z We +wzalj,
dz 2z az dz

divg=-4 + +
= ox "oy T a2

+ iBWX +8W"' +0_)WZ + &l +w al +wﬁ (c)
Pox Doy Moz )T Max ™oy ™0 )|

dp

5
YpaBHEHHE CILIOIHOCTU . +div ( P wj =0 npu p = const IPUHUMAET BU]L
T

- (&ZT 9°T aZJ
+

5 J
divw = D (O 9w )
Jx dy Jdz

[ToncraBum (c) B (19.5) ¢ yuerom (d):

( i +w I +w oi +w It )=2 &2T+&2T+82T
Pge ™o TMay ™o, o oy 9 )
MM B BEKTOPHOI (hopme pji + p( W Vj i=AV°T, (19.7)
T

- - - 2 2 2

rﬂeV—li+]i+k& V2=&2+&2+&2.
dx dy dz’ dx’ Jdy’ Jz

IIpu ¢ p=const , ypaBHEHHE (19.7) npumer Bux

T (v_)v VJT =aV'T , (19.8)
o
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. . DT JT -
WJIU C YYETOM BBIPKECHHUS IS OJTHOUW MPOU3BOTHON 7 = = +| wV|T
T T
DT 5
OKOHYATEJIbHO TOJIyYUM d7 =aV'T (19.9)

YpaBHeHUE TEILIOOTAAYN

U3 rpannunbix yenosuit Ill-ro pona a (T, -T.)=-A(dT /dn), _,
T
IIOJIyYUM YpPaBHEHHE TEIUIOOTIA4N o=- W . (19.10)

KpaeBrle ycaoBus  ( YCIOBHS OJTHO3HAYHOCTH )

YToObl pemuTh KOHKPETHYIO 3a1ady, K AuQdepeHInaIbHbIM ypaBHEHUSIM COXpaHEHUS
clenyeT NPUCOEANHUTD YCIIOBUS OJTHO3HAYHOCTH - T€OMETPUYECKUE (XapakTepusyroume popmy
U pasMmepbl Tena), (Quznueckue (XapaKTepu3ylIIHe CBOWCTBA ITOTOKA), HAYaJlbHBIE U
rpaHdYHble (pacrpeneseHue MoJied CKOPOCTH M TeMIepaTypbl MOTOKAa Ha BXOJE B KaHal,
yCIIOBHS TEINIOOOMEHa Ha IMOBEPXHOCTU Teja).YacTo MoCTaBUTh TPaHUYHBIE YCIOBUS MOXKHO
JUIIb B pe3yJbTaTe pelieHus BHEIIHEeW U BHyTpeHHel 3a1a4. Hanpumep, npu o0TekaHuu Tpyosbl
ra3oM, BHYTPU KOTOpPOM JIBHXKETCS TMOTOK, TEMIIepaTypbl MOBEPXHOCTEHl HE MOTyT OBITh
Ha3Ha4YeHbl NMPOU3BOJIHO, a OMPEIEIAIOTCS U3 ypaBHEHUS TEIUIOBOTO OallaHca, COCTaBICHHOIO
JUISL IBYX CPEll, C YYETOM TEIUIONPOBOAHOCTH CTEHKH.

Oco0eHHOCTH TEIIO00OMEHA IPU TYPOYIECHTHOM

TEUYECHUHU
ﬂw.;’iﬂv Y HccmenoBadnuss  MOKa3bIBAIOT, 4TO B
HEMOJIBIDKHOM  TOYKE TypOYJIEHTHOrO IOTOKA
MTHOBEHHAsT CKOPOCTb W IYJIbCHPYET OKOJIO
CpPeHETO BO BPEMEHM 3HAYCHHS CKOPOCTH W,
TO ectb w=w+w, rame w- IyJbCalluOHHAs

CKOPOCTb
1 T+AT
W:A— IW(T)dT; AT - MPOMEXYTOK BPEMEHH,
T
T

KOTOPBI ~ 3HAUUTENBHO OOJbIIE YeM BpeMs
nepuoaa . AHaJOrMYHOE BBIPAKEHUE MOXKH
Pic.193 epuona 7T, 0 0€ BBIPAKEHUE MOXKHO

HaltucaThb IJIsd TeMnepaTypH
T+AT

T=T +T', T =— |T(7)dr.
AT ~£ 2

PaccmoTpum mporecc nepeaayu TEmIOThl B TypOyJIEHTHOM MOTPAaHUYHOM ciioe. MBICIEHHO
BBIIETUM B HEM DJJIEMEHTAapHYIO IUIOMIAJIKYy, MapajljIelIbHyI0 IOBEPXHOCTH o0O0TekaeMoin
MJACTUHBI M PACCMOTPUM MOTOKM SHTaNbNUU 4epe3 Hee (puc.19.3). Ha koopaunare y B

7 . ’
HATIPABIICHUH OT CTEHKH MMeeM: W, 01, Ha KOOpAMHATE Y +[" B 0OpaTHOM HanpaBJIECHUM:
’ . ’
Wy P LU(yyr)s THE [” - nnuHa myTH CMelIeHus

(Takas 3amuch TMpPENojiaraeT pPaBEHCTBO MYJbCAMOHHBIX CKOPOCTEH M IUIOTHOCTH Ha
COOTBETCTBYIOIIUX KOOpJIHUHATaX). Pe3ylnbTUPYIONIMN MOTOK, paBHBIA Pa3HOCTH 3THX MOTOKOB,
OTIpeeNIuT MJIOTHOCTD TEIIOBOTO MOTOKA
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q-. =_(W, pl _W;pi(y+l'))=

:_Wyp( y+l))

=-w ﬁl’— w I&T——/‘L ﬂ (19.11)
ypo"y P dy dy .

/7 4 o o
rae /1T =CpP W, [” - xo>dpuumenT TypOyIEHTHON TEIIONPOBOAHOCTH, KOTOPBIA 3aBUCHT

HE TOJBKO OT TEIIO(PU3UYECKHX CBOMCTB KHUAKOCTU (C Do ,0), HO M PEXHUMHBIX IapaMeTpoB

IIOTOKA ( W; , [ ’). B oOmem cinyuae ¢ = —(/1 + /1T )— Tak Kkak myJIbcaMOHHAS
;0w
COCTaBJIAIOMIAs CKOPOCTH W, = [ 7 , To BMecTo (19.11) MoxHO 3amucarh
y
ol dwe | 9T
=— pl” — 1, 19.11a
q, P oy | ay ( )

rne I'=ky ; k=04.

20. [ToxoOue u MOIETUPOBAHKE MPOLECCOB KOHBEKTHUBHOIO TEMJI000MeHAa
Kputepuu mogo0Ous ¥ KpuTepUaabHbIE YPABHEHHUS
PaccmoTpuM TemiooTaady 0KOja0 BEPTUKATBHON CTEHKH.
3anumieM ypaBHEHHUE CIUIONTHOCTH

dw, Iw,

4+

dx dy
B Oe3pa3MepHOM BHjE, BBEIS Oe3pa3MepHbIC BEIIMYUHBI ITyTEM JCJICHUS Ha COOTBETCTBYIOIIHE
MacmTaosl (/ - MacmTad AJIUHBI, We. - MACIITA0 CKOPOCTH):

=0 (a)

Torna x = xI, y= 5}1, w, = W W, W, = vay- Ww_ ¥ IIOJICTAaHOBKA B (a) JaeT
w ow w,  dw,
Wl OWe O I M g (20.1)
dx dy dx dy

N3 (20.1) BUOHO, YTO TpPHUBEJACHWUE YpaBHEHHUs CIUIONTHOCTH K Oe3pa3mepHOi ¢dopme He
u3MeHuso ero. O6e3pa3mepuM ypaBHEHHE IBUKEHUS ISl CTALIMOHAPHOTO PEeKUMa

aw dw 12Jdp d’w, d*w
L+ w, L= +v L+ <1+ 09B, 20.2
T T dy p dx (07)62 ay’ sUP (20-2)
T-T _
BBOJ Oe3pasMepHble nepemennsle & =1, -7, , 0= g =, =P,
v, T,-T, p..
dw, _ dw p. dp  w_[dPw.  IFw
Do +w, == Ty | A T 1980 6.
( dx ! &yj pl Jdx I? ( ox’ ay’ eho.

vw
Paznienum Bce wiieHbl ypaBHEHHUS HA KOMILUIEKC lz"" , TOT1a:
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= 5 *— = FEuRe,
wve w, pw. V
gfol* 1 v _gfs’ 1 _Gr
vw, Vv v: wl Re’
Vv
_dw, _ dw p ‘w. 7w
Re|w, 2% 1 O%e | = _pure 2P 10 W O W COr
dx T dy dx dx dy Re
(20.3)
YpaBHeHHE IBMKEHUS B 0€3pa3MepHOM BHJIE COJEPKUT TpU Oe3pa3MEPHBIX KpUTEPHsI TOAO0US:
Re= =" . Kputepuil PeiiHomnbaca - XapakTepu3yeT COOTHOLIEHUE MEXY CUIaMU UHEPLUU U
Vv

CHJIaMHU BA3KOCTH,

Eu = sz - KpuTepuil Dijepa - COOTHOIIEHUE MEXIY CHIIAMU CTaTHYECKOIO JABJICHUS H
P W,

A
y,HBOCHHI)IM INHAMHUYCCKUM HaHOpOM (“IaCTO OH 3aITUChIBACTCA B BHUIC Eu = p2 .
pw

3
pgd, 1 y
Gr = T - kputepuit ['pacrodpa - XapakTepu3yeT COOTHOIICHHE MEXIY MOAbEMHBIMH
CHUJIaMHU U CHJIaMHU BA3KOCTHU.

O6e3pa3zmepuM ypaBHEHHUE dHEPTUU. JJis CTAIIMOHAPHOTO PEKHMMa MOKHO HAIHCATh:

or  oT _ a(azT asz

W tw, o~ =a| ot
Yox oy ox* 9y’
- w, W 1%
Beoas ob6osnauenuss ¢=7-7,, & =T -T. , w =—", w, = 6=—, MOJTY9UM
w, w, v,
6e3pazMepHyto popmy
wo, (00, 90\ (0 2%
l Yox Yoy I\ ox* oy? )
U,
Pasnennm 00e yacTh Ha KOMIUICKC d l—; :
wil(_ 096 _ 06) 0’0 09°0
—_— WXT+W);T :fz‘i‘fz.
a ox dy ) dx° dy
w_IC w_C pv
Beenem kputepnii [lekne Pe = wol _Wl2pP O WeTLP ,

l
IrJle BEIPOKEHHUE B YUCIUTENE XapaKTEPU3yeT KOHBEKTUBHEIM TEIIONEPEHOC, a B 3HAMEHATEE —
HIEPEHOC TEIIOIPOBOIHOCTHIO.
90 06 9’0 09°6
Pe | — +W — |=—F+ — (204)
y 2 2
ox dy ) odx~ 9dy
Yucio IMekiie MOKHO 3aliucaTh B BUIE IPOM3BEICHHMS ABYX JAPYTUX O€3pasMeEPHBIX KPUTEPUEB U
TEM CaMbIM MCKIIFOUHUTH M3 YKCIIa TIEPEMEHHBIX 3a/1a9H:
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Pe:ﬂ.zzﬂ.K:Re.Pr’
a Vv vV a

C C
e pre’ = HP S
a pA A

TEIUIOTOM, BBIJACIMBIIEHCS B pe3yJbTaTe€ TPEHUS, M TEIUIOTOM, IMEpelaHHOM 3a CYeT
TEIIONPOBOIHOCTH.

O0e3pazMepuM ypaBHEHHUE TEIUIOOTIAYH.

- kpurepuil IIpanaris, XxapakTepu3yrOIUi COOTHOLIEHUE MEXIY

P 2|97 a0, %2
_ ay y=0 _ ay y=0 _ ay y=0
T -T., s, o A
al__[99) _\y . (20.5)
A W )5,
3nech Nu - kputepuit HyccenbTa (0e3pazMepHsbIil KO3 GUIIMEHT TETIO0TIauH ).
Takum o0Opazom, x,y,Re,Pr,Pe,Gr, 8, Eu, Nu,WX,Wy MOTYT CYUTAThCSA HOBBIMH

MEePEMEHHBIMH, KOTOPHIE MOJXKHO pa3JeluTh Ha HE3aBUCHMbBIC X,y W 3aBHCHUMBbIC 0, WX,W},

MepeMEeHHbIE W TIOCTOSIHHBIC IS JAaHHOW 3aJauyd TMPHU TOCTOSHHBIX (PU3HYECKUX YCIOBHUIX
BennuuHbl: Eu ,Re,Pr,Pe,Gr, Nu. Ilociennue, B CBOIO ouepeb, pa3aeisitoTCs Ha ONpeaesieMble
kputepuu Nu,Eu u onpenenstonue Re, Pr, Pe, Gr.

[Tomyuennsie Oe3pa3MepHbIC YpaBHEHUS TEIUIOOTAAYH, JBYDKCHHS U DHEPTHUU COIEPKAT
MEHBIIIE TIEPEMEHHBIX, Y€M HMCXOIHBIC Pa3MEpHBbIC, YTO OOJEer4aeT WX aHAJU3 W pelieHue, a

Tak)ke 0000IIeHNe Pe3y/IbTaTOB PAacYeTOB HIIM SKCIEPUMEHTOB. Y paBHEHMsI, 3allUCaHHbIE Yepe3
HOBBIE TIEpEMEHHBIE, HA3bIBAIOTCS KPUTEpUATbHBIMU YPaBHEHUSIMHU:

Nu=¢(x .y, ,Re,Pr,Gr) , (20.6)
w, =w(x,y,Re,Pr,Gr), (20.7)
0= f(x,y,Re,Pr,Gr). (20.8)

KpurepranbHble ypaBHEHHS SIBISIOTCS OCHOBOH Ui OOpaOOTKM ONBITHBIX IaHHBIX B
0e3pa3MepHOM BHJIC.

YpaBHeHUsI cOXpaHEHUS JJIsl HOTPAHUYHOTO CI0S
[IpuMeHUM TMOJIyYeHHBIE ypaBHEHHUS COXpaHEHHUs K MOrpaHuyHoMy cioro. Jlng 3toro

dw, ow,
clieTIaeM OICHKY BEJIMYMHBI CIIAra€MBbIX, BXO/SIINX B YPABHEHUSI CIUIOMHOCTH —— +— =0 u
ox dy
_dw, _ ow.) 9w, 9w,
nBUKeHUs Re| w +w = Tak Kak B YpaBHEHHH CIUIOLIHOCTH

‘ = +
T oox Y dy x> 9y’

W, U X WMEIOT TOPAIOK pPAaBHBIH eAuHHUIE (OHH HM3MEHSIOTCA OT HYJIS 10 €AWHUIBI), a

y —TOPAJIOK O =8/ly, To u Wy UMeeT TOPSIOK O . VIcXos U3 3TOTO0 B YpaBHEHHH JIBHIKCHUS

2— 2—
o'w, _ d'w,

— % <<——X W OHO JUIS IUTACTUHBI IPUHUMAET BHI:
ox’ dy’

_ow, _ ow, | 9w,
Relw,—+w, — |=—=
ox * dy dy

(20.9).
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PaccmoTpuM ypaBHEHHE SHEPTHUU:

06 06| 0°6 0°6
Pelw —+w ——|=_—F+_,
ox “dy) ox* dy

AHAJIOTUYHO YPaBHEHUIO JBWIKEHUS, 3]1€Ch

2 2
gx?<<gyf (6=0...1) ¥ MOXXHO HAaIlKCaTh:
_ 09060 _ 00 _829

Pelw —+w — |=—-.(20.10
R TR R

Prc.20.1 YcnoBust mogo0ust hU3NUECKUX IIPOIISCCOB
PaccmaTpuBast ypaBHEHHs JBM)KCHUS H
SHEPTUH, 3alMUCAaHHBIC JIJI MOTPAHUYHOTO CJIOS HA IUIACTHUHE NPH CTAlMOHAPHOM DPEKUME, MBI
BUJIUM, YTO OHH UMEIOT OJMHAKOBYIO (hOpMYy

w M, +w aL—Viazw"
Y oox Yy Iy’
L 08 9’0

w W, =a—— .
Yox 7 dy oy’

Ecmu v =a, To uMeercs nmogobue MexXIy MOMSIMU CKOPOCTEH M Temriepatyp. Takum oOpazom,

o |4 o o
kputepuil [Ipanntna Pr=— MOXHO paccMaTpuBaTh Kak Mepy MojaoOus moiieil ckopocTei u
a

TEeMIIepaTyp IPHU OJUHAKOBBIX YCIOBHUSX OJHO3HAYHOCTH.

UT0o0BI IPOIIECCHI OBLITH MOAO0HBI, JOKHBI BBIIOIHITHCS TPH YCIOBUS:

1. dusnueckue SBICHUS JOJDKHBI OBITh OJWMHAKOBBLIMU U OIKMCHIBATHCS OJMHAKOBBIMHU
TudepeHIIaTbHBIMI YPAaBHEHUSIMU.

2. VYcnoBuss OJHO3HAYHOCTH JOJKHBI OBITh OJUHAKOBBI BO BCEM, KpPOME pPa3MEpHBIX
MOCTOSIHHBIX, COJAEPKAIIUXCS B 3TUX yCIIOBUsIX. Ecnu ypaBHEHUS U yCIOBHS OJIHO3HAYHOCTHU
HamMcaHbl B 0e3pa3MepHOM BHUJE, TO OJWHAKOBBIMHU JIOJDKHBI OBITh KaK YpPaBHEHHsI, TaK W
YCIIOBUS OJHO3HAYHOCTH.

3. Ompenensirolyie KpUTEPUH JOKHBI ObITh OAMHAKOBHI - idem, (Re, = Re,).

CrnenctBus u3 ycnoBuih momo6wus. [Iycte umerorcss nBa momoOHbIX mpouecca (A u B) mpu
TEYEHUH
XKHUIKOCTH B Kanaiax (puc.20.2). B kauecTBe Macimiraba JMHEHHBIX pa3MEpoB BBHIOEpEM HUX
BBICOTEL /1, U 1.

A B Torﬂa X :i,;(f :ﬁ,f :ya.f _yb'
a h b hb ya h hb

Ecnu BemomnmaseTcs YCII0BUE )Ca = xb nT.n., TO

a

TOBOPSIT, YTO TOYKH, YAOBJIETBOPSIOUINE STUM
paBEHCTBaM, Ha3bIBAIOTCS CXOJCTBEHHBIMU
b TOYKaMH. MeXly CXOJCTBEHHBIMU TOUKAMHU

b CYIIECTBYET OJHO3HayHas CBs3b. Tak Kak 1o

a
a b b

/?IIFEI xa X ha
/ﬂ omnpenenenuro —+=-—>,10 x,=-*x, =CxXx,,
W, h, h h

Pnc.20.2
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a

h
rae C, = —* - KOHCTaHTa FeOMETPUYECKOT0 MOJO0HS.
b

B CXOACTBCHHBIX TOYKaX, €CJIN Hpoueccm HO,Z[O6HBI, JOJIDKHO BBIITOJIHATHCA U KWHEMATHUYCCKOC
o00ME, TO ECTh:
w _ \i% _

I, — _ax . — bx . — 3 -
Woe = s Wi = s Wae = Wpes
wa Wb
w w w
ax _ bx . — a . —
- s Woe = Wixs Wax - wabx’

w w, w,

a

3neck C, - KOHCTaHTa KMHEMAaTU4ecKoro rnoaobus. B obmem ciydae, s mo0oi ¢pusnueckoin

BEJIMYMHBI, XapaKTEPU3YIOICH MOA00HBIE TIPOIECCHI, YCIOBUE TTO00MS UMEET BT
0, =C,0,, (20.11)

rae Cy - COOTBETCTBYIOIIAs KOHCTAHTA IOA00MS.
[ToxaxeMm, YTO KOHCTAHTHI M0O100US HE MOTYT OBITH BEIOPAHBI IPOU3BOIHO, MEXKY HUMH
CYILECTBYET OJIHO3HAauHas cBs3b. [lycTh, HampuMep, A IBYX MOJOOHBIX MPOIECCOB
wh, wh,

a “a

14 v,

a

BBINIOJIHAETCS ycnoBue Re, = Re;, , Torna

C yuerom pasencts w, =C w, , h,=Ch, , v, =C v, (C,- KOHCTaHTa 0JO0HS BSI3KOCTH)

noixy4yaeM cBsizb Mexay C,, , C;u Cy:

C,w,Ch, _ wy,h, , oTKy/a C,C _1.
vab Vb

14
Ecin B momoOHBIX mpolleccax paBHBI OIpenessionlie KpUTepuu, TO PaBHBI U
ompenensieMble Kputepuu. Hampumep, u3 kputepuainbHoro ypapHenuss Nu = f (Re,Pr), Ceayer,

yto npu Re=idem, Pr=idem, mokHO BBIMOJHATHCA paBeHCTBO Nu, = Nu, , oTKyzma cienyer
CBSI3b M@y COOTBETCTBYIOIIUMH KOHCTAaHTaMH TI0100Us

a,h, — oh,  a,C,Ch, — ah, C.C =1

, .

A, 4 C4, 4, C,
CymiecTBoBaHUE TaKOM CBSI3U HAKJIAJbIBACT KECTKUE OTPAaHUUYCHUS HA MPOLIECC MOJAECIUPOBAHUS
(U3NYECKUX MPOLIECCOB C MOMOIIBIO MOJIeNel MeHbIIEero pazmepa. llpumeHeHne macmTabHOR
MOJIETT BJIEYeT 3a COOOH OmpelneleHHOe HM3MEHEHHE CKOPOCTeH MOTOKOB M YacTo Jake
WCIIOJIb30BaHUE JPYTUX KUJIKOCTEH JUIsl MOJEIUPOBAHUS PEATbHbIX SIBICHUMH.

9

Meron pasMepHOCTEN, T - TeOpeMa
B npempiaymem mnaparpade KpuTepuu NOA00MS ObUIM TOJNyYeHBI W3 YpaBHEHHM
COXpaHEHHsI MyTeM HX o0e3pa3MepHBaHHsA, OJHAKO B pAIE CIy4aeB IPH HCCIEIOBAHUU
HOBBIX SIBICHHM COCTaBJICHME STHX YpPaBHEHHUH NpEICTaBIseT 3HAYUTEIbHBIE TPYAHOCTH. B
3TOM CJIy4ae HCHOJB3YIOT METOJ pPa3MEpHOCTEH.

[omyuaum kpuTepuanbHoe ypaBHeHne Nu=ARe‘Pr/ans temnoormauum B Tpybe c
HIOMOIIBIO METO/1a pa3MEPHOCTEH.

N3  maTemaTHyecKoii GbopMyIHpPOBKH  3a/1auu KOHBEKTHBHOTO TEIUIOOOMEHa
B Pa3MEpPHOM BHJE CIEIYeT, 4TO KOA(P(PHUIMEHT TEeIIoOTAayl B TPyOe 3aBUCHT OT MIECTH
BEJIMYMH - JUAMeTpa TPyObl, CKOPOCTH MOTOKA U (PU3MUYECKUX CBOWUCTB KHUIKOCTH (TIJIOTHOCTH,
BSI3KOCTH, TETUIONIPOBOJHOCTH M N300apHON TEIIOEMKOCTH):

a=f(D,w,p,u,A,c,).
3anuIieM HEM3BECTHYIO (PYHKITHIO f B MPaBOM YacTH B BUJE CTETICHHOW (POPMYJIIbI
a=ADWp° u'A ecg : (a)
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OueBUIHO, YTO PAa3MEPHOCTH MPABOU U JIEBOM YaCTEH BBIPAKEHUS JIOJDKHBI OBITh OJTMHAKOBBIMH.

Hcrnonp3yeM 3TO TOJIOKEHUE Il HAXOXKJICHUs TOKaszaTellel creneHu a,b,c,d,e,f . Beipazum

pa3MepHOCTH BceX (U3WYECKUX BEIMYMH uYepe3 Pa3MEPHOCTH TaK HAa3bIBAEMBIX IMEPBUYHBIX

BennuuH. Jlna cuctembr CU »sto mnmHa L, Bpems 7, macca G, Temmeparypa 1 (31ech

MEPEYUCIICHBI TOJIBKO T€ BEIHMUNHBI, KOTOPHIMU MBI Oy/1eM TOJIb30BaTHCS).

Nmeem:

[a]z ]23T = I[ZK = HzM = 2KF‘M.2M = 3Kr ,:>[0[]:Gz"3T‘1[D]:M,:> [D]:L’
M -K ¢mM K ¢cM K c¢c-ccM-K ¢ K

[wl=m/c, = [wl=Lt" [p]=xr/M*, = [p]=GL?;

[,u]zHa-c=H'2C=Kr2'M'ZC= KT N [/u]:GT—lL—l;
M ¢’ M c-M
Bt K H-m KI-M-M KT M R
[a]= BT o A A _KUM L Al=6LeT
M-K ¢M-K ¢mMK c¢*ecmK ¢K
2

JIx HM xr-m-Mm M
kr-K xr-K ¢ xr-K ¢ K
[MoxcraBuM (hu3MUeckre BETUYUHEI, BRIPAKEHHBIC Yepe3 MePBUYHbBIE IIEpEMEHHBIC, B (a)
Gt°T'=A-I"-I't"-G'L” -Gv7'L* -G°L'c T - L’ t7/T7 .
[IpupaBHUBasI MOKa3aTeaN CTENEHU MIPH TIEPBUYHBIX BEJTMYMHAX CJIEBA U CIIPaBa, MOJIYIUM
ypaBHEHWUSI, CBS3BIBAIONINE a,b,c,d,e U f

, = [cp]zLZZ'_ZT_l.

L: O=a+b-3c—-d+e+2f , (b)
T : —3=-b—-d-3e-2f , (©)
G: l=c+d+e , (d)
T: —l=——f . (e)

Mpb1 nostyunnu 4 ypaBHEHHSI U 6 HEU3BECTHBIX. byJieM cuuTarh, 4TO ¢ U f U3BECTHBI U BBIPa3UM
yepe3 HUX BCE JIpYrue MmoKazaresu:

e=1-f, (k)
ITonctaBum (k) B(d): 1=c+d+1-f , orkyma d=f-c, (m)
tenepsb (k) u (m) moxcTaBuM B (C)
B=-b-f+c-3+3f-2f , oTcromab = c.
IToacraBisiss (k) u (m) B (b), momydum
O=a+c-3c-f+c+1-f+2f, =a=c-1.

Bo3sBpamasce k (a), umeeM:
_ el e e f-c qi=f f
a=AD" w pu A7 c]
[Iepenumem nociieiHee BEIPAKEHNUE B BULE
D¢ a2
TP A
Y7,
n crpyHHpreM YJICHBI C OAMHAKOBBIMU CTCIICHAMUAU

c

ap_ fwo| (#e,)
A M A
P
c
C ydeToM TOro, 4Tto W—D = wD =Re, ﬂ/lp Ve Pr , Nu=—— mnomyyaem uckomoe
| 4 a

KpUTEPUATIbHOE YPaBHEHUE
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Nu=A-Re‘Pr’. (20.12)

T - TeOpeMa IJIaCUT: YHCIIO ONPEACISIONINX KPUTEPUEB PABHO PAa3HOCTH MEXIY OOLIMM

YuCcIOM (DU3MYECKUX BEJIMYMH 337adyd M YUCIOM TEePBUYHBIX (U3NYECKHX BelIW4YMH. B

pacCMOTpPEHHOM Hamu ciydae 6 - 4 = 2, mosToMy B ypaBHeHuu (20.12) aBa ompenensirommx

kputepust - Re u Pr. B apyrux ciaydasx yucino (Qpu3MUEcCKuUX BEIMYWH, a CIEJOBATENbHO, U

OTIpeNIeNIAIONUX KPUTEPHEB, MOXKET ObITH APYrUM. B dacTHOCTH, KOTJa BIMSHUE BBIHYXICHHOU
¥ cBOGOIHOM KoHBeKImH comsmepumo, Nu = f(Re, Gr, Pr).

21. O0pabdoTKa pe3yJbTaTOB IKCIEPHUMEHTATbHBIX HCCJIEI0BAHUH
Onpenienenue cpejiHeld N0 CEYEHUIO KaHalla CKOPOCTH IOTOKa
B o0mem cnydae CKOpocTh IMOTOKa IMEpeMeHHa Mo ceueHuro. llpocreifmas cxema
YCTAaHOBKHU [UISl ONPENEICHUS JIOKAJIbHOM M CpEIHEH CKOpPOCTEH IPEICTaBlIEHa Ha PHUCYHKE.
MUKPOMaHOMETPOM H3MEPSIETCS TAaK HA3BIBAEMBIM JUHAMUYECKHMI HAIloOp- PAa3HOCTb MEXKIY

HOJIHBIM JIaBJIEHHEM p* M CTATHYECKMM JaBJIEHUEM pep: P - P =P, 8h, e h=Lsina
2
. Ppw

(puc.21.1). C nopyroil CTOpPOHBI, COIVIACHO YpPaBHEHHIO bepHymmm, p - p., =T’ Tae w -

JIOKaJIbHas CKOpPOCTh B JIaHHOM TOYKe paccMmarpuBaeMoro ceueHusi. llpupaBHuBas mpaBbie
YacTH, PEIIUM YpPaBHEHHE OTHOCUTEIBHO W U MOIXy4uM (HOpMyly Ui pacyeTa CKOPOCTH IO

NOKa3aHUsIM MHKPOMaHOMETpa: w = Zp—*gh. Ha mpakTtuke mo pesyiapTataM TapUpPOBKH
\ p

TpyOKHM BBOJAT MONMPABOUHbIN Kodhdunurent & 1y1s onpeaeneHus AeiCTBUTENBHOM CKOPOCTH
w,=¢w, 0<é< 1.

CpennemaccoBasi CKOPOCTb ITOTOKA W
B CEUCHUU OIPEHEIACTCd MCXOAS U3
paBeHCTBA 3anucen

MaccoBOIO pacxoia Yepe3 CpenHue
G = pwF U NOKalbHbIC BETUIHHBI
G =lim Y w,p AF, =[wpdF

AF,—0 F
n—oo

(cm.puc.21.2), oTkyna

_ 1
or]

Yucno PeiiHonbaca, Kak MpaBuilo,

AR PaCCUUTHIBAOT 10 CPEAHEN CKOPOCTH
e e B I | wD
noroka Re=-——. Eciu 1mioTHOCTH
|4

[0 CEYCHHI0 MOXKHO CUUTATh MOCTOSHHOU (P = P ), TO BBIpAKCHHE

o — 1
IUISL CpeiHEeH CKOPOCTH YIPOINAETCS: W = J. wdF .
F

Puc.21.2
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OmnpeneneHue cpeaHeH M0 CCUCHHUIO TEMIIEPaTyPhI
B 000rpeBacMoOM KaHaje
st onpenenieHus TEIIOTHI, MOJy4aeMOM MOTOKOM Ha y4acTKe MEXAY CEUeHUsIMU 1 U 2,
HE0OXOMMO 3HATh CPEHHE 1O CEYCHUIO 2 CKOPOCTh U TEMIIEpaTypy:

0=Ge, (T, -T;).
HOJIHa}I OHTAJIbIINUA, HepeHOCI/IMaH IIOTOKOM B GI[I/IHI/II_[y BpeMeHI/I, MOKET 6BITB

BBIpa’XXCHaA KaK 4€pe3 CPCAHUC, TAK U JIOKAJIbHBIC BEJINYNHBI

2
w

I"'=Gi'=G|i+—
2

C YUY€TOM INPAaKTHYECKH BCErJa BBIITOJIHAIOIICTOCA YCIIOBUA

o TC' . Wz * % .
i>>—— mnonydaeM [ =[.Tak Kak
A400 00000010 2
A SHTAJIBIHS 00Ja1aeT CBOMCTBOM
E\W 7 aJUIUTHBHOCTH, TO
I - F— — I=Gi=wpFc, T =
— —
=lim zwipi ¢, T,AF;, =
AF,—0
TR IRTR IR IR TR TR IR} ?2 noee
4 = I wpc pTdF ,
1 2 Tor F
— 1
OTKy/1a T=jjwpcpTdF. (21.1)
wpc, F .
Puc.21.3 !
[Ipu MOCTOSIHHBIX IO CEUYEHUIO TNIOTHOCTH
_ _ — 1
H TEIUIOEMKOCTH (P = P, ¢, =, ) HIMeeM: TZTIWT dF .
wF e

Kak Buaum, nns ompeneieHus] CpelHEN MO CEUEHHUI0 TeMIepaTypsl B 00OrpeBaeMOM
KaHajie He0OX0AMMO 3HATh JIOKAJIbHbIE 3HAYEHUS HE TOJILKO TEMIIEPATYphl, HO U CKOPOCTH.

TemmneparypHblii Hanop npu ¢, = CONSt .

Haiinem 3akoH M3MeHEHUs TeMIEpaTyphbl BJIOJIb KaHajla MPH TMOCTOSHHOM TEIIOBOM
noToke depe3 ero creHkd. Coydail, korma g¢y=const BCTpeuyaeTcsi, Halpumep, Mpu
AIEKTPUYECKOM UJITU JIyYUCTOM 00OTpeBe.

CornacHO TMepBOMY 3aKOHY TEPMOAMHAMMKH, TEIJIOTa, IOJy4eHHas IOTOKOM, HAET Ha
yYBEIMYECHHUE €ro SHranblnuu. CreaoBaTellbHO, I dJeMeHTapHoro obbema (cm.puc.21.4)
ypaBHEHUE TEIJIOBOro OayiaHca UMEET BU/]T

q,7Ddx = Gdi". (21.2)
2 2
N .ow . w .
VY4yer BbIpaXEHHH  i* =1+7 , di=c,dl wu ycnosus — <<l [OpUBOAUT K

mubdepeHIMaTbHOMY — YPaBHEHUIO Ui HAXOXKJEHUS  paclpelelieHHs  TeMIepaTyphbl
OCpPEHEHHOM 10 CEYEHHUIO BJIOJIb KaHasa:

. 7D
q,Mdx = Ge,dT , otkyna dT = D g

ch

[ 9,7
» Gc,

T,
[Ipounrerpupyem ypaBHeHHE J-dT = dx,
T
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D
T,-T, =", (21.3)
Ge,
T,
rae c,=——|c, (T)dT - cpennss  u3obapHas
I\ ey ,(T) p p
$90009 {:L J‘lﬂ AL TEIIOEMKOCTh B HMHTEpBaje Temmeparyp ot 17 mo 1. U3
s L ! ! (21.3) BugHO, uTo T M3MEHSIETCS MO JIMHEMHOMY 3aKOHY
G ' T=1 +2™ (21.4)
it {1 1 1 1 1 Ge,
Tak Kak 3aKOH JIMHEHHBIM, TO CPEAHss MO JJIMHE KaHalla
T +T, zDI
4 TeMIeparypa T="1"%2=T, +q”77 Cpenuss
2 2Ge,
Puc.21.4

Temmeparypa  CTEHKM  HaxoIuTcs 1o  ¢opmyIe:
l

— 1

T, :E I T (x)dx, pnnsa 4ero HeOOXOOUMBI TepMOIaphl,
0

YCTAaHOBJICHHbIE Ha CTEHKe TpyObl. TemmepaTypHbIi Hamop MeXIy CTEHKOH H IOTOKOM
OIIpeleNAeTCsl KaK pa3sHOCTh MEXy CPEAHUMU TeMIlepaTypaMu CTeHKH U notoka AT =T, —T .

3Has, Hampumep, TeoBol MOToK Q =U -] 1pu SJIEKTPUYECKOM HarpeBe TPYyObl, MOXKHO
OTIPENIeNIUTh CPETHUI M0 JUIHHE KaHala KO3 (OUIIMEHT TeII00TAaYH

1 _
a=-|a(x)dx , no bopmyite & =—-—. 21.5
l! (x) (bopmy. AT D (21.5)

TeMmnepaTypHbli HAIIOp OPU TW = const .

[TocTosTHCTBO TemmepaTypbl CTEHKH 00€CIIeunBaeTCsl MapOBBIM 000TPEeBOM KaHaia (CM.
puc.21.5), Korga mpH KOHJCHCAIMM Iapa MOJJIEPKUBACTCS TeMIlepaTypa, NMPUOIH3UTEIHLHO
paBHas TemIiepaType HachleHus s , 3aBUCSINECH OT JaBJICHWs B MapoBoi pyOamike. [[is
3JIEMEHTAPHOT0 00BhEMA C MIOBEPXHOCThIO ZDdx ypaBHEeHHE, aHamoruuHoe (21.2), umeeT Bu

a(T, —T)rDdx = Ge ,dT . (21.6)
Pa3nenum nepemeHHbIe U IPOMHTETPUPYEM JIEBYIO YacTh oT 71 10 7%, a mpaByto - oT 0 1o /:

| =L | e,
I -T, Gc

p

In(T —TWX? = —a.li

Gc

p

l
0’

1{Rﬁﬂjzwwz. 21.7)
711/ - T2 ch
WurerpupoBanue ot O to x u or 71 o T

JAeT 3aKOH WM3MEHEHHMs TeMIIepaTypsl IIO
L' pnmme kaunana:

T -T anD
In =—Xx |, OTKyZa
T -T Ge,
T -T anD
=expl —x| ,
T -T Ge,

anD

Puc.21.5

Ge,

T=T —(T —Ine{ > (21.8)

w
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Ge (T, -T,
VMHOKas JIEBYIO U MPaBYIO 4acTh (21.7) Ha —F——, moiay4um:
In Tw — Tl
Tw - T2
S o T. —-T
0=Gc,(T,-T)=aml — 21—,
T, -1,
In| *——
Tw - T2
Tz — Tl

——<=AT (@)
n - -
Tw - T2
- cpegHenorapu(GMUIecKUil TeMIepaTypHbIi HaIop.
TennoBoil MOTOK, MepelaHHbId OT Mapa K MOTOKY B TpyOe, MOKHO BBIPa3uUTh 4Yepe3 CpeaHH

KOO PHUIMEHT TEeII00Taauu, IUIONab MOBEPXHOCTH, YYAaCTBYIOUIEW B TEMJIOOOMEHE , U
JorapupMHUUECKUI TeMIepaTypHBIH HAIOP

Q =aaDIAT,,, . (21.9)
[IpeoOpazyem BeipaxkeHue ISt AT or:
I, -T, = (TW -T; ) - (TW -7, ), Toraa (a) nepenumem B BuE:

rac

_(1,-1)-(,-T,)

AT = , WK
T,-T,
In
Tw - TZ
AT, — AT
T AT  =—0—2 (21.10)
In AT,
A Tror LTy ) _ | Top = const AT,
AT mTFHTHTWW |T2 rne AT u AT, - HanbombuImii 1
W HaUMEHBIIHNH nepernazbl
TEMIIEpaTyp MEXIy CTEHKOH u
T1 noTokoM (puc.21.6).
{ ®opmyna (21.10) npuMeHnMa Kak
Ul TPSAMOTOYHBIX, TaK M IS
x MPOTUBOTOYHBIX CXEM.
Puc.21.6

[TosryyeHue SMIUPUYECKUX YPAaBHEHUHN B KPUTEPUAILHOM BUJIE
Teopust mogoOus MOXET JaTh TOJNBKO OOIIMN BUJ KPUTEPUAIBHOIO ypaBHEHHS, T.€.
onpezenser GopMy, B KOTOPOH clieyeT MpOBOIUTh 0000IIeHHE IKCIIEPUMEHTAIbHbBIX TaHHBIX.
Hanpumep, ans temnoornauu B TpyOe MpH pa3BUTOM TYypOYJIEHTHOM pexXUMe TeOpHsl Moao0us
naet Nu=f(Re,Pr). O0byHO TO700HBIE (DYHKIIMOHAJIBHBIE 3aBUCHMOCTH AaNMPOKCHMHUPYIOTCS

cTernieHHbIMU (QyHKIUMsAMH, TO ecTh mnoyaratoT Nu = CRe"™ Pr". Omnpenenenue BXOISAIIUX B
dbopmyny nmoctossHHBIX K03 duirerToB C, m u n - 3a7a4a YIKCIIEPUMEHTATILHOTO HCCIIETOBaAHUS.
B kauectBe mnpumepa pacCMOTPUM CHOCOO TMOJMYYEHUS KPUTEPUATBLHOTO YpPaBHEHHS JUIS
TEIUIOOT/a4U [PU Pa3BUTOM TypOyJIEHTHOM TeueHnu B Tpybe (Re >>Re, =2300).
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[Tycte nans Kakoro-nuOO KOHKPETHOTO pexuma | ompeleneH pacxoll >KUIKOCTH
2

L 7D
G =wpF, F :T' byneM momarate, 4TO XUAKOCTH HEC)KMMaema, p=const. Jlnsg storo

pexxrMa HanaeM yuciio Peiinonbaca Re, = Wl—D; v=f (f) 10 CPEAHEN CKOPOCTH MOTOKA
. 4 1ED 4
=G 26 Re, = ~1PP _ 4G, 21.11)
pF  prD upzD umD
_ — aD = —
rae = f (T) Yrobsl omnpenenuts uucio Hyccempra Nu, = 7, A=f (T ), HEOOXO0IMMO

HKCIEPUMEHTAIBHO HAWUTH CpPeIHHH KOAPQPHUIMEHT Terootaaud. it 3TOro BOCHOJIb3yeMcs

ypaBHenueM Q, =a7DLIT, —T), rae O, =UIl - tennoBol NOTOK OT 3JIEKTpOHArpeBaTeis K

IIOTOKY.
_ Ul — 1
[T Torma o, = ———, TIe TwzijW(x)dx.
¢ . " LT, -T) I
L]
,_J/D'El Pr, N3meHsas pacxon M TEIUIOBYKD HAarpysKy, IOCTPOUM
I Pr, rpadpux B xoopauHarax InNu - InRe. O6paboTka Touek
METOJI0M HAaUMEHBIINX KBaJIpaToB JaeT
({W/‘C/ AKCIEPUMEHTAIbHYIO MpsAMyl0 (cM. puc.21.7). Tanrenc
Intvy yria HaKIOHA OSTOM TNPSMON OINMpeNessieT BEIUIUHY
InRe MoKasarelisi CTeNeHu m Ipu vucie PeiiHonbaca B
InRe InFe- KpUTEPUAIbHOM YPaBHEHUU:
In Nu, —In Nu
Puc. 21.7 = : L=1g¢

m=
InRe,—InRe,

Ecnu B OKCIIEPUMEHTE YHUCIIO HpaHI[TJ'IH MO>XHO CUHNTATh IMOCTOSHHBIM (I[J'Iﬂ MHOTHX Ta30B Pr=

0,7=const), TO €ro UCKJIIYAIOT U3 YHCJIa APTYMEHTOB:

Nu=CRe".
Nu o
Kosdppunuent C onpenensercs otHomenueM C = F, BBIYMCIIEHHBIM B JII000I TOUKE
e
. . Nu,
HOJIy4eHHOU npsiMoit, Hanpumep C = .
e
1

B nuwamazone uucen PeliHonbaca Re=(5...7)-105 pPacCMOTPEHHBIM TOAXOJ JaeT

cienymoliee KpuUTepualibHOe ypaBHeHue (dopmyna MwuxeeBa M.A.) mnpu  pa3BUTOM
TypOyJE€HTHOM TEUYCHHH B TPyOaXx :
Nu = 0;[) =0,023Re” Pr* . (21.12)
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22. TemjiooTaauya Npu BbIHYKI€HHOM JBHKEHHH KHIKOCTH
[TpuONIHKEHHBIH METOA pacyeTa TENI00TAAYN Ha NJIOCKOH IJIACTHHE IPH JAMHUHAPHOM PEXKUME
TEUYEHHS.

HuTterpansHoe cootrHomenne Kapmana

Brigenum B morpaHUYHOM CJIO€ dJIeMEHTapHbId 00beM 1-2-3-4 (cM.puc.22.1) u 3anuimem
JUISL HETO YpaBHEHMsI COXPAHEHHUs MAcChl M KOJIMYECTBA ABMKeHHUs. Yepes rpanb 1-2 3a Bpems dT

IEPEHOCUTCA Macca
0
(Ipwx( -1 dyjdf—(pjw dyjdr (a)
0

o
[pf wy (y)dy]df , (b)
0

yepes rpaib 3-4, COOTBETCTBEHHO

U KOJIMYCCTBO ABUXXCHUA

7
Ton . YW
5 3 o =const
— Cp=|::c::-nst
odE
d =0
(x) ) 4 dx
—
x ofx x
!
Puc.22.1
pjw y)dy +i pjw y)dy |dx |dt, (c)
dx
wi d +— wi d dx |dz. d
n pJ - (pj y} )

Maccy rasa, KoTopasi BTEKJa B 061>eM yepe3 IpaHully ciiost 2-3, ONpeneanuM BbIUUTaHUEM (a) U3

(c):
dG = [pj w, dy)dxdr . (e)

KomnuectBo ABHUXKCHUS, KOTOPOEC BOLIIO YEPE3 I'PAHb 2-3, OMpeacCIsICTCA NPOU3BEACHUEM W oo
dG

d o
< . k
W (,0 ! wx(y)a’y]dxdr (k)
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OnpenenuM W3MEHEHHE KOJIMYECTBA JIBHKCHHS. B anemMeHTapHBI 00BbEM BOIILJIO KOJIHYECTBO
nekenusa (b) +(k) , Beio (d)'

Iww y)dy |dx— ,0 jw y)dy |dx |dt =

o)
= p; [wow, (y)= w2 (3)lay |dxdz . (n)
X

0
N3 kypca ruaporazolMHaMUKHA HM3BECTHO, YTO CKOPOCTh W3MEHEHMS KOJIMYECTBA JIBUKEHHUS
paBHa cyMMe z[eP"ICTBylome Ha 00bEM BHENIHUX CHJ (3aKOH COXPAaHCHUS KOJIMYECTBA

I[BI/I)KCHI/ISI) —ZR Pesynbrupyromas cuia CTaTUYECKOro AABJICHUS MPH OTCYTCTBUU

IPO/IOJIBHOTO TpaJiM€HTa IaBJIE€HHs paBHA HYJO, Mo3ToMy R =7 -1-dx, T.e. U3MeHeHUE

KOJIMYECTBA JIBU)KEHUSI 00YCIIOBIIEHO CUJIAaMH TPEHUSI.
Bo3bmeM mpon3BoIHYIO OT (n) IO BpEMEHU U MPUpPaBHSIEM €€ CujlaM TPeHHUs,

I[CﬁCTBymH.[PIM Ha IMOTOK CO CTOPOHBI TOBEPXHOCTH:
¢}

,0i .[(wm—wx)wx dydx=t, -1-dx.
dx\

2
CokpatuB Ha dx W pa3genuB o0€ 4YacTH IOCIETHEro YpaBHEHHs Ha LOW.,, MHOIy4UM

HHTErpajibHOC COOTHOUICHUEC KapMaHa

o)
da | 1= e | W gy |2 e 22.1)
dx | w. Jw, PW.
ok 2 w w
BBenem  o0o3HaueHus: o :j l1-— |—“dy- TonmmMHa TOTEpU UMOyJIbCa U
0 w, ) w,

] w,
S dy - TomuuHa BbiTecHeHus. CooTHomenue Kapmana Toraa npuoOperaer Gosee
WOO

KOMIIAKTHBIM BHI :

dzc - p:»;z , (22.1a)

B ciyuae rpaaueHTHBIX TeueHu (dp/dx#0), Hanpumep, KOr/1a HOTOK 00TEKaeT U30THYTYIO
IIOBEPXHOCTh, BMeECTO (22.1a) nmeem:
dw T

do” 1wy 5)= T (22.2)
dx w_ dx P W,

s
w. | w
Pemium ypaBuenue (22.1). Jlyis BhIUMCIEHUST MHTETpaia .[ (1— = j"dy 3aJaguMCsI BHIOM
w_w
0

o o

npoduns cxkopoctu  w, (y)=a+by+cy’ +dy’m TOTUMHMM 3aKOH M3MEHEHHsS CKOPOCTH

rpaHUYHBIM ycloBUsIM. Torma 1jisi HaXOXKIEHUS HEU3BECTHBIX KOA(P(GUIMEHTOB MOJIMHOMA
MO>KHO COCTaBUTh CIEAYIOUIYIO CUCTEMY YpaBHEHUN

w,(y)=a+by +cy* +dy’, (a)

Wy by ey+3dy’ (b)
dy
2

L =2c+6dy ()

dy
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mpu y=0 w, =0 ,=a=0,
npu y=0 w_=bS+cd>+dd° . (d)
Kpowme Toro, npu y=9 (f;vj =0 ,= b+2c0+3dé*=0. (e)
Y )yos

3anuiemM YPaBHCHUEC ABUKCHHUA BIOJIb IJIACTUHBI JJI CTAIMOHAPHOI'O pCXKUMa B BUIC:

aw dw > w,

wo—"+w =V R
Jx T dy dy
A*w
IIpu y=0: w, =0, w, = 0 , moaTomMy 3 N =0, torga u3 (c) caenyet, uro c=0. Kpome
Yo )

TOTO, IPU y=0
w_=bd+dS (k)
b+3d5* =0 (cm. (e)). (m)
[oxcrasum (m) B (k) Torma w,_ =-3dd°+dS°, otkyna

d= -0,5%. (p)

IlopcraBnsas (p) B (M), moaydyum b:I,S%.

Taxum 00pa3oM, 3aKOH U3MEHEHHSI CKOPOCTH B IOTPAaHUYHOM CJIO€ UMEET BUT

3
Y Y
wy)=1L5w_ =-05w_| = | , 22.3
() 5 ( 5) (22.3)
w () _ oy »Y
HIIH = =1,5=-05 =| . (22.3a)
w_ o o
[ToncTaHoBKa MOTYYEHHOTO TMPOQHIISE CKOPOCTH B MHTETPAJ TOJIIHHBI IIOTEPH UMITYJIbCA JIaeT
s
5 = (1 ~ W j Y gy =0,1395 , (22.4)
0 w, Jw,
T
Tormga 0,139@= e (%)
dx pw.
dw w, dw
Tak kak = =15—2-, TO U3 COOTHOILEHUS I HAIIPSOKCHUS TPEHUs 7, = U = ,
dy o o dy o
IOJIy4UM T, = 1,5/;ww . (**%)
IToncraBum ( **) B ( *):
0139% 15 Hwe  sg5= S Mg
dx opw, 0,139 pw,
o : 1,5 M 0.5
Win —=—"—.-""x, oTKyzma BHIHO, 9YTO &X) ~ X ~, T.€. TOJIIMHA TOTPAHUYHOTO CJIO5
2 0139 pw,
NpOTNOPIMOHANIbHA ~ KBAJPaTHOMY KOPHIO PAacCTOSHUS OT Havaja IUlacTuHbL. [lepenmcas
2
TOCTIeIHEE BHIPAKEHHE B BHAE O = 3 xp , TIOJIyYUM 3aKOH M3MEHEHUS TOJIIHMHBI
0,139 xw_u

TUAPOJUHAMHUYCCKOr'O IIOTpaHUYHOro CJIOA BAOJb IJIACTUHBL
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S(x)= :’6055x ; (22.5)
e,
WX .
roe Re =—"-. Haiinem 3HaueHue JOKaIbHOTO KOI(PPUIMEHTa TPEHUS Cf , YUUTHIBAS
1%
BBIPXECHHUE IS KACaTeIbHOTO HAIPSHKEHHSI TPEHHS
2
W T 1,5
Twchp : Cp=—"5 = le;m’
2 Topwl dpws
2 2
3 R 0,5 R 0,5
¢ = M KRS gesReT
Toopw, 4,65xpw, Re
0,645
HJIH o :W . (22.6)
Cuiia a’pOJMHAMHYECKOTO COMPOTUBIICHUS IIACTHHBI
F, . =2tlb, (22.7)
pwz
e 7, =c; 2°° - Cpe/iHee HaNpsDKEHUE TPeHHus, [ - JuihHa, b - IIMPUHA TUIACTUHBI.
Cpennuii no e K03(GPULIKUEHT TpeHUs oNpenenuM 1o Gopmyiie
1 1p 0,64 1,2
¢, =ljcf(x)dx=j0’65dx— 29 (22.8)

0,5 - 05
0 l o W x Re
\Y
rae unciio PeifHosbaca MOICYUTAHO MO CKOPOCTH HEBO3MYILIEHHOTO MOTOKA U JJIMHE TIACTUHBI
w_l
Re=—=.
|4
TennoBol morpaHnyHeIN ca1oi. YpaBHenne Kpykninaa
CocraBuM ypaBHEHHE TEIUIOBOTO OajaHca Jjisi HEMOJABUKHOTO 3JIEMEHTapHOTO o0bema 1-2-3-4,

BBIJICJIEHHOTO B TEIJIOBOM IOTpaHUYHOM ciioe. byaem nonarars, uro Pr>1, T.e. TennoBoi cioit

9,
JIEKUT BHYTPU THUAPOJMHAMUYECKOTO, h= F<1 (puc.22.2). 3anuileM MOTOKH SHTAJBIINH,

MEPEHOCUMbIE Yepe3 I'PaHU BBIJICJICHHOTO JIEMEHTAapHOI0 00beMa Ha eANHUILY IIUPUHBI TOTOKA.
5 S
I'pans 1-2 : Ipwx(y) c,T-1dy ,npu p=const, c,=const noayiaem pcp_[ wTdy . (a)
0 0
[ToTok »HTaNBINU, KOTOPYIO BHECET HEBO3MYIIEHHBIN MOTOK Yepe3 IpaHb 2-3:
d o)
T.c,p— wady dx, (b)
dx| 7
SHTAJIBINS , KOTOPYIO BBIHECET MOTOK 4epe3 rpanb 3-4

5, J (3
pcp.[wady+pcp o waTdy dx . (c)
0 0

Bynem cumrath, uro T, > T. , T.€. yepe3 rpaHb 1-4 OT CTEHKH K DJEMEHTapHOMY OOBEMY
HOABOAUTCS TEIUIOBOM MOTOK ¢, -1-dx, Torga ypaBHeHue TerioBoro 6ananca (a)+(b)-(c)+q,dx

= (0 npuHUMAaeT BUJ
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d (¥ d (¥
pc,— Wdeyjdx—TNc p( deyjdx=qwdx,
g dx(;[ " dx ;';

6T
U o '[ (wXT—Tm w, )dy: v IIepenucas nocienHee ypaBHEHUE B BUJIE
x

0 cP
d S;
o | )wxdy=p"z : (22.9)
0 P

noJlyduM  ypaBHeHue KpyxkuinuHa.
BBoast u30BITOUHYIO — TeMIleparypy

U=T-T,, upeobpasyem (22.9) x

b
T, Ve Oe3pa3mepHoit hopme:
o =const T-1.=(T-T,)-(T.-T,)=0-0. ,
— Ty = onst oy
7 d ¢ ¢ q
B(x) 4 (quxdy:w |
ﬁa (x) d—p=ﬂ dx 3\ 2, pc, U,
™ |4 223 5
~ d(ﬂ4T%@=%»_
X dx x dx 3\ U, w, pc, Ow,
; (22.10)
Tax xak ¢, =—/1(dl9j , TO
dy =0
ypaBHenue (22.10) npuHUMaeT BUL
Puc.22.2

P
v

o

(d)

6 ()
dT( 0T%@ @

w. pc, Bw,

0
[lepenumem Oe3pa3mepubie ypaBHeHus aswkeHus (19.9) u sneprum (19.10) s
IOTPAaHUYHOTO CJIOS HA MIJIaCTUHE:

_ow, _ dw,) 9w,

Re| w, +w, = >
ox * dy dy

__ 06  _ 06\ 9%0

Pelw, —+w, — = .
ox “dy) 9y

Tak xak Pe = Re-Pr, To npu Pr = 1 nonyuaem Pe = Re. CienoBaTenbHO, 3alMCaHHbIE BbIIIE

YpaBHEHUS IS Wx(y) n6@=(y) HMIEHTUYHBI M PaACTpPEJETICHUE TEMIIEPATYPHI B TEILIOBOM

MOTPAHUYHOM CJIOE TTOJIOOHO paclpeAesieHuI0 CKOPOCTH B IMHAMUYECKOM MOTPaHUIHOM CJIOE.
Torga MOXXHO 3amucaTh aHAIOTH4HO (22.3):

0, o ) -

T T

3
Hy)=1528 —o,s(y] 5. (22.11)

T

(2%
Bosbmem npousBognyro ot (22.11) npu y=0 : (?;9} =15 5—“ . Teneps mpaByro uyacts (d)
Y J =0

a o
MOJKHO Iepenucarhb B Buzae 1,5—— . B3sB unrterpain B jneBoii yactu ypaBHeHus (d), nomyunm
w

T
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S;
j(l—j * dy = 0,158 h?, ()
0 oc W
o, 0 .
rae h—g [ToncraBuB 3Ha4YeHUs WHTErpaja M MPOU3BOJHOU | —— B (d) maiimem, 4TO
Y Jy=o
2
0,15d(5h )=1,5 a_
dx w_ho
ITocne BBITIOJIHEHUS nuddepeHnpoBanusl, MOHO HaIKCaTh

ho (hzd O0+2ho dh): 10-2-dx. Ecin TeruioBoii u THIPOAMHAMUYECKHN CJIOM 3apOXKIaloTCs B
w

=)

. dh
onHou Touke npu x=0, To d— =0, Torma
X

3
h5d5:10i. )

dx w

oo

0dé 15 u ~10_ M
dx 0139 pw,_ pw,

[Ipu BeIBOE ypaBHeHUs: Kapmana Obl10 IOKa3aHO, 4TO , Toraa (f)

MIPUMET BU/T h’ A a,oTkyna h= . Tak kak 0, =hd, 10 ¢ yuerom (22.11), momy4nm

1
3Pr
4,65 x

Temoora4a OT MIOCKOW MJIACTHUHBI IPU JIAMUHAPHOM PEKUME TeUEHUs
Bocnons3zyemest rpannunbivu yenoBusimu Il pona nns onmpenenenust koagduiueHTa

TCIJIOOTAA4YH Ha INJIACTUHE
a(r,-1.)=-4 0 1)
y=0

dy
_ax(Tw_zv):_l(Mj ,
dy =0
a v, /?{dﬁj , HO (MJ = 1,51’; Toraa
dy y=0 dy y=0 5T
o, = 1,5i . (22.13)
O,

[Toacrapmsis (22.12) B (22.13), moay4uM 3aBUCUMOCTb JIOKAJIBHOTO KO3 duineHTa
TEIJIOOTaYHM OT PEKMUMHBIX MTapaMETPOB IMOTOKA U (HU3NYECKUX CBONCTB KUIKOCTH

1,5AREY _ o3
o, = W Pr™", nnu B kpurepuaabHOM BUIE
X
Nu, = “/x%x =0,323Re”’ Pr*¥ . (22.14)

KputepunansHoe ypaBHeHue cripaBeuiBo npu Re <Re,, = (1..2)-10°.

Omnpenenum cpenHee 3HaYeHHE K03 PULIMeHTa TETIO0TAAYH
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wx )"
! 111,5/1( = j
— 4 0,33
a=—\|alx)dx=—|——Prdx=2a_,, oTkyna
l!: (ax=, | 4,65x = O
al 0,5 0,33
Nu:7=0,646Re’ Pr™ (22.15)

Ormerum, uro Qopmyna ana &, npu x=0 npaer OeckoHeyHOe 3Ha4YeHME Kod(dduumeHra
TEIJIOOTHAYN: &) = 0.

TerymoBol TMOTOK, OTJABAEMBIM IUIACTUHOM OKpY)KAIOWIEH Cpeae, ONpeneiuM Hu3
ypaBHEHUS Q':ZCT'(TW—TOO)lb.

CBs3b Mexay Ko3dGUIIMeHTaMU TEILUIOOTAAYU U TPEHUSL,
anasiorus PeliHoibaca
Beenem xputepuit CTEHTOHa Kak COOTHOLICHHE MEXKIY TEIUIOBBIMH MOTOKAMH,

o
IIEPEHOCUMBIMH ITOTIEPEK M BJOJb TeYeHUs: St = —*—.
C,PW,,
VYMHOKUM YHCIIUTENb ¥ 3HAMEHATE/b HA POU3BEICHHE XALL
a.x
St :70!)6 iiﬁ: ﬂ’ = Nux
. .
c,pw. x A pu pwx ¢,H Re Pr
Y7, A
Nu
Takum oOGpazom, St =——>—.
Re Pr

IToncrasnss 3HaueHne yucina Nuy U3 KPUTEPUAIBHOIO YPaBHEHUS TEIUIOOTAAYU JJI IIJIACTUHBI,
IIOJIyYUM

_0323Re P 0323, 3

St oS ,
Re, Pr Re
0,323 ¢ Cp o -
o "2 =""" (cm. bopmyny (22.6)). Torma St, =2+ Pr % (22.16)

Re” 2 2
Takum 06pa3oM, yCTaHOBJEHA CBA3b MEXJY JIOKAIbHBIMH KO()(HUIMEHTaMH TEIUIOOTAAYH H
TpeHMst A [UIACTHHBI, MoNy4WBINas  Ha3BaHME  aHalorum  PeifHonbca

o C 2

P = apy A.
c,pw.

Ananoruss ~ PeifHonbaca ~ mo3BoJiSE€T MO U3BECTHBIM  THAPOJWHAMUYECKUM
XapaKTepUCTUKAaM TEUEHUS! OIpEeNessTh €ro TEIJIOBbIe XapaKTepUCTUKH. 3Has Kod(duuueHt
TPEeHHsI U3 TUAPOAMHAMHYECKOTO UCCIEA0BAHUS, MOKHO HAUTH KOA(P(ULHUEHT TeIIO0TIauH.

TypOyJieHTHBIN OTPaHUYHBIN IO
I[Ipu  oOTekaHMM  IUIACTUHBI  KUJAKOCTHIO  BHadaie  Qopmupyercs  JIaMUHApHBIN
NOTPAaHUYHBIM  CJIOW, B KOTOPOM TEIUIOTa MEepelaeTcss 3a CYeT TEeIJIONPOBOJHOCTH (Ha
MOJICKYnspHOM ypoBHe). Ha mHekoropoi  koopamnarte, korma Re=Re,, , on Tepser
YCTOWYUBOCTh M TEPEXOAUT B TYpOYJEHTHBIH TIOTPAaHUYHBIA CJIOM C JIAMHUHAPHBIM
MOJICJIOEM , TI/Ie CKOPOCTh MEHSETCS IO JMHEWHOMY 3aKOHy. BplIenuMm MBICIEHHO B
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TypOyJIEHTHOM 4YacTW MOTPAHUYHOIO CJIOS DJIEMEHTapHYyl Iulomanky (cMm. ri.l8, puc.19.3) u
paccMOTpHUM IIpoliecC MepeAayu TEIJIOThl Yepe3 Hee.
Hanpspkenue TpeHus, JAeWCTBYyIOIlee Ha IUIOMIAJKY, M IUIOTHOCTh TEIJIOBOTO MOTOKA
3aluiieM B BUJE

TT6 = pW:\ (le - Wx) ’ (a)
4+ :pW;Cp (T _T}) (B)
(3mecp  TeMmieparypa U CKOPOCTb OCPEJHEHBI IO BPEMEHH, *X,f U le,fl - CKOpOCTb U
TeMIIepaTypa COOTBETCTBEHHO Ha KoopauHare yu y+17).
Bhipasum u3 (a): pw, = ——"°—~ u 1noacTaBuM B (B)
(le - Wx )
T — J—
G =— 0 cp(T—T,),OTKyz[a (d)
(le - Wx)
77 = G =) ©
T.6C »
PaccmoTpuM naMuHapHBIN ITOJCIION:
d
T =M P = i Y = const , k)
dy y
qm=—/1d—T:&(Tw—T)=qw=const. (m)
dy 'y

Jis TpaHUIBl MEXIY JJaMUHAPHOW U TypOyJIeHTHOM YacTSAMU MOTPAHUYHOTO CJIOS CO CTOPOHBI
JJAMUHAPHOI'O IOJCIOSI MOXHO HAIMCaTh:

A
nn_ﬂwrp’ wo TW (T'w_jlp)’
T, aw,,
q. 1w
T -T =-*%“_™ n
w p AT ()

MsicneHHO OyaeM IepeaBuraTh IUIOIAAKy BHU3 10 T€X 1Op, I0Ka w_HE CTaHEeT PaBHOU W, , a

T = Trp , TOT1a BMECTO (€) MOXKHO HaIlKCaTh:

— qw(wx -W )
T, T =" (p)
7,C,
Crnoxum (n) u (p)
- , w, —w
TW—T}:qWﬂWFP'i'qW( xl rp).

AT, 7,C,
YMHOXUM JICBYIO U IIPaBYKO 4YaCTHU YPaBHCHHUSA Ha Olx, a 3aTEM pasaciiuMm Ha ¢y,
/,ler (le - er )

— ) w,—w
ax(Tw—L): qwﬂwrp ax+qw( xl rp)ax’ 1: ax+ ax ,
AT, 7,C, AT, 7,C,
w c w w w w2
1:leax ﬂﬁ/‘rp P+1_jl"p , lzwxla'x (Pr—l)jrp'i‘l ,HO TW:Cf pwxl ,
Twcp leﬂ’ le Twcp xl o 2
TOorga
w w c w, c w
1= W% prog) g | e H f(pro) S g | e =gt | (Pr—1)2R 41,
le le 2 p le ¢ p le 2 le
Cf P C
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-1

C . w.
Wi St, =2 (Pr—1)—2 +1| , (22.17)
2 w

xl

rie Stsz’;; erzl, npu Pr=1 Stxzcﬂ.
Cppwxl le 3 2’

Takum 00pa3oM, yCTaHOBIEHA CBA3b MEXIY KOI(P(UIMEHTOM TEIJIOOTIAa4d U TpPEHUs B

TypOyJE€HTHOM TOTPAaHUYHOM CIIOE.

OOTekaHue MIACTUHBI OPU TYPOYIEHTHOM peXUME TCUCHHS
PaccmotpuM uHTErpanbHoOe cootHoueHnue Kapmana

5, .
i I—LV)‘ —dy=

—2
dx < w, )w, PW e

WX /Z.W

(a)

B nmanpHEWMMX BBIKJIANKAaX OIYCTHM 3HAK OCPEIHEHHWs, BCE IapameTpbl OyleM CUYUTaTh
OCpEITHEHHBIMH 110 BPEMCHH.

3aKOH WM3MEHEHHUsI CKOPOCTH B TypOYJEHTHOM TIOTPAHUYHOM CIIO€ MOXKET OBITh
npeacTaBieH GpopmMyioit

2=l 2] (b)

n=7...9, yeM BeIIIe yncio Re, TeM OobIme n.
Tak xak HaNpsDKEHUE TPEHHUST Ha CTEHKE CBA3aHO C IPOU3BOAHOM  CKOPOCTH

T, = (p +H )% , TO TIPH KCTOJb30BaHUU TIpodutst (b) momyyaeTcst
Y ly=0

T, =%, YTO HE OTBEYAET JACHCTBUTEIBHOCTH. [lo3TOMY 7, OEpyT M3 ONBITHBIX JaHHBIX. B

4acTHOCTH, bitazuyc nomyuni, uyro mpu Re = Ye _10...107
o 1)
7, =00228pw_| — | , (d)
Re;
W0
rae Reg = . Ilomarast n=7, HaxoaUM
5
£ w,o|w 7
I-——|—*dy=—0, . e
J. w Jw, T ©)

0 o0 o0

2 4
Ioncraeum (d) u (e) B (a): T _ 0’02285) e Ve :
72 dx pwm Woo6T6

PaSI[CJBIH MNEPEMCHHBIC U UHTCIPUPYA, MOJTYUUM 3aKOH H3MCHCHUA TOJIIIWHBI Typ6y.]IeHTHOFO
AUHAMHUYCCKOI'0 MIOTPpaHUYHOTr0 CJIOA MO JJIMHE IJIaCTHHBI

1
. i : 4
[ R Rt L

0 W, o0

1

O 1
J- 5’1‘6 ! d5T6 =
0

1
s i 3
5t =0235 2 Y= |'x 5. =]0203 Y= |
4\ w w

o oo
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N3  ¢dopmynsl BUIHO, UYTO TOJIIMHA TYpOYJIEHTHOTO JWHAMHYECKOTO IMOTPAHUYHOTO CJIOS
pacter ObICTpee, YeM JIAMUHAPHOTO T.K. & ~x"% [IpenacraBuM 3akOH HapacTaHUs TOJIIUHBI B
BHJ€ 3aBUCUMOCTH OT JOKAJLHOr'o yucia PeliHoibaca :

5

! 1 1
v ) ] X v 0,37x
8. =037 (Wj X -1=o,37(wxj x , 0.(x)= a0 - (22.18)
oo xs o X
Omnpenenum JIOKanbHBIA KOI(GOHULMEHT TPEHUS Cfy
1
pow: 2r,  2-0,0228pw.( v, )4
T,=¢;, — T =>c, == > ,
2 *opwl pw. w..0 ¢
1 IO R
4 4 5 5
¢, = 0,046( Ve j - 0,046(1/“) Re, | 0040 “"(W“x] 11,
w0 w, )| 0,37x 0374 | W= v, ) x
1 3
5

c;, =0,0592 (f}xj el 2R (22.19)

Haiinem cpennee no nvHe IUIACTHHBI 3HaUE€HUE KOO PUIIMEHTA TPEHUS:

1 5 0,074
¢ = Icfx(x)dxzchx =2 (22.20)
0 x=l
2

Cuna CONpOTHBIICHHUS IUIACTHHBI TypOyneHtHoMy motoky T =2[-lc, P W YuutsiBas

X

COOTHOIIEHUE St = , IOJIy4HM KPUTEPUAIBHOE YPABHEHUE JUIS JIOKAIbHOM TEIIIO0TAAa4H

Re Pr
pu TYpOYJICHTHOM OOTEKaHWUHU TIJIACTUHBI:
c 2 1 41
Nu,_ =St Re Pr= %Pr 3Re, Pr = 005 912 Re Pr® = 0,0296Re’Pr?,
2Re’
Nu, =0,0296Re*Pr* . (22.21)

u uucio PeliHonnaca

x=l

N _ 1 5
BBons cpenamii KO3pGUIMEHT TEIIOOTIAYH O = ;ja (x)dx= 2 a
0

l

=

Re = ——, HOACYUTAHHOC MO IJIMHEC IUIACTUHBI U CKOPOCTH Ha6era101uer0 MMOTOKa, MOJy4YuM
Vv

=

KpUTEpUAIbHOE YpaBHEHUE JJIS ONPEAeIICHUs cpeaHero KoddpuimenTa TermiooTaaun
al
Nu = N 0,037Re™*Pr®* . (22.22)

Honyctum, uro 7),>T. , TOraa TEMIOBOM MOTOK, IEPEIaBAEMBbII IIJIACTUHOW MOTOKY KUJIKOCTH
Q=2ab(T -T.), Br.
KonnuecTBO TemioThl, OTAAHHOE 3a BpeMs T

0=07 , Jlx.
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Teuenne B Tpydax
CBs3b Mexay KodhdUIMEeHTaMU TPEHUS U COITPOTUBJIEHUS
PaccmaTpuBas ypaBHEHUE IBHIKCHUS

PP — Vp 4 uViiegp
dr

—

Dw
JU1s1 O€3WHEPIIMOHHOTO TEYCHHUS, T.€. Koraa d— =0, u mpereOperas TpaBUTAIIMOHHBIMUA CUJIAMH,
T

3aMMIIEM ypaBHEHHE CHJIOBOTO OanaHca Juisl aleMeHTapHoro obwsema 4 V>w=Vp (puc.22.3),
z D’
OTKyZa JUIsl TeUeHHs B TPyOe MOIyduM po =7, 7wdxD. Cornacio ¢opmyne [lapcu,

—2 2 —2
alp=§@pl . YuureiBas, 4to W:i, F= Q, T,=¢; pw ,
D 2 Fp 4 2
MOJIy4aeM o :i , (22.23)

rae & - xoadumuent conporuBieHus. TakuMm  06pazoMm, u3  (QOPMYIBl  BHIHO, 4YTO
KOO PHUIHUEHT TpeHuss MeHblle Kod3(duimeHTa COMpOTHBIEHUS B YETHIPE pasa.

Tennootnaya B TpyOe npu JTAMUHAPHOM PEKUME TEUECHUS

[Ipu BXOJIe TIOTOKa B TpyOy Qopmupyercs
HNOTPaHUYHBIN CIOH. POCT TONIMHBI IOTPAaHUYHOTO CJIOSI IPUBOAUT K TOMY, YTO Ha HEKOTOPOM
pPacCTOSHUU OT BXOJA IOTPAHUYHBIE CJIOM CMBIKAIOTCS Ha OCH TPYyOBI, YCIOBHO pa3aeisis
TE€YEHHE Ha TAaK HA3bIBa€Mblli HayajbHBIM M OCHOBHOM Y4acTkH (cM. puc.22.4) c pa3inyHbIM
BUAOM Tpoduisi ckopocTd. PasHble mpoduiam CKOPOCTH NPHUBOAAT M K pasHBIM 3aKOHAM
TEII00TAaYM. PaccMOTpUM TEIIOOTIady Ha OCHOBHOM YYacTKE IMpU JIAMUHApPHOM pPEXHUME
teyenus (Re (Re,,=2300) npu g,-const.

BrigenuM B TOTOKE KOJIBIIEBOM deMeHT (puc.22.4) U COCTaBUM ypaBHEHHE TEILIOBOTO OanmaHca.
Ha xoopaunate R OyneM HMeTh:

Qp =274 R(%)dx, (@)
Ha R+dR: QR+dR:QR+dQ s (b)
. 077Q
rae dQ =0, + IR dR .
Beruuras (b) u3 (a) monyuum : dQ = 7 ZﬂR/i(&Tjdx dR (n)
T IR '

Ha koopamuate x sHTanbmus motoka [, =c¢ prWx 27RdR ,

Ha x+dx: 1

x+dx

:jx+d j:fx + ol dx , Torna
dx

di:;(cprWx 27RAR )dx. e)
X
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WIR) dx
= e |
=l o J
= e - K
SN R N S — I N e e ___jF_IRJ\ gl
P = & ptdp d RdR
=l o
= |a )|<
LH&'—I — LOEH
L./D=0,03Re
ax
P 3 Puc.22.4

Tak Kak TEIUIOBOW IOTOK, NEPEJAaHHbIA 3a CYET TEIUIONPOBOJHOCTH, MIET HA YBEIMYCHHUE
SHTAJIBIIUU KHUAKOCTH B BBIICJICHHOM 3JIEMEHTapHOM 00BheMe, TO MpUpaBHsieM (n) u (e):

2( T o7
2ZTA—| R—— |dRdx = W 27 R| — |dRdx,
d aR[ &Rj r= PR [&x) *

&(R o"Tj:CppWXR (07 Tj
JR\ R A dx)

[Tpu namuHApHOM pEXHMME 3aKOH M3MEHEHHS CKOPOCTH IO paguycy HaxoauTcs mo Gopmye:

2 2
R d(,9T\ c,PWy (JT R
w.(R)=w, [1-| | |, I [ gL )2 P M T1-| R g,
(R) mﬂ{ (RON o &R( aRj A (&xj{ (Ron He e

T c 2 Wmax
qw=const a— =const. O6o03HaUMM: ' P (& T
ox A Jdx

d(Rde _ A(l-( R j JR | (22.24)
dR\ " dR R,

Pa3nenum nepemMeHHbIE U IPOUHTETPUPYEM:

j =4, Torma

dR 2 4R;
3
ar _ 4R _ Rz & (a)
dR 2 4R}) R

I/ICHOHBSYCM IpaHUYHBIC YCJIOBHA IJIsd OIPCACICHUA KOHCTAHT UHTCTPUPOBAHU AL

npu R=0 (de =0 = (=0,
dR ) py

npu R=R, [de =1AR0- (*)
dR oy 4
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[Ipounterpupyem (a) ¢ yuerom C;=0:

2 4
rA - e, ®
0

RS R,
npu R=R,: T=T,, rorna us (b) TWZAT_E +C,,

2
3R, +C,=>C, :Tw—iARg.
16 16

T, =A

[ToncraBnsist koHcTanty C, B (b), MOTy4YuM 3aKOH pacIpeiesieHUus] TeMIEepaTypbl M0 pagunycy

TpyOBI
2 4
T = R——iR—z +T, iARg Wi
4 16 R, 16
ARZ([(RY 1(RY 3
r=ARJ[ R PR 3 (22.25)
4 (R, 4\ R, 4
Onpenenum ko3 GULKEHT TEMIOOTAAYH, UCTIONb3Ys rpaHuuHble yeaous Il pona
all,-T,)= —ﬂ[de : (c)
dR R=R,
W3 (22.25) npu R=0 cnenyer: T, T, = _136 AR; , Torna ¢ yueToM (*) nmeem
iARzoz = lZ.AR (22.26)
16 4" '
44 824
OTKy#a O = 3R 3D Takum 00pa3oM, Ha OCHOBHOM (CTaOMIM3MPOBAHHOM) Yy4acTKe
0

TeueHUs1 KOOPGUIMESHT TEIUIOOTAAUN YBEIUIHBACTCS C YMEHBIIICHUEM JUaMeTpa TPyObl, TaKk Kak
yMeHBH_IaeTCSI TepMI/I‘IeCKOG COl'IpOTI/IBJ'IeHI/Ie l'IOFpaHI/I‘IHOFO CJI04.
HOI[CTaBJ'ISISI a B BLIp&l)KeHI/Ie IJI1 yuciia HYCCCJ'IBTa, nonyqaeM JIs1 OCHOBHOTI'O y‘IaCTKa

oD

Nu=—-= 8_ 2,67 . (22.27)
A 3

Eciu kosdduument TemnooTaauu omnpenensTh IO Mepernagy MexXay TeMIlepaTrypoit
CTEHKHU U CPEJTHEN MO CEUCHUIO TeMIIepaTypoH MOTOKa

7= L j wTdF , To Nu = 4,36. (22.28)
W (F)

[TogBom TeMmIOTH K KameIbHOW JKUIKOCTU WM OTBOJI TEIUIOTHI OT Ta30BOM Cpebl MPUBOIUT K
oOpa3zoBaHHIO0 0Oo0Jee 3amoJHEHHOTO MPO(UIIA CKOPOCTH IO CPAaBHEHHIO C H30TEPMHYECKUM
TeYeHUEeM, U Hao00opoT (cM. puc.22.5 myis ciaydasi KaneiabHOW KUIKOCTH), YTO CKa3bIBaeTCs Ha
TEMI00TAAYE.

B wumxeHepHON mNpakTUKE TMPH pacueTe TEIUIOOTAAauyd MCIOJB3YIOTCS KpPUTEPHAIbHBIC
YpaBHEHHS, TIOJIyYCHHBIC pa3HbIMM aBTOPAaMH HA OCHOBAaHHMHM  JKCIIEPUMEHTAJIbHBIX
ucciaenoBanuii. Tak, B (22.29) yuuThIBaeTCs BIMSHUE CBOOOTHON KOHBEKIIMU (MHOXKUTEIH

l
(Gr Pr)o’l ) U ITIMHA HA4albHOTO y4acTKa ¢ IOMOIIbI0 Ko3dduuuenta & = f (j :

D
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Nu = O‘f =0,15Re"* Pr**(GrPr)"'¢, . (22.29)

Gy =0 &y =0
i OO6bruHO O€3pa3MepHast JIMHA HA4aJIbHOTO yJacTKa Mpu
- T = - = JTAMHHAPHOM PEXUME OMPEEIISETCS 3aBUCUMOCTBIO

Fw=0 g =0,03Re . CymecTByI0T U aApyrue GopMyJibl, HAPUMep,

D 0.33
Nu = I,SS(Pe l} £ . (22.30)

Puc.22.5 CrnenyeT TOMHHTBH, YTO KPUTEpPUAJIbHBIE YpPaBHEHUS
MOKHO HCIIOJb30BaTh TOJBKO B TOM JHMana3oHe H3MEHEHUS
OTIPEACTISAIONINX KPUTEPUEB, JIJIs1 KOTOPOT'O OHU OBLTN MOTYYEHBI.

Tennootnaya B Tpy6ax ¢ NpsSAMOJIMHEHHOHN OCBIO IPU TYPOYICHTHOM JABHKEHUU
st onpenenenust kodppuIMeHTa TeII00TIauu BOCIIONIb3yeMcs aHanoruei PeiiHombaca.
Tax, mpu Re=10"...10" k03 dUIHMEHT COMPOTHBIECHHS OIPEAEISETCS 10 hopMyIie

£=0,184 Re 2. (22.31)
S
4

b

c _
Ucnonwzys (22.31) u cootHomienust Nu =St-Re-Pr, St= Ef Pr % s Cp =

MOKHO ITOJYYHUTDb:

Nu = 0,023Re”® Pr®*, (22.32)
rie Nu = @ , Re= W—D .
A 1%

UtoObl ydecTh U3MEHEHHUE TEeIT0(PU3NUECKUX CBOWCTB MOTOKA MPH MOIBOJIE WIH OTBOJIE
TETIOTHI, (hopMy:ty (22.32) 3aUCHIBAIOT B BUJIE:
0,25
0.8 ..0.43 Prf
Nu =0,023Re™" Pr™ P £ (22.33)
T

- (opmyna Muxeesa. 3mech Pr, paccuuTaH MO TapameTpam JKUIKOCTH TIPH CPEAHEH
TemIeparype *KHUJAKOCTH, Pr, - mo mapamerpam >KMIKOCTHU IpH Temreparype cTeHkH. [lonpaBky
£ =1+2/(L/D) BBOJAT I KOPOTKUX TpyO, korma L/D<50. ®@opmyma (22.34) mosBosser

0oJiee TOYHO YYEeCTh M3MEHEHHE KOd(PPHUIMEHTa TEeIUIOOTAAaud MPU MU3MEHEHHH HaIlpaBiICHUS
TEIJIOBOr0 MOTOKA. Tak, MpH HarpeBe KamneJabHON KUIKOCTH MmokaszaTtenb crenenu n=0,11 , npu
oxnaxnenuu n=0,25 :

Nu =

”fj , (22.34)

é RePr
8 (
M,
1

1,07 + 12,7\E (Pr% - 1)
rac = .
d (1,821gRe—1,64)

[TpuBenenHble Bble (OPMYJbI MO3BOJSIOT PACCUUTHIBATH TEIJIOOTAAYYy M B KaHAJIax

4F
HEKPYIJIOro CCUCHUA NMMYTEM BBCACHUSA IMMOHATHA S3KBUBAJICHTHOI'O JUaMETpa I)BKB :F , e F -

TJIOMIA/h TTOTIEPEYHOTO CEYCHHS KaHana, a [1 - cMoueHHbIi nepuMeTp.
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TennooTiauya B M30THYTHIX U IIEPOXOBATBIX TpyOax

[Tpu nBMKEHUM KUAKOCTU B U30THYTHIX TPyOax BO3MOXKHO BO3HMKHOBEHHE 30H OTPhIBA
MOTOKAa, TO €CTh IOSIBJIGHWE TaK Ha3bIBAEMbIX BTOPUYHBIX TedeHH. B Touke oTpbIBa

ow

KacaTCJIbHOC TPCHHUEC HAa CTCHKEC T,y CTAaHOBHUTCHA PaBHBIM HYIIIO, T.K. —— =0.
n
n=0

VYcioBus U1t OTPBIBA MOTOKA CO3JAIOTCS IPH €0 TOPMOKEHUHU IO KaKOH-THO0 MpUIHHE,

ow
T.e. npu —<0. Bropuunas uupkynsauus Bo3HHMKaeT npu Re ZRe;p. Hamnpumep, nus

i , 16,4
TEUEHUS )KUIAKOCTH B BUHTOBBIX 3MEEBUKAX IPHU D/R>8-10 Rer :ﬁ , tae D-nuametp

TpyOBI, R- paauyc 3meeBuka. OTMETUM, YTO Re;p MEHBIIIE 3HAUYECHUS Rer =2300 g rimagkKux

npsMbIX TpyO. Ilepexon k TypOyJIeHTHOMY peXUMY MPOUCXOIUT TIPH Re;:p >Re,;:

it
dw
g <U Cl‘:) 30Ha oTPHEA
\ dw
ar <0 ¥ =0
dw #
I:E::G' n=(]
lzRe @ __E‘_EKIJ
@
— !
@ REKP

l(DI2R)
Prc. 22.6

” 0,28
Re,, =18500 (D/ 2R) . OOmactu  CymIeCTBOBAaHUS  YINOMSHYTBIX  PEXKHUMOB  TEUCHUS

MpeACTaBIeHbl Ha Tpaduke: 1- pexxuM 0€3 BTOPUYHOU IUPKYJSAINUH, 2- JTaMHUHAPHBIA PEXUM C

BTOPUYHOU MUPKYISIITUEH, 3- TypOYJICHTHBIM PEXUM MTPH HATMYUHA BTOPUIHON IIUPKYIISAIINAH.
BropuuHnblie TeueHUs TPUBOIAT K YBEIHMUEHHUIO THAPOJIUHAMUYECKOTO COMPOTHUBIICHUS U

pocty ko3(pduIMeHTa TEemI00TAaYd, s ONpeAesieHUuss KOTOPOr0 MOXHO IOJIb30BAaThCs

dbopmynoit MuxeeBa ¢ MONMPaBKOU €y,
0,25

Pr, \”
Nu =0,023Re™* Pr**| | ge,  ,rnee, =1+1,8113. (22.35)

Pr

w
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Hanuume 1mepoxoBaTocTH MNPUBOAMT K  HHTEHCU(UKAIMM  TEIUIOOTAAYd  IPHU
TypOyJIEHTHOM [BM)KEHHH B TOM Cllyyae, KOrja BBICOTa OYropKOB IIEPOXOBATOCTH OOJbIle
TOJIIIMHBI JJAMUHAPHOTO MOJCIION U MOSIBIISIIOTCA OTPBIBHBIE 30HBI (CM.pHUC.22.7).

[Ipy namMuHapHOM peXHMe TEYeHHs] YBEINYCHHE
WHTEHCUBHOCTH TEIUIOOTAauud OOYCJIOBJICHO YBEIHMUYEHUEM
MOBEPXHOCTH  TEMJIOOOMEHa 3a CYeT [IepPOXOBATOCTH.
[IIepoxoBarocTh MOXET  yBEJIWYUBATH Kod(urmeHt
TEIUIOOTAAYu B 2.3 pa3a MO CpaBHEHUIO C TIJIAJAKOH
MOBEPXHOCThIO. OIHAKO TMPU CIUIIKOM OOJIBIIUX Oyropkax
BO3MOXXHO O0Opa30BaHME 32 HUMH 3aCTOMHBIX 30H, YTO MOKET
naxke  yMeHbIIUTh  O.  CregoBarenbHO,  CYIIECTBYET
ONTUMAJIbHOE COOTHOILIEHHUE MEXAy IIaroM § U BBICOTOMN
OyropkoB mrepoxoBarocTd O. McciemoBaHus TOKa3aid, 4TO
(s/8 )onT =12...14 . JIns mepoxoBaThIX TPYO MpUMEHsIETCs hopmyna

Puc.22.7

0,25

Pr
Nu = 0,023Re** Pr®* P—f £,
T

w

e e = 0855 )/ 5)_| oo (5)<(5)..
£, =exp 0,85(2) [;j npu (;}(;j , (;j =13, Pr=1...80.

TeriooTaya Opu MonepeysoM 00TEKaHUU TpyO

w,_D
[InaBHOe, Ge30TpbIBHOE OOTEeKaHME TPyObl MMeeT mecto mpu Re=—=—<5. [Ipu Re >5
Vv

=

MOTPAHUYHBIN CIOM OTPHIBAETCS OT MOBEPXHO-

{ry
.

VaRN g
N ~140°
Res 5<Re<10” Re>2-10°

Pnc.22.8

CTH, PUYEM C POCTOM uHciia PeliHONb/Ica YacToTa OTphIBa BUXPEH f BO3pacTaeT MPUMEPHO 110
Re=10’ , mociie 4ero CTAHOBHTCS MOYTH IOCTOSHHOI BEIMUYMHOIL, XapaKkTepPU3yeMOH YHUCIOM

D

=

Crpyxans Sh = =0,2, rze f - yactoTa OTpbIBa BUXpeu, 1/c.
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o, Brim? e ey

575
500

d Re=2-10°
450

320

PaccMoTpuM XxapakTep HW3MEHEHHUs JIOKaTbHOrO KOd((UIMEHTa TEeIJIO0TAaYd IPpU
normepeunoM obrexannun muanHapa (Re=2-10"), puc.22.9. Ha yuactke ab wumeer MecTo
JTaMUHAPHBIN MOTPAHCIION, U3-32 POCTA €T0 TOJIIMHBI & TIAJaeT. Y4acTOK bc - MPoIiece nmepexoaa
K TypOyJIEGHTHOMY pEXHMY, YTO COIPOBOXKIaeTcsl MHTeHCUBuKaiuei teruoornayn. Ha yuactke
cd ¢ pOCTOM TOJIIMHBI YyXe TypOYJIEHTHOrO MOTPaHUYHOTO CJIOS (¢ CHOBAa HA4MHAaET
yYMEHbIIAThCA. B Touke d MOTOK OTPHIBAETCS OT MOBEPXHOCTH, MOTPAHCION pa3pylIaeTcs, 4To
MPUBOANUT K YBEeIWYCHHUIO Kod(dduimenta TerooTaaun. M3 pucyHka BUIHO, YTO TIPHU Re=10’
3aBHUCUMOCTh KO3((dUIlIMeHTa TeII00TAaYd OT yIjla HECKOJbKO WMHas: BHadaje Ol Majaer h3-3a
pocTa TOJIIMHBI JIJAMUHAPHOTO MTOTPAHUYHOTO CJIOS, @ 3aT€M PACTET B 30HE OTPHIBHOTO TEUEHUSI.

B pesynbTare uccienoBaHHil TEMIOOTAAYM MPHU TOMEPEUYHOM OOTEKaHUH OIMHOYHBIX
UIMHPOB OBLTU MOTYYEHbI CIEAYIOUINE KPUTEPHAIbHBIC YPaBHEHUS:

0,25
Pr, \"
Nu =0,5Re”’ Pr°’38(Pfj , Re=5...1000 (22.36)
rw
PI' 0,25
Nu = 0,25Re"° Pr°'38(Pf} ,Re=10"..2-10° , (22.37)
rW
rae Nu=@; Re = w.D .
A, V.

TennooTrnaya mnpu MONEpeyHOM OOTEKaHWU TpyO 3aBUCHT OT CTENEeHU TypOyJEeHTHOCTH
Ha0erarouero noToka, moj KOTOpoi MOHUMAIOT OTHOIIEHUE

1 — — —
—| WP+ W+ w?
3 ) ¢

w

o

Tu =

ITpu Tu<0,14 u ReTu =10%..10" cripaBeanmBa Gpopmyna
Nu,,. = Nu, (1 +0,09(Re Tu)?) (22.38)

rae Nuy - uncio Hyccenbra, onpenenernnoe o gpopmye (22.37).
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Ecnu motok o6Tekaer TpyOy HE IO HOPMaJIH, a Mo KaKUM-To yriom (puc.22.10), To

&, =a|,_,(1-0.54cos’ ), mpu y =30°..90° . (22.39)

Tennootaaya npu nonepeyHoM 00TeKaHUuU
IOYYKOB TPYO
BosbIIMHCTBO TEMIOOOMEHHBIX aNmnapaToB COCTOAT U3
ny4koB TpyO (OpeOpeHHBIX WM TJAAKHX), [OITOMY
paccMOTpHM  OCOOCHHOCTH TEIJIOOOMEHa TIpH BHEIIHEM
o0TeKaHMM  IMy4YKOB TpyO mnoTokoM. IIpumensrorcs nBa
OCHOBHBIX THIA IIyYKOB: KOPUAOPHbIE U IIaXMaTHBIE.

e
el XapakTepHbIMU T€OMETPUUECKUMH T1APAMETPAMH  SIBIISFOTCS
é

OTHOCHTeJTbHBIE Tark Mexy ocsmu Tpy6 s, /d u s, /d. B

KOpuJgopHOM Tniyuke (puc.22.11) MakcuMmanabHOE 3HAYCHUE
JIOKAJIbHOTO KOX((HUIMEHTa TEMI00TAAuN JOCTHTaeTCs IpH

Yoo o yrme  @=50". [lepexoq k TypOyJeHTHOMY TEYEHHUIO

wd
npoucxoxut mpu Re, ~10°, Re=—, rae w- CKOpOCTb B
14

I
|
|
I
|
1 CaMOM y3KOM CEUCHHH ITydKa.
Q._L.) [Ipu Re = 10°...10° cnpaBeIrBa Gopmyia
|

0,25
— Pr. \"
Nu = ad _ 0,26Re"“Pr®¥| L | ¢ ¢, (22.40)
Puc.22.10 A Pr |

w

s -0,15
re € = (c;j - KO3(pGUIMEHT BIUSHHUS Iara BIOJb

NO0TOKa, KOd(QQuIMEHT €; yuyuThIBAeT HOMEp psAna B myuke. C yBeJIMUYEeHHEM HOMepa psja i

KOO PHUIMEHT TEIIOOTAaYN BO3PACTAET, TaK KaK IEpPBbIC PSAAbI JEHCTBYIOT KaK TypOyJIn3aToOphI
U YBEJIMYMBAIOT MHTEHCUBHOCTh TEIUIOOOMEHA M MAaKCHMAallbHOE€ 3HAYE€HHE O MPAKTUYECKU
JIOCTUTAETCS YK€ K TpeTbeMy pany (cMm. puc.22.12). JletanbHoe M3ydeHUE T€UEHUs MTOKa3bIBAeT,
910 90%CcTabnnu3anus NoToKa MPOUCXOAUT Nocie 4-To psfa U MOJTHOCTHIO 3aBEPIIACTCS MOCTe
14-ro psga. Jns ompeneneHuss KoddduuueHTa TEIUIOOTAAYM BCEro IMydKa B IIEJIOM
IIPOU3BOJUTCS OCPEIHEHUE 110 BCEM pPsJiaM:

_M (22.41)

DY

rae @&;, F;- coorBercTBeHHO CcpeHuil KOOQGHUUNEHT TEIUIOOTAAYN U CyMMapHasi IIOBEPXHOCTb

o

TpyOoK i-ro psna. Yuciao PeifHonbaca moicuuThiBaeTcs MO CKOPOCTUM B Haubosee cxaToM
CEYEHUH ITyYKa.

Jns  maxmaTHeIX TydkoB (puc.22.13) mnpumensercs Ta ke (Qopmyna, HO C JAPYTUMH
MOCTOSITHHBIMH KO3 DUITECHTaAMU:

5 Pr
Nu= G,zd =0,41Re"Pr’¥| -~ | € &, Re=10".10°, (22.42)

0,25
Kt A4

w

s s s
npu <2 g =|—"| ,mpu—+22 g =112.
52 52 52
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B oTnnume oT KOPUAOPHBIX, B MIAXMATHBIX My4YKaX MaKCUMaJIbHBIA JOKAJIbHBIN KO3(DPUIM-

CHT TCIJIOOTAAa4YU UMECT MECTO IIpHU (p=0

D

e P
SO D P
T P D
L €

::>@ .

H
Il
Ak

Puc.22

D

i=2

A3

i

1,0

0,9
KOPHT 0pEEL TV 0K

0,a

07 /<
\ IS MATHEE [T 0K

0,4

0,5

1 2 3

Puc.22.12

N AN
NN

yAR

L]
Il
L



259

23. TeriooTaa4a nNpu ¢cBOOOTHOM JABHKEHUH KUTKOCTH
TermnooT/1aua OT BEPTUKAIEHON CTEHKH
PaccmoTpuM namMuHapHBIN NOIpaHUYHBIN CIOM Y BEPTUKAIBHOM IIaCTUHBI (puc.23.1)

npu ycnosusax T, = const ;d—p =0 . Terodusnueckne CBOMCT-
dx
X Ba JKMJIKOCTH Oy/leM CUMTAaTh MOCTOSHHBIMU 33 UCKJIIOYEHHEM
IIJIOTHOCTH, KOTOpasn 3aBUCHUT oT TCMIICPATYPhI:
\ﬁ._ _ p =p.(1-BY) , 9=T—T_. Cuutas, KpoMe TOTO, UTO CHIIbI
G +d MHEPLUU MPEeHEOPEKUMO MaJbl, T.€. IPe0dIagatoT MOIbEMHBIE U
BA3KOCTHBIC CHJIbI, U3 YPABHCHUA ABUIKCHUA TOJTYUUM:

+g(p.—p)=0. (23.1)

dw,

dy’
DKCTIepUMEHTAIBHBIE HCCIIEIOBAHUS MMOKA3aJIH, YTO 3aKOH H3Me-
HEHUS W30BITOYHON TeMIepaTypsl B TEIUIOBOM IOTPAHHYHOM
CJIOE OIUCKHIBACTCS BHIPAKEHUEM

¥ 2
ﬁza{y-yj. ()

adx

S .
ey T M

& o

T T
HaiimeM cBsI3b MEXIy TOJIIMHOW TMOTPAHUYHOTO CIIOS U KOA(-
(1)I/II_[I/I€HTOM TCILJIOOTAA4YU, AJIA YE€ro BOCHOHBByCMCH I‘paHI/Iqul—

mu ycaoBusimu I pona:

Puc.23.1

dv

a v, = —/1(
dy

] . C yuetrom (a) umeeM:
y=0

Llla)s)L

torna Qa3 =|24 -2 _ b 3, , CIIEIOBATENIBHO,
s\ e ),

9
dy

24
o, =—.
Or

Ilpu §; =0 @ =0c0 - HET TEPMUYECKOTO COMPOTUBIICHUSL.

(23.2)

[Ipounrerpupyem ypaBHeHue nBuxkeHus (23.1) c yuetom (23.2) u (a):
d*w d’w y ’

+ =0, “+gp. P |1-——| =0,
e gp.B ’ldf gp. B ( z

2 2
cifx:_gﬁaﬁﬁyl_zgg+41 _
dy H o \Op

gp.BY

Y- = A, pa3aenuM NepeMeHHbIe U ABaXK/bl IPOUHTErPUPYEM:
U

2 2 3
i dwx :—A 1—2,l+ l , dWX:—A y_L+1L2 +C1’
dy\ dy o, \o; dy o, 30;

2 3 4
yooy 1y
w=-A">‘ -2 + 2 |4Cy+C, . b

* (2 3@‘12£] 1T ®)

Y7

BBenem o0o3HaueHne
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Haminem nocrossHHble nHTErpupoBanud. [Ipuy y=0:w, (y) =0= (C,=0,

5 8 8 1
npu y=0,: w_(0,)=0, Torna — A 7_?4_5 +C6,=0,=C, :ZAﬁT . Hoxacrasnsis Cy
B (b), mony4ynm 3aK0H U3MEHEHHSI CKOPOCTHU MO TOJIIIMHE TEIMJIOBOI'0 MOTPAHUYHOTO CIIOSI
3 2 4
y 1 y_ Ly
w =A ——+-0y-————5|. 23.3
() (35T 40— 125%] (23.3)
d
Ucnone3ys (23.3) u ycioBue w:;(y) =(, MOXXHO HAlTHU PacCTOSTHUE OT CTEHKH, HA KOTOPOM
Y

CKOPOCTH B MOT'PAHUYIHOM CJIOC MaKCUMAJIbHA: Wx = meax

npu yz; 0, (puc.23.2). Hanummem

YpaBHCHHUEC TCIIJIOBOTO OanaHca JJI1 BBIACIICHHOT'O HETIOABUXXKHOI'O DJICMCHTA:

a8, 1di=c,ddG, ()
dG=d(wp 6, -1), (d)
CpenHrie TIO TOJIIWHE MMOTPAHUYHOTO CIIOSI CKOPOCTh U
B TEMIEPATYpy HaWJeM, MOJCTaBIAsS B MHTETpalibl BbIpa-
s xennd (23.3) u (a):
1 Sy 2
L _ 1 AJ.
361 wo=— [w(dy="T, )
—y Or % 40
5y
Wx [(.}?,-:I 5 — i o dy = ﬁ
5 j; (y)dy s (®

ITonctaBum (d),(e) u (f) B (¢):

I a ddx= 193”' c,p. :&)aﬁf, a ¢ yuetoM (23.2) U BhIpaKe-

| ¥
= ﬂ Hus o A :
T c '
5 % dx = 1"0""75]’3” d(§ T* ) ,
o, 120u
Puc.23.2 2
c o
%dx = 1"0“'7&3‘”35}2 dé, .
o; 120u
Paznenum nepeMeHHble U TPOUHTETPUPYEM:
4
—820/1 A = 8,dé,, o = 820/1,u X
Cppoogﬂﬂw 4 CpP gB v,

TakuM 00pa3zoMm, 3aKOH W3MEHEHHUS TOJIIUHBI TEIJIOBOTO MOTPAHUYHOTO CJIOS, Pa3BH-
BAOIIETOCS Y BEPTUKATBHOW TJIACTUHBI, UMEET BU]I

| 320 ux
Op =4 — 5 . 234
T 4Cpp02° gﬂﬁw ( )

OmnpenenuM Teneps JOKANbHBIN KOAQQHUIUEHT TEIUIO0TAaYN
164% p B, Ve pofe 7
o, :% = Cl’p""g’b) i =0,473 M
o, 320 Aux U X

U JoKalibHOE uncio Hyccenbra

X

3 2 19 0,25
Nu = %X _gu7a| X CP-8P0 1)
A y) P U
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— gﬁ x3?9w Pr — Cl’ ﬂ

VYuureiBasg, uro Gr, , IOJIy4aeM KpPUTEPUAIBHOE ypaBHEHHUE Te-

v? A
TI00TAaYN
Nu, =0,473(GrPr)">. (23.5)
CpenHuii o [UTMHE TUIACTUHBI KOO QHUIIMEHT TEIUIOOTAaYH PaBeH
H
o= ;I J-Ot(x)dx = ;10{ ., »acpennee uncno Hyccenbra
0
Nu = O‘f = 0,63(Gr-Pr)"™.
B cirydae mocTossHHOHM TNIOTHOCTH TETIJIOBOTO IMOTOKA Ha CTEHKE ¢, =Cconst:
Nu, =0,6 (GrXPr)O’ZS, a= ia" o, Nu =0,75 (Gr . Pr)o’zs.
4 x=H
C [IpuBenennpie (Gopmymnbl CrpaBeIUBBl B
S CC)%S:)CS?ﬁ (o muanaszone  (Gr-Pr)=10"...10°, korga pexum Tede-
ﬂEC:] ((jj(: ST HUs SBIsSIETCS JJaMMHapHBIM. Kputnueckoe 3Haue-
i 8( (ggj%gﬁ HUE JUIS Tepexoja K TypOyJIEHTHOMY pexumy -
58%(%?( :,%:x g (Gr-Pr),p=6- 10", TIpu TypGyneHTHOM pexuMe
(?3,::](:]3'(:)3% o3 CIIPABEJINBEI CIEAYIOLINE 3aBUCUMOCTH:
59s [ [ Nu, =0,15(Gr, -Pr)"*, mn
Gt 2 5 13
; TYPEVIEHTHER 3 ¢
(SC ([: :IC:) 5(z) aX_ 0,154 gﬁ#i , OTKYJ/Ia BUMM, YTO
R A v: o A
S S g NEpeX0HED pU TypOYJIEHTHOM peKUMe KO3 PHUIIUEHT Terio-
A e OTJIa4¥ HE 3aBHCHUT OT KOOPIUHATHI X :
TMANHHApHETH /3
v .c
o, =015 ﬂ(‘gﬁ;"ﬂj (cm.prc.23.3).
VA
Temmoornada oT TOPU30HTAIBHBIX TPYO
Puc.23.3 U TIPOBOJIOYEK ITPH CBOOOIHOM KOHBEKITHH

Xapaktep CBOOOAHOTO JBHKEHHS OKOJIO TOpsi-
YUX TOPU3OHTAIBHBIX TPYO MpeacTaBieH Ha puc.23.4. Uem
Oosble nuameTp TpyOsl, TeM OoJiee BEPOSITHO pa3pylIeHHUE
JAMUHAPHOTO TMOTPAaHUYHOTO cios. Y TpyO Majoro aua-
MeTpa TypOYJIEHTHOE TeUueHHE MOXKET BO3HUKAThH BAAIH OT
TpyObl. Cpennue Kod(DPHUIMEHTHI TEIJIO0TIAaYH MPU CBO-
00IHON KOHBEKLMH OKOJIO TOPHU3OHTAIBHBIX TPYyO mpHU
Gr-Pr=10...10° ompememsrorcst 1o dpopmyire

0,25
Nu=%9 - 0,5(Gr - Pr)O’ZS(Pr“J . (23.6)
A Pr,
OkoJi0 TOHKUX TIpoBoJiouek auamerpoMm d=0,2...2 MM 00-
pasyercs HeMoABUKHAs MJIEHKA HATPETOM JKUIKOCTH.
Takoi pexuM Ha3bIBAETCS MJICHOYHBIM, TETUIOOOMEH OCYIIECTBISIETCS TETUIONPOBOTHOCTHIO.
[Ipu nnenounom pexxume Gr-Pr<1, Nu =0,5 . Onpenensromieii TeMnepaTypoi sBIsSETCS Cpel-

+T7,

_ Too
HsAg TeMneparypa 1T = B

Puc.23.4
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24. OTaeabHbIC 32024 KOHBEKTHBHOI'0 TENJI000MeHa
TGHHOOTI[a‘Ia KUAKHWX MCTAJIJIOB

[IpuMeHeHne KUIKMX METAIJIOB, TAKUX KaK KaJdui, HATPH, 11€3Ui TO3BOJISET CO3/1aBaTh
BBICOKOTGMHGpaTypHBIe KOMITAKTHBIC TGHHOO6M€HHBI€ annapaTbl. HOCTOI/IHCTBO KHUJIKOMETaJI-
JUYECKUX TEIJIOHOCHUTENIEH B TOM, YTO BBICOKAs TEMIIEpaTypa TETIOHOCUTENICH 00ecrieunBaeTCs
HpI/I HHNU3KUX OJAaBJICHUAX, OAHAKO HpI/IMeHeHI/Ie 6OJ'IBLHI/IHCTB3. KUIKUX MCTAJIJIOB TpCGyGT JJI
BBITIOJTHEHHS TIO’KapHOU 0€301MacHOCTH aOCOOTHON repMeTHYHOCTH TA.

Jnis yKa3aHHBIX TEMJIOHOCUTENIEH XapaKTEpHBI BHICOKHE 3HaueHHs KoddduuumeHra rerm-
gompoBogHoctd A=50...90 B1/(M-K) 1 ouens mansie uucina [Ipanamis Pr=0,005...0,05, mostomy
B IIepeade TEIJIOThl CYIIECTBEHHYIO POJIb UTPAET TEIIOMPOBOTHOCTD.

Jns onpeneneHuss TEIUIOOTAAYM B TpyOax MpH TYypOYJIEHTHOM pEXHUME TEUeHUs
MO>XHO HCITOJIh30BaTh (HOPMYJIBI:

Nu =7+0,025Pe® pH ¢,,=const, 24.1)
Nu =5+0,025Pe”® npu T, =const, (24.2)

rae Pe = Re-Pr.
Hanudaue OKUCIIOB Ha TpaHUIC CTCHKA-METAJUT MIPUBOJIUT K YBEIIMUYCHHUIO TEPMHUYECKOTO
COIPOTHURJICHUSI U YMEHBIICHUIO KO3(D(DHUIIMEHTa TEIIOOTJauM 10 CPABHCHUIO C BEJIUYMHAMH,

onpenensieMbiMu 110 popmyiam (24.1) u (24.2).
OneITHOE HCCIIEIOBAaHUE IO3BOJIMIIO IMOJIIYYUTh KPUTEPUAIbHOE YPaBHEHHE BHJIA

0,16
Nu=(33+0,014Pe" )¢, , rie &, = 1,72(?) npu /d< 30, 0<Pe<8-10°.

HccnenoBanue TEIUIOOTAAYM MPHU MONEPEYHOM OOTEKaHMU IYYKOB TPYyO IOKa3ano, 4yTo
TEIIOOTAa4a B mepBoM mydke Ha 20% Hmxke, yeM B mnocieayoumx. Jis riryOMHHBIX
My4koB ObUTa Tony4deHa ¢dopmysa

Nu =Pe”.
Bnusaust pacnonoxenuss TpyO B mydke He Obulo oOHapyskeHo. [lorepro naBineHHMs B Tpak-
Tax IpU TEYEHHUU JKUAKUX METAJUIOB ONPENENAIOT M0 TPAJULHMOHHBIM (hOopMysaMm.

TerutooTiaya Opy ABMYKEHNH ra3a ¢ OOJBIION CKOPOCTHIO
I[O CHUX HOp MbI CHUTAJIHU, YTO IIOTOK HECXKUMAEM, T.C. p = const. 3TO CHpaBe,Z[.HI/IBO JJIA Ta30BbIX

Cpell TIpU CPAaBHUTEIHHO HEOOIBIINX CKOPOCTSX, Korna M = Y S 0,3. Ecmu M>0,3, ne-
a Ak

00XO0JIMMO YUUTHIBATh CKUMAEMOCTh, a TAKXKE TMCCUNAINI0 KHHETHYECKON sHepruu. TernnoBoit
MOTPAHUYHBINA CIION (popMHpYyeTCs HE TOIBKO B pe3yibTaTe TEIIOOOMEHa, HO U 3a CYET JAMCCHU-
Hanuy KHHETUYECKON SHEPTUU JBUKYIIETOCs ¢ OOJIBIION CKOPOCTHIO MOTOKA.

[Monyunm ypaBHEHUE SHEPTUU ISt 3TOrO ciydas. Coobmiaemasi €IMHHUIIE MACChl TTOTOKA
TEIUIOTa CKJIAABIBAETCS U3 TEIUIOTHI dg, MOJABEACHHON HM3BHE TEIUIONPOBOIHOCTHIO, U TEILIOTHI
TpeHus dq., . COrnacHo NepBoMy 3aKOHY TEPMOJMHAMUKH, MOYKHO 3aIMCaTh

dq+qup =di—vdp, wmm dq+qup :di_/l)dp'

JuddepeHurpoBanue MocaeHEro BHIpaKeHHs! 10 BpEMEHU
dq  d4, _di 1 dp

dt dt dt pdr
Y TIEpPETPYNIUPOBKA WICHOB MPUBOANT K Au(dHepeHITnaTIbHOMY YPaBHEHUTO

di dp _dgq dq,
P~ *_P* - -
dr drt dt
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d
N3 ypaBHEHHs TEIIONPOBOAHOCTH CIEAYET pzqz/IVZT. Crnaraemoe ,0ﬂ BBIPA3UM
T
yepes u®, rme yud - muccunaruBuas Gpynkuus Penes,
2 2 2 2
ow ) (ow, ) ow.  Ow, ow, 9
D=2 | | o] T [ D | | D T r W |y
ox dy oz dy  ox dz  dy

2
ow. dw 2. v
+ x| =2 (divw)
ox 0z 3
C yueToM CKa3aHHOI'O, YPaBHEHUE 3HEPTUH JUIsl BHICOKOCKOPOCTHOTO MOTOKA MPU OTCYTCTBUH
BHYTPEHHETO TeIIoBbIAeNEeHUS (¢,=0) IpUHUMAET BUL
di d
p &P ANT 4 ud (24.3)
dt drt
JlBa HOBBIX uiieHa ypaBHEHHS dp/dTu uP yuuTHIBAIOT, COOTBETCTBEHHO, Pa0OTy paCIIUPEHUS U
JUCCUNALIMIO KHHETUYECKON IHEPTHH.

CKMMaeMOCTh ITOTOKA OKA3bIBACT BIMSIHUEC U Ha YpaBHCHUEC ABUKCHUA:

pgw =-Vp+uViw+gp+ ; 1 grad(divi) . (24.4)
T
YPaBHeHI/Ie CINIOIIHOCTHU OCTACTCA HCU3MCHHBIM

9%, div(pw)=0.

ot

N3 xypca ruapora3ofMHaMUKH U3BECTHO, YTO DHTAJBIINSA U TEMIIEpaTypa TOPMOKEHUS Olpese-
JIAIOTCS BBIPAXKEHUSAMHU

2 2 2
=it T =T 1+ |=T, 4 k=i
2c T 2kRT

P
Tak kax a® = kRT (a - TepMOaMHAMUYECKAs] CKOPOCTh 3ByKa B UJI€aJIbHOM Tase), TO

2
T =T. 1+@W—2 :Tm(1+(k_1)M2j.
2 a 2

Beipaxkenne 11 Temreparypbl aanabaTHUeCKON CTEHKH OTJIMYAeTCs OT TeMIepaTypbl TOPMO-
KEeHUS KOd(PPHUIIMEHTOM BOCCTAHOBIICHUS 7 :

T :Tw(1+r(kz_l)M2j, (24.5)

aw

aw

-T .
rae r= ﬁ - K03 PHUIUEHT BOCCTAHOBJICHUS TeMIIEpaTyphl (SHTAIBINK). AnuabaTHON Ha-

3bIBACTCS TEMIIEpaTypa, KOTOPYIO TOKa3ajl Obl HEMOJBMKHBIA TEIJIOW30JIMPOBAHHBINA TEpPMO-
METp, HaXOJAIIUICS B BBICOKOCKOPOCTHOM IOTOKE KMIKOCTU. TepMoMeTp mokaszan Obl TeMIe-
parypy 7. TOJIBKO B TOM CiIydae, e€ciid Obl OH JBHUTrajicsi BMecTe ¢ motokoMm. Ecim r>1, To
MHTCHCUBHOCTH BBIJICJIEHUS TEIJIOTHI TPEHUS MTPe0o0IalacT HaJl MHTEHCUBHOCTBHIO OTBO/A TEILIO-
ThI B T'a3, eciu <1, To npeo0iagaeT OTBOJ TEIIOTHI.

[Tpu naMuHapHOM pekuMe 00TEeKaHUH IJIACTUHBI

r=-Pr. (24.6)
pu TYpOYIIEHTHOM r=3Pr . (24.7)

dusndeckne CBOMCTBA rasa JJIs1 BBIYHUCIICHHUA 4YUClia HpaHI[TJ'IS[ AOJIKHBI OIIPEACIIATHECA MPU TaK

Ha3bIBAEMOW ITAJIOHHOW TEMIIEPAType, BBEACHHON JKKEPTOM:
T =T +05(, ~T.)+022(T, ~T.) . (24.8)

PaccmoTpuM n3MeHeHue TeMnepaTypbl B IOTPaHUYHOM CJIO€, MPEICTaBICHHOE Ha puc.24.1.
KpuBas 2 cooTBeTCTBYET ciydaro Terion3onupoBanHon creHku (T, = T,,). [loBbllIeHNE Temme-
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paTypsl raza OTHOCUTENIBHO 7., BBI3BAHO BBIICJIICHUEM TEIJIOTHI B IOTPAHUYHOM CJIO€, MIPHU-
YeM OTBOJ TEIUIOTHl MPOUCXOIUT TOJILKO B ra3. Kpuas 3 oTpaxkaer ciydail, Korja BbIICIUB-
mIasicsl TEII0Ta OTBOJUTCS KaK B MOTOK, TAK U B CTEHKY, YTO MPUBOJUT K YMEHBILICHUIO TEMIIe-
paTypbl CTEHKH 10 CpaBHEHUIO ¢ aguabarudeckoit (T, < T,,). B ciydae, korga TenioBoi MOTOK
HaTpaBIlieH OT CTeHKU B ra3, T,, > T,, (xpuBas 1). Takum oOpa3om, B OBICTPOIBHIKYIIIEMCS Ta3e
TEIJIOBOM MOTOK HAIpaBJIeH OT CTEHKH B Ta3, eciu 1., > Ty, ¥ OT ra3a B CTeHKY - pu 1, < Ty, .
[ToaroMy myist ompenesieHUs: IJIOTHOCTM TEIUIOBOIO MOTOKa B ypaBHeHHEe HproroHa-Puxmana
CJIEAyEeT BMECTO TeMIEepaTypbl

Y T

Prc. 24.1
HEBO3MYIIIEHHOTO TIOTOKa 7., BBECTH TEMIIEpaTypy aauadaTHYeCKOW CTEHKH Ty,
g=a(T,-T,,). (24.9)

KoadduumenT rermnoornaun npu oxaaxIeHUU TypOyJIEHTHOTO MOTOKA BO3YyXa, ABHXKYLIETOCS
B TpyO€ CO CBEPX3BYKOBOM CKOpPOCTBIO (M >1), MOKeT OBITh ONpe/iesieH, HalpuMep, U3 ypaBHe-

HUA
0,42

T
Nu = 0,022 Re"® Pr®* T—f e (24.10)

* l
rae Ty - cpenHss IO CEYEHUI0 TEPMOAMHAMUYECKasl TEMIIEpaTypa rasa;

d 0,12
£, :1,38[j mpu - <15.
X d

25. TennrooO6MeH npu (a3oBbIX NMPeBPALICHUSIX
TemnooOMeH NpH KOHJAECHCALIMU Iapa
OCHOBHBIE IT0JIOKEHMS
Bo MHOTHX TemI000MEHHBIX ammapaTax UMEIOT MecTo (a3oBbie nepexobl. [Ipu KoHaeH-
Calldd YHUCTOTO Mapa Ha MOBEPXHOCTU BO3MOXKHBI JIBE€ CUTYAlMH: MMOBEPXHOCTb CMAYMBAETCS
YKUJKOCTHIO (TUICHOYHAsI KOHACHCAIHS ), WM HE cMauuBaeTcs (KarenbHast KoHaeHcanus). Koadg-

q)HuHeHT TEIUIOOTJA4YU MPU KANEIbHON KOHAECHCALUU OoJbIIE, [ Bce koHpaeHca-

IJICH *
TOPBI MAPOBBIX TYPOUH PACCUMTHIBAIOTCA B MPEAINOJIOKEHHUH, YTO MOBEPXHOCTU TPYO cMauuBa-
I0TCsA. PaccMOTpUM MMOBEPXHOCTH, HA KOTOPOU ITPOUCXOJUT KamesIbHAas KOHACHCALNS KUIKOCTH.
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CMauMBaeMOCTh XapaKTEPU3yeTCsl KPaeBbIM yIJIoM 6, 00pa30BaHHBIM KacaTeIbHOM, IpO-
BEJICHHOW K IOBEPXHOCTHU XKMJIKOM (ha3bl uepe3 TOUKYy KacaHUs TpeX Cpel, U IMOBEPXHOCTBIO
TBepaoro tena. KpaeBoil yros Bcerna OTCUMTHIBAETCS 4yepe3 KHUAKOCTh (cM. puc.25.1). Broas
Ko3(hPUITMEHT TOBEPXHOCTHOTO HATSHKEHUS O, H/M, cocTaBiM ypaBHEHHE CHIIOBOTO OalaHca
0,,=0,,+1t0,,c0s0, (25.1)
0,,—0,_,—0,,20 - ycnoBue cMaunBacMocTu. IIpu

6=10° MOBEPXHOCTh 00JaaeT aOCOMIOTHON CcMadvu-
BAaEMOCTbI0, IpU 0= 180° MOBEPXHOCTH a0COJIIOTHO HE
CMayMBaeTCAd MTaHHOM KUJKOCThIO. PaccMOTpUM KOH-
JICHCALIMI0 HENOJBMYKHOTO YHUCTOrO Iapa Ha BEPTHU-
kanpHOM cTeHke npu 1), < T,. IloTok mapa, KOHACHCH-

pylolerocs Ha MOBEPXHOCTU TJIEHKU O003HAUYUM  Jpy

, @ IOTOK
napa OT JKMAKOCTH - Jupp. 1OTAAa pe3ylbTUPYIOIIHMA
Puc. 25.1 MOTOK MacCChI napa paBeH
N =™ T = (,Onw11 )T - (ann )T . Tloncrapnsis
CI0J]a BBIDAKECHHUE IS TUIOTHOCTH Iapa u3 ypaBHeHus Kiamelipona p, = Py CpeIHEeN CKO-
. . RT,
pOCTH MOJIEKYJN Iapa, ONpPEIEJIEHHOW IO KMHETHYECKOW TEOpHH ra3oBw, = , TOJIyY1M
dopmyny I'epua-Kuyncena
Aj — 1 p‘Y _ pl'I (THH) (25 2)
\ 27[Rr1 \ TY \Y Tl'IJ'I

¥ JleicTBUTENbHBIN PE3YIbTUPYIOLIUM MTOTOK MAaCChl MEXIY MapoM U

TUICHKOW OTIIMYAeTCs OT MOJACYUTaHHOTO 10 popmye (25.2):
Aj, =Ajy,rtae x - KodQQUUMEHT KOHAECHCALUM, ONPEAEIAEMbIH

OTHOIIEHHEM KOJHWYECTBA 3aXBAaUCHHBLIX IICHKOM MOJICKYII Iapa K

¥ KOJIMYECTBY MOJICKYJI, YIAPUBIIUXCS O IOBEPXHOCTh IUICHKH -
n
¥ =—"*. boyee mo3HUE HWCCIECIOBAHMS TOKA3aJd, 9YTO
n aj
(ﬂ“w“)Tﬁn - P 35
Aj, =4 f(x).tae f(x)= X = os -
1-04y Dy
(;DHWH)T Yem Oo0Jbllle yIAPHBIIMXCA MOJCKYJI OTpakaeTcsi OT

MOBEPXHOCTH TUICHKH, TeM OOJbIIe CKAauyoK Temmeparyp (cMm.
puc.25.3) B KHYJICEHOBCKOM CJIO€, PaBHOM JIJTMHE CBOOOJHOTO
npobera MoJieKynbl. Takum o0pazom, TEPMHUUECKOE
CONPOTHBIICHUE TIPU Tepelnade TeIUIOTBI OT TMapa K CTEHKe
CKJIQ/IBIBAETCS M3 COMPOTHBIICHUS TUJICHKA M CONPOTUBIICHHS HA
rpanuIle pazaena ¢as.

Puc. 25.2
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3aucumocts AT, = f(x,p,) Xa-

paKTepH3yeTcsl YMEHbIIEHUEM CKad- AT
Ka TeMIepaTypbl IPU CTPEMJICHUU Y

K €IMHUIIE U C YBEJIMYEHHUEM JaBlie- 1o
HUS HACBIIIEHUS.

Crnengyer 0co00 OTMETUTh, YTO IPH
KOHJICHCAllUU IMapa Kpurepui Re
BBITIONTHSIET J1Be GyHKUHU. C OgHOM
CTOPOHBI, OH XapaKTEPU3YEeT PEKUM
TEYEHUs, Harpumep, npy 2

w

11

Re =—"—"">5 HAYUHAETCS
Vo« 0,002 1 ¥
BOJIHOBOE, a npu Re >400 - typ-

p=009% Gap

OyJICHTHOE TeUEHHUE TUICHKH KOHJICH- Puc.25.3

caTa, ¢ Ipyroil - HHTEHCUBHOCTH Te-

wiootnadn. [Tokaxem 3T0. BeImennM 31eMEHT TJICHKHU JTHHOW dX W 3alMIleM ypaBHEHHUE TEll-
JIOBOTO OajaHca:

o (T-T,)dx 1= r'dGm, (a)
rie G, =wd . p 1.
[Mpounterpupyem (a) ot 0 o x A AT -x=r SHH Wp ., ¥ BBIPa3UM CPEIHION0 TOJIIUHY IUICHKU:

= aAT -x .
0, =———— Teneps uncino PeifHONbICa MOKHO HEPENHCATH B BUJIE:

rwp,

_WO,pP, _WAATxp, aATx
Yucno PeliHonpaca npy INIEHOYHOW KOHJIEHCALIMKM CTAHOBUTCS ONPENCIIIEMBbIM KPUTEPUEM, Xa-
PaKTepU3YIOIUM HHTEHCUBHOCTD TEIUIOOTIa4H, TaK KaK B HETO BXOJUT UCKOMBIA KO GHUIIMEHT
TEIJIOOTJa4H.

Re

jsnig

(25.3)

Tennoomaqa IIPU KOHACHCAIINHU HCIIOJABHUKHOI'O YUCTOI'O I1dpa HA BGDTHK&HBHOﬁ CTCHKC IIpU
JIJAaMHHApHOM DeXuMe TedeHus IuieHKH. (3agada Hycceapra, 1916 1.)
CrenaeM crienyrouye JOMyIEHUs:

dp
1. == =0- TeyeHne IUIEHKH OE3rPaIUEHTHOE;
¥ dx
dT
2. — =0 - mepeHoc TEMIOTHI OCYIIECTBIIAETCS TONBKO MOMEPEK
dx
AT
o P TUIEHKH;
o f 5
[ T 3. ¢usnueckue cpoiictBa ., A, L, P, P, - GyHKIMM Temrte-
L - paTypbl CyXOro HAaCBINIEHHOTO Mapa;
R 4. nap HemoBYKHBIHA U YHCTHIN;
A 5
5. px>>pPy;
Ty 6.7, ,s=T,, 10 ectb AT, =0.

Haiinem pacnpeneneHue CKOpPOCTH B IUICHKE. YPaBHEHHE
nemxeHuss HaBbe-CTokca JUIsl IUICHKH B IPEHEOPEKEHUM CUIaMU

dp
Puc.25.4 MHEepUUH U IpH d—zO HUMEET BUI:
X
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d’*w (y ”
umz()+g(p>,< -p)=0, (25.4)
dy
d2
WM, C yYETOM JOIYIIEHHUS S: M;" + 8P _ 0.
dy” My
8P d dWx
O6o3naunM B = =~ . HWHTerpupys ypaBHeHHE — = —B nBaxnpl, nomydaem
o dy\ dy
dw
~=-By+c, , a
dy y+e (a)
wx=—;By2+c1y+c2. (b)

Haiinem noctosiHubIe ¢; U ¢p. Ilpu y =0

1

(dw"] =0=c¢ =BJ,
dy Y=0uy

TaK KakK mmap HCIMOABUXKCH

Ipu y=0: w, =0=¢,=0
Teneps 3aK0H U3MEHEHUsI CKOPOCTHU MOMNEPEK IIEHKU MOKHO 3aIMCaTh B BHJE:

B 2
w,(y)=- ; +B6,.y . (25.5)
2
Haiinem 3aKoH M3MEHEHHs TeMIIepaTyphl IUNICHKU: TaK Kak P 0, To mocne UHTErpUPOBAHUS
Y
OJIy4YUM T'=cy+c,.
Mpny=0 : T=T,6=>c,=T,,
T-T T.-T
y=0, T.=c¢6 +T, (T=T,),c = Yé, -, T(y)=$y+Tw, (25.6)
dr _  _TT,
—=c = .
dy o,

CBs3b MEXTY KO3(OHUIMEHTOM TEIUIOOTIAYH M TOJIINHON MICHKH O ; HalJeM M3 TPaHUYHBIX
ycnosui III-ro pona:

0!AT=—/1(de , 0!=i . (25.7)
dy y=0 51'm
3anuIueM ypaBHEHHE TEIIOBOTO GaaHca ISl 3IEMEHTa ILICHKH
a(T,-T,)dx-1=r-dG,, , (%)
e d Gm =d (me « Omn -1). Ycnionssys (25.5), HaiizneM cpejiHee 3HauCHHe CKOPOCTH II0

TOJIIIUHE IIJICHKH

S f, 2
] 1 % By
- dy=— [| =22 +B& yldy =
Vi =g !wx(y)y 5 ! ( 5 » yj y
3 3 2
_ B[ 0n 0| B, (25.8)
s 6 2 3

Bepuemcsi k ( * ), c yuerom (25.7) MOXHO HamucaTh:
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B A AT,
A ATdx = Ld(éﬁn ) =rp, B6.dS, ,umu §.dS = "‘72#”‘07)6. WuTerpupys
(5;H 3 rijcéz
ypaBHenue B mnpeaenax 0-o0, 0-x , momydum:
1
4 :

2 2
4 TPy 8 Py 8
- 3aBHCUMOCTH TOJIIIMHBI IUIEHKH OT KOOPIUHATHI X. 3HAsI Oy, MOKHO HAWTH JIOKAIBHBINA KOA(-
(GUIMEHT TeII00TAaYN

1
A _[ P2 84 )

o == . (25.10)
0. \4ATu, x
3anuiiem (25.10) B Oe3pa3MepHOM BHJE, BBIIOJHUB  psAd  [PEoOpPa3OBAHMIA:
1
2 .3 c_ )4 3 e 4
Nu, = a . x — TP, 8% M Con =0,707 ro gxz ] e M _ 0,707(KGaxPr)K )0,25’
A, 4ANT W, M, Cpp AT Ve A,
(25.11)
gx’ r
rae Ga, ==~ - uucno ['anunes, K= < AT Kputepuii (ha30BOro nepexoa.
XK Cp)K

Haiinem cpennee 3HaueHue K03 PUIMEHTA TEIUIOOTIAYH MIPU KOHICHCAIIUN HETIOABHK-
HOTO YUCTOTO Tapa:

a—lTa(x) dx—ﬂa Tor;a
H? 3

0,25
Nu = /1H =0,943-(KGaPr, ) (25.12)

K|

3

roe Ga = g ; H - BpicOTa BEpPTUKAJIBHON CTEHKH.

2
K

TennoBoi NOTOK, NEPENAHHBIA CTEHKE IIPU KOHACHCALIUU HACBIILIEHHOIO 11apa, ONPEAEINM
no ¢opmyne Q=a - (TS—TW )F Brt, roe F' — miiomaas noBepXHOCTH CTeHKU. C Ipyroil CTOpOHBI,

9TOT K€ TEIIOBOW MOTOK MOXHO MpeAcTaButTh B Buae Q =r-G, ., OTKyJa MOXHO HalTH pac-

a-(T.-T,))F
r
B ,I[GﬁCTBI/ITGJ'IBHOCTI/I Ha KOB(l)(bI/IHI/IeHT TECIIOOTAA4YM OKA3bIBAKOT BJIIMAHUEC KaK M3MCHC-
HUE TEIUIO(PU3NIECKUX CBOMCTB )KUIKOCTH, TaK M XapakTep TEUYECHHUs IUICHKH (Hampumep, MpH
Re > 5 mosBAsAIOTCS BOJIHBI), TOATOMY HEOOXOAMMO BBECTH MTOTIPABKHU:
a, =y, €€, €, (25.13)

X0 CKOHJICHCUpOBaBIllerocs napa (konaencara): G =

KOHI

0 | =

.= A1) (1)
C4.(T)) o, (T,)

0,04 9]
£ = RCHEI - YUYMTHIBACT BOJIHOBOHW XapaKTCp ABWKCHHUS IUICHKH, £y - YUYATHIBACT WMHCPIIMOH-

rIe

- YYUTBIBAE€T IMEPEMEHHOCTh TEIIO(PHU3NUYECKHX CBONCTB;

HOCTD IIJIEHKH.
J.A.JIaOyH1I0B, HM3y4as TEIJIOOTAAuy MpU KOHACHCAIMM Tapa, HCIONb30Bal HE YUCIIO
Hyccenbra, a uncno PeiiHonbaca
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oH
Re _&AT'H‘/LK.C,,K_ A _ Nu _
" Mt A Coe ConMa T Pr_ K
A C AT
1 1 1 %
Pr K)* 4 3
_ 094302PrK) —0943 9 o043 G| —o0432°7, (25.14)
KPr, (K Pr ) KPr,
1
3
roe Z = Ga .
KPr

xK

Tennooraaya npu KOHAEHCAMU YUCTOTO 11apa HA BEPTUKAJIBLHON CTCHKE
Ipy TypOyJIEHTHOM PEXHUME T€UECHUS IIIEHKU
[Ipu TypOyNEeHTHOM peXHME TEYEHHs IUIOTHOCTh TEIUIOBOIO IMOTOKAa MOXKHO 3alucaTh
B BHJE:

dT d
=— A+ Ag) == +p,C,E) =
q ( K T6) dy ( K IO>K )23 q) dy
£ T T
=—A, 1.,.@.'“7* dl:_lm 1+ Pr.¢, dl’ (25.15)
APr wu. )dy Pr v, )dy

rae €, - KHHeMaTuueckuil kod(duuueHT TypOyIeHTHOro HEepeHoca TEMJIOThI; £ - KHHEMATu-
4ecKuil KO0d((UIMEHT TypOYJIEHTHOIO IIEpeHOCa KOJIMYeCTBa JIBHMKEeHMA; Pris =€,/ € -
TypOynenTHoe uyucio [Tpanaris.

JIaOyHIIOB, cllenaB JAOMyIIEHHE, 4To £, = £,= €, Pr =1, npounterpuposan (25.15)

h g dy 1
[dr=T,-T, = (T, -T,)[ , OTKya o/ = y
L O/LK 1+Pr>Ki .[ 4
Va °2 (1+Pr gj
X X V)K

PesynbTaThl uHTErpupoBaHud B mnpenenax 1<Pry< 25, 1,5-103£ Re, < 6.,9- 10* 6b1tH arnmpox-
CHMHUPOBAHbl ypaBHEHUEM

2\3 ! 1
a (v, )3 3 5
~| = | =0,0325Re,, Pr? . (25.16)
A\ g
a (v 5 dRe .
[Mokaxxem, uto ——| " | = 7z Tak kak TemioTa KOHAEHCAUMH NEepeacTcs

CTEHKE 3a CYCT TCIIJIOMPOBOJHOCTH IIJICHKU, TO IJIA 3HCM6HTapHOﬁ IMOBEPXHOCTHU 1-dx MOXHO
HaIlMcaTb

dQC :;)!((TY _7—:]).1. dx = rdGHﬂ = rd(p)l(wﬂﬂanﬂ .1)’
oTKyza 2 (p,9,0,,) = "AT (a)
dx ro

1
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VJK'
YMHOXUM BBIpOKEHHE B CKOOKax Ha —-, TOT/Ia
1%

Hc

i (pmwnné‘nn V)ch = i (Rermx IO&K'VDIC )’ (b)
dx

Hc

S

w0,

1~ 11

14

e

rae Re =

dRe,. — A,AT

[Tepenuiem (a) ¢ yuerom (b) p =5 )
x r Hﬂp?ICV?IC

(©

x

— yu npoauddepeHIrpyeM MoIyueHHOE BbI-
14

pacKpoeM KOMIUIEKC Z = 5

Ga% B (gx3 j% ¢, AT a
r

KPr, V.. .
g%cmATa}K ry3
paxenue mo x: dZ = — 5 dx ,otkyma dx= yi’“ dz .
}”V)K g 3CW(AT a,.
IloncraBuB dx B (c), HalgeM
1
dRe o, Vi 3 @)
iz A\ g ’
HO 8, =A,./a, , Torna BMecTo (d) OKOHYATEIHLHO MOXKHO HAIKCATH
1
dRe, . av?’ a (v:)
= >'1</3 = x| % , (25.17)
dz A.g A\ g

YTO U TPEOOBAIOCH JOKA3ATh.
[MpupaBuuBas (25.16) u (25.17), npuxomum k nuddepeHIHaTsHOMY YPaBHEHUIO BU-
na

dlil"“Zm =0,0325Re"> Pr’ . (25.18)

LI X

Nurterpupys (25.18), MOKHO HamucaTh:

Re,, b4 Re,,

FRe07s =0,0325-Pr>°7Z" , Re’” =0,024Pr>° 7",

I X 1 X
3 Re LK < Kp Re TULKP ZKP

Re’” —Re’” =0,024Pr%* (2 -7, ),

LT Kp

Re®” = 4007 = 89, ZKp =2300, Ttorma

kp

Re, = [89+0,024P - (z —2300)]" (25.19)
a AT-H
ur
®opmyna (25.19) mo3BoJIAE€T ONPENEIUTh CPEAHHUI O BHICOTE BEPTUKAIBHOM CTECHKU
KOBq)(I)I/II_[I/ICHT TCIJIOOTAAYU IIPHU KOHACHCAIIMKU HECTIOABHUIKHOI'O YUCTOTO ITapa U YUYUTBIBACT TCII-

roe Re=

JIOOT/Aauy Kak Ha JIJaMUHapHOM, TaK M Ha TypOyJeHTHOM ydacTkax TeueHus. Cremgyer oTme-

THUTh, YTO OHA HE YYWTHIBAET BIMSHHE KOHBEKTUBHON COCTABJISIONICH B ypaBHEHUU SHEPTHH U
WHEPIUOHHOW B YpaBHEHUU JBWKEHHUS, HO Kak moka3an [[.A. Jlabynnos, npu K>5 u Pr,>1 ux
BIIUSTHHEM MOJKHO MpeHeOpedb. UToObI yuecTh 3aBUCUMOCTh TEIIO(PU3NIECKUX CBOWCTB OT TEM-
HepaTypsl, IpaByIo 4yacTh ypaBHEHUs (25.19) cienyer yMHOKUTH HA (Pry/Pro)™>.
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Temnoornaya Ha TOPU3OHTAIBHEIX TPYOax U BHYTPH TPYO
Jns onpenenenus Kodp@UIMEHTa TEIJIOOTAAYM MPU KOHACHCAIMH Mapa Ha TOPH30H-
TaIbHBIX TPYOaxX W JJAMUHAPHOM pPEXHME TCUCHHS TUICHKU KOHJIEHCATa UCIOJB3YIOTCS CIICIYIO-
e KpUTEpHUaIbHbIE YPaBHEHHUS:

aD

npu T, = const Nu = R 0,728(KGaPr, )", (25.20)
_ _ aD _ 0,25
npu ¢,, = const Nu = 1 - 0,693(KGaPr, )" , (25.21)
D’g

rae Ga=-——>. [Ipn nBrxennu JByx(hazHOro NOTOKAa BHYTPH TPYO MCIONB3YeTCs (hopMya:

Nu:CReO'SPr)fZ"B; T+ x| Po o1+ 14| Px—1]], (25.22)
TJIe X| M X, — CTETICHH CYXOCTH I1apa Ha BXOJI€ M BBIXOZE U3 TPYOBI,
X = GGHG . dusnyeckue napameTpsl OMPeNeIITITCS M0 TeMIeparype HachleHus. J{is xe-
it + X

ne3a (Fe)- C=0,024 , nnsg meau (Cu)- C=0,032.
Omnpenensirorum pazMepoM B urcnax Hyccenbra u PeitHonbaca sBIseTCS BHYTPEHHUM TuaMeTp

TpyObl: Nu = b.a ,Re = 4G, , GCM = Gn + G)K . @opmyna (25.22) nonyueHa mnpu
2’ ﬂ'DBHlLl)K

K

Re >5-10°, korna nmonoxeHne TpyoKH B POCTPAHCTBE HE CKA3BIBACTCS HA C .

TemnooOMeH pyU KMITEHHU OJHOPOIHOM KHUIKOCTU
PexnMBI KUTISHUS.

PaccmoTpum kumenue B OonbiioM oObeMme. [Iporecc KumieHHss BO3MOXKEH B TOM
cly4yae, €ClIu TeMIlepaTypa MOBEPXHOCTHM Tena (CTEHKH) BBIIIE TEMIEPATyphbl HACBIIIECHUS
NpyU JAHHOM JaBJICHWHU. Pa3nuyaroT Ba OCHOBHBIX pEKHUMa KHUIEHUS - My3bIPHKOBBIN U TIJIE-
HOUHBIA. Kumenue, nmpu KoTopoMm map obpasyercss B BUAEC OTACIHHBIX OTPHIBAIOIINXCS OT TIO-
BEPXHOCTH HarpeBa My3bIPhKOB, HA3bIBAETCS MY3BIPbKOBBIM. PeKHUM, XapaKTepHu3yIOIIUicsS Ha-
JUYUEM Ha MOBEPXHOCTH IUICHKU IMapa, OTACIAIONIeH ee OT )KUAKOCTH, HA3bIBAE€TCA MIICHOYHBIM.
Tak kak mIeHka mapa MpeacTaBisieT cO00H 3HAYUTEHbHOE TEPMUIECKOE COTIPOTUBIICHNE, TO UH-
TEHCUBHOCTb TEIUIOOT/Ia4M MPH IJICHOYHOM KHUIIEHUU CYLIECTBEHHO HUXKE, YeM IPHU MYy3bIPbKO-
BOM. Bce maporeHepaTopbl pacCUMTHIBAIOTCS TaK, YTOOBI PEKUM KUTICHHS OBLT ITy3bIPHKOBBI.

OnbITHBIE WCCTIEIOBAHUS MOKA3BIBAIOT, YTO KOI(DPUIMEHT TEIUIOOTIAYH MPU KUTICHUU
00paTHO MPOMOPIIMOHATICH PAa3HUIIE MEXKY TEMIIepaTypOil MOBEPXHOCTH HArpeBa M TEMIIepaTy-
POI HACBIEHUS )KUIKOCTHU:

-9 _ 4
TW - TY ATH)K
C yBenuueHHEM IeperpeBa MOBEPXHOCTU OTHOCUTEIbHO Ty HAONIONAIOTCS CIEYIOLINe
pexxuMsl (puc.25.5): I — KOHBEKTHBHOE NepeMelnBanue, Il — menkonyseippkoBoe kumenue, I —

KpPYIHONY3bIpbKOBOE KHUMeHue, [V-IaeHouHoe KuneHue.

IIpy UIOTHOCTHU TEIIOBOIO NOTOKA Gypi= (1,2...1,6)-10° Br/M* u aTMoc(epHOM JaBie-
HUU MPOUCXOAUT TEepexoa K IUICHOYHOMY pEXKHUMY KHUIEHHS BOABI, IPU ITOM
0p=3-10" BT/(M°K).

KpuByro kureHuss MO>KHO IOJIy4UTh IIPH IAPOBOM IOJOrpeBe, IpH ¢, = const ee Io-

JYdUTb HC  YHAACTCA. TaK, npu yBCIWYCHHUU IIJIOTHOCTU  TCIUIOBOTO IIOTOKa  BBIIIC
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Gip1= 8,3-10° MY3bIPHKOBBIA PEKUM KHUIICHUS CKAaYKOM IMEPEXOAUT B IUICHOYHBIA (CM.
TOYKY a Ha puc.25.6). Ilpu ymeHbIIEHUU ¢ HIKE quz=2-105 MJICHOYHBIN PEXUM Iepexo-
JTUT B Iy3bIPbKOBBIA, KOTOpbI oOTBedaeT Touke b. Mexay ToukaMmu A u B Ha opHoll u
TOH JK€ IOBEPXHOCTH BO3MOYKHO YCTOWYMBOE CYHIECTBOBAHHE JBYX PEXKHUMOB KHIICHHUS.
Tak KaK Gip1 # Gxp2, TO TOBOPAT, YTO HMEET MECTO THUCTEPE3HC.

YcnoBus 3apokIeHUs NapoBOrO MY3bIpbKa
3apoXAeHUE IApOBOTO MY3bIpbKa B KHJI-
KOCTH TpeOyeT BBIMOJHEHUS ABYX YCJIOBHH -
HaJIM4Yus LEHTPOB MapooOpa3oBaHUs U Iepe-
rpeBa XUAKOCTH OTHOCUTEIBHO TEMIEpPaTyphl
HAaChIIEHUs] NpU JaHHOM JaBieHuu. [lepBoe
YCIIOBHE BBINIOIHSETCS, €CIIM B KUIKOCTU €CTh
MMOCTOPOHHUE YaCTHULbI, MYy3bIPbKU Tra3za WU

€CJIM CTEHKU COCy/Ja MMEIT MHUKPOBIIAIUHBI.
PaccmoTtpum Oosniee neTanbHO BTOpPOE YCIOBHE,
WCTOJIBb3Ys JUIsl 3TOM 1enu p -t nauarpammy. B
! I p -t JuarpaMMe H300pakeHbl TpH KPUBBIC
: : (cm. puc.25.7). HwkHss KpuBasi XapaKTepH3yeT
5 5 g JaBJICHWE [apa HaJ BOTHYTOM IOBEPXHOCTBHIO

2-10 a,3-10 ”

200 p
KUIKOCTH p, =p ———|
R\p-p
Pic.25.6 JABJICHUE Tapa HaJ IJIOCKOM MOBEPXHOCTBIO pg
= f(t;), BepxHsAd - JaBIE€HHUE Iapa B IIy3bIPHKE,

, CpenHss -

20
HaxoJsilmeMcss B MEXaHHMYECKOM PaBHOBECHU C JKHIKOCTHIO P, = pS+R—. [Ipu Tem-

1
neparype, paBHOU Ty, HMEEM pyor< pe< pn. g TOro 4ToOBI JaBieHWE Tapa HaJl BOTHYTOH
MOBEPXHOCTHIO CTAJ0 PABHBIM pj KHUAKOCTH HEOOXOIUMO MEeperpeTb OTHOCUTEIHHO TeMIlepa-
Typbl HachimeHus: Ty Ha ATy, a 4TOOBl OHO JOCTHTJIIO py , HEOOXOAUMO eIlle Teperperhb
ee Ha AT 0.

Tak Kak >KHJKOCTh HAXOJIUTCS TMPHU JABJICHUU ps, TO Touka B Oymer ompenensrh COCTOSHUE
MePerpeToil JKUIKOCTH BOIU3U My3bIphKa, @ TOYKa A - COCTOSIHHE Mapa B My3BbIPHKE.
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CBs3b MEXJy KPUTHUECKHM PAANyCOM ITY3bIPbKA M
HEPEerpeBOM JKUAKOCTH
[Tox KpUTHYECKUM PAJIyCOM ITy3BIpsl IOHUMAIOT TaKOW pajnyc, IPH KOTOPOM TEPMOJIH-
HaMHU4ecKasi CHCTEMA XKHUJIKOCTD - Iy3bIpb HAXOAUTCS B HEYCTOMYNBOM paBHOBECUH (CM. cTp.93).
CunTaroT, YTO €CIU B JKMIKOCTH 00pa30BajiCcsi My3bIpb PaJuycoM MeHbIle R ,, TO OH IHOHET.
CriocoOHBIMH K POCTY SIBJISIOTCS JIMIIB T€ MY3bIPH, Y KOTOPBIX R > R .

Py P=AD

ra

Puc. 25.7

UToObl YCTaHOBHUTD CBSI3b MEXIY KPUTHUUYECKHM PaTUyCcOM IMy3bIpbKa U MEPErpeBOM >KUIKOCTH,
BOCTIOJIb3YEMCSI BBIPQXKEHHEM

ATH)K = EAP > (a)
npennosaras B uHTepBasne A7 3aBucuMocTb [(p) nmHenHOW. Ilepeman naeneHus (cM.
puc.25.7)

20( p” 20 20( p
Ap=Ap +Ap, =(p. — +(p —p)=22| £ |42 _F |
p pl pz (p_) pBor) (pn p)) RH (p/_p//j R Rn (p/_p//}

U3 ypasuenus Knaneiipona-Knaysuyca (s”—s)dT = (v =v)dp umeem

dT V” - V, ” ’ r dTr (V” - V,)T;
=, S —§S=—, — =" ,HIMCYICTOM V=",
dp s -5 T. dp r

S

(b)

— | ;o
ar _\p” p' )" _(p'=p")T, ©
dp r pp’r
[Toacrasmsis (b) u (c) B (a), MOTYYUM CBSI3b MEXKIY TEMIIEPATYPOH TEperpeBa KUIKOCTH W KPH-
TUYCCKHUM paJnyCOM ITYy3bIpbKa:

ar = 2L (25.23)
Rl'll(pp r

HccnenoBanysi NMOKa3bIBalOT, YTO KPUTUYECKUH PaJMyC Iy3bIPbKA OLIEHHUBAETCS BEIMYMHON
R, ~10™° M. PacueTHBIii Heperpes >KUIKOCTM HPU TAKOM Pauyce JOJKEH COCTaBIATh He-

I
CKOJIBKO COT rpaaycoB. OHaKO B peabHBIX CHCTEMaX MEPerpeB 3HAYNTEILHO MEHBIIIE ONpeie-
asseMoro 1o (opmyne (25.23). OTo 00yCIOBIEHO HAJIMYHEM PACTBOPEHHBIX Ta30B, TBEPIBIX
pUMecei, IepOX0BATOCTHIO MTOBEPXHOCTH.
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Pa6ora 06pa3oBaHus Ny3bIpbka KPUTUYECKOTO pa3Mepa
Pabora oOpa3oBaHus My3bIpbKa KPUTUYECKOTO pa3Mepa CKIIAABIBAETCA U3 paboThl 00pa-
30BaHUS 00BEMa M PadOTHI IPOTHB CHJT TIOBEPXHOCTHOTO HATSKEHHUS:

20 4 4

W, =—ApV,, +0F, = e 3 TR, +407R; = 3 OrR;, . (25.24)
TIKp
IToncrapnss crona BeIpakeHue Ry, U3 (25.23), moryuum
2 2
20T T
W, =t 200 | 105 L | (25.25)
3 AT _p'r 3 AT _pr

OTKyJla BUJIHO, UTO paboTa 06pa3oBaHus My3bIpbKa 0OPaTHO NpoTopLHoHanbHa AT, .

HHTEeHCUBHOCTH 00pa30BaHus MY3bIPbKOB KPUTHYECKOTO pa3Mepa
HccnenoBanus mMokas3plBalOT, YTO MHTEHCUBHOCTH 00pa30BaHUS My3bIPHKOB J 3aBHCHUT OT
paboTel 00pa3oBaHMs My3blpbKa KPUTHUECKOTO pa3zMepa. YacTo MCHoib3yeTcsl 3aBUCUMOCTh BH-

na

W
3
J=Aexp| ——2 | , 1/(m’c),

T,
roe A=NB; N ~10?® M - uncio MOJICKYJI B €IMHUIIE 00beMa KUIKOCTH; B ~10" ¢! - kune-
traecknii Muoxwutens (In A =89,8) ; k=1,38-10" JIx/K - nocrosunas bonsumana. Co-
rimacHo onbiTaM B.I1.CkpunoBa u ero COTpyTHUKOB, H3y4aBIINX 00pa3oBaHUE HOBOU (a3bl B
MEPETPEThIX KUAKOCTSX, ISl BOJBI, HAXOJSIIEHCS B OONBIIOM 00beMe, cripaBeyinBa  (op-

mg=91 | Ve (25.26)
MvJiia nJ = —_— . .
Y kT

s

CKOPOCTh pOCTa NY3bIPEKA
CocTaBuM ypaBHEHHE TCIUIOBOTO OajaHca JJIsS PAacTYIIEro Iy3bIpbKa, CUMTAsA, YTO TO/I-
BEJCHHass K HEMy TeIUloTa HJAeT Ha  HCHapeHHWe  OKpYKaWImeHd  KHUIAKOCTH

alT, —T,)x D2dt = rdG,.

3

» | 7D
PackpwiBast G, : 0AT, 7D dt=rp’d 6“ u qudpepeHuupys, moaTyIum

d(R,) _ oAT,
drt 7o
Tak Kak poCT My3bIpsi CBS3aH C MEPErPeBOM JKHJIKOCTH, TO BBOAAT KpuTepuii Skoba Ja, xapakre-
PU3YIOLINI COOTHOIIEHHE MEXIY TeIIOTOM, HIIyIel Ha IeperpeB eInHUIbl 00beMa KUIKOCTH,

1 00beMHOM TEIJIOTON MapooOpa3oBaHUs

QAT D2t = r’;’ D2md(D,), i (25.27)

AT o

Ja= (25.28)

4

rop
Uccnenoanus nokazajiu, 4To IPHU p>Poc (Poc - NABICHUE OKPYXKAIOIIEH cpeabl) 3HadueHue Ja<20
¥ 3aBUCHMOCTb pajuyca ITy3bIpsl OT Kputepus SIkoOa u BpeMeHH BbIpaxkaeTcs (GopMyon

R, =.[2BJa.la,z. (25.29)

B srom ciydae pocT my3blpbka NPOMCXOAMT B OCHOBHOM 3a CUET TEIUIOTHI, IOCTYHArOIIeH
OT IOBEPXHOCTH HArpeBa K €ro OCHOBAaHUIO 4Y€pe3 TOHKHH CJIOM KUIKOCTH.

Ipu p<po. - Ja>20, Temnmora K My3BIPbKY NepeAaeTcsi 4yepe3 Mek(pazHyI0 IMOBEPXHOCTD,
Torga

R =2yJaa, . (25.30)
B o6mem ciydae
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R = (7Ja+ (yJa) +2,BJaL/a>KZ' , (25.31)
roe ¥=0,1...049; =6 6= 40...90°. 3aBucuMOCTD (25.31) monyuena st NaBJ€HUU p =
(O,l...lOO)-lO5 ITa u Ja=0,1...1000.

OTDBIBHOﬁ AUAMETP ITY3bIPpbKa
3anuinemM ypaBHEHHE CHIIOBOTO OajlaHca JJif My3bIpbKa, IpUpPaBHUBAS MOJABEMHYIO CHIIy CHIIE,
yIeP>KUBAIOIICH €ro Ha MOBEPXHOCTHU (3aBUCSIICH OT KOAPPHUIIUEHTA TOBEPXHOCTHOTO HATSIKE-
HUSI M1 KPaeBOro yria):

3

O g6 -)= 70,0 /0),

rze f{6) — HekoTopass GYHKLUS OT KPaeBOro yria, OTKyJa C y4eTOM ONBITHBIX JaHHBIX OTpPbIB-
HOM IMaMETp ITy3bIps

D =k % (25.32)

" glp’-p")’
rae k=0,02, a @ BeIpaxkaeTcs B rpajaycax.
B nBmkymuxcs KUISIIAX CpellaX OTPBIBHOW JUAMETP Iy3bIPs MEHbBIIE, YeM MPH KHITe-
HUH B 0OJIBIIOM 00BEME, TaK KaK B 3TOM CIIydae Ha HEro JeHCTBYIOT KpOME TPaBUTALMOHHBIX H
TUIPOTUHAMUYICCKUE CHITBI.

I1y3bIpbKOBBIN PEKUM KUIIEHUS

Tak kak B maporeHepaTropax M TEIUIOOOMEHHBIX almaparax peaan3yercs, Kak MpaBuio, My-
3BIPHKOBBIN PEXKHUM KUIICHUS, TO HEOOXOIUMO U3YIUTh €r0 OoJiee oApOoOHO.

TemooOMeH Mpy My3bIPHKOBOM PEKUME KUTICHUS B OOIBIIOM 00BEME OMpeNeNsieTcss B Oc-
HOBHOM CBEMOM TEIUIOTHI KHJIKOCThIO, NHTEHCUBHOCTD  JIBI)KEHHUS KOTOpOil  oOycioBiieHa
BCIUIBIBAIOIIUMU MTy3BIPHKAMHU .

3anuiieM OCHOBHBIE YpaBHEHUS COXPaHEHHUS.

YpaBHEHHE TBUKECHUS KUTKOCTH:
?:K + (W, V)W, = —,OIVp +v, VW +3.
x
YpaBHEHME DHEPIUH KUJIKOCTH:

I, +(w, -V, =a, V'T,.
ar ‘

YpaBHEHHE CILIOIIHOCTH:

divw, =0.
VYpaBHeHUE TEIIO0OMEHA Ha TPAHHIIE «ITY3BIPh-KUAKOCTH :
T d z D]
_J‘lm[mj dF:ri(Gn) ’ Gn:7npn'
H an ), dr 6
VpaBHEHUE NBUKEHHUS ITy3bIPS:
n D] 7 D}
Tglp,mpa)=c, e, (- w, )
6 8
Dn Wr{ - W)K‘
rae ¢, = f (Ren) - ko3 unueHT conpoTuBneHus, Re = ———=.
V)I(
Yucno 1EeHTpoB NapooOpa3oBaHMS: z=f (RH_KP, D, ), rae R, - KDUTHYCCKHA paguyc

nmy3bIpbKa ; Dy - OTPBIBHON MaMETp MY3bIpbKa.
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AHanu3 ypaBHEHUH IOclie MpHUBEACHUS HUX K Oe3pa3MepHOMY BUAY IOKa3bIBAET, 4YTO

abD, c, AT v. R,
Nu = L= f u,p—*,—*,—'p Onnako mpu 6 = const D,y npomopLuuoHa-
l K r p n a)l( Dno
o . o)
JeH KamWUIIPHOH MMOCTOSIHHOM O = |————— (M). C yueToM 3T0ro, 00paboTka OIMBITHBIX
g(p, —p,)
JAHHBIX B KPUTEPUATBHON (hopMe NMPHUBOAMT K yPaBHEHUIO
ao
Nu = T 0,082 k,* k)" Pri)*® (25.33)

X

rae k, - Xapakrepu3yer 4HCIIO LEHTPOB, Ha KOTOPBIX 00Pa3yrOTCs ITy3bIPbKH;

v A

kq— XapaKTEpPHU3YeT YaCTOTY OTPhIBA ITy3LIPEH;
o’ R R
- 12 . I,=-""Ja; k,=-—""Ja;Pr,="%; a =",
l 2 20 a p.C
amrpn ® xK K PK
qg=x (Tw _Ts):aATnep.»c
[Ipy pa3sBUTOM MY3BIPLKOBOM PEXUME OPHEHTAIUS B IPOCTPAHCTBE Tea, HA KOTOPOM IIPO-
VCXOIUT KUTIEHHUE, HE BJIMAET Ha TEIIO00MEH. B 5TOM cllydae MOXKHO UCIIOIb30BaTh GOPMYITyY

Nu, =C Re,‘EPr;:’33 , (25.34)

k

q

al l
r;[eNu*z/l*; Re:W**;w* 4

*

x V x - r pl'l
[IpuRe, <0,01 C =0,0625,n=0,5,0puRe, 20,01 C=0,125,n=0,65.
®opmyna (25.34) nonydeHa aid ciiydasi, Korjaa

Re, =107..10*, w, <7, Pr_ =086...7.6 .

C
Kpome 3tux popmyi, cymecTByrOT sMnupudeckue GopMyiibl HalpuMep:
@ =3q¢""p"", (25.35)
VITH a =381AT, > p° (25.36)

(maBneHMe mojacTaBisieTcs B 6apax, auamas3oH p = 1...40 Gap).

Kpusuc xumesns nepBoro pojaa

[Ipu co3aHuy anmapaToB, IJie UMEeT MECTO KHUIICHHE, HY)KHO, 4TOObl ¢ < 9xp- Ecnu ato

yciIoBHE HE OYJET BBIIOJHEHO, TO BO3MOXXHO BO3HHKHOBEHHE IUICHOYHOTO DEXHMa KHIle-
HUS, IPU KOTOPOM PE3KO YXYIIIAeTcs TeIIooTAaua, YTO MOXKET IpPUBECTH K TEeperpeBy u
pa3pylLIEHUIO CTEHKH, 4epe3 KOTOPYIO NEpEeNacTcsl TEIuloTa.

CyllecTByeT HECKOJIBKO MOJENEH Il ONMpeaeIeHUst Gyp- Mogens C.C. KyraTenanze

XOPOIIO OINHUCHIBAET ONBITHBIE JaHHBIE, IOATOMY €€ Mbl U paccMOTpuM. COrIacHO MOJIEH, KH-
HETHYEeCKasl SHEeprus CTpyH mapa uietr Ha paboTy OTTOP)KEHHUS KHUAKOCTU OT CTEHKU. B 3ToM

CJIyda€ MOXHO HalurcCaTb
2

P ot (a), HO W, = ol b, 6=+ (o),
5g(p.—p,) P, 7 (o, —p,)

r- yaenbHas TEIIOTa MapooOpa3OBaHuUsL.

IloacraBum (b)u (c) B (a)
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2

q xp

g0 —p) P, r*Joglp. —p,)
) g p)!( pn
OTKyZla MOIYyYUM g =k r\/piII ‘HOg(pm - P, ) (25.37)

r7ie Ha OCHOBaHUU OMBITHBIX AaHHBIX (puc.25.8) k=0,14...0,16.

= const, =const ,

Gp> MBT/™m*
A 05520
o AN
30
@
2
| &
0 8 16 p,MIla
Puc.25.8

26. Tenuio - 1 MacconepeHoC B JTYBYXKOMIIOHEHTHBIX CpeAax
OCHOBHBIE TTOTOXKECHUS

C maccornepeHOCOM U TEIJI00Taueil Mbl BCTpEeYaeMcsl Kak B IPUPOJIE, TaK U B TEXHUKE. Ta-
KHE SIBIIEHUS UMEIOT MECTO B IPaJUpHAX, IPEAHA3HAYEHHBIX UL OXJIAXKAEHUS BOIBI, B CY-
MIWJIBHBIX almapaTax, B HCIAPUTENIbHBIX CHCTEMaX OXJIAXKIEHHs, CHCTeMaX KOHIWIMOHUPO-
BaHUsS BO3yXa, B aOCOPOLMOHHBIX XOJOAMUIBHBIX YCTAaHOBKAaX U T.H.

MacconepeHoc (-0 KOMIIOHEHTBI OOYCIIOBJIEH HaJMYUMEM B cpelle I'paJHEeHTOB KOHIICH-
Tpaluu, JaBJIEHUsS W TeMIepaTypbl. B 3TOM ciydae IUIOTHOCTh IOTOKAa MAaccChl i-OM KOMIIO-
HEHTBI 3aIUIIETCs B BUJE:

+ 3 - - 2
Ji=JptJptJr »KO/(MC).

B naneHeiimem OyaeM CUMTATh, 9YTO OCHOBHBIM MOTOKOM SIBISETCS MOTOK, OOYCIIOBJICHHBIM Ha-

JIMYMEM TPAJMEHTa KOHIICHTPAIIMY U ONpeaeseMblii 3akoHoM Duka

dC,
Ji=—D—+, (26.1)
an
rie D - kodddumment auddysuu, m/c; C = P KOHLEHTPALUS; pP; - IapUMaibHOE
i”cm
R, . -
naBieHue; R, =—-. Ecnu wu3BecteH cpennmii  koadduimeHT maccomepeHoca f, TO
H;

IUIOTHOCTB MMOTOKA TIapa C MOBEPXHOCTH BOJABI B OKPYKAWIIYIO CPely MOXKHO ONPEIEIUThH
no ¢opmyie

- ,BPH ow Pu,o ,BPH ow
1 = C -C = 2 1- = | = ’ 1- ’
Tu0 ,3( H,0w HZOoo) RT Prow RT (1-9)
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rIe CHZO - KOHIIEHTpAIMsl BOJSHOTO Tapa Ha ITOBEPXHOCTH BOJbI U OECKOHEYHOCTH
COOTBETCTBCHHO; PH,0w = f(Tx)) — mapumanbHOE IABJICHHE Mapa Ha IOBEPXHOCTH BOJBI (CM.
Tab1. BOJSHOTO TIapa); PHy0- — TIAPLUANbHOC JABJICHHC I1apa Ha OECKOHEYHOCTH; ¢ -

OTHOCHUTENIbHAs BIAXHOCTh (cM. G-y 9.32); T- abcomtoTHas T-pa AUPGYHIUPYIOLIETO
BEILECTBA.
OCHOBHbIE YpaBHEHUS COXPAHEHUS
YpaBHeHHE MacconepeHoca
Boiennum B GECKOHEYHOH cpefie 3JeMEHTapHBId 00beM M PAacCMOTPUM IOTOKHM MACCHI i-
Ol KOMIIOHEHTHI 4Yepe3 ero rpaHu. Ha koopaumHate x umMmeem:

G, = judydz , (a)

c
Ha Xx+dx : Gi(de) =(j, +dj, )dydz, (b)
HO dszaidx+~-- ()

Jdx
Boiuutas (a) u3 (b) ¢ yuerom (c) u cuuTasi, 4TO NOTOK MACChl, BBIIIEAIINN U3 3JIEMEHTAPHOMN
MOBEPXHOCTH Ha KOOPAWHATE X+dx OOJIbIIE, YeM MOTOK, BOIIEAIINA Ha KOOPJAUHATE X,
MOJIy4aeMm:

dj. .

Jin dxdydz=—£dv WITH
Jx X3

ajix __&Cl

dx ot

AHaJIOTMYHO MOKHO 3aMKCaTh U IJIs APYTHX KOOPAUHAT, TOTIa

&]zx + ‘]’)’ +&Jtz :_&Cl . (d)
dx dy dz ar

Gi,z+dz T Gi,y

z
|
Gi’x Gi,x+dx
Gi, y+dy T G; .
| X
y Puc.26.1

[ToTok i-0f KOMIIOHEHTHI CKJIAJBIBAETCS W3 IOTOKA, OOYCIOBICHHOTO MOJEKYISIPHBIM
MEPEHOCOM, M TOTOKa, 00YCIOBICHHOTO KOHBEKTUBHBIM MIEPEHOCOM
. JC. ) dC. : JC.
Jj=—D—"+Cw, Joy = -D “+Cw,, j.=—D—"+Cw,_ . (e)
dx dy : dz

Ioncrasnss (e) B (d) mocne auddepenuupoBanus npu D=Const, TOTYIUM:
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ow, dC, o
‘ +w, +C.
" dx Y dy "dy

2 2 2
_D(& C, Jd°C, o"c,} oC, |

+ +
dx* dy’ I9z° Y ox
aC, I, 9C,

w +C L=
Z&Z

+ A = ,
"dz ot

umi  —DV’C, + Cdivw+ (w-V)C, =— i,)ci :
T

Tak kak p=const, Tto divw=0 (37ech moxg p U w MoHUMaeM P, U w, ). Torma

OKOHYATCJIBHO MOKHO HaIIUCAaTh:
aC,

+(w-V)C, =DVC, . (26.2)
ar
VYpaBHennro (26.2) MOXXHO TpHUIATh W APYTrOd BHUJ
D¢, =DV’C,, (26.2a)
dt
DC. JC .
PI(S t=—"+w-V)C .
dt Jdt ( )

YpaBHeHue S3HEPTUHU I IBYXKOMIOOHEHTHON CMECH

N di -
B BekTopHO#l (hopme ypaBHEHHE DHEPTHU UMEET BHU]T pa—z—dlv q (a), i ocu OX MOXKHO
T

oT . 2
Hanucarb g, = —/lx+ piw, + z Jul;» TO€ IOCIENHEe CIaraeMoe XapakTepUu3yeT MepeHoC
i=1
SHTAJIBIIMYA KOMIIOHEHTAMH CMECH. AHAJIOTUYHBIC YPaBHEHUS MOXKHO HAIMCaTh M IS JIPYTHX
oceu.
JI71st AByXKOMITOHEHTHOW CMECH MOJIBHBIC TIOTOKH PaBHBI M IPOTHUBOIIOJIOKHBI IO 3HAKY, T.€.

L:_Q, Ja =—j1&, Toraa
H Hy H
q, = _ﬂﬂ"' Piw, + Ji (i1 —1 ;Uzj
Jx &

Ioncrasnsas g x, gy U g, B UCXOJHOE ypaBHEHME (a) C Y4ETOM, 4YTO
div w =0, moayuum:

3; =’1V2T—(W-V)i—1div{j{il —i, “ZH : (26.3)

P P 1

aﬂ+(ﬁ-v)®=—ivp+vvzw,

ot P

0 . -

= +div(pw)=0.

ot

KpaeBrle ycaoBusa
Jlnst TOro 94toObl PemuTh KOHKPETHYIO 337a4dy, HEOOXOIMMO K MOJyYEHHBIM ypaBHEHHUSIM
COXpaHEHHUs MPUCOEANHUTH YCIOBUSA OJHO3HAYHOCTH (T€OMETPUUYECKHE YCIOBHs, (pU3MUecKue

YCIIOBHSA, BPEMEHHBIE YCIOBUS - XapaKTep paclpeleeHus KOHIEHTPAllu KOMIIOHEHTOB mpu T
=0, rpanuynsbie ycnosus LILIII pogoB).
IIpu rpaHnuHbIX ycnoBusx I pona 3a1ar0Tcst KOHUEHTPALMU KOMIIOHEHTOB Ha IIOBEPXHOCTH:

Ci = f(xw’ yw’ ZW’T);
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IIpY TpaHW4YHBIX yciuoBusAx II poma 3amaroTcs IIIOTHOCTH NOTOKOB MacC KOMIIOHETOB:
Ji = 9%, 3,02,07);
npu rpaHnuHbIX ycnosusx Il pona 3amaroTcs ycnoBusi MaccooOMeHa Ha TpaHMIAX Tella M

CpEIIbI:
ﬁ(ciw _Ctoo):_D(aClj s
an n=0

rae C; — KOHIIEHTPAIWs i-T0 KOMITOHEHTa; [ - KOO()(GHUIHMEHT MaccorepeHoca.

JUis  BYXKOMIIOHETHOW  CMECHM  HUJACAJIbHBIX  Ta30B  HMEEM: P=D+ Dy,
dcC. "
Jj. =-D, 7 =, C, =% kr/m°. TTokaxkeM, 4TO B 9TOM ciaydae kodbdurments: xuddysuu
y i
paBHBl D;=D,=D. 3anuiieM MaccoBbie TOTOKA 000MX KOMIIOHEHTOB:
. D, 4,
ji=— S (a)
RT dy
. D, d
Jo =~ 2 @P> (8)
R,T dy
. D,u, dp . D,u, dp
Ji =~ lﬂlil’ J» =~ 2#272. (©)
R, T dy R,T dy

Tak Kak MOJIbHBIC TIOTOKM -~ paBHBl W TMPOTHBOIOJOKHO HAIpPAaBICHBI IPYr IPYTY:
L:_ﬁ@’ oD dp, , a dp, :—%, T0 KOdpdunmeHTol TUdPY3UH PaBHBL
H RT dy u, R,T dy dy dy

D=D»=D.

MacconepeHoc OKOJIO TOTYIPOHHUIIAEMO CTSHKH.
¥ ITotok Credana
Ecnu ucnapsromascs XxuIKoCcTh KOHTAaKTHPYET
HE C YUCTHIM COOCTBEHHBIM IApoM, a C ra3onapoBOi
\ CMECBIO (HampuMmep, napa KUJIKOCTH C BO3IYXOM), TO
q pz' MpOIeCC MaccooOMeHa yCIoXHseTcs. Tak Kak

_ 1 : KOHIIGHTpAallis Tapa y TIOBEPXHOCTH IKUIKOCTH

F T J 1ﬁ i o Oosblie, YeM Bl OT Hee, TO map IupyHIupyeT B

HampaBJIeHUW OT XKUAKOCTH (j; Ha puc.26.2). B
. dC, dc,

JBYXKOMITOHEHTHOMN CHCTEME —l ==
dy dy

E CJeoBaTeNbHO, Ta3 JobkeH auddyHaupoBaTh B

0o0OpaTHOM HaIpaBJICHUU - K KUIAKOCTH (j). OmHako

Puc. 26.2 JUTSL Ta3a TIOBEPXHOCTH KUIAKOCTH HEMpoHHUIlaeMa (ra3

HE KOHICHCHPYETCS B OTIWYHE OT TMapa) M €ro

KOJIMYECTBO 3/IECh JIOJDKHO OBLIO OBI BCE BpeMsl BO3pACTaTh. DTOTO HE MPOUCXOIUT, TOTOMY YTO

. ) dcC
nudGY3UOHHBIA MOTOK Ta3a K MOBEPXHOCTH JKUAKOCTH  j, =—D, —2% KOMIIEHCHPYETCs
dy
KOHBEKTHBHBIM TOTOKOM (h)w Tapora3oBoil CMECH B OOpPaTHOM HaIpaBJICHUW I BCEX
3HAUEHUHN y , KOTOPhII HasbiBaeTcs motokoM Credana. U3 ycmosus Cow=-j, wuc
D, (d dp, dp,
yderom, uro C,= P> \oxno marmcarp: ——2| %P2 | P2 w=0,H0 ——=———,
R, T R, T\ dy R, T dy dy

P2=p - p1, OTKyAa
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¥
we_ P (dplj. )
P p—p \ dy
\ s mapa IJI0THOCTH IIOTOKA:
. dcC
Py Q' A J =—D1d7y1+clw :
|
_,f " jlz_i dpl +AW (e)
1 A @JE RT\ dy ) RT
— ——po- =1 [Toncrasnss (d) B (e), momyunum:
e __Ddp_p D (dPJ
=
Py P RT dy RT (p—p)\ dy
Prc.26.3 j :_D(dplj (1+ P j
' RT(dy (p—p)
Ji = —D(dplj P (26.4)
RT\ dy ) _,(p=py)

TpoiiHag aHaJIOrus
PaccMoTpum  ypaBHEHUsI JBWIKEHHWS, DHEPrUM M MacCOOOMEHa, 3allMCaHHbIC s
MOTPAHUYHOTO CIIOSI IPU CTAllMOHAPHOM Oe3rpaIneHTHOM OOTEKaHUH TIIIACTUHBI

w M, +w %—VLZWX
Y oox Yy dy?

LT T T
Yox 7 dy dy?’
aC, oC 9°C,

w, +w, — =D
ox 7 dy dy

CtpykTypa ypaBHEHUH, Kak BUAUM, OAHaKoBa. [lapamerpsl V, a u D

MMEIOT OJMHAKOBYIO Pa3MEPHOCThb (M*c). Ecn v = a = D, 10 pacyeTHbIe MO CKOPOCTH,
TEeMIEepaTyp U KOHIEHTaUUi OyAyT MOJOOHBI MPU HAIMYUH [OA0OHS YCIOBUN OJTHO3HAUHOCTH.
[To anamoruu ¢ uncnom [pangna Pr = v /a BBenem kputepuit llmuara (muddy3noHHOE YUCIIO
[panarns) Sc=v /D, a no ananoruu ¢ gucioMm Hyccensta Nu=a//A - kputepuii lllepsyna: Sh=43

I/D. Jlerko yBUIETbH, UTO

D D
pr=Y=Y2_Y " _gcLe, (26.5)
a aD Da
roe Le = B - kputepuii JIptouca. Ecmu  a = D=v, 1o
a
v D v
—=—= D =1, T.e. Pr=Le=Sc=1. Tak kak paccmMaTpuBaeMbl€ MOJs TEMIIEPATYp U
a a

KOHIIEHTpaIuii MOA00HBI, TO MOKHO 3amucarh: St = St (¥), rme St = - guciao CteHToHA ,

err



Sh
a St = - muddy3nonnoe yncio Crenrona. Takum obpazom, (¥) MOXKHO mepenucaTh
" ReS
B BUJIE
alva BlvD a ]
= P , W ——— = ﬁ
Awlv  Dwlv c,pw W
;. 2
B cooTtBeTcTBHM ¢ aHanorued PeliHonbaca il INTAaCTHHE] St = ?f Pr 3, t.e
a B¢, 2
@ P gt (26.6)
C,PW, W, 2
WIA 7S JOKaJIbHBIX KO3((OUIIMEHTOB
a c, 2
9 B G (26.6a)
c,pw, w, 2

Takum o0pa3om, HalaeHa CBA3b MEXAY Kod(POUIMEHTaMH TEIUIOOTAaud, MaccolepeHoca
u tpeHus. Ompenenus, HaNpuMep, U3 OMNbITA THAPOJUHAMHUYECKYI BEIHUYUHY Cf, MOXKHO
HalTH JBE APYTrUX.

TpoitHas aHANOTHS CTIpaBeJIMBA MPU OOTEKAHUH MOTOKOM ILIACTHHBI, JI TPYO OHA MOJTHOCTHIO

d
HE BBIIIOJHACTCS, TaK KaK TCUCHUC B pr6ax HEC ABJIACTCA 6631"paI[I/ICHTHI)IM (dp #0 |
X

Temmo- 1 MaccooT/aya OT MJIACTHHBI MPU JAMUHAPHOM U TYPOYJICHTHOM pEXHMAax TeUeHUs
[Tpu oO6TekaHNM MIACTUHBI JAMUHAPHBIM TOTOKOM CIPABEIMBEI ClIeyIoIe GopMyIIbl:

Nu, = 5% 20323 Re™ Pr¥,
Nu =0,646Re®” Pr*¥,
Sh, = %x =0,323Re"’ Sc"*, (26.7)
Sh = ﬁ; =0,646Re"™ Sc"¥, (26.8)
) 4,64 x
S, (x)= S Y, = Re"S §c0- (26.9)
C X
[Tpu TypOyneHTHOM peXuMe TeUEeHHUs (Re>10°)
Sh, = %x =0,0296Re’® Sc™* | (26.10)
Sh = f)l =0,037Re"* Sc*¥, (26.11)
5.(x)= O _ 037x (26.12)

Sc% Re%?Sc’

Maccomnepernoc B _Tpybax

PaccmoTpum mporecc maccomepeHoca B TpyOe, B KOTOpPOW JABWXKETCS Tras, a Io

CTEHKaM Te4yeT IUIeHKa JKuiakoctu (puc.26.4). Tak Kak M3MEHEHHE KOHIICHTPALUU

KOMIIOHEHTa B Tra3e OOyCIOBJIEHO TOTOKOM MAacChl C DJJIEMEHTAapHOW  IOBEPXHOCTH
IUICHKH, TO MOYKHO HaIlMCaTh
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2

0 7D

merdé = jaD_dx (26.13)
@ @Wr: rac 6- KOHI_IGHTpaI_[I/IH KOMITIOHEHTA, OCpeI[HCHHaH II0 CCUYCHUIO.
x : Hanee OyneM cyMTaTh, YTO IUIEHKA TOHKas Dp,= D, Torzaa
D _ _
Py “mw oy dC = B(C, — C Jx.
e £ 4 B
Pa3nenum nepemeHHbIE: dCi = :L'B “—dx
C,-C wD,
Y IPOUHTETPUPYEM:
%alc - ! C,-C 48
jd(cw CW):_J'4ﬁX dx, 11’1 72 w = — ﬂ l’
C C - Cw 0 WrDTp 1 - CW WFDTp
x _ _ _
C.-C. p( A e —cw)exp(— b z],
Prc.26.4 G -C, w.D,, - w.D,,
C,=C, - (Cw_fl) (26.14)
exp 74’6 l}
Wr DTp

-KOHICHTPALKA TapOB KUJIKOCTHU HA BBIXOAC M3 pr6BI.
Pacxon wucmapuBmienicss ®KUIAKOCTH Haiaem U3 (GOpMYIIbI

. 7[DTp27f
G, = 4 w.C, ,kr/c.

Cpennuii  k03(pQUIMEHT MacCOOTAAYH MOXXHO ONPEICTUTh U3 KPUTEPHUAILHOTO YpaBHEHHMS,
nonydenHoro IllepBynom

B D
Sh= P DT" =0,023Re"* S¢”,

rae n=0,44 mpu Sc=0,6..2,5 u n=0,33 mpu Sc=10"...2:10°.

Temyio-u MacconepeHoc OT Kamnenb
CymiecTByeT 3HAUYUTENBHOE YHCIO YypaBHEHUH, IMO3BOJSIOIIUX ONPEAEIUTh TEeIIo-U
MaccolmepeHoc OT Kamenb. Haubonee uacTo B pacueTHOM NPAKTUKE HCHOJIB3YIOT
ypaBHEHUS BHJA:

Nu = “fx =2+0,6Re” Pr'¥ | (26.15)
Sh = ﬁDDK =2+0,6Re)’ Sc” | (26.16)

IIe BTOPOE CJIaraéMoe B IPAaBOM YacTH YpPaBHEHUN HA3bIBACTCA BETPOBBIM MHOXKHUTEIEM,
KOTOPBIN YYUTHIBAET KOHBEKTUBHBIN TEILIO - U MaCCOIIEPEHOC,

WF - WK DK
Re, =——, 0<Re £200.
Vl'
Ecnu paccMarpuBaTh MpoIiecchl Ha YUCTO MOJIEKYJISIPHOM YPOBHE, TO

Nu=2, Sh=2.
BripyOoB, uccnenys ucnapeHue Kamenb OeH3WHa B BO3AYIIHOM TOTOKE, MOJTYYHII

KPUTEPHATBHOE yPABHEHHE Sh = Ib)l% =0,52Re’’ , (26.17)
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Kotopoe cmpaBemBo B auamnazone 300 <Re, < 500.
P.J] areBo., wuCCleNOBaBIINM HWCHApeHUE C MPOOKOBBIX IIAPOB, MPOMUTAHHBIX BOJIOH,
allCTOHOM U ‘ICTBIpGXXJIOpI/ICTBIM yFHepOI[OM,
MOJTY4YUJT ypaBHEHUE
A AT A KT
=== 2 +0.303 (Re S¢) ™ (5*2)™ | ——,
rD M°C

w ‘napa

rne AT = TMOKp.mepM.'Teosb.; Re = We030. D!/ Vioso. = (1’7_6)103

(26.17a)

27. JIyyucThiii  Tenja000MeH
OO61yre no0XKeHus
B ocHOBe Teopuu TENIOBOIO M3JIyYEHHUs JIEKUT KaK BOJIHOBAs, TaK U KOPIIYCKYJSpHas
Teopus. COracHO MepBOil TeIIOBas SHEPrHs PACIPOCTPAHAETCA CO CKOPOCTRIO cBeTa ¢ = AV,

rae A-JUTiHA BOJIHBI, V-4acTOTa KOJeOaHUH, a 0 BTOPOH - MOTJIOIICHHE U BBIICIICHHE YHEPTUU
MPOUCXOIUT MOPUUSIMHU - poToHamu. DHeprust poToHa e =hv, tne h - nocrosHHas [lmanka.

[Ipu HarpeBe Tena HJIEKTPOHBI MEPEXOAAT Ha Ooyiee BBICOKHME YHEPreTUYECKHUE YPOBHHU.
BosBpamiasicb Ha 0osiee HU3KHII YpOBEHb AJIEKTPOH HCIyCKaeT GOTOH, SHEPrusi KOTOPOro
paBHA Pa3HOCTHU PHEPruil BO30YXKIEHHOIO M PABHOBECHOTO COCTOsSHHM. Ilepexon ayekTpoHOB
Ha pa3Hble DHEPreTUYECKHWE YPOBHHM TMPHUBOAUT K paclpeiesieHUI0 HHEepruu (OTOHOB,
NOKHJIAIOIIUX TIOBEPXHOCTh TeJa, MO CIEKTPY YacToT. DHeprusi (POTOHOB, MOKHUIAIOIIUX
MOBEPXHOCTh TEJIa, HA3bIBACTCS TEIUIOBBIM  M3JyYEHHUEM, KOTOpPOE 3aBUCUT TOJIBKO OT

TeMmeparypbl Tena. TerioBoe H3Iy4YeHHe HAXOJWTCS B JAMAMa3oHe MIMH BOdH A = 107

7,10 m Buaumelii criekTp W3mydeHwus JIeKUT B quanazone  (3,8...7,6)- 1077,

OCHOBHBIE 3aKOHBI N3JIIYUYCHUSA
B 1900 romy MakcIlnank ycraHOBWUJ  3aBUCMMOCTh  IUIOTHOCTH  TOTOKa
MOHOXPOMATHYECKOTO (CIEeKTPAThbHOT0) U3JIydeHHUsT a0COMOTHO YEPHOTO TeNa OT TeMIIepaTyphbl
1 JOJIMHBI BOJIHBI

E, =CC—1 Briv® (27.1)
X e%T -1

rae C, =3,7418-107'"° Br-m” - mepBasi mocrosuHas m3nmydenns, C, = 1,4388 107 m-K - Bropast
TIOCTOSIHHAS M3IydeHHs.

)
JI1s1 KOPOTKUX JUIMH BOJIH, KOIAa eAT >>|, nomy4daeM ¢opmyiny Buna:

E = Lcl (27.2)
w7
C%T C%T C
Ecou e =], TO e zl+ﬁ+... u moxactasisis B (27.1), monyunm dopmyny Penes-
CcT
JKHHCA E .=t 27.3
H ol 2,4C2 ( )

Boimenum nog kpusoit Egp=f(T,\) 2JIeMEHTapHYIO TUIOMIAAKY dEO = EO ﬂdﬂ (puc.27.1) n

HNPOUHTETPUPYEM MOJYYCHHOE BbIpakeHHE B mpeaenax oT A=0 10 A=co, TOTIA
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dA=o,T* (27.4)

A=c0

EO—J' G

-3akoH Credana-bonpiiMana, rie  Ep - TJIOTHOCTh MOTOKA WHTETPAIBHOTO W3IIYYCHHS

4
abCoIOTHO YepHOTOo Tena, BTt/ M2, o, = (”] ICSI =567-10" BT/(M2K4) - IOCTOSIHHAS
2
Credana-bonbimana.
YacTo 3aKOH 3allMCHLIBAIOT B BHIE
4
Zon E,=cC,| L (27.5)
100
rie  Cp- xodbduUEEHT — U3ITydeHHs
abCONIFOTHO YEpHOro Tena, C,=5,67
Br/(M°KY).

AOGCOIIIOTHO YEpHOE TEJIO - ITO TEIIO,
KOTOpO€  IpU  JAaHHOM  TeMIieparype
U3JIyd4aeT WIA IOIJIOIAeT MaKCHMyM
JIy4UCTON DHEPTUH.

E
B35B NPOM3BOJHYIO — 4 1

/__:r_‘——__—_—:—_‘_____—‘___ dA

MPUPABHAB €€ HYJI0, MOJIYyYUM 3aKOH

, cMmenieHus Buna:
an AT =2898-10° MK , (27.6)
Puc. 27.1 KOTOPBIA MIOKAa3bIBACT, YTO MAKCHUMYM
IIJIOTHOCTHU MOHOXpPOMAaTHYECKOT'O

U3JIy4CHHS C YBEJIMUYEHHEM TeMIEepaTyphl CMEIIAeTCs] B CTOPOHY KOPOTKUX AJUH BOJH. Ecin
ﬂmax u3 (27.6) nmoxcraButh B (27.1) , TO OIYIHM :

— =55 3
E,,.. =1,287-107T° Bt/ ™.
Pamnanmonneie QyHKImMu
Yacto He0OXOIMMO OMPENENIUTh YHEPTHIO U3IIYUYCHUS YEPHOU MOBEPXHOCTU B 33J1aHHOM
JUana3oHe JUIMH BOJIH Tax, B JMarna3oHe oT 0 hi () M MOXHO

narmcars E, (0 — 4, I E,,dA,8 muanmasone or 0 10 A, Gymem umers E,(0— jEOldﬂ

Bpluuras u3 onHou q)yHKuHH IpYrylo, HalJeM MCKOMYI0 DJHEpPruro wusiydeHus. Ecin
9Ty  Pa3sHOCTb pa3JeiauTb Ha coT*, To [IOJIyYUM JOJIF0 3HEPrUU, KOTOPYIHO H3JIydaeT

EO(O_Zz)_Eo(O_Zl)

a0COJIIOTHO YEpPHOE TEJIO B IAHHOM JIMAITa30HE JUIMH BOJH = . CymiecTByoT
O,
0
. E,(0-1)
TaOIUIB! A QYHKIMNA BUIA j, KOTOpBIE Ha3bIBAIOTCS PATUALIMOHHBIMH (QYHKIUSMHU
O
0

YEpHOTo TeJa.



PagmanmoHHBIC CBOMCTBA
i HMHuTerpanbHble pagualliOHHBIC CBOMCTBA
(?HEprus ocpeIHeHa M0 BCEM
JUTHHAM BOJIH)

Jlyauctyro sHepruto, majarollyl0 Ha  Teo,
MOXXHO TMpPEACTaBUTh B BHUJE TPEX COCTABIISIIOUIUX:
OTPAKEHHOM, TIOMJIOIIEHHONM W TMPOMYIIEHHONW TeJIoM
SHEPTUU

Enaz[ =E0Tp + Enorn + Enp . (277)
PazpgenuB (27.7) na Eg,, , HOIy4UM

I=R+A+D,
rae R- K03 punmeHT, XapaKTepU3 YoM
OTpaXkaTeIbHYI CIIOCOOHOCTH Tena, A- KodhdUIMeHT,
XapaKTePU3YIOIIHA TOTIOMATEIFHYI0 CIIOCOOHOCTh Tea,
D - x03pdUnMeHT, XapaKTepU3YIOIMUA JAUATEPMUYHOCTH
tena. Jlns abcomotHo yepHoro tena R=D =0, A =1;
JUTsl aOCONTFOTHO TIpo3padHoro Tena A= R=0, D = 1; qua
3epkanbpHOM nosepxHoctu A=D=0, R=1.

3akon Kupxroda
[TomecTuM B HM30TEPMHUYECKYIO IOJOCTh TEJIO C MOTJIOMIATEILHOW CHOCOOHOCTBIO A .
[locne HacTyruieHUsT TEPMOAMHAMHUYECKOTO PABHOBECHSI MEXIY TEJIOM M OOOJOYKOM  Teno
HOrJI0TUT dHepruwo E  =AE =~ (a) . YiaouM [epBoe TelIO0 U MOMECTHM BTOPOE TEX XKe

norul

pasmepoB u popmbl, Torma E

o2 = A, E . (0). Ho npy  TepMOIMHAMUYECKOM  PaBHOBECHU
SHEPTHsl TMOTJIONIEHHOTO W3JyYeHUs paBHA  DHEPTUH WCIYIICHHOTO  H3JIy4YeHHUS,
cnenoBatenbHO, E norp 1= E 1, @ Epon2=E, . Tenepp (a) u (0) MOXHO Tmepemucarh Tak:
E = AIEHaZl (®), E,= AZEnaH () -

Pazgemnm (B) Ha (n): E =i . (27.8)
E2 A2

E
bynem cumrats, uto A4, =1, Torma —1=A1, HO IO ONpPEACIICHUIO CTEIEHb YEPHOTHI
0

£="—"1 ecThb OTHOIIEHHME IIyYHCTOM DHEPIMU, HCIIyCKAEMOW CEPLIM TEJIOM K Jy4HCTOMN

0
SHEPrHH,  WM3JIy4aeMOW  YEpHBIM TEJIOM TIpU TOH K€ TEeMIeparype ¢ eAHHHUIIBI
MIOBEPXHOCTH.
Takum oOpasom, 4 =g, (27.9)
TO €CTh NPU TEIUIOBOM PAaBHOBECHH IOTJIOMIATENbHAS CIIOCOOHOCTh Tejla paBHA
U3IIydaTesbHoH - 3akoH Kupxroda.

MoHoxpoMaTHYEeCKHE CBOMICTBA
I/I3.quaTeJIBHa$I 1 1norjouiarcjibHas CHOCO6HOCTB TCJI 3aBHUCHUT OT IJIMHBI BOJIHBI

N3TYy4YCHUSA, IIOOTOMY BBOIAT TaKHUE IIOHATHA, KaK CIICKTPAJIbHBIC CBOMCTBA : E,=—,

A, ==tk CesxeM MEXKIy COOOW HHTETpalIbHBIE M CIEKTPAIBHBIE CBOHCTBA
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A=co
I‘ng()/ld/1 |
£=40 = [&1EydA. (27.10)
[Epar 70
A=0

N3 (27.10) BugHO, YTO CTENEHb YEPHOTHI 3aBUCUT TOJIBKO OT (PU3MYECKUX CBOMCTB M3IIydaTelIs.
[TornomaTenbHas ke COCOOHOCTh TeJa 3aBHCHUT KaK OT MOTJIOMIATeNIbHOM CIIOCOOHOCTH CaMOro
TeNa, TaK U OT XapaKTEPUCTUK TeJl, OT KOTOPBIX UCXOTUT JIyYUCTasi SHEPrus:

A=co
[ 4,2
A== (27.11)
[ Eypdd
=0

Jns Toro 4YTOOBI YHPOCTHTH pacueThl, BBOJAT IIOHSATHE CEpPOro Tena, T.€. IOJIaraiT
A,ug, =const, A=A,, €¢=¢€,. JIna ceppix Ten & = A naxe B TOM ciydae, €ClM Tela HE
HaxoJATCs B TETUIOBOM paBHOBecuH. [Ipm sToM cuurtaroT, uto y cepbix Tten D =0.

HanpapiieHHBIE paJHalliOHHEIC CBOMCTBA
HCCH@I[OB&HI/IH IIoKaszajiu, 4To paI[I/IaI_[I/IOHHBIe CBOﬁCTBa 3aBUCAT HC TOJIBKO OT IJIUHBI
BOJIHBI M COCTOSIHHS TIOBEPXHOCTH M3JydaTelss W TPUEMHHUKA, HO M OT HalpaBlIeHUS
I/I3.IIY‘-ICHI/I$I. y MCTAJIJIOB HaI/I6OJIBIJ_Ia}I H3J1yaneana;1 CHOCO6HOCTL UMECT MECTO HpI/I
OonbmuX yriaax € (yrol MeXAy HOPMaIbI0 K TIOBEPXHOCTH W HaIpaBJICHUEM H3JIy4CHHUs), a
y muonektpukoB - nmpu @ — 0. Jlna paccMOTpeHMs HampaBlIeHHBIX M3Tyd4aTeIbHBIX CBOMCTB
BBOJAT ITOHSTUC TCIICCHOI'O yrna U MHTCHCHUBHOCTHU I/I3J1y‘-IeHI/I}I (}IpKOCTI/I).

TenecHblii yromn do= ar, (27.12)

2
r

€CThb ~ OTHOIIEHHWE  IUIOIIAJM DJIEMEHTapHOM  miuom@aaku  dF, ,  paclonoXeHHOU
NEPIECHIUKYIIPHO PAaguycy, K paauycy B KBaJapaTe U H3MepseTcs B cTepanuaHax (cp).

=

¥ &

Puc.27.3

Yucno crepaguaH B yIyle, OrPaHMYCHHOM 3aMKHYTOWH IIOBEPXHOCTBIO, MOXET OBITh
HaiiieHo myTteM uHTerpupoBanusi (27.12). Tak, Hanmpumep, ans cdepbl MOXKHO HaIUCaTh
(cm. puc.27.3):

. dF, .
dF, =ab=r-sm@de-r-df, no dw=—"=sinfdpdb

2
r
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2r
torna @, = [do= | [sing-dp-d6=4zx.

ch 9=0 =0
Jlyuaucrasg »sHeprus, wusiaydaeMas C €IUHUYHOM IIOBEPXHOCTH, IEPIECHAMKYIIPHOM K
HAIPaBJICHUIO W3JIy4YCHMs, B €IMHMILYy BPEMEHU B MpeAciax €IUHUYHOTO DIIEMEHTapHOIO
TenecHoro yria (puc.27.4), Ha3bIBa€TCSI MHHTEHCUBHOCTBIO H3JIYyYSHUS

dE

1(6,90)=——— Br/(m’cp). (27.13)
dwcosd
N3 (27.13) MOXKHO THOIYYUTH
dE = 1(0,9)dacos6 . (27.14)
ie,e)

Puc.27.4

[Ipounterpupyem ypaBHeHue (27.14) mo nmomaycdepe, TO €CTh ONPEneTUM KOTUISCTBO JTYIUCTON
SHEPTUU, KOTOPOE OTJAET IJIOCKAs MOBEPXHOCTh OKPY’KAIOIIEH cpele, IMojaras MOBEPXHOCTh
nuhPy3noHHOU (M37y4aeT ¢ MOCTOSIHHOM HMHTEHCUBHOCTBIO IO BCEM yIJIaM), TO €CTh
1(6 ¢ ) = const

2 w2

E= [ [1(@p)sin6cos0dpdo=r1. (27.15)
@=06=0
JMudbdy3noHHBIM SIBISIETCS U YEPHOE TEIIO
Ey = 7). (27.16)

I/IHTGI‘paJIBHYIO CTCIICHb qepHOTH Tenepb MOXHO 3allucaTb B BHIC
27 7wl2

[ [1(6.9)sin 6 cos Gigdo

£ =060 ,HO  £(0,p) = I(L,(p), ToTIa
a, I,
1 27 7w/2
e=— [ [&(6,¢)sinOcos bigpd6. (27.17)
T
@=06=0

YFHOBOﬁ KOE)d)d)I/IUI/ICHT N3JIYUYCHUSA
PaccmoTpum  aBa Tenma, OOMEHWBAIOIIMECS JTyYHUCTOM sHepruen. Ilox yriaoBeM
KOO PHUIMEHTOM H3ITyYeHHs] NOHUMAIOT OTHOLICHHWE JIyYHUCTOM SHEpruu, KoTopas IOoIuIa 10
BTOPOTO T€Jla OT TEPBOTO, KO BCEH SHEPTHH, U3Ty4aeMOU MEPBBIM TEJIOM B IMOIYIPOCTPAHCTBO
(B mommycdepy).
st sIeMEeHTapHBIX IUIOMANOK, rae dF, - manmydawomas, a dF, - mIpueMHas, yrioBOH
kodpduuueHt npu /;=const




289
_ di_ ldw, cos b, _cos@dF,cosb, (27.18)
dR—ar, 1T Lix zrt

Jns nuddy3noHHBIX TeNl KOHEYHBIX pazMepOB MO>KHO Halucarh:

J J~ cos8, cos 6’1dFldF2

7.”,2

Osr = (27.19)

1 Fl FZ
@®opmyna (27.19) mnokassiBaeT, Kakas J0Ji JIyYUCTOM PHEPruM Tena 1, H3Iydaromero B
noxycepy, majgaer Ha Teno 2.
Ecny BBIMOTHUTD aHAIOTUYHBIE PACCY)KICHHSI JUIA CiIydas, KOrja H3iydaromeld Oyner BTopas
IUIOINAKa, TO

0, = J-J-COSH cos 6, dF dF, . (27.20)
2 HE
CpaBuuBas (27.19) u (27.20), MOXHO TNOJY4YUTH YCIOBHE B3aUMHOCTHU
OB =0, F,, (27.21)

KOTOpPO€ NPUMEHMMO IJIs JIOOBIX JBYX TeJl B IPOCTPAHCTBE, OOMEHMBAIOLIMXCS JTYYUCTOU
3Hepmel71. BBons nmoHATHE “B3aMMHBIE ITOBEPXHOCTH M3Iy4deHMs H, MOXHO HalMcaThb:

H ,=¢ ,F, H,, =¢, F, Cinenosarensno, H, ,=H, .

[ToryuuM BbIpakeHHE AJISL YCJIOBUS 3aMKHYTOCTHU. PaccMOTpUM  3aMKHYTYIO CHCTEMY,
COCTOSIIIYI0 M3 TpeX MoBepxHocTell. byaem cunrtarh, 4TO mEpBas NOBEPXHOCTb SIBIIAETCS
u3yyaTelieM, TOTJla €€ SHEPrui0 U3IyYeHHUs MOXHO MpPEICTaBUTh B BUIE

E =E ,+E _,+E
rae Ej, - pHeprus W3MydeHMs Najamoollas Ha BTOPYIO IOBEPXHOCTb U T. A. Pa3nenuB Bce
yjeHbl Ha £ moaydum

1-2 1-3 1-1°

=9, +0_;+0.,.
Ecnu m3nyuyatenb IUIOCKUM WIM BBITYKIIBIM, TO B 9TOM CIy4yae TOBOPAT, YTO TEJNO “HE BUAUT
cebst u torma @ =0.
Jlns 3aMKHYTOW CHCTEMBI, COCTOSILIEH W3 n TOBEPXHOCTEH, OyneM HMeTh

Z": o, =1 (27.22)
j=1

VYcnoBuss B3aUMHOCTH W 3aMKHYTOCTH  TO3BOJISIIOT — peliaTh — 3ajadd  JIy9HCTOTO
TEII000MeHa JUIS TeJ, IPOU3BOJBHO PACIIOJIOKEHHBIX B MPOCTPAHCTBE.
MeToabl onpeaeaeHus YIIOBBIX K03Gh(HUIIMEHTOB
1. AHaIUTUYECKUH METO/I.

B sToM ciydae HeoOxoammo B3ATh uHTerpansl (27.19) m (27.20). Onpenenum @;_,. B

KayecTBE MpHUMEpa PaCCMOTPUM JIYUHUCTHIH TEIUIOOOMEH MEXKIY ABYMS MapajieIbHbBIMU
JTUCKaMH, IMEIOIIIMMH OOIIYIO OCh.
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[Mpumensist dhopmyny (27.19) x puc.27.5 u nonaras
F;<< F,, MOXHO HanucaTth

_  Cos*8dF,
o

F2

Ho dF,=pdpdp, a

r,
Cos8=-", Torna
r
Py 2w 2
r,pded,
?s =I IM MHTerpupoBanne 1o ¢
5 o Xr
Py 2
2r, pd,
AaeT @, =I# . Tax xax 1> :ro2 +p2,
r
0
OKOHYATEIBHO MOJIYUYUM

A
0.8
_'_'_,_:—'—"
_'_'_,_,_,-'—"'
0.6 il
0.4 / Céjx
4
0.2 |
7, F,
0
0 1 2 3 4 5 6 di I
Po 2 2 2
Puc.27.5a o= 0dP__ P

i 0(,02+r02)2 Po+15 .
ITpu r,=0 ¢@_,=1. Ecmu r, =c0, mo ¢_,=0.
2. TaOJMuuHBIA METOI.
JIisi MHOTMX IOBEPXHOCTEM, IIMPOKO HCIOJIB3YEMBIX B HHXKEHEPHOW IIPAKTUKE, YIJIOBBIC
KOd(PUIMEHTH M3Iy4YeHUsT TPeACcTaBlieHbl B rpaduueckor dopme (cM. puc.27.5a).
3. Anrebpa yrioBeIX Ko3(duimeHTOB.

Merton mno3BoisieT, HUCMHONB3Yys  TaOJIM4yHBIE YIVIOBBIE  KO3(DPUIMEHTHI, ONpPENeTuTh
yrioBele Kod(duumentsr  O6mpIIero kmacca reomerpuueckux (opm. Ilpenmonoxkum, dTo
HEOOXOUMO OIpeneanTb @13 (cM. puc.27.6), Fi=F,+F5. JlyducTyio SHEpruio, MaJaronryro
Ha  TOBEpXHOCTb F,  OT  TOBepXHOCTH  Fj, MOXHO  TpPEACTaBUTH B  BHUJE

EFRQ_,=EFRQ_, +EFQ_s10m0a @, =0+ Q5 P 3=y~ Py TIE Qg U Qrn
- TaOJMUYHBIE YTIIOBBIE KOA(PPHUITUEHTHI.

4. MeTtoz HaTSHYTBHIX HUTEH.

[Tpy HaxOXIeHUs YIIOBBIX KOIPPHUIMEHTOB Ui ABYX OECKOHEUHBIX B OJIHOM HaIlpaBJIEHUU
MOBEPXHOCTEN UCTIONB3yeTcs (hopmyia

¢, = 211 [(cb + da)—(ca + db)] (27.23)



rae (cb + da) - cyMmma JUTMH TIEPECEKAIOIIMXCS

Hute  (puc.27.7); (ca + db) -
HETIePECEKAONIUXCA HUTEH.
Ecnmu  wm3nmywaroniye MOBEPXHOCTH — 0OpasyroT

yroil (cM. puc.27.8), TO JIB€ MOBEPXHOCTU ¥
BCPIIMHBI YyTJIa PpasABUIalOT U HNPOBOAAT HHUTH,
a 3areM B ¢opmyrne (27.23) cuuTarmT, 4YTO

ac = 0.
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KpoMme pacCMOTPEHHBIX METOJI0B CYLIECTBYIOT Puc.27.7
2 u apyrue - rpadoaHalIUTUYECKHil,
“ CBETOBOM M DIIEKTPUYECKUM.
.
N TemnooOMeH H3TyIeHHEM MEXKITY
1 ll \‘\ YEPHBIMH [TOBEPXHOCTIMHU
| =, Hanomuuw, 4To YepHBIE
[ ™ % HOBEPXHOCTH SIBJISIFOTCS
II " TU(GPY3MOHHBIMH, a Jy4HCTash SHEepPrus,
| N najarolas Ha HHUX, [OJHOCTBIO HUMH
gt i — === 7774 TIOTJIOMACTCs. ITotok SHEPTrUu
2 fa 2 W3Jy4EHUS, WCITYIIEHHBIN nepBon
MOBEPXHOCTHIO, u MOTJIOIICHHBIN
Puc.27.8 BTOPOM, 3allMIIETCS B BUJE
E_,=E,Fo_,,
IIOTOK JIYYHCTOM DHEPIUHU, IOIJIOLIEHHBIA I€PBOM ITOBEPXHOCTHIO -
E, ,=E,F,0,,.
[ToTok TEmIOTHI, KOTOPBIA MOJYYUT BTOpPAsI MOBEPXHOCTH OT MEPBOM
O =EyFo_, —EpF0, .
Hcrnonb3ys ycnoBrue B3aUMHOCTH
O b =0, F,,
MO>XHO HaIlUCaTh
4 4
. T, T
— — 1 . — 2
O, = (E01 —Ey )F1¢1 ,» Br, rne E; =C, sEy =G .
- - 100 100
BBons MOHSTHE F€OMETPUUYECKOTO
1
CONPOTHUBIICHNUS —_—, KOTOpOE
E¢¢l—>2
1 OOyCIIOBJIGHO TE€M, YTO HE BCE U3JIy4YCHHE,
Fow .
1 EW{]Q UCOYIIEHHOE  OJHOM HOBEPXHOCTELIO,
JOCTUTHET JAPYroM, MoJydyuMm
: E, —-E
— 01 02
O ,=—F (27.24)
5 1
F‘1¢1—>2
Puc. 27.9 AnmrabaTuyeckas MOBEPXHOCTh
Eciu B cucreme Ten, OOMEHHBAIOIIUXCS
Jy4UCTOM DHEprued, K OAHOM U3 IOBEPXHOCTEM  TEIUIOTa HE  IMOABOAUTCA U HE
OTBOJUTCS, TO TaKas IOBEPXHOCTb Ha3biBaeTca aaumabaTuyeckoil (Ope; = 0). Temmneparypa

TaKOW IOBEPXHOCTH 3aBUCHUT OT JIYYUCTOM DHEPrMU OKPYKAIOIIHUX €€ Tel M Ha3bIBACTCS
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“mraBaroien ‘.

JIist  CHUCTEMBI, COCTOSIIICH W3 JBYX YEPHBIX Tel W aanabaTudecKou

noBepxHoctu (cm. puc.27.10), MOKHO HamucaThb

Ey —Eys — Ey—Ey

4
. T,
, OTKyla MOXHO Haiith E, :CO(I(;O) ,a3areM T’;.

1 1
Fi¢1—>3 F2¢2—>3
1 Temmo00MeH U3IIYISHHEM MEXIY CEPhIMH TCIaMU.
g W} g Jlyducras sHeprus, usinydaemasi CEPbIM TEJIOM,
01 (2 HasbiBaeTcs d(dexTuBHOM ydrcTol 3Hepruei. OnHa
Q‘ ':D; Q CKJIQJIBIBAETCSI U3 COOCTBEHHOW FEcop B OTPaKEHHOM
PE3 pesl Eqorp:
oTp-
Fl— 1 an)l = Ec061 + EOTpl = Ec061 + RlEnazl 4
i
1¥1-3 e E, —-E
2733 OTKyI[a Enaﬂ — adp1 co6l ) (a)
Rl
g 03 Jlist Toro 4ToOBI Tena, OOMEHWBAIOIIMECS JIYYHCTOU
: SHEpTHel, MMEIM HEU3MEHH TeMIIepaTypy, K HHUM
0 —0 p VA parypy
pes3= HEOOXOAUMO TOABOANTE (OTBOAUTH) PE3YIbTUPYIOIIYIO
TEIUIOTY
Puc.27.10 Qpe3l = (Ea(pl - Enazl )E (b)
IloacraBum (a) B (b)
. E3 _E0061 RlEatbl _an)l +E0061
Qe31:(E3¢1_MJF1 :( ‘ Fi’
’ Rl Rl
HO IS Cepoii moBepxHoctu €1 T R =1 rtorma
Q‘ _ R1E3cp1 - E3¢)1€1 - R1E3cp1 + 81E01 F
pesl Rl 12
E —E
WITH st = % (27.25)
1
L€,
Rl
rae — IIOBEPXHOCTHOE COMPOTUBIIEHUE CEPOTO TENA.
181
£ 1 Ry
By %1 Bap PP Buy P Ry,
= .
Qpeal Qpeﬂ

Puc.27.11
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Torma nmnst AByX CephIX Tel, OOMEHUBAIOIMIMXCS JYYUCTOM JHEpruer, TEIUIOBOW MOTOK,

NEepeaHHbI OT MEPBOH MOBEPXHOCTH KO BTOPOW OyleT UMEeTh BHI:

- _ E01_E02
O = R, I LR (27.26)

SIE F1¢1—>2 82F2
PaccMoTpuM Tpu 4acTHBIX Citydas.
1./IBe OeckoHewHbIE MapajlieNbHbIE TACTHHBL. J[JIsi HUX MOXXHO HaIUCaTh

Q — (EOI_Eoz)F Q :M
152 1_ gl 1_82 s 1—2 1 1 .
+1+ — 4+ ——1
& &, g &
BBenem nonsTue npuBeAEHHON CTENIEHU YEPHOTHI
1
Ep =
np s
i + i — 1
81 82
] T 4 T 4
Q1—>2 = SHPF{CO(I(;OJ - Co(l()z()j },HO Cnp =y € np, TOTZA

. T 4 ) i 4

2.JIBa OeckOHEYHBIX LWIMHJpA (MEPBBIA OXBAThIBAET BTOPOML), P n=1.
(Em — Eoz)F1

1 (1 \F
— 4+ 7_1 b
81 82 FZ

Ucnonw3ys (27.26), nomyuum Q1_>2 =

(27.27)

3.HeGonpmioe cepoe TeNO ¢ MOBEPXHOCTHIO F| OXBaThIBAaeTCS OOOJOUYKOW, y KOTOpol F,

>> F.
01y = Eo — Ep _(Eq —Ep)R _(Eq — Eg )Fy
%
—€
R, 1, R l-& 1
&ErF K@, &F, & &
c, Y\ (1Y
C=eC, 6=5, ¢, =C (lj _(zj £ (27.28)
1 1~0 1 CO 1-2 l{ 100 100 1

W3 ¢opmynsr (27.28) BuaHoO,

kod(durmenra
Ecin

MEXY

cxema  Oyner

) &q3
Opessl] Puc.27.12

4TO B OTOM ClIydae
TOJBKO OT

TCIIJIOTBI 3aBUCUT

IMOBCPXHOCTAMU,
SKBHUBAJICHTHAs AJIEKTpUYECcKas
HUMETh BU,
MOKa3aHHBIN Ha puc.27.12.

IIOTOK

W3ITYYCHUS
MEPBOTO CEPOro Tena.

JYYUCTHII
TEII0O0OMEH  OCYIIECTBIISICTCS

Tpemst
TO
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IlepeHOC M31y4YeHMs B OMIOMAKOINUX - TPONYCKAIOIINX Cpeaax

Jlo cux mop CYUTaIOCh, YTO MEXAY TeJlaMH, OOMEHHMBAIOUUMHUCS JIYYUCTOH OSHEPTHEi,
cpena Obuta mpo3pauHod. OgHAKO CTEKJIO, Ta3bl € HECUMMETPUYHOM CTPYKTYpoOu
mosekynsl ( H O, CO, SO, NHiz) Moryr kak wu3iay4yaTb, TaK W IOIJIOLIATh JYYHCTYIO
sHepruto. Jlyuucras sHeprus, MNpOXOoIsd 4Yepe3 MOIYINPO3PayHyK Cpely, HOIIouiaeTcs €.
Bynem cuutarh, YTO COOCTBEHHOE W3JIyu€HHE Cpeasl Majo, TOTJa Ha JUIMHE dX
ocialieHue, HampuMep, CIEKTPaJbHOM MHTEHCUBHOCTH dI; HailileM U3  BBIPAXKECHUS
dl/l =—05,1 I,lxdx,
rae [;, - ’HTEHCUBHOCTh H3JYy4YeHHsS Ha KOOpAMHATE X; () - CIEKTpPaIbHBIA K0d(duumeHt
HOTJIOUIEHUS] CPEJIbI.
PasnenuB nepeMeHHble M cuuTas O = CONSt, IOCIE WHTETPUPOBAHMS IIOIYYUM 3aKOH

byrepa

_ —ax
Lo=1, e . (27.29)
.HyLII/ICTaSI OHEprus, mnorjomacmas CJI0CM
— — - x
AI—IZ,X:O_IM_IZ,X:O(I_e )7
TOrga CICEKTpalbHBIC K03(1)(1)I/H_II/ICHT IIOTJIOICHUA U CTCIICHb YCPHOTHI HaﬁHeM nu3

BBIPAKECHUS

Aﬂze‘ﬂzlﬂ’x[_o L =l-e
A,x=0
Kak Obl10 TOKa3aHO paHee, NIl CephiX Ten A= A, =€, A=¢€ .
PaccmoTpuM  nydmCTBIE  TETUIOOOMEH  MEXAYy JBYMS  CEPhIMH  OECKOHEYHBIMH
napauleJbHbIMU IIJIaCTUHAMU (@12 = 1), MEXIy KOTOPBIMM HAXOAMUTCS HENPO3pauHblil ras.
JlyuucTyro 3HEpruro, maJarIlylo Ha MEepPBOE TEJI0, MOXKHO 3amucaTh B BHUJIE:

Ew=EuD +E =E,D +€ E, .

Haiinem mMOTOK TEIUIOTHI, KOTOPBI HEOOXOIUMO MOJBECTH K MEPBOMY TEIY, YTOOBI €T0

—a, x

najl

TeMIepaTypa OCTaIaCh HEU3MEHHOMU
Qpesl = (an)l - Enanl )E .
C yderoM mpeablAyLIero ypaBHEHUS MOXHO HaIUCATh
Qpesl = (an)l - Ead)ZDr - grEOP )E .
Bocnonbe3yemcst 6anaHCHBIM ypaBHEHUEM:
1=4 +D, +R , HO mna Hamero ciaydad Ar =& ,R. =0, Torma 1=¢& +D, .C yuerom

aroro Beipaxenus E,, =FE, -1=E € +E, D_, nostomy
Qpe31 = (E3¢)1€r + E3¢)1Dr - Ead)ZDr _grEOF )E nim
E

. Ea oy Y _Er
Qpe3l: ‘1’11 ~(1)2+ ~(1)11 ’ s (a)

E¢12 Dr Egr
rac y‘-II/ITBIBaeTCH, 4yTO B O6H_ICM cnyqae (p1_2¢ 1 HOCHGI[HHH 3aIIuCh ypaBHeHI/IH II03BOJISACT

nepesavdy JIYYHCTOM DHEPrHH MEXAy  TellaMd UW300pa3uTh B BHJIE JKBUBAJICHTHOW
3JIEKTPUYECKOM cxeMbl (puc.27.13):
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R 1 Ry
By A% By DM Euy BB By
= .
Qpeal Qpeﬂ
1 1
F151“ Ffr
. Eor
Qp|33r=[:]
Puc.27.13

Amnanornynesie YpaBHCHHA MOXXHO HalucCaTb IJIsA BTOpOﬁ IJIaCTHUHBI.

Ena;[Z:Ead)lDr +€rE0r 4 Qpe32:(E3d)2_EnaJ:[2)F2’
. E. ,—E E,,—E

Qpe32: 202 ahl + 32 Or (b)
LS
Llfé¢54 gr}E

4
. . . T,
Tak kak XQ.,, =0, 10 Q _ =-0,,,. Orciona MoxHo onpenemuts E. =Cy m , a

3areMm 71, . Takum oOpa3zom, moTeHIMan FEp. Kak U MOTSHIMAT aanadaTU4YeCKOW CTEHKH,
SBJISICTCS IUIABAIOIIMM M 3aBUCUT OT TEMIIEpATyphl JPYTUX IMOBEPXHOCTEH.
OnpenenuM TEMJIOBOM MOTOK, KOTOPBIN MOJYYUT BTOPOE TEJIO OT MEPBOIO:

Q' — Ey, —Ey,
12

: (27.30)
Rl + RBKB + R2
6'1 F1 82 F2

1 ( 1 1 j
+
_ E¢12Dr ES r F2€r
OKB 1 1 1
+ +
E¢12Dr Egr F28r
IMMOJIYYCHHOC U3 MapalyiIiCJIbHOI'0 COCAUHCHUSA COHpOTI/IBHeHI/Iﬁ

rac R - OKBUBAJICHTHOC COIIPOTHUBJICHUC,

1 1 1
R= ——— u Ry= +-——— (HamOMHMM, 4YTO TMpU [apaVIEIbHOM COEIUHEHUU
E¢l—2Dr E £ r F2 81_
CONPOTHBIICHUH CKJIA[bIBAIOTCS UX IPOBOAUMOCTH, TO €CTh
1 I 1
=t —).
RaKB Rl RZ

JlelficTBHE 3alIMTHRIX YKPAHOB
YToOBl YMEHBIINTH MOTOK JIYYUCTOW IHEPTUU OT OJHOTO Telia K JPYroMy, MEXIYy HHUMH
yCTaHaBJII/IBaIOT 3allIUTHBIC BKpaHBI.
[Ipu oTcyTcTBUM dKpaHa JUisi JBYX OECKOHEYHBIX IMapajuIeNIbHBIX CEpBIX IUIACTUH

Y\ (1Y
MOXKHO HAITHCATh 9., =C, (1(;()) _[1020j Br/M’,
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rae CHp = 111 ; Ci=¢€1Cy; Cr=¢€,Cy.bynem cuurarh, 4TO
G G G

C,=C,=C, =C. [lomectuM MeXy TelIaMHU 3KpaH, KOTOPBIN NPEACTaBISIET COO0H TOHKYIO

IUTACTUHY, ¥ COCTaBUM YpaBHEHHUs TEIUIOBOro OanaHca. Tak Kak 3KpaH TOHKHH, TO ero
TEMIEpaTypa OJWHAKOBA C OOEUX CTOPOH, CJIEOBATEIHLHO

.\ (1Y

D = C“"Klooj (100) } ’ @)
T3 4_ Tz 4

q3»2 - Cnp{[looj (10()) } ) (6)

HO ¢1,=¢, 2 .lIpupaBauBas (a) u (0), Haligem

LY i n Y[
100 211100 100) |

[ToncraBuM 3TO BhIpaXkeHue B (a), TOrnaa:

_ \ .
1 T T
el(D) ()| 2731
T2 =5 T (100) (100) 73D
T.. NPH YCTAaHOBKE OKPaHa IUIOTHOCTh TEIUIOBOIO IOTOKA yMEHbINACTCs B JBa pasa:
A1) =92 (n=1). Ecmmumeerca n 5kpatos, To q, =2
2 n+1

Paccmotpum BrOpon ciydau, korga C, =C,=C, a C, #C.

%_ZZCH{(TIJ_[TZJ:I )
"1 100 100
LY (1Y)
q., = Cnpal{[looj (10()) } » (a)

1
e Co =1
- + - —
Cl ) CO
4 4
T T
=C > | | == , §
q3-2 npaZ{[looj (10()) } ( )
rae Cnp32 = 1111, HO B HameM ciydae C1-C, = C, cunenoBarenbHO, Cipsi = Crpy
c G G

=Cyp,. IIpupaBHuBas (a) u (0) ¢ y4eToM CKa3aHHOIO, IOIy4YUM

(o) =3l ) (i |
=L+ 2] ] ©)
100) 2|{100) (100

C ! ! C
qlﬂ ) (le — (TZJ — ql—Z nps , (2732)
2 100 100 2C

mp

IloacraBum (c) B (a) :
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q(1»2)3 Cnpa
TO €CThb = ’ . Ecim B kxadectBe 3KpaHa HCHOJb3YCTCA, HAIIPUMEP, MCIb,
ql-2 np

. q(1-2
MOKpBITasi OKUChIO, y kKotopo C(,=3,18, a y crenku C =5,38, TO t2p 0,144 , T.e.
4>
TEIIOBOM MOTOK MEX/Ty IIOBEPXHOCTSIMH IIPH YCTAaHOBKE 3KpaHa yMeHbIIaeTcs B 6,94 pasa.

H3mepeHue BBICOKUX TEMOEPATYP

W3mepenue TeMmepaTypsl MOBEPXHOCTH BBICOKOHArpeTOro Tejla KOHTAKTHBIM CIOCOOOM
IIpU MOMOIIM TEPMOMETPOB U TEPMOIIAp BCTPEYaeT 3HAUUTEIbHBbIE TEXHUYECKUE TPyAHOCTH. B
CBSA3M C ATUM IIMPOKO MCIOJIB3YIOTCSI ONTHYECKHE METOAbl, KOTOPbIE MO3BOJSAIOT U3MEPATH
TEMIEPaTypy NOBEPXHOCTHU Teja C IOCTAaTOYHON TOUHOCTHIO HE Kacasich camoro Tena. [Ipu stom
BBOJSITCS] TAKME MOHATUSA KaK pajuallOHHAas, [[BETHAs U SIPKOCTHas TemmepaTypsl. Onpenenus
9TH TeMIlepaTypbl U3 OIbITA, HAXOAAT JCHCTBUTEIbHBIE 3Ha4YeHHs TeMmieparyp. Tak, u3
paBEHCTBA JIYYMCTBIX SHEPrUi MOKHO YCTAaHOBUTH CBSI3b MEXIY PaAMAallMOHHOW U MCTUHHOU
TeMIepaTypaMmu

pao.
1

84

E\(T,,)=E(T),no o,T,

ao. =eo,T*, Torma T=

Eoy (Ty) _E,(T)
Ey;, (Tu ) E,(T)

N3 cooTHOMIEHUS C y4eTOM 3aKkoHa BuHa Halinem 3aBucuMocts Mexay 1y u

Gl ad
T. JleiicTBUTENBHO, IOACTAHOBKA JaeT e * ™ ™ £;,=e €, . llocne norapudmupoBanus
TIOJTyYHM:
£
In Al
11 €
ToTy 11

A4
IToncraBuB 3akoH BuHa B paBeHCTBO
E,,T,)=E,(T)=¢,E,,(T),
HaiiJIeM CBA3b MEXIY APKOCTHOM U JEHCTBUTEILHON TeMIepaTypaMmu
1 1 Algg,

T T, C,

CH0XHBIH Tem1000MeH
B peanbHbIX cucTemax, Kak IPaBUJIO, UMEET MECTO CJIOXHBIM TEINIOOOMEH, TO €CTh
CyMMapHbli  TEIUIOBOM IIOTOK  CKJIAJbIBAETCS u3 IIOTOKOB, 00yCIIOBICHHBIX
TEIUIONPOBOAHOCTBIO, KOHBEKIIMEH M JIy4UCTBIM TeIulooOMeHOM. B cBA3M ¢ 3TuUM Inpu
pacyerax HEOOXOJMMO ONPEACTUTHh IO KaXKIOr0 U3 HHUX, M €ClIM Y KaKOro-TO MOTOKa
OHAa MaJa, TO B JaJbHEHIIEM HMCKIKYHUTH €r0 U3 PAaCCMOTPEHMS.
IIpn nepenade TEmIOTHI, HAPUMEP, OT OJHOW IIACTUHBI K JPYIOH, KOrJa OTCYTCTBYIOT

KOHBCKTHUBHBIC TOKHU (3a30p 5 M&J’I), INIOTHOCTh TECIIJIOBOI'O ITOTOKAa MOXHO 3allucarb B BHJEC:

/1r T 4 T 4
617=F(T1-T2)+CHp (1010j —(1()2()) : (27.33)

VYpaBHeHHe TemIoBOro OanaHca Al dJeMeHTa pedpa MpeiCcTaBUM Tak:
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4

d’T T T\
A1, pa,’x=cr(Tp—TOC)I'Iabc+C —2 —[ j Idx,

dx’ 100 100

rae  II - mepumerp pebpa; f, - miowmans momnepeynoro cevenus pebpa ; C=¢g C) ;€ -

CTETIeHb YEePHOTHI IIOBEPXHOCTH pedpa .

PaguanmoHHble CBOMCTBA I'a30B
B omimuue ot ceppix Ten, ra3el 00JAAlOT SPKO BBIPAKEHHBIMH CIIEKTPAIbHBIMU
CBOWCTBaMH, T.€. IIPU OINPEIAECICHHON JJIMHE BOJIHBI OHU MOTYT XOpPOLIO IMOIJIOLIATH JIYYUCTYIO
SHEPTHIO, a MIPU APYTOH - OBITH MPO3PAYHBIMU.
Ecnu nyuucrass sHeprusi, vMcnyckaemas CEpbIMH TEJIaMH, OIPEIEsAETCS CBOMCTBaAMU
MOBEPXHOCTH, TO TOTJIOMIATENIbHAS W  H3JIydaTelbHash CIIOCOOHOCTH Ta30B 3aBHUCIT OT HX
obwvema. [loaToMy IS IPOU3BOJBHBIX 00BEMAxX BBOJAAT MOHATHE CPEOHEH IUIMHBI MYTH JIyda:

L=3,6‘;, rae F - mOBEepXHOCTh Tra3oBoro ooObema. Tak, mis cdepsl L=§D, TUTS

OECKOHEUHBIX MapaIeIbHbIX CTeHOK L =209, s 6eckoHeyHoro mummHapa L= D.
WNHTterpasibHas CTENEHb YEPHOTHI Ia30B 3aBUCUT OT TEMIEPATypbl M OT IMPOU3BENCHUS

CpeIHEN NJIUHBI YT Jy4a W MapLUualbHOro AaBjieHus rasa (puc.27.14), To ecthb

Er=f (T, L -py). Ecnu ra3 HaxoguTcss TpH JaBJIECHUU BBIIIE aTMOCPEPHOTO0, TO BBOISAT

nonpaBky. Tak, [uisi BOASHOIO Iapa MOXHO HaHHcaTbg'HzozeHzo 'CHZO’ rie Cyo-

K03 pUIMEHT, 3aBUCAIINI OT naBieHus (cM. puc.27.15).
CrernieHb YEePHOTEI TSt cMecH ra3oB OIIpeIeTsIeTCs o
dopmyne €, =&y o +Eco, —AE . Bemuuuna AE xapaxkTepusyeT NepeM3yueHHE Ia30B, KOTJa

JUIMHBI U3JIy9aeMbIX BOJIH MEPeKphIBalOT Apyr apyra. Koadduuuentr mnoriomenus BOASHOTO
napa HaxoAT U3 BbIPAKEHUS:

. [Thyo . T,
HZO:gHzo T CH2O’ rﬂegnzo:f p”zoLT ’TW )

w Hy0

0,45

A

T, -TeMrepaTypa H3/Ty4aTes.

LT.) (cm.

H,0

*
B oroMm ciydae npu onpeneneHuu € H,0 HCTIONb3yeTCs rpaduk &y o =f (p
2

puc.27.14), Ho BMecto 1. mOACTAaBISIOT TeMmeparypy usiaydarens I, a Du,ol yMHOXAIOT

w

Ha

H,0
0,65

. (T
A CO,  cnpasemuBa popmyna: Aq, =€ o, ;02 Ceo, -

w

IlornomarensHas ClOCOOHOCTb CMECH ONPEICISCTCS BBIPAKEHHEM A, = Ay o + Ao, —AA,

rae A4 = Ae (npu temneparype 1y, ).
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0,70 e
. _ kH |
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28. Teny1000MeHHBbIE aNNaPaThl
TenmooOmennsle anmaparbl (TA) mnpeaHasHadeHbl s HAarpeBaHusi OJHOTO W3
TEIUIOHOCHUTENIEH (areHTa) 3a cueT OXJAXICHMs ApYyroro. TemiooOMeHHbIE amnmnaparbl AesTCs
Ha YEThIpE OCHOBHBIX THIIA.

1. PexyneparuBnbie TA, B KOTOPBIX TEIUIOTA OT OJHOIO areHTa K APYroMy IEPENacTCs depe3
TBEP/YIO CTEHKY.

2. PereneparuBubie TA, rae mpoiecc nepenadyud TEMIOThl OCYHIECTBIISIETCS B HECTAIMOHAPHBIX

YCIIOBHSIX: CHadaJla OPsIYMM TEIUIOHOCUTENb HAarpeBaeT HACalKy, aKKyMYJIUPYIOIIYIO TEIUIOTY,

3aTeM uepe3 ATy HacaJKy IMPOIYCKAIOT HarpeBaeMblii MOTOK. Takue ammapaTbl HaxOIsT

pUMEHEHHE, HAl[PUMEP, B TPAHCIIOPTHBIX ra30TYPOMHHBIX YCTAaHOBKAX.

3. TA CMECHTENBHOIO THIA, B KOTOPBIX AreHThl IEPEMENIMBAIOTCSA. 110 TOMY NPUHLMUITY
paboTaoT BOJOINOAOTPEBATENIN NAPOCUIIOBBIX YCTAHOBOK, HMHIKEKTOPBI.
4.TA c BHyTpEHHUMH UCTOYHHUKAMHU TEIUIOTHI (Hanpumep, peaktopsl ADC).
ITo xapakTepy B3aMMHOIO JBM)KEHUS TEIUIOHOCUTENS pekynepatuBHble TA pasaenstoTcs
Ha NPSAMOTOYHBIE U IPOTUBOTOYHBIE (pHC.28.1).
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G2 5
IpAMOTONHED TA pOTHEOTOYHET T A
Puc. 28.1

YpaBHeHME TEMJI0BOro OanaHca U Temjionepeaadn
PaccmoTpuM mpsiMOTOUHBIN TerIooOMeHHMK. bynem monarats, yto B TA mpoucxoauT

nepeaaya TemIoThl 6€3 NoTepb B OKPYKAIOLIYI0 Cpely OT ropsiyero arerra 1 ¢ pacxonom G, K

XOJIOIHOMY areHry 2 ¢ pacxomoM G,. Torma sneMeHTapHBIM TEIUIOBOW IOTOK, OTJaBacMbIN
NEPBbIM areHTOM U I[IOJIy4aeMblii BTOpBIM, OyIeT paBeH COOTBETCTBEHHO YObUIM WIIU
YBCIUMUYCHUIO OHTAJIBIIMU ar€HTOB IPU U3BMCHCHHUHU UX TCMIICPATYpP HaA dll n dlz .

dQ, =—dl, =—c, Gdt, . (a)
dQ, =dl, =c,,G,dt, . (b)
BBenem moHATHE MAaccoBOM (pacxXxOoAHOM) TEMIOEMKOCTH W=c pG U TpUpaBHIEM
3JIEMEHTapHbIE TEIJIOBBIE MOTOKHU, onpeaensieMble (a) u (b):
W,dt, =-Wdt,, nnu an _ —%.
dt, W,

W3 cooTHOLIEHUS BUIHO, YTO 4YeM OOJIbIIe pacxXo/Has TeIIOEMKOCTb, TEM MEHbIIIE U3MEHEHUE
TEMIIepaTypbl COOTBETCTBYIOIIETO areHTa.
Nurterpupys (a) u (b), nomyunm

Q1 = _EpIGI (t1”_ t1,) >

0, =c,Gle-1) . ©)
Q,=¢,,G,(17-13) . (d)
3anuiieM ypaBHeHHE Terionepenadu B auddepeHunansuoi hopme
dQ = kAtdF (e)
rae At - TeKyIMil TeMIepaTypHbI Hamop MEXIy areHTamu; k — JOKaJbHBIH KOA(PQPHUIHEHT
Temionepenadn; dF - 3jeMeHTapHas IUIOLIaJIKa TeIionepenaued MoBepxHocTH. B
UHTETPAIbHON Popme OyneM UMeTh
O=kAtF. 0

VYpasuenue Tteronepenaun (f) wmcmosp3yercs daiie BCEro JUIsd ONpeaesieHus Tpedyemon
MOBEPXHOCTH TETIOOOMEHA.
OnpenenuM TeMIEpaTypHBIM HAmop MEXIy MOTOKAMHU.
d¢ d¢
7Q., dt, = 7Q., TO MOYHO HaIMcaTh
CplGl cszz
1 1

dt, —dr, =d(AI)=— —+— dQ,HJIH o0o3Hauas m = L+L ,
W, W, W, W,

Tak kak dt, =—
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d(At)=-mdQ .
ITocne moxcranoBku Beipaxenus i1 dQ us (€) , moyyaem
d(Ar) = —mkAtdF d(AAt) = —mkdF .VlaTerpupoBaHue MOCIEIHEr0 ypaBHeHus or At 10 A, u
t
At ,
or 0 nmo Fy naer: In— =-mkF_, oTkyna At = At exp(— mkFx), (28.1) rme

At
At’- TEMIIEPATYPHBII HANoOp MEXAY TEIUIOHOCUTEeNsIMH Ha Bxoje B TA. YpaBHeHue (28.1)
IpPEACTaBIsIeT HW3MEHEHHE JIOKAIBHOINO TEMIIEPAaTypHOIO HAmopa BJOJb IOBEPXHOCTH
teriooomMena F mpu npsmoTtoke. OrpenenuM BbIpaKEHUE UIS CPEJHEro IO IMOBEPXHOCTH
TEMIIepaTypHOro Haropa

Af = letxdF = Ar e "™ JF = Ait.[ e‘”’"Fd(mkF) = At . (e"""F _1):
Fsy Fy mkF 5, 1n A
A
_ Ai . (Af _1j _ A ‘AtAf _ A ‘AtA’M , (28.2)
In=— Al In—; In—%
At At At

M

rne At, m At - COOTBETCTBEHHO HaumOONbIIMI M HAaUMMEHBIIMH TeMIIepaTypHbIE HArophbl.

®dopmyna (28.2) mpenacraBiseT CpeaHeNIOrapuPMUUYECKUNA TEeMIIepaTypHBIH HAmop MeEXIy
areHTaMu U MO>KET MCIIOJb30BaThCs MIPU pacyeTe peKkynepaTuBHbIX TA Kak ¢ NpsIMOTOYHBIM,
TaKk U C NOPOTUBOTOYHBIM  JIBIJKEHHEM TeruloHocuTeneil. Tak kKak B pealibHbIX
TEIUIOOOMEHHBIX — ammaparax [IBH)KCHHE IIOTOKOB SBIsieTcss Oojiee CIOKHBIM, YeM B
TEIJIOOOMEHHHUKE  “Tpyba B  TpyOe”’, TO JACHCTBUTEIBHBIM TEMIIEpATypHBIA  HaIop

onpenensior o0 Qopmyne Ar, =Ar-g,, THe £, YUUTHIBACT KaK HANPABICHUE IBHKCHHUS

IIOTOKOB, TaK M 4UCIO0 X0HoB &, = f(R,P); R= ot =£,; Pzﬂ =£ (cMm. puc.28.2 u
ot, O At A
puc.28.3). Eciu uncno xonos B TA Oonblie Tpex, To €, =1.

i

I”

Puc. 28.2 Pnc.28.3
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. 1 1 :
JIJisi IpOTUBOTOYHOM CXeMbl UMeeM  d (At)z— ———1dQ, upu Wi =W,
W W,

MoJy4yaem d(At)zO, T.€. B 3TOM ClIydyae TeMIEpaTypHbIM HAmop MOCTOSHEH BJOJb BCEH
MOBEPXHOCTU TEIJI00OMEHA.

’ ”
VV1(I1 — t1)

PR
VVl L1
ONpelesieMbIM KaK OTHOUIEHUE TEIUIOBOIO IOTOKA, KOTOPBIM AEHCTBUTENBHO OTHAN TOPSYN
TEIJIOHOCUTENb, K TGHJIOBOMy MOTOKY, KOTOPBI OH MOT ObI OTZIaTh, €CITH OBI €T0 TeMnepaTypa

O¢dextuBHocte TA MOXHO oOneHHTH Kod(duuumeHToM 3PQeKTUBHOCTH & =

Ha BBIXOJE U3 TAZ‘ ObLIa PaBHOU TeMIlEpaType HarpeBaeMOro areHTa Ha BXOJE t B TA
1 Y 2

(cMm. puc.28.2). I3 ypaBHeHus TeruioBoro OajaHca kAtdF =W, 0 MOXHO TOJYYHUTh
kF_ &
W, At
TersiooOMeHHoro ammapara. B [27] moka3zaHo, 4ro N MOXKET OBITh BBIPAKEH uepes
kodppuimeHT >(PPEKTUBHOCTH W PACXOJHBIE TEIUIOEMKOCTH arcHTOB

W, | 1 1

N=In||l-e | — |——
W, )1-€],_ W

2

=N, 71O ectb 3Hag mapamMerp N , MOXHO  OIPEACIUTH IIOBEPXHOCTH

OcHOBHBIE TOJIOXKEHHUsT pacuera TA peKynepaTuBHOIO THIA
TenmoBol pacuer
OcHOBHBIE TOJOXEHHUS pacueTa TEIIOOOMEHHOIO ammapara CBOASTCS K CIEAYIOIIEMY.

’

b ”
Ilpu sapauneix: G, t;, t,, t, ¥ € OUPENEISIOT [ M YTOYHSIOT

. I, +1,
Cpe/IHHE 3HAYCHHS TEIUIOGMKOCTEH B 3aJ@HHOM HMHTEpBale Temmeparyp c, = f ( j 4K

s ' ’ ” ~ ” ’
ypaBHenus Temnooro Oanmanca O =Gc, (tl -1 )= G,c,, (t2 - tz) HaxoIaT pacxoJ BOJbI

o : Glcpl(tl _t1) o
yepe3 TpyOHbII mydok G, =—,—~ . [anee omnpenenstor cpeaHuil koddduiuent
¢ 2(t2 - tz)
p
_ 1 e
Teronepenaun k= , TIme @= - ko3(pduuuent opeOpeHus;
1 0,14, 1 F

aZ 23 d B anp ¢

F
a, = 1-(1-wEE)—"- |- npuBeneHHblii  KOShGUIMEHT TEIIOOTAAYM; Y  yUHTHIBAET
pc
W3MEHEHHE ¢4 TI0 BbICOTE peOpa; & yuWTBIBAET TPANEMEBUIHOCTL pedep, E - kodduiment
s dexTuBHOCTH pedpa; O - KOAGPUIIMEHT TEIIO0TIaYu C BO3AYIITHOW CTOPOHBI (CM. [27]);

Br N .
0,=6000— — - KOOQ(UUHMEHT TEIIOOTAAYM IO BOASHOMY TPaKTy (OTOH  BEJIMYMHOM
M

3aJ1at0TCH).
Onpenenus k u Atnor n» HaxomsiT moepxHocTe TA mo ¢opmysam
F= e wim  F= N:VI :

&norg l;
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KonuyecTBO my4koB U 4ucCiIO XOA0B B TA HaXomsIT W3 CIEIYIOUUX COOOpaKEHUH.

aZdla
3Has Op, ompegemsior Nu, =—=", a 3arem Re, U3 KPUTEPUAIBHOIO  YpaBHEHUS

2

0,8 o v
Nu, =0,021Re, " Pr®* ¢,. Tenepp MOXHO HaiiTH CKOpOCTb BOJABI B TpyOKe, KOTOPOi
2

Re, v, : o
OTBEYAaeT Ok W, == HO G, = Ve P,W,n, OTKyAa YUCIO  TPYyOOK B IIydKe
4G,
n=-———=—. [lloBepxunocts myuka F, .. =7mLn, rne L, - nuuHa TpyOKu B mydke (
7w, p,w,
F

puc.28.4). [locne 3TOro 4nuciao XOJOB HAXOAAT W3 BBIPAXKEHUS M = ——.

Iy4Ka

2]
i
A f i
a A T H—Zﬁ
A 7 tﬂi .

™y b .

3 G,
5 i mp
&, —> b Eﬁ
&
[P
£ Ty
\—/ i
Puc.28.4

I'mapaBianyueckuii pacueT

JIBr>keHuEe TeIUIOHOCUTENss B TpakTax TA NpPUBOAUT K MNAJACHUIO [ABJICHUS H3-3a
HaJTM9Ins TUAPABIMYECKUX conpoTuBieHui. lLlenp pacuera - onpenenutb, HACKOJIBKO
YMEHBIIUTCA JaBJ€HUE areHta Ha BbIXoge H3 TA 1O CpaBHEHUIO C BXOJIHBIM U
OTpEACIUTh, €CIH OTO HEOOXOAMMO, KAaKyl0 MOIIHOCTh JIOJDKHA HMETh BO3AYXOJyBKa,
KOMIIPECCOp WJIM  HAcoc, YTOOBl C€03/1aThb HEOOXOJAMMBIA HAMoOp, PaBHBIA CyMMapHBIM
MOTEPSIM JIaBJIICHUSL MPU 3aJaHHOM PACXOJE arcHTa.

B BO3aymiHOM TpakTe mMajeHHWE NaBJICHHs MMeeT MecTo B nuddys3ope, mydkax Tpyo
Opu WX  T[ONepeyHoM  OOTeKaHWMM  BO3AyXOoM W B KOoHdY30pe, TO  ecTb

Ap): = Ap;{mb + Apr{yq.pr6 + ApKOHd) N
B BOASAHOM TPAKTC 6YI[eM HUMETH :
Apy = Apﬂmb +Ap,. + ZApr + Apo +Ap,.. + ApKOHQb , TIe

Tp

2
w.
Ap,.=¢ /0222— najeHue JABICHUS W3-3a BHE3AIIHOrO CyxeHus moroka; ¢ = f| Re,

KOA(P(UIIMEHT MECTHOTO COMPOTHBIICHUS;

= 2

3 L p,w
d

B

Ap,, = - MOTepsi JAaBJeHHs, OOYCJOBJICHHAs TPEHUEM IPH JBUKEHHUU BOJIBI B

TpyOKe B OJTHOM XOJIe.
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Ocranbuble  Ap; XapakTepu3ylOT —COOTBETCTBCHHO IQJ€HHE JIaBICHHS  H3-3a:
BHE3AIIHOIO PACIIMPEHHs TIOTOKA TIPH  BbIXOJE M3 TPYOHOM HOCKM Ap, , MOBOpPOTA IMOTOKA
Ap,, W ero  jBuwkKenus B KoHdysope Ap, .., 3HAUEHUS KOTOPHIX MOXHO HAWHTH B

CIIpaBOYHHKAX I10 THAPABINYCCKUM COIIPOTUBJICHUAM.
Tak kak  TeyeHWe B TpakTax [A  HEHU30TEPMUYECKOE, TO COOTBETCTBYIOLIUE
KOB(b(bI/II_[I/ICHTBI COIIPOTUBJICHU A HCO6XOI[I/IMO YTOYHATH, YMHOXAasl WX Ha IIOIPAaBKH THIIA

n m

Pr.
i HJ‘IH (4
M, Pr,
OT TEMIIepaTypbl B MOTPAaHUYHOM CJIOE.

3Has CyMMapHOE TMaJICHWE JIaBJICHHWS BJOJb TpPaKTa, MOXXHO HaWTH, HaIlpuMmep,

MOIIIHOCTD Hacoca, HCO6XO,Z[I/IMYIO AJI1 MPOKAaYKW BOAbBI C 3aJaHHbIM pacxoaom:

, KOTOpPBIC YUYUTBIBAIOT 3aBUCHUMOCTH (bI/ISI/I‘IeCKI/IX CBOICTB arcHTOB

1 GzAPZHZO . 5 5
-, Iraec 7701‘ - BHyTpeHHI/II/I OTHOCUTCJIBbHBIU K.II.4. HACOCA.

N, = GZVZAPZHZO PR
1, P>,
CpaBHeHnune TerI0Bo# 2P HEKTUBHOCTH IPIMOTOUYHON 1
IPOTHUBOTOYHON cxeM TA
TemoBass  3QQPEKTUBHOCTh  MPSAMOTOYHBIX TA TpPH TPOYMX PABHBIX YCIOBHUSIX
pHOJIMKAETCS K TPOTUBOTOYHBIM B TOM ClTydae, KOT/1a HU3MEHEHHEe TeMIIepaTyphl OJTHOTO areHTa

ot, W,
HAMHOTI'0 0OJIbIle (MEHBIIE), YEM JAPYTOro 5—2 = Wl (cm. puc.28.5). C pocTOM TEMIIEPATYPHOIO
tl 2
5t kF
Haropa 3¢ dekTuBHOCTH MpsIMOTOYHOTO TA BO3pacraer AT = W =N . Ilpu ManbIX 3HAaYECHUAX
t 1

napamerpa N  3(Q(PEeKTUBHOCTh MNPSIMOTOYHBIX AamNNapaToB MNPUONIMKAETCS K IOKa3aTelsiM
IIPOTUBOTOYHBIX. B cuily cka3aHHOIO MCIOJIB3YIOTCS, KaK IIPaBUIIO, IPOTUBOTOUHbIE TA.

anHM

0.0z 1 20 azgx’az

Pnc.28.5
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IIpniaoxenne I
Hwuxe npeacTaBiaeHbl TEKCTHI IporpaMM Ha sizbike Doptpan-77.

IIporpamma GTU_REG npennasnadena ans pacdera  TEIUIOBOW A(PQPEKTUBHOCTH LUKIA
ra3oTypOMHHON yCTaHOBKM ¢ pereHeparueii Ternotbl. [Iporpammel GEOIRA u GEOI1A
NO3BOJISIIOT ~ PACCUUTHIBATE  MOIIHOCTE M 3(PPEKTHUBHOCTh TE€OTEPMAIBHBIX  TEIJIOBBIX
anektpudeckux craHmuii (I'eoTOC) tpagunmonHoro tuma ¢ pacmuputeneMm (cm. puc.10.200,
ctp. 163) u craHuuii ¢ mNpUMEHEHUeM TruaponapoBoil Typounsl, (puc.10.20B, ctp.163) ¢
ONTUMU3AIMEH MMapaMeTpoB padbouero Tena. B Tabnuue I1.1 mpuBeneHsl pe3ynbTaThl CpaBHEHUS
pacyeTHOM MOILMHOCTH JBYX CTaHLUU IIpY pa3jIMYHBIX IapaMeTrpax (remmeparype 7 U CTEIEHHU
CYXOCTH X) TepMaJIbHOM cMecH Ha Bxojae B ['eoTOC.

I'TY ¢ perenepanueii TEmIOTHI
NnerTuduxaTopsl MporpaMMel
(Bce enuamnbl u13MepeHus — B CH):
T1...T6, P1...P4 — Temnepatrypsbl U JaBIE€HUS B XapaKTEPHBIX TOUKAX LIMKJIA

ROV — mnoTtHOCTH pabouero Tena
RO — yHuBepcanbHas ra3oBasi HOCTOSIHHAs
RV,AMYV - razoBasi mocTOsiHHasE 1 MOJIEKYJISIpHAsI Macca pabodero Tesna
HRN - remora cropanus Tomisa
BT - pacxon TormBa
PIK — crenieHpb MOBBILICHUS JABJICHUS B KOMIIPECCOPE
TAU=T1/T3
LKS,LKD —uzeansHas u AeiicTBUTEIbHAS paboTa KOMIIpeccopa
LTS,LTD — uneanvHas u qelCTBUTENbHAS paboTa TypOUHBI
LCS,LCD — uneanpHas u [eicTBUTENbHAS paboTa IHUKIIA
MUO,MMU - crenens perenepaium TerioThl
NGTUD - peiictButenbHas MoutHocTs [ TY
EFGTU — k..o I'TY

PROGRAM GTU_REG

REAL LCS,LCD,LKS,LKD,LTS,LTD,KV,MU,MUO,

& NCGTUD,LCDQ

REAL MMU(10)

OPEN (2,FILE='GTU.DAT")

OPEN (6,FILE='REZGTU.DAT")

OPEN (7,FILE=TABGTU.DAT)

READ (2,*) P1,T1,R0,AMV,EFK,EFT,HRN,GG,EFKC,TAUO,MUO

WRITE(7,*) T1,TI/TAUO,TAUO

TAU=TAUO

MMU(1)=0

MMU(2)=0.3

MMU(3)=0.5

MMU4)=0.75

DO2J=14

MU=MMU(QJ)

DO 3 K=1,13

PIK=0.5+K

T3=T1/TAU

RV=R0/AMV

ROVI1=P1/RV/T1

CV=5*RV/2.

CP=CV+RV

KV=CP/CV
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C OIITUMAJIbHas CTCIICHb ITOBBIINICHNS N1AaBJICHUA B
C komnpeccope npu MU=0
PIKOPT=(T3*EFT*EFK/T1)**(KV/(2.*(KV-1.)))
P2=P1*PIK
T2=T1*(PIK)**((KV-1.)/KV)
T2D=T1+(T2-T1)/EFK
ROV2=P2/RV/T2
ROV2D=P2/RV/T2D
P3=P2
ROV3=P3/RV/T3
ROV3D=P3/RV/T3
LKS=-CP*(T2-T1)
LKD=-CP*(T2D-T1)
P4=P1
T4=T3*(P4/P3)**((KV-1.)/KV)
LTS=CP*(T3-T4)
T4D=T3-(T3-T4)*EFT
ROV4=P4/RV/T4
ROV4D=P3/RV/T4D
T5=T2D+MU*(T4D-T2D)
T6=T4D+T2D-T5
QI1=CP*(T3-T5)
QI=Q1*GG
Q2=CP*(T6-T1)
QII=Q2*GG
LTD=CP*(T3-T4D)
LCS=LTS+LKS
LCD=LTD+LKD
NCGTUD=GG*LCD
EFVC=LCD/LCS
LCDQ=Q1-Q2
EFGTU=NCGTUD/(GG*CP*(T3-T5))
BT=QI/HRN/EFKC
C IF(T6.EQ.T2D.OR.T6.LT.T2D) GOTO 4
WRITE(6,*) ' LKS="LKS,' LKD="LKD,"' LTS="LTS,

& 'PIKOPT='PIKOPT, TAU=TAU, T3=T3, T1='T],
& 'LTD=\LTD, Q1=,Q1, T2='T2, T4='T4, T4D=.T4D,
& 'Q2=,Q2, LCS='LCS, LCD='LCD, T2D=,T2D, KV='KV,
& 'ROV2D=,ROV2D, Q2=,Q2,' EFT='EFT, EFVC='EFVC,
& 'ROV2D=,ROV2D, T1=.T1,' P1='P1, EFGTU='EFGTU,
& 'P2='P2, PIK='PIK, BT='BT, QI=,QL,' QII=,QII,
& 'T5=T5, T6='T6, MU='MU, NCGTUD=,NCGTUD
WRITE(7,100) MU,PIK,EFGTU
3 CONTINUE
2 CONTINUE
4 STOP
100 FORMAT(F5.2,F10.2,F10.3)
END

Ucxonnbie nannsie (paitn GTU.DAT)
1.E5 290. 8314. 29. 0.88 0.89 44.E6 490. 0.98 0.2472 0.0
Pl T1 RO AMV EFK EFT HRN GG EFKC TAUO MUO
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PROGRAM GEOI1RA
OnHOKOHTYpHas reoTepMaibHasi CTaHIUs
C OJJHUM paCIIMPUTEIIEM

WNnentuduxaTopsl MporpaMMsl:
R-ynenbHas Temnora napooOpa3oBanus, Jk/Kr;
CPI1-ynenbHas n306apHas TEINIOEMKOCTh TEPMaTbHOM
BoJibI, JI/(kTK);
E-ynenbHas sHTAIBNINA TEPMATBHOM BOABI, [[K/KT;
P-nasnenue Hacelmenns, I1a;
CPIT-cpennsist ynenbHast n300apHast TEIJIOEMKOCTh
TepMaIbHOU BOJBI B 33JITaHHOM MHTEpBaje
temnepartyp, 1x/(krK);
S-ynenpHas sHTponus TepManbHoi Boabl, JIx/(krK);
[S-u303HTpONMITHEII TTpOLIECC;
GS-pacxon TepmanibHOU cMecu uepe3 ['eoTOC, kr/c;
GET-Buyrpennuii otHocutenbubiid KIT I'TIT;
PET-BuyTpennuii orHocutensHbii KI1J IIT;
ETN-BuyTpennuii otHocurenbHbil KITJ[ Hacoca;
TK-temneparypa napa B koHzaeHcatope, C;
TKK-temneparypa napa B koHaeHcarope, K;
VK-ynenbHblit 00beM BOJBI B KOHACHCATOPE, M3/KT;
T1-Temneparypa TepMalbHOM CMECH HA BXOJIE B
T'eoTOC, C;
X1-cTeneHs CyXoCTH TEPMaAIbLHON CMECH Ha BXOJE B
I'eoTOC;
GP1-pacxon cyxoro HachIlIEHHOTO Mapa yepes
nepBble cTyneHu naposoii Typouns (I1T), kr/c;
E1P-sHTaNBIMSA CYyXOro HAChIIIEHHOTO Mapa nepej
IIT, JIx/kr;
T2-temneparypa napa 3a I'TIT, C;
X2-crenenb cyxocTu BiaaxsHoro napa 3a ['TIT;
E2P-sHtanbnus cyxoro HaceinieHHoro napa 3a ['TIT,[x/kr;
S1P-s3uTponus cyxoro HacelmeHHoro napa nepex IIT, C  JLx/xr/K;
S2P-s3HTponus cyxoro HacklmeHHoro napa 3a ['TIT,
Jx/xr/K;
EKS-snTanenus Bnaxuoro napa 3a [T npu
W303HTPONUMHOM pacuIpeHuu, Jx/Kr;
P2- nasnenue 3a I'TIT, Ila;
PGT-momnocts I'TIT, BT;
PT-momruocts 11T, BT;
PNK-MomiHocTh Hacoca koHaeHcaropa, BT;
PNZ-MoIHOCTE Hacoca 3aKayKH BOJLI B ILIACT, BT;
PGEO-noae3nas momtHocTth I'eoTOC, BT;
TS5-temneparypa Boasl B Touke "5",C;
ETI-Buyrpennuii abcomotabiii KIIJ I'eoTOC;
ETEX-3kceprernueckuii KIT[ I'eoTOC.
DIMENSION Pmaxx(10,10),TT1(10)
R(A)=(2447.7-1.283*(A-273.)-6.26E-3*(A-273.)**2)*1.E3
CP1(A)=4331.-3.09%(A-273.)+1.98E-2*(A-273.)**2
E(A)=(4.7706+4.042653*(A-273.)+9.59184E-4*(A-273.)**2)*1.E3
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P(A)=1.E6*EXP(82.86568+0.01028003*A-7821.541/A-
& 11.48776*ALOG(A))
CPIT(A)=(CP1(A)+CP1(T0))/2.
S(A)=CPIT(A)*ALOG(A/T0)
OPEN(2,FILE='GEO1RA.DAT")
OPEN(8,FILE='REZGIRA.DAT")
OPEN(7,FILE=PLGEO1RA.DAT")
READ(2,*) GS,EFR . EFPT,EFN,TO,TF,TK,VK,TOS,
& EOS,SOS,V6
WRITE(6,*) 'OnHOKOHTYpHAas cXeMa C OJJHUM pacIIupuresiemM’
WRITE(8,*) 'OnHOKOHTYpHAs cXeMa ¢ OTHUM pacIIupUTENIEM'
WRITE(6,99)
WRITEC(8,99)
99 FORMAT(/T6,T1''T14, T2, T22,"T5',T30,'X1',T38, NGEO', T50,
& 'NPT'. T58,'ETI', T64,'ETEX")
TKK=TK+T0
PK=P(TKK)
DO 2 J=1,10
X1=0.05+0.05*-1)
DO 2 1=1,8
T1=110.+10.*I
TT1(D=T1
T1K=T1+TO0
GP1=GS*X1
PMAX=0.0
NT2=INT(T1-TF)+1
DO 1 K=1,NT2
T2=TF+(K-1)
T2K=T2+T0
R1=R(T1K)
R2=R(T2K)
E1P=E(T1K)+R1
C1=ALOG(T1K/T2K)
E2S=E(T2K)+(R1/T1K+CP1(T1K)*C1)*T2K
E2D=E1P-(E1P-E2S)*EFPT
X2=(E(T1K)*EFR-E(T2K))/R2
E2P=E(T2K)+R2
XSM=X1+(1.-X1)*X2
ESM2=(E2D*X1+(1.-X1)*X2*E2P)/XSM
S1P=S(T1K)+R1/T1K
S2P=S(T2K)+R2/T2K
SSM2=((S1P+(E1P-E2S)*(1.-EFPT)/T2K)*X1
& +(1.-X1)*X2*S2P)/XSM
EKS=E(TKK)+(SSM2-S(TKK))*TKK
PT=GS*EFPT*(X1*(E1P-E2S)+XSM*(ESM2-EKS))
P2=P(T2K)
P6=P(T1K)
PNK=XSM*(P2-PK)*GS*VK/EFN
PNZ=(P6-P2)*GS*V6/EFN
PGEO=PT-PNK-PNZ
EP5=(1.-X1)*(1.-X2)*E(T2K)+XSM*(E(TKK)+(P2-PK)*VK/EFN)
T5=-1.1148+0.24685*(EP5/1E3)-1.27E-5*(EP5/1.E3)**2
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T5K=T5+T0
IF(PGEO.LE.PMAX.OR.T5.LT.TF) GO TO 1
PMAX=PGEO
Pmaxx (I,J))=PMAX
PTM=PT
PNZM=PNZ
PNKM=PNK
T2M=T2
T5M=T5
EP5M=EP5
ESM1=E(T1K)*(1.-X1)+E1P*X1
SSMI1=S(T1K)*(1.-X1)+S1P*X1
ETI=PMAX/(ESM1-EP5M)*GS)
ETEX=PMAX/(GS*(ESM1-EOS-TOS*(SSM1-SOS)))
1 CONTINUE
WRITE(6,100) T1,T2M,T5M,X1,PMAX,
& PTMLETLETEX
WRITE(8,100) T1,T2M,T5M,X1,PMAX,
& PTMLETLETEX
100 FORMAT(T2,3F8.3,F8.5,2E11.4,2F6.3)
110 FORMAT(F6.0,10F6.2)
2 CONTINUE
DO 31=1,8
WRITE(7,110)TT1(I),(Pmaxx(1,J)/1e6,J=1,10)
3 CONTINUE
STOP
END
Hcxonnpie nanuwie (daiin geolra.dat)
166.7 0.98 0.72 0.7 273. 68. 45.83 1.0102E-3 283. 42.E3 151.1 1.012E-3
GS EFR EFPTEFNTOTF TK VK TOS EOS SOS V6

PROGRAM GEOI1A
OnHOKOHTYpHAs T€0TepMaJIbHAS CTAHIIHS
C OZIHOH ruApoNapoBOl TypOuHOU

NnenTrdukaTopsl MporpaMMsl:
R-yzaenbHas Temiora napoodpasoBanus, JK/KT;
CP1-ynenpHas nuzobapHas TEIJI0EMKOCTb TEPMAIbHOM
BOJIbI, JI>K/KT/TD;
E-ynenpHas sHTanbus TepMaibHOM BOabI, JIXK/KT;
P-naBienue Hacweimenus, I1a;
CPIT-cpenuss yaenbHast n300apHast TEMIIOEMKOCTh TEPMaIbHOM
BO/IbI B 33/IaHHOM MHTEpBajie Temmeparyp, JLx/kr/rp;
S-ynenbHas sHTponus TepMaibHON BoIbl, [DK/KI/K;
[S-u303HTpONMITHEII TTpOIIECC;
GS-pacxon TepmanibHOU cMecu yepe3 ['eoTIAC, kr/c;
GET-Buyrpennuii otHocutenbubid KITJ I'TIT;
PET-BuyTpennuii orHocutensHbii KI1J IIT;
ETN-BuyTpennuii otHocurenbHbil KITJ[ Hacoca;
TK-temneparypa napa B koHzaeHcartope, C;
TKK-Ttemneparypa napa B koHaeHcarope, K;

o000 nnn
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VK-ynenbHbIit 00BeM BOJBI B KOHACHCATOPE, M3/KT;
T1-Temneparypa TepManbHOU cmecu Ha Bxojie B ['eoTIOC, C;
X1-creneHs cyxocTu TepMaiabHOU cMecu Ha Bxoze B ['eoTOC;
GP1-pacxon cyxoro HachIIIEHHOTO Tapa yepes
nepBbie cTyneHu naposoii Typounsl(I1T), kr/c;
E1P-sHTanbnus cyxoro HaceimeHHoro napa nepex 1T, Jx/kr;
T2-remneparypa napa 3a I'TIT, C;
X2-cTeneHpb cyxocTH BiaaxHoro mapa 3a ['TIT;
E2P-snTansnus cyxoro HacsimieHHoro napa 3a I'TIT, Jk/kr;
S1P-suTponus cyxoro HaceimeHHoro napa nepen [T, Tx/kr/K;
S2P-3HTponus cyxoro HaceleHHoro napa 3a ['TIT, Jix/kr/K;
EKS-snTanenus Bnaxuoro mapa 3a [1T npu uzosHTpOonuitHoOM
pacmupenuu, JLHx/kr;
P2- nasnenue 3a I'TIT, Ila;
PGT-momnocts I'TIT, BT;
PT-momuocts 11T, BT;
PNK-MomHocTh Hacoca koHaeHcaropa, Br;
PNZ-MoImHOCTE Hacoca 3aKayky BOJIbI B ILIacT, BT;
PGEO-none3nas momuocts I'eoTOC, Br;
T5-remneparypa Boabl B Touke "5",C;
ETI-Buyrpennuii abcomotubiii KIIJ] 'eoTOC;
ETEX-3kceprernueckuii KI1/[ I'eoTOC.
DIMENSION Pmaxx(10,10),TT1(10)
R(A)=(2447.7-1.283*(A-273.)-6.26E-3*(A-273.)**2)*1.E3
CP1(A)=4331.-3.09%(A-273.)+1.98E-2*(A-273.)**2
E(A)=(4.7706+4.042653*(A-273.)+9.59184E-4*(A-273.)**2)*1.E3
P(A)=1.E6*EXP(82.86568+0.01028003*A-7821.541/A-
& 11.48776* ALOG(A))
CPIT(A)=(CP1(A)+CPI1(T0))/2.
S(A)=CPIT(A)*ALOG(A/T0)
PRINT*, 'IS'
READ*, IS
OPEN(2,FILE='GEO1A.DAT")
OPEN(7,FILE='PLGEO1A.DAT")
OPEN(S,FILE='REZGE1A.DAT")
READ(2,*) GS,GET,PET,ETN,TO,TF,TK,VK,TOS,
& EOS,SOS,V6
WRITE(6,*) 'OnnokontypHas cxema ¢ ogHout ['TIT'
WRITE(8,*) 'Onnokontypnas cxema ¢ ogHout I'TIT'
IF(IS.EQ.0) THEN
WRITE(6,*) 'n303HTpOnuUiiHas CTENEHb CyXOCTH '
WRITE(8,*) 'm303HTpONMiiHAsA CTENEHb CYXOCTH '
ENDIF
WRITE(6,99)
WRITE(8,99)
99  FORMAT(/T6,T1',T14,T2',T22,'T5', T30, X1, T38,' NGEO',T49,'NGPT',
& T61,NPT',T70,'ETI',T75,'ETEX", T83,'ET")
TKK=TK+T0
PK=P(TKK)
DO 2 J=1,10
X1=0.05+0.05*(J-1)
GP1=GS*X1

oNoNoNoNoNoNoNoNoNoNo oo NoNoRo RO RO RO RO RONe!
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DO 2 1=1,8
T1=110.+10.*1
TT1(D=T1
T1K=T1+TO
PMAX=0.0
NT2=INT(TI1-TF)+1
DO 1 K=1,NT2
T2=TF+(K-1)
T2K=T2+TO
R1=R(T1K)
R2=R(T2K)
E1P=E(T1K)+R1
C1=ALOG(T1K/T2K)
E2S=E(T2K)+(R1/T1K+CP1(T1K)*C1)*T2K
E2D=EI1P-(E1P-E2S)*PET
X2=CP1(T2K)*(T2K*C1+T1K*
& (1.-T2K*(1.+C1)/T1K)*
& (1.-GET))/R2
E2P=E(T2K)+R2
IF(IS.EQ.0) THEN
X2=CPI(T2K)*T2K*C1/R2
ENDIF
XSM=X1+(1.-X1)*X2
ESM2=(E2D*X1+(1.-X1)*X2*E2P)/XSM
S1P=S(T1K)+R1/T1K
S2P=S(T2K)+R2/T2K
SSM2=((S1P+(E1P-E2S)*(1.-PET)/T2K)*X1
& +(1.-X1)*X2*S2P)/XSM
EKS=E(TKK)+(SSM2-S(TKK))*TKK
PGT=CP1(T1K)*(1.-X1)*GS*(T1K-T2K*(1.+C1))*GET
PT=GS*PET*(X1*(E1P-E2S)+XSM*(ESM2-EKYS))
P2=P(T2K)
P6=P(T1K)
PNK=XSM*(P2-PK)*GS*VK/ETN
PNZ=(P6-P2)*GS*V6/ETN
PGEO=PT+PGT-PNK-PNZ
ET=PGEO/(PT+PGT)
EP5=(1.-X1)*(1.-X2)*E(T2K)+XSM*(E(TKK)+(P2-PK)*VK/ETN)
T5=-1.1148+0.24685*(EP5/1E3)-1.27E-5*(EP5/1 . E3)**2
TSK=T5+T0
IF(PGEO.LE.PMAX.OR.T5.LT.TF) GO TO 1
PMAX=PGEO
Pmaxx(I,J)=PMAX
PGTM=PGT
PTM=PT
PNZM=PNZ
PNKM=PNK
ETM=PMAX/(PTM+PGTM)
T2M=T2
TSM=T5
EP5M=EP5
ESM1=E(T1K)*(1.-X1)+E1P*X1
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SSMI1=S(T1K)*(1.-X1)+S1P*X1
ETI=PMAX/((ESM1-EP5M)*GS)
ETEX=PMAX/(GS*(ESM1-EOS-TOS*(SSM1-S0S)))
1 CONTINUE
WRITE(6,100) T1,T2M,T5M,X1,PMAX,
& PGTM,PTM.ETLETEX.ETM
WRITE(S,100) T1,T2M,T5M,X1,PMAX,
& PGTM,PTM.ETLETEX,ET
2  CONTINUE
DO 31=1,8
WRITE(7,110)TT1(I),(Pmaxx(LJ)/1E6,J=1,10)
3  CONTINUE
100 FORMAT(T2,3F8.3,F8.5,3E11.4,3F6.3)
110  FORMAT(F6.0,10F6.2)
STOP
END
Ucxonusie nannasie (daiin geola.dat)

166.7 0.42 0.72 0.7 273. 68. 45.83 1.0102E-3 283. 42.E3 151.1 1.012E-3
GS GET PETETNTOTF TK VK TOS EOS SOS V6

Ta6mauma I1.1

T, > C X N, pacs MBTt N, FHT'N pacs KBt (N T'TT™ pac)/ N pac,%
120 0.05 4.44 721 16.24
130 5.21 906 17.36
140 6.03 1087 18.00
150 6.89 1277 18.52
160 7.79 1476 18.95
170 8.72 1678 19.24
180 9.68 1893 19.54
190 10.69 2120 19.83
120 0.10 7.03 673 9.57
130 8.06 846 10.49
140 9.12 1019 11.17
150 10.19 1210 11.87
160 11.29 1390 12.31
170 12.39 1590 12.83
180 13.52 1790 13.24
190 14.66 2000 13.64
120 0.15 9.62 618 6.42
130 10.91 790 7.24
140 12.20 960 7.87
150 13.49 1130 8.38
160 14.78 1310 8.86
170 16.07 1480 9.21
180 17.35 1680 9.68
190 18.63 1870 10.04
120 0.20 12.21 570 4.67
130 13.76 730 5.31
140 15.29 890 5.82
150 16.79 1060 6.31




160 18.28 1220 6.67
170 19.74 1390 7.04
180 21.18 1570 7.41
190 22.60 1750 7.74
120 0.25 14.80 510 3.45
130 16.61 660 3.97
140 18.37 830 4.52
150 20.09 980 4.88
160 21.77 1140 5.24
170 23.41 1300 5.55
180 25.01 1460 5.84
190 26.57 1640 6.17
120 0.30 17.40 440 2.53
130 19.45 600 3.08
140 21.45 760 3.54
150 23.39 900 3.85
160 25.27 1050 4.16
170 27.08 1210 4.47
180 28.84 1360 4.72
190 30.54 1520 4.98

Pacyer TeMnepaTypHOro moJjisi B iiacTHHE HTEPANMOHHBIM MeToaoM [32]

10

20

21

IIpuaoxenne 11

PROGRAM TEMPL 1
DIMENSION T(100),TT(100)
OPEN(2,FILE=TEMPL1.DAT")
OPEN(4,FILE=PRN')
OPEN(6,FILE='CON")
OPEN(8,FILE=RESTP1.DAT)
READ(2,*) N,EPS
WRITE(6,10)

WRITE(8,10)

FORMATQ3X,PACUYET TEMII. I1OJIAA UTEP. METO/IOM’)

DO 20 I=1,N
T(D)=0.0

TTM=T(I)
DO 70 1=1,50

T(1)=50.40.222%T(2)+0.111*T(6)
T(2)=50.40.25%(T(1)+T(3)+T(7))
T(3)=50.40.25%(T(2)+T(4)+T(8))
T(4)=50.40.25%(T(3)+T(5)+T(9))
T(5)=50.+0.5*T(4)+0.25*T(10)
T(6)=27.778+0.11 1*T(1)+0.222*T(7)+0.1 1 1*T(11)
T(7)=0.25%(T(2)+T(6)+T(8)+T(12))
T(8)=0.25*(T(3)+T(7)+T(9)+T(13))
T(9)=0.25%(T(4)+T(8)+T(10)+T(14))
T(10)=0.25%T(5)+0.5%T(9)+0.25*T(15)
T(11)=38.889+0.111*T(6)+0.222*T(12)
T(12)=25.40.25%(T(7)+T(1 )+T(13))
T(13)=25.40.25%(T(8)+T(12)+T(14))

313
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T(14)=25.40.25*(T(9)+T(13)+T(15))
22 T@15)=25.40.25*T(10)+0.5*T(14)
DO 30J=1,N
IF(ABS(TT()-T()).GT.EPS) GOTO 50
30 CONTINUE
WRITE(6,40) (K, T(K),K=1,N)
WRITE(8,40) (K, T(K),K=1,N)
40 FORMAT( T(,I2,)="F8.2)
STOP
50 DO 60J=1,N
60 TTU)=TQA)
70 CONTINUE
WRITE(6,80) EPS
WRITE(8,80) EPS
80 FORMAT(1H1, TEMII. HE OIIP. ITPU1 50 ITAT'AX UTEP.")
STOP
END
150.1 - daitn ucxonusix nanasix “TEMPL1.DAT”

Pe3ynbTaTel pacuera

T(1)= 88.48 T(10)= 140.76
T(2)= 138.78 T(11)= 68.04
T(3)= 158.41 T(12)= 96.73
T4)= 166.16 T(13)= 110.59
T(5)= 168.25 T(14)= 116.82
T(6)= 69.19 T(15)= 118.60
T(7)= 108.36
T(8)= 128.8
T(9)= 138.12

PacueT mosist TeMnepaTyphl B JIACTHHE NyTeM 00palieH!usl MaTPUIIbI
PROGRAM PL_MATR
DIMENSION A(50,50),B(50),C(50,50),T(50)
OPEN(2,FILE='PL.DAT")
OPEN(4,FILE='REZPL.DAT")
READ(2,*) N
READ(2,*) ((A(1,J),J=1,N),I=1,N),(B(I),I=1,N)
CALL MATINV(A,N,C)
DO 20 I=1,N
SUM=0.0
DO 10J=1,N
10  SUM=SUM+C(LJ)*B()
20 T@OH=SUM
WRITE4,*)(I, T(I),I=1,N)
STOP
END
SUBROUTINE MATINV(AA,N,AINV)
DIMENSION AA(50,50),AINV(50,50),A(50,100),ID(50)
NN=N+1
N2=2*N
DO 100 I=1,N
ID(I)=I
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DO 100 J=1,N
100 ALD=AA(LJ)
DO 200 I=1,N
DO 200 J=NN,N2
200 A(LJ)=0.
DO 300 I=1,N
300 AIN+D)=1
DO 400 K=1,N
S=A(K.K)
J=K
DO 500 I=K+1,N
R=A(LK)
IF(ABS(R).GT.ABS(S)) THEN
S=R
J=I
ENDIF
500 CONTINUE
IF(S.EQ.0) THEN
PRINT*,' DET=0'
STOP
ENDIF
IF(J.EQ.K) GOTO 700
DO 600 J=K+1,N2
R=A(K.])
A(K,D=A®J,I)
600 AQJ,D=R
700 DO 800 J=K+1,N2
800  A(K.J)=A(K.J)/S
DO 820 I=K+1,N
R=A(LK)
DO 810 J=K+1,N2
810  A(L))=A(LJ)-AK.J)*R
820 CONTINUE
400 CONTINUE
DO 900 J=N+1,N2
DO 900 I=N-1,1,-1
S=A(LJ)
DO 910 K=I+1,N
910 S=S-AK.J)*A(LK)
A(LD)=S
900 CONTINUE
DO 920 I=1,N
DO 920 J=1,N
920  AINV(LI)=A(LJ+N)
RETURN
END
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15
45,1.0.0.0.,.5,0.,0.,0.,0.,0.,0.,0.,0.,0.,
1.-4.,1.,0.,0.,0.,1.,0.,0.,0.,0.,0.,0.,0.,0.,
0.1.-4.1.0..0.0..1..0..0..0..0..0..0..0..
0.,0.,1.,-4.,1.,0.,0.,0.,1.,0.,0.,0.,0.,0.,0.,
0.,0.,0.,1.,-2.,0.,0.,0.,0.,.5,0.,0.,0.,0.,0.,
5,0.,0.,0.,0.,-4.5,1.,0.,0.,0.,.5,0.,0.,0.,0.,
0.,1.,0.,0.,0.,1.-4.,1.,0.,0.,0.,1.,0..0.,0.,
0.,0.,1.,0.,0.,0.,1.,-4.,1.,0.,0.,0.,1.,0.,0.,
0.,0.,0.,1.,0.,0.,0.,1.,-4.,1.,0.,0.,0.,1.,0.,
0.,0.,0.,0.,.5,0.,0.,0.,1.,-2.,0.,0.,0.,0.,.5,
0.,0.,0.,0.,0.,.5,0.,0.,0.,0.,-4.5,1.,0.,0.,0.,
0.,0.,0.,0.,0.,0.,1.,0.,0.,0.,1.,-4.,1.,0.,0.,
0.,0.,0.,0.,0.,0.,0.,1.,0.,0.,0.,1.,-4.,1.,0.,
0.,0.,0.,0.,0.,0.,0.,0.,1.,0.,0.,0.,1.,-4.,1.,
0.,0.,0.,0.,0.,0.,0.,0..0.,.5,0.,0.,0.,1.,-2.,
-225.,-200.,-200.,-200.,-100..-125.,0.,0.,0.,0.,-175.,
~100..-100.,-100.,-50.
T(1)= 88.57
T(2)= 138.91
T( 3)= 158.56
T( 4)= 166.30
T( 5)= 168.38
T(6)= 69.30
T(7)= 108.51
T( 8)= 129.01
T(9)= 138.28
T(10)= 140.91
T(11)= 68.11
T(12)= 96.83

T(13)= 110.69
T(14)= 11691
T(15)= 118.6

TermnoBoii M THAPABJIMYECKHUIA pacyeT TeNJI000MEeHHOI0 anmnapara
(MeTonMKa pacueTa u3noxxeHna B [27])

Wnentudukaropst
CP1-ya. uzobapHas TEIIOeMK. BO3IyXa
CP2-yn. nzo6apHasi TEII0EMK. BOJIBI
T11-temneparypa Bo3ayxa nepen TA
T12-temneparypa Bo3ayxa 3a TA
T21-temneparypa Boabl nepen TA
T22-temnepatypa Boabl 3a TA
G1-pacxon Bo3ayxa uepe3 TA
G2-pacxon Boasl uepes TA
P11-pgaBnenne Boznyxa nepen TA
P12-naBnenne Bo3ayxa 3a TA
P21-paBnenne Boasl nepen TA
P22-naBnenue Boasl 3a TA
EPS-temnoBas sppexruBaocTs TA



N-nmapameTp mepeHoca TeTIoThI
DI-BHyTp. nuamerp TpyOsl
D-napyxH. 1uamerp TpyObl
DR-nHapyxH. tuametp pedpa
SR-mar mexy pedpamu
PI-yucno Tn'
F1-nap.noBepx. HeopeOp.TpyOKH Ha miare
FRW-noBepxH. opebp. TpyOKH Ha 11are
" FIR=FRW/F1-x03¢¢. opeOpenus
DLR-tonmunaa pedpa
HR-BBICOTa pebpa
FR-noBepxHOCTB pedpa
FW-Hap.noBepXH.TpyOKH MexIy pedpaMu
S1-nmonepeynslii mar
S2-npoaonabHbIN mar
S21-guarodanbHBIN 1Iar
LO-xapakTepHblii TMHEWHBIN pa3Mep
RE1-kputepuii Peiinonbaca mo Bo3ayxy
CS-x0add. hopmbl myuka
cls
dim a$(30)
shared zm,xm,ym,nfil,q$().fil$(),G1,MM$,nvar,rep$()
reg 1,0:call interrupt 51
dim static rep$(120)
dim x(11),y(11),b(11),c(11),d(11),tt1(11),tt2(11)
dim myl1t(11),Jam1t(11),pr1t(11) ,ny2t(11),lam2t(11),pr2t(11)
dim cplt(11),cp2t(11),ro2t(11),tau(11),rzz(11)
for i=1 to 11:read tt1(i):next
for i=1 to 11:read cplt(i):next
for i=1 to 11:read my1t(i):next
for i=1 to 11:read prlt(i):next
for i=1 to 11:read lam1t(i):next
for i=1 to 11:read tt2(i):next
for i=1 to 11:read ny2t(i):next
for i=1 to 11:read ro2t(i):next
for i=1 to 11:read cp2t(i):next
for i=1 to 11:read pr2t(i):next
for i=1 to 11:read lam2t(i):next
for i=1 to 6 :read tau(i):next
for i=1 to 6 :read rzz(i):next
data 0, 20, 40, 60, 80, 100, 120, 140, 160, 180,200  'ttl
data 1.005,1.005,1.005,1.005,1.009,1.009,1.009,1.013,1.017,1.022,1.026 'cpl
data 17.2, 18.1,19.1,20.1,21.1,21.9,22.8,23.7,24.5,25.3,26.0 'MY1
data .707,.703 ,.699,.696,.692,.688,.686,.684,.682,.681,.68 ' Prl
data 2.44,2.59 ,2.76,2.9,3.05,3.21,3.34,3.49,3.64,3.78,3.93 'LAMI1
data 0,10,20,30,40,50,60,70,80,90,100 "tt2
data 1.789,1.306,1.006,.805,.659,.556,.478,.415,.365,.326,.295 ' NY2
data 999.9,999.7,998.2,995.7,992.2,988.1,983.1,977.8,971.8,965.3,958.4 'r02
data 4.212,4.191,4.183,4.174,4.174,4.174,4.179,4.187,4.195,4.208,4.22 'cp2
data 13.67,9.52,7.02,5.42,4.31,3.54,2.98,2.55,2.21,1.95,1.75 'PR2
data 55.1,57.4,59.9,61.8,63.5,64.8,65.9,66.8,67.4,68.0,68.3 'LAM2
data 100,2000,4000,6000,8000,10000 'tau
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data 0, 0.2,0.37,0.6 ,0.9 ,1.4 RZZ
yf=1
b$=" Pacuer TermioodoMeHHOTO anmapara"
q$(1)=" PacnieuaTka 3amanuii "
q$(2)=" Pacuer BapuanTa "
X=2
call choiceh(2,5,3,25,50,b$,9%$0).X.Y)
=Y
on error goto §
if iii=1 then kill "zadan.dat"
9 locate 1,1:print "
on error goto 0
OPEN "i",2,"QA.DAT"
input#2, nfil
for i=1 to nfil
input#2,fil$(i)
next
input#2,R0,AMV,ALF2,RZ0,TAUO,EFR0,DZ,AL,DC
close#2
if EFR0=0 then
color 7,0: locate 12,5
print "Begute xoaddunmeHT appekruBHOCTH pedpa (puc.12a), B pOTUBHOM ciaydae”
print "pacder OyAeT NpoU3BEACH AJ MIIOCKOT0 MpU3MaTuyeckoro pedpa "
locate , 20: input;"EFR=",EFR0O
end if
rep$(80)=str$(EFRO0,4)
if iii=1 then
b$=" BreiBoa pe3ynbTaToB "
q$(1)="B oaiin "
q$(2)="Ha npunrep "
q$(3)="Ha skpan "
X=1
call choiceh(3,10,3,15,50,b$,g$0,X,Y)
ii=Y
select case ii
case l:open "a",8,"ZADAN.DAT"
case 2:open "0",8,"Ipt1:":Iprint chr$(15);
case 3:open "0",8,"scrn:"
end select
end if 'ii=1
if 1ii=2 then
b$=" BeIBoa pe3ynbTaToB "
q$(1)="B oaiin "
q$(2)="Ha npunrep "
X=1
call choiceh(2,10,3,15,50,b$,g$0,X,Y)
ii=Y
select case ii
case 1:ii=1
case 2:open "0",8,"Iptl:"
end select
end if 'iii=2



width "Ipt1:",180
pi=3.1416
11 nv=0
on error goto 88
12 b$=" daiin ¢ BapuanTamu: "
for iif=1 to nfil:q$(iif)=""+fil$(iif)+" ":next
xf=yf
g$(nfil+1)=" Bexox "
call choiceh(nfil+1,10,3,15,70,b$,q$(0),XF,YF)
if yf=4 then stop
f$=fil$(YF)
open "i",1,f$
on error goto 0
do while not eof(1)
nv=nv+1
line input#1,a$(nv)
loop
close#1
nv=nv-1
all:
color ,0: cls
n=min(nvar,nv)+4
gosub 100
do
gosub 900
select case ff
case 80: n=min(n+1,nv):gosub 100
case 72: n=max(4,n-1):gosub 100
case 27:stop
case 13:goto 1
end select
loop
1 nvar=n-3
print
open "i",1,f$
for i=1 to nvar-1+3 : line input#1,aa$ : next
input#1,Var,G1,P11,t11,t21,t22,eps,dp,np
close#1
rep$(81)=str$(Var,2)
rep$(83)=str$(P11,4)
rep$(84)=str$(dp,4)
rep$(85)=str$(eps.,4)
rep$(86)=str$(G1,4)
rep$(87)=str$(t11,4)
rep$(88)=str$(t21,4)
rep$(89)=str$(t22,4)
rep$(90)=str$(AL,4)
rep$(94)=str$(ALF2,5)
if TAUO>0 then rep$(91)=str$(TAUO,5)
rep$(92)=str$(DST,3)
P11=P11*1e5

nsn

open "1",1,"geom.dat"
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for i=1 to np-1+45 : line input#1,a$ : next
input#l,var,d,di,dr,dlr,sr,s1,s2
closet#l1
dst= (d-di)/2 : hr=(dr-d)/2 : rep$(9)=str$(hr,4)
d=d/1000 : di=di/1000 : dr=dr/1000 : dlr=dlr/1000 : sr=sr/1000
s1=s1/1000 : s2=s2/1000 : hr=hr/1000
b$="Marepuan Tpy0:"
q$(1)=" amomunuii "
q$(2)=" memp "
call choiceh(2,20,3,25,50,b$,$0),1,Y)
select case Y
case 1: LAMR=180:ROR=2700 : rep$(82)="amomunmuii": MM$="A"
case 2: LAMR=384:ROR=8900 : rep$(82)="menp" : MM$="M"
end select
rep$(82)=q$(Y)
' TermioBoii pacuer

T11K=t11+273

T12=T11-EPS*(T11-T21) :rep$(114)=str$(t12,2)
CVI1=(CV(T11)*T11-CV(T12)*T12)/(T11-T12)
DLTI=T11-T12

DTB=T11-T22 : rep$(2)=str$(DTB,4)

DTM=T12-T21 : rep$(3)=str$(DTM,4)
DTSR=(DTB-DTM)/(LOG(DTB/DTM)) : rep$(4)=str$(DTSR,4)
NP=DLT1/DTSR

P=(T22-T21)/(T11-T21)

R=(T11-T12)/(T22-T21)

T2SR=(T21+T22)/2. : 1ep$(106)=str$(t2sr,2)
T1SR=T2SR+DTSR : rep$(12)=str$(T1SR,4)
'busmueckue corcTBa Bozayxa (0...200 C)

call spline(11,tt1(),my1t(),b(),c(),d())

call seval(11,tlsr,tt1(),my1t(),b(),c(),d(),MY1,sp,ssp)
MY 1=MY1*1e-6 : rep$(15)=str$(MY1,4)
RO11=P11*AMV/RO/(T1SR+273) : rep$(13)=str$(RO11,4)
NYI=MY1/RO11 :rep$(14)=str$(NY1,4)

call spline(11,tt1(),pr1t(),b(),c(),d())

call seval(11,tlsr,tt1(),prit(),b(),c(),d(),PR1,sp,ssp)

call spline(11,tt1(),cp1t(),b(),c(),d())

call seval(11,tlsr,tt1(),cplt(),b(),c(),d(),CP1,sp,ssp)
CP1=CP1*1E3 : rep$(105)=str$(cp1,4)

call spline(11,tt1(),lam1t(),b(),c(),d())

call seval(11,tlsr,tt1(),lam1t(),b(),c(),d(),LAM1,sp,ssp)
LAMI=LAMI1*1e-2 : rep$(16)=str$(LAM1,4)
'busmueckue croiictsa Boasl (0...100 C)

call spline(11,tt2(),lam2t(),b(),c(),d())

call seval(11,t2sr,tt2(),lam2t(),b(),c(),d(),LAM2,sp,ssp)
LAM2=LAM2*1e-2

call spline(11,tt2(),cp2t(),b(),c(),d())

call seval(11,t2sr,tt2(),cp2t(),b(),c(),d(),CP2,sp,ssp)
CP2=CP2*1E3 : 1ep$(107)=str$(cp2,4)

call spline(11,tt2(),ro2t(),b(),c(),d())

call seval(11,t2sr,tt2(),ro2t(),b(),c(),d(),RO2,sp,ssp)
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call spline(11,tt2(),pr2t(),b(),c(),d())
call seval(11,t2sr,tt2(),pr2t(),b(),c(),d(),PR2,sp,ssp)
call spline(11,tt2(),ny2t(),b(),c(),d())
call seval(11,t2sr,tt2(),ny2t(),b(),c(),d(),NY2,sp,ssp)
NY2=NY2*1e-6
'TEPMUYECKOE COMPOTUBJICHUE 3arpsI3HECHUI
if tau0>0 then
call spline(6,tau(),rzz(),b(),c(),d())
call seval(6,tau0,tau(),rzz(),b(),c(),d(),RZ,sp,ssp)
RZ=RZ*1E-3
else
RZ=RZ70
end if
rep$(93)=str$(RZ,5)
Q=DLT1*G1*CP1 : rep$(5)=str$(Q/1000,4)
G2=DLT1*G1*CP1/(CP2*(T22-T21)) : rep$(6)=str$(G2,4)
W1=CP1*G1
W2=CP2*G2
N=LOG((1.-W1*EPS/W2)/(1.-EPS))/(1.-W1/W2)
EPSDT=NP/N
F1=PI*D*SR
FIR=((DR"2-D*2)/2+DR*DLR+D*(SR-DLR))/(D*SR)
rep$(7)=str$(DST,4)
rep$(8)=str$(FIR,4)
rep$(10)=str$((FIR-1)/FIR,4)
FRW=FIR*F1
FW=F1-PI*D*DLR
DR=2.*HR+D
FIRR=((DR”"2-D"2)/2.+DLR*(DR-D)+D*SR)/(D*SR)
FR=FRW-FW
rep$(109)=str$(FW*1E6,5)
rep$(110)=str$(FRW*1E6,5)
rep$(111)=str$(FR*1E6,5)
LO=D*FW/FRW+(PI*(DR”2-D*2)/4.)"0.5*FR/FRW 'xap. pazmep
rep$(11)=str$(L.0*1000,4)
screen 12
view (50,50)-(600,300):window(5,0)-(25,20)
line (5,0)-(25,0),7
line (5,0)-(5,20),7
locate 6,1:print"dp/P1";
locate 7,3:print"%";
locate 23,65:print"C1,m/s";
color 10:locate 24,20
if i1i=2 then
print"Moving : ";chr$(27);" ";chr$(26);" OK: Enter";
end if
col=12
if iii=1 then
print#8, tab(10);" Bapuant ";nvar;MM$;G1
print#8, tab(10);" Cl,m/s  dp,Ila V,m3";
for C1=5 to 25 step 5
gosub 200
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print#8, tab(10);using " ##.#  #HHEH#H  #.4##"_ Cl,dp*pl11/100,vp
next C1
print#8,""
locate 24,20:input”" One more variant ? (Y/N) ";ot$
if ot$="Y" or ot$="y" then
screen 0: goto all
else
if ii=1 then
screen 0: close#8 : shell "edit zadan.dat": stop
else
stop
end if
end if
end if
for C1=5 to 25 step dc
gosub 200
if dp>20 then exit for
next C1
c1=20 :col=15:gosub 200:cl=7:gosub 210
do
gosub 900
select case ff
case 75 :col=12:gosub 200:cl=0:gosub 210
cl=min(25,c1-dc):col=15:gosub 200:cl=7:gosub 210
case 77 :col=12:gosub 200:cl=0:gosub 210
cl=max(5,cl+dc):col=15:gosub 200 :cl=7:gosub 210
case 13: rep$(1)=str$(C1,4):
kkj=1:gosub 200
gosub 300:gosub 50: screen 0
locate 10,10:print"Pe3ynbrarsl pacyera 3amnucansi B (ainax ";frez$;" u report.txt"
do while inkey$="":1oop
goto 11
case 27 : gosub 50 : stop
end select
loop
end
50 if ii=1 then
close#8
frez$=Itrim$(str$(nvar))+mm$+1trim$(str$(G1))+_
".dat"
open "0",8,frez$
end if
PRINT#8, "Pe3ynpTaTsl pacuera"
print#8," Bapuant ";nvar;MM$;G1
print#8, " C1 ALFI ";
print#8,"KTP FT1 EFR N1 Z1 M"
print#8, using "##.# HHH H# HEHE S HEEE A S HE E O
Cl1, ALF1, KTP, FT1, EFR, NI1F, Z1X, M
print#8,"FG1 FF1 PN2  PV1 DLP1 CI1SR"
print#8, using "#.### # HHH HEHHEEH HEHEHERES AR A
FG1, FF1, PN2, PVI1l, DLPl, CISR
print#8," TemmnepaTtypa Bo3ayxa Ha Bxoge= ";T11



print#8," Temneparypa Bo3nyxa Ha Beixoje= ";T12
print#8," O6bvem Termmooomennuka=";VP ;" N= ";N;" Pacxon Boapi= ";G2
print#8," Xapakrepusiii pazmep=";L0
print#8," PeitHonbac mo Bo3ayxy= ";REl;" HyccenpT mo Bozmyxy= ";NU1
print#8,USING" [lotepu naBnenus ###.## %";DP
print#8," NP=";NP;" P= ";P;" R=";R;" EPSDT=";EPSDT
print#8," DTSR= ";DTSR;" HyccenbT 1o Boge=";NU2
print#8," PeitHonbac mo Boge=";RE2;" Cxopocts Bogsi=";C2
print#8,using" KAPF= #.### KAPD= #.###";KAPF,KAPD
print#8,using" Breicota= # ### [llupuna= #.### [ nyouna= #.###";L1X,A,B
print#8,using" O0bem = #.###"; VP
close#8
‘report
gosub report
return '50
100 for i=1 to nv
locate 1,1
if i=n then color 15,10 else color 15,0
print a$(i);

next

return '100

200 REI=CI1*LO/NY1 :rep$(20)=str$(RE1,5)
SIG1=S1/D
SIG2=S2/D
SIG2S=(S1G172/4.+S1G272)"0.5
CS=((SIG1-1.)/(SIG2S-1.)"0.1 : rep$(19)=str$(CS,5)
SN=0.6*FIR"0.07 : rep$(18)=str$(SN,4)
rep$(17)=str$(PR1,4)
NU1=0.36*REI"SN*PR120.33*CS/(FIR"0.5) : rep$(21)=str$(NU1,4)
ALF1=NUI*LAMI1/LO0:alf11=alfl : rep$(22)=str$(ALF1,3)
MS=2.*ALF1/LAMR/DLR)"0.5
H=HR+DLR/2. : rep$(23)=str$(H*1000,4)
BI=ALF1*DLR/LAMR
if EFR0=0 then

EFR=TANH((2.*BI)"0.5*H/DLR)/((2.*BI)*0.5*H/DLR)" ¢.55
'n71s1 peOpa MOCTOSIHHOTO CEYECHUs
else
EFR=EFRO
end if

rep$(24)=str$(MS*H,4)
PSI=1.-0.058*MS*H : rep$(25)=str$(PS1,4)
ETA=1.-(1.-PSI*EFR*DZ)*FR/FRW : rep$(26)=str$(ETA,4)
ALFPR=ALFI1*ETA
KTP=1./((1./ALF2+RZ)*D/DI+1./ALFPR/FIR) : rep$(27)=str$(KTP,3)
FT1=N*WI1/KTP : rep$(37)=str$(FT1,4)
FG1=G1/RO11/C1 : rep$(28)=str$(FG1,4)

'MJIOIIAAb KUBOTO CEUEHHUS

' if kkj=1 then print "G1=";G1,"RO11=";RO11,"C1=";C1: s$=input$(1)
KAPF=(S1-D)/S1-2.*HR*DLR/S1/SR : rep$(29)=str$(KAPF,4)
S21=SQR((S1/2)"2+S2"2)
KAPD=2.%#(S21-D)/S1-4.*HR*DLR/S1/SR : rep$(30)=str$(KAPD,4)
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rep$(31)=str$(min(KAPD,KAPF),4)
DG=2.*#((S1-D)*SR-2.*HR*DLR)/(S1+SR-D)
rep$(99)=str$(DG*1000,3)'rrap. auamerp
FF1=FG1/min(KAPF,KAPD)
'iomaak GPOHTAILHOTO CCUCHHUSI
rep$(32)=str$(FF1,4) :rep$(33)=str$(AL,4)
L1X=sqr(FF1/AL) 'nnuna TpyOoOK
A=AL*L1X 'BBICOTA ITyYKa
rep$(35)=str$(A,4): rep$(34)=str$(L1X,4):rep$(58)=rep$(34)
rep$(67)=rep$(35) : rep$(66)=rep$(34)
N1F=int(A/S1) : rep$(36)=str$(N1F,3)
quCIo TpyO B pAny
Z1X=int(FT1/(PI*D*L1X*N1F)): rep$(38)=str$(Z1X,4) "MHCIIO0 PAIOB
NT1X=N1F*Z1X  'obmee uucmno Tpyo
NU2=ALF2*DI/LAM?2 : rep$(95)=str$(NU2,4)
rep$(97)=str$(PR2,4)
RE2=(NU2/0.021/(PR270.43))1.25 : rep$(96)=str$(RE2,5)
rep$(40)=str$(R0O2,4)
C2=RE2*NY2/DI: rep$(41)=str$(C2,4)
'pacdeTHasi CKOPOCTh BOJIbI
C2A=4*G2/(RO2*PI*DI"2*N1F*Z1X)
'CKOpPOCTb MPU OJJHO3aXOJHOM CXEME
rep$(42)=str$(C2A,4)
M=round(C2/C2A,0) : rep$(43)=str$(M,2) '"YUCII0 XO0B
B=Z1X*S2 : rep$(39)=str$(B.4): rep$(68)=rep$(39) rnyouna
VP=A*B*L1X : rep$(69)=str$(VP,4) '00BeM
'pacyer noTeph
gosub 250
circle(cl,dp),.02,col
return 200
210 line(5+.02,dp)-step(c1-5-.1,0),cl
line(cl,.1)-step(0,dp-.3),cl
color 12
locate 8,1:print using"##.##";dp;
locate 24,65:print using"##.##";c1;
return 210
250 ' OmnpeneneHue ruipaBIMUECKUX OTEPh
' a. 1o Boxe
" DLB=0.0018/DI
'K03hDHUITMEHT CONPOTUBIICHUS IJIS TJIaIKUX TPYO
LAMTR=0.11%(6.67e-5+68/RE2)"0.25: rep$(98)=str$(LAMTR,5)
FF2=A*B
FTRIX=NTI1X*PI*DI*2/4.
'DZWS=0.5*(1.-FTR1X/FF2)
DZWS=0.5
rep$(59)=str$(DZWS,4) 'BXO/I
'DZWR=(FF2/FTR1X-1.)"2
DZWR=1.1
rep$(60)=str$(DZWR,4) "BBIXO/]
rep$(100)=str$(T2SR,3)
DZ21X=DZWS+LAMTR*L1X/DI+DZWR : rep$(101)=str$(DZ21X,5)
rep$(57)=str$(DI*1000,4): rep$(58)=rep$(34)
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DZ2=DZ7Z21X*M rep$(61)=str$(DZ2,5)
DLP2=DZ2*R0O2*C2"2/2. :rep$(62)=str$(DLP2,5)
PN2=G2*DLP2/RO2  :rep$(64)=str$(PN2,5)
rep$(56)=str$(RO2,5)
0. 0 BO3YXY
CS1=5.4*(L0/DG)".3 :rep$(53)=str$(CS1,4)
TISRK=T1SR+273. : rep$(49)=str$(T1SRK,3)
T12K=T12+273.
DZT=2.*(T12K-T11K)/T1SRK : rep$(112)=str$(DZT,4)
DZ0=CS1/(RE170.25) :rep$(113)=str$(DZ0,4)
DZ1=DZ0*Z1X+DZT : rep$(52)=str$(DZ1,4)
DLP11=DZ1*RO11*C1/2/2.
P12=P11-DLPI11
P1SR=(P11+P12)/2.
ROSR1=P1SR*AMV/T1SRK/RO :rep$(50)=str$(ROSR1,4)
CISR=GI1/FG1/ROSRI1 : rep$(51)=str$(C1SR,3)
DLP1=DZ1*ROSR1*C1SR"2/2. : rep$(54)=str$(DLP1,4)
PV1=G1*DLP1/ROSRI1 : rep$(63)=str$(PV1,6)
dp=DLP1/P11*100 : rep$(55)=str$(dp,4)
PP=PN2+PV1 : 1ep$(65)=str$(PP,6)
return 250
300 ' yrouHeHHE pacueTa
Z1X=round(Z1X,0):
N1F=round(N1F,0): rep$(36)=str$(N1F,4)
M=round(M,0)
Z1Xa=round(Z1X/M,0):Z1X=Z1Xa*M : rep$(38)=str$(Z1X,4)
NT1X=Z1X*NI1F
C2a=4*G2/(RO2*PI*DI2*N1F*Z1X/M) : 'rep$(42)=str$(C2a,4)
FT1=NT1X*PI*D*L1X 'HOBas mioiajap TEMIOO0T. TOBEPXH.
A=N1F*S1 : B=Z1X*S2 : VP=A*B*L1X
FF1=A*L1X:FG1=FF1*min(KAPF,KAPD)
C1=G1/(RO11*FG1) :rep$(44)=str$(C1,4)'yrouHeHne CKOPOCTH BO3IyXa
REI=CI1*LO/NY1 : rep$(45)=str$(REL,5)
NU1=0.36*RE1"SN*PR170.33*CS/(FIR"0.5) : rep$(46)=str$(NU1,4)
ALF1=NUI*LAMI/LO : rep$(47)=str$(ALF1,4)
MS=(2.*ALF1/LAMR/DLR)"0.5
H=HR+DLR/2.
BI=ALF1*DLR/LAMR
if EFR0=0 then
EFR=TANH((2.*BD)”"0.5*H/DLR)/((2.*BI)"0.5*H/DLR) 'mpu3maTudeckoe pedpo
else 'Ha INIOCKOH CTCHKE !
EFR=EFRO
end if
PSI=1.-0.058*MS*H
ETA=1.-(1.-PSI*EFR*DZ)*FR/FRW
ALFPR=ALF1*ETA
'TEIIOOTAaYa 110 BOJIC
RE2=C2a*DI/NY2
NU2=0.021*RE2".8*PR2".43
ALF2=NU2*LAM2/DI
KTP=1./((1./ALF2+RZ)*D/DI+1./ALFPR/FIR) : rep$(48)=str$(KTP,3)
'HOBO€ 3HAYCHHUE TEIUIOBOIO ITOTOKA
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Q=KTP*FT1*DTSR*EPSDT
T12=T11-Q/(CP1*G1)
'pacyer noTeph
gosub 250
return '300
900 ff = 0: I$ = INKEY$
IF LEN(I$) = 1 THEN ff = ASC(I$)
IF LEN(I$) = 2 THEN ff= ASC(RIGHT$(S, 1))
RETURN
'o0paboTka ommOku ynanenus ¢aina "zadan.dat
8 resume 9
'o0paboTka omuOKK OTKphITHS (aiina "var*.dat"
88 print" B daiine QA.DAT neBeproe umst ";f$
print"CymectBytomue (aitibr: "
color 12
files "var*.dat"
color 7
y3=csrlin:locate y3-1,1
input"  Benure BepHoe ums ",f$
cls
resume 12
FUNCTION CV(A)
CV=708.4+0.09349*A
END FUNCTION
FUNCTION TANH(A)
TANH=(EXP(A)-EXP(-A))/(EXP(A)+EXP(-A))
END FUNCTION
sub spline(n,x(),y(),b(),c(),d())
nml=n-1
if n<3 then goto 550
d(1)=x(2)-x(1)
c(2)=(y(2)-y(1))/d(1)
for i=1 to nm1
d(1)=x(@{+1)-x(1)
b(1)=2.*(d(i-1)+d(i))
c(i+D)=(y(+1)-y®))/d(1)
c(i)=c(i+1)-c(i)
next
b(1)=-d(1):b(n)=-d(n-1):¢c(1)=0.:c(n)=0.
if n=3 then 551
c(D=c(3)/(x(4)-x(2))-c(2)/(x(3)-x(1))
c(n)=c(n-1)/(x(n)-x(n-2))-c(n-2)/(x(n-1)-x(n-3))
c(D=c(1)*d(1)"2/(x(4)-x(1))
c(n)=-c(n)*d(n-1)"2/(x(n)-x(n-3))
551 fori=2ton
ts=d(i-1)/b(i-1)
b(i)=b(i)-ts*d(i-1)
c(i)=c(i)-ts*c(i-1)
next
c(n)=c(n)/b(n)
for ib=1 to nm1
i=n-ib

n



c(1)=(c(1)-d(@)*c(i+1))/b(1)
next
b(n)=(y(n)-y(nm1))/d(nm1)+d(nm1)*(c(nm1)+2.*c(n))
for i=1 to nm1
b()=(y(i+1)-y(1))/d(1)-d(@)*(c(i+1)+2.%c(1))
d(1)=(c(i+1)-c(i))/d(i):c(i1)=3.*c(i)
next
c¢(n)=3.*c(n): d(n)=d(n-1)
exit sub 'spline
550 b(1)=(y(2)-y(1))/(x(2)-x(1))
c(1)=0.:d(1)=0.
b(2)=b(1):¢(2)=0.:d(2)=0.
end sub ' spline
sub seval(n,u,x(),y(),b(),c(),d(),s,sp,spp)
i=1
if i>=n then i=1
if u<x(i) then 510
if u<=x(i+1) then 530
510 i=1:j=n+1
520 k=(i+j)/2
if u<x(k) then j=k
if u>=x(k) then i=k
if j>i+1 then 520
530 dx=u-x(i)
s=y(1)+dx*(b(i)+dx*(c(i)+dx*d(i)))
sp=b(i)+dx*(2.*c(i)+3.*dx*d(1))
spp=2.*c(1)+6.*dx*d(1)
end sub 'seval

sub choiceh(n,a,b,c,d,b$,q$(),X,Y)
color 0,7
for i=1 to 6 : locate a-2+i,b:print string$(d,32);:next

locate a,b+5:print b$;
for i=1 to n:call otgh(a+2,b+2+(i-1)*c,q$(),i,1):next
call otgh(a+2,b+2+(X-1)*c,q$(),X,2)
Y=X
reg 1,1 :call interrupt 51" xypcop- BUIUMBII
do
gosub codh
select case f
case 75:
call otgh(a+2,b+2+(Y-1)*c,q$(),Y,1):
if Y=1 then Y=n else Y=max(1,Y-1)
call otgh(a+2,b+2+(Y-1)*c,q$(),Y,2)
case 77:
call otgh(a+2,b+2+(Y-1)*c,q$(),Y,1)
if Y=n then Y=1 else Y=min(Y+1,n)
call otgh(a+2,b+2+(Y-1)*c,q$(),Y,2)
case 13:

call otgh(a+2,b+2+(Y-1)*c,q$(),Y,3):delay(.15)
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call otgh(a+2,b+2+(Y-1)*c,q$(),Y,2)
exit sub
case 27: Y=n+1:exit sub
end select
gosub mouse
if ym=a+2 then
fori=1ton
if xm>=b+2+(i-1)*c and xm<=b+2+(i-1)*c+len(q$(i)) then
if Y<>i then
reg 1,2 :call interrupt 51' Kypcop- HEBUANUMBIA
call otgh(a+2,b+2+(Y-1)*c,q$(),Y,1):
Y=i
call otgh(a+2,b+2+(Y-1)*c,q$(),Y,2)
reg 1,1 :call interrupt 51" xypcop- BUIUMBII
end if
end if
next
if zm=1 then
select case xm
case b+2+(Y-1)*c to b+2+(Y-1)*c+len(q$(Y))
call otgh(a+2,b+2+(Y-1)*c,q$(),Y,3):delay(.15)
call otgh(a+2,b+2+(Y-1)*c,q$(),Y,2)
reg 1,1 :call interrupt 51" kypcop- BUAMMBII
reg 1,2 :call interrupt 51' Kypcop- HEBUAUMBIA
exit sub
end select
end if 'zm
end if 'ym=a+2
loop
codh:
F=0:1$=INKEY$
IF LEN(I$)=1 THEN F=ASC(I$)
IF LEN(I$)=2 THEN F=ASC(RIGHT$(I$,1))
RETURN
end sub 'choiceh
mouse:
reg 1,3 ' KOHTPOJIb ABMXKEHUS Kypcopa U HaXKaTHsl KHOIIOK
call interrupt 51
xm=reg(3):ym=reg(4):zm=reg(2):xm=xm/8+1:ym=ym/8+1
return
sub otgh(a,b,q$(),ig,N)
select case N
case 1:
color 0,7 :locate a-1,b+1:print chr$(32);
color 0,11:locate a,b:print q$(ig);
color 8,7 :locate a+1,b+1:print string$(len(q$(ig)),223);
locate a,b+len(q$(ig)):print chr$(220);
case 2:
color 0,7:locate a-1,b+1:print chr$(3);
color 15,11:1locate a,b:print q$(ig);
color 8,7:locate a+1,b+1:print string$(len(q$(ig)),223);
locate a,b+len(q$(ig)):print chr$(220);



case 3:
color 0,7 :locate a-1,b+1:print chr$(32);
color 0,7:locate a,b:print" ";
color 15,11:1ocate a,b+1:print q$(ig);
color 0,7:locate a+1,b+1:print string$(len(q$(ig))+1,32);

end select

end sub 'otg
report:

open "i",9,"rep.emp"
open "0",10,"report.txt"
i=0

do while not eof(9)

line input#9,0$

if instr(0$,"#")>0 then
i=val(mid$(0$,1,3)): replace "#" with rep$(i) in 0$
0$=mid$(0$,4,77)

end if

print#10,0%

loop

close#9: close#10

shell "edit report.txt"
return

daiinel JaHHBIX

“qa.dat”

1

variant.dat

8314 29 6000 .0005 1.03 .01
RO AMV ALF2 RZ DZ DC

“geom.dat”

XapaKkTepUCTUKU HIaXMATHBIX MYYKOB U3 TPYOOK

c opebpennem (Tabdmn.3, [27] )

Nomyuka d di D DELTp Sp S1 S2
9.7 7.7 234 046 3.5 248 203
9.7 7.7 234 046 29 248 203
10.7 8.7 219 0.48 29 248 203
9.7 7.7 234 041 22 248 203
164 144 285 0.25 3.6 313 343
164 144 285 0.25 29 313 343
16.4 144 285 0.25 29 470 343
19.6 17.6 37.2  0.30 2.8 39.6 445
19.6 17.6 372  0.30 2.8 505 445
19.6 17.6 37.2  0.30 2.8 684 445
19.6 17.6 37.2  0.30 2.8 684 203
19.6 17.6 37.2  0.30 2.8 505 35.0
26.0 24.0 44.1 0.30 29 498 525
26.0 24.0 44.1 0.30 29 784 525

om0 W
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daiin “variant.dat”

BapuanTsl kypcoBoii paboThI

=)

o Gl P1 tll 21 t22 EPS dP/P1 Ne myuoka,
nn  Kr/c Oap cC C C % 1a011.3,[27]
20 2.5 140 20 30 0.85 4.0
30 2.5 140 20 35 090 6.0
30 25 140 20 35 090 45
10 3.0 140 20 30 0.87 8.0
20 35 160 25 30 092 7.0
20 3.0 145 25 35 092 70
20 3.0 150 20 30 0.88 7.0
10 29 140 20 30 0.88 4.0
20 44 180 20 32 090 6.0
20 2.5 140 20 35 0.90 4.0
30 39 125 20 30 0.85 5.0
10 22 125 20 30 0.85 7.0
30 42 125 20 30 0.85 6.0
30 2.1 120 20 30 0.85 5.0
20 2.5 140 20 30 0.85 4.5
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CKOpOCTh XMMHUYECKOHN pEeaKIIMM U 3aKOH AEHCTBYIOIIUX Macc
Xumunueckoe paBHoBecue. [Ipunuun Jle Illatense - bpayna
CreneHp aucconuanyy U ee CBsI3b ¢ KOHCTAaHTON paBHOBECUS
TepMoanHaMUUECKUE YCIOBUS PABHOBECHS XUMUUYECKUX PEAKIIMN
XUMHUYECKOE CPOJACTBO
YpaBHEHHE U30TEPMbBI XUMUYECKON peaKInu
3akoH Bant-I'odda
3aBUCUMOCTb CKOPOCTH PEAKIIMU OT TEMIIEpATyphl, 3aKOH AppeHuyca
Tennosoi 3akoH HepHcTa
14. OcHOBHBIC TIOHATHS HEPABHOBECHOW TEPMOJIUHAMHKHU
Yacts I1. Teopus Teniio - 1 MacconepeHoca
15. O0mue 1OJIOKEHNUSI U IMOHITUSA
[lepenaua temnoTel B mpupone. MacconepeHoc
TemneparypHoe mose
I'panuent Temmneparypsl
[11OTHOCTH TEMJIOBOrO MOTOKA, 3aKOH Dypbe
Koaddunuent remmonpoBogHOCTH
HuddepennmanbHoe ypaBHEHUE TETUIONPOBOIHOCTH
Kpaesbie ycnoBus (yciaoBusl OJHO3HAUHOCTH)
16. Ter1onpoBOTHOCTH TIPH CTAIIHOHAPHOM PEKUME
[lepenaya TeminoThl Yepe3 MIIOCKYIO CTEHKY NPU TPaHUYHBIX yciaoBusX  I-ro
poxa
[lepenaya TemnaoThl uepe3 IUIOCKYIO CTEHKY IIpH KodpunmeHTe
TEIJIONPOBOJHOCTH, 3aBUCAIIEM OT TEMIIEPATYPbI
[lepenaya TenaoTH Yepe3 MHOTOCIOMHYIO IJIOCKYIO CTEHKY IPU  TI'PAaHUYHBIX
ycnoBusx I-ro poga
IIepenava TennoThl Yyepes3 IUIOCKYIO CTEHKY IPU I'paHU4YHBIX ycinoBusax  III-ro
poxa
[lepenaua TernoTs yepe3 OECKOHEUHYIO IMIMHIPUYECKYIO CTEHKY —TIpU
TPAaHUYHBIX yCI0BUsAX I-ro pona
[lepenaua TernoTsl yepe3 OECKOHEUHYIO IMIMHIPUYECKYIO CTEHKY —TpHU
rpannyHbix ycnoBusx II-ro poxa
[lepenaya TennoTHI UEPE3 MHOTOCIOWHYIO IIMIIMHAPUYECKYIO CTEHKY TIpHU
rpannyHbiX ycnoBusx II-ro poaa
Kputnueckuit nuamerp U301
TennonpoBOAHOCTH B IUTACTUHE ITPU HAIMYWH BHYTPEHHUX HCTOYHUKOB
TEIIOTBI
TennonpoBOAHOCTh HUIUHAPUYECKOTO CTEPHKHS ITPU HATUYNH
BHYTPEHHUX HUCTOYHUKOB TEIIOTHI
TennonpoBoAHOCTh HMIMHAPUYECKON CTEHKU TPU HATUYUU
BHYTPEHHUX HUCTOYHUKOB TEIIOTHI
TennonpoBOAHOCTh TOHKOIO CTEPKHS
[Tnockas pebpucras cTeHKa ¢ pedpaMu MOCTOSHHOTO CEYCHUS
[lepenava TemioTh Yyepe3 Kpyrioe pedpo MOCTOSHHOTO CEeUEHUs
[lepenaua TerIOTH Yepe3 TparneunueBUAHbIE U TPEYTOIbHbIE pedpa
Pebpo mocTOsIHHOTO TEMIOBOTO HAIPSIKEHUSI
[Topucroe oxnaxxaeHne 6€CKOHEYHOMN TIIACTUHBI
JIBymepHas cTanmoHapHasi TEIIONPOBOIHOCTh
17. HecranmoHnapHsle IpOLECCH] TEIUIONPOBOAHOCTH
Oxnaxnenue (HarpeBaHue) 0ECKOHEUYHOM TTaCTHHBI
AHanu3 MOJIYYEHHOIO pPELICHUS
KonnuecTBo TEMIOTHI, OTAABAEMOE MUIACTUHOM OKPYKAIOIIel  cpelie B
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MIPOLIECCE OXJIAKICHUS
Oxnaxaenue (HarpeBaHune) 0ECKOHEUHO JJIMHHOTO ITUITUHIPA
KonuuecTBo TemIoThl, 0TAaBaEMOE HMIIMHAPOM B IIPOLIECCE OXJIAXKICHUS
OxnaxaeHue (HarpeBaHue) Tel KOHEYHbBIX pa3MepOB
PeryinsipHblil pesxum
18. UucneHnnbie METOIBI pEIICHUS 3a/1a4 TETUIONPOBOIHOCTH
Merozp! perienns 3aa4 CTallMOHAPHON TEIUIONPOBOIHOCTH
SIBHBIN METOJ pellleHus 3aa4 HECTAIMOHAPHOW TEIIONPOBOJHOCTH.
Kpurepuii ycroitunBoctu
HesiBHBIN MeTO penieHus 3a/1a4 HECTAIMOHAPHOM TEMJIONPOBOHOCTH
19. KoHBEKTHBHBIN TEIIOOOMEH B OJJTHOPOIHOM cpesie
OCHOBHBIE TOHATHS U ONPEACIICHUS
OCHOBHbIE YPaBHEHHS COXpaHEHUs. Y paBHEHUE CIUIOLIHOCTH
YpaBHEHUE NBUKEHUS
YpaBHEHHE dHEPTUU
YpaBHEHUE TEIIOOTIaYU

KpaeBbie ycnoBus (ycioBus 0JJHO3HAYHOCTH)
OcobeHHOCTH TerI000MeHa MpH TypOyJIEeHTHOM TeYSHUN
20. [TogoOue 1 MoeMMpOBaHNE KOHBEKTUBHOTO TEIIJIOOOMEHA
Kpurepnu nmomgobust u KputepruaabHbIe ypaBHEHUS
VYpaBHeHUs COXpaHEHUS AJIsl HOTPAHUYHOTO CIIOSI
YcnoBust nogpodus GU3NIECKUX MPOLECCOB
Meron pa3MepHOCTEH, 77 - Teopema
21. O6paboTka pe3ynbTaTOB IKCIIEPUMEHTATBHBIX NCCIEIOBAHUI
Omnpenenenue cpenHeidl MO0 CEUEHHIO KaHala CKOPOCTU IOTOKA

OnpeneneHre CpeHEM MO CEYEHUIO  TeMIepaTypbl MOTOKa B

oborpeBaeMoM KaHaje
TeMneparypHblid Hamop NpU g, =const
TemneparypHbiii Hanop npu 7T,,=const
[ToyueHne SMIUPUYECKUX ypaBHEHUIl B KpUTEpUAIbHOM BUIE

22. TenooTaavya MpU BBIHYXACHHOM JBUKEHHUM KUIKOCTHU
[TpuGmxeHHBIH METOJ pacueTa TEeIIOOTAa4Yd Ha TIJIOCKOM IUIaCTHHE MPH
JaMUHApHOM pexuMe TeueHus. MHTerpansHoe cootHomenue Kapmana
TeryoBol MoOrpaHUYHBIN CiOM, ypaBHeHUE KpyxuinnHa
TennooTaada OT MIOCKOW MJIACTUHBI PU JTAMUHAPHOM PEXKUME TEUCHUS
Cs3p MeXIy KO3(h(UIHMEHTOM TEIUIOOTIAaYd U TPEHUS, aHAJIOTHs
PeitHonbpaca
TypOyneHTHBI TOTPAaHUYHBIA CIIOU
OOTekaHue TJIACTHHBI MPU TYpOYJIECHTHOM pPEKUME TCUCHHS
Teuenne B TpybOax. CBsizb MeXIy KodpdUIIMEHTaMH TPEHUS U
CONPOTHUBIICHUS
Temnoornaua B TpyOe MpU JIAMUHAPHOM PEXUME TEUCHHUS
Tennootnaua B Tpy0ax ¢ MpSAMOIMHEWHON OCBIO MTPU TypOyJIEHTHOM JIBUKECHUU
Temootaua B M30THYTHIX M ILIEPOXOBATHIX TpyOax
TennooTnaya mpu MmornepeyHoM OOTEKaHUU TPYO
TennooTaavya mpu MOMEPEYHOM OOTEKAHUM ITYYKOB TPYO

23. TemooTaaya mpu CBOOOJHOM JBHKCHHUH KHUIKOCTH
TemmooTaaya OT BEPTUKAJIBbHOW CTEHKHU
TemnooTnaua OT TOPU3OHTATBHBIX TPYO W TIPOBOJIOYEK IPHU
CcBOOOIHON KOHBEKIIMHA

24. OTnenpHBIC 3a7a4d KOHBEKTUBHOTO TEIIOOOMEHA
Temnootnaua XUJIKUX METAUIOB
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Temnoornauya npu ABMXKEHUU Ta3a ¢ OOJBIION CKOPOCTHIO
25. TenmooOMeH Tpu (Pa30BBIX MPEBPAIICHUSIX
TemooOMeH NMpU KOHJEHCAIMH Tapa
OCHOBHBIC ITIOJIOKCHHS
TennooTgaya mOpu  KOHJIEHCALIMM  HEMOABMKHOTO  YUCTOTO  Mapa

BEPTUKAIBHON CTEHKE MpH JIAMUHAPHOM peXHME TEeUeHHUs IUICHKH (3a7aya

Hyccenbra)

TennooTaadya mpu KOHACHCAIIMM YHUCTOTO Tapa Ha BEPTUKAIBHOW CTEHKE

npu TypOYJICHTHOM peXHME TEUCHHUS IUICHKU
TennooTnaya Ha TOPU3OHTAIBHBIX TPyOaX W BHYTPH TPYyO
TennmooOMeH NMpH KUNEHUHM OJHOPOAHOM KHUIKOCTU. PeXXMMBI KUMEHHUS
VYcnoBusi 3apoKJI€HHsI MMapOBOr0 My3bIpbKa
CBs3p MEXJy KpPUTHYECKHM paJUyCOM Iy3bIpbKa M IEPErPEBOM
KUJKOCTH
Pabora oOpa3oBaHusi Mmy3bIpbKa KPUTHYECKOTO pa3zMepa
HNuTeHcUBHOCTh 00pa30BaHMs MY3BIPHKOB KPUTHUECKOTO pa3mepa
CkopocTh pocTa Iy3blpbKa
OTpBIBHOW HAMETP MY3bIpbKa
I1y3bIpBKOBBIN PEKUM KUIICHUS
Kpuszuc kumnenuss mepBoro poja
26. Terio - 1 MacconepeHoCc B JIByXKOMIIOHEHTHBIX Cpeaax
OCHOBHBIE TOJIOKEHUS
OcCHOBHBIE YpaBHEHMSI COXpPaHEHHS
VYpaBHEeHHE MacconepeHoca
YpaBHEHHE JHEPIUM Ul BYXKOMIIOHEHTHOM CMECH
KpaeBbie ycnoBus
MacconepeHoC OKOJIO TMOJIYNPOHUIIAEMOM CTEHKH, IMOTOK Credana
TpoitHas aHayorus
Temo - 1 MaccooTnadya OT IUIACTUHBI NPU JaMHUHAPHOM U
TypOyJEHTHOM peXUMax TEUECHUS
MacconepeHoc B Tpybax
Temno - 1 MacconepeHoc OT Karelb
27. Jlyuuctelii TerniaooOMeH
OO61mue mnosjoxxeHus
OcHOBHBIE 3aKOHBI U3IYy4YEHUS
Paguanyonnsie GyHKIUN
Pagnannonnsie cBoiicTBa. HTErpanbHble paJuallMOHHBIE CBOWCTBA
3akon Kupxroda
MoOHOXpOMaTUYECKUE CBOWCTBA
HanpaBnenHble pagnanioOHHBIE CBOMCTBA
YrnoBoit KO3OUIMEHT HU3TyYSHUS
MeTonapl omnpeneneHus: YrioBbIX KO3(pGUIIMEHTOB
TennooOMeH M3Ty4eHHEM MEXAYy YEpHBIMU IOBEPXHOCTSIMHU
Anunabatryeckasi TOBEPXHOCTh
TenmooOMeH MeXIy CepblMU TeJIaMu
[lepeHoc u3ny4yeHUs B MOTJIOIIAFOIIMX - IPOIMYCKANIUX Cpeaax
JleficTBHE 3alUTHBIX JKPAaHOB
N3mepeHne BBICOKMX TEMITEpaTyp
CnoxxHbIN TeriooOMeH
PagmnanmoHHbIe CBOMCTBA ra3oB
28. Teri00OMEHHBIE ammaparkl
VYpaBHeHus TerioBoro OajaHca U TeIUIoNepenayn
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OcHoBHble nojoXxkeHus: pacuera TA pexkynepaTUBHOIO TuIa
TernmoBol pacuer

I'mppaBinueckuil pacyer

CpaBHeHue TemioBOM 3(P(EKTUBHOCTH MPSIMOTOYHOU W
npoTuBoToYHOM cxem TA

[Tpunoxenue |

[Ipunoxenue II

PexoMennyemas nurepaTtypa
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