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Beenenue

Pa3BuTHe HayKy M TEXHUKH 32 MOCIETHNE HECKOJIBKO JECATUIICTUN XapaK-
TEPU3YyeTCsl BO3POCIIUM MHTEPECOM K TEPMOJIMHAMUKE M 3HAUUTEIIbHBIM PaCIIIU-
pPEHHUEM TIPHIIOKCHHH €€ K Pa3IMYHbBIM SBJICHUSAM. B KauecTBe mpruMepa MOKHO
yKa3aTh Ha MPoOJIeMbl MPSMOT0 WK 0€3MAIIMHHOTO MOJYYSHUS dJIEKTPUUECKOM
SHEPI'UH B TOTUIMBHBIX 3JIEMEHTAaX, TEPMOIJIEKTPUUECKUX T€HEPATOpax, TEPMO-
AMHUCCHOHHBIX ITpeoOpa3oBaTessix, MarHUTOTa30MHAMUUeCKuX reaeparopax. Cy-
IIIECTBEHHO YBEJIMUMJICS TaKXkKe MepedeHb pabounx Ted U 00JacTel UX UCIIOIb30-
BaHUs, a B U3yYCHUHN CBOMCTB BEIIECTB OBLIN MOJIYYCHBI HOBBIC BaKHBIC PE3YJIbTA-
Thl. Bce 0osbliie UCIIONIb3YIOTCSI COBPEMEHHBIE METO bl UCCIIEA0BaHUS U 00paboT-
KM MX Pe3yJIbTaTOB Ha OCHOBE MPUKIAAHBIX MaTeMaTHYECKUX MMporpamMm. Bee 3o
nenaeT HeoOXoAUMBIM OoJiee TITy00KOe U3yYeHHE CBOMCTB BEIIECTB U CUCTEMATHU-
3aI[MI0 HAKOIIEHHBLIX B DTOM 00JIACTH CBEACHUIA.

B vactu 1 yuebHOro nmocodus paccMaTpUBaIOTCS OCHOBHBIE 3aKOHBI TEPMO-
JTMHAMHKY U BBITEKAIOIINE U3 HUX OOIIHNE TEOPETUUECKHUE TIOJIOKEHHUS, KOTOPHIE
COCTaBJISIIOT OCHOBY JIJIs1 TTOCJIEAYIOIIETO U3YUYCHUS U KOJMYECTBEHHOTO aHaln3a
pabounX MUKJIOB TEIUIOBBIX MAIIIMH; PACCMATPUBAIOTCS U aHAIU3UPYIOTCS ITUKJIBI
CYILIECTBYIOIIUX TEIJIOBBIX JIBUTATEIICH.

CoBpeMeHHOE COCTOSTHUE TEPMOJIMHAMUKH TTO3BOJISET MPOU3BOJIUTH UC-
YepMBIBAIONINNA aHAJIM3 BCEX ATAIIOB PEaIbHOIO0 MPOIecca MPEeBPAICHHS YHEPTUH
TeJ B MOJIE3HYI0 paboTy. TepMoauHaMuKka paBHOBECHBIX COCTOSIHUM TTO3BOJISET
XapaKTepU30BaTh OCOOCHHOCTH KaXKJI0TO U3 BO3ZMOXKHBIX COCTOSIHUN PaBHOBECHS U
oO1uii sHepreTuyeckuii 3¢ HeKT paBHOBECHOTO IMpoIlecca, a TePMOJUHAMUKA He-
00paTUMBIX MTPOILIECCOB — OLICHUTH JUCCHUIIAIINIO YHEPTUH B JTI000M U3 PEaTbHBIX
MIPOIIECCOB, a, CieAoBaTeNbHO, U NercTBUTeabHbIN KITJ[ (unu kosddunmeHT uc-
MOJIb30BaHUS DHEPTHH ) TaHHOTO TIpoliecca.

Conepxanue yaeOHOro mocoous GopMHUPOBAIOCH C YYETOM JACHCTBYIOIMIMX
MporpaMM BY30B, a TAKXKE C YUETOM TEepexo/ia Ha ABYXYPOBHEBYIO CUCTEMY BhIC-
1ero npohecCUOHAIBHOTO 00pa30BaHUsI.



1. OCHOBHBIE IOHATHUA U OITPEAEJIEHUSL.
NPEAMET U METOA TEXHUYECKOU TEPMOANHAMUKHA

1.1. IIpeaMeT TeXHM4YECKOH TEPMOAMHAMUKH U €€ 3a1a4M

TepMoauHaMuKa, SBIISSICH Pa3AeIOM TCOPETUICCKON (U3HMKH, TIPEICTABIISCT
co00li OJIHY M3 CaMbIX OOIITUPHBIX 00JIaCTEH COBPEMEHHOI'O €CTECTBO3HAHUS —
HAyKy 0 npespauieHuaX pa3nuiHovlX U008 IHepeUU Opy2 6 opyza. JTa HayKa pac-
CMaTpHBACT caMble Pa3HOOOPA3HBIE SABJICHUS MPUPOJIBI K OXBATHIBACT OIPOMHYIO
00J1aCTh XUMHUYCCKUX, MEXaHUICCKUX M (PU3HKO-XUMHUYICCKUX SBIICHUH.

TepMoauHaMUKa B HACTOSIIEE BPEMsI MOXKET OBITh pa3/ie/icHa Ha TPH YaCTH:

- 0010 MEPMOOUHAMUKY, UTU PUBUYECKVIO MEePMOOUHAMUKY, KOTOPAs
M3ydYaeT MPOIICCChI MPEBPAIICHUS YHEPTUU B TBEPBIX, KUIKAX U Ta3000pa3HbIX
TenaX, U3JIyYCHHE Pa3IMIHBIX TEJI, MATHUTHBIC U DJICKTPUYCCKUE SBJICHUS, a TAKKE
YCTaHABJIMBACT MAaTEMaTHICCKUE 3aBUCUMOCTH MEXK]Ty TEPMOAMHAMUYCCKUMH Be-
JTUYHHAMM,

- XUMUYECKYI0 MepMOOUHAMUKY, KOTOpasl Ha OCHOBE 3aKOHOB 00IIei TepMo-
JTUHAMUKH U3y4aeT XUMHYECKUE, TCTUIOBBIC, PU3HKO-XUMUYCCKUE TTPOIIECCHI, PaB-
HOBECHE U BIIMSHUE Ha PABHOBECHE BHEIIHUX YCIIOBUIA;

- MeXHUYeCKy0 mepmMoOUHAMUKY, PACCMATPHUBAIOIIYIO 3aKOHOMEPHOCTH
B3aMMHOT0 TIPEBpAIEeHUs TEIIOTH B paboTy. OHa yCTaHABIMBACT B3aUMOCBSI3h
MEXIY TETUIOBBIMH, MEXaHUYCCKUMHU U XUMUICCKUMH MTPOIIECCAMH, KOTOPBIC CO-
BEPIIAOTCS B TEIJIOBBIX M XOJIOIWIBHBIX MallTMHAX, U3YYaeT MPOIECCHI, IPOUCXO-
JSTIUE B Ta3aX U Mapax, a TakyKe CBOMCTBA ATHX TEJ MPHU PA3TUIHBIX (PU3HUECKUX
YCTIOBHSIX.

TepMoanHamuka 60a3upyeTcs Ha ABYX OCHOBHBIX 3aKOHAX, MOJYYHUBIINX Ha-
3BaHHUE HaYaJl TCPMOIUHAMUKH.

Ilepsoe Hauano mepmoounamuxy MPEACTABIACT COOON MPUIIOKEHUE K TETI-
JIOBBIM SIBJICHHUSIM BCEOOIIET0 3aKOHA IPUPOJIBI — 3AKOHA NPE8PAULEeHUS U CO-
XpaneHus IHepIuu.

Bmopoe nauano mepmoounamuxyu yCTaHABIMBACT yCIOBHSI MPOTEKAHUS U
HaIPaBJICHHOCTh MaKPOCKOITMYECKHUX MTPOIIECCOB B CHCTEMaX, COCTOSIIINX U3
00JIBIIOr0 KOoJMYecTBa YacThil. [IoaToMy BTOpOe Ha4aJIo TEPMOJUHAMUKH HMEET
0osee orpaHMYEHHOE MPUMEHEHHE, HEXKEIH TIEPBOE.

B Hauane XX B. Ba Havajga TEPMOJUHAMUKH OBUTH JTOTIOJHEHBI €IIe OJTHUM
OIIBITHBIM TTOJI0’KEHHUEM, MTOJTYIHBIITUM Ha3BaHUE TETUIOBOHM TeopeMbl Heprcma
(unu mpemove HaAYan0 MepmMoOUHAMUKY). DTa TEOpeMa, TT03BOJISIONIAs ONPEICTUTD
CBOMCTBA TEJI MPU OYEHb HU3KUX TEMIIEpaTypax, UCIOJIb3yeTCs TJIaBHBIM 00pa3oM
B XHMHUYECKON TEPMOJMHAMUKE U UMEET OTPaHNICHHOE PUMEHEHHE.

TexHnueckass TepMOAMHAMUKA Hayaia pa3BUBaThbes ¢ 20-X TOAO0B MPOIILIOTO
CTOJIETHSI, HO, HECMOTPS Ha CBOIO CPABHHUTEIbHYIO MOJIOJIOCTb, 3aCTyKEHHO 3aHHU-
MaeT B HACTOSIIEE BPEMsI OJTHO M3 IIEHTPATBHBIX MECT CPEI PU3NUSCKUX U TCX-
HUYCCKUX JIUCIMILIHH.

B TeopeTrueckoi 4acTH TEXHUUYECKAsl TEPMOJUHAMUKA SIBISICTCS OOIITUM
OTJEJIOM HayKu 00 SHEPTUH, a B IPUKIIATHON YaCTH MPEICTaBIsIeT cO00i Teope-
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TUYECKUN (PyHIaMEHT BCel TEIIOTEXHUKHU, U3yYalolel MPOoLecChl, MPOTeKaoIIne
B TEIUIOBBIX JIBUTATEISX.

B TepmonnHaMuKe UCTIONIB3YIOTCS ABA METO/1a UCCIIEIOBAaHUS: METOI KPY-
TOBBIX MPOIECCOB U METOJI TEPMOJUHAMUYECKHUX (QYHKIIMI U T€OMETPUUYECKHUX TTO-
ctpoenuit. [locnennuit MmeTon ObUT pazpaboTaH U U3JI0KEH B KIIACCUYECKUX pado-
Tax [ ub66ca. 10T METO/1 MOTYUYHII 32 TIOCIEHEE BpeMSs IIMPOKOE PACTIPOCTPaHE-
HUE.

TexHuueckas TepMOAMHAMUKA, IPUMEHSIS OCHOBHBIE 3aKOHBI K IpoleccaM
MPEeBPAILCHUS TEIJIOTHl B MEXaHUYECKYIO pa00Ty M MEXaHUYECKOU paboThI B TETI-
JIOTY, 1a€T BO3MOXKHOCTh pa3padaThiBaTh TEOPHUIO TEIIOBBIX JBUTATENEH, HCCTe-
JI0BaTh MPOLECCHI, MPOTEKAIOLINE B HUX, U MO3BOJISIET BBISBIATh UX YKOHOMHY-
HOCTb JUJISl K&KJIOTO TUIA OTIEIBHO.

1.2. Mexnynapoanas cucrema exunun (CH)

C 1963 1. 'OCT 9867—¢61 0rw1a BBeneHa B CCCP kak npednoumumenvrasi
Mexnaynapoanas cucrema enunun (CH) amst Bcex oTpacieit HAyKu U TEXHUKH.

OcuHoBHbiMU enuHuLIaMu CU, uCnosib3yeMbIMU B TEPMOIMHAMUKE, TIPUHSI-
ThI: €IMHULIA IJTUHBI — METp (M), €IUHUIIA MACChl — KUJIOTpamM (KT'), eUHULIA
BpEMEHU — CeKYH/a (C), Temreparypa TepMoauHaMmuyeckas — kenabBuH (K), ko-
JIMYECTBO BEIlECTBA — MOJIb (MOJIb). Bee ocTanibHble € IMHUIIBI SIBJISIIOTCS TIPOU3-
BOJHBIMU OT OCHOBHBIX.

3a eUHUILY KOJTMYECTBA SHEPTUH (B TOM YHUCJIE TEIUIOTHI U PabOThI) IPUHST
mxoyib (), paBHbIi pabote noctostHHOM cuiibl B 1 H Ha myTu B 1 M nipu coBna-
JICHUU HaNpaBJICHUN CUJIBI U TTepeMElIeHUs] TOUKH npuioxkenust cuibl (1 [k = 1
H'1 M= 1 xrm/cd).

Enununa momnoctu BatT (BT) cootBeTcTBYeT padore 1 Ix B 1 ¢ (JIx/c).

1.3. OcHOBHBIE TEPMOAUHAMHUYECKHE MaPaMeTPbl COCTOSHUS

IIpeomemom mexnuueckou mepmoOUHAMUKY SIBISETCS TIaBHBIM 00pa3oM
M3yYeHHE TPOIIECCOB B3aMMHOI0 MTPE0Opa30BaHUs TEIUIOTHI U PaOOTHI B pa3iny-
HBIX TEIUIOBBIX MalllMHAX.

B TemioBeIX ABUTATENSIX TPeoOpa3oBaHUE TEIUIOTHI B pabOTy OCYIIECTBIA-
€TCs C TIOMOIIBIO TaK Ha3bIBaEMOTro pabouero tena. Hanpumep, B ABUTATEIIIX
BHYTPEHHETO CTOPaHMSI, a TAK)KE B Ta30TYpOMHHBIX YCTAHOBKAX PacCMaTPUBAIOTCS
MIPOIIECCHI, B KOTOPBIX PA0OYUM TEIIOM SIBIISICTCS ra3. B mapoBBIX IBUTATENSAX pac-
CMaTPHBAIOTCS MPOIIECCHI, B KOTOPBIX pa00YNUM TEJIOM SBIISICTCS Tap, JETKO Iepe-
XOJSIITUI U3 TapOo0OPa3HOTO COCTOSHUS B KUIKOE U, HAOOOPOT, M3 KHUIKOTO B T1a-
pooOpazHoe.

du3nyeckoe COCTOSHUE Tea BIIOJHE OTPEICIIACTCS HEKOTOPBIMU BEIUYH-
HaMH, XapaKTepU3YIOIUMH TAaHHOE COCTOSIHUE, KOTOPhIC B TEPMOJUHAMUKE Ha3bI-
BAaIOT nApamempamu coCmosiHusl.



[TapaMeTpamMu COCTOSIHUSI MOT'YT OBITh LEJIBIN PsiT BEJTUYHH: yICIbHBIA 00b-
eM, a0COJIFOTHOE JIaBJI€HUE, a0COIOTHAS TeMIIepaTypa, BHYTPEHHsISI SHEPT U, H-
TaJbINS, DPHTPOINS, KOHIIEHTPAIUs, U30XOPHO-U30TEPMUUYECKUIN TTOTEHIIUAI U JIP.

OpnHako Mpu OTCYTCTBUM CHJIOBBIX TOJIEH (TPaBUTAIIMOHHOTO,
AJIEKTPOMArHUTHOTO U JIP.) COCTOSIHUE OJTHOPOJIHOTO TeJIa MOXKET ObITh
OTIPEICTICHO TPEeMsI IMapaMeTpaMH, B KaueCTBE KOTOPHIX B TEXHUUYECKOU TEPMOIH -
HAMUKE IPUHUMAIOT YOeabHbLIL 00bem, adCOIOMHYI0 memnepanmypy u 0aesjieHue.

OTU TpU MapaMeTpa, Ha3bIBa€Mble OOBIYHO OCHOBHBIMH, HE SBJISIIOTCS HE3a-
BUCUMBIMU BEJIMUYMHAMH, U, KaK OyJIeT MOKa3aHo Jajee, CBA3aHbl MEXIy cO00M
BIIOJTHE OTIPEICICHHBIMU MAaTEMAaTHUYECKUMH 3aBUCUMOCTSIMH.

Yoenvnutit 06vem. Y nenbHbIN 00BEM OJJHOPOTHOTO BEIIECTBA — BEJIMYHMHA,
onpenesnsseMas OTHOIIEHHEM 00beMa K €ro Macce [B TEXHUYECKOM TePMOJIMHAMUKE
yIENIbHBI 00beM 0003HAYAETCA V, a €IMHUIIA YISTBHOT0 00beMa — KyOUdeCKHit
METp Ha KWJIOTpaMM (M3/1<r)]:

v=V/m, (1.1)

e V—o6beM MPOU3BOILHOIO KOIMYECTBA BEIECTBA, M°; /1 — Macca 3TOro Be-
LIECTBA, K.

IInomnocmp BeneCcTBa — BEIMYMHA, ONPEEsieMas OTHOLIEHUEM MACChl K
o0BbeMy BelllecTBa [€IMHULIA TIOTHOCTH — KHJIOTPAMM Ha KYOU4YeCKUN MeTp

(kr/v)]:
p=m/V. (1.2)
VY nenpHbI 00bEM €CTh BeTMUKHA, 00paTHas IIIOTHOCTH, T. €.:
v=I1/p;p=1Nv-p=1

/Jlaenenue. JlaBneHue ¢ TOYKU 3pCHUS MOJICKYJISIPHO-KUHETUUECKON TEOpUH
€CTh CPEJHUMN Pe3yIbTaT yAapPOB MOJICKYJI ra3a, HaXOAIIUXCSl B HEPEPHIBHOM
Xa0THYECKOM JIBI)KCHHH O CTEHKHU COCY/1a, B KOTOPOM 3aKJIFOUEH T'a3, U MPeCTaB-
JIsieT cO0O0M OTHOIIIEHWE HOPMAJILHON COCTABIISIONIEH CHUJIBI K TIOBEPXHOCTH, Ha KO-
TOpYIO AeiicTByeT cuia p = F / A, Tae p — nasiieHue; I, — HOpMasbHas COCTaB-
JArouas CUibl; A — MIIOIIAb TOBEPXHOCTH, HOPMAJIbLHOM K AEHCTBYIOIIEH CHUJIE.
Enununeii napnenus B CU aBisieTcst mackaib — JaBJICHUE, BEI3BIBAEMOE CUIION B
1 H, paBHOMEPHO pacipeneieHHOil 10 MOBEPXHOCTH IUIOmaapio B 1 M°. Jta exu-
Huma obo3nauvaetcs [la (1 [la=1 H/Mz).

B npakTuyeckux pacuerax BO3MOKHO MPUMEHEHNE KPATHBIX U JOJBbHBIX
eauHuIl naBieHus: kuionackaneit (klla), meramackaneit (MIla); yacto naBneHue
BBIPA’KAIOT BO BHECHCTEMHBIX eAHHMIIaX — Oapax (1 6ap = 10° ITa). OgHaKo He-
00X0IMMO TIOMHUTB, YTO BO BCE TEPMOJAMHAMUUECKUE (DOPMYIIBI TaBIICHHUE JTOJIXK-
HO TIOJICTABJISITHCS B MACKAJISX.



JlaBieHre MOXKET U3MEPATHCS CTOI00M KUAKOCTH (PTYTH, BOABI, CIUPTA U
1p.), ypaBHOBELIMBAIOIIMM JaBieHue raza. Ha puc. 1.1 nzobpaxen cocyn c razom.
K crenke cocyna npunasiHa u30ruyTasi TpyOKa, HaloJIHEeHHast KaKOH-JIM00 JKHUJIKO-
cTb1O. JlaBneHue B cocyzie p;, a aTMOCEPHOE JaBICHUE
Do, IpU 3TOM p, > p,. Ilon aeicTBUEM Pa3sHOCTH JaBiie-

HUM P, — P, KUIKOCTb B IIpaBOM KOJICHC IIOAHHUMCTCA U

ypaBHOBECHUT U30BITOK AaBJeHus B cocyne. OTcrona
MOXHO HAIMCaTh PaBEHCTBO:
pA=p,A+h-4A-p-g,orkyna

h=(p,~p,)/(p-g)-

BricoTa cTon0a JKuIKOCTH /4 PSMO TIPOMOPILIHO-
HaJIbHA PAa3HOCTH JIABJIECHUM B COCYAE U HAPYKHOU CpPEbI
Prc. 1.1, Usmeperme xas- 1 00paTHO MPONOPIUOHATBHA IUIOTHOCTH JHKOCTH.
JeHISL BEICOTOl CTon6a Ecnu pazHocTh naBieHnii npuHATh paBHou 0, 1
KHIKOCTH MIla, To BbICOTa /1 IpU HATIOTHEHUHU TPYOKH PTYThIO:

h=010-10°/(13595,10-9,81)=750,10 mm pr. cT., (1.3)

rae 13595,10 kr/m’ —mnotHocTs pryTH mpu 0°C; 9,81 M/c* — ycKkopeHue cBo-
O6osHOTO MajeHus (OepeTcs Il JTaHHOW TOYKH MOBEPXHOCTU 3eMJIN).
[Tpu HamoaHEHUU TPYOKH BOJOM BBICOTA

h=0,10-10°/(1000-9,81)=10,20 wm.

JIist m3MepeHus aBICHUH MPUMCHSIOT 0apOMETPhl 1 MAaHOMETPHI, a JIJIS U3-
MEpEHUS Pa3peKCHHUsI — BaKyyMMETpPbl. bapoMeTpaMu U3MepstoT aTMoCchEepHOE
JaBJICHNE, 8 MAHOMETPaMU — JaBJICHUE, TPEBbIMaioiiee arMmocdeproe. Jlasie-
HUe, MpeBblatoilee aTMochepHoe, HA3bIBAIOT U30bIMOUHBIM.

TepMoguHAMUYECKUM ITapaMETPOM COCTOSTHUS SIBJISICTCS TOJIBKO abCOFOT-
HOE JaBJIeHUE. AOCoMomubiM 0asieHuem Ha3bIBAIOT JaBICHUE, OTCUUTHIBAEMOE OT
aOCOFOTHOTO HYJIS IaBJICHUS WM OT a0COMIOTHOTO Bakyyma. [Ipu onpeneneHnu
aOCOFOTHOTO JIaBIICHUS PA3IMYAlOT IBa ciaydasi: 1) Korza JaBieHHE B COCYyIe
6ombire atMochepHoro 1 2) Korja oHO MeHbIe atMochepHoro. B mepBom ciydae
abCOFOTHOE JTaBlICHUE B COCYJIe PABHO CyMME MMOKa3aHWi MaHOMETpa U OapoMeT-

pa:
Pa =Pyt Do (14)

Ecnu BenmmunHa 6apoMeTpruecKoro JaBICHHUS HEU3BECTHA, TO TIPH BBIpaXke-
HUU JaBjeHus B Oapax abCONIOTHOE aBlIeHUE p, ~ p, +1.

Bo BTOpOM ci1yyae abCoIFOTHOE 1aBIEHUE B COCY/IE PaBHO MOKa3aHUIO Oa-
pOMeTpa MUHYC IIOKa3aHUE BaKyyMMeTpa:



Pa =D~ Ps- (15)

N30bITOUHOE 1aBlIeHUE U pa3peKeHHE HE SIBISIIOTCS MapaMeTpaMu COCTOS -
HUS, TaK KaK OHH MPU OJTHOM U TOM K€ a0COJIFOTHOM J]aBJI€HUH MOTYT NPUHUMATD
pa3IuYHbIC 3HAYEHHUS B 3aBUCUMOCTH OT BEJIMYMHBI aTMOC(EPHOTO AaBICHUS.

Temnepamypa. Temueparypa, XapakTepusys CTEIIEHb HAIPETOCTH Tel,
MPEICTaBIAET COOON Mepy cpeHell KNHETUYECKON SHEPTUU MOCTYNATEIbHOTO
IBUKEHHUS €T0 MOJIEKYJI, T. €. TEMIIEpaTypa XapaKTepU3yeT CPEIHIO0 HHTEHCUB-
HOCTb JIBUSKEHHSI MOJIEKYJT, U YeM OOJIbIIIEe CPEHSS CKOPOCTh JIBH)KEHUS MOJIEKYJI,
TEM BblIIIe Temrneparypa tena. [lonarue remnepaTypbl HE MOKET OBITh IPUMEHEHO
K OJTHOM MJIM HECKOJBbKUM MoJeKyaaM. Ecnu nBa Tena ¢ pa3iMuyHbIMUA CPEJHUMHU
KMHETUYECKUMU SHEPTUAMHU IBHKEHUS MOJIEKYJI IPUBECTH B COPUKOCHOBEHHUE,
TO TeJO ¢ OoJbllIel cpeHel KWHETHYECKON IHeprueit Mosiekyd (¢ Oobliel TeM-
nepaTypoi) OyeT oTaaBaTh IHEPTUIO TETY C MEHBIIIEH CpeiHel KHHETHYECKON
AHEpruen MoJIeKyJ (C MEHbIIEeH TeMrepaTypoii) U 3TOT Ipolecc OyeT NpoTeKaTh
710 T€X MOp, MOKa CPeJHUE KUHETUYECKHE SHEPTUHU MOJIEKYJ 000X TEJI HE CpaB-
HSIOTCSI, T. €. HE BBIPABHAIOTCS TEMIIEPATYphl 000uX Tell. Takoe cocTosiHuEe JBYX
TEJI HA3bIBACTCS MeNI08bIM PABHOBECUEM.

Kunernueckas Teopusi MaTepuu MpU TEMJIOBOM PABHOBECUM CBA3BIBACT

—2
CPEIHIOI0 KNHETUYECKYIO SHEPTUIO MOCTYNATEIbHOTO ABUKEHNUE MOJIEKY mw /2 C
a0COJIFOTHOM TeMIepaTypoi HIeaIbHOTO ra3a 7, U YCTaHABIUBAET MEXKIY dTUMHU
BEJIMYMHAMM TIPSIMYIO CBSI3b:

mw' /2 = 3KT/2 (1.6)

TJIe /M — MAacca MOJIEKYIBL, W — CPEIHSS KBaAPATHIHAS CKOPOCTh IOCTYIIATElb-
HOTO JBW)KCHHS MOJIEKYJ; T — aOCOIIOTHAS TeMIeparypa; k — MOCTOsSTHHAS
bonsumana, pasuas 1,38: 10 /K.

AOcCoJI0THas TeMIiepaTypa BCeria BeTuYrHa MoJjIoKuTepHas. [Ipu Temme-
patype abcomotHoro HyIs (7 = ()) mpekpaliaeTcs TeIIOBOE IBHKEHUE MOJICKYIT
(w=0). DOra npenenpbHas MUHIMAJIbHAsI TEMIIEPATypa U SBIISICTCS HAYaJIOM JIJIS
oTcyeTa abCOTIOTHBIX TEMITEpPaTyp.

B TexHUKe 1711 M3MEpPEHUs TeMITepaTyp UCIOJIb3YIOT pa3IMUHbIC CBOMCTBA
TEJ: pacIIMPEHUE TEJI OT HArPEBaHUS B KUJIKOCTHBIX TEPMOMETPAX; U3MCHCHHE
o0beMa P TTOCTOSTHHOM JIABJICHUH WU U3MCHCHHE JIaBJICHUS IPH TTOCTOSHHOM
o0beMe B ra30BbIX TEPMOMETPAX; H3MEHECHHE SJICKTPUICCKOTO COTIPOTHUBIICHUS
MIPOBOIHUKA MPU HATPEBAHUH B TEPMOMETPaX CONPOTHUBIICHHUS; K3MEHEHHUE JJICK-
TPOJBIIKYIICH CHJIBI B IICTIM TEPMOTIAPhI ITPH HATPEBAHUU WJIH OXJIAKICHUHU €€
cnas. [Tpu u3mMepeHnH BBICOKMX TEMITEpaTyp ONTHYCCKUMHU MTUPOMETPaMH UCIIOJIb-
3YIOTCS 3aKOHBI H3JIYYEHUS TBEPABIX TECJI U METOJIbI CPABHEHUS PaCKaJICHHOW HUTH
C UCCJIETYEMbIM MaTCPHUAJIOM.

B Hacros1iee BpeMs IperyCMOTPEHO IPUMEHEHHUE IBYX TEMIICPATYPHBIX
IIKAJ: MepMOOUHAMUYECKOU meMnepamypHoll WKabl, OCHOBAHHOW Ha BTOPOM 3a-
KOHE TEPMOJIUHAMUKH, H MK TyHApOIHOW MPAKTHUYECKOW TEMITepaTypHOH IIKaJIbI,

8



KOTOpAas SIBIIAETCS MPAKTUYECKUM OCYIIECTBICHUEM TEPMOJINHAMUYECKON TEMIIE-
paTypHOM MIKAJIbI, TOJIYYEHHON C MOMOIIBIO PETIEPHBIX (OMOPHBIX) TOYEK U UH-
TEPHOJISIUMOHHBIX YPABHEHUM.

N3mepenne TemriepaTyp B KaKI0U U3 ATUX IIKAJI MOXKET IPOU3BOIUTHCS KaK
B KenpBunax (K), Tak u B rpagycax Lenbcus (°C) B 3aBUCUMOCTH OT IPUHSATOTO
Hayasa otrcuera (IOJ0KEHUS HYJIS) 1O [IKaJe.

B Tak Ha3piBaeMON TPOMHOM TOYKE BOJBI, T. €. B TOUKE, /1€ KHUJIKasl, Tapo-
oOpasHas u TBepjias ¢a3bl HAXOAATCS B YCTOMYMBOM PaBHOBECHUH, TEMIIEpATypa B
KensBunax paBna 273,16 K, a B rpagycax Lenascus 0,01°C.

CrienoBaTenbHO, MEXIY TEMIIEPATYPAMU, BHIPAXKEHHBIMU B KEJIbBUHAX U
rpanycax Llenbcus, umeercs cienyrnee COOTHOLIEHUE:

TK=27315+1C. (1.7)

[TapamMeTpoM COCTOSIHHSI SIBJISICTCS a0COJTIOTHAS TEMIIepaTypa, BhIpakaeMast
B KenbBuHax. ['pamyc abCOTIOTHOM MIKAJIBI YUCICHHO PABEH IPaayCy IIKaJIbI
Lenwcus, Tak uro dT =dt.

1.4. TepmoguHaMu4eckKasi cucTeMa

B nm1060M siBJI€HUM NpUPOIBI YYaCTBYET MHOKECTBO Pa3IMYHBIX Tell, TaK
WM MHAYEe CBSI3aHHBIX MEXIy co0oil. [Ipu TepMoguHaMUYecKOM U3yYeHUH KaKO-
ro-110o0 SIBIEHUS B KaueCcTBe 00BEKTA UCCIEAOBAHMS BBIIEISAETCS IPYyIIa TN, UITU
€AMHUYHOE TeJIO, WIN JJaXe OTJeIbHbIe ero yacTu. OObEeKT N3yUeHHs Ha3bIBACTCS
TEPMOAUHAMHUYECKON CUCTEMOM, a BCE, UTO JIEKUT BHE €r0 I'PaHULl,— OKPYKaro-
U CPEIION.

TepMoaMHAMUYECKON CUCTEMOM HA3bIBAETCS COBOKYITHOCTh MAKPOCKOIIHMYE-
CKHUX TeJl, 0OMEHHUBAIOLIUXCS DHEPTUEH KaK APYT ¢ APYroM, Tak U ¢ OKpyxarolen
BHEIIHEN CPEHOM.

[IpocTredmum mpuMepoOM TEPMOJIMHAMUYECKON CUCTEMBI (TeJla) MOKET CIY-
KUTh ra3, HaxoAsumicsa B uinHApe ¢ nopuHeM. K okpyskaromieit cpene cienyer
OTHECTH WJIMHAP U NOPLIEHb, BO3AYX, KOTOPBIA OKPYXaeT UX, CTEHbI IOMENIE-
HUs, TJ€ HAXOUTCS [WIMHAP C HOPUIHEM U T. 1.

Ecnu TepmonnHamMuyeckasl cucteMa He MMEET HUKAKUX B3aUMOJICHCTBUM €
OKpYXalollel cpeion, TO ee Ha3bIBAIOT U30JIMPOBAHHOM (MM 3aMKHYTON) CUCTe-
MOW.

Cucrema, OKpy>KE€HHas TaK Ha3zbIBaeMO# anadaTHON 000JI0UKOM, HCKITIO-
qaronieil Tem000MeH ¢ OKpY>KaloIlel cpeioif, Ha3bIBAETCS TEILIOM30JIMPOBAHHOMN
(unu aguabaTHOM) cuctemMoit. [IpuMepom TemI0N30IMPOBAHHON CUCTEMBI SIBIISIET-
csl pabodyee Teno, HAXOASIIEECs B COCY/I€, CTEHKU KOTOPOI'O MOKPBITHI UeaTbHON
TEIJIOBOW M30JISIMEN, UCKITIOYAIOIIEH TENI000MEH MEXIy paboyuM TEJIOM U OK-
pyXKarolien cpenou.

Cucmema, UMero1Iasi BO BCEX CBOMX YACTAX OJJMHAKOBBINA COCTAaB U (u3HUe-
CKHE CBOMCTBA, Ha3bIBaeTCs (U3UICCKU OOHOPOOHOU.



OpHoponHast TepMOAMHAMUYECKasl cucTeMa (Kak Mo COCTaBy, Tak U 1o (u-
3MYECKOMY CTPOEHUIO), BHYTPU KOTOPOW HET MOBEPXHOCTEHN pa3zesna, Ha3bIBaeTCs
20MO02€HHOIL, HATIpUMED, JIEM, BOA, ra3bl.

Cucrema, cocTosimias 3 HECKOJIbKMX MAKPOCKOITMYECKUX YaCTEN C pa3iany-
HBIMHU (PU3UYECKUMH CBOMCTBAMU, OTJEJICHHBIX OJIHA OT APYroil BUJUMBIMH TO-
BEPXHOCTSIMH pa3zienia, Ha3bIBACTCS 2emepozeHHOll, HAIPUMED, JIE] U BOJa, BOAA U
nap v ap.

['oMoreHHble YaCTH CUCTEMBI, OT/IEJIEHHBIE OT OCTAJLHBIX YaCTEH BUIUMBI-
MU MTOBEPXHOCTSIMU pa3fiena, Ha3bIBatoTCs ghazamu. B 3aBucumoctu oT uncina ¢as
reTepOTreHHbIE CUCTEMBI Ha3bIBAIOTCA NBYX(ha3HBIMU U TpeX(da3HbIMU (ra3000pa3-
HOE, JKUJKOE U TBEPJI0€ cocTosiHKE). KOMITOHEHTOM T€pMOJIMHAMUYECKON CHUCTE-
MBI Ha3bIBalOT BCAKYIO XUMUYECKH OJJHOPOJIHYIO CUCTEMY.

1.5. TepmoauHaMmuueckui mpouecce

OcCHOBHEIC TCPMOINHAMUYICCKUC ITAPAMETPBI COCTOAHUSA p, V U TOIIHOpOJI-
HOT'O TCJIa 3aBHUCAT OAWH OT APYTI'Oro U B3aUMHO CBA3aHbI MATCMATUYCCKHUM YpaB-
HCHUCM BHU/A.

F(pv,T)=0, (1.8)

KOTOPOC B TCPMOAUHAMUKE HA3BIBAIOT YyPAGHEHUEM COCMOAHUA. Ecan n3BecTHO
YPAaBHCHHUEC COCTOAHUA, TO AJIAA OMPCACIICHUA COCTOAHUA HpOCTCfIHIPIX CUCTCM —
OJHOPOAHBIX U ITOCTOSHHBIX ITO BPEMCHHU, IO MACCC U 110 COCTABY (COCTOSIIJ_[I/IX n3
OJIHOﬁ (1)a351 1 HC U3MCHAIOIINXCA XI/IMI/I‘{eCKI/I) — A0CTAaTOYHO 3HATh ABC HC3aBU-
CUMBIC TICPCMCHHBIC N3 9HCJIa TPCX:

p=/(vT)v=[f(pT)T=f(pV). (1.9)

Ecnu BHEIIHHE YCIIOBHSI, B KOTOPBIX HAXOUTCS TEPMOINHAMHUYECKAS CHC-
TeMa, U3MEHSIOTCS, TO OYIET U3MEHATHCS U COCTOSTHUE cUCTeMbL. CO80KYNHOCb
UBMEHEHULI COCMOAHUSL MEPMOOUHAMUYECKOU CUCTNEMbL NPU nepexoe U3 00HO20
PABHOBECHO20 COCMOAHUS 8 OpY20e HA3bI8AION MePMOOUHAMUYECKUM npoUec-
com.

[lon pasnosecnbvim cocmoanuem mena nOHUMAaOm maxoe, NPU KOMOPOM 60
8cex mouKkax e2o oovema oagieHue, memnepamypa, yoeivHbulll 00vem u 6ce opyaue
Qusuueckue ceoUCmea 0OUHAKOBHL.

[Tpomecc u3MeHEHUsT COCTOSTHHSI CUCTEMBI MOXKET OBITh pABHOBECHBIM U HE-
paBHOBECHBIM. Ecii miporiecc MpoXoaHT Yepe3 PaBHOBECHBIC COCTOSIHUS, TO €r0
HA3bIBAIOT PAGHOGECHBIM.

TepMoauHaMuKa B MEPBYIO 0YEPeIb paCCMaTPUBACT PABHOBECHBIC COCTOSI-
HUS U PAaBHOBECHBIC MPOIICCCHI U3MEHEHUS COCTOSIHUS TEPMOJIMHAMUYECCKOM CHC-
TeMbI. TOIbKO paBHOBECHBIC COCTOSIHHSI MOTYT OBITh OIMMCAHBI KOJTMYECTBECHHO C
MTOMOIIBIO YPaBHEHUS COCTOSTHUSA. [IpoCTEeHITMMU ypaBHECHUSIMU COCTOSTHUS SIBJISI-
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101cs ypaBHeHus Kuaneiipona, Knanetipona — Menoeneesa, Ban-oep-Baanvca n
1p., KOTOpble OYAYT MOAPOOHO PACCMOTPEHBI Ha CIEIYIOMINX JEKIHUIX.

PaBHOBECHBI TTPOIIECC MOKHO OCYIIECTBHTH MPU OECKOHEYHO MEIJICHHOM
W3MCHCHUH BHEITHUX YCJIIOBHI MJTU KOT/Ia M3MEHEHUS IMapaMeTPOB, XapaKTepH-
3YIOIIUX COCTOSTHUE CUCTEMBI, 0ECKOHEYHO MaJIbl TI0 CPAaBHEHUIO CO 3HAUYCHUSIMH
camux napamerpoB. CienoBaTeabHO, peajbHble MPOIECChl, Oy Tyul HEpaBHOBEC-
HBIMH, MOTYT JIMIIIb B TOW WJIM HHOW CTENICHH MPUOJIMKATHCS K PABHOBECHBIM,
HUKOT/Ia B TOYHOCTH C HUMHU HE COBIajasl.

HepaBHOBECHOCTH peanbHBIX MPOLIECCOB OIMPEACIIAETCS, MPEXKIE BCETO, TEM,
YTO TOJT BIUSHUEM BHEIIHUX YCIOBUMA OHU MPOTEKAOT C KOHCUHBIMU CKOPOCTSIMH
U B paboyeM Telle He yCIeBaeT yCTaHABIMBATHCS paBHOBECHOE cocTostHue. Ha-
IpUMeED, MPH OBICTPOM PaACIIMPEHUH Ta3a B IUJIUHAPE MO MOPIITHEM WU TIPH
OBICTPOM €T'0 CIKaTUU TeMITepaTypa U JaBJICHUE B Pa3IMUHBIX TOYKaX 00beMa
pabouero Tena He OyAyT OJIMHAKOBBIMH, T. €. Oy/I€T UMETh MECTO HEPABHOBECHOE
COCTOSIHUE, a caM Tpolecc OyeT HEPaBHOBECHBIM.

C MaTeMaTHJeCKOl TOUKH 3peHns ypaBHenue coctosuus F(p,v,T)=0 B
TPEXOCHOM CHCTEME KOOPAHWHAT p, v U T BhIpakaeT HEKOTOPYIO TOBEPXHOCTh, KO-
TOpast HA3bIBACTCS MEPMOOUHAMUYECKOIUL NOBEPXHOCHIBIO.

PaBHOBECHBIE TTPOIIECCH N3MEHEHHS COCTOSTHUS TEPMOJIMHAMHYCCKON CHC-
TEMbI MOKHO M300pakaTh rpadudecku. B camom jerne, BCIkoe MpOU3BOIBHO B3sI-
TO€ PaBHOBECHOE COCTOSIHME M300pakaeTcsi Ha TePMOJUHAMUYECKON TOBEPXHOCTH
TOYKOM, & COBOKYITHOCTh 3TUX TOYEK ITPH HENPEPHIBHOM U3MCHCHHUH COCTOSTHUS —
KpUBOM, KOTOpas U MpeJICTaBIsieT coOol rpaduueckoe n300pakeHue paBHOBECHO-
ro mnpotecca. Mcrnonb3oBaTh TPEXOCHYIO CUCTEMY KOOPAMHAT 3aTPYAHUTENBHO,
MO3TOMY JIJISI N300PaKCHHS MPOIIECCOB MOJIB3YIOTCS HE CAMUMU KPUBBIMH, a HX
MPOCKITUAMH Ha TUIOCKOCTH B MPSAMOYTOJIBHOW CHCTEME KOOPIMHAT.

Ecnu TepMOIMHAMHYECKYIO TIOBEPXHOCTh Pacceub MIIOCKOCTSIMH, Iapaji-
JICTBHBIMU OCSIM KOOPJIMHAT, TO HA MMOBEPXHOCTH IMOJIYYAIOTCS CIICAYIONMINE KPH-
BbI€: CEYECHHE IUIOCKOCTBIO V = const IaeT JIMHUIO, XapaKTePU3YIOILIYIO MpoLiecc
W3MCHCHUS JABJICHHS B 3aBUCHMOCTH OT TEMIIEpaTyphl B KOOpauHaTax p-T1; mpo-
I1ECC, ONMMCHIBAEMBIN ATOW JTUHHUEH, MPOTEKAET MPHU TOCTOSHHOM 00beMe 1 Ha3bIBa-
€TCS U30XOPHBIM; CEYEHUE TUIOCKOCTBIO p = const NaeT JUHUIO U3MEHEHHUS YIelb-
HOTO 00bEMa B 3aBUCUMOCTH OT TEMIIEPATypPhl B KOOpAUHATAX V-1 MPOIecc, KOTO-
PBIi OITUCHIBACT 3TA JIUHUS, IPOTEKACT MPHU MMOCTOSTHHOM JIaBJICHUU U Ha3bIBACTCS
U300apHbiM; CEUCHHE TIOCKOCTBIO 1 = const NaeT JTUHUIO U3MEHEHUS JaBICHUS B
3aBUCUMOCTH OT yJICJIbHOTO 00BbeMa B KOOPJAMHATAX p-V; ONTUCHIBAEMBIHN 3TOH JIH-
HUEH Tpoliece MPOoTeKaeT MPU MOCTOSHHOW TeMITepaType U Ha3bIBACTCS Uzomep-
MUYECKUM.

B TexHMYeCKO# TepMOAMHAMUKE JIJIsl UCCIICIOBAHUS PAaBHOBECHBIX TEPMO-
JTUHAMUYCCKUX TPOIIECCOB YaIlle BCETO MPUMEHSIOT IBYXOCHYIO CHCTEMY KOOP/IH-
HAT p-v, B KOTOPOH OChIO abCIHCC SIBISIETCS yIETbHBIN 00bEM, a OCbIO OPAMHAT —
JaBJIeHHE.
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B cucteme koopauHAT p-v BEpTUKAIh N300pakaeT MPOIECcC MPH TOCTOSH-
HOM 00'beMe — M30XOPHBIH, TOPU30HTAIE — TPOIIECC MPH MOCTOSTHHOM JIaBIICHUU
— M300apHBIA, HEKOTOpask KpuBas (7151 ra3000pa3HOT0 COCTOSIHUS) BUAA TUIIEP-
00JIBI— TIPOIIECC MPU TOCTOSTHHON TeMIepaType —
nzorepmuueckuii (puc. 1.2).

[Tpn u3ydeHUH TEPMOJIMHAMHYCCKUX MPO-
IIECCOB 0CO00€ 3HAUCHUE MPECTABISIOT TaK HA3bI-
BaeMbIC 3aMKHYThIE (MJIH KPYTOBBIE) MTPOIECCHI,
P KOTOPBIX CUCTEMa, TIPOXOS Yepe3 psil moce-
JIOBaTEIbHBIX COCTOSIHUM, BO3BPAIIAETCS K Hadallb-
HOMY cocTostHHIO. KpyroBoii mporiecc Ha3pIBaIOT
TaKXKE IHKIOM.

M3MeHeHue mapameTpa COCTOSHUS B JIIOOOM
Puc.1.2. Tepmonunamude- TEPMOIMHAMHYECKOM TMPOIECCe HE 3aBUCHT OT BHIA
;ge TPOLECCHL B KOOPIMHA-  poiecca, a HEAMKOM ONpEesseTcsl HadalbHbIM U

Py KOHEYHBIM COCTOSTHUSMH. [103TOMYy MOXKHO CKa3arts,
9TO JIF00O0H MapamMeTp COCTOSTHUS SABISIETCS Takke QyHKIMEH cocTossHusA. B nanb-
HeleM OyeT paccCMOTpeH ee psl GYHKIHH COCTOSIHUS, TAKUX, KaK BHYTPCHHSISI
DHEPTHS, SHTAIBITHS, SHTPOIIHS H JIp.

CrnenyeT OTMETHTD, YTO TTapaMeTphl ((PYHKIIMH COCTOSHUS) MOT'YT 3aBHCETh
WJIA HE 3aBHCETh OT MACChl CUCTEMBI. [lapaMeTpbl COCTOSIHHMSI, HE 3aBHCSIIUE OT
MacChl CUCTEMBI, HA3bIBAIOT MHTEHCUBHBIMH MapaMeTpaMu (JaBJICHHUE, TEMIIEPaTy-
pa u ap.). [lapameTpsl, 3HAUCHUS KOTOPBIX MPOTMOPIIMOHATBHBI MacCe CHCTEMBI,
HAa3BIBAIOT A0OUMUBHBIMU (UIU IKCMEHCUBHbIMU) napamempamu (00beM, SHEPTHs,
SHTpPONUS U Ap.).

AP

const

V=

2 p=const

1.6. Tensiora u padora

HeoTrbemieMbIM CBOMCTBOM MAaTEPUU ABISETCS JBUKEHUE; OHO HE YHUUTO-
XKaeMo, Kak cama matepus. JIBuKeHrne MaTepur MpOsBIISIETCS B pa3HbIX (hopMmax,
KOTOpBIE MOT'YT MIEPEXOAUTh OJIHA B JPYTryr0. Mepoi IBUKEHUSI MATEPUH SIBIISIETCS
SHEprus.

Kak nmokas3bIBatoT OMBITHI, IPY NPOTEKAHUN TEPMOJIUHAMUYECKOTO MIPOIecca
TeJa, y4acTBYIOLIME B 3TOM IpoIecce, 0OMEHUBAIOTCS MEXIy co00i sHeprueil. B
pe3yJibTaTe SHEPTUsl OHUX TEJ YBEIUUYUBAECTCS, & APYTrUuX — yMeHblnaercd. [lepe-
Jlaya SHEPTUM B MPOLECCE OT OJTHOTO TEa K APYrOMY MOXKET MPOUCXOJIUTH JBYMSI
CII0CO0aMHu.

Ilepewtit cnocod nepedauu Inepzuu peannu3yeTcs MPU HEMOCPEICTBEHHOM
KOHTAaKTe TeJ, UMEIOIIHNX Pa3InNUHYI0 TeMIIepaTypy, NyTeM oOMeHa KUHETUYECKOU
SHEPTrUei MEXIy MOJIEKYJIaMH COTPUKACAIOIITUXCS TeJ, JIMOO JTYYUCTHIM MEPEHO-
COM BHYTPEHHEW HEPTUU U3IYUYaIOLIUX TEJI IyTEM 3JIEKTPOMArHUTHBIX BOJH. [Ipu
ATOM PHEPTHUsI TIEpeaacTCsi OT O0Jiee HarpeToro Tejia K MeHee HarpeTomy, T. €. OT
TeJa, UMEIOIIEro OOJBIIYIO CPEIHIO KHHETHYECKYIO SHEPTHUIO MOJICKYJI, K TEITy C
MEHBIIEH CpeTHEN KHHETUYECKOUM dHEprue Mmosiekyn. KonnuecTBo sHepruu, ne-
peIaHHOM MEPBBIM CIIOCOOOM OT OJHOTO TeJa K IPYroMY, Ha3bIBAIOT KOAUUECBOM
meniomsl, a caM CIocod — nepedauell duepauu 8 popme meniomol. Konmaecto
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SHEPIHUH, MOJyIeHHOE TEJIOM B (hOpMe TEIUIOTHI, OyZeM B ajbHEHIIIEM Ha3bIBATh
n008e0eHHOU (CO0OUWeHHOL) MeNn10moti, a KOTUIECTBO YHEPTUU, OTJAHHOE TEIOM
B (popMe TETUIOThI,— 0meedeHHOl (OMHAMOU) Meniomoll.

Temnora, Tak ke Kak v J100asi JHEPTHs, BhIpaxkaeTcs B JKOYIX (k) nmm
ko xoyIsx (k/k). [IpuHsaTo 0003HaYaTh MPOU3BOILHOE KOJTUIECTBO TETLIOTHI
0, a ynenpHOe (oTHeceHHOE K | kr) — ¢. [logBegeHHAst TEII0Ta CUNTACTCS OO~
KUTETHHOW, OTBEICHHAS — OTPHUIIATEIHHOM!.

Bmopoii cnocoé nepedauu snepeuu cBsi3aH ¢ HATMIHEM CHUJIOBBIX MOJICH
WJIM BHEUTHETO JaBleHus. J[J1s mepegadn sHEPTUH STUM CIIOCOOOM TEJIO JOJIKHO
1100 TepeIBUTATHCS B CHIIOBOM TI0JI€, THOO M3MEHSTH CBOW 00heM O[T AeCTBHEM
BHEIIHETO JaBjicHus. MHaue roBops, mepeaada YHEPTHHA B STOM CIydae MPOHUCXO0-
JWT TP YCIIOBUU TIEPEMEIICHHS BCETO TeJa WU €T0 YaCcTH B IPOCTPAHCTBE.

DTOT crocob Ha3bIBACTCS nepedaueli SHepauu 8 popme pabomuwl, a Koaude-
CTBO TIEPEIaHHOW YHEPTUH B TIPOIIECCE — pabomoli.

KonudecTBo sHepruu, nory4eHHoe TejaoM B popMe padboThl, OyaeM Ha3bl-
BaTh J1AJIEE COBEPULEHHOL HAO MeaoM pabomoll, a OTJAHHYIO SHEPTruto B hopme
paboThl — 3ampayenHol menom pabomoti. PaboTa Takke BbIpaxaeTcs B JHKOYIISX
WA KAJIOJDKOYIISAX. 3aTpadeHHast TeJIOM paboTa CUUTACTCS MOOKHUTEIbHOM, a CO-
BEpIIIEHHAs Ha/l TeJIOM paboTa — OTPUIATEIIBHOM.

[Tpon3BoIBHOE KOJTMUYECTBO SHEPTUH, IepeaHHoe B hopMe paboThI, 000-
3Ha4aroT L, a yneiapHoe — /.

B o0miem ciryuae nepenava sHEpTruu B popMe TEIUIOTH B B (popme paboThI
MOJKET POUCXOIUTh 00HO8pemerHo. 1Ipr 3TOM Ba)KHO OTMETHUTH, UYTO B Pa3IHy-
HBIX TEPMOJIMHAMUYECKUX MPOIECCaX B 3aBUCIMOCTH OT YCJIOBHM WX MPOTEKAHHUS
KOJIMYECTBO TEIUIOTHI M pab0Ta Pa3IMUYHBI.

CrnenoBaTenbHO, menioma u paboma xapaxkmepuszyom KaieCmeeHHO U KO-
JIUYECMBEHHO 08€e PAsIuiHble PopMbl nepedayl OBUNCEHUL OM 0OHUX mell Mame-
PUATIBHO20 MUPA K OPYUM.

PaGota npexacraBisieT coboit makpogusuueckyro popmy nepegauu SHEPIuH,
a TeIJI0Ta €CTh COBOKYITHOCTh MUKPOPU3ULeCKux TMPOIECCOB, TTOCKOIBKY Mepeia-
Ya SHEPTUHU 3TUM CIIOCOOOM MPOUCXOANT Ha MOJIEKYJIIPHOM YpOBHE 0€3 BUAUMOTO
IBWOKCHUS TEJN, HAIPUMEP U3MEHEHHE CKOPOCTEH ABMKCHHUS MOJIEKYJT U OOMEH
DHEPIUH NP UX COYAAPEHUIX, U3TyUeHUE KBAHTOB CBETA, INIyOOKHE N3MEHEHUS
camMoi CTPYKTYpbI MOJIEKYJ M aTOMOB U T. 1. Bce 3TH U3MEHEeHUs SHEPTUH, HE
MOJITAIOIINECS HETTOCPECTBEHHOMY HAOIIOICHUIO B OOBIYHBIX YCIIOBHUSX, POSIB-
JISIIOTCS B HAIIIMX OMNIYIICHUSX B (hopMe TeTuioThl. KondecTBO TETIOTH U paboTta
SBIISIFOTCS. MEPAMHM SHEPTUH, TIEPEAAHHON TenaM B hoopMe paboThl U B POpME TeTi-
JOTHI.

KonmuecTBO TEIIIOTHI, OTydEeHHOE TEJIOM, B paboTa, MPOU3BEACHHAS Te-
JIOM, 3aBHCAT OT YCIOBHUI Mepexoja Teja U3 Ha4ajJbHOTO B KOHEYHOE COCTOSTHHE,
T.€. 3aBUCST OT Xapakmepa npouyecca. [lonstne «menioma u paboma» BOSHUKAET
TOJILKO B CBSI3H C MIPOTEKAIOLIUM TEPMOIMHAMUYIECKUM TIporieccoM. Eciu Het
mporiecca, TO HeT TETUIOTH M paboThl. [103TOMY Helmb3s TOBOPUTH O 3amace Terio-
TBI U PaOOTHI B KAKOM-JTHOO TeIe.
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OTcroa MOKHO clienaTh BBIBOJ, YTO HU dJ€MEHTapHas paboTa 0L, Hu 3iie-
MEHTapHas TerioTa 6Q He SBISAI0TCS NOTHBIMU AU depeHInanaMu napaMeTpos
COCTOSIHUSA U UX HEJIb35l HAa3bIBATh MPUPAIICHUEM KOJIMYECTBA TEIIOTHI U pabOTHI.
Benuuunbl 00 u L ecTh TOJBKO OECKOHEYHO MaJible KOJIMYECTBA TEIUIOTHI U pado-
Thl, YYaCTBYIOIIHE U 3JIEMEHTapHOM Ipouecce. [loatomy A KOHEYHOTO Ipolecca
HEJb3s MUCATh

J%5Q:Q2_Q1 1 J%5L:L2—L1-

[Tocnennue ABa MHTETpasa MOTYT OBITh B3SITHI TOJBKO TOT/Ia, KOT1a OyAyT
3a/1aHbl YACTHBIE TIPU3HAKU MEXKY COCTOSIHUAMU /-2, T. €. YCIIOBUS NMPOTEKAHUS,
nporuecca. [loaToMy onepanyio HHTETpUPOBAHKSI MOKHO 0003HAYaTh TOJBKO Clle-
AYIOIKUM 00pa3oMm:

f5Q=Q,_2 " f5L=L,_2. (1.10)

Takum 00pa3oM, B TEPMOIMHAMHYECKOM IPOIIECCE U3MECHECHUS COCTOSTHUS
menioma u paboma npeocmasyisitom cobol 08a eOUHCMBEHHO 803MONCHBIX CHOCO-
ba nepedauu dHepeuu om 00H020 meia K 0py2omy.

1.7. TepmoguHaMu4ecKkoe paBHOBeCHE

Ecnu cocTosiHue Beex Ten, BXOIAIIMNX B TEPMOJIUHAMUYECKYIO CUCTEMY,
JUTUTEJILHOE BPEMsI HE U3MEHSIETCS, TO TOBOPST, YTO CUCTEMA HAXOIUTCS B mepMo-
OUHAMUYECKOM PABHOBECUU.

Ecnu B TepMoanmHaMUUecKoil cucteMe, He UMEIOIEeH TeTION30JIUPOBAHHBIX
1 a0COJIIOTHO JKECTKUX MEPEropoIoK, Tela WM YacTH TeJl HAaXOATCs He B OJMHA-
KOBOM COCTOSIHMH, TO [0 UCTE€UEHUH HEKOTOPOr0 BPpEeMEHHU (PaHO WM MO31HO) B
CUCTEME HACTYMUT COCTOSHUE YCMOUYUBO20 MEPMOOUHAMUYECKO20 PABHOBECUSL.

[Tpu TepmMoaMHAMUYECKOM PaBHOBECHUH TIEepeaada TeIUIOThI OT OJHUX Tell
CHUCTEMBI K IPYTUM U MEXaHWYECKOE MepeMEIIeHUE OTACIbHBIX YaCTEH CUCTEMBI
OTHOCHUTENBHO JIPYT APYTa OTCYTCTBYIOT, T. €. UMEET MECTO MENn1060€ U MeXaHu-
yeckoe pasnoesecue.

[Ipu TepMoaMHAMUYECKOM PaBHOBECHUHM JIaBICHUE U TEMIIEpaTypa BceX Tedl,
COCTaBJISIOIINX CUCTEMY, OYIyT paBHBI TEMIIEpPAType U JIABIICHUIO OKPYKalolen
cpeabl. C U3BMEHEHUEM BHEITHUX YCIOBUN OKPYXKAIOIICH cpebl Oy1eT U3MEHSIThCS
U COCTOSIHUE CUCTEMBI, U 3TO U3MEHEHHE HaOII0AaeTcs A0 TeX Mop, MOKa He Ha-
CTYMNHT PaBEHCTBO JIaBJICHUI U TEMIIEPATYP OKPY>KAIOIIEH CPEeabl U CUCTEMBI, T. €.
HE HACTYIUT yCMOU4ueoe pasnosecue.

be3 BHemHero BIUAHUS (CaMOMPOU3BOJIbHO) BHIUTH U3 COCTOSIHUSI paBHOBE-
CHsl CHCTEMa HE MOXET.
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1.8. YciaoBue mosnoro nugdepenuuasia
B TepMoarHaMuKe 4acTo BCTPEUAIOTCS BHIPAYKEHHUSI CJICIYIOIIETO BUIA:

dz = M(x, y)dx + N(x, y)dy . (1.11)

Bripaskenue (1.11) MoxkeT ObITh WM TPOCTO CYMMOM ABYX OECKOHEYHO Ma-
JIBIX BEJIMUUH, WIH MOJHBIM AuddepeHimaiom HekoTopod pyHkuuu z = (X, ).
Ecnu dz saBnsercst noaHsiM 1uddepeHiraniom, To JOIKHO BBITOIHITHCS CIEyI0-
1iee ycJjaoBHe:

(6M /8y), = (0N /ox),. (1.12)

JleficTBUTENBHO, €ClU Z = Z( X,y ) — (DYHKIIUSA COCTOSIHUS, TO €€ TOJHBIN
nuddepeHua:

dz =(0z/0x),dx+(0z/ ), dy. (1.13)

B sToM ypaBHEeHUH
M =(6z/0x),; N=(6z/0y),. (1.14)
B Boipakenusix (1.14), nuddepenumpys M no y, a N 1o x, nojrydyaem:
(@M /dy), =08°z/xdy; (ON/éx), =87z / dyox. (1.15)

Tak kak 3HaueHHE MPOU3BOJIHOM HE 3aBUCUT OT mopsiika audepeHupona-
HUS, TO:

(@M /oy), =(oN /éx), . (1.16)

Tax xak Beipaxkenue (1.16) orBeuaet ycnosuto (1.12), To dz asngercs moi-
HbIM quddepeHIanromM HeKOTOpo GYHKIIUY Z OT X U ).

Ecnu dz B ypaBuenuu (1.11) sBnserca nonusiM nuddeperipraniom GyHKIuu
z(x,y), TO 3HAUEHHE UHTETPaa OT dz HE 3aBUCUT OT ITyTH MHTEMPUPOBAHKS U OII-
penaensercs TOIbKO HauadbHbBIMU M KOHEUHBIMH 3HAUCHUSIMU TTAPAMETPOB TOUEK
npolecca, T. €. He 3aBUCUT OT crioco0a nepexoia OT HayaJIbHOW K KOHEUHOH ToY-
Ke:

2 2

J.dz=J'df(x,y) WU z, —Z, =f(x2,y2)—f(x,,y,). (1.17)

1 1
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Otcrona ciienyer, 4To €ciiv MOABIHTETPaibHASl BETUYNHA SIBIISIETCS MTOJHBIM
muddepeHnranoM HeKOTOpor (PYHKIUHU, TO UHTETPall, B3SITHIN MO 3aMKHYTOMY

KOHTYDY,

fdz=0. (1.18)

13 3TOr0 BBITEKAET 0OpAaTHOE CIEACTBUE: €CIM UHTETPall 110 3aMKHYTOMY
KOHTYPY paBeH HYJIIO, TO MOJBIHTETrpaJIbHAS BEIMYMHA €CTh MOJIHBIN AUddepeH-
1[Maj1 HEKOTOPOU PYHKIMU X U ).

B tepmonnHaMuKe TakKe IIUPOKO TPUMEHSIOT POPMYIIbI HACTHBIX MPOU3-
BOJIHBIX HEKOTOPBIX TEPMOJAUHAMUYECKUX NTAPAMETPOB, KOTOPBIE BBIBOAAT METO-
JIOM CpaBHEHHUS KO3(PPUIMEHTOB ABYX TOK/IE€CTBEHHBIX YPaBHEHUMN MOJIHOTO JU(-
dbepenmana ogHoM U TOH ke PyHKIUH.

OTOT METOJ 3aKI0YAETCA B TOM, UTO UCXOS U3 PA3IMYHbBIX MOJOKEHUN,
COCTaBIIAIOTCS TOKJECTBEHHBIE YPaBHEHUsI MOJTHOTO nuddepeHiana Toi miu
MHOM TepMOJAMHAMUYECKON (PYHKIIUU MIPU OJHUX U TEX K€ HE3aBUCHUMBIX Iepe-
MEHHBIX, HAI[PUMED:

dz=M ,dx+ N,dy;dz =M ,dx+ N,dy .

C y4eTom 3THX YypaBHEHUI MOKHO HaIIMCaTh BCIOMOTATENIbHbIE PABEHCTBA
M,=M,n N,=N,, U3 KOTOPBIX U HAXOAAT OIPEAECIAEMbIE TEPMOIUHAMUYCCKUE

BEJIMYUHBI U (POPMYIIBI.

2. YPABHEHUE COCTOSHUSA UJIEAJIBHBIX I'A30B
2.1. OcHOBHBIE 3aK0OHBI H1€AJTHLHBIX I'a30B

MonekynsipHO-KHHEeTHUECKask TeOpHusi HanboJee rIy0oKo U TOJIHO pa3pado-
TaHa MPUMEHUTENBHO K Ta3aM, TaK KaK MX CBOMCTBA 3HAYUTEIIHHO MPOIIE CBOMCTB
KHUJIKOCTH ¥ TBEPABIX TEJI.

Hoeanvnvimu 2azamu Ha3bIBAIOT TAKKE, KOTOPBIE MOTHOCTHIO OIUUHSAIOTCS
3akoHaM bounas—Mapuomma n I eii-/lloccaka. B naeanpHbIX ra3ax OTCYTCTBYIOT
CHJIBI B3aUMHOTO MIPUTSDKEHUS U OTTATKUBAHUS MEXKy MOJICKyJIaMH, a 00beM ca-
MHUX MOJIEKYJ MPEeHEeOPEeKMMO MaJl IO CPABHEHUIO C 00BEMOM rasa, T.€. MOJIEKYJIbI
MPUHAMAIOTCS 32 MaTepPHAbHBIC TOUKH.

Bce peanpHbIe Ta3bl IPH BRICOKUX TEMIIEPATYPaX M MAJBIX TaBICHUSIX MTOY-
TH TIOJIHOCTBIO MOAXOAT O] MOHATHE «HOeanbHblil 2a3» N MPAKTUIYECKHU 10 CBOM-
CTBaM He OoTinYaroTcs oT Hero. COCTOsIHHE UI€alIbHOTO T'a3a — ATO MpeAesIbHOe
COCTOSIHHE PeaIbHOTO ra3a, Korja J1aBlieHue CTpeMUTCs K HyIio (p — 0).

BBenenue moHsTHs 00 UACATLHOM ra3e MO3BOJIUIO COCTABUTh MIPOCTHIC Ma-
TEMaTHYECKHE 3aBUCHMOCTH MEXy BETUYMHAMH, XapaKTEPU3YIOIIUMU COCTOSTHHUE
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TeJla, U HA OCHOBE 3aKOHOB JIJIs1 U/ICAIbHBIX Ta30B CO3/1aTh CTPOMHYIO TEOPUIO TEP-
MOJIMHAMHUYECKUX MPOLIECCOB.

3axon boiina — Mapuomma yCTaHaBIMBAET 3aBUCUMOCTb MEXIY yI€IIb-
HbIM 00bEMOM U a0COJIFOTHBIM JIaBJICHUEM MJICAIBHOTO T'a3a B MPOIECCe MpH Io-
CTOSTHHOM TeMmIiepaType. ITOT 3aKOH ObLJT OTKPBIT OMBITHBIM ITyTEM aHTITUHCKUM
¢dbuszukom botinem B 1664 T. 1 HE3aBUCUMO OT HETO (PpaHITy3CKUM XUMUKOM Mapu-
ommom B 1676 1.

3akoH boiins — MapuoTTa riacur: npu noCmoaHHoU memnepamype 00b-
eM, 3aHUMAeMblil UOeAIbHBIM 2A30M, UIMEHACMCA 00PAMHO NPONOPUUOHATILHO
€20 0a61eHUI0:

Vi/Vy=Dy/Pys (2.1)

WJIN IIPU TTIOCTOSIHHOM TeMIlepaType Npou3BEACHUE yIEIbHOI0 00beMa Ha J1aBie-
HUE €CTh BEJIMYMHA NIOCTOSIHHASL: p,V, = p,V, = const .

['padpuuecku B cucteme KoopAauHaT p-v 3akoH boitnsg — MapuoTtra uzobpa-
’aeTcsi paBHOOOKOI runep6osoit (puc. 1.2). DTa kpuBas moyiyuusia Ha3BaHUE U30-
TEPMBI, a MpolLiecc, MPOTEKAIOUINI NpU MOCTOSIHHOW TeMIlepaType, Ha3bIBaeTCs
U30MEPMUUECKUM.

3akon I'eni-/Itoccaka yctaHaBIMBaeT 3aBUCUMOCTb MEXKY YAECIbHBIM 00be-
MOM U abCOJIIOTHOM TeMrepaTypoi P MOCTOSSHHOM JIaBJICHUU. DTOT 3aKOH ObLI
OTKPBIT IKCIIEPUMEHTATBHBIM IyTeM (paHIry3ckuM puzukom XKozepom Jlyu ['eii-
JIroccakom B 1802 r.

3akoH ['eit-JItoccaka riacut: npu noCmoAHHOM 0a81eHUU 00beMbl 00HO20
U MO020 Jice KOAUYecmea uoeanbHo20 2a3a U3SMEHAIOMCA NPAMO RPONOPULO-
HAIbHO AOCOIIOMHBIM MEMNePamypam.:

v, v, =T,/T,. (2.2)

B cucreme koopaunar p-v 3akoH I eit-Jlroccaka nuzobpaxkaercs npsmoit, na-
pasuienibHOM ocu abcuucc (puc. 1.2). DTy npsMyro Ha3bIBAIOT U300apoli, a caM
MPOLIECC — U300apHbLIM WU TPOLECCOM, IPOTEKAIOIIUM MPU MOCTOSHHOM JIaBJie-
HUU.

2.2. YpaBHeHHE COCTOSTHUS HA€ATbHBIX Fa30B

Kak BpI111€C YKa3bIBAJIOCh, OCHOBHBIC ITAPaAMETPbI COCTOAHUA (I[aBJ'ICHI/IC,
YIICHBHBIﬁ 00BeM M a0COIIOTHAS TeMHepaTypa) OIHOPOAHOI'O TCJIa 3aBUCAT OJUH
OT APYroro u B3auMHO CBA3aHbI MATCMATUYCCKUM YPABHCHUCM BU /14 F(p, V,T) =0 )

KOTOPO€ HA3bIBAIOT YPaeHeHUeM COCMOSAHUAL.

DTO ypaBHEHHE CHPABEIIMBO KaK JJIsI pEAJIbHBIX, TaK U UJICAIBHBIX Ta30B.
Opnako BBUY OONBIINX TPUHIMIHAIBHBIX TPYAHOCTEN IO CUX TOp HE y1aJoCh
CO3/J1aTh YHUBEPCAIBHOTO YPABHEHUS JUJISl PEAJIbHBIX Ia30B, KOTOPOE OXBATHIBAJIO
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Obl Bce 00J1acT M3MEeHeHUs ux coctosHuil. Hanbonee npoctoe ypaBHeHHE CO-
CTOSIHUSI MOKET OBITh TOJIYYEHO JIJISI IeaIbHOTO Ta3a.
N3 MonexynsipHO-KUHETUYECKON TEOPUHU CIEYEeT, YTO aOCOIIOTHOE JaBiie-

HHC Tra3ad YUCJICHHO PABHO % CpCI[HCﬁ KUHETHUUYECKOMN OHCPTUU NIOCTYIIATCIIBHOTO
ABWIKCHUS MOJICKYJI, 3aKJIFOYCHHBIX B CAWMHUIIC o0Bnema:

—2

2 n mw
SEL 2.3
p 3 v 2 2:3)

rac n — 4YucCjIo MOJICKYJI B YACIIBHOM O6’BCMC; V— YIICHBHBIﬁ 00BeEM ra3a; m—

MaccCa MOJICKYJIbI; w —CPCOHAA KBaApAaTUIHAA CKOPOCTD IMOCTYIIATCIIbHOT'O ABU-
—2

2 2 2
- W] + WZ + .o + Wn mw
KEHUSA MOJIEKYI - W = , [M/c]; S CpelHss KUHETHYE-
n

CKasi JHEPTUsI MOJICKYJIBI.
MouiekynsipHO-KMHETHYECKasi TEOpHUs Fa30B YCTAHABINBAET HPAMYIO RPO-

ROPUUOHATILHOCIb MeXHCOY CPeOHell KUHemUYeCcKoll IHepeueii MoaeKyi u aoco-
—2

. . mw
JIIOMHOU memnepamypou: > = BT, tne T— alcomoTHas Temrneparypa; B —

ko3 puireHT nponopunoHanbHoCcTU. C yueToM MOCIeHEr0 PaBEHCTBA ypaBHe-
Hue (2.3) MOXHO MepenucaTh B BUJIE

pv=2nBT/3. (2.4)

Ecnu ypaBHenue (2.4) OTHECTH K IBYM COCTOSIHUSIM ra3a, TO JJISl KaKA0T0 U3
HUX Nony4aeM p,v, = 2nBT,/3 wm p,v, = 2nBT,/3.

Ilounennoe ACJIICHUC 3TUX ypaBHeHI/Iﬁ MMpUBOOUT K CICAYOIIEMY COOTHO-
IMICHUIO:

pv; /Ty =pyw, /T,. (2.5)

3aBUCUMOCTH (2.5) MeXIy MapaMeTpamMu MOXKET OBbITh MMOJTyUYeHa TaKkKe U3
COBMECTHOI'0 pacCMOTPEHUS 3aKOHOB boiis — Mapuomma u [ eu-Jlroccaka, no-
ATOMY YacTO ATy 3aBUCUMOCTb Ha3bIBAIOT 00bEeOUHEHHbIM 3aKOHOM boiina —
Mapuomma u I'en-/lIoccaka.

Bripaskenue (2.5) nmokasbIBaeT, YTO MPOU3BECHUE yIETbHOT0 00beMa ue-
aJIbHOTO ra3a Ha JaBJIeHUE, JeJICHHOE Ha aOCONIOTHYIO TEMIEPATYpy, ISl JIF0O0Tro
PABHOBECHOT'O COCTOSIHUS €CTh BEJIMYMHA [TOCTOSIHHAS :

pv/T = const . (2.6)

[locTosiHHYIO BeTMUMHY 0003Ha4Yal0T R ¥ Ha3bIBAIOT y0eabHOl 2a30801 NO-
CMOAHHOU:
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pv/T =R, umu pv=RT. (2.7)

VYpaBHenue (2.7) Ha3bIBAIOT MEPMUYECKUM YPAGHEHUEM COCHOAHUA UOde-
AIBHBIX 20306 WU XAPAKMEPUCIMUYECKUM YpagHenuem' . Y PaBHeHHE COCTOSHMS
WJeaJbHbIX Ta30B OBLIO BbIBENICHO (DpaHIy3ckuM dhusukoM Kranevipornom B 1834
I. ¥ TO3TOMY Ha3BaHO €ro UMEHEM.

J1J1st TpOM3BOIBHOTO KOJIMYECTBA ra3a ¢ Maccoi m (Kr) ypaBHEHUE COCTOS-
HUS UMEET BU/JT

pV =mRT, (2.8)

rJie p — AaBiIeHue rasa, I1a; /—o6beM IPOnU3BOIBHOr0 KOJTHYECTBA Ia3a, M ) m—
Macca rasa, kr; 7' — a0coitoTHas Temreparypa rasa, K.

Yoenvnan zazoeana nocmoannasa R npedocmaesnnaem coooii puzuueckyro
HOCMOAHHYI0, KOMOPAA 07151 KAXCO020 2434 NPUHUMAEN 6NOJIHE ONPedesIeHHOE
3HaueHue, 3asucauiee Om nPUPoObL 2a3a U He 3agucauiee Om e20 COCMOAHUA.

BrisichuM usndeckuii cMbICH yAeIbHOU ra3oBoil noctosiHHol. Hanumem
ypaBHeHue Kianetipona nisi IEPBOTO COCTOSHUSL:

pV,=mRT,,
IUIs1 BTOPOTO COCTOSIHUS ITPU TOM K€ JTaBJIEHUN
pV, =mRT,.
Boerunras u3 BTOpOro ypaBHEHHUsI IEPBOE, MOIYIUM
p(Vz 'Vl): MR(TZ 'Tl)9
OTKyJa
R=[p(v, =7/ |m(T,-T,)].

Yucnurens NpaBoi YacTH NpeicTaBisieT coooi paboTy rasza B mpoiiecce npu
noctossHHOM naBnennn. Ecm pasnocts Temmepatyp (7, — 7)) pasHa 1°, a Macca

raza paBHa [ KT, TO y0eabHas 2a308Aa51 NOCHOAHHAA eCHlb padOma 8 0HcoyiAax
1 ke 2a3a 6 npouecce npu nOCMOAHHOM 0ABIEHUU U NPU U3MEHEHUU meMnepa-
mypul Ha 1°.

VY nenbHas ra3oBasi HIOCTOSIHHASL UMEET CIEAYIONIYIO EIUHUILY:

' OHO OJIHO3HAYHO CBSI3BIBACT MEXKIY COOOM mapameTpsl p, v u 1.
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R:[p(VZ_VI)]:H/MZ‘M3 _H-m_ Jxe
[m(TZ—T])] ke K ke K KZ-R“

VYpaBHeHue Knanetipona B TAKOM BUJIE€ CIIPABEIIMBO TOJBKO AJIs UAEAIIb-
HBIX Ta30B. OHAKO 3TO ypaBHEHHE C TIOCTATOYHOM JIJIsl MPAKTUKU TOYHOCTHIO
MO>KHO MPUMEHSTH U JJIsI peajbHbIX I'a30B, UMEIOUIUX HU3KOE JaBICHHUE U BBICO-
KYyIO TEMIIEpaTypy.

2.3. YHuBepcajibHOE YPABHEHHE COCTOSIHUS M/1eaIbHOI0 ra3a

UranbsHckuil yueHsid 46o2adpo B 1811 1. nokasain, 4To npu 00uHAaAKo8bIx
memnepamypax u 0a61eHUAX 6 PAGHBIX 00bEMAX PA3IUUHBIX UOEAIbHBIX 2308
codeprcumcs 00UHAKO80e KOuyecmeo monekyn. 13 3akona 4602adpo BBITEKAET,
YTO MJIOTHOCTH T'a30B, HAXOASIIIIMXCS MIPU OJIMHAKOBBIX TEMIIEpaTypax U JaBiIeHU-
AX, IPSAMO MPOTOPIIMOHATIBHBI X MOJISIPHBIM MaccaMm:

p./p,=M,/M,, (2.9)

rae M;, M, — monsipHbIE MacChl Ta30B.
Monapuoit maccoii 2aza (BE1IeCTBA) HA3bI8ACMCS OMHOUEHUE MACCHL
cucmemvl K KOIudecmasy 2a3a (6ewecmaea) v 3moui Cucmembt:

M=m/. (2.10)

Ecnu B aToit popmyne m = [ xr, v = [ MOJIb, TO €IUHUIIA MOJIIPHON MacChl
[M]: Ik / Imone = Ixe / mons .

OTHo1IEHNE IIOTHOCTEN T'a30B B ypaBHEHUH (2.9) MOXKHO 3aMEHUTh 00pat-
HbIM OTHOIIEHHUEM YylEIbHBIX 00beMOB. Torna v,/v, = M ,/M ,, oTkyna

vM,=v,M,.
DTO COOTHOIICHUE MTOKA3bIBAET, UTO HPU OOUHAKOBBIX PUUUECKUX YCI0-

eusax npou3ee0enue yde.rzbnozo o0vema 2aza Ha e2o0 MOJIAPHYIO MACCY eCmb ée-
JUYUHA NOCMOAHRHAA U He 3asUucum om npupoobl 2asa:.

v-M =idem. (2.11)
[IpousBenenue v-M ectb 00beM [/ MOJIb UJI€ATTLHOTO T'a3a, a ypaBHEHUE
(2.11) moka3bIBaeT, YTO MOIAPHBIE OOBEMBL 6CEX 2A308 NPU PABHBIX MeMnepa-
mypax u 0aeneHuax 00OUHAKOBHL.
Hanumem ypaBHeHUE cOCTOSIHUA U151 [ MOJIb Tasa:
pV,=MRT, (2.12)

OTKyJa
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MR=R,=pV,/T.

[IpousBenenue M-R Ha3bIBAIOT YHUBEPCANbHOU (MOTIAPHOILL) 2A30801 NOCMO-

SAHHOU.
Yuueepcanvnan 2azosean nocmoannan R, ecmo paboma 1 monv uoeanvHo-

20 2a3a 6 npoyecce npu NOCMOAHHOM 0AGICHUU U NPU U3MEHEHUU memnepamy-
puvt na 1°.

[Tpu Tak Ha3BIBAEMBIX HOPMATBHBIX (PU3HYECKUX YCIOBHX (HaBieHuu 101
325 Ila u Temueparype 273,15 K) o6bem 1 Monb rasa pasen 22,4143-107 v /Mo,
a YHUBepcajbHas ra30Bas MOCTOSTHHAS OKa3bIBACTCS PaBHOM

_101325-22,4143-107°

K 273,15

YHUBepcaabHOE YpaBHEHUE COCTOSIHHSI, OTHECEHHOE K / MOJIb Ta3a, IMEeT
CIECIYIOIIUMN BU:

R = 8,314 [J1x/(monw-K)].

(2.13)
Tabnuua 2.1

pV,=8314-T.

du3nyecKkue MOCTOSHHBIC Ta30B

IInoTHOCTE rasa
OrtHocurensHas | YaelnbHas raso-
Xumuyeckas IPU HOPMAJIb-
I'as (bopmysa MOJIEKYJISIpHas Bas MOCTOSIHHAS | (usHeCKIX
PMY. Macca R, JIx/(xrK) 3
YCIIOBUSIX, KI/M
Kucnopon 0, 32 259.8 1,429
Bonopon H, 2,016 4124,3 0,090
A3zotr N 28,02 296,8 1,250
Oxkmuce yriepoja co 28 296,8 1,250
Bosayx - 28,96 287,0 1,293
VrieKkucibii ra3 CO, 44 189,0 1,977
Bonsnoi map H>0 18,016 461,6 0,804
ennit He 4,003 2077,2 0,178
AproH Ar 39,944 208,2 1,784
AMMuak NH; 17,031 488.2 0,771

VYpaBuenue (2.13) Ha3bIBaIOT ypaBHEHUEM cOCTOsIHUS Knanetipona — Men-
Oejleesa, Tak Kak OHO BIepBbie ObUT0 npeaiioxkero . . Menoeneesvim B 1874 1.
VYpaBuenue Knanetipona — Menoeneesa siBnsieTcst HauboJiee o0uM 1S ucalb-
HBIX Ta30B, TaK KaK CBS3BIBACT TPH 3aKOHA UJCANbHBIX Ta30B ([ eti-/Iroccaxa, Boti-
151 — Mapuomma u Aéoeadpo) M BKIIOUaeT B ce0s1 YHUBEPCAIbHYIO Ta30BYIO IO~
CTOSIHHYIO, HE 3aBHUCSIIYIO OT MIPUPOJIBI ra3a.

3Hast yHUBEPCAIbHYIO Ta30BYIO TIOCTOSIHHYIO R,,, MOKHO TIOJICYUTATh U3-

BECTHOE YK€ HaM 3Ha4yeHue R:

R=8314/M .
duznyeckre MOCTOSIHHbIE HEKOTOPBIX ra30B MPUBEIEHBI B Ta0. 2.1.
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W3 ypaBHEeHUs1 cocTOsIHUSA (2.7) MOKHO YCTAaHOBUTH HEKOTOPHIC BaYKHBIC 3a-
BUCHMOCTH MEXy TEPMOJUHAMHYCCKUMU TapameTpami. J{Jis uieanbHOro rasa
YaCTHbBIC MPOU3BOIHBIE OCHOBHBIX MTAPAMETPOB COCTOSIHUSI IPUHUMAIOT CIICTYFO-
il Bua: nugdepenuupyeM pv = RT , nonydyaem pdv +vdp = RdT; npu
p = const — (av/aT)p =R/ p; npu v =const — (Op/0T), = R/v; npu
T = const — (0v/0p), =—RT/p’ u (9p/ov), =—RT /v’ . TIponsseneHue qact-
HBIX NMPOU3BOIHBIX JJIsl UICATBHOTO ra3a nmpeBpamiaercs B —I:

vy (@) o 1-—2T=—1. (2.14)
R v

or 8VT.5V

)4

_R
p

3. CMECbH UAEAJIBHBIX I'A30B
3.1. OcHOBHBIE CBOICTBA ra30BbIX CMece

B TexHuke o4eHb YaCTO MPUXOIUTCS UMETh JIENIO C ra3000pa3HbIMU BEIECT-
BaMHM, OJIM3KUMHU 1O CBOMCTBAM K MJI€AJIbHBIM T'a3aM U MPEACTABIISIIONIMMHU MeXa-
HUYECKYI0 CMECh OTJIEJIbHBIX I'a30B, HAIIPUMEDP, TOMEHHBIN U CBETWJIbHBIN ra3, OT-
XOJAIINE ra3bl U3 KOTEIbHBIX YCTAHOBOK, JBUTATEIEH BHYTPEHHETO CTOPAHUS, pe-
AKTUBHBIX JIBUTATEJIEW U IPYTUX TEIJIOBBIX YCTAHOBOK. BO3/1yX Takke mpeacras-
JsieT co00M Ta30BYI0 CMECh, COCTOSIIIYIO M3 a30Ta, KUCIOPOa, YIJIEKUCIIOTO Trasa,
BOJSIHBIX MIAPOB M OJJHOATOMHBIX ra3oB. [103ToMy 1715 penieHus: MpakTUYECKUX 3a-
Ja4 HeOOXOAMMO YMETh ONPEENISTh OCHOBHBIE TapaMETPhI Ta30BOM CMECH.

Ilox ra3oBoil CMEChIO IOHUMAETCSI CMECh OTIIEJIBHBIX Ta30B, HE BCTYMAKOLIUX
MeXAy coOOM HU B KaKue XMMHUYECKue peakuu. Kaxaplii ra3 B cMecu He3aBUCH-
MO OT JAPYI'HX ra30B MOJHOCTBHIO COXpPaHsET BCE CBOM CBOMCTBA U BENET ce0sl Tak,
KaK ecJii Obl OH OJIMH 3aHUMAaJ BeCh 00beM cMecu. MoJleKyJbl ra3a co3JaloT JaB-
JIEHUE Ha CTEHKHU COCYJa, KOTOPOE Ha3bIBACTCS MaplHaIbHBIM (4aCTUUHBIM). By-
JI€M CUMTATh, YTO KAXK/bIM OTAECNBbHBIN ra3, BXOIAIIUNA B CMECh, MOAUYUHSIETCS
ypaBHEHUIO COCTOSIHUSA Kanetipona, T. €. SIBISETCA UI€ATIBHBIM Ta30M.

I"a30Bast cMech HI€ANIBHBIX Ta30B MOAUYUHAETCS 3aKOHY anbmona, KOTOPbI
TJIACUT: o0uiee 0as1eHue cmecu 2a308 PA6HO Cymme NaApuUaIbHbIX OA61EeHUI
0MOEeIbHBIX 2308, COCMABIAIOULUX CMECH:

P=pi+P,+.+D, =D Dis (3.1
1

rne py, P2, ..., Pn — NaplHaIbHbIC JaBICHUS.

Iapyuanvnoe oaenenue — smo dasiieHue, KOmopoe umeil Obl Kaxrcowvlii 2as,
BXO0AWULL 8 COCMAB CMeCU, eCu Obl IMOM 2a3 HAXOOULCA OOUH 8 MOM Jice KOJU-
yecmae, 8 MoM dice oOveMe U Npu Mol dJce memnepamype, 4mo u 8 cCMecu.
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[TapamMeTpbl Ta30BOI CMECH MOTYT OBITh BBIYHMCIICHBI 110 YpaBHEHUIO Ka-
nevipona pV =mRT , rae Bce BEIIMUMHBI, BXOSIINE B ypaBHEHUE, OTHOCSITCS K
cMecH ra3oB. Mbl 3aMeHsIEM Ta30BYIO CMECh KAaKUM-TO T'a30M, UMEIOIUM Tra30BYyIO
MOCTOSTHHYIO U MOJICKYJIIPHYIO MacCy TaKyIO K€, KaK CMECh.

[Tpu nanpHeIeM U3105)KEHUH TOU JISKITUY BCE BETUYMHBI 0€3 HUYKHUX WH-
JIEKCOB OyJIeM OTHOCHUTH K Ta30BBIM CMECSIM, a BEJIMYUHBI C HUKHUMH UHICKCAMHU

— K OTAEJbHBIM I'a3aM.
Takum 006pa3oM, OTMETHM JiBa OCHOBHBIX CBOWCTBa cMecH ra3oB. Ilepeoe

C60IiCcmeE0: B Ta30BOM CMECH TeMIlepaTypa BCeX ra30B OJJMHAKOBA, 00bEeM, 3aHU-
MaeMbIi KaXKIbIM ra30M, PaBEH MpeaocTaBiIsieMoMy 00bemMy. Bmopoe ceoiicmeo

CMCCH I'a30B: IIpU OHHHaKOBOﬁ TEMIICPATYPC BO BCEH Macce rasa mno YPaBHCHHIO
—2

mw .
——— = BT - (kuHeTUYECKas SHEPTrus MPsSMO MPOMOPIIMOHAIbHA a0COIOTHOM

TeMIeparype) KUHeTHYeCKasi JHEPTUsl BCEX MOJIEKYJ OJIMHAKOBa (MU KMHETUYe-
CKasi HEPTHUsl Ta30B BXOSIINX B CMECh OJMHAKOBA). T.€. Ka)KIblil BXOAIINUNA B
cMecCh ra3 BeJieT ce0s Tak, Kak OyJITO APYTruX ra3oB B CMECH HET, OH paclpocTpa-
HAETCS TI0 BceMy 00beMY U MPOU3BOJIUT COOTBETCTBYIOIIEE ABIICHUE HA CTCHKH.
3.2. Cioco0ObI 3a1aHUSA CMECH I'a30B

I"azoBast cMech MOXKET OBITh 3aJ1aHa MACCOBLIMU, 0OBEMHBIMU U MOAPHb-
MU 00JIAMU.

Maccoesoit 0oneii nazvieaemcs OMHOUWEHUE MACCbL KaXNC0020 2a3d K oowell
macce cmecu:

g, =m,/m; g, =m,/m,..;g, =m,/m, (3.2)

rae g;, g2, ..., &« — MaCCOBbBIC JIOJIH; My, My, ..., M, — Macca Kaxaoro ra3a; m —

Macca BCEM CMECH.
CYMMa MacCCOBBIX I[OJ'ICﬁ paBHa CAWHUILIC:

g]+g2 +...gn :zglzl' (3.3)
I
CymMma Macc Bcex ra3oB paBHa Macce CMECH:
my+m,+..+m, =y m =m. (3.4)
I

O6vemHoil 0oneil Ha3vlaemcs OMHOUEHUE NAPYUATLHO20 (NPUBEOEHHO20)
00beMa Kaxicoo2o 2aza K oobuemy oovemy cmecu 2a3os:

ry=V,/Vr,=V,/V,.or,=V /V, (3.9
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TIe 7,,1,,....5, — o0beMHble noau; V,,V,,....,V — napuuanbpHble (IpUBEICHHBIC)
00BEMBI KaXKA0I0 ra3a; }'— 00beM cMecH razos.

Ilapyuanvnvim 06vemom 2aza Hazvieaemcs 00vem, KOMOPvLU 3aHUMAN Obl
amom 2a3z, eciu Ovl €20 memnepamypa u 0agieHue pagHAIUCL memnepamype u
0aBNeHUI0 CMeCU 2A308.

[TapunanbHblil 00BEM KaXkI0T0 Ta3a MOXKHO ONPEAEIUT 110 3aKOHY botina —
Mapuomma. 1lpu NOCTOSTHHOU TEMIIEPATYPE UMEEM:

Vi=pV/pV,=p,V/p..;V,=pV/p. (3.6)

Ci10’kUB ypaBHEHUS, OJTYIUM

n

VitV ot V, =DV, =V. (3.7)
1

Cymma napuyuanpbHbiX 00beM08 24308, COCMABIAIOUIUX CMECH, PAGHA 00b-
eMy cmecu 2a3o8.
Cymma 06vemuvix 0oneit pagna eOunHuye:

ottt =Y n=1. (3.8)
1

3azanue CMECH MOJIAPHBIMU 001AMU PABHO3HAYHO 3a1aHUI0 €€ 00LEMHBIMU
JOJISIMH.

JIeCTBUTENBHO, €CIIM MOJIAPHOM 0I€l Ha3BaTh OTHOIIEHHE KOJUYECTBA
BEILECTBA Ka)KJOr0 rasa v; K KOJINYECTBY BEIECTBA CMECH Ia30B, TO, yYUTHIBA,
uro M, =m,/v, 1 M =m /U, MOXKHO HallUCATh:

om, V.M
vb_m M _pV.-M (3.9)
v m M, p-V-M,

W3 3akoHa ABorazipo cieayer, 4YTo IpHU OJMHAKOBBIX JIaBIICHUAX U TeMIlepa-
Typax p,/ p=M,;/M . Torna OKOH4aTENbHO

v,/v=V./V =r. (3.10)

Coomnowenusn mexcoy maccoevlmu u 00vemMuvimu 00aamu. Mexuny
yIEJIbHBIMU 00bEMaMHU, TIJIOTHOCTSAMHU, MOJISIPHBIMH MacCaMH M YJ€IbHBIMU T'a30-
BBIMHU IMOCTOSIHHBIMHM KaKOTO-HUOYIb Ta3a U BCEW CMECH B 11€JIOM Ha OCHOBaHUH
3aKoHa Aeozadpo v ypaBHeHus Knanetipona — Mendeneesa CylecTBYyeT Clie-
Ayrolas 3aBUCUMOCTB:
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p./p=v,/v=M,/M=R/R,, (3.11)

rac p; — INIOTHOCTD KAXKIO0T0 Ira3da, p — INIOTHOCTH CMCCH I'a30B, A/[, — MOJBIpHasA
Macca KaxXJ0To rasa, M— MOJIpHAsA MacCa CMCCH I'a30B.
Mo3KHO 3anucaTh TaKXE€, UYTO

g =m/m=pV./pV =(p/p);. (3.12)

IlocnenHue nBa COOTHOLICHUS ITO3BOJISIOT COCTABUTH HCCKOJIBKO ypaB-
HCHHﬁ, CBs3bIBArOMMX MaCCOBBIC U 00BEMHBIE HJO0JIN:

gi:(V/Vi)ri:(Mi/M)ri:(R/Ri)ri; (3.13)

T; :(p/pi)gi :(vi/v)gi :(Ri/R)gi :(M/Mi)gi' (3.14)

3.3. 'az0oBas NOCTOSITHHAS CMECH ra3zoB

Cwmech ra3oB NOIUUHSETCS YPaBHEHUIO COCTOSIHUS pV =mRT u
R=pV/mT.

W3 ypasuenus (3.14) r, =g, (R, /R)u >.r,=> g,(R, /R)=1,
OTKy/Ia

R=>g.R =g,R,+g,R,+..+g,R,. (3.15)
Yoenvnas 2a306as NOCMOAHHAA CMECU 2A308 PAGHA CYMME NPOU3EEOCHUT
MACCOBBIX 001l KAHCO020 2A3d HA €20 YOCbHYIO 2a308Y10 HOCIOAHHYIO.
Jlpyroe ypaBHEHHE JUIs ONIPEIEIEHHs YIeIbHOM Ta30B0M MOCTOSHHOM CMe-
cu:

R=>g,R =83142(g,/M,+g,/M,+..+g,M,). (3.16)

["a30ByI0 MOCTOSHHYIO CMECH MOKHO OIIPEAEIUTH IO NM3BECTHOU MOJIAPHOMN
Macce CMECH:

R=8314/M . (3.17)
Ecnu nan o0bemHBbIl cocTaB cMecH, TO U3 (3.13)
gi:(Ri/R)ri Hzgf=RZ(V,-/R,-)=1- (3.18)

Tornma
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1 1
R = = : 3.19
S(r/R) (r,/R +r,/R,+..+1,/R,) G.19)

3.4. Cpeansisi MOJISIPHAsi Macca CMeCH ra3oB
Cpeonasa monapuasa macca NpeacTaBiseT cCOOOM YCIOBHYIO BEIMYUHY U
OTHOCHUTCSI K TAKOMY OJIHOPOJTHOMY a3y, Y KOTOPOI'0o YUCJIO MOJIEKYJ U o01as

Macca paBHBI YUCITY MOJIEKYJI K MAacCe CMECH T'a30B.
Ecnu n3BecTHa BeJIMYMHA YIEIBHOW Ta30BOM MIOCTOSHHOM CMECH, TO

M =8314,2/R (3.20)

M =83142/(g,R,+g,R,+..g,R,). (3.21)
3ameHnss YACIIBHBIC I'a30BbIC IIOCTOAHHBIC R], Rg, ceey Rn X 3HAYCHUAMU U3
ypaBHeHus Kranetipona, noy4aeM BhIpXKEHUE JJIsI CPEHEN MOJISIPHOM MAaCCHlI,
€CJIM CMECHh 3alaHa MaCCOBBIMU AOJISIMUA.

M=1/(g,/M,+g,/M,+..+g, /M,). (3.22)

Ecnu cMmech 3a1aHa 0OBbEMHBIMU J0JISIMU, TO, KaK CJIEIYEeT U3 YPaBHEHUS

(3.19),
R=1/)rR =8314,2/>rM,. (3.23)
[lockonbky R =8314,2/ M , TO
M=>rM,=rM,+r,M,+..+r,M,. (3.24)

Cpeonsisa MONAPHAsA MAcca CMecU 24308 pasHa CyMme npouzeedeHuti 0ovem-
HbIX 00J1eli Ha MOJISIPHbIE MACCbL OMOETbHBIX 24308, COCMABNIAIOUUX, CMECH.

3.5. IlapunajbHbie JaBJIEHUS

[TapunanbHOE JaBlIEHUE Ta3a MOXKET ObITh OIPEEIIEHO YEPE3 MACCO8bIE 00~
Ju U3 ypaBHeHus: Kaanetipona, eciv U3BECTHBI OCHOBHBIE ITapaMeTphI rasza:

m.R.T m.R. R. M
Sl Y et i M S R 3.25
v e A N Y (3.25)

1

P;
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JI1s1 HAXOXAECHMS TapUHATBLHOTO TaBJICHUS KaX0T0 ra3a Mpu 3aJaHiuu CMe-
CU 00bEMHBIMU JIOJIIMU MOKHO BOCTIONIb30BaThCsl 3aKOHOM botlisi—Mapuomma,
13 KOTOPOTO CIIEIYET, UTO MPHU MOCTOSIHHOW TeMIIepaType

pV =pV,up,=pV./V=r-p (3.26)

Tlapyuanvroe oasnenue Kaxcoo2o 2asza pasHo NPOU3BeOeHU 00we2o 0as-
JIeHUSl CMeCU 2A308 HA e20 00BbEMHYI0 00I0.

VYpaBHenuem (3.26) 0ObIYHO MONB3YIOTCA NMPU TEXHUUYECKUX pacueTax u npu
UCTIBITAHUSX TEIJIOBBIX YCTAaHOBOK. OOBEMHBIE TOJIM Ta30B ONPEEIISIOT CIIeIU-
IbHBIMH aIliapaTaMyi — ra30aHajJIn3aToOpaMHu.

4. PEAJIBHBIE I'A3bI
4.1. CBoiicTBa peajibHbIX I'a30B

PeanbHble ra3sl OTIMYAOTCS OT UACATIBHBIX [a30B TEM, UTO MOJIEKYJIBI 3TUX
ra3oB UMEIOT KOHEYHbIE COOCTBEHHBIE OOBEMBI U CBSI3aHBI MEXIY COO0M CHIIaMu
B3aMMOJEHUCTBUS, UMEIOIIUMH 3JIEKTPOMAarHUTHYIO U KBAHTOBYIO IPUPOAY. DTH
CWJIBI CYIIECTBYIOT MEXK/Y JTFOOBIMU MOJIEKYJIaMU MIPH JIFOOBIX YCIOBUSX U
YMEHBIIAIOTCS C YBEJIIMUEHUEM PACCTOSIHUS MeX Ay MosiekynaMu. [Ipu conmxennn
MOJIEKYJI Ha MaJIble PACCTOSIHUS CUJIbI IPUTSKEHUS PE3KO YMEHBIIAIOTCS U
NEePeXOAsT B CUIIbl OTTAJIKUBAHUS, JOCTUTAIONIME OUYEHb OOJIBIINX 3HAUSHUI.

N3-3a Hanmuyus cuil B3aUMOJEUCTBHS MEXKIY MOJIEKYJIaMUA U KOHEYHOCTH UX
o0beMa 3aKOHbBI UJICATBHBIX Ta30B HU MPU KaKUX YCIOBHUSIX HE MOT'YT OBITH CTPOTO
IIPUMEHUMBI K PEaJIbHbIM T'a3aMm.

IIpy npakTHYeCKUX pacdyeTax pa3jiuyHbIX CBOMCTB peaJbHbIX I'A30B HAXOAUT

PoRT HIMpoKoe npuMeHeHue otnomenue pV/RT =C,
KOTOpO€ MOJYyYHJIO Ha3BaHUE KoIhpuyuenma

cocumaemocmu
’ Tax xak 11 uaeaabHBIX Ta30B MPHU JTHOOBIX
Hieaaprerd g _ _
e ycnoBusix pV =RT u C =1, 10 koIghpuyuenm

8 corcumaemocmu evlpazicaem OmKi10HeHue
C80IICIE PeabHO20 2a3a OM CEOUCHE UOealb-
Ho20. 3Hauenue C 115 peaabHbIX Ta30B B 3aBU-
Puc.4.1. 3aBucumocts C OT maBine-  CUMOCTH OT JABJICHUS U TEMIEPATYPbl MOKET
Hus npy Temmnepatype £ = 0°C 114 GpITh GOIBIIE M MEHBIIE €IUHULIBI, M TOJIBKO npu

HCKOTOPRIX Ia30B OYEHb MaJIbIX JaBJIEHUAX U BLICOKUX TEMIEPATY-
pax OHO IPAKTUYECKH PABHO €IUHUIIE.

| i | |
7 T A e
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Ha puc. 4.1 noka3ana 3aBucuMocth C OT IaBJI€HUS IPU TEMIEPATYPE ¢ =
0°C n1st HEKOTOPBIX Ta30B. [logbluienue 0asieHus U NOHUNCeHUe MeMnepamypbl,
yeenuyeHue KOHYeHmpayuu MoaeKyi 2a3a U yMeHbuleHue paccmosHus mexcoy Hu-

MU ycunueaem OmKIOHeHUsl COUCME PealbHO20 OMm
Fv/peZs - ceoticma udeanvroco 2aza. VI3 ypaBuenus: Knanetipoua
e B0 _ Mendeneesa CJeyeT, yTO MpHu 000 MOCTOSHHON

1 . TeMIlepaType 3aBUCUMOCTb pV OT p AOJHKHA u300pa-
1= ffi;—"’""“ KAThCA PSAMOM, MMapajuIeIbHON OCH aBlicHuA. B neu-
12 ;5»‘_'"_:__ CTBUTEJIBHOCTU U30TEPMBbI BCEX Ta30B MIPEICTABISIOT
Bl 0° —1  c060ii KpHBBIE JaKe B 00JACTH HE OYEHb BHICOKUX J1AB-
bl ~J5° | nenwuii, a npu gasnenusx or 20 MIIa u BbllIe KpUBBIE

=73
M%ﬂ: JOBOJIBHO KPYTO ITOAHUMAIOTCSI BBEPX.
G4 R N3 puc. 4.2 niis Bo3ayxa BUAHO, YTO B 00J1aCTH

G2 Bogipr MaJIbIX JIaBJICHUH, Koraa p — 0, oTHoweHue pv/ p,v,
& T N A )
0 27 4 0 8070 127 CTPEMMTCS K KOHEUHOMY IIpelieny: pv/ p,v, = const.

Mia
Puc.4.2. 3aBncho£B or- U3 3TOro cienyer, 4To Npu MaibiX p U OOJBLIMX V IIPO-
HOIICHUs PV / PV, OT  W3BEJEHHUE p'V U3MEHSIETCS OYEHb MAJIO U OCTAETCS MOY-
JaBIEHUs ISl BO3ayxa  TH MOCTOSHHBIM. ClieioBaTeNbHO, YeM OoJbllie pa3pe-
KEHHUE, TeM C OOJIbIlIel TOUHOCTHIO YAOBIETBOPSIETCS
ypaBHenue Knanetipona — Mendeneesa st 10060ro peajabHOro rasa.
TemmepaTypa, COOTBETCTBYIOIIAA H30TEPME C TOUKOM MUHUMYMAa Ha OCH
opauHart ( p = (), Ha3bIBaeTCs memnepamypoi boiina. VI3otepma, HaunHaKOMIASICS
B TOUKe boilns, HA HEKOTOPOM MPOTSHKEHUH OYAEeT NpSAMOM, NapaieIbHOW OCU

a6cu1/1cc, T. €. 31€Ch TOYHO CO6JIIOIIaeTCSI 3dKOH pVv /p0v0 = const . Bce HN30TCPMBI,

HAYMHAIOIIUECS BBILIE TeMIIepaTypsl botlis, IMEIOT BH]T BOCXOISIINX KPUBBIX.
JIns Bo3ayxa temmeparypa boiina paBaa 54°C.

Taxum 00pa3oM, CBOCTBA peallbHBIX T'a30B KaK B KOJMYECTBEHHOM, TaK U
KauyeCTBEHHOM OTHOIIICHUSAX 3HAYUTEITHHO OTIUYAIOTCS OT CBOWCTB HACATBHBIX T'a-
30B. [loaTOMY BCE pe3ynbTaThl, MOJYYCHHBIE IJIsl PeaTbHBIX Fa30B HA OCHOBE 3aKO-
HOB HJICATBHBIX T'a30B, HY)KHO PacCMaTpUBaTh KaK MPUOIMKEHHBIC U CTIPaBEJIH-
BbIE IIPU OYE€HB OOIBIINX pa3pexkeHusx ( p — 0).

OTnu4rie CBOMCTB JIFOOOTO peaJIbHOTO T'a3a OT CBOMCTB UJ1€aJIbHOTO 3aCTaBU-
JI0 YYEHBIX pa3pabaThiBaTh HOBBIC YPABHEHUS COCTOSIHUS, KOTOPHIE CBSI3bIBAIA ObI
3Ha4YeHUs p, v U T 1 gaBajgu Obl BO3MOXXHOCTh PACCUUTHIBATH HEKOTOPhIE CBOMCTBA
ra3oB JIJIsl Pa3HBIX YCIOBHM, HE prberasi K JOPOroCTOSAIINM, HE BCEraa JOCTYII-
HBIM TIPSIMBIM U3MEPEHUSIM.

3a nocinennue /00 net ObUIO MPEITI0KEHO 3HAYUTETFHOE YHCIIO PA3IMYHBIX
ypaBHEHUN COCTOSIHMS PeaIbHBIX T'a30B, HO HU OJTHO U3 HUX HE periaeT mpooaeMy
JUTs1 0011IeTOo citydast.

Pa3BuTHE KHHETUYECKON TEOPHUH T'a30B MO3BOJIUIIO YCTAHOBUTH TOYHOE
ypaBHeHI/Ie3 COCTOSIHUSI peaIbHBIX Ta30B B TAKOM BHUJIE:

>3n1ech pyg ¥ V) — JaBIIEHUE U yIEIbHBIA 00bEM BO3IyXa MPU HOPMAJIbHBIX (PU3NUECKUX
YCIIOBHSIX, @ OTHOIICHUE pV/ p,V, — TaK Ha3bIBaeMoe uucio Amaza.
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> v B
-v=RT|1I- 2 4.1
P Z“,U+I VY 1)

B stom ypaBuenuu (4.1) koaddunrents! B, npu crenexsx //v B mpaBoi
YacTU ypaBHEHUS, HA3bIBAEMbIE 6UPUATbHBIMU KOIPPuyuenmamu, BIpaxxaroTcs
yepe3 NOTEHIUAIbHYIO SHEPTUI0 B3aUMOJICHCTBUS MOJIEKYJT JAHHOTO Tra3a U TeM-
neparypy 7, av = 2, 3, 4, ...— NOPAJIKOBbIA HOMEP BUPUATBLHOTO KO3 (ULIUEHTA.

OpHako NOJy4YeHHOE YpaBHEHHE B O0IIEM BUE HE MOKET OBITh UCIIOJIB30-
BaHO JIJI HETIOCPEICTBEHHBIX Pacu€TOB pPEaJIbHbIX Ta30B.

B oT/ebHBIX YAaCTHBIX CIy4YasiX U3BECTEH 3aKOH M3MEHEHHS TOTEHIIMAIb-
HOM 3HEpPruM B3auMOJECHCTBUS MEXKIY IBYMs MOJIeKyJiaMu. B 3aBUCHMOCTH OT
PaAcCTOSIHUS MEXIYy HUMU (TaK Ha3bIBaeMasl OTEHLIMAIbHAsL KpUBasi) U MPU HAJIH-
YUH OINPEACIICHHOTO KOJIMYECTBA IKCIIEPUMEHTANIbHBIX JaHHBIX, MOKET OBITh TO-
JY4YEHO PACUETHOE YPaBHEHUE TOI'O WIM HHOTO PEajIbHOIO ra3a B I0BOJBHO LIUPO-
KOM JIMana3oHe U3MEHEHHs napaMeTpoB. M3-3a cioKHOCTH BbIUHUCIEHUS BUPUATIb-
HBIX KO3 (PUIIMEHTOB OOBIYHO OIPAHUYUBAIOTCS PACUETOM MEPBBIX JBYX U3 HUX.
Torpa pacueTHOe ypaBHEHUE UMEET TaKOM BU/L:

p-v=RT(I- Ak BA), (4.2)

rae A u B — nepBblii 1 BTOPOH BUpHAIbHbIE KO3(DPUIIUEHTHI, ABIIAIOMIMECS (PyHK-
LIUEHN TOJILKO TEMIIEPATYPHI.

B Hacrosiiee Bpemsi ypaBHEHUs MOJ00OHOT0 BH/Ia MOJYYHJIA IIUPOKOE pac-
IIPOCTPAHEHUE IIPU pacUETe CBOMCTB MHOTUX PEAJIbHBIX I'a30B.

Haunbonee npocThiM U KaU€CTBEHHO BEPHO OTPAXKAIOIIUM ITOBEACHHUE peallb-
HOTO Ta3a sBISETCS ypaBHEHUE Ban-0ep-Baanbca, KOTOPOE MOIy4aeTCsl KaK 4acT-
HBIN citydaii u3 obuiero ypaBuenus cocrosinus Maiiepa — bozonrwooea, eciu
npeHeOpeyb B IPaBOM YaCTU BCEMHU WICHAMHU, COJEpKaIUMHU /v BO BTOPOM cTe-
IICHU U BBILIE.

4.2. YpaBHeHue cocTosinusi Ban-oep-Baansca

VYpaBHenue coctosinus Ban-dep-Baanvca siBn€TCS OJHON U3 MIEPBBIX IO-
MBITOK AaHAJTUTUYECKH OMKUCATh CBOMCTBA PEANIbHBIX Fa30B. DTO YPABHEHHUE Ha-
TJISITHO TTOKa3bIBAE€T KAYECTBEHHBIE OCOOCHHOCTH PeabHBIX Ta30B U UX OTIUYNE
OT UCaJbHBIX.

Kak yxe oTMe4anock, peajgbHbl€ ra3bl OTIMYAIOTCS OT UACATbHBIX HATUYH-
€M CHJI B3aUMOJICHCTBHS MEXKy MOJIEKYJIaMU U 00beMOM caMUX MOJIeKyJ. Cuiibl
B3aUMOJICHCTBUS OUYEHb BEJIUKU Y TBEPABIX U KUAKUX TEJ U IOCTATOYHO BEIUKHU Y
ra3oB, OJIU3KUX K IIEPEXOY OT ra3000pa3HOro B )KUJIKOE COCTOSIHHE.

* YpaBHenue nonydeHo bozontwooevim u Maiiepom 1 T0O3TOMY HOCUT UX UMSI.
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CrnenoBatesibHO, YEM JIaJbIIIe COCTOSTHUE Ta3a HAaXOAUTCS OT 00JIaCTH Iepe-
X071a B )KUJIKOCTb, U YeM OOJIbIIIE PACCTOSTHUE MEXAY MOJIEKYJIaMU, TEM MEHBIIIE
CWJIbI B3aMMOJICUCTBHS MEX1y HUMHU U TeM OJIMKe COCTOSTHUE PEaIbHOTO Tra3a K
uaeanbHoMy. 1 Ha060poT, uem OJmke COCTOSTHUE Ta3a K 00J1aCTH KUAKOCTH, TEM
CWJIbl B3aMMOJICUCTBHS OOJIbIIIE U TEM 3HAUUTEIbHEE €r0 OTKJIOHEHHUE OT CBOMCTB
ujeanbHOro raza. Takum o0pa3om, Mpy U3yYEeHUH CBOMCTB pealbHbIX ra30B HEOO-
XOJUMO YUUTHIBATh CUJIbI B3AaUMOJICUCTBHS MEXKITY MOJIEKYJIaMU U 00bEeM CaMHX
MOJIEKYJI.

B nepBom npubnuxenun Bau-oep-Baanbc BBEN B CBOE YpaBHEHHE JIBE T10-
MPaBKU, KOTOPHIE YUUTHIBAIOT OTKJIOHEHUE PEAbHOTO T'a3a OT UEaIbHOTO.

PaccMmoTpum nepgyro nonpaexy, 3asucauiyio om odvema camux moJieKy.

VYpaBuenue Kranetipona MOXHO TIPEJCTAaBUTh B BUe v = RT/p .

[Ipu yBennueHuu AaBieHust 00bEM v OyJeT YMEHbIIATHCA, U €CIU p —> O,
TO v — (). DTO NOJHOCTBIO COTJIACYETCS C ONpPEIeICHUEM UIeaIbHOTO rasa, B KO-
TOPOM MOJIEKYJIbI 3aHUMAIOT OECKOHEYHO Masiblii 00BEM.

Ecnu xe paccmaTpuBaTh peajbHbIi ra3, y KOTOpOTrO MOJIEKYJIbl 3aHUMAIOT
KOHEYHBIN 00beM v U YYUTHIBATh 00BEM 3a30pOB MEXKAY MOJEKYJIaMH MPU UX

mon

IIOJIHOM yIaKOBKE V.., TO CBOOOIHBIN 00bEM IS IBUKEHUSI MOJIEKYJI OyzeT pa-
BeH v-b,rne b=v, +v, ...
Benuunna b — TOT HauMeHbIINI 00BEM, 10 KOTOPOTO MOXKHO C3KaThb I'as.
Ilpu sTHX ycnoBusax ypaBHeHue Knanelipona NpUHUMAaET Jpyroi BUIL:

v-b=RTlp. (4.3)

Ecnu B momydeHHOI 3aBUCUMOCTH JIaBIICHUE p YBEIIUIUBACTCS U CTPEMUTCS
K 00, TO CBOOOJHBIN 00BEM V- b CTpEeMUTCS K HYJIIO WK Vv —> b, T. €. IpH p —> ©
00bEeM rasza CTpeMUTCs K BeTMUMHE b, KOTOpas 3aBUCUT OT 00beMa caMHX MoJIe-
KyJ1. J{7s1 K00 ra3a BeIMYrHa b IPUHUMAET ONpeesIeHHOE YUCIIOBOE 3HaUe-
HUE.

[TockonbKy AaBiIeHHE UACATIBHOTO raza no ypaBHeHUI0 Kranetipona orpe-
aensercs Kak p = RT/v u sl peanbHOro ra3a — C y9eTOM BEJTUIHHBI

b: p=RT/ (v - b), TO MPU OJIMHAKOBOW TeMIIepaType JaBJICHUE B PEabHbIX ra3ax

Oynet Oosbliie.

D10 00BSICHSICTCS TEM, UTO y PEaJIbHOTO T'a3a CBOOOAHBIN 00heM OyaeT
MEHBIIIE, YeM Y HIeaIbHOTO Ta3a, a, CIeI0BaTeIbHO, OYJeT MEHBIIE U JITTMHA CBO-
0601HOTO TTpOOeTa MOJIEKYII, UYTO MPUBEIET K OONBIIEMY YHCITY COYIapSHU MOJIe-
KyJ1 peajJbHOro ra3a O CTEHKH, T. €. K MOBBIIICHUIO JIaBJICHUS.

Bmopas nonpaeka, BBoguMasi B ypaBHCHHE COCTOSHUS, YUUTHIBACT BIIHS-
HUE CUJI B3aUMOJCHCTBUS MEXIY MOJICKYJIaMH.

4 o
[Ipu 3TOM cunTaercs, 4YTO MOJIEKYJIbl PEAILHOTO Ta3a MPEeACTABISIIOT co0oi Henedop-
MHUPYEMBIE IIAPHI.
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B naeanbHOM raze MOJIEKYIbl TPAKTUYCCKHA CBOOOIHBI B CBOEM JABUKCHUH U
yJIaphl O CTCHKY COCYa HUYEeM HE OIpaHWYEHBI, TaK KaK CHJI B3aMMOJICHCTBHS Me-
KTy MOJICKYJIaMU HE UMECTCH.

B peanpHOM rase npu HaJIMYUW CHJI B3aUMOICHCTBUS MEKTy MOJICKYJIaMH
CHWJIa yIapOB O CTCHKY cocyia Oy/IeT MEHbIIIe, BCISACTBUE TOTO, YTO BCE MOJICKY-
JIBI Y CTEHKHU COCYJa IPUTITUBAIOTCS COCETHIUMH MOJIEKYJIaMU BHYTPh COCY/Ia.
CrnenoBaTellbHO, U IAaBJIICHHE, OKa3bIBAEMOEC PEATbHBIM I'a30M 10 CPABHEHHIO C
JaBJICHUEM HIACAIBHOTO Ta3a, Oy/IeT MEHBIIE Ha BEIMUUHY Ap , KOTOpas mpe-
CTaBJISICT MOIPaBKy Ha JaBJICHUE, YUYUTHIBAIONTYIO CHIIBI B3aMMOICUCTBHS MEXKTY
MOJICKYyJIaMH. DTa MomnpaBka Ap MPsSMO MPONOPIHOHATBHA KaK YUCTY MPUTATH-
BaeMBbIX, TaK M YHCTY MPUTATHUBAIOIINX MOJICKYJI, HUIH MPSMO TPOMOPIHOHATIbHA
KBaJIpaTy IUIOTHOCTH ra3a, Wiu 00OpaTHO MPOIOPIIMOHATIbHA KBAAPATY €T0 y/eihb-
HOT'O 00BEMa:

Ap=ap’ =a/V’, (4.4)

rae a — Ko3(hGUIMeHT NponopIUuOHAIBHOCTH, TPUHUMAIOIIUH JIs KaXKJ10T0 ra3a
OIIPEIEJICHHOE YUCI0BOE 3HAUYCHUE, HE 3aBUCALIEE OT IapaMeTPOB COCTOSTHUS.
BBojisg BTOpy1o nomnpasky, noiny4daem p = RT/ (v - b) — Ap win

p :RT/(v-b)—a/vz.
Orcrona ypaenenue Ban-oep-Baansca npuHUMAaET BUJT

(p+a/v2Xv—b):RT. 4.5)

3710 ypaBHEHUE ObLIO OMyOJIUKOBaHO Ban-dep-Baanvcom B 1873 1.

Benuunny a/v° Ha3bIBAIOT BHYTPEHHUM JABICHUEM; JUTS XKHIKOCTEH OHO
IPUHEMAET 0YeHb OOIIBIIIOE 3HAUCHHE (JUI BOABI pH Temmepatype 293 K aA’ =
1080 MTIla); niis ra30B BHyTpeHHEE JaBJICHUE CPABHUTEIBHO HEBEJIMKO U 3aBUCUT
OT JJaBJICHUS U TEMIIEPaTyphl raza.

VYpaBuenue Bau-oep-Baanbca Ka4eCTBEHHO BEPHO OTOOPaKaeT MOBEACHUE
peaNbHbIX BEMIECTB B )KUIAKOM HIIM ra3000pa3HOM cocTostHUM. OIHAKO TSt ABYX-
(a3HBIX COCTOSTHUN OHO HEMTPUMEHUMO.

Jlnst 1 monib raza ypaBHeHHE Bau-Oep-Baanvca 3anuiieTcs Tak:

(p+a,/vi)v,—b,)=8314-T. (4.6)

I[JISI PCAJIBHOTO Tra3a, OoIpecaAcsICMOro YypaBHCHUECM COCTOAHUA BaH-Oep-
Baaﬂbca, OCHOBHBIC YaCTHBIC ITPOU3BOAHBIC ITIAPAMCTPOB IIPUHHUMAIOT CJ'ICI[YIO].HI/IIZ
BHU:

(6p/ov), = —RT /(v —b) +2a/v’;
@v/or), =R/(p—a/v’ +2ab/V’); (4.7)
(0T /op), =(v-b)/R.
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4.3. Ananu3 ypasuenusi Ban-oep-Baanwvca

Ecnu B ypaBHenuu Ban-odep-Baanvca (p +al/v’ )(v —b)=RT packpsITh

CKOOKH M PACHOJIOKHUTD MOJTYYEHHBIE BEIMYUHBI 110 YOBIBAIOIIUM CTETICHSIM V, TO
MOJIYYMM YpaBHEHUE TPEThEell CTENEeHN OTHOCUTENBHO yIeTbHOI0 00beMa rasa:

pv’' —(bp+RT WV +av—ab=0. (4.8)

Kak n3BeCcTHO U3 MaTEMATHKHU, TAKOE YPAaBHEHUE
IIPU 33/IaHHBIX 3HAYCHUAX p U T TOJKHO UMETH TPU
kopHs. [Ipu 3TOM BO3MOXKHBI TpH ciydas: 1) Bce Tpu
KOPHSI pa3JIMYHbI U IEUCTBUTEINbHBI; 2) BCE TPU KOPHS
JEHUCTBUTENBHBI U PaBHBI MEX]1y CO00i 1 3) OJIMH KO-
pPEHB ACUCTBUTENbHBINA U JBA MHUMBIX (KOMILIEKCHBIX).
B nocnennem citydae, HOCKOJIbKY MHUMbIE KOPHHU HE
UMEIOT (PU3NYECKOTO CMBICIIA, PEATIBHOE 3HAUEHUE
MMEET TOJBKO OJUH JEHCTBUTENBHBIN KOPEHB.

Puc.4.3. U30TepMbl, COOT- Ecnu Ha p-v nnarpaMme noCTpOUTh U30TEPMBI,
BETCTBYIOIIME YPAaBHEHHIO  COOTBETCTBYIOIINE YpaBHEHUIO Ban-dep-Baanvca, T0
Ban-oep-Baansca OHM OyIyT UMETh BUJ KPUBBIX, H300paXKEHHBIX HA

puc. 4.3. 3 paccMOTpeHHs ITUX KPUBBIX BUJIHO, YTO
IIPU CPABHUTENIbHO HU3KUX TEMIIEpaTypax OHU UMEIOT B CpPEeIHEH YacTH BOJIHOO0-
pa3HbI XapakTep ¢ MAKCUMYMOM U MUHUMYMOM. [Ipu 3TOM, 4eM BbILIE TEMIIEpA-
Typa, TEM KOpOYE CTAaHOBUTCS BOJIHOOOpa3Has 4acTh u3orepMsl. [Ipsimas AB, ne-
pecekarolas Takoro TUIAa U30TEPMY, 1a€T TPU ACHCTBUTENIbHBIX 3HAUEHUS YAEIb-
HOTo o0beMa B Toukax 4, R ¥ B, T. €. 3TU U30TEPMBbI COOTBETCTBYIOT IEPBOMY CIY-
Yaro pellieHus ypaBHeHus: Ban-oep-Baanvca (Tpy pa3auvHbIX TEHUCTBUTEIbHBIX
kopHs). Hanbonbuiuii KopeHb, paBHbIN yA€IbHOMY 00BEMY B TOUKE B, OTHOCUTCSA
K MapooOpa3zHomMy (ra3000pa3HOMY) COCTOSTHUIO, @ HAMMEHBIINH (B TOUKe 4) — K
COCTOSIHUIO KUJKOCTHU. [oCKOINIbKY, KaK yKa3bIBaJIOCh paHee, ypagHeHue Ban-oep-
Baanvca B npuHIUIIE HE MOKET OMUCHIBATh ABYX()a3HBIX COCTOSHUNA, OHO YKa3bl-
BaeT (B BUJE BOJIHOOOpPA3HOW KpUBOW) HAa HEMPEPBIBHBIN MEepexo/1 U3 KUJIKOIr0 CO-
CTOSIHMSI B Tapo0oOpa3Hoe MpH JaHHOU TemIiepaType. B neicTBUTeIbHOCTH, KaK
MTOKA3bIBAIOT MHOTOUYHUCIIEHHBIE DKCIIEPUMEHTBHI, IEPEXO] U3 JKUIKOTO COCTOSIHUSA B
napooOpa3Hoe BCerja MpoUCXoIuT yepe3 AByX(a3Hble COCTOSIHUS BEIIECTBA,
MPEACTABISIONINE CMECH JKUJIKOCTHU U napa. [Ipu 3ToM npu TaHHOW TeMnepaType
MIPOLIECC NEPEX0/IA KUAKOCTH B IIAP MPOUCXOAUT TAKKE U PU HEU3MEHHOM J1aB-
JICHUH.

[IpakTuyecku 15t 0c000 YUCTHIX BEUIECTB MOTYT CYLIECTBOBATH YYaCTKHU
BOJIHOOOpa3Hoi kpuBoit AQ u DB. B nepBoM cilydae UMEIOT MECTO HEYCTONYNBBIC
COCTOSIHUS IIEPErPETON JKUJKOCTH, @ BO BTOPOM — NEPEOXIAKIAECHHOTO Tapa.
VYyactok ke kpuoit QRD BooO11Ie CyIIeCTBOBATh HE MOXKET, TaK KaK 3TO MPOTHU-
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BOPEYUT YCIOBUIO TEPMOJAMHAMUYECKON YCTOWUNBOCTH, COTJIACHO KOTOPOMY ISl
OJTHOPOJIHOTO BEUIECTBA YAaCTHAS TPOU3BOHAS (8p/8v)T HE MOXXET OBITh OOJIbIIIE
HYJISL.

[lonoxeHne NEMCTBUTENBHON JIMHUM MpoLiecca NEPEXOAA U3 JKUIKOCTH B
nap uzo0paxeHo Ha puc. 4.3 npsmoit Tunuen 4AB. [Ipu sTom Touka A COOTBETCT-
BYET COCTOSIHUIO KHUIISIIEH )KUIKOCTH, & TOUKa B — COCTOSIHUIO TaK Ha3bIBAEMOTO
CyXOT0 HaCBILIEHHOIO Mapa, T. €. COCTOSIHUIO, B KOTOPOM 3aKOHUYMJICS IPOLECC TIe-
pexoa U3 )KUAKOCTH B Iap.

BeTBb n30TEpMBI, PaCIIONOKEHHAS ITPaBee TOUYKHU B, COOTBETCTBYET COCTOS-
HUIO IIEPETPETOTO Mapa Mpu JaHHON TEMIIEPATYPE.

[Ipu onpenesieHHOM TeMIIEpAaType, HA3bIBAEMOU KpUmMu4uecKoi, n30Tepma
ypaBHeHUs Bawn-0ep-Baanvca He OyneT UMETh BOJTHOOOpa3Horo yyactka. Ha atoit
U30TEpPME €CTh TOUKa nepernda, kacareilbHas K KOTOPOH JTOJKHA OBITh TOPU30H-
TaJbHOU. DTO COOTBETCTBYET BTOPOMY CJIy4al0 peuieHusl ypaBHeHUs Bawn-oep-
Baanvca, xorna Bce Tpu KOpHsI I€MCTBUTENIBHBI U paBHBI MeXAY coboi (puc. 4.3,
touka K).

IIpu Temmieparypax BblllI€ KPUTHUUECKOU (T >T, K) M30TEPMBI OyIyT UMETh

MOHOTOHHO CHAJIal0IINKA XapakTep, MPUOIMKAICh 10 MEpPE YBETUUYEHUS TeMIepa-
TYpbI K KpUBBIM BUJa runepOoibl. [Ipu 3Tux Temnepatypax uMeeT MecTo TpETUui
Clly4ai perieHus ypaBHeHus Ban-dep-Baanvca, koraa onvuH KOPeHb ACHCTBUTEIb-
HBIN, a 1Ba MHUMBIX. Eciu coenuuuTh Bce TOUku A, A;, A, U T. 1., TO MOJIYIUTCS
KpHUBas, Ha KOTOPOH KUAKOCTh HAXOAUTCS B cocTosiHuU kunenus. Kpusyro AK Ha-
3bIBAIOT HOZPAHUYHOU KpUoll Hcuokocmu. CooTBeTCTBEHHO KpuBasi BK, Ha3bI-
BaeMasi HOZPAHUYHOU KPUBOIl napa, NpeCTaBIseT cOO0H COBOKYIMHOCTh COCTOS-
HUM CyXOTO HAaCBIILIEHHOTO napa. Takum o0pa3om, AJis peasbHOTro BEIeCTBA p-V
auarpaMMy MOKHO pa30UTh Ha TPU XapaKTepHbIE 00JIacTH:

1) 065acTh )KUAKOTO COCTOSIHUS, PACTIONOKEHHYIO JIeBee MOTPAaHUYHOU KpH-
BOM >KUJKOCTH;

2) obnacth AByX(a3HbIX COCTOSIHUIH (BJIaXKHOTO Mapa), pacio0KeHHYIO
MEXAy MOTPAaHUYHBIMU KPUBBIMH KUJKOCTU U TIApa;

3) obnacTe meperpeToro mnapa, pacnojoKEHHYO MpaBee MOrPaHuYHON KpH-
BOU Mapa U BbIIIE KPUTUUYECKOU TOUKH.

VY c10BHO 0071aCTh KUAKOCTH OTPAaHUYUBAIOT CBEpXY JinHuen KM, npencras-
JSOIIEeH coOO0M KpUTHUECKYIO U300apy (JIMHUIO MOCTOSSHHOTO JAaBJICHUS, PABHOTO
KPUTHUYECKOMY).

B 1869 r. Duoproc BriepBble, HA OCHOBAaHUU NMPOBEACHHBIX UM IKCIIEPUMEH-
TOB TI0 U30TEPMHOMY CXKATUIO YIIIEKUCIOTHI, HOCTPOUII p-v TUarpaMmy AJis pe-
aJIbHOTO BEILIECTBA U MOKAa3aJl B HEM XapakTepHble TUHUU U o0iacTu. [lorTomy
4acTo p-v JuarpaMMmy peaibHOrO BEIlIeCTBa HA3bIBAIOT Ouazpammoi Inopioca.

OcTaHOBUMCSI HECKOJIBKO NOJIpoOHEE HA MOHATUU KPUTUUECKOTO COCTOSHUS
BELIECTBA.

Kputnueckoe cocrosinue Beuiectsa Brepsbie 06110 0TKphITO 1. V1. Menne-
neeBbIM B 1861 1. Kputnueckyio temneparypy . Y. MenneneeB Ha3Bas abco-
JIOTHOM TeMIepaTypol KUMEeHUs, IPU KOTOPOU MOBEPXHOCTHOE HATSHKEHHE B
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KUJKOCTH CTAaHOBUTCS PABHBIM HYIIIO, T. €. HCUE3aeT Pa3Inuue MEXKIY KUIAKOCTHIO
Y 1apooOpa3HbIM COCTOSIHHEM BEIIECTBa (HACBHIIIEHHBIM MapoM).

JI. 1. MeHnaenees nan cieaymwollee onpeaeiacHue: «40conommuoi memne-
pamypoii KuneHus s Ha3pléaio MaKylo memnepamypy, npu KOmopoii 4acmuuybl
HCUOKOCIU meEPAIOM c80e cuenienue (Noonamue 6 KanuiiapHoi mpyoke pags-
HO HYJ110, CKpblIOe Menio PA6HO HYJ110) U NPU KOMOPOIL HCUOKOCMb, HECMOMPS
HU Ha KaKoe 0aenieHue u 00vem, 6ca npegpauiaemcs ¢ nap». MHOTOYNCIEHHbBIE
OTIBITHI C PEANIbHBIMU T'a3aMHU MOJHOCTHIO MOJITBEPANIN CYIIIECTBOBAaHUE KPUTHYE-
CKOM TOYKH, B KOTOPOW HCYE3aeT pa3iuure MeXy ra3000pa3Hoil u *Kuakoi ¢asa-
MHU.

W3 ananuza ypaBHeHus: Bau-odep-Baanbca TpUMEHUTENBHO K KPUTUYECKOMY
COCTOSIHHIO MOYKHO MOJYYUTh BBIPAXKEHHE KPUTHUECKUX MapaMeTPOB uepe3 KOH-
CTaHTBl YPaBHEHUS @ U b, WK ke ONPEEIUTh KOHCTAHTHI @ U b TIPU U3BECTHBIX
KPUTUYECKUX MapaMeTpax.

VYuursiBas, 4To ypaBHeHUE Bau-0ep-Baanbca TOTBKO Kau€CTBEHHO BEPHO
OIMCBHIBAET MOBEJICHUE PEATIbHBIX BEIIECTB, KOHCTAHTHI @ U b OOBIYHO BBIYUCIISIOT
HA OCHOBAHHMH SKCIIEPUMEHTAJIbHBIX JIAHHBIX.

HcxX0HBIM MOJ0KEHUEM ISl TOJTYYEeHHS 3aBUCUMOCTH MEXAY KpUTHYe-
CKUMH MapaMeTpamMu U KOHCTaHTaMU ypaBHEeHUsI Ban-dep-Baanvca asnsercs 1o,
YTO B KPUTUYECKON TOUKE M30TepMa UMEET Meperud U KkacaTelibHas B TOUKE Mepe-
ruba ropusoHTagbHa. M3 3TUX yCIOBHI BBITEKAET, UTO MEpPBasi YaCTHAs MPOU3BO/-
Has OT JIaBJIEHUA 10 00bEMY MPHU MOCTOSIHHON TeMIlepaType (8p/8v)rk , 4 TAKXKE

2 2 .
BTOpasi MPOU3BOIHAS (8 p/ov )TK B 3TOM TOYKE JOJIKHBI ObITh PaBHBI HYIIIO.

Torpa
(@p/ov),, = —RTy /(v —=bY +2a /vy =0, (4.9)
(6°p/ev?), = 2RT, /(v =b) —6a /v =0, (4.10)

rne Tx ¥ vg — TemrepaTypa u yAeIbHbI 00beM B KPUTHUECKOH TOUKE.
W3 ypaBuenus (4.9) nonyuyaem:

RT, /(v =b) =2a/v}, (4.11)
a u3 ypaBuenus (4.10) cnemyer
2RT, /(v —bY =6a/vi. (4.12)
[Tocne nmpeoOpa3zoBanuii ypaHenu (4.11) u (4.12) umeem

v =3b. (4.13)
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[loncraBuB 3HaueHue vk B ypaBHeHue (4.9), momyuum

T, =8a/27Rb. (4.14)
W3 ypaBHenust Ban-oep-Baanvca ciieiyeT, 4To
p=RT, /(vi =b)—a/vs. (4.15)
IloacraBnss 3Hauenue 1k M v, HAXOOUM
px=a/27b’, (4.16)

TJIC px — JABJIICHUE B KPUTUUECKON TOYKE.
[Tomy4wB U3 sKCIepUMeHTa 3HaUYCHHE 1k U pPx, MOXKHO HAUTH KOA(DPHUITHCH-
Tbl a ¥ b:

27 R°’T?
a =2RTKVK _ 27 Rk (4.17)
8 64 px
u
1 1 RT
b=—v,=— K (4.18)
3 8 px

VYpaBuenue Bawu-oep-Baanbca MOXKHO NPECTaBUTH B IPUBEJICHHBIX Mapa-
MeTpax cocTosiHUA. Ecim BMeCTO epeMeHHbIX p, v U T BBECTU B YpaBHEHUE Ban-
oep-Baanvca oTHOCUTEIbHBIE BEITMUNHBI:

v/ ve=@,p/pr=nnT/T,=r1, (4.19)

HA3bIBAEMbIC HPUBCOCHHBIMU 00BEMOM, OA6IEHUEM U meMnepamypoil, N 3Haye-
HUA a, b 1 R, BBIpa)XK€HHBIE Yepe3 KPUTHUECKUE MapaMeTPhl, TO TOJTYIHUM HOBOE
ypaBHEHHE B CJIEIYIOUIEM BUJIE:

(r+3/0°\3p—1)=8z. (4.20)

Honyqeﬁﬁoe YPAaBHCHHC HA3BIBACTCH npueeoennbm YPAaeéHeHuem. Ono =He
BKIFOYACT HUKAKHUX BCIINYHUH, XaPAKTCPUIYIOIIUX JAHHOC BCUICCTBO, IIO3TOMY
YPAaBHCHHC CIIPABCAJINBO IJI JIF000T0 BCUICCTBA, KOTOPOC MOAYNHACTCA YPaBHC-
HHIO BaH-dep-Baaﬂbca. Cocrosnus BCHICCTB, HAXOOAIINXCA IIPpU OAUHAKOBBIX 7T, (0
M 7, HA3BIBAKOTCA coomeéemcmeeHHbIMU COCMOARUAMU .
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B kpuTHUYeCKOl TOYKE BCE TPH NMPUBEICHHBIX ITapaMeTpa UMEIOT OJTMHAKO-
BOC 3HAUYCHUE, PABHOE SIMHUIIC, U KPUTHUCCKUE COCTOSTHUS BCEX BEIIECTB SIBJIS-
I0TCSl COOM8EM CHB8EHHbIMU.

Ecnu nBa BemecTBa MMEIOT OJIMHAKOBBIC J[BA MTapaMeTpa U3 TPEX MPUBEICH-
HBIX, TO MU TPETHH IMapaMeTp y 3TUX BEIICCTB OYJET UMETh OJIMHAKOBOE 3HAUYCHHE,
1 BEIIECTBA OYIyT HAXOJAUTHCS B COOTBETCTBCHHBIX COCTOSTHUAX. Y Ka3aHHOE SIB-
JICHWE HOCHUT HAa3BAHUE 3AKOHA COOMEEM CHEEHHBIX COCHOAHUI. DTOT 3aKOH
CIIY>)KUT JIJIsL OTIPEJICTICHUSI CBOMCTB BEIIECTBA, €CJIU U3BECTHBI CBOMCTBA APYTOro
BEIIECTBA, HAXOAIIETOCS C HUIM B COOTBETCTBEHHOM COCTOSIHUU. Takoe ompeje-
JICHHE CBOMCTB BEIIECTBA HA3BIBACTCS MEMOOOM MEPMOOUHAMUUECKO20 NOOO-
ous.

W3 cooTHOEHUH I KPUTHYECKOW TOYKH, TIOJyYCHHBIX U3 YPAaBHCHHS
Ban-oep-Baanvca, cnenyert, 4to

RT, /pyve =8/3=267=K,. (4.21)

DTO OTHOIICHUE HA3BIBAIOT KpUumuueckum KoIpguyuenmom. OH 111 BcexX
TEPMOJAUHAMHYECKUX TTOTOOHBIX BEIIECTB, MOTUMHSIIONINXCS YpaBHEHUIO Ban-oep-
Baanvca, nomkeH IMETh OCTOSTHHOE 3HAUEHUE, HO ONBITHBIC JJAHHBIE ITOKA3hIBa-
10T, 4TO 3HaueHUs Ky NIl pa3IuyHBIX peajbHbIX ra30B BEChMa OTIUYAIOTCS OT MO-
CTOSIHHOM. DTO JIMIITHUYN pa3 MOATBEPKIAET, UTO YpaBHEeHUE Ban-dep-Baanvca
MIPaBUJIBHO OITUCHIBAET TOJIBKO KAYECTBEHHBIE OCOOEHHOCTH CBOMCTB ra3000pas-
HBIX peaJibHbIX TEll.

JI71s1 OTKPBITUSI KPUTUYECKOTO COCTOSIHUS T€JIa Tra3bl MBITATUCH ITPEBpaIiaTh
B JKUJIKOCTh TOJIBKO OJTHUM YBEJIIMYCHHUEM JABJICHUSI, HO TaK KaK OMBITHI IPOBO/IH-
JIUCh MPU KOMHATHOM TeMIIepaType, TO ITH MOMBITKHA YCIeXa He UMEJH.

OMbITHI MOKa3aJId, YTO JJIS MPEBPAIICHUS Ta3a B )KUJIKOCTh HEOOXOIUMO
CHayaja ra3 oxXJaJuTh 0 TeMIIepaTypbl HUXKE KPUTHUYECKON U TOJIBKO MOCJIE 3TOTO
CKaTUEM I10 U30T€PME MOKHO JII000H Tra3 MPeBpaTUTh B KUIKOCTh.

4.4. YpaBHeHHe COCTOSTHUSA
NJis peajabHbIX ra3oB M. I1. Bykanoeuua u H. H. Hosukoea

VYpaBuenue Ban-oep-Baanvca nipy 60JIbIINX MIIOTHOCTAX T'a3a AaeT 3HAUYH-
TeJbHbIE OIMOKH, BEI3BIBAEMBIE TEM, YTO MPU €T0 BHIBOJC HE YUUTHIBAIUCH HEKO-
TOpBIC T00aBOYHBIC (PUBHUECKUE SIBJICHUS, IPEXKIE BCETO TaK Ha3bIBAEMbIE CHUJIO-
Basl aCCOIMAIIMS W TUCCOIMAITUS MOJIEKYII.

Kpome toro, onbitamu ObUT0 JOKa3aHO, 4TO KOA(DIULIUEHTHI a U b, BXOs-
1ue B ypaBHeHUE Bawu-dep-Baanvca, He MOTYT OBITh IOCTOSSHHBIMH, a JTOJIKHBI 3a-
BHUCETh OT TEeMIIEPaTyphl U JaBIEHUS, IPUUEM 3aBUCUMOCTh 3Ta OUYCHb CJIOYKHAS.

OpHaKo MOMBITKH MHOTHX YY€HBIX CKOPPEKTUPOBATh ypaBHEHUE Baw-0ep-
Baanvca BBeneHnEM JOTOJHUTEIBHBIX 3aBUCUMOCTEH, YUUTHIBAIOIINX ITEPEMEH-
HOCTb @ U b, HE TIO3BOJIMJIA CYIIECTBEHHO PACIIMPUTH 00JIaCTh €ro MPUMEHEHUS.

Yuensie M. I1. Bykanosuu v U. Y. Hosukosé B 1939 r. mpeaioxxuim HOBOE
YHUBEPCAJIbHOE YPAaBHEHHE COCTOSHUS PEAbHBIX I'a30B, KAYECTBEHHO OTINYHOE
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OT ypaBHEHUS Ban-0ep-Baanvca. [1pu BEIBOJIE CBOETO YPAaBHEHUS aBTOPHI YUUTHI-
BaJIM YKa3aHHOE BBIIIE SIBJICHUE CUIIOBOM acCOIMAlUA MOJIEKYJI MO BIUSHUEM
MEKMOJIEKYJISIPHBIX CHJI B3aUMOICHCTBUS.

[Ipu siBIeHUM accoIaIluU MPOUCXOAUT OO BETUHEHUE OTICIBHBIX MOJICKYI
B IPYIIIBI, COCTOSIIIUE U3 IBYX, TPEX, YETHIPEX OJMHOUYHBIX MOJICKYN U Oojee. OT-
JebHBIC MOJICKYJIBI, BXOJISIIIIME B TPYIIBI CIOKHBIX YACTHUII, COXPaHsIsi CBOU UH-
JMBUTyaIbHbIE CBOMCTBA, HE PEATM3YIOT MOJTHOCTBIO BCEX CTETICHEH CBOOO/IBI.
CrnenoBatenbHO, 10O accouuayueil MoJ1eKy/1 HOHUMAEMCcA RPOCmoe MexaHuye-
CKoe 00bedunenue 08yx, mpex, uemulpex MoJieKyl u 00Jiee 8 00HY C/L0HCHYIO
yacmuuyy, KOmopas 6 HeKOMOopPvIX OMHOULEHUAX 6e0em ceds KAK CaMoCmos-
menvnan 2azoean yacmuya. CoBOKYITHOCTh OJJHOPOJHBIX Ta30BbIX YAaCTHII, 00pa-
3YIOIIUXCS B PE3yJIbTaTe aCCOLUAIIMU MOJIEKYJI, MOKHO PaCCMaTpUBaTh KaK 0OBIY-
HBIH Ta3, a J1000# pealbHBIN ra3 paccMaTpuBaTh KaK CMECh HECKOJIBKUX T'a30B,
YaCTUIIAMH KOTOPBIX SIBJISFOTCS OJUHOYHbBIC, TBOWHBIC, TPOMHBIC U T. JI. TPYIIIIHI
MOJIEKYJ. DT Ta3bl HAXOASITCS B MOCTOSSHHOM B3aMMOJICHCTBUHU JIPYT C IPYroM, U
KaXJIbIA U3 HUX JIOCTaTOYHO TOYHO CJIeAyeT ypaBHEHUIO Ban-0ep-Baanvca. I1pu-
MEHsISl K TIOJIOOHBIM T'a3aM 3aKOH JEUCTBYIOIIUX MAcC U CUUTAsI, YTO acCOIHAITUs
MIPUBOIUT K CO3JaHUIO TPYII U3 JIBYX, TPEX U YeThIpeX MoJiekyn, M. I1. Byxanosuu
u U. Y. Hosukxog nony4yuinu ypaBHEHHUE COCTOSHHSI, KOTOPOE OBLIO B3ATO 32 OCHO-
BY IIPU CO3JIJaHUU TEPBBIX TAOIUI] BOJBI M BOASHOTO Iapa, BHITYIICHHBIX
M. I1. Bykanosuuem B 1940 r. B nanpHeiiiiem 3To ypaBHEHHE ObLJIO CYIIECTBEHHO
YTOUHEHO U MpeJesbl €r0 MPUMEHEHHS 3HAUUTEIIbHO paciiupeHbl. B Hanbomee
pocToi popMe, KOT/1a YUUTHIBAIOTCS JIMIIb IBOMHBIC KOMIUJIEKCHI, YPaBHEHHE
MMEET CIEAYIOIIUN BU:

C

3+2m |’

vl 2

p+—=|(v=b)=RT| I- (4.22)
A%

rae a u b — nocTosiHHbIE ypaBHEeHUs Bau-oep-Baanvca; C 1 m — NMOCTOSHHBIE,
onpeessseMble HA OCHOBAaHUU ONBITHBIX JAHHBIX.

4.5. YacTHble NPOU3BOJAHBIC IAPAMETPOB COCTOSIHUS.
TemneparypHbie KO3 PULHEHTHI

Ecnmn n3BeCcTHO ypaBHEHUE COCTOSIHUSA, TO KaXKAbI MIAPAMETP COCTOSHUS
MOKET OBbITh BBIPAXEH KaK (PYHKIUS JBYX JIPYTUX MapaMeTpoB, T.€.

p=f,(wT)T = f.(pv)v=f(p.T).

[Toabie nuddhepeHranb STUX BETUINH:

dp=(dp/ov),dv+(dp/oT),dT,
dT = (0T /dp),dp + (6T / ov), dv, (4.23)
dv=(0v/op),dp+(ov/oT),dT.
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YacTtHbie pon3BoaHbIC TTpH quddepeHnmanax op, 07 u Ov SBISIOTCS TO-

IMapHO BCIIMYNHAMHU BBaI/IMHO-O6paTHBIMI/I, H COTJIACHO ITpaBUJIaM I[I/I(l)(l)epeHHI/I-
AJIBHOT'O UCHYUCJICHHUA MCKAY HUMHU UMCCTCA CIICAYrOIIasA 3aBUCUMOCTD:

(ov/op).(6p/ov), = 1;
(T /0ov), (0v/0T), =1, (4.24)
(6p/0T), (0T /dp), = 1.

CJICI[OB&TCJIBHO, HC3aBHUCUMBIMH YaCTHBIMHU IIPONU3BOJHBIMHA 6YI[YT TpH U3
HuX. B KauecTBe 3THX HE3aBUCHUMBIX IMPOU3BOAHBIX BBI6I/IpaIOT

(6p/oT),.(ov/dp),.(ov/oT),. (4.25)

OTH YacTHBIC TPOU3BOIHBIC BXOST B YpaBHEHUE TEMITEPATYPHBIX KOd(hdu-
IIUEHTOB — CKaThsA, 00BEMHOTO PaCIIUPEHSI M JABJICHUS ra3a, KOTOPhIE MOTYT
OBITh OIPEIETICHBI OMBITHBIM ITyTEM.

Yka3aHHbIC YaCTHBIC TPOU3BOIHBIC HE SBISIFOTCS] HE3aBUCHMBIMHU.

Kaxxmgast u3 HUX MOXKET OBITh BhIpa)keHa KaK (PYHKIUS JBYX OCTATbHBIX.

Ecru ypasaenue Op = (Op/dv),dv +(6p /0T ),dT paccMaTpuBaTh Ipu p =

const, 10 (0p/ov),dv, +(0p/0T),dT, =0, wmn (op/ov), +(0p /0T),(8T /ov), =0,
otkyna (0p/ov),(ov/oT), =—(0p/oT), =—1/(0T /dp),, nm

(@p/ov),(ov/oT), (0T /op), =-1. (4.26)

[TonydeHHOE BbIpa)keHHE Ha3bIBAIOT OUphepenyuanbrvim ypasHeHuem co-
CIMOAHUA.
U3 nocnemuero ypasHenus Haxoaum (0v/0T) » (o1 / ap)v =—1/(0p/ov),,

i
(ev/ép), =—(ev/eT), /(@p/aT),. (4.27)

CootHomenue (4.27) maeT BO3MOXHOCTh YCTAHOBUTH CBSI3b MEXKIY TEMIIe-
paTypHbBIM K03 PHUIIMEHTOM 00BEMHOTO PACIIUPEHHS Tela U TEMIIEPATyPHBIM KO-
3¢ GUIMEHTOM JaBJICHUs Ta3a. DTH BEIUYHHBI, H3MEPSIeMble JOCTATOYHO TOYHO B
OKCIIEPUMEHTE, IMEIOT Ba)KHOE 3HAUCHUE /ISl XapaKTEPUCTUKH CBOMCTB peaabHBIX
TeJl.

OTHOIIEHNE YacTHOM TIpou3BoHOi (OV /0T )p K 00beMy V xapaktepusyer

CKOPOCTh U3MEHEHHUS 00heMa MPU HarpeBaHUM, €CJIU JTaBJICHUE OCTACTCS MMOCTOSH-
HBIM. DTO OTHOIIEHUE HA3BIBAIOT MEMHEPAMYPHBIM KOIPduyuenmom 00vemno-
20 pacuwiupenus Tena:
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B,=(1/v)ov/oT),. (4.28)

OTHOILIIEHNE YaCTHOW IPOU3BOJTHOM (ap /oT )V K JIaBJICHUIO p XapaKTepU3y-

€T UHTEHCUBHOCTh U3MEHEHHUSI TaBJICHUS MPU YBEIUUYEHUH TEMIIEpaTyphl, €CIIU
00BEM Tejla OCTAETCsl MOCTOSIHHBIM.

OTO OTHOIICHHE HA3BIBAIOT MEMNEPAnyYPHbIM KOIhuyuenmom oasnenus
rasa:

B,=/p)op/aT),. (4.29)

5. IEPBBIA 3AKOH TEPMOJUHAMUKNA
5.1. 3akoH coxpaHeHHs U NIPeBPALLCHUS JHEPTHHU

[lepBbIii 3aKOH TEPMOJUHAMUKH SIBISIETCS YACTHBIM CITy4aeM BCEOOIIEro 3a-
KOHA COXPAHEHHUsI U IIPEBPALLECHUS SJHEPTUU IIPUMEHUTEIIBHO K TEIUIOBBIM SIBJIICHU-
M, IIPOTEKAIOIIUM B TEPMOJAUHAMUYECKUX CUCTEMAX.

3aKOH COXpaHEHUS U MPEBPALIECHUS SHEPTUH IJ1ACUT, YTO 6 U30IAUPOBAHHOIL
cucmeme Cymma cex U008 IHEPZUU AGAAEMCA GeAUUUHOU nOCMOAHHOoU. U3
ATOTrO 3aKOHA CJIEIYET, YTO YMEHbIIEHNE KaKOT0-JIN00 BUAa SHEPTUH B OJTHOM cHC-
TE€ME, COCTOSALLEN U3 OJHOTO UM MHOKECTBA TEJI, JOJKHO COIPOBOXKIATHCS yBE-
JIMYECHUEM DHEPIUU B IPYTOU CUCTEME TEIL.

IIpeBpanieHne MEXaHUYECKOrO ABUKEHUS B TEIIOTY U3BECTHO YEJIOBEKY C
JIpEeBHENIINX BpEMEH, HO 00paTHOE MPEBpaIlEHUE TEIIOThl B MEXaHUYECKYIO pa-
00Ty B TEIJIOBBIX JIBUTATENSIX MPAKTUYECKH OBLJIO OCYIIECTBICHO JIUIIL BO BTOPOI
nonoBuHe X VIII cronerus. Y x0T nepBeie MOINBITKY IPEBPALLECHUS TEIIIOTHI B
MEXaHUYECKYI0 padoTy ObUIM MPEANPUHATHI €Ie 0 HaIlIel 3pbl, OHU HE OKa3aiu
KaKoro-1u00 BIMSHUS Ha CO3/IaHKE TEIIOBOro ABUrarens. Tak, Hanpumep, I epoH
Anexcanoputickuii B IEpBOM CTOJIETUH J0 HaIlleH 3pbl H300pes 1ap, Bpallaronmii-
Cs 101 IEVUCTBUEM PEAKTUBHBIX CUJI, CO3aHHBIX BOJISHBIM I1apOM, KOTOPBIN BbI-
phIBaJICs U3 1Iapa npu ero Harpesanuu. B Hayane XVII Beka uTanbsHCKUAN yUEHBIN
bpanka coznan ycTaHOBKY, B KOTOPOM UCIOJIb30Balach KUHETUYECKAsl DJHEPT U
rapa Juis BpalleHMs KoJjieca, YKPEIJICHHOI0 Ha BEPTUKAIbHOU OCH.

B nauvane XVIII cronerus /lanun niprtancs co31aTh NapOBYIO HOPIIHEBYIO
MaiuHy. OHaKo TOIbKO B 1766 1. Takas maiuHa Obuta co3nana M. U. [lonzyno-
8bIM.

Takum oOpasom, k koHiy X VIII Beka mpoiiecc mpeBpalieHus TemioThl B pa-
00Ty ObLIT OCYILIECTBIIEH, HO 0€3 BCAKUX TEOPETUUECKUX PACUETOB U OOOCHOBAHUIA.
O61y10 hopMyIHUPOBKY 3aKOHA COXPAHEHUS U MPEBPAIICHUS YPHEPTUU 1aJl BETIH-
KUl pycckuil yuenbii M. B. Jlomonocos. OgHako Jlomonocoe He MOT YCTAaHOBUTh
HKBUBAJICHTHOCTb PA3IUYHBIX (POPM JBUKEHUS MATEPUU U JaTh KOJIUYECTBEHHYIO
CBSI3b MEX1y HUMH, TaK KaK HE UMeJI HEOOXOAUMBIX JJIs 3TOr0 (PaKTUUECKHUX JaH-
HBIX.
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JIub uepes 100 net nocine Jlomonocosa, B iepBoil nosnoBune XIX Beka,
HayKa BIUIOTHYIO IIOJIOIIJIA K OTKPBITUIO 3aKOHA COXPAHEHHUS U IPEBPAICHUS
HHEPTUU U HKBUBAJIEHTHOCTHU TEIUIOTHI U paOOTHI.

B 1842 r. Pobepm Matiep Ha OCHOBaHUH OIBITOB YCTAaHOBHUJI MPSMYIO MPO-
MOPLHUOHATBHOCTh MEXKY 3aTPau€HHOM TerioTol O U noiayyeHHoi padoToi L u
ONpeeNnIl KOJTUYECTBEHHOE COOTHOIIEHUE MEKTY HUMU:

0= AL, (5.1)

rie A — MOCTOSIHHAS BEJIMYMHA, Ha3bIBaeMasl TCTUIOBBIM 3KBUBAJIICHTOM PaOOTHI.
Tennosou sx6u6anreHm eOUHUYbL pabOmMvl — GEIUYUHA PAZMEPHASL U 3A6UCUM OM
cucmemvl eOUHUY, BLIOPAHHBIX OJ1s1 U3MepeHUs: menjomsl u pabomul. Ecnu Temiora
1 paboTa BRIPAXKAIOTCS B OJJHUX SIUHUIIAX (JKOYJISAX), TO SKBUBAJICHT PaBEH €IH-
HUIIE ¥ TOT/1a

O=L. (5.2)

B ycTanoBneHHOM cooTHOUIEHUU Matiepa TOBOPUTCS HE TOJIbKO 00 SKBUBA-
JICHTHOCTHU TEIUIOTHI U pabOTHI, T. €. O KOJIMYECTBEHHOM MOCTOSIHCTBE HEPTHH, HO
1 00 U3MEHEHUU KayecTBa CaMOil SHEPTUH.

B 1843 r. anrnuuanus /orcoyns, a B 1844 1. pycckuit akageMuk Jleny ycra-
HOBWJIM COOTHOILIEHUE MEXAY IEKTPUUECKOU IHEPTUEN U TEIUIOTOU. Jloka3anu
HKBUBAJIEHTHOCTD 3JEKTPUUECKOM pabOThI U TEIIOTHL. DTOT 3aKOH BOLIEN B (PU3H-
Ky [OJ Ha3BaHHWEM 3aKoHa /orcoynsa — Jlenya.

B 1847 r. 6pia onybnukoBaHa padota [ ervmeonvya «O coxpaHeHuu cuvly.
B Heli Hay4yHO u3naraics 3aKOH COXpaHEHUsI SHEPTUH.

B 1850 r. 6su1a onybnukoBana padota Krayszuyca «O odsudicywetl cuie men-
JIomuly», B KOTOPOW JJaBaJoCh MaTeMaTHYeCKOe 0OOCHOBAHKE 3aKOHA COXpaHEHUS
HHEPrUH, pazoUpPaTUCh OCOOEHHOCTH TEIUIOTHI MPU UACAIBHBIX U PealbHBIX IPO-
1eccax, 00bsICHAIOCh HE TOJIBKO KOJIMYECTBEHHOE, HO U KaUeCTBEHHOE CO/IeprKa-
HUE OTKPBITOTO 3aKOHA.

Takum 00pa3oM, 3aKOH COXpaHEHUS U MPEBPAILEHUS SHEPTUH, OTKPBITHIN
M. B. Jlomonocogbim, HO HE TIOTYUYUBIINI IIUPOKOTO PA3BUTHS IIPU €0 JKU3HU, BO
BTOpOH nojoBuHe XIX B. IOTy4WI OJHOE IIPU3HAHHUE.

5.2. BHyTpeHHsIs1 JHeprus

1100 énympenneii snepeueii 2a3a NOHUMACMCA 6CA IHEPUA, 3AKTIOUEHHAA
6 mese unu cucmeme mes. ITy SHEPTUIO MOKHO MPEICTABUThH B BUJIE CYMMBI OT-
JENBHBIX BUJIOB YHEPTUM: KHHETUYECKON SHEPTUU MOJIEKYJI, BKIFOUAIOIIEN YHED-
TUIO NMOCTYNATEIbHOIO U BPAIIATEIBHOTO ABUKEHUS MOJIEKYJI, & TAKXKE
.KoJie0aTeIbHOTO JIBUKEHHUS aTOMOB B CaMOIl MOJIEKYJI€; JHEPTUU JJIEKTPOHOB;
BHYTPUSICPHON SHEPTHUH; SHEPTUM B3AUMOAECHCTBUS MEKAY SAIPOM MOJEKYIBI U
ANEKTPOHAMU; OTEHIIMATIBHON YHEPTUH WIIM SHEPTUH MOJOKEHHS MOJIEKYJ B Ka-
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KOM-JIMOO BHEITHEM T0JIE€ CHJI; DHEPTUH 3JIEKTPOMArHUTHOTO U3inyueHus. BHyT-
5
PEHHSSI DHEPTUSI TEJIA paBHA :

v=U,,+U,,,+U,, (5.3)

rae U, — BHYTPEHHSISI KWHEeTUYecKast aHeprust Mosekyi; U, — BHYTPEHHsA 110~
TEHUHUaIbHas SHEPrus MoJeKyr; U,—T0CTOsTHHAS HHTErPUPOBAHUSI.

BHyTpeHHI0I0 KHHETUUYECKYIO SHEPTHIO MOYKHO Pa3esIUTh Ha CIEAYIOLIUE
COCTaBJISIOIINE:

U,,=U +U +U

KUH KUH.nocm KUH.6p KOJl 2 (5‘4)
r71€ Uun.noem — KAHETUYECKAsI SHEPTUS MOCTYNATEIbHOTO JBUXKEHUS MOJIEKYII;
U\un.ep —KUHETUYECKAS DHEPTHS BPALIATEIBHOTO ABWKEHUSA MONEKYH; Uy, —
HHEPrus KojaeOdaTeIbHOTO JBUKEHHUS A/Iep aTOMOB MOJIEKYJIbI OTHOCUTEIBHO JIPYT
apyra.

Benuuuna U, npencrasisieT co00il HyJIEBYIO SHEPTUIO, UM BHYTPEHHIOIO
HHEPTUIO NPHU TemnepaType abcomtoTHoro Hyis. Kak uzsectno, npu 7' = () temo-
BOE JIBJKEHHME MOJIEKYJI U aTOMOB, BXOJAIINX B MOJIEKYJIbI, IPEKPAIIAETCS, HO
JIBUKEHHE YaCTHUI] BHYTPU aTOMOB ITpoaosxkaerca. Hanpumep, 1BHKEHUE dIIEK-
TPOHOB B aTOMaXx HE SIBJISIETCS TETUIOBBIM JABUKEHUEM U UMEET MECTO IMPH JIFOOBIX
TeMIiepaTypax, B ToM umcie u rnpu 7 = (. Tak kak abCOMOTHOE 3HAYEHUE BHYT-
pEHHEN YHEPruu METOIaMH TEPMOJAMHAMUKU ONPEIETUTh HEBO3MOKHO, TO MPHU
TEPMOJIMHAMUYECKOM aHAJIU3€ CUCTEMbI IPUXOAUTCS UMETH JI€JI0 HE ¢ a0COIOT-
HBIMH 3HAYEHUSIMU BHYTPEHHEH 3HEpPruu, a ¢ €€ U3MEHEHUEM B PE3yJIbTATE MPO-
UCXOJSIIINX MPOIIECCOB, MOATOMY JUIsl pelIeHus1 OOJIbIIMHCTBA TEPMOIMHAMUYE-
CKUX 3a7a4 3HaueHus: Uy He Tpedyercs, U e€ 0ObIYHO MOoJIaraloT paBHOM HYIIO.

B TexHHuYecKoil TEpMOIMHAMUKE PACCMATPUBAKOTCA TOJIBKO TaKUE MTPOLIEC
Chl, B KOTOPBIX U3MEHAIOTCSI KHHETUYECKAasi M MOTEHIMAIbHAsL COCTABIISIOLINE
BHYTpeHHeM sHepruu. [1o3ToMy B MOHsATHE BHYTpEHHEHN SHEPruu OyeM B Jajlb-
HEeHIIeM BKIII0YaTh ISl UI€AJIbHBIX Fa30B KHHETHYECKYIO SHEPTUI0 IBUXKEHUS MO-
JIEKYJ U SHEPTHIO KOJIeOaTeIbHBIX IBUKEHUN aTOMOB B MOJIEKYJIE, a JIsl pealib-
HBIX ra30B €11€ AOMOJHUTEIBHO U MOTEHIUAIBHYIO COCTABIISIONLYIO SHEPTUH, CBSI-
3aHHYIO C HAJJMYUEM CHJI B3aUMOJCHCTBUS MEXKY MOJIEKYJIAMU U 3aBUCAILYIO OT
PACCTOSIHUS MEXKI1Y HUMMU.

OTtcuet BHYTpeHHEN SHEPTUU TIPU 3TOM MOKET MPOU3BOAUTHCS OT JIF0OOOTO
YCIOBHOTO HYJIsA. Tak, HarpuMmep, JIJIs UAeallbHbIX ra30B MIPUHATO CUUTATh BHYT-
PEHHIOIO SHEpruo, npu ¢y = () °C paBHOU HYIIIO.

ITocKONBbKY KHHETHYECKAsA COCTABIISIONIAs BHYTPEHHEN SHEPTUH LIETUKOM
ONpENEIAETCS TEMIIEPATYPOU TENA, a MOTEHIUAJIBHAS €€ COCTABIISIIONIAst IIPH 3a-
JaHHOM TeMIepaType 3aBUCHUT €€ U OT YAEIbHOr0 00beMa (pacCTOSIHUSA MEXKIY
MOJIEKYJIaMU), TO TOJHAsl BHYTPEHHSS SHEPrusi OyIeT ABISAThCS QYHKIIUEH IBYX

> TTonHYI0 BHYTPEHHIOK SHEPIHIO TeNa NPUHATO 0603HauaTh U (J[K), @ YACTbHYIO BHYTPEHHIOI YHEPTHIO — U

(Jx/xr).
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MapaMeTpoB U B JAHHOM COCTOSIHMU Tejia OyJeT UMETh BIIOJIHE OIPEICICHHYIO
BEJIIMYUHY.

Takue BeIMUMHBI, KaK ObUIO YCTAaHOBJIEHO paHee, Ha3bIBAIOTCS MapamMeTpa-
MU (U1 GYHKIUAMEU) cOCTOssHUS. Clie0BaTENbHO, GHYMPEHHAS IHEeP2Usl, 65-
ACL napamempom cOCMoAHUSA, npedcmasisiem codou 00HO08PEMEeHHO 0OHO3HAY-
HYI0 HENPEPbIGHYIO U KOHEYHYI0 (DYHKYUIO COCMOSHUSL CUCTEMbL.

BHyTpeHHsIs1 3HEprust SABISETCS a00UMUEHbIM WIH 9KCMEHCUBHBIM TIapaMeT-
POM, Tak Kak €€ BeJIMYMHA 3aBUCUT OT MAcCChl Tena. Y iesibHasi BHYTPEHHSS dHEP-
T'Us CJIOXKHOU CUCTEMBI paBHA CYMME YJI€JIbHBIX BHYTPEHHUX DHEPTUi €€ OT-
JENbHBIX COCTABIISIONIUX, T. €.

n
u:u,+u2+...+un:Zui. (5.5)
i=1

W3 3aKkoHa COXpaHEHHUS SHEPTUU CIIEy-
€T, YTO TEPMOJIMHAMHUYCCKAsI CHCTEMa B KaXK-
JIOM CBOEM COCTOSIHUH MOYKET UMETh TOJBKO
OJIHO 3HaYCHUE BHYTpeHHEH sHeprun. Eciun
MIPEAMOI0KHUTh, YTO CUCTEMA B TAHHOM CO-
CTOSTHHM MOKET UMETh pa3HbIC 3HAUCHUS
BHYTPEHHEH SHEPTUHU, TO MBI MOTJIH OBI HC-
MOJI30BATh 3TY PA3HOCTh 0€3 U3MEHEHHUs CO-
CTOSTHHS CUCTEMBI. Takoe MOoJI0KEHUE TIPOTH-
BOPCYHMT 3aKOHY coXpaHeHus dHeprud. [1o-
ITOMY UBMEHEeHUE YOeNbHOL 6HYMPEHHEll dHep-
Puc.5.1. Mismenenne ynensHon 2uu eaza He byoem 3asucems om xapakmepa

BHYTPEHICH SHEPTHH uY nymu npoyecca, NOIHOCMbIo ONPeOeisscCh
3A0AHHBIMU HAYATbHLIM U KOHEYHbIM €20 CO-

CMOAHRHUAMU .

MZ_MI:f(pZ’VZ’TZ)_f(p]’VI’TI)' (5.6)

OT0 HarasAHO WLTIOCTpUpYET puc. 5.1. Bo Bcex nmponeccax

M3MEHEHUE yJIeIbHON BHYTPEHHEN SHEPTUM OyIET OHO U TO Ke.
B kpyroBbIX npolieccax U3BMEHEHHE yIeIbHON BHYTpEHHEN SHEPrUU paBHO
HYJIIO:

U, —u; =§du=0.
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. [Ipupaienue du, kak u 1100010 napa-
MeTpa, SBISETCS MOTHBIM AU PEpEeHIINATOM.
[TockonbKy cOCTOsSIHUE ra3a BIOJIHE ONpeies-
| -] ercs ocCHOBHBIMU MapamMeTpaMu COCTOSHUSA,
yIeNbHYIO0 BHYTPEHHIOIO SHEPTHIO MOYKHO

| NPe/ICTABUTh KaK (DYHKIIHMIO TIOOBIX JBYX Ia-
° | Bosayx H><H Bakyym |C pametpos coctosrus: u = f(T,v);u= f,(T,p)

u=f, (p,v), UJIM B BUJIE NOJHBIX Auddepen-

[HUAJOB VIECIBLHON BHYTPEHHEN DHEPTUU:
Puc.5.2. K onpenenennto 3aBUCUMO- y yTp P

CTH BHYTPEHHEU 3HEPIUU OT TEMIIE-

DATYDEL du=(0u/0T),dT +(0u/ov), dv,
du=(0u/0T),dT +(0u/op),dp.; (5.7)
du=(0u/op),dp +(0u/ov),dv.

Y nenbHast BHYTPEHHs DHEPIUs HI€aIbHOIO Ta3a, B KOTOPOM OTCYTCTBYIOT
CHJIBI B3aMMOJAEHCTBUSA MEXKAY MOJEKYJIaMHU, HE 3aBUCUT OT 00beMa WU J1aBIie-
uust (Ou/0v), =0 u (6u/dp), =0, a 3aBucut TobKO OT Temmepatypsl u = f(T).

CnenoBaTenbHO, IPOU3BOAHAS OT YAEIbHOM BHYTPEHHEH SHEPrUM Ueallb-
HOTO Ta3a [0 TEMIIEPAType eCTh MoJHas npousBoaHas: (Ou /0T )p =(ou/or), =

=du/dT .
OT10 noJsioxkeHue ObUIO JoKazaHo [ocoynem, KOTOpbIN npoaenan B 1845 r.
p CIEYIOIMU ONBIT. B KanopuMeTp ¢ BOAOM MoMe-
IIAJIKCh J[Ba COCY/A, COSTUHEHHBIE MEXTy COOOM
TpyOKoO# ¢ kpaHoM (puc. 5.2). B nmepBom cocyne
HaxoJUJICS BO3AyX MOJ AaBieHueM. M3 BToporo
cocyaa Bo3ayx Obu1 ynaneH. TemnepaTypa Bceit
YCTaHOBKH OMpPEACIIsIIaCh HECKOJIbKIUMH TEPMO-
1, T}const METPaMH.
[Tocne Toro kKak TemMmneparypa B KaJOpUMET-
Puc. 5.3. Msmenenne ynenb-  pe muinTenbHOE BpeMst OCTaBajaach MOCTOSHHON U
HOH BHYTPEHHEH SHEeprin paBHOM TeMmIiepaType BO3ayXa B MOMEIICHUH,
KpaH MEXIy COCyJaMH OTKPBIBAJICS, H 4acCTh
BO3JlyXa W3 IEPBOTO COCy/a MMomnajana BO BTOPOH.

[Tpu mpoBepke TeMIepaTypsl B KaJOPUMETPE 0Ka3aI0Ch, YTO OHA OCTANACH
HEW3MEHHOH, CIe0BaTEIbHO, B ONIBITE TEIIOTA HE MOTJIONIATAch U HE BBIICIIS-
nack (Q =0). Baemnsis pabota L Bo3ayxa npH NepeTeKaHUM B COCYJ C )KECTKHU-
MU CTEHKaMH TIPU YCIOBUH, YTO TaM ObLT BaKyyM, TaK)Ke HE COBEpIIaIach
(L=0).

[Tpu TakuX yCIOBHSX BHYTPEHHSS SHEPTHS BO3AyXa TaKXKe JOJDKHA ObLIa
OCTaThCs HEM3MEHHOU, TaK KaK B OINBITE HEM3MEHHBIMHU OCTaBaIIMCh TOJIBKO
TeMIIepaTypa U BHYTPEHHSISI SHEPTUsl. /[oicoyib CeNan BEIBOJ, UTO BHYTPEHHSSA
SHEPTHUs Ta3a 3aBHCHT TONBKO oT Temmepatypsl U = f(T).
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OTO MOJ0KEHUE B TOUHOCTH CHPABEIUBO TOIBKO JJIsl UJI€aJIbHBIX Ta30B.

BoiBosibl /[orcoyist MOTYT OBITH OTHECEHBI C IOMYCTUMOM JJIsl PAKTUKH
MOTPELIHOCTHIO M K PEaIbHbIM T'a3aM, €CJIM OHU HaXOASTCS MPU BBICOKUX TEMIIe-
patypax U MalbIX naBiieHUsX. [loaToMy aiist mpUOIUIKEHHBIX PACYETOB MOMXKHO
CUMTATh, YTO BHYTPEHHSSI SHEPTHUs PEaTbHBIX Ta30B MPU YKa3aHHBIX YCIOBUAX SB-
nsiercst GyHKLIMEH ToIbKO 0 HOM Temneparypsl. Ecinu Ha p-v nuarpamme (puc.5.3)
Mexay nzorepmamu 7 u T, u300pa3uth psiJ IPOU3BOJIBHBIX MpolieccoB /-2, 3-4,
5-6, KOTOpBIE UMEIOT pa3JInYHbIC HAYAJIbHbIE U KOHEUYHbIE OOBEMBI U J1aBJICHUS, TO
M3MEHEHHE YIEeIbHOW BHYTPEHHEN YHEPTUU UCaTbHOr0 ra3a y BCeX 3TUX IpolLiec-
COB OyJIeT OJMHAKOBBIM, T. €.

Au:uz-u,:u4-u3:u6-u5:f(T2)—f(T,). (5.8)

5.3. AHa;iuTHUYeCKoOe BbIpaskeHne padoThl mpouecca

Ilepenauy sHEeprum OT OJHOTO TEJIA K APYTrOMY, CBSI3aHHYIO C U3MEHEHUEM
o0beMa paboyero Tena, ¢ mepeMeIieHueM ero BO BHEIIIHEM MPOCTPAHCTBE WIIU C
M3MEHEHHEM €To MOJIOKEHHs Ha3bIBaloT paboToi. B mpousBoacTBe paboThl Beeraa
y4acTBYIOT JiBa Tena wiu Oosbiue. [lepBoe Teno, npousBopsiiee padboTy, OTaaeT

SHEPIHI0, BTOPOE TEJIO MOIYYaeT SHEPTHIO.

p CoBepiraemasi Ta30M paboTa Mpu ero pac-
1 2 IINPEHUM 3aBUCHUT OT H3MEHEHHS [TapaMeTPOB CO-
‘ vl ey, cTosiHus p, vu T.
p <—>i<TH; JInst BBIBOJIA YpaBHEHUS pa60Tblvra3a npu
\ [T " v  €ro paclMpeHHI PACCMOTPHUM YACTHbII Cllydail —
4 3 nojydeHure paboThl B PABHOBECHOM MPOIIECCE MPH
HOCTOSTHHOM JIaBJICHHH.
— [TycTh B IMJIHHPE IO/ MOPITHEM HAXOAUTCS

S ra3 Ipu JIaBJICHUHU p, PABHOM B PaBHOBECHOM TIPO-
[[ECCe TaBICHUIO CPEIbl, U YACIEHOM 00BhEME V;
Puc. 5.4. Tlonyuenue pa- (puc. 5.4); . Ecnu cooOmuTh ra3y HEKOTOPOE KOJIU-

0OTBI B pABHOBECHOM 4eCTBO TEILJIOTHI, TO OH 6YIICT pacuupAThCS IIpU
IpoIecce MpHU MOCTOSH- IIOCTOSIHHOM JaBJIEHUU U IEePEMEIATh MOPIIECHb 10
HOM JIaBJICHUHA HOBOTI'O ITOJIOKEHHUSA B TOUKE 2.

Cuuta, nelicTByroniasi Ha MOPIIEHb, paBHA pA, T A - MIOIAAb HOPLIHS.
[IycTs S - myTh nepemMenieHus NOpuIHs, a u3 (PU3NKU U3BECTHO, YTO MPOU3BEICHNE
CWJIBI Ha ITyTh €cTh pabota. Toraa pabota, coBepiiacMasi ra3oM, paBHa:

I=p-A-S, (5.9)

HO IIpou3BeieHnE A*S eCTh pa3HOCTh YJEIbHBIX 00BEMOB V, — Vv, , I03TOMY:
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l=p-(v2-v,)=p-Av. (5.10)

DOnemeHTapHas yaenbHas paboTa o/, coBepiacMasi CHICTEMOH B paBHOBEC-
HOM TIPOIIeCCe U3MEHEHUS COCTOSIHHSI TeJla MPU OECKOHEYHO MaJIOM U3MEHEHUH €€
o0bema, onpenenurces no Gpopmysie:

Sl = pdv. (5.11)

Y nenpHas pabota /, coBepiraemasi CHCTEMOM MTPH KOHEYHOM U3MEHEHUH e¢
o0BeMa B MPOU3BOJILHOM PAaBHOBECHOM Ipoliecce, n3o0pakaercs: KpuBoi AB (puc.
5.5) u paBHa:

V2
1= [ pav. (5.12)

Vi

3Has QyHKIMOHATBHYIO 3aBUCUMOCTb ITapaMeTPOB p U V B TIPOIIECCE MITH
» ypasnenue Buna p = f(v),
A MO’KHO aHAJTUTHYECKH OTIpe-
JEeNUTh paboTy AJist JH000ro
pPaBHOBECHOT'O TIpoliecca B
> yKa3aHHBIX TpeJieiax.

/ =— J vdp \ Ecnu cuctema cosep-
maet paboTy BO BHEIIIHEH

y 2

P

- Tp P cpene, rae JaBJIeHueE p', To
. paboTa paciupeHus cucre-
p> & 5 : B MBI TIPH YBEJIMYECHUU 00beMa
% Y Ha dv paBHa Ol = p'dv, a ipu
Vv d\{ N fJZ 5 ~ KOHEYHOM M3MEHEHHUH 00be-

Ma OT V; 10 V.
Puc. 5.5. Yaenpnas pabota, coBepiiaemas CHUCTe-
MOM ITpY KOHEYHOM U3MEHEHUHU €€ 00BbeMa B IIPO- V2
H3BOJILHOM PaBHOBECHOM IIPOIECCE [ = j p' av. (5_ 1 3)

Vi

[Tpu paBHOBECHOM TIpoOIlecce aBieHHE: p' = p.

Crnemyer HalTOMHUTD, YTO €CJTM PACHTUPEHUE CUCTEMBI IPOUCXOINUT B ITYCTO-
Ty, KOTJia JaBJICHKE p' Ha TPAHMIIAX CUCTEMbI M BHEITHEH Cpe/Ibl paBHO HYJIIO U
HUKaKHUX MePEMEIICHUI BHEIIHUX Te He HaOmtonaeTcs, pabora / paBHa HYJIO, U4TO
1 BbITEKaeT u3 Gpopmyisl (5.13).

Kpome paboTsl /, cBSI3aHHOM ¢ H3MEHEHHEM 00beMa | OIPEIe/IIeMOl BhIpa-
xerneM (5.13), HHOT1a BCTPEUaroTCs CIIy4an, Korjaa B pabodyeM Tee N3MEHSIEeTCS
BHCIITHSS KHHETHYECKask YHEPTUs 0e3 u3MEHeHUsT 00beMa (HarpuMmep, BpalieHue
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KHUJIKOCTH C IIOMOIIBIO MEIIAJIKH, pad0Ta MPOTHB JICKTPUUECKUX, MATHUTHBIX H
HEKOTOPBIX IPYTUX CHII).
V2
B takom mporiecce nuHTerpan j p'dv =0, tak xak dv = (. Oty pabory, po-
Vi

U3BOJIUMYIO BHEUTHUM UCTOYHUKOM, 0003HAYaIOT /.

CrnenoBatenbHO, paboTa CUCTEMBI, B 00IIIEM CiTydae CKIIaJbIBAeTCs U3
yJIeJIbHOM pabOThl pacliupeHus U padoThl, COBEpIIaeMoi 6€3 n3MeHeHus o0bema,

T. €.
V2

I=[pdv+l,. (5.14)
§ 7 g
T [Ipu pacmmpenuu raza He Bcs paboTa pacIupeHUst
T P> h MO>KET OBITh MMOJIE3HO UCIONIb30BaHa. YacTh ee BciencTeue
yBeJIUYEeHUs 00beMa raza J0kHa ObITh 3aTpaycHa Ha BbI-
i Pl TECHEHUE CPEbI, JaBIEHUE KOTOPOU U3MEHSETCA OT p,’ 110

[

S P Orta paboTa (puc. 5.6), oTHeceHHas kK 1 Kr pac-
HIMPSIOLIErocs ras3a, paBHa p," Ah, —p,"Ah, (rne A —

Pi
! !
I, IUIOIIAAb MOPIIHA) WU p,"v, — p,"V,.
Kaxnas senuuuna p,"v, wim p,"v, NpencTaBisier
7
Puc.5.6. PaGorta co0oii paboTy, KOTOPYIO HYKHO 3aTpaTUTh, YTOOBI BBECTH

pacumpeHnsraza  ra3 00beMOM V B cpefy ¢ naBiieHueM p'. Clie1oBaTenbHoO,
ylelibHas ToJjie3Hast (WId, Kak €€ 0OObIYHO Ha3bIBAIOT, PACIIO-
naraemasi) pabota /' paBHa pa3HOCTH MEXY pabOTOM paciiupeHus: U paboToM BbI-
TECHEHHS, T. €.

v2
I'=[pdv+i,—(p,'v,=p,'v)). (5.15)
v
Tak kak p'dv = (p’dv + vdp’)— vdp'= d(p’v)— vdp', TO
V) p2
jp’dv=(p2’vz—p,’vl)— IVdP’- (5.16)
V] Pl
Torna pacmonaraemas yaenbHas padbota
P2
I'=—[vdp'+1,. (5.17)

Pl

VYpaBuenus (5.10) u (5.11) nmokas3eIBarT, 4TO / U 0/ UMEIOT T€ K€ 3HAKH, YTO
u Av u dv, Tak KaK abCONIOTHOE JAaBJICHUE p — BEJIMYMHA MOJIOKUTEIbHAS.
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Ecnu v, > v; — ra3 pacmupsiercs, toraa Av > 0 u dv > () — pabota rasza
€CTh BEJINUMHA MMOJOKUTEIbHAS.

Ecmm v, < v; —ra3 cxxumaercs, toraa Av < 0 u dv < (), mpu 3TUX YCIOBUAX
paboTa raza BeJIMUYMHA OTPUIATEIbHAS.

Ecnu npouiecc pacmmpenust mpotekaer He ¢ 1 Kr rasa, a ¢ m (Kr), TO
ypaBHEHHE pabOThl U3MEHEHHSI 00beMa 3aMUIIEeTCs TaK:

L=m| pdv. (5.18)

Vi

PaGota usmenenus oobema rasza (pacuiMpeHus) Ipu paBHOBECHOM IpolLiecce,
onpezensemas ypaBuenueM (5.12), Ha p-v nuarpamme uzoopaxaercs mi. ABv,v;
(cMm. puc. 5.5), orpaHUYEHHOM TMHUEHN Tpoliecca, KpalHUMH OPAMHATAMH U OCBIO
00BEMOB:

V2
[=1p,-v,—p,-v, = [ pdv. (5.19)
Vi
p 4 Pacnonaraemasi BHelHss paboTa rasa (mosues-
] P2

Has), paBHasl ~|Ava’p , 1300pakaetcs wi. ABpyp;, 3a-
P

KJIFOYEHHOU MEXY JUHUEN IIporecca, KpanHUMHU

abcIccaMu U OCblo 1aBieHui (puc. 5.5):

@
35 . I'=I+pyv,—p,v,.

(5.20)

Puc.5.7. 3aBucumocts pado-
TBI paCIIUPEHUA OT Xapak-
Tepa mpoiiecca

W3 U35105KEHHOTO CIIETYET, UTO pacioyiaraeMast
(mone3Hast) paboTa MOXKET ObITh KaK 0OJIbIIIE, TaK U
MeHblIe padOThl paCHIMPEHHUS; OHA 3aBUCUT OT Ha-
KJIOHa KPUBOM Mpoliecca B p-v [uarpaMmme.

N3 puc. 5.7 BugHO, 4TO paboTa pacmvupeHust (WA CKaThsl) 3aBUCUT HE
TOJIBKO OT HAYaJIbHOT'O U KOHEYHOT'0 COCTOSIHUM Tea, HO U OT XapaKTepa Mpoliec-
ca, B KOTOpOM pabouee Telo MepexoanT U3 OJHOr0 COCTOSHMS B Apyroe. Bee mpo-
ueccel /-a-2, 1-b-2, 1-c-2, I-d-2 uMeroT HavyaJIbHbIE U KOHEYHbIE TapaMeTPhl O/1-
HAKOBbIE, HO pa3HbIe TUIONIaAH, U3o00paxaromue padory. Tak, Hanpumep, MpH 1e-
pexojie B nporecce /-a-2 paboTta raza nzoopaxaercs 1. 4/a234, a npu nepexojie
B nipouecce /-d-2 — . 41d234.
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Ecnu pabouee Teno coBepiaeT KpyroBoi
npolece, n300pakaeMblil Ha p-v JuarpaMmme
3aMKHYTOU KpuBoH [-a-2-b-1 (puc. 5.8), To npu
paclIMpEHUN €ro MO JIMHUU [-a-2 TeNo coBEpIIa-
€T MOJIOKUTETBHYI0 PabOTy, YUCIEHHO PaBHYIO
1. /a2431, a ipu c:)XaTUM 1O KPUBOU Tpoliecca
2-b-1 Hax TeJoM JTOJKHA OBITh COBEpIIIeHa pado-
Ta, YUCJICHHO paBHas 1. /b2431; sta paborta Oy-
JIET OTPULATENBHOW. Pa3HOCTh yKa3aHHBIX IUIO-
maieit uzoOpaxaeT cyMMapHyto paboTy, coBep-
HIEHHYIO pa004yuUM TEJIOM B pe3yJbTaTe OJHOIO
Puc.5.8. Kpyrosoii nponecc ~ KPYTOBOT'O IIPOIIECCa MIIM OJJHOTO LIUKJIA; OHA Oy-

paGoThI pacuMpenus JIeT YUCIIEHHO paBHA TUIOMIAIN BHYTPH 3aMKHYTOMN
JIUHUU TIpo1ieccoB [-a-2-b-1.

5.4. O0paTumble 1 HeOOpaTHMBbIE MPOLECCHI

PaccMmoTpuM paBHOBECHBIH Tpoliecc paciupenus raza A-B (puc. 5.9), koto-
PBIil IpoLIEN Yepe3 paBHOBECHBIE COCTOSIHUA A, 1, 2, 3, n, B. B aTOM npouecce
ObL1a mofTyyeHa paboTa paciiupeHus, n300pakaeMasi B HEKOTOPOM MacliuTade Il.
ABDC. Jns Toro yto0bl pabouee TeJI0 BO3BPATUTh B MEPBOHAYAILHOE COCTOSIHHE
(B TOuky A), HEOOXOAUMO OT TOUYKH B MPOBECTH 00-
paTHBII npolecc — Mpolecc cxarusd. Ecinu yBenu-
YUTh Ha dp BHEIIHEE /1aBJICHUE Ha MOPIIEHb, TO
MOpIIEHb NEPEeIBUHETCS HA OECKOHEYHO MalyIO Be-
JUYUHY U COKMET ra3 B UWJIMHIPE A0 NaBICHUS
BHEIIHEHN cpebl, paBHOro p+dp. Ilpu nanpHeiimem
YBEJIMUEHUHU JJABJICHUS HA dp MOPILIEHB OISTh Tepe-
JIBUHETCS HA OECKOHEYHO Majylo BEJIMYUHY, U ra3
OyJeT cKaT 10 HOBOTO JaBJICHUS! BHEUIHEN Cpeibl.
Bo Bcex nmocneayromux yBeIUYeHUAX BHEITHETO
E :: p :: < JaBicHUs Ha dp ra3, CKUMAsACh MPU OOPATHOM Teue-

=~ HUU TIpolecca, 0yaeT IpoXoIUTh Yepe3 BCe paBHO-

BECHBIE COCTOSIHUS MPSIMOTO npouecca B, n, 3, 2, 1, A
Y BO3BPATUTCS K COCTOSIHUIO, XapaKTepU3yEMOMY
Toukoi 4. 3aTpaueHHas paborta B oOpaTHOM Mpolec-
ce cxarus (1. BACD) paBHa paboTe paclIMpeHus B MPSIMOM Iipoiiecce (Il.
ABDC). Tlpu 3TUX yCJIOBHSIX BCE TOUYKHU MPSMOTO MPOIIECcca COJIBIOTCS CO BCEMU
TOYKaMu oOpaTHOro mnpolecca. Takue npouyeccol, npomekaroujue é RPAMOM U
00pamHoOM HANPAGNEHUAX De3 OCIMAMOYHBIX U3MEHEHUIL, KAK 6 CamMom pabouem
mene, mak u 6 oKpyscarouieil cpeoe, Hazvléarom oopamumvimu. Cie10BaTENbHO,
0001 paBHOBECHBIN TEPMOJUHAMUYECKUI MPOIIECC U3MEHEHUSI COCTOsIHUS pabo-
4ero Telsa Bcerja 0yaeT oOpaTUMbIM TEPMOJAMHAMUYECKUM MTPOLIECCOM.

Bcesxnit TepMOoaAMHAMHUYECKUN TTPOLECC, KOTOPBIM MTPOXOAUT YE€PE3 HEPABHO-
BECHBIE COCTOSIHUS, HAa3bIBAIOT HEOOPATUMBIM TEPMOAMHAMUYECKUM IpolieccoM. B

Puc.5.9. PaBHoBeCHBIH TTpo-
L[ECC pacUIMpPEeHus ra3a
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pe3ynbTaTe NPOTeKaHUs HEOOPATUMBIX MPOLECCOB B IPSIMOM M OOpPaTHOM HaIlpas-
JIEHUAX TEPMOAMHAMHUYECKAsI CUCTEMA HE BO3BPAIIAETCS B IEPBOHAYAIBHOE CO-
cTosiHME 0€3 3aTpaThl U3BHE SHEPTHUHU.

B xayecTBe npuMepa pacCMOTPUM a3, 3aKIOYEHHBINA B BEPTUKAJIBHOM LIH-
JTUHApE ¢ nopiHeM. YToObl co31aTh 00paTUMBIH MPOIIECC CHKATUS, MPOTEKAIOIIETO
0ECKOHEYHO MEJJIEHHO, HE0OX0/IMMO YBEJIMUMBATh IPYy3 HA MOPILIEHb Ha 0€CKO-
HEYHO MaJible KoauuecTBa. Ecin jxe pabouee Teno coBepIIaeT MpOLEece ¢ KOHEY-
HBIMHM CKOPOCTSIMH, TO TaKOW MPOIIECC HA3bIBAIOT Heobpamumuim. I1pu KoHEUHON
CKOPOCTH MOPIIHS I'a3, PACIOJIOAKEHHBIN HEMTOCPEACTBEHHO Y OPILIHS, UMEET JaB-
JeHue, 0oJbllee, YeM ra3 B OCTaJIbHOM 00bEME, U MOTPEOYyeTCsl HEKOTOPOE BpeMs,
YTOOBI IaBJIEHUE €TI0 BHIPABHSIOCH 110 BCEMY 00bEMY.

[Ipu pacumpenun rasa Habro1aeTcs aBiIeHue B 00patHoM nopsjike. Hemo-
CPEIICTBEHHO Yy MOPIIHS JaBJIeHHE raza Oy/1eT MeHbIle, Y4eM B OCTaJIbHOM 00beMeE,
U IOTpedyeTcss HEKOTOPOE BpeMsI JIJIsl TOTO, YTOOBI T'a3 PABHOMEPHO PACIIUPHIICS U
3aHsU1 BeCh 00beM IIMHIpa. Takum 00pa3oM, MPOLEeCChl PACIIUPEHUS U CHKATHS C
KOHEYHBIMU CKOPOCTSIMU SIBIISIFOTCSI HEOOPATUMBIMHM TEPMOJIMHAMUYECKUMU TTPO-
L[ECCAMH.

KoneuHast ckopocTh MpoTeKaHusi HEOOPATUMOTO IMPoLiecca BCEerla CBSI3aHa C
JOTIOTHUTENIBHOM 3aTpaToi SHEPIuM Ha MpeoaoeHue cui TpeHus. Tak kak oOpat-
HOE HEKOMIIEHCUPOBAHHOE MPEeBpallleHHE TEIUIOTH B pab0Ty HEBO3MOXKHO, TO BCS-
KU1 Tpo1iecc, COMPOBOXKAAIOIIUICS TpeHrueM, HeoOpaTtuM. HeoOpaTumbimMu mpo-
LIECCAMMU SIBJIAKOTCS TaKXK€E MPOLIECCHI, MPOTEKAOLIME TPU KOHEUYHOW Pa3HOCTH
TeMIIepaTyp Mexay paboynM TeJIOM U UCTOUYHHUKAMU TEIUIOThI, Ipolecchl AU dy-
3UM, IPOLECC PACIIUPEHUS B IyCTOTY U P APYTUX.

OO6patruMble TEPMOJUHAMUYECKHE MTPOLIECCHI ABIIAIOTCS UACAIbHBIMU MIPO-
neccaMu. B HUX npu pacivpeHru ra3 Npou3BOAUT MaKCUMaJIbHYIO paboTy, ompe-
JEJSIEMYIO YPaBHEHUEM

V2
Ly = | pdv, (5.21)

Vi

rac p — OAaBJICHUC pa60qer0 TCJa, paBHOC JAaBJICHUIO BHEIIHEH CpCIbl.

HpI/I CXXaTuu, Koraga pa6oqee TCJIO BO3BpaIacTCA B IICPBOHAYAJIBHOC CO-
CTOsHHUC, B O6paTI/IMOM MMpOonHeCcCe 3aTpavYnBaACTCA MUHHUMAJIbHAA pa60Ta.

HpI/I HCO6paTI/IMBIX nmponeccax pa60Ta rasa onpeacisiCTCa YpaBHCHUCM

v2
ZH€06p = jp’dv > (522)

Vi

rnep’— JaBJICHUC BHEIIIHEH CpCIbl.

Ilpu pacumpennu ra3a BCeraa /,q, > 1,,,;, > PH CXKATHHU rasa, Ha00OPOT,

Zoép < ZH€06p :
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Tonbko oOpaTuMBbIe MPOIECCHl MOT'YT OBITh H300paXKEHbI rpapUUECcKu Ha
JyarpaMmax COCTOSIHMS, TaK KaK Ha 3TUX AUarpaMMax KakJ1as TOYKa IpeICTaBIIs-
€T paBHOBECHOE cocTosiHUE Tena. ['paduueckoe ke n3o0paxeHne HeoOpaTUMBbIX
IIPOLIECCOB C ITOMOILBIO THATPAMM HWJIA COBEPLIEHHO HEBO3MOXKHO, UM UX MOYKHO
M300paXkatTh JUIIb MPUOIMIKEHHO, 3aMEHsIs, HAalIpUMep, BCE MapaMeTpbl UX OCPei-
HEHHBIMU 10 00bEMY 3HAUYECHUSIMH.

B tepmonnHaMuike paccMaTpUBaIOTCS 00paTUMBbIE IPOLECCHI, MPOTEKAIOIINE
B WJICATM3UPOBAHHBIX CUCTEMAX ¢ OECKOHEYHO MEIJIEHHBIMU CKOPOCTSIMU TEUCHUS
npoueccos. [Ipu 3Tux ycinoBusx n000i mpouecc NoAgaeTcs MOJIHOMY TEPMOAH-
HAMUYECKOMY M MaTeMaTH4YeCKOMY aHaJu3y, €CJIM U3BECTHBI CBOMCTBA paboyvero
Tena.

Bce nelictBuTeNbHBIE TPOLECCHI, MPOTEKAIOLINE B IIPUPOJE U B TEXHUKE,
COIIPOBOXKIAIOTCS SIBJICHUSIMU TPEHUSI WIH TEIIONIPOBOJHOCTU IIPU KOHEYHOM pas-
HOCTH TEMIIEpaTyp U ABIAIOTCS HeoOpaTUMbIMHU. OJIHAKO MHOTHE HEOOpaTUMbIE
IIPOLECCHI, C KOTOPBIMU ITPUXOAUTCS UMETH JE€J10 Ha MPAKTUKE, CPABHUTEIBLHO Ma-
JI0 OTJIMYAIOTCS OT 00paTUMBIX. B mpakTuueckux pacueTax nepexoj oT oopartu-
MBIX IIPOLIECCOB K JI€MCTBUTEIBHBIM OCYILECTBISETCS C OMOIIBIO AIMIIMPUIECKUX
K03 (PUIIMEHTOB, KOTOPbIE YUUTHIBAIOT OTKJIOHEHUS AEHCTBUTEIBHBIX IPOLIECCOB
OT UJealbHBIX — 0OpPATUMBIX.

Taxum 006pa3oM, oOpaTUMBIII poliece MPEACTaBISIET COO0M HEKOTOPHIN
IIpEEIIbHBIN CIydail IeHCTBUTEIBHOIO IIpolecca.

5.5. AHajuTHYecKoe BbIpaKeHHe MePBOro 3aK0HAa TePpMOIMHAMUKHI

[TycTs 1 Kr paboyero Tena coBepliiaeT HEKOTOphI mpoiecc (puc. 5.10), Ha
AJIIEMEHTAPHOM y4YaCTKe KOTOPOro a-b MOABOAUTCS OECKOHEUHO Majoe KOJTUYECTBO
AHEPruu B (popMe TEIUIOTHI 0g; IPU ITOM TeMIlepaTypa U 00beM Teja yBeJInYuBa-
I0TCS COOTBETCTBEHHO Ha OeckoHeuHO Mainble dT 1 dv. C MOBBIIIEHHEM TeMIIepa-
TypblI Tena Ha dT yBeIMYMBAETCSI CKOPOCTh MOJIEKYJI WIIM YBEJTUYUBAECTCS €r0
BHYTpPEHHsIS1 KuHeTnuyeckas sueprusi. C yBennueHueM oobema Tela Ha dv yBeTu4u-

BAETCS PACCTOSIHUE MEXIY MOJIEKYJIAMH, YTO CBS3aHO C
p A YBEJIMYEHUEM €70 BHYTPEHHEN MOTEHIIMAIIBHON YHEPTUH.

CyMMa u3MeHEHUN BHYTPEHHEN KNHETUYECKON U
BHYTPEHHEW MOTEHIIMAIBHON YHEPTUU MPEICTABISIET CO-
| b OO0l MOJIHOE U3MEHEHHE YACIbHONW BHYTPEHHEN SHEPruu
I B du.
| C yBenuueHueMm oobema Ha dv TeJI0 COBEpIAET
dv y  BHEIIHIOIO paboTy MO MPEeOo0JICHUIO BHEITHUX CHJI, KOTO-

e pyto 00603HayaroT J/.

Puc.5.10. K ananmuru- Ecnu B paboueM Tese He MPOUCXOIUT KaKUX-THO0
YCCKOMY BRIDAXKCHUIO  mpyrux SBJICHUU U OTCYTCTBYET KUHETUUYECKAs YIHEPIUs
TICPBOTO 3AKOHATCP-  pyNIMOro JBUKEHMS, TO, COTJIACHO 3aKOHY COXPaHEHUS
MOATHAMTIEH SHEPI'UM, MOKHO HAMMUCATh JJISl AJIEMEHTAPHOTO MpoLEcca
C YYETOM BBIOpaHHOTO MpaBHJia 3aKOHOB CJIEIyIOIIee YpaBHEHUE:
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2 2
du=38q-Sl;uy-u; = [8q—[dl=q, ,~1, (5.23)
1 1
NN OJ14 O6paTI/IMBIX IMponeccoB
2
5q=du+pdv;q,_2=u2—u,+J.pdv. (5.24)
1

IlonyuyeHHOE ypaBHEHUE SIBISICTCS MaAMEMAMUYECKUM GbIPAICEHUEM nep-
6020 3axkona mepmoounamuxu. OHO POPMYIUPYETCS TAK: «U3MEHEHUE YOeTbHOU
6HYMPEHHell IHEPZUU MEPMOOUHAMUYUECKOI CUCHEMbL PAGHO A/12e0paAUuYecKoil
CYMMe NOYUEHHOU CUCMEMOIl IHEP2UU 6 (hopme YOeIbHOll men1omul 0q U Co-
6epuIeHH oIl €10 6HeulHell Y0eabHoul pabomoil dl, unu nodsedennasn K padouemy
meJy 3Hep2us 6 hopme yoenbHoll meniomol pacxo0yemcs Ha UsMeHeHue
YOenbHOIl 6HympeHHell IHeP2UU meia U Ha CO8epUieHUe MejloM 6HeulHell pa-
oomuly.

OcHOBHOE ypaBHEHHE NIEPBOTO 3aKOHA TepMoauHaMuku (5.23) u (5.24), kak
3aKOHA COXPAHEHUS SHEPIHH, OBLIO MOJYYSHO IS MPOIECCOB, B KOTOPHIX €IUHCT-
BEHHBIM BU0M pabOTHI siBJIsieTCs paboTa pacmupenus p-dv. Ho, ctporo rosops,
OHO SIBJISIETCS CTIPABEJIMBBIM JIJISI
JOOBIX CUCTEM KaK HETIOJIBH)KHBIX,
TaK ¥ IepeMenalommnxcs B Ipo-
cTpanctBe. /s cuctem, nepeme-
HIAIOIIUXCS B IPOCTPAHCTBE, YpaB-
HEHHE MEePBOro 3aKOHA TEPMOIH-
HAMHKH MPEJCTaBIAET COOOM YacT-
HBIN CiTyyal HaluXx OOIIHUX ypaB-
Henuit (5.23) u (5.24).

Paccmotpum ypaBHEHUE TIEp-

Puc.5.11. K onpenenennro nepBoro 3akoHa
TEPMOAMHAMHKH JUISl [IOTOKA BOI'0 3aKOHAa TEPMOJAUHAMUKU JUIA

MOTOKA.
[Ipu npoTexanuu raza yepe3 Kakou-mmoo yvyactok kanana /-2 (puc. 5.11)
3aTpayrBaeTcs paboTa Ha BhITAJIKMBAaHUE / KT raza U3 anmnapara, paBHas
P, A,-S, wm p,-v,. 3Ty paboTy IpOU3BOAUT IIOTOK IPOTUB BHELIHUX CUJI U

CUUTAETCS BEJIMYUHON MOT0KUTEINBHOM.
Pabota, 3aTpaunBaemasi HaJl IOTOKOM B C€UeHUU /-/ Ha BTAJIKUBaHUE [ KT
rasa B KaHaJl, paBHa p,-A4,-S, wiu p,-v,. Ota paboTa cuuTaeTcs BEIUYUHON OT-

punarenpHol. Takum o6pa3oM, Ha ydacTke kKaHana /-2 coepiiaercs padora,
paBHas aqreOpandeckoi cymme padoT p,-v, U p,-Vv,, KOTopas Ha3blBaeTcs pado-

Toli TIpoTanKuBaHus I'= p,-v, — p,-v, wm 8'=d(p-v).
Ecnu kuHeTnueckas sHeprus pabouero teja B cedeHuu 2-2 (CKOpOCTb W)
0oJbllIe KUHETUYECKON aHEPTUU Tejla B ceueHUH /-1 (CKOpOCTh W;), TO U3MEHEHUE
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KUHETHUUYECKOMN OHCPIUU ITOTOKA OIIPCACIINTCA U3 U3BCCTHOI'O COOTHOUICHUS MEXa-
HHUKMH:

l,,=w;/2—w;/2,uma S, =dw’ /2. (5.25)

DTO NpuUpalleHrue BHEIIHEN KUHETUUECKOW SHEPTUM TOTOKA B KaHAJIE HA3bI-
BaCTCS PACHO1a2aemoll padomoii U MOXET ObITh UCTIOJIb30BAHO HA BaJly MaIllMHBI.

Ecnu cedenus /-1 u 2-2 pacnoio’KeHbI HA Pa3HBIX BBICOTAX, TO JIOJKHA
OBITH 3aTpadeHa paboTa Ha Mo bEM PaboUvero Teja ¢ BHICOTHI /1; Ha BBICOTY A WIH
JI0JKHA OBITh 3aTpaueHa paboTa Ha U3MEHEHUE BHENTHEN MOTEHIIMAIbHOM SHEPTUU
MOTOKA B KaHaJle, KOTOpasi COCTABJISIET:

I =glh-h) wm o, =d(g-h). (5.26)

B o6mieM ciydae moTok Mexay ceueHus MU KaHama /-1 u 2-2 MOXeT coBep-

1aTh Pa3IMYHbIE BUJIBI TIOJIE3HOM pabOTHI B TEIUIOBHIX alnapaTax: U MapoBbIX WU

I'a30BbIX Typ6I/IHaX, B KOMIIPECCOPAaX, BCHTUIIATOPAX, ABIMOCOCAX U JP. Bce atu
BHUbI pa6OTBI Ha3bIBAXOTCS MEXHUUECKOU pa60m0t2 u obo3Hauarorcs [ nim

ol

mexH *
IIpu nmpoxo’kAeHUN ra3a yepes KaHajl 3aTpauuBaeTcs padoTa Ha peojoie-
HUE CHJI TPEHHs O CTEHKH KaHana. O0o3Hayaercs sta pabora /[, win ol,,, .

Takum 06pa3zom, paboTy, KOTOPYIO COBEpLIAET MOTOK paboyero teia, MOx-
HO MPEJCTaBUTh B CIEAYIOIIEM BHUJIE:

;.= (Pz"z _plvl)+(W22 /Z_WIZ /2)+g(h _h1)+lmexﬂ +1 (5.27)

mp
i

o, ,=d(pv)+dw’ /2+d(gh)+dl,,. +0l . (5.28)

mexw mp

[loncrapiss noaydyeHHOE 3HaueHue paboThl B ypaBHEHUE NIEPBOTO 3aKOHA
TepMoIuHaMuKH (5.23), moydaem

G1o =y —u,)+(pyvy = pyv, )+ (w2 /2= w7 /2)+

, 5.29
+g(h_hl)+lmexﬂ+lmp ( )
win B tuddepeHmanbHon hopme
84, =du+d(pv)+dw’ /2+d(gh)+ 8, + 5, (5.30)
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[TonyyeHHOE ypaBHEHHUE IEPBOTO 3aKOHA TEPMOJIUHAMUKYU CIIPABEJIUBO IS
MOOBIX paboYMX TEN U, B YACTHOCTH, JIJISl UACAIbHBIX ra30B. Y paBHeHus (5.23),
(5.24) u (5.29) onuceiBalOT Kak oOpaTuMbIe, TaK U HEOOPATUMBIE TIPOLIECCHI.

JleficTBUTENBHO, ISl HEOOPaTUMBIX MPOLECCOB HA IPEOI0JIEHNUE CUJT TPEHUS

3aTpavynBaeTcs pabora /,,, KOTOpas HOJHOCTBIO EPEXOUT B TEIIOTY TPEHHUS

Gpp » IOITOMY ¢, = 1,,., unu &q,,, =4l . Torna njis HEOOPATHUMBIX TIPOLIECCOB

89+ 684, =du+d(pv)+dw’ /2+d(gh)+ &, + 1, (5.31)

mexw mp

Ho B 9TOM ypaBHeHuu og,,, u 6l,, B3AUMHO yHHYTOXKAKOTCS, U YPABHEHHE

MIEPBOTO 3dKOHA TCPMOJNHAMHUKHU ITPUHUMACT BU:

&g =du~+d(pv)+dw’ /2+d(gh)+ 4l

mexu *°

(5.32)

Otcrona ypaBaeHus (5.24) u (5.32) onuchIiBatoT U1 HEOOPATUMBIE TIPOLIECCHI.
Taxum oOpaszom, ypaBHeHus (5.24) u (5.32) BeIpa)karOT NEPBBI 3aKOH TEP-

MOJMHAMUKH, a BETUYHHY PAOOTHI p dv MOXKHO MPUPABHATH MTPABOM YaCTH ypaB-
Henus (5.32):

pdv=d(pv)+dw’ /2+d(gh)+dl ... (5.33)

U3 »TOT0 ypaBHEHUS CIEIYET, YTO BCE BUABI Pa0OT B MOTOKE COBEPIIAIOTCS
3a c4eT paboThl pacliupeHus padbodero Teia p-dv.

Bennuunsl, BXoasimue B ypaBHeHHE (5.23), MOTYT OBITh KaK TOJIOKHUTEIIb-
HBIMH, TaK ¥ OTPHUIATCIIBHBIMU U B HEKOTOPBIX CIIyYasX MOTYT IPUHUMATh HYJIe-
BbIC 3HAYCHUSI.

HecMoTpst Ha MPOCTOTY MEPBOTo 3aKOHA TEPMOIUHAMUKH, HMEETCS 00Th-
10€ KOJIMYECTBO €ro (hOpMYyIUPOBOK.

[TpuBeaeM HEKOTOPHIE U3 HUX, HAMOO0JIeEe pacpoCTpaHEHHbIC.

1. «He603M0HCHO 803HUKHOBEHUE UNU YHUUNONCEHUE IHEPIUUY. DT
(GhopMyITUpOBKa TOBOPHUT O HEBO3MOXHOCTH BO3HUKHOBEHHS SHEPTHH M3 HUYECTO U
YHUUYTOXXCHHS €€ B HUYTO.

2. «obas ghopma osudsicenuss cnocodbHa u 00NHCHA NPeBPaAUAmMbCsl 8
100y Opyeyro hopmy 08udicerusy. ITta husocodcekas GopMyIMpoBKa MOTIEPKU-
BaeT HEYHUYTO)KaEMOCTh SHEPTUHU U €€ CIIOCOOHOCTh B3aMMOITPEBPAIIATHCS B JIFO-
ObIe IPyTHe BUIBI YHEPTHUU.

3. «llepnemyym-mobune nepsozo pooa HegozmodicHay». Ilon nepneryym-
MoOuJIe IepBOro pojia MOHUMAIOT MAaIINHY, KOTOpast Oblia Obl CIOCOOHA MTPOU3BO-
IUTH pabOTy U3 HUYETO.

4. «OHepeus ssnsemcs 00HO3HAUHOU pyHKYuel cocmoanusy. Hanpumep,
BHYTPCHHSISI DHEPTHUS SBIISICTCS OJHO3HAYHOU (PYHKITMECH OCHOBHBIX ITApaMETPOB
cocrossausa U = f(p,V,T).
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5.  «beckoneuno manoe usmeHenue 6HympeHHell dSHepeUul s6/11emcs
noanbIM Ouggepenyuanomy. Ita MareMaTuueckas GOpMyIHpPOBKa MOTUYEPKUBAET,
yro ecnu U ecth sHEprusi, To dU ecTh MONHBIN ee nuddepeHiuman.

6.  «Tennoma u paboma senaromcs 08yMs eOUHCMBEHHO B03MONCHBIMU
Gopmamu nepexooa suepauu om 00Ho20 meaa k opyeomy». lloHITUS «menioma
U «pabomay CBSI3BIBAIOTCS HE C «3aNAcoM», a ¢ «npoyeccom». Pabora — 310 Mak-
podmsuueckas Gpopma mepegaun IHEPTHUH, a TEIII0Ta MPEACTABIAET CO00H COBO-
KyITHOCTh MUKPO(H3UIECKIX TIPOIIECCOB MEepeaaun YHEPTHH.

5.6. DHTAABLNINA

B nponuiom cronetuu u3BecTHbIN Pusnk / u66C BBEI B MPAKTUKY TETUIOBBIX
pacyeToB HOBYIO (PYHKIIMIO, KOTOpas MO Npeaioxennto Kavvepaunea-Onneca Ha-
3BaHa IHmanvnueil. Yoenvnan IJnmanvnus, T.e. OTHOLIEHUE YHTAIBIINH K Macce
Tena, 0003HAYaeTCs /1 U BRIpaXKaeTCsl B JDKOYJSAX Ha Kwiorpamm (Ix/kr); oHa
MPEICTABIIAECT COOOM, HO OINPEACIICHUIO, CIIOXKHYIO (DYHKIUIO BH]A

h=u+ pv. (5.34)

[TockonbKy BXOASUINE B yAECTbHYIO SHTAIBIINIO BETUYUHBI U, p U V SBISAIOT-
cst mapameTpamu (QyHKIMSIMU) COCTOSIHUS, CI€0BATEIbHO, U CaMa SHTAJIbIUS OY-
JEeT TaKKe nmapaMmeTpom ((pyHKIIMei) cCoCTOSTHUSI.

OHTaNbNUsl OTHOCUTCA K a/IIUTUBHBIM UJIU SKCTEHCUBHBIM MapamMeTpam, TaKk
KaK €€ BeJIMYMHA MPONOPIMOHAIbHA Macce.

Ecnu B kauecTBe HE3aBUCUMBIX TAPAMETPOB BHIOPATH J1aBJIEHUE p U TEMIIe-
patypy 7T, TO MOKHO TOJIYYHUTb JIJIsi 0OPATUMBIX IPOLIECCOB APYrOM B aHATTUTH-
YEeCKOTO BhIPAYKEHUS MEPBOT0 3aKOHA TEPMOANHAMUKH :
oq =du+ pdv =du +d(pv)—vdp = d(u + pv)—vdp. Tak kak d(pv)z pdv +vdp.

Orcrona

Sq=dh—vdp, (5.35)

i
P2
G >=h,—h;— [vdp. (5.36)

P

AOCOI0THOE 3HaYEHUE YIeTbHON SHTABIINKA TEPMOJIMHAMUYECKOMN cHCTe-
MbI MOKHO TOJTy4UThb, TPOUHTETPUPOBaB ypaBHeHue (5.35). B pesynbraTe uHTer-
PUPOBaHMs B BhIpAXXEHUE JJI /1 BOMAET MOCTOSTHHAS MHTErPUPOBAHUS /:

h=[(3q +vdp)+hy, (5.37)
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T. €, YJeJIbHAas SHTAJIBIINS CUCTEMBI ONPEEISAETCS C TOUHOCTBIO 0 HEKOTOPOU aI-
JTUTUBHOM MOCTOSTHHOM /1y. DTy MOCTOSIHHYIO BEIOMPAIOT MPOU3BOIBHO, U B 00JIb-
IIMHCTBE CIIY4aeB YAEJIbHYIO SHTAIBIINIO UACAIBHOrO raza (mpu p — () cCUUTaroT
paBHOi1 Hyt0 11pu 0°C, @ KOHCTAHTY UHTETPUPOBAHMS HE YUUTHIBAIOT.

Ecnu B TepMOAMHAMUYECKON cHCTEME MPOTEKAIOT 0OpaTUMBbIE TPOLIECCH U
Hapsy ¢ paboToll u3MeHeHus: o0bema p-dv MPOU3BOJUTCS paboTa, HE CBSI3aHHAs C
M3MEHEeHHEeM 00beMa CUCTEMBI M OTJaBaeMasi BHEIIHEMY OOBEKTY, TO B IIpaBble
yacTtu ypaBHeHU# (5.24) u (5.35) BoiiAeT 1ONOJHUTEIBHBIN YIeH

oq =du+ pdv+9l,; (5.38)
oq =dh—vdp +4l,. (5.39)

VYpasuenus (5.38) u (5.39) sBnsitoTcst HauboJIee OOUWUM AHATUMULECKUM
8bIpadIcenUemM nepeo2o 3aKOHA MePMOOUHAMUKY O 0OPAMUMBIX NPOYECCO8 U3-
MeHeHUs. COCMOANHUSL MEPMOOUHAMUYECKOU CUCEMDBI.

[Ipu p = const ypaBuenue (5.35) npeBpaiaercs B

oq,=dh. (5.40)

Huddepenunan yaeapHoN SHTAIBINUN dh €CTh JIEMEHTAPHOE KOJIMYECTBO
TEIUIOTHI, YYaCTBYIOLIEE B IIpoLIecce MPHU MOCTOSSHHOM JaBieHud. Bes Temiora B
npoliecce Mpu NOCTOSSHHOM JaBJICHUH PAcX01yeTcsl HAa U3BMEHEHHE SHTAJIbIUU:

2
q,=|dh=h,—h,. (5.41)
I
W3 ypaBuenus (5.35) cnenyer, 4to

P>
dh =g +vdp , uma hy—h; =g+ [vdp. (5.42)

P

HN3menenue YIICHBHOﬁ OHTAJIBIIMU ITOJITHOCTBIO OIIPCACIIACTCA HAYAJIbHBIM U
KOHCYHBIM COCTOSIHUAMHU pa6oqero TCJIa U HC 3aBUCHUT OT IMMPOMCIKYTOYHBIX CO-
crossHui. I3MeHeHne SHTaIbIIMU T'a3a B OHUKJIAX paBHO HYIIIO, T.C.

jidh =0. (5.43)

[TockonbKy yaenbHast SHTAIBIUS SABJISIETCS (PYHKIIMEH OCHOBHBIX T1a-
paMeTpOB COCTOSIHUSA, TO dh eCTh MOoJHbIN AuddepenHtnan 3Toil GyHKIUU TIPH JIFO-
OBIX HE3aBUCHUMBIX MTEPEMEHHBIX, XapaKTEPU3YIOIIUX COCTOSHUE Ta3a:
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h=f(pv)h=pvT):h=F(p,T), (5.44)

OTKyJZa
dh=(0h/op),dp +(0h/ov),dv,
dh=(0h/0T),dT +(0h/ov), dv, (5.45)
dh=(0h/0T),dT +(0h/op),dp.

N3MeHeHne yenbHOM SHTAIBIIMU BO BCEX IIpoLeccax, MPOTEKAKOIINX MEX-
Iy 1ByMsl ToukaMu 4 u B, onuHakoBO. PU3NYECKHUI CMBICI SHTAIBIINY 3aKJIH0Ya-
€TCsl B TOM, YTO y/IeJIbHAs DHTAJBIINA /I paBHA YHEPTUU PACIIUPEHHON CUCTEMbI —
TeJIa U OKPYKaroLIEeH Cpebl.

3Ha4YEeHUs SHTAJBIINK JIs IAPOB, Fa30B, FA30BBIX CMECEN MTPUBOAATCA B TEX-
HUYECKOM U CIpaBOYHOM juteparype. 11oyb3ysace 3TUMU JaHHBIMU, MOYKHO OITpe-
JEJATh KOJIUYECTBO TEIJIOTHI, yYaCTBYIOLIEE B IIPOLIECCE IPU IIOCTOSIHHOM J1aBJjle-
HUU. DHTAJIBIUS UMEET OOJIbIIOE 3HAUCHHE U MPUMEHEHHE MPU pacueTax Terio-
BBbIX U XOJIOJAMJIbHBIX YCTAHOBOK M KaK IMapaMeTp COCTOSIHUA paboyero Tesia 3Ha4yu-
TEJIBHO YIPOLIAET TeIIOBbIe pacueThl. OHA MO3BOJISET MPUMEHSTH Ipadrueckue
METO/IbI IIPA UCCIEA0BAHUU BCEBO3MOXKHBIX TEPMOANHAMUYECKUX IPOLIECCOB U
LIUKJIOB.

OHTanbenuel 0co0EHHO 11e1eco000pa3Ho MOJIb30BaThCS TOT/IA, KOrja B Kaye-
CTBE OCHOBHBIX ITapaMETPOB MIPUHUMAIOT p U 1. DTO HArISAHO MOKHO BUAETH, €C-
T YIEIbHYIO SHTAJIBIINIO /I CPAaBHUTH C yIE€IbHON BHYTpeHHeW sHepruei u. [lpu
V = const ypaBHEHHUE MIEPBOT0 3aKOHA TEPMOJAUHAMUKU O = du + pdv nipeBparia-
eTcsi B 6q, =du , Wu q, =u, —u,, aIpu p = const — q, =h, —h;.

OHTaNBNNS UAEATBHOTO ra3a, TAKXKE KaK U BHYTPEHHSISI SHEPT U, SBIIACTCS
byHKUKEN TeMIiepaTypbl U HE 3aBUCUT OT JIPYTUX MapaMeTpoB. JelicTBUTENBHO,
JUISL UI€AJIbHOTO ras3a

h=u(T)+pv=u(T)+RT, (5.46)
CJIeIOBaTeIbHO (TIOCKOIBKY 00a cllaraeMbIX 3aBHCAT TOJIBKO OT TEMIIEPATYPHI),

h=f(T).

Torna 1o aHajnoruu ¢ BHyTPEHHEN YHEPTUEN UMEEM

(@n/oT), =(0h/oT), =dh/dT, (5.47)

T. €. B JJIOOOM IIPOLIECCE U3MEHEHUS COCTOSIHUS UAEAIBHOTO raza Mponu3BOJgHas OT
M3MEHEHUS YHTAJIBIINU 110 TeMIeparype OyeT NOJHON MPOU3BOIHOM.
YucrioBble 3HAYEHUS YSHTAJIBIIUM H1€abHBIX Ta30B MPUBEACHBI B Ta0M. 5.1.
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Tabnuna 5.1

VieapHpie SHTANLNHA, SHTHONHA W BHYTLEHHAR 2HENTUA rasni
Boanyx Q, H, _ Ny CU l 2O,
£,
h 5 u h 5 u h s 7 h ¢ u h s f h 5 u

0 0 0 g | 0 Q 0 0 0 0 0 0 0 0 0 0 0 0 0
100 |-100,6/0,3128| 71,9| 92,32{0,2826| 66,2 1435| 4,388| 1022 | 103,2(0,3215, 80,8| 104.2(0,3249; 74,5) 85,580,2692) 67,9
200 | 202,310,5543| 144,8/187,5 [0,5083| 134,9] 2884 | 7,838 2056 | 206,9|0,5681| 155.0] 209,2(0,5744| 150,01182,0 0,4957| 1447
3 305,710,7524] 219,5| 285,0|0,6958| 206,8| 4333 (10,62 | 3095 | 312,0[0,7695| 230,4| 316,1}0,7742y 227,1)284,6 |0,6521) 228,7
400 | 411,3(0,0224 296,4| 386,0]0,8583( 281,9( 5790 12,96 4138 | 419,1/0,9416] 307,8{ 425,4{¢,0550( 306,7/393,1 (0,8662] 318,6
500 | 519,611,071 | 375,7| 489,4(1,002 | 359,5| 7256 114,99 | 5188} 528,4{1,003 | 387,8] 537,6;1,11C | 388,9,506,6 1,023 | 413.5
600 | 520,7]1,206 | 457,4] 595,8]1,131 | 439,4] 8725|16,78 | 6246 | 640,2{1,229 | 470,0| 651,851,240 | 473,81523,8 |1,160 | 5i12,4
700 | 742,3(1,328 | 541,2| 703,4{1,247 | 521,2| 10212 (18,39 | 7320 754,5(1,352 | 554,6| 768,8/1,376 | 561,0/744,8 |1,297 | 614,7
800 | 856,6[1,440 | 627,1| 812,7{1,354 | 604,5| 11715]19,86 | 2410 | 870,41,466 | 650,9) 887,2{1,492 | 650,21368,2 |1,418 720,1
900 | 973,4(1,544 | 714,6] 923,2(1,453 | 689,2| 13234 121,21 | 9519| 988,51,5671 | 725,1)1002 1,509 | 741,3(0493,9 (1,530 | 827.7
1000 {1081 |1,640 | 803,7(1035 |1,544 | 774,8| 14775 122,48 [ 10649 |1108 11,671 ; 818,81130 1,086 | 834, 6/1122 }1,635 | 937,5
1100 /1210 {1,730 ; 894,1|1148 1,630 861,61 16337 23;65 12800 (1229 11,761 | 910.3/1234 1,793 | 998,1|1252 11,733 }1043,0
1200 {1330 [1,815 | 985,7|1261 |1,709 949,21 17920 (24,77 [ 12971 [1351 |1,846 |1002,8;1379 11,801 11C23,411254 11,825 1162,1
1200 1452 |1,893 |10678,3{1375 |1,784 |1037,6 19531 [25,83 | 14164 [1475 1,927 |1006,5,1505 |1,9G4 ini.ﬂi,?lﬁlt’i 1,912 {1276,5
1400 {1574 [1,969 [1171,8(140t |1,856 {1126,8] 21156 126,83 | 15379 1599 [2,004 |1101,C[1632 [2,042 11210 8{1650 11,995 11392, 1
1500 (1697 (2,041 [1266,2(1607 |1,928 [1216,8] 22801 (27,78 (16615 (1725 |2,077 |1286,3[1760 (2 116 [1214,B(1724 (2,073 {1508,7

Mpumenanne. OCosuadicHnsi ¥ eAMHALBL BeJHYAH: BSHTAIpNEA -/, xIDK/Er; SHTPONEA — 5, kI /(kr-K); BEYTpeHHSA

sueprad — i, k/l#/Kr.
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6. TEIINIOEMKOCTbDb I'A30B. DOHTPOIIUSA
6.1. OcHOoBHBIE OmpeaeIeHus

[Tpu pacueTe TerIOBOM anmapaTypbl HauOoJIee BaXKHBIM MOMEHTOM SIBJISICT-
csl ompe/iereHre KOJIMYECTBa TEIUIOThI, y4acTBYIolIee B mpouecce. TouHoe ero or-
pezesieHne obecrieunBaeT MPaBUIbHYIO OLIEHKY pabOThI anmaparta ¢ SKOHOMHYE-
CKOW TOYKHU 3PEHUS, YTO SIBISETCS OCOOCHHO IIEHHBIM MPU CPABHUTEIBHBIX UCTIBI-
TaHUSIX.

CooO1eHue Temy TeroThl B KAKOM-TH00 Mpoliecce BbI3bIBAET U3MEHEHUE
€ro COCTOSIHUSI M B OOIIIEM CIIy4ae COMPOBOXKIACTCS U3BMEHEHHEM TeMIIEPATYPBhI.
Ommnouwienue 31eMeHmMAPHO20 KOIUYECMEA MEN10Mmbl 04, NOAYUEHHO20 MEI0M
npu 6ecKOHEeUHO MAIOM USMEHEHUU €20 COCHOAHUSA, K U3MEHEHUI0 memnepa-
mypul dt nazvleaemcsa yoenbHoll Men10eMKOCmbio mea 6 0AaHHOM npoyecce:

c, =dq,/dt. (6.1)

Benuuuna g B ypaBHeHUU (6.1) 3aBUCUT HE TOJIBKO OT MHTEpBaja TEMIIepa-
TYp, HO ¥ OT BHJIa IPOILIECCA MOJIBO/IA TEIJIOThI, XapaKTEPU3yEMOr0 HEKOTOPHIM
MTOCTOSTHHBIM TTapaMeTPOM X, KOTOPBIM MOKET ObITh 00bEM TeJa v, TaBJICHUE p U
ap. OO01iee KOJIMYECTBO TEIUIOTHI, MOJIyYeHHOE B IAHHOM IIpoliecce, Onpenensercs
BBIPAKCHUEM

2

g1 2= dl, (6.2)

1

rJie MHTErpasl 6epeTcs OT HaYaJIbHOTO COCTOSIHUA [ JI0 3aJJAaHHOT'O KOHEYHOTO CO-
CTOSIHUSA 2.
ITockonbKy KOJIMYECTBO TEILUIOTHI Og,;_, . 3aBUCHUT OT XapaKTepa Ipolecca,

TO U TEIUIOEMKOCTb CUCTEMBI €, TAKXKE 3aBUCUT OT YCJIOBUU IIPOTEKAHUS MPOLIECCa.
OpnHa 1 Ta )K€ CUCTEMA B 3aBUCUMOCTH OT XapaKTepa Ipolecca 001agaeT pa3ind-
HBIMH TEIUIOEMKOCTSAMM, YMCIICHHAS BEJIMYMHA KOTOPBIX MOXKET U3MECHATHCS B
npeneinax oT — o0 0 + oo.

6.2. Yaeabnasi (MaccoBasi), 00beMHasi 1 MOJIAPHAs TENJIOEMKOCTH ra30B

B TepMoaHaMuke pa3innyaroT TEIMJI0OEMKOCTH: YAETbHYI0 (MAaCCOBYI0), 00b-
E€MHYIO U MOJIIPHYIO.

Yoenvnaa (maccosasn) mennoemxocms ¢, — senuuuna, pagHas omHoule-
HUI0 Menl0emMKoCmu 00HOPOOH020 meid K e2o macce. EquHuna yaenbHON Tero-
€MKOCTH — JKOYJIb Ha KuitorpaMm-keiabBuH [Ix/(kr-K)], o paBeH yneiabHOM
(MaccoBoOi) TEIIOEMKOCTH BEILIECTBA, UMEIOIIET0 pU Macce / KT TEIIOEMKOCTh /

JIx/K.
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Oo0vemnoii menioemKocmoio ¢’y Hazvlgaiom omuouleHue MmenioemKocmu
pabouezo mena k e2o 00vemy npu HOPMATbHBLIX PUIUYECKUX YCA08USX, T. €. TIPU
nasienuu /01 325 Ila u remneparype ¢ = 0°C. Enunniia 00beMHON TEMI0EMKOCTH
— JUKOYIIb Ha KyOuuecknii Metp - kenbBuH [[Ux/(M -K)], OH paBeH 06beMHOI Terl-
JIOEMKOCTU pabodero Tena, MMEIoIIero mpu oobeme / M° Temtoemkocts / JIx/K.

Monaprnoit mennioemKkocmosio ¢, HaA3bI8AIOM BENUUUHY, PABHYIO NPOU3Eede-
HUIO YOeNbHOU MeNn0eMKOCMU 8eujecmaed Ha MOIAPHYIO MACCy IMO20 8eujecmad.
Enunuieit MoasipHOM TETI0EMKOCTH SBISETCA IKOYJIb Ha MOJIb KEJIbBUH
[1x/(Mob-K)], KOTOPBIN paBeH MOJISPHON TEIJIOEMKOCTH BEIIECTBA, UMEIOIIETO
MIpU KOJIMYECTBE BelecTBa / Moiib TerioeMkocTs [ JIx/K.

Mexny yka3aHHBIMU TEIJIOEMKOCTSIMU CYILIECTBYET CJEYIOLIasi CBA3b:

c.=c' . v,=c,/M, (6.3)

I71€ V) — YJEJIbHBI 00beM MPU HOPMAJIbHBIX (PU3NUECKUX YCIOBUSIX; M — MO-
JsIpHAs Macca.

6.3. AHasiuTHYECKHEe BBIPAKEHHS JJISl TEMJIOEMKOCTEM ¢, U Cp

Kak yka3bIBanoch, TEIJI0EMKOCTH 3aBUCST OT Xapakrepa mpouecca. B tep-
MOJIMHAMHKE UMEIOT OOJIbIIIOE 3HAUCHUE TEIJIOEMKOCTh MPU MOCTOSHHOM 00BbEeMe

c,=0q,/dT, (6.4)

paBHAA OTHOIICHUIO KOJIMYCCTBA TCIIJIOTHI 5% B ITPOICCCC IPHU IMOCTOAHHOM 00Be-
M€ K H3BMCHCHHUIO TCMIICPATYPbI dT TCJa, U TCIINIOECMKOCTD ITPHU IMOCTOAHHOM JIaB-
JICHUN

c,=d8,/dT, (6.5)

paBHasi OTHOLIEHHUIO KOJMYECTBA TEIUIOTHI d¢, B MPOLIECCE MPU MOCTOSHHOM JaB-
JICHUU K U3MEHEHUIO TemnepaTypsl d1 Tena.

IIpu paBHOBECHOM IIPOLIECCE HATPEBAHUS TEJIa JJIEMEHTAPHOE KOJINYECTBO
TEIUJIOTHI OTpeensieM u3 ypaBHeHus (5.24):

oq =du+ pdv,
a Tak Kak u3 ypaBHeHus (5.7)
du=(0u/ov),dv+(0u/oT),dT,
TO

8q = (0u/0T),dT +[(6u/dv), + plav.
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[TonyyeHHOe BBIpaXkeHHE JIJIsl ITpoLiecca MpU MOCTOSSHHOM o0beMe (dv = ()
IPUHAMAET BUJ

&q =(0u/0T),dT .

HOBTOMy TCIUIOCMKOCTD IIPU V = const MOXKET ObITh MNpcacTaBjICHa B BUJIC
c,=(06u/or),, (6.6)

T. €. MEeNnA0EMKOCHb C, HPU V = CONSt pa8HA YACMHOU NPOUIBOOHOU OM GHYMPEH-
Hell sHepauu u (paccmampusaemoui kax ¢yukyua T u v) no memnepamype T.

Kpome toro, u3 ypaBaenuti (6.4) u (6.6) cinegyer, uTo B Iporiecce mpu v =
const, B KOTOPOM TeJIO HE COBEPIACT BHEIIHEH paOOTHI, BCS TEIJIOTa, cCooOIaeMas
Tey, UIST Ha U3MEHEHHE €r0 BHYTPCHHEH SHEPTHH:

oq, =du,=cdT,, (6.7)
WUJIM TIPHU ¢, = const
2y =Uy—U; = Cv(tz _tl)'

H3menenue enympenneii Inepzuu uoeaibHo2o 2a3a pasHo npou3ee0eHuio
MeNnI0eMKOCIU C,, NPU NOCOSHHOM 00beMe Ha PA3HOCHb MeMnepamyp meia 8
Jr0bom npoyecce.

JleicTBUTENBHO, ISl HACATLHOTO Ta3a, BHYTPEHHSS YJHEPTHsI KOTOPOTO SIB-
nseTcs GyHKIHei ToIbKO TeMIIepaTyphl, 4acTHas npoussoanas (Ou /0v), paBHa

nynto. Torna du = (8u /oT )VdT , WK du = ¢, dT , He3aBUCUMO OT XapakTepa Ipo-

ecca.
Wnrerpupys ypaBaenue (6.7) nns uaeanbHoro rasza ot 0 no °C,
MOJIYYHM

t
,

t
u:J.cvdtchO
0

rae ¢, — Cpeansias TCINIOCMKOCTD IIpU vV = const.
OTCIOIIa JIA JIFOOOT0 KOHEYHOT'O nponecca NISMCHCHUS COCTOAHUSA UACAIb-

HOT'O ra3a UMEEM

—¢2 —

t
Z(tZ_tl):cvo Ly—c,| 1.

V1o
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IloxacraBisisa 3HaueHUE du = CVdT B OCHOBHOC YpPpAaBHCHHC IICPBOI'O 3dKOHA

TepMouHaMuKH (5.24), umeeM B 00111eM ciydae uisi 00paTUMOoro mnpoiiecca npu
OECKOHEYHO MaJIOM U3MEHEHUU COCTOSIHUS UJCAIBHOTO rasa:

oq =c,dT + pdv, (6.8)

Ecnm B kauecTBE HE3aBUCUMBIX NMCPCMCHHBIX ITPUHATH Twu Vv, TO U3 YPAaBHC-
HHA TIICPBOT0 3aKOHA TCPMOAWHAMUKH ITOJTYUUM:

8q = (0u/0T),dT +[p +(6u/ov), Jdv,
OTCIOZIA TIPH p = const
8q,=(0u/0T),dT, +[p+(6u/v) v,
WITH, TIOCKOIBKY 07, = c,dT,
c, =(0u/oT), +[p+(6u/ov)Jov/orT),. (6.9)
IpumMensis ypasHerue (6.6), moTydaem
c,=c,+|p+(0u/ov)Jov/or),. (6.10)

VYpaBuenue (6.10) ycraHaBiauBaeT B 00IEeM BUE CBSI3b MEXKY TEIl-
JIOEMKOCTSIMU C), U C,.
Jlnst uaeanbHOTO Ta3a, Tak Kak (Qu/0v), = 0, a U3 ypaBHEHHS COCTOSHMS

pv:RT—>p(8v/8T)p =R,

c,=¢,+Ruc,—c, =R. (6.11)

DTO ypaBHEHUE HOCUT Ha3BaHUE ypasuenuss Matiepa. OHO MOXKET OBITh 3a-
MUCaHO U 1Sl [ MOJIb:

Cop = Cpy + Ry, mimt ¢, — ¢, = 8,3142 JIx/(monbK).
CnenoBaTenbHO, IS UI€aNIbHBIX Ta30B PA3HOCTb MEKAY Cpyp U Cpyy €CTh BE-
JWYUHA TOCTOSTHHAS.
VYpaBHEeHHE 1151 TETNIOEMKOCTH €, MO>KHO ITOJIyYUTh, €CJIM B KAUeCTBE HE3a-

BHCHMBIX ITAPaMETPOB B3SITh JIaBJICHHUE p U Temneparypy 7. Toraa coriacHo ypas-
Henuto (5.35):

8q = dh —vdp,
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i
8q=(0h/0T),dT —[v—(0h/op), lp, (6.12)
OTKyJa CIIEAYET, UTO p =CONSt:
&, =(0n/oT),dT,
", CJICAOBATCIIBHO, TCINIOCMKOCTD IIPpU ITOCTOAHHOM HABJICHHUH PABHA:

c,=(0h/oT),, (6.13)

T. €. MEeNn10eMKOCHb meld C, NPU p = CONSt pasHa 4acmHol NPouU3800HOU OM IH-
manvnuu h no memnepamype T u sensiemca gyukyueii p u T. [I0CKOJIbKY dHTaJb-
MU UJEATBHOrO ra3a He 3aBUCUT OT JIaBJICHUsI U 00beMa U ABiIsIeTCs PyHKIUEH
OJIHOW TEMIEPATYPBI, HETPYAHO MOKa3aTh, YTO TEILUIOEMKOCTb C,, UAECATBHOTO ra3a
1UIst 1I00O0T0 TMpoliecca paBHa:

¢, =dh/dT.

Torna ypaBHEeHHE MEPBOTO 3aKOHA TEPMOAUHAMUKHY (5.35) 11 uaeabHOTO
raza MOXHO IepenucaTh B BUJIE:

oq =c,dT —vdp. (6.14)

HepBBIﬁ 3dKOH TCPMOJANHAMHKH IIPHU HEC3ABUCUMBIX IICPCMCHHBIX V U T
MNpCaACTaBIACTCA B IPYIOM BHUIC!

oq =c,dT + pdv,
HO

p=RT/v=T(0p/0T),, rae R/v=(dp/oT),

&q =c,dT +T(0p/0T),dv. (6.15)

C nomo1pio NOCAeAHET0 YPaBHEHHSI MOKHO HAWTH 3aBUCUMOCTb MEXKY
TEIUIOEMKOCTSIMH C), U ¢,. {1 n306apHoro npouecca (Ipu p = const) ypaBHEHHE
(6.15) npuHUMaeT BUA:
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&, =c,dT,+T(op/oT),dv,. (6.16)
Pa3znenuM neByto u npaByto yactu ypaBHeHus (6.16) Ha dT):

&,/dT,=c,dT,/dT,+T(0p/oT),dv,/dT,;
NPUHUMAs BO BHUMAHKE, 4TO 8¢, = C,d T, , momy4aem:
¢c,—c,=T(ep/aT),(0v/oT),. (6.17)

Ecim nns PCaJIBHOTO I'a3a U3BECTHO YPABHCHUC COCTOSHUA U TCIINIOCMKOCTD
Cp, KOTOpPAA MOKECT OBITH OoIpcaAcICHa U3 OIIbITA, TO MMOCICOAHAA Q)OpMYJIa I103BOJIA-
€T ONpCACIIUTD U C,, KOTOPYIO U3 OIIbITa OIIPCACIINTE OUCHb TPYAHO. CJICIIyeT OoT-
MCTUTD, UYTO JIA pCAJIBHBIX I'a30B

c,—¢,>R.

DT0 HEPABEHCTBO OOBACHACTCS TEM, UTO IIPH PACITUPECHHUH PEaTbHBIX Ta30B
(ipu p = const) coBepIIacTCs HE TOILKO BHEIIHSS, HO M BHYTPEHH:S paboTa, CBs-
3aHHAs C K3MCHCHUEM BHYTPCHHEH MOTEHIIMAIBHON SHEPTUH TEJa, YTO U BBI3BIBA-
eT OOJIBIINN PACX0/1 TETUIOTHI.

6.4. D1eMeHTBI MOJIEKYJISIPHO-KMHETHYECKON M KBAHTOBOM
TEOPHUH TeMI0EMKOCTH

Knaccuueckast MOJIEKyIIpHO-KMHETHYECKAS TEOPHS Ta30B PaCCMaTPUBAET
WJeaabHbIN Ta3 Kak COBOKYIMHOCTh a0COJIFOTHO JKECTKUX MOJIEKYI, MEXIY KOTO-
PBIMU OTCYTCTBYIOT CHJIBI B3aUMOJACHCTBHS, M KaXK/1asi MOJIeKyJia 00JialaeT Wb
SHEPTUEN MOCTYIIATEIBHOTO U BPAIIATEIIBHOTO JIBUKECHUM, 2 CAMHU MOJIEKYJIbI pac-
CMaTPUBAKOTCS KaK MaTepUaJIbHbIE TOYKHU.

[TocTynarenbsHOE ABUKEHUE TAKOW MOJIEKYJIBI MOKHO Pa3JIOKUTh IO Ha-
MPABJICHUSAM TPEX KOOPAUHATHBIX OCEHM, B COOTBETCTBUHU C STUM T'OBOPAT, YTO MO-
JIeKyJia UMEET TPU CTETIEHU CBOOOIbI MTOCTyNaTeIbHOr0 BKeHUs1. KonnuecTBo
BpallaTesbHbIX CTETeHeH cBOOOIbI OYIET 3aBUCETh OT AaTOMHOCTH ra3a.

B cooTBETCTBUM C KHHETUYECKON TEOPUEN BHYTPEHHSAS SHEPTUSA I'a30B PaB-
HOMEPHO pachpeessieTcs 0 CTENEeHsIM CBOOObI MOCTYNATEIbHOTO U BpalllaTesb-
HOT'O JIBUKECHUN MOJIEKYII.

OnHOATOMHBIN ra3 UMEET TOJIBKO TPU CTEIIEHU CBOOOIBI MTOCTYNATEIILHOTO
newkenus (i = 3). Moiekyla IByXaTOMHOT'O Ta3a KpoMe MOCTyHaTeIbHOIO JIBH-
KEHUS MOXKET COBEpIIATh U BPAIIaTEIbHOE ABUKEHHE BOKPYT OOIIIEeTo IIeHTpa TH-
KECTH, KOTOPBIM HAXOUTCS HA JIMHUH, COCIUHSIONIeH 00a aroma. Takasi MOJIeKy-
J1a IByXaTOMHOTO T'a3a UMEET MATh CTeNeHel cB000bI (i = J), U3 HUX TPU CTEIICHU
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CBOOO/IBI TTOCTYNATEILHOTO JBUKECHUS U JIBE CTETICHU CBOOO Il BpallaTeILHOTO
JBIKECHUSL.

Monekynbl TpeX - © MHOTOATOMHBIX Ta30B UMEIOT TP CTEIIEHU CBOOO/IBI
MOCTYNAaTEIBLHOTO JBWKCHUS U TP CTENIEHU CBOOOIBI BPAIIATEIBHOTO ABHUKEHUS,
aBceroi = 6.

J171s1 TOro 4TOOBI BEIYUCIUTE AOJI0 BHYTPEHHEN SHEPTUH, TPUXOSAITYIOCS
Ha OJIHY CTETEeHb CBOOOIbI, PACCMOTPUM OJHOATOMHBIN HICIBHBIN ra3, y KOTOPO-
IO UMEETCS TOJBKO TPHU CTEMEHU CBOOOIbI MOCTYIATEIBHOTO ABUKEHUS.

N3 xuHeTHYeCKON TeOpHH U3BECTHO, YTO JABJICHUE, OKa3bIBAEMOE HJIealh-
HBIM T'a30M Ha CTCHKHU, PaBHO 2/ CpeaHel KUHETHYECKON YHEPTHH MOCTYMATeIHHO-
ro JIBMDKEHHS aTOMOB, T. €.

p=023n-mw /2, (6.18)

3
rac p — AABJICHUC Ira3a, Ha, 7 — YHCJI0 aTOMOB B I M , m — MaccCa OJHOI'0 aToMa,
w — CPCOHAA KBaApPaTHIHAA CKOPOCTh ATOMOB, OIIPCACIIACMAd U3 YPABHCHUA

2 2 2 2 2
w =(w, + w5 +w; +...+wn)/n,
TIe W;, W),..., Wy, — CKOPOCTH OTJEJIbHBIX aTOMOB.

YMHOkas 06e yactu ypaBHeHus (6.18) Ha 00beM MoJst V, ToyuyuM ypas-
HEeHME ISl [ MOJIb:

pV, = (2/3)anmW/2.

B sTOM ypaBHeHuu npoussenenue nl), = N €CTb 4YUCIIO aTOMOB B / MOJIb
rasa (4yuciuo 46oeaopo):

pV. =(2/3)Nmw’ /2.

BenuunHa mw’ /2 TIpeicTaBIseT co00H CPETHIOI KHHETHUECKYIO SHEPIHIO
MOCTYMATEIBLHOT O ABMKEHHS OJTHOTO aToMa T'a3a, a Tak Kak o0Iee YuciIo aTOMOB
paBHO N, TO BCSl BHYTPEHHSSI 2HEPTUsI / MOJIb OJTHOATOMHOI'O ra3a, paBHAas KUHE-
TUYECKOU PHEPTUU BCEX aTOMOB, paBHa:

Mu=Nmw’ /2.
Torma
pV,, =(2/3)Mu, unn Mu =(3/2)pV,,. (6.19)

3aMCHHHme €TI0 3HAUCHUCM N3 YPABHCHUA COCTOSAHUA, HAXOANUM:
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Mu=(3/2)R,T, (6.20)
a Tak Kak R, = 8,3142 JIx/(monb-K), TO 17151 0OAHOATOMHOTO Ta3a:
Mu=(3/2)83142-T=125-T. (6.21)

B3siB u3 ypaBHeHus (6.20) mpou3BOAHYIO OT BHYTPEHHEH SHEPTUU 110 TEM-
nepaType, UMeeM:

dMu/dT =c,, =(3/2)R, . (6.22)

W3 ypaBHEHUSI BUAHO, YTO Cy, HE 3aBUCUT OT TeMnepaTypbl. Ciie10BaTeNbHO,
ypaBHeHue (6.20) BeIpaxaeT BHYTPEHHIOIO SHEPTHUIO OJJHOATOMHOI'O UJ1€aJIbHOTO
rasa, KOTOpbIM OAYMHAECTCS ypaBHEHUIO pV, = R, T Wy KOTOPOTO Cp,=COnst.

YucnoBoe 3HaU€HUE MOJbHOM TEIJIOEMKOCTH JJIs1 OJHOATOMHOTO rasa paB-
HO:

c,, =(3/2)R, = 12,5 Ix/(mons-K).

OTcrona Ha KaXIy1o CTeneHb CBOOObI JBUKEHUSI B OJHOATOMHOM Tra3e pac-
xonyetcs sHeprust — 12,5:3 = 4,16 JIx/(monw'K). [loacrasinss 3HaueHue Temio-
€MKOCTH C,,, U3 (6.22) B ypaBHeHUE Matiepa, HAXOIUM:

Cp =i +2)/2]R,,, (6.23)
N 1Jjid OAHOATOMHOI'O I'a3a.

Cop =(3+2)/ 28,3142~ 20,8 Nx/(monbK).

9KCHepI/IMeHTaJIBHBIC HUCCICOAOBAHUA TJII OAHOATOMHBIX I'a30B ITIOATBCP-
KIAKOT IMOJIYYCHHBIC JaHHBIC.

I[JISI ABYXAaTOMHOTI'O I'a3dd, CUHUTasA, 4YTO Ha KaXKIYIO CTCIICHDb CBO60I[]':>I JABHKC-
HHA PaCXoayCTCA KOJIMYCCTBO 9HCPTUH, KAK U JIJIA OIIHOﬁ CTCIICHH CBO6OI[BI I10-
CTYHATCIIbHOT'O ABUKCHUSA OJHOATOMHOI'O I'a3d, HAXOAUM:

Cpy =416 -5 = 20,8 Nx/(monbK),

Cop = 1(5+2)/2]8,3142 ~ 29,1 Jlsx/(monbK).

OJIHaKO IJIA CPABHUTCIIBHO BBICOKUX TEMIICPATYP MOJIYHACTCA 3HAYUTCIIb-
HOC HCCOOTBCTCTBUC ITPUBCACHHBIX 3HAYCHUH TEIJIOEMKOCTEH ABYXAaTOMHBIX I'd30B
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C DKCTIEpUMEHTAIBHBIMU JaHHbIMU. Elte OoJiblliee pacxoxaeHue MoTydaeTcs s
TpEX- U MHOTOATOMHBIX T'a30B.

DTO pacxoXaeHUe OOBSCHIETCS TEM, UTO B CIOKHBIX MOJIEKYJIaX HEO0XO0-
JIMMO YUUTBIBATh HE TOJBKO MOCTYIMATEIHHOE U BpalllaTeIbHOE IBHYKEHUS, HO U
KoJiebaTeIbHOE JBMYKEHUE aTOMOB B CAMOW MOJIEKYJIE, JHEPTUSI KOTOPHIX B KMHE-
TUYECKOUW TEOPUHU Ira30B HE YUHUTHIBACTCS.

DHepruto KouedaTeIbHOTO ABMKEHUSI aTOMOB B MOJIEKYJIE YUUTHIBAIOT B
KBAaHTOBOW TEOPHUH TEIJIOEMKOCTEH. DTa TEOpUsl JOKA3bIBAET, UTO TEIIIOEMKOCTh
JIByX- U MHOTOQTOMHBIX T'a30B SIBJIACTCS (DYHKITUEH TEMIIepaTyphl, TaK KaK SHEPTHUs
KOJIe0aTeILHOTO JIBHXKCHHUSI aTOMOB B MOJICKYJIE H3MEHSIETCS HE MPSIMO TPOIIOp-
IIMOHAJILHO TEMIIEpaType.

DliHwmetiH, MONb3YsSICh KBAHTOBOU Teopuen /lnanka, Nonydu1 caeayoliee
BBIpaKEHUE 1T MOJISIPHOM TETUIOEMKOCTH, JOCTATOYHO TOYHOE ISl TEMITEpaTyp,
MIPUMEHSIEMBIX B TETUIOTEXHUKE:

i) 2
¢ =iR,/2+ YR, % [ef’/T Me?" —1)2], (6.24)
1

/i€ [; — YHUCJIO CTETEeHE CBOOOIbI MOCTYMATEIHFHOTO U BPallaTeILHOIO JIBHXKE-
HUN MOJIEKYJIBI; [, — YHUCJIO CTETIEHEH CBOOObI BHYTPUMOJIEKYIISIPHBIX KOjeOa-
HUM; 0 — XapaKkTepUCTHUECKas TeMIepaTypa Kojie0aTeIbHOTO IBUKEHHUS, paBHAsS
0 =hw/k (h— nocrosaHas [lnauxa, k — nocrosauas boavymana, () — IUCIO
KoJieOaHU B CEKYHIY); € — OCHOBaHME HaTypajbHbIX JiorapupmoB; 7 — abco-
JIIOTHAs TEMIIepaTypa rasa.

[lepBriit wieH npaBoit yacTu Gopmylibl (6.24) yUUTHIBA€T KOJIMUECTBO IHEP-
TUH, UAYIIEeH Ha N3MEHEHHUE TTOCTYNAaTeIbHOTO U BpalllaTeIbHOTO IBMYKEHUN MO-
JIEKYJI; OH OMPENEIIACTCS YUCIOM CTeieHel CBOOOIbI 3TUX JABMKEHUM. BTOpoii
yjieH (OPMYJIbl YUUTHIBACT SHEPTUIO, UAYIIYIO HA H3MEHEHUE BHYTPUMOJIEKYIISP-
HBIX KOJICOAHUI; OH OTpeeseTCs] YUCIOM KoJie0aTebHBIX CTENEeHeH CBOOOIbI.

®dopmyna (6.24) He sBIsAETCS a0COIIOTHO TOYHOM, TaK KaK MPU €€ BHIBOJIC
OBUTN clIeNTaHbl HEKOTOPBIC JTOMYIIICHUS.

Tabmuma 6.1
ITocTostHHBIE MOJISIPHBIEC TETNIOEMKOCTH HEKOTOPBIX I'a30B
Conv Cnns
AATOMHOCTS rasa Jx/(Monb-K) JI)I(/(M(I;HB'K)
OngHOaTOMHBIN 12,5 20,8
JIByXaTOMHBII 20,8 29,1
Tpex- 1 MHOrOaTOMHBIN 29,1 37,4

I[JISI HpI/I6JII/I)K€HHBIX PacdcTOB IIPU HC OYCHb BBICOKHUX TCMIICPATYPaAX MOK-
HO pCKOMCHAOBATDH UCITOJb30BAHUC ITOCTOAHHBIX MOJISIPHBIX TEMJI0EMKOCTEH Cimy U
Cmp, HOJIYYCHHBIX C HCKOTOpOﬁ KOppCKTI/IpOBKOﬁ IJIA TPpEX- 1 MHOT'OATOMHBIX T'd-
30B Ha OCHOBaHHUHU MOH@KYHHPHO-KHH@THHGCKOﬁ TCOPHUU TCIINIIOCMKOCTHU. Ot JaH-
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HBIC IIPUBCACHBI B T1a6a. 6.1. TouHble 3HAUYEHUS TEIIOEMKOCTEH nacalJIbHBIX I'a30B
B 3aBUCHUMOCTH OT TCMIICPATYPHI IPUBOAATCA B CIICLHHUAJIBHBIX Ta6JII/II_IaX. OTH 3Ha-
YCHHUA BBIMHUCIIAIOTCA Hd OCHOBAHHHN CIICKTPOCKOIIMYCCKUX TAHHBIX C
HCITIOJIB30OBAHHUCM MATCMATUYCCKOI'O allllapaTa KBAaHTOBOM CTAaTUCTHUKH.

6.5. UcTuHHAs M CpeTHAS TEII0eMKOCTH

Tak kak TEIIOEMKOCTh HUI€aIbHOTO Ira3a 3aBUCUT OT TeMIIepaTyphl, a peajib-
HOTO — | OT JIaBJICHMSI, TO B TEXHHYECKOW TEPMOJAMHAMUKE PA3Iudal0T UCTUHHYIO
U CPEIHIOI0 TEIUIOEMKOCTH.

TennoemkocTh, onpeaensiemast ypaBHeHusiMu (6.1), (6.3), (6.4) npu gJaHHBIX
3HAYCHUSAX TTapamMeTpoB coCTOsiHUSA v U T win p U T (T. €. B JTAHHOM COCTOSIHUH Te-
J1a), Ha3bIBAIOT UCMUHHOU menaoemkocmoio. ClieJ0BaTeNbHO, UCIMUHHOU MeNn10-
eMKOCMbIO HA3bIBACMCS OMHOULEHUE DJIEMEHMAPHO20 KOIUYeCmaea menjiomsl, Co-
o0buaemMot mepmMoOUHAMUYECKOLL cucmeme 8 Kakom-aubo npoyecce, K 6eCKOHeuHO
MAol pasHocmu memnepamyp.

HctuHHBIEC TETNIOEMKOCTH PEabHBIX Ta30B MOKHO BBIPA3UTh B BUJIE CYMMBI
JIBYX ClIaraeMpIX:

c,=c,tAc,.

IlepBoe cnaraemoe npencTaBiIsieT cOO0N TEMIOEMKOCTh JaHHOIO ra3a B pas-
pEeXEHHOM (MeabHO Ta30BOM) COCTOSIHUU (TIpU p — 0 WU v —> o ) U 3aBUCUT
TOJIBKO OT TeMIEPATYPHI.

TemneparypHasi 3aBUCUMOCTb TEIJIOEMKOCTEH ¢, U ¢, MPUOIUKEHHO MOXKET
OBITh IIpE/ICTaBIICHA B BUJIE MOJIMHOMA TpeThel cTeneHu ot °C:

— 2 3
Cop =Qp T a;t+a,l” +ast.

OnHako B HAaCTOALIEE BPEMS B pacueTax UCIOJIb3YIOT 00JI€€ TOUHbIE
TaOJIMYHbIE 3HAYECHUSI.

Bropoe cnaraemoe Ac, onpenenser 3aBUCUMOCTD TEIUIOEMKOCTH OT J1aBJIe-
HUS WM YIEIbHOT0 00beMa U CBA3aHO C U3MEHEHUEM NOTEHIIMAbHON COCTaB-
JSAIOLIEH BHYTPEHHEN SHEPIUU PEalIbHOTO rasa.

B nmpaktuueckux pacuerax npu onpeneseHuy KOJU4ecTBa TeIIOThl 0OBIYHO
IIPUMEHSIOT TaK HAa3bIBAEMBbIE CPEIHUE TEINIOEMKOCTH.

CpCI[HCfI TCINIOCMKOCTBIO €, OAaHHOI'O IIPOLCCCa B HUHTCPBAJIC TEMIICPATYP

OT #; 10 ¢, Ha3bIBAKOT OTHOLIIEHUE KOJIMYECTBA TEIUJIOTHI ¢;.» K KOHEYHOU Pa3HOCTH
TeMIIeparyp , — i;:

c |’ =di-2x (6.25)

"y L=t
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Tak Kak KOJINYECTBO TEIUIOTHI §;.2 v, HOJYYEHHOE CUCTEMOM B MPOIIECCE X =
const, onpenenserca ypaBHeHueM (6.2), rae ¢, — UCTUHHAS TeIIOEMKOCTh B JIaH-
HOM IIpoIIECCE, TO

5]
L [t (6.26)

VYpaBHenue (6.26) ycTaHaBIMBACT CBSI3b MEXKIY CPEIHEH U HICTUHHOM Tel-
JIOEMKOCTSIMU TeJla B IAaHHOM ITpolLiecce.

ECJH/I CpeI[HI/Ie TCIINIOEMKOCTH J1aHBI B Ta6JII/H_Ie JJIA I/IHTepBaﬂa TeMHepaTyp
i
MOXKET OBITh BBIYUCIICHA 110 (hOpMYyJIe

ot 0 no t°C, TO cpenHssa TEIUIOEMKOCTD C,

t

(puc. 6.1):
—t; / —|t; /
c —c
—Z2 b 2 b 1
c| =—21 0 —, (6.27)
t —
I 1, -t
N3 puc. 6.1 BugHO, 4TO
C BEJINYUHA CPEIHEH TEILIOEM-
A o 2 —%2
KOCTU C,| €CTb BBICOTA
]
o 6 pSAMOYTOJIbHUKA 3456, T10-
A ’
‘ o 11a/1b KOTOPOro paBHOBENUKA
Q ] N ~
L= % wi. 1234 S
| = Iy O JleficTBUTENIBHO, UHTE-
S 4 © 3 rpai B ypaBHeHuH (6.25) Ha
0 ; 3 S Y. OCHOBaHHWH U3BECTHOI'O U3
« . t; ’ MaTeMaTUKH MPaBUiIa MOXKET
- > OBITH Pa30UT HA CIICAYIOIIHE
Puc.6.1. K onpenenennio cpeaseii TEMmI0EMKOCTH HHTCTPAJIBL.
t t t
—, ] 2 2 1
c, =—jcxdt= chdt—jcxdt ,
o 27l
t 0 0
HO

1 . 1 o
chdz‘ = CX‘O t,,a chdz‘ =c,
0 0

]
t
01

[ToncraBmisis HaliIeHHBIC 3HAYSHUS HHTETPAJIOB B YpaBHEHHE (6.26), TTOTY-
yaeMm ypaBHeHue (6.27).

68



Taxum 00pa3zoM, eciu B KaKOM-JTHOO0 IMpoliecce UaealbHbIN ra3 ObUT HArpeT
OT TEMIIEpaTyphl ¢; 10 5, TO KOJTUYECTBO TEIUIOTHI, 3aTPAY€HHOE Ha HAarpEeBaHHUeE,
paBHO

l‘ —_—

_ 2 t _ —2
Qx_m CthZ_CthI _VH CxO

Cpennue MoJsipHbI€, yAeNbHbIE 1 00BEMHBIE TEIJIOEMKOCTH ra30B MPpHU
p=const U v=const IpUBEJICHbI B TA0JINLIaX CIPABOYHOM JIUTEPATYpPHI 110 TEXHUYE-
CKOW TEpMOJANHAMHUKHU.

tZ_Cx

’0’ t,} . (6.28)

6.6. OTHOLICHUE TEIIOEMKOCTEH ¢, U ¢,

B TepmonHaMuKe 9acTO UCITOJIB3YETCSI OTHOIICHUE TEITIOEMKOCTH TIPH T10-
CTOSTHHOM JIaBJICHUU K TEIJIOEMKOCTH IPH MOCTOSTHHOM 00beMe, 0003Ha4aeMoe
00BIYHO k:

k=c,lc,=c,[c,=cp,/Cpn -

CoracHO KJIaCCUYECKON KHHETHICCKON TCOPUH Ta30B, BEIMYNHA k OIIpeie-
JII€TCSI YUCIIOM CTeTeHel cB0OO0 b MOsIeKyIIbl. M3 ypaBHenuii (6.22) u (6.23) cie-

Iyer:

it 2 i

k RILR|=1+2/i. (6.29)
2 2

Ecnu cuutath ¢, = const, To u3 Taba. 6.1 mosydaem: il OTHOATOMHOIO ras3a
k = 1,66; nyist nByXaTOMHOTO raza k = 1,4, s TpeX- U MHOTOATOMHBIX Tra30B k =
1,33.

[Ipu ¢, # const 11 uaACAIBHBIX Ta30B k 3aBUCHUT OT TEMIIEPATYPHI, UTO U
BUJIHO 13 ()OPMYIJIBI:

k=c,/c,=(c,+R)/c,=1+R/c,.

N3 ypaBHeHUs1 Maitiepa MOKXHO MOJYYHUTh CIEAYIOIINE COOTHOIEHUS IS
TEIUIOEMKOCTEN C, U C):

¢, =R/(k—1)c,=kR/(k-1). (6.30)
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6.7. Onpenenenue ¢, v ¢, 1Jisl U1€AJTbHBIX Fa30B M0 TA0JHUIAM TEIJI0EMKOCTEM

Kaxk YK€ YKAa3bIBaJIOCh, KOJIMYCCTBO TCILIOTHI B I/1306apHOM 1 N30XOPHOM
nponeccax uacaJibHOIo ra3a MOxKeET OBITH MMOJACYUTAHO 110 CICAYIOIIUM YPAaBHCHH-
SAM:

) —4
dp1-2 = Cp‘o L,—-c, 0

t,=h,—h,; (6.31)

iy —

Qv,1-2 =Cy), L =C)| I = Uy —uy. (6.32)

Vlp

CrnenoBaTenbHO, 17151 ONIPEAEIICHUS TEIIOTHI ¢, U ¢, HEOOXOIUMO 3HATh JIU-
00 TermI0eMKOCTH B UHTEpBaje Temnepatyp ot () 1o °C, 1100 3HaYeHUs yIeTbHBIX
OHTAJIBIIUN U BHYTPEHHUX DHEPTUM.

B HacTosmee BpeMs nMeercst 60J1bI10€ KOJTUYECTBO NOCOOUH U CIeHalb-
HBIX Ta0JINII, B KOTOPBIX 3TH BEJIMYUHBI C BBICOKOM CTENEHBIO TOYHOCTHU JAIOTCA
IUTs1 IIMPOKOTO MHTEPBaja TeMIiepatyp. Bece HoBellMe JaHHBIE IO TEMIOEMKO-
CTSIM, SHTAJIBIINM U BHYTPEHHEN SHEPIUU PACCUUTAHBI C UCIIOJIB30BAHUEM YTOU-
HEHHBIX CIIEKTPOCKONMMYECKUX KOHCTAHT METOAOM KBAaHTOBOM CTaTUCTUKU. [Ipu-
BeJICHHAs BbllIEe GpopMmyna Junuimerina s IOJCUYETa TEINIOEMKOCTH MOKET pac-
CMaTpUBATHCS KaK MEPBbIN LIAr B CO3JaHUU COBPEMEHHON KBAHTOBOW TEOPUU TEII-
JIOEMKOCTH.

B otedecTBeHHOM MUTEpAaTYpe NOAPOOHBIE TaHHBIE IO TEINIOEMKOCTSIM €, U
Cy, @ TAK)KE DHTAJIBIINY U BHYTPEHHEW SHEPTUHU NIPUBEICHBI B CIPABOYHOM JINTEpa-
Type MO TEXHUYECKON TEPMOJINHAMUKE.

6.8. Tem10eMKOCTL cMecel HaeajJbHBIX ra30B

HpI/I pacucTax TCIJIOBBIX YCTAHOBOK IMPUXOOUTCA BCTPEUATHCSA CO CMCCAMHU
ra3oB, a B Ta6JII/II_IaX NpUBOAATCA TCINIOCMKOCTH TOJBKO OJIA OTACJIBHBIX UACAJIb-
HBIX T'a30B; ITIO3TOMY HYXHO YMCTb OIIPCACINUTD TCIINIOCMKOCTD ra3oBOM CMECH.
Ecnmu cmech razon 3a/laHa MAaCCOBBIMH NOJIIMHU, TO YACIIbHAA TCIINIOCMKOCTH CMCCH
OIIPCACIIACTCA KaK CyMMa HpOI/ISBeIICHI/Iﬁ MacCCOBBIX IIOJICI71 Ha YACIIBHYIO TCILIO-
CMKOCTB KaXXJ0T'0 ra3a.

n
CVCM :glcvl+g20v2+“'+gncvn :Zgicvi7 (633)
1
n
CpCM = glcpl + gZCpZ +ot gncpn = Zgicpi > (634)
1
rac gi, £2, ..., &~ MACCOBBIC OOJIN KAXKIOOT'0 Ira3dad, BXOIAIICTO B CMCChb. Ecmu

CMCCh I'a30B 3aJaHa 00BEMHBIMH JOJISIMH, TO 00BbEMHAas TEIIOEMKOCTh CMECH paB-
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Ha CyYMMC HpOI/ISBeIIeHI/Iﬁ 00BEMHBIX IIOJICﬁ Ha O6’BCMHYIO TCINNIOCMKOCTBh KaXXA0I'O
ra3a.

n
' _ ' ' ' '
c oy =1 e e vn—Z’?C . (6.35)
1

n

' _ ' ' r '

C oo =1C 1yt 1 = Z’?C i s (6.36)
I

TAC ¥y, Voy ooy 'y — 00BEMHBIC JO0JH OTACIIBHBIX I'a30B, BXOJAIIINX B CMCCh. MOJISIp-
Haid TCINIOCMKOCTb CMCCHU I'a30B paBHA ITPOU3BCACHUTIO 00BEMHBIX I[OHCﬁ Ha MO-
JIPHBIC TCINIOCMKOCTH COCTABJIAIOIUX CMECH I'a30B:

n
CmVCM = rlcmvl + rZCmVZ +...t rncmvn = Z’?’Cmvi
1

n
Copens = V1Cmp1 + T2Cps T oo F TyCoy = Z’?Cmpf .
1

YIIeJIBHaH TEIIOEMKOCTb CMECH T'a30B MOJKET OBITH omnpcacicHa, ¢Cjin nu3-
BCCTHBI INIOTHOCTH U YHCHBHBIﬁ 00BEM CMECH I'a30B IIpY HOPMAJIBHBIX (1)1/131/11'16-
CKUX YCJIOBUAX:

— — At
Coen =€ vem VCM0° =Cyen /pCMgf’

— — A
CpCM =C pem VCM0° =C pem /pCMgf’ :

6.9. IIpudan:KeHHbIE 3HAYEHHS TENJI0EeMKOCTEH

J1ist TpUOIMKEHHBIX PAcYeTOB MHOT/IA MOIB3YIOTCS SMIIUPUYECKUMU (Hop-
MyJIaMH, YYUTHIBAIOIIMMH 3aBUCUMOCTD TEIJIOEMKOCTH OT TEMIEPATYPHI IO JIH-
HEeHHOMY 3aKOHY. {151 MICTUHHOW TEMI0EMKOCTH 3Ta 3aBUCUMOCTh MOKET OBIThH
IpeJICTaBI€Ha ypaBHEHUEM BUA:

c, =a+bt, (6.37)
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r7le @ —HUCTUHHAS TeT1oeMKoCTh nipu )°C; b — TaHreHC yriia HaKJIOHa MPSIMOH,
XapaKkTepHU3yIOINN U3MEHEHUE TETNIOEMKOCTH OT TeMIIEpaTyphl. 3Hasl 3aBUCH-
MOCTb ¢,=f(t), MOXHO 110 (6.25) onpeAeNuTb CPEeAHIO TEIMIIOEMKOCTb Cy:

— it ] 3 5
= dt = bt)dt =
Cx 1 fz—f] ;[cx fz—t] ;[(a_'_ ) (63 )
! ! . .38
_ alt, —t )+bt22_t’2 —a+é(t +1,)
f—1, 27 h 5 |74 Tl

VYpaBHeHUS 11 CPETHUX YACIbHBIX U 00BEMHBIX TEIUIOEMKOCTEH ra30B B
npenenax ot 0 1o 1500° C npuBeaeHbl B TaOIHUIAX CIPABOYHOMN JIUTEPATYPHI IO
TEXHUYECKOW TepMOJIMHAMHUKE.

TermroeMKOCTH JIsI HEKOTOPBIX Ta30B B UACATBHOM COCTOSIHHH (TIPU p —> ()
u t = 0°C) npuBeacHBI B Ta0JI. 6.2.

6.10. DuTponus. BeluuciaeHne JHTPONMHU HAEATBHOI0 ra3a
1JIs1 00pATHMBIX U HEOOPaTHUMBIX MPOLECCOB

Kak yxe yka3pIBajoch, TEIIOTa ¢ HE SIBIAETCS (DYHKIIUEH COCTOSHUS U
0q = du + pdv ue 6yner noaubM gudPepeHIuanom; og MpeaCcTaBiseT co0oit
TOJILKO HEKOTOPYIO OECKOHEYHO MaTyr0 BeIMYUHY. J{J1s1 TOTO 4TOOBI TPOUHTETPH-
pPOBaTh MPABYIO YaCTh YPaBHEHHUsI IIEPBOTO 3aKOHA TEPMOIUHAMUKA
6q =du + pdv, nomxHa ObITh U3BECTHA 3aBUCUMOCTb p OT v (Wiu p oT T).

Tabnuua 6.2
TermroeMKOCTH ISl HEKOTOPBIX Ta30B B UACATBHOM COCTOSTHHH

lenaoeMKoCTR

c
Tas AHMHYecKan fopM yha ﬁ‘ﬁr:{?:: : K) Kﬁﬁ?ﬁf?f "’*‘-—-Cp

J T

Conp | B ey, | €y

[esinii He 20,93 | 12,60 | 5,237 | 3,161 1,660
Boxopox - E, 98.62 | 20,30 | 14,200 {10,070 | 1,410
Boaxyx e 99,07 | 20,76 | 1,004 | 0,716 | 1,401
Meran CHy 34,74 | 26,42 | 2,165 | 1,647 1,315
Ammuar NH; 35,00 | 26,67 1 2,056 1 1,566 t,315

B MaTemaTuke nokaspiBaeTcs, 9To audGepeHIanbHbIi IBYYICH BCeTaa
MOJKHO TPEBPATUTH B TOJMHBIN TuddepeHIIral myTeM AeeHus (UM YMHOKEHH)
Ha MHTETPUPYIOIIUN AeTUTENb. TaKuM UHTETPUPYIOIIUM JEIUTEIEM IS JIEMEH-
TapHOTO KOJIMYECTBA TEIUIOTHI g SIBIIAETCS a0COMOTHAsA Temneparypa 7.

[TokaxxeM 3TO Ha puMepe uaeanbHoro raza. Mmeem oq = du + pdv wnm 3a-
MeHUB p Ha RT/v, nonyuuM 6q = c,dT + RTdv /v .
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Paznenus 06e yacTu nocnenHero ypaBHeHus Ha T, HaXoquMm:

oq/T =c,dTl' /T +Rdv/v. (6.39)

Otcroa BeIpakeHue 0g/T pyu 00paTUMOM U3MEHEHHUH COCTOSIHMS T'a3a eCTh
noJIHbIN nuddepeHan HeKoTopo PyHKIIMU nepeMeHHbIX T U v (¢, 3aBUCUT
TOJIBKO OT TEMIEPATYpPHI, a R — BeJIMYMHA MOCTOsIHHAs ). Knay3uyc Ha3Baji 3Ty
dbyHKUMIO SHTpoNHE 1 0603HaumI S. BeipaxkaeTcst mosiHas SHTponus S B JHKOYISIX
Ha rpaayc (Ix/K), a ynenbHast SHTpONUS § - B JDKOYJISIX HAa KHJIOTPaMM TPpaayc
[ox/(xr-K)].

Takum obpazom, quddepennnan YHTPONUU AJiE 00PATUMOTO U3MEHEHUS CO-
CTOSIHMSI OTIPECIIAETCS KaK:

ds =0q/T . (6.40)

Yoenvnaa snmponus ecmov 00no3naunana Yynkyua cocmosanus 2aza, npu-
HUMAOWAsn 071 Kax#coo20 20 COCMOAHUS 6NOIHE ONpedeleHHOe 3HaueHue.
VY nenbHas SHTPONUS SIBIASETCS SKCTEHCUBHBIM (3aBUCUT OT MAacChl BEIIeCTBA) Ia-
paMeTpoOM COCTOSIHUS, U U3MEHEHHE €€ B JII00OM TEPMOJIMHAMUYECKOM Mpoliecce
MTOJTHOCTBIO OMPEACIISIETCS KpAaHUMU COCTOSIHUSIMU T€Ja U HE 3aBUCUT OT ITyTH
nporiecca. B ¢Bsi3u ¢ 3TUM dHTpOIHUS Ta3a, SABJISISCh TApaMEeTPOM COCTOSTHUSA, B
nporeccax, /-3-2, 1-4-2, 1-5-2, 1-6-2 (puc. 6.2) Oyaet u3MEHAThCS OJMHAKOBO.
DTO CBOWCTBO OTHOCATCS KaK K 00OpaTHUMBIM, TaK U HEOOpAaTUMBIM Mporeccam. [1o-
ATOMY

As; 5 ,=As; 4 ,=As; 5 ,=As, 5 ,=5,—5,= f(PzVZ)_f(PIVI)-

Tak kak ynenabHast SHTpoMuUs 00J1agaeT
CBOICTBOM aJIIUTUBHOCTH, TO ajredpaunye-
CKasg cyMMa U3MEHEHUI SHTPOIUH OTIENb-
HBIX T€JI, COCTaBISIONINX TePMOIUHAMUYEC-
CKYIO cucTeMy, OyZIeT paBHa U3MEHEHUIO H-
TPOTIMH BCEW TEPMOJIUHAMUYECKON CHCTEMBbI
B 1iesioM. [Ipuyem n3MeHeHus yJaenbHOM H-

P2vaS; TPOTIMU OTACJIBHBIX TEJ B 3aBUCUMOCTH OT
vV  Ipouecca MOryT ObITh KaK MOJO0KUTEIbHBI-

Pric.6.2. Xapaxtep H3MeHeHHs MU, TaK U OTPULIATECIIBHBIMHU BETMYMHAMU.
VJIENBHOM SHTPOIHH B TEPMO/THHA- VY nenpHas SHTPOMNUS MOXKET OBITH OII-

MHUYECKOM TIPOIIECCE penesneHa Kak (yHKIUs OCHOBHBIX ITapameT-
POB COCTOSIHUSL:

s=filpv)s=1f(p.T)s=f,(nT)
[Tonubie auddepenmansl yaeabHONH SHTPOIUN UMEIOT TaAKOW BHUI:
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ds = (0s/cp),dp +(0s/0v) ,dv,
ds =(0s/0p ), dp +(0s/0T) ,dT ;. (6.41)
ds = (0s/0v), dv +(0s/0T ) dT.

JI71st mosty4eHus U3MEHEHHUS yIeJIbHOM SHTPONUHU Kak PyHKuu T ¥ v COOT-
HotieHue (6.39) npencTaBuM B CIICIYIONIEM BUJIE:

ds=c,dT/T+Rdv/v. (6.42)

WuTterpupys npu c,=const, HaWaeM JUIsl UIeaIbHOT0 rasa:
s,=8;=c,InT,/T,+Rinv,/v,. (6.43)
Jnst mosmydeHust U3MEHEHUs SHTPONNH Kak QyHKUuM 7' U p cleayeT u3 ypas-

HeHus (6.42) uckmountsb v. U3 ypaBuenus Kuanetipona nocie nuddepeHiupona-
HUS TTOJTYYHM:

pv=RT; pdv+vdp=RdT;dv/v=dT /T —dp/p.
[ToacraBnss 3HaueHue dv/v B ypaBHeHue (6.42), umeem:
ds=c,dT/T+RdT/T—Rdp/p=c,dT/T—Rdp/p.
WuTerpupys npu c,=const, HAXOINM:
s;=s;=c¢,InT,/T)—Rinp,/ p,. (6.44)

Jlist moy4yeHus: U3MEHEHUS yIeIbHON SHTPONHUH KaK (PYHKIIMU p U V CIeay-
eT u3 ypaBHeHus (6.42) uckmouuth 7. [1onb3ysch TeEM ke METOAOM, MOTYUYUM:

ds=c,dv/v+cdp/p+Rdv/v,
OTKyJia
ds=(c,+R)dv/v+c,dp/p= c,dv/v+c,dp/p.
HNuTerpupys, onpenesiem:

s;=s;=c,Inv,/v,+c,Inp,/ p,. (6.45)
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VYuurtsiBasi, 4TO U3MEHEHHUE YICIbHON YHTPOIUU TeJla HE 3aBUCUT OT XapakK-
Tepa mpoiiecca, moxydeHHbie ypaBHeHus (6.43), (6.44) u (6.45) npuMeHUMBI KaK
JUIsL OOpaTUMBIX, TaK U [ HEOOPATUMBIX MPOLIECCOB.

N3 ypaBueHnus (6.40) MOKHO MOAYYUTH 001LYI0 (OPMYITY ISl ONpeeTIeHUs
TEIJTIOEMKOCTH.

Yoenvnasa mennoemrxocms c, 1100020 npouecca x pasna npou3zéedeHuIo
abconrwmnoi memnepamypuol T na yacmuyio npou3e00HyI0 y0eabHOU IHMPONUU
s no memnepamype T npu x = const:

c. =T(6s/0T), . (6.46)

[ToncTaBuB B ypaBHenus (5.24) u (5.35) 3HaueHue oq u3 ypaBuenus (6.40),
MOJTYYUM:

Tds = du + pdv, (6.47)
Tds =dh—vdp . (6.48)

PaBenctBa (6.47) u (6.48) coneprkat TOJIBKO MapaMeTpPbl COCTOSIHUS U UX
muddepeHnranbl U HOCAT HA3BaHUE MEPMOOUHAMUYECKUX MOMHCOECME; OHU OT-
HOCSITCSI K 00OpaTHMBIM IIPOIIECCaM.

Ecnu B TepMOMHAMHYECKON CHCTEME KPOME pabOThl U3MEHEHHS 00beMa
coBepIaeTcsi padorta d/,, He CBsI3aHHAs ¢ U3MEHEHHEM o0beMa Tea, TO TEPMOJIH-
HaMHMYECKHE TOXICCTBA MMCIOT TAKOM B/

Tds =du+ pdv + 9l ; (6.49)
Tds =dh—vdp +4l,. (6.50)

B repmonuHamMuKke enympenuss snepaus, SHMAlbnUA, SHMPONUs, Menioem-
KOCMU HA3bIBAIOMCS KATIOPUYECKUMU CEOUICHBAMU 8eleCmBd, a YOebHblil 00b-
eM, abconomnoe oasieHue, memMnepamypa — mepmMudecKuUmMu C60UCmeamu.

6.11. TenuioBasi 7-s nuarpamma

VY AenbHYI0 SHTPOIIHIO MOKHO IPUMEHSTh COBMECTHO C OJJHUM U3 OCHOBHBIX
napameTpoB Uil rpayuuecKoro u300pakeHus IpoLeccoB. Y 100Hee BCEro yAelb-
HYI0 SHTPOIUIO COYETaTh ¢ a0CONIOTHON TemrnepaTypoit 7. Eciu yienbHyo 3H-
TPOIHIO S OTKJIAIBIBATH MO OCH a0CLHUCC, a aDCOTIOTHYIO TEMIIEpaTypy — MO OCU
OpAUHAT, TO NOJIy4aeM KOOPAMHATHYIO cucTemy 7-s, T. €. T-s auarpammy, rjae co-
CTOSIHME ra3a rpaduyecku n300pa3uTcsi TOUKOMH, a MPoLecC — B BUI€ KPUBOM,
ypaBHEHHE KOTOPOil MOXKHO TIpecTaBuTh Kak T = f(s). YaensHas Terwiora mpo-
uecca oq = Ids n300pa3uTcs Ha AUarpaMMe dJIEeMEHTapHOM TUIOLIaAKOM, BhICOTa

KoTopoit paBHa 7, a ocHOBaHue ds (puc. 6.3). [Inomans nox kpuBoit 06paTuMoro
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nporiecca /-3-2 n300pakaeT B HEKOTOPOM Mac-
T mTade yedbHYI0 TeIUIOTY, TOABOJAUMYIO B 3TOM
nporecce:

2
q, ,=n1.513265 = J.Tds .
I

qr-1
Ha Ts-puarpamme ruromans, OrpaHU4eH-

Has JUHUEHN npoluecca, KpalHUMU OpJIMHATAMU U
OCbIO S, B HEKOTOPOM MaciTabe u3o0paxaeT Ko-
JIMYECTBO TEIJIOTHI, yYaCTBYIOIIEH B Mpoliecce.

W3 ypaBHenus og = Tds cnenyet, 4Tto og u
ds uMeroT oMHaKoBbIe 3HaKkU. Eciau B poliecce yaenbHas SHTPOIHUS S yBEJINYUBa-
€TCsl, TO TEIUI0Ta K razy MOJIBOJUTCS, €CIIM YMEHBIIAETCS, TO 3TO YKa3bIBaeT Ha OT-
BOJI TEIUIOTHI OT paboyero Tena.

OO6paTuMbIii KpYTOBOM mpoliece Ha T-s quarpamMmme u300pakaeTcs Il.
13241.

PazHocTh MeXy MOABEEHHBIM U OTBEICHHBIM KOJIMYECTBOM TEIUIOTHI, CO-
IJIACHO NIEPBOMY 3aKOHY TEPMOJIMHAMUKH, TIPEJICTABIIsAET COOOM MOJIE3HYIO BHEIII-
HIOIO paboTy, KOTOPYIO COBEpIIAET paboyee Teao Mpu KPyroBoM 00paTUMOM Ipo-
1ecce HaJl BHEITHUM OOBEKTOM PabOTHI.

Takum obpa3zom, Ha 7-s [uarpamMmme yaenbHas padoTa Teja mpu o0paTuMoM
KPYTOBOM IIPOLIECCE YUCICHHO paBHA IUIONIAU BHYTPU 3aMKHYTOW JIMHUU IIUKJIA U
JaeT HarjsJHOE MpeCTaBlIeHe 00 U3BMEHEHUH TeMIIepaTyphl pabodero Tena.

JJis uieanbHBIX Ta30B YCIOBHO MPUHSATO CYUTATH SHTPOIMIO PABHOM HYIIO
IIPU HOPMAIbHBIX (PU3UYECKUX YCIOBHSIX.

B 3akstouenue cienyet OTMETUTD, YTO BBEACHUE MOHATHUS SHTPOIHUH ObLIO
C/IeJIaHO TIOKa MPUMEHUTENbHO K UJeaTbHOMY a3y U BCE YTBEPKACHHUS OTHOCH-
TEJIHHO CBOWCTB SHTPONHH HE MOTYT MOKa ObITh 0OOCHOBAHHO PacCHpOCTPAHEHBI U
Ha peasibHbIe Ta3bl. OJIHAKO, KaK OyJeT MoKa3aHo Jaliee, MOHITHE SHTPOIIHH MO-
KET ObITh YCTAHOBJIEHO JIOCTATOYHO TOYHO, HE3aBUCHUMO OT CBOMCTB paboyero Te-
na. Iloka xe 3ToT mapamerp OyAeT UCIOJIb30BaH Kak BecbMa yJOOHBIN TP aHAJIU-
3€ MPOLIECCOB UIECANBHOIO Ta3a.

Puc.6.3. Termosas T-s quarpamMmma
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7. TEPMOJIUHAMUWYECKHUE IMNPOLECCHI UJEAJIBHBIX T'A30B
7.1. O01mue BONPOCHI UCCJICIOBAHUS MIPOLECCOB

[lepBbIii 3aKOH TEPMOJUHAMHUKN YCTAHABIMBAET B3aUMOCBSI3b MEXKY KOJIH-
YECTBOM TEILJIOThI, ”3BMEHECHHUEM BHYTPEHHEH YHEPTUM U BHEITHEH paboTol rasa,
MpUYEeM KOJUYECTBO TEIIOTHI, IOJIBOJUMOE K TEJIy WJIM OTBOJIMMOE OT HETOo, 3aBH-
CHUT OT XapakTepa Ipoliecca.

K ocHOBHBIM mpolieccam, UMEIOIIMM OOJIBIIIOE 3HAYCHHE, KaK JJIsl TEOPETHU-
YECKHUX UCCIICIOBAHMM, TaK U JJIsl IPAKTUUECKUX pabOT B TEXHUKE, OTHOCSITCS:
U30XOpHBLIL, TPOTEKAIOUIUI IPU MOCTOSIHHOM 00BbEME; U300apHwlil, TPOTEKAIOUTUN
[P MIOCTOSTHHOM JIaBJICHUW;, U30MePMUYecKuil, TpOTEKAOUIUH P MOCTOSTHHOM
TeMIiepaType; aduadammusiii, IPOTEKAIOIIUN MPU OTCYTCTBUU TEIJIOOOMEHA C
BHEIIHEN CPEIOM.

Kpome toro, cymiecTByeT rpyrma npoleccoB, sIBISIOMINXCS TP OTNpeie-
JICHHBIX YCIOBUSX 0000IIAIOIIMMU I OCHOBHBIX MPOIIECCOB. ITH MPOIIECCHI Ha-
3bIBAIOTCS ROJAUMPONHBIMU Y XAPAKTEPU3YIOTCS TIOCTOSSHCTBOM TEIJIOEMKOCTH B
nporecce.

J1J1s Bcex MpolieccoB yCTaHABIMBAETCS OOIIMI METO UCCIIEIOBAaHUM, KOTO-
PBIii 3aKITI0YAETCS B CIAEAYIOLIEM:

1) BBIBOIUTCSI ypaBHEHUE KPUBOH Tpoliecca Ha p-v- U T-s quarpammas;

2) yCTaHaBJIMBAETCS 3aBUCUMOCTh MEK1y OCHOBHBIMU MapaMeTpaMu pado-
4ero Teljla B Hayaje v KOHIIE Mpoliecca;

3) onpenensieTcs U3MEHEHHE YIeTbHON BHYTPEHHEH 3Hepruu 1o hopmyiie,
CIpaBeJIMBOM JJI BCEX MPOILIECCOB UIEaTbHOrO Iasa:

5]
Au=u,-u, = jcvdtchO
]

Vip

WM TIPH TOCTOSHHOM TEIIOEMKOCTH:
U, —u; = Cv(fz _tl);

4) BeIuuCIsieTCs paboTa U3MEHEHUsI 00beMa rasza 1o OCHOBHOH (opmyiie:
V2 V2
I={pdv=f(v)dv:
vV Vi

5) ompenensieTcs yaeIbHOEe KOJTMYECTBO TEIUIOTHI, Y4aCTBYIOIIEE B MPOIIEC-
ce, o ¢opmyre:
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6) onpenensieTcss U3BMEHEHHe YIeIbHOW SHTAJIBIINU B IIpoliecce 1no ¢popmyie,
CIpaBeJIMBOM JJI BCEX MPOILIECCOB UICaTbHOrO Tasa:

— %2 — |4

WM JUISL IIOCTOSSHHOM TEIUIOEMKOCTH:
hy—h; = Cp(tZ _tl);

7) onpenensieTcss U3BMEHEHHe YAEIbHOW SHTPONUU UIeaIbHOro ra3a no ¢op-
MyJIaM:

s,=s,=c,InT,/T,+RInv,/v,,

s;=s;=c¢,InT,/T;—Rinp,/p,.
PaccmarpuBaemMblie IpoLEeCChl CYUTAIOTCS 0OPATUMBIMHU.
7.2. N30x0pHBIii pouecc
IIpoyecc, npomexarowuti npu NOCMOAHHOM 0ObeMe, Ha3bl8aAION U30XOPHBIM
(dv =0, unu v = const ). KpuBas nporecca Ha3piBaeTcs uzoxopoii. Ha puc. 7.1

npejacTaBiieH rpaduk mpouecca. M3 ypaBHeHUs COCTOSIHUS UACAIBHOIO ra3a
pv =RT 1pu v = const nonydaem:

P19 pvT,
p/T=R/v= f(v)=const.
IIpu nocTossHHOM 00beMe JaBlIeHUE Ta3a U3Me-
HSETCS NPSIMO MPOHNOPLUOHAIBHO a0COIOTHBIM TEM-
neparypam:
2Q pvaTI>
L4 p/py=T,/T,. (7.1)

Puc.7.1. U30x0pHBbIi1
IIpoleCC Ha p-V Ana-

Buemrnsist paboTa raza npu v = const paBHa Hy-
JI10, Tak Kak dv = 0. CnenoBaTenbHO,

V2

I=[pdv=0.

Vi
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VY nenbHas pacrionaraeMas (1osie3Hasi) BHELIHss padboTa /', KoTopast MOKeT
OBITH IIEpe/laHa BHEIIHEMY O00BEKTY paboThl, orpeaensercs no Gopmyse:

P2
I'= _IVdP =—v(p,—p,).

P

W3 nonyyeHHOro BbIpa)KE€HUs BUJIHO, YTO MOJIe3Hasi BHEIIH:s paboTa /' B
M30XOPHOM IIpOIECCE paBHA paboTe NpoTanKkuBaHus: ['= p,v— p,v (Hampumep,
MPOTAJIKUBAHUE HEC)KUMAEMON KUIKOCTHU MO KaHATYy OT OJJHOTO CEYECHHSI K APYTo-
MY).

OcHOBHOE ypaBHEHHE MEPBOTO 3aKOHa TepMoauHaMuku (5.24) pu ol =0
MPUHUMAET BUJ:

oq, =du,=c,dt.

KonudecTBo TEmI0Th, y4acTBYIOLIEE B MIPOLIECCE MPU MOCTOSHHOM TeTIo-
€MKOCTH PaBHO:

ts ts
G2 = j(@u/@t)vdt = ~|Acva’t= e, (t,—t,)=u,—u,.

t t

Bcest BHEIIHSS TETUIoTa pacXoayeTcst TOJIbKO Ha U3MEHEHHE BHYTPEHHEH
SHEPIUHU TeA.
IIpu nepeMeHHON TEIIOEMKOCTH B Iipouecce /-2:

2
Gv12 Uy —U =6y

1y

Vig

t. (7.2)

Ecnu niporiecc /-2 ocymiecTBIseTCs C yBEITUUYCHHUEM JaBICHUS, TO yASITbHOE
KOJIMYECTBO TEIUIOTHI B HEM TIOJIBOIUTCS, TIPU STOM yBEJIIMIUBAIOTCSI BHYTPEHHSIS
SHEprus ¥ TeMIleparypa ra3a. Eciu naBineHue B mpoiecce MOHMKACTCS, TO YAeb-
HOE€ KOJMYECTBO TEIIOTHI OTBOJIUTCS, YMEHBIIIAIOTCS BHYTPEHHSISI SHEPTUS U TEM-
neparypa rasa (puc. 7.1).

V3MeHeHue yaenpbHON SHTPONUY B 00paTHMOM M30XOPHOM TPOIECCE OIpe-
nensieM u3 ypaBHeHus (6.43):

s,=s;,=c,InT, /T, +Rlnv,/v,,

HO IIpU v = const — Inv, /v, =0, 103TOMYy U3MEHEHUE YJEIbHON SHTPOIIUU NpU
ITOCTOSIHHOM TEIJIOEMKOCTH PABHO:
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€ 2z
r A
=
C
b T=const
y S
So
=
Puc.7.2. TepmoauHaMuyecKue mpoueccsl Ha 7-s nuarpaMmme
T,
s,-5,=[(0s/8T),dT =c,InT, /T, =c,Inp,/ p,. (7.3)

T;

Kaxk BuHO M3 JaHHOTO ypaBHEHUS, H30X0pa Ha T-s [uarpaMmme
npeacTaBisgeT cooo kpusyto /-2 (puc. 7.2). [loakacarenbHast K KpuBoid /-2 B JII0-
00l ee TOUKe 1aeT 3HAYEHUE UCTUHHOM TEINIOEMKOCTH Cy.

JleficTBUTENBHO, BETUYMHA MOJIKACATENIbHON B TOUKE 2, TIO MPABUITY aHAJIU-
TUYECKON U30METPHH,

3—4=T(ds/dt)=0q,/dT =c,.

[1n. 31243 B HEKOTOpOM MacIITabe n300pakaeT B mpoiiecce /-2 KOITU4eCTBO
TEIJIOTHI ¢,, PACXOIyeMON Ha U3MEHECHHE yICIbHOW BHYTPEHHEH YHEPTUM Ta3a
(uy —uy).

N30x0pbl pa3nuuHbIX 00bEMOB SBISIOTCS SKBUIUCTAHTHBIMU KPUBBIMH,
MMEIOITUMU MPU OJHOM M TOU K€ TeMIepaType OAUHAKOBBIC YIII0BbIe KO3 QuIu-
CHTHI.

N30Xx0pbl, MOCTPOCHHBIE JIS PAa3IMUYHBIX 00bEMOB, CMEIIEHBI OJIHA OTHOCH-
TEJILHO JAPYToi Ha pacCTOsIHUE, KOTOPOE OIpeeNisseTcs o ypaBHEeHHIO (6.43) ipu
T = const (puc. 7.2):

As=s,—s,=RIlnv,/v,.

a
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Yewm OoJibiie 00beM rasa, TCM OajJblIIC HAXOAUTCA NU30X0pa OT OCH OpAMNHAT.

7.3. U300apHblIii mpoiuecc

IIpoyecc, npomekarowuii npu NOCMOSHHOM OABIEeHUU, HA3bIBAIOM U300ap-
Hum (dp =0 unu p = const ). Kpusas nporiecca HazbiBaeTcs uzobapoii. Ha puc.
7.3 nzobpaxkeH rpaduk mpoiiecca.

W3 ypaBHEHUsI COCTOSTHUS MI€aTbHOTO Ta3a s n300apHOTOo Mpoliecca Ha-
XOUM:

v/T=R/p=(0(p)=const.

DTO COOTHOILICHUE Ha3bIBaeTCA 3aKOHOM [ eu-Jlroccaxka. JIns npouecca [-2:

P B nzobapHom nporecce 00beMbI OJTHO-
r'0 U TOTO JK€ KOJIMYECTBA Ta3a U3MEHSIOTCS
[ ——— 2 MIPSIMO TIPOTIOPIIUOHATIBHO a0COIIOTHBIM TEM-

<
Divi T f p2v2 T 2 IIpu pacuimpenuu raza ero Temrepary-
pa BO3pacTaeT, MpHU CKATUU — YMEHBIIAETCS.
1% VY nenwHas paboTa u3MeHeHUs o0beMa
. [IPU 3TOM BBIPAXKAECTCSA CIEAYIOLIUM ypaBHeE-
Puc.7.3. I306apHsbIii iporiecc Ha HIeM:
-V AMarpamme '
V2
I=p|dv=p,-v,), (7.5)
Vi
1583071
[=R(T,-T,)=R(t,—1t,). (7.6)

Y nenpHas pacronaraemasi (IoJie3Hasi) BHEITHsS padora:
2
['= —J. vdp = 0.
I

W3MeHneHune y1ebHON BHYTPEHHEN SHEPTUU:
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Au=u,—u, =cv(z‘2 —t,).

OcCHOBHOE ypaBHEHHE MEPBOTO 3aKOHA TEPMOJIMHAMUKYU TIPU p = CONSt
(dp = 0) umeer BU:

&, =c,di =dh.

CnenoBatenbHO, yEIbHOE KOJIUYECTBO TEIUIOThI, COOOLIEHHOE TENY B U30-
OapHOM Tpoliecce, MPU NOCTOSTHHOM TEeTTIOEMKOCTH:

t) ty
Gy =[(Oh/0t),dt = [c,dt=c,(t;—t;)=h,~ h; (7.7)

] ]
NN HpI/I HepeMeHHOﬁ TCITIIOCMKOCTU :
5

Gpi-2= ~|Acpa’t = Cl"o t,—c,
)/

Ty=hy—hy. (7.8)

YacTtb COO6I_HCHHOFO YACIABHOI'O KOJIMYCCTBA TCIIJIOTHI qp 7-2> PABHOC

p(v 5=V ,), MEePEXOUT B pabOTy paclIMpeHus, a Apyrasi 4acTh UIET Ha yBeIuye-

HUE YJEJIbHOU BHYTPEHHEN SHEPIUU Tea.
Jli 00paTUMOro N300apHOro Mpolecca NP MOCTOSHHON TEIIOEMKOCTH
M3MEHEHHE YEeIbHOW SHTPOIUH HaXOAUTCS IO ypaBHEHUIO (6.44):

s;=s;=c¢,InT,/T)—Rinp,/ p,,

HO Ipu p = const — Inp,/ p, =0, 103TOMY
T, T,
s,-5,=[(@s/aT),dT = [(c,/T) dT =¢,InT, /T, = ¢, Inv, /v,. (1.9)
T, T,
N3o006apa Ha 7-s nuarpamme nzoOpaxaercs KpuBoi 7-5 (cMm. puc. 7.2) u, mo-
n00HO U30X0pe, oOpaleHa BhITYKIOCThIO BHM3. [logKkacarenbHas KpuBout 7-5 B

M000M ee Touke JaeT 3HaUeHHEe UCTUHHOU TEII0EMKOCTH C,. I TOUKH 5 mojKa-
caTrelibHas

8—6=T(ds/dT)=5q,/dT =c,.
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[1n. 87568 nox n306apoii B HEKOTOPOM MaciITabe u300paxkaeT yaelbHOe
KOJIMYECTBO TEIUIOTHI ¢, COOOIIAeMOE ra3zy, 1 paBHOE U3MEHEHUIO yJIeJIbHOMN 2H-
Tanbluu h, —h,.

Bce n300aphI SBISIOTCS SKBHIUCTAHTHBIMU KPUBBIMHU, UMEIOIUMU TIPH O/1-
HOM | TOH kK€ TeMIlepaType OJIMHAKOBBIC YIIIOBbIE KOG (HUIIMECHTHI. | Opr30HTAIb-
HOE€ PacCTOSTHUE MEXIy N300apaMu pa3InIHBIX TaBICHUHN ONpeaesieTcs Mo ypas-
HeHuto (6.44) npu T = const (cm. puc. 7.2):

As=s,—s;=RInp;/p,.

W3 mocneaHero ypaBHEHHS CIEAYET, YTO PACCTOSTHUE MEXKIy N300apamu 3a-
BUCHUT OT JaBJICHUH U MPUPOABI Ta3a. Uem Oombliie qaBieHHE ra3a, TeM nu3odapa
OJIMKe K OCH OpAUHAT.

N3 conocraBnenus: ypasuenuii (7.3) u (7.9) cienyert, 4To B ciiydae ocCyIie-
CTBJICHHUSI U30XOPHOTO U M300apHOTO MPOIECCOB B OJHOM WHTEpBaJe TeMIIepaTyp
BO3pacTaHue yJaeabHON dHTpoHH OyeT Oobiie B 1300apHOM IpoIecce, TaK Kak
¢, Bceria 0ombIiie ¢,. M300apul aensiomes 6onee noiocUMu KpUSbLMU, 4eM U30X0pbl
(cm. puc. 7.2).

7.4. U30TepMUYeCKHI IPoLecc

IIpoyecc, npomexarowuii npu NOCMOAHHOU MmeMnepamype, Ha3vl8arm U3o-
mepmuueckum (T = const, unu dT = (). KpuBas mpoliiecca Ha3bIBaeTCsl U30TEP-
Moit (puc. 7.4).

JI71s1 m30TepMUUYECKOro Ipoliecca uaeaabHOTO rasa:
pv=RT = l//(T) = const
WIn
PV =PV, U/ py=v,/ V.

[Tpu mocTositHHOM TeMriepatype o0beM rasza
MU3MEHSETCS 00paTHO MPOTIOPIIUMOHAIBHO €TI0
JaBlieHUIO (3akoH botiis — Mapuomma).
< > Ha p-v nuarpamMmme W30TepMHBIH TpOIECC
MIpeCTaBIsAeT CO00I PaBHOOOKYIO TUIIEPOOITY.

OcHOBHOE ypaBHEHHUE TIEPBOTO 3aKOHA
TEPMOJIMHAMHKY TIpu T = const TOIydaeT Mmpo-
CTOU BUJ:

Puc.7.4. U3oTepmudecknii
IIPOLIECC HA p-V AUArpaMMe

og=olvq, ,=1_,.
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KonudecTBo moaBeAcHHOM K pabodeMy Ty TEIUIOTHI YUCISHHO PaBHO pa-
00Te U3MEHEHUI 00BEMA.

3Has ypaBHEHHE M30TEPMUYCCKOTO TIpoIiecca JIJIs UACaIbHOTO Ta3a, MOKHO
MoJICUMTATh PabOTy mporecca. Y neapHas padoTa U3MEHEHHS o0beMa:

V2

1= [ pdv,

Vi

HO U3 YPaBHEHHUS U30TEPMBI UMEEM pV = p,V,, UWIU p = p,v,/V, IOITOMY

l=p,v,jdv/v.

Vi
WuTerpupys nocieaHee ypaBHeHHE, TOIydaeM
l=pyv,Inv,/v,=q. (7.11)

VYpasuenue (7.11) onpenensier yaenbHyto paboTy U BHEILIHEE yIETbHOE KO-
JUYECTBO TEIJIOTHI UJIeaJIbHOTO ra3a. [Ipu mepexo/e K AecCATUYHBIM Jiorapudmam
UMEeM:

q:l=2,3p]V]ZgV2/V]:2)3plvllgp]/p2: (7 12)
= 23RTlgv,/v,=23RTlg p,/ p, ' '

VY nenwHas pacrosiaraeMmas BHEITHsIS padoTa [/ onpeaesieTcs no hopmyre:

P2 D2
Z'Z‘WP=P1WIdp/p=p1v,lgp,/p2, (7.13)

P P

T. €. B UIBOTCPMHUYCCKOM IPOHCCCEC HACAIIBHOTO Ira3a I'=1= q ., W yacjabHaA pa60-

Ta U3BMEHEHHs o0beMa, pacrojaraemas (mosie3Has) padora u yJaeiabHOe KOJIUYeCT-
BO TEIUIOTHI, MOJIYYEHHOE TEJIOM, PaBHBI MEXAY COOOH.
TennoeMKoCTh B H30TEPMUYECKOM MPOLIECCE:

cr =09/dT = 6q/0 = too.

OHTaNbNNs U BHYTPEHHSS YHEPTUSI UAECATBHOTO ra3a HE MEHAIOTCS, T. €.
dh=0udu=0.

N3orepmudeckuii mpouecc Ha 7-s 1uarpamme u3o0pakaercs npsiMon, na-
pauienibHOM ocu abcuucc (cM. puc. 7.2). [lns onpeneneHus u3aMeHeHUs yaeaIbHON
SHTPONUU CJEeAYyeT BOCIONb30BaThCs ypaBHEHUEM (6.43):
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s,=s,=c,T,/T,+Rlnv,/v,,
OTKyJa
s,—S;=Rlnv,/v,us,-s;,=RIlnp,/p,. (7.14)

Y nenpHOE KOTMYECTBO TEIIOTHI, YYaCTBYIOIIEE B H30TEPMHUECKOM TPOIIEC-
CE, paBHO IPOU3BEICHUIO U3MEHEHNUS YI€IBbHONW SHTPOIHH (S, —§,) Ha a0COIIOT-

HYO Temrieparypy 1: g = T(sz - s,).
7.5. AnnabaTHblil mpouecc

IIpoyecc, npomexarowuil 6e3 no0ooa u omeooa menjiomsl, m. e. npu om-
cymcmeuu menjiooomena pabouezo mena ¢ OKpyscaroujeli cpeootl, Ha3vlearom
aouadamuvlM, a Kpusas 3moco npoyecca Haszvigaemcs aouadamoi. [{ns nonyde-
HUS aJuabaTHOro mpoliecca He0OXOJUMbIM U 0043aTEIbHBIM YCIIOBUEM SBIISIETCS
oq =0 u, cnenoBateybHo, g = 0.

OO6patuMblit aanabaTHBIN IPOLECC MOKHO OCYIIIECTBUTH B LIMJIUHJpPE C a0-
COJIFOTHO HETEIUIONPOBOIHBIMU CTEHKaMH MPU OECKOHEYHO MEJIJIEHHOM IepeMe-
IIEHUU TTOPIITHS.

BriBeneM ypaBHeHue aauabdarsl. 13 ypaBHeHHI nepBoOro 3akoHa TepMOIu-
HaMUKH 1pu &g = () umeeM:

c,dT —vdp =0 n ¢, dT + pdv=10.
PaznenuB mepBoe ypaBHEHHE HA BTOPOE, MOTyUUM:

c,dT /¢, dT =—vdp/ pdv wnu kdv/v=—dp/p.

WuTerpupys nocienHee ypaBHEHUE IPU YCIOBUM, UTO k = const
(¢, =const u ¢, = const), HAXOUM:

V2 P2
k[dviv==[dp/pukinv,/v,=Inp,/p,.
Vi Pi

Ilocne MMOTCHIOUPOBAHUA UMCCM !

i
(Vz /Vl) =p,/ p, WM Pl";c :P2V§>

OTKYy/1a YpaBHEHUE aaruadaThbl
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pv* = const . (7.15)

Ilpu aouabamnom npoyecce npoussedeHue 0asieHuss Ha 00vem 2a3a 6 cme-
neuu k ecmo genuuuna nocmosauHasn. Bearuuuny k nasviearom nokazamenem
aouadamul. PaccMOTpUM 3aBUCUMOCTh MEXIy OCHOBHBIMHU MTapaMeTpaMHu B aJina-
O6aTHOM TIpoliecce.

W3 ypaBHeHUs aquadbaThl CICAYET, U4TO

k 1/k

pipr =) wv, /v =(p,/ p;)

Ecau 311 coOTHOIIEHUS TapaMeTPOB Tejla M0JICTABUTh B ypaBHEHUE COCTOS-
HYS 715 KpaitHux Touek mponecca (p,/p, \v,/»,)=(T,/T,), To mocie cooTBeTCT-

BYIOLIUX NMPeoOpa3oBaHUM HaleM:

I,/T,= (Vz /Vl)k_l = (Pl /Pz)(k_l)/k-

V2
VY nenwHas paboTta u3MeHeHus oobeMa [ = j pdv, coBepiiaemas TeJIOM HaJl
Vi
OKpYXKarollel cpeior Py paBHOBECHOM aua0aTHOM IPOIIECCE, MOYKET OBITh BbI-
YHCJICHA 110 YPaBHECHUIO aina0aThl:

p=pv¥ /v wm

1= {poklav/ )=l A0t 1)

Vi

pvi( 1 L1 PIV;C_Pz"g
k—1 vf‘l vé‘_l k—1 vf‘l vé‘_l ’

= [1 /(k_l)](PIVI _szz)- (7.16)

OTKyJa

N3 Boipaxkenus (7.16) MoryT ObITh IOJIyUYEHBI CIeAyIOIKE (GOPMYIIbI:
= [PIVI /(k_l)]‘(l_Tz/Tl)f = [R/(k_l)]‘(Tl -T).

OTtHomenue TEMIICPATYP 3aMCHACM OTHOUICHUCM 00BEMOB U IIaBJICHI/Iﬁl

k-1

1=l A= 1=(sf )5 | = RT, A= D= o)

Bce 3aBucumMocTu Mexnay p, v, T ¥ ypaBHEHHUS paOOTHI MTOJYUYCHBI TTPH YCIIO0-
BUM, UTO k = const. Ilpu nepemeHHo# k& 00BIYHO MpH pacueTax OepyT cpeaHee
3HAa4YeHHE k, COOTBETCTBYIOIIEE U3MEHEHUIO TEMIIEpaTyphI B MPOLIECCe TI0 ypaBHe-
HUIO:
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YpaBHeHHS TIepBOTo 3aKOHA TepMouHaMUKH (6.47) u (6.48) nnsa anuabdat-
HOTO Tporiecca (dg = () UMEIOT CIIeTYIOIUN BU/L:

du=—pdv u dh=vdp,
OTKy.a
(6u/ov), =—p u (dh/dp), =v.
V3 5THX COOTHOIICHHIA MOYHO TIOY4HT:
(0h/ou),=—(v/ p)op/ov),.

[TonydeHHOE BbIpa)keHHE U €CTh TU(PepeHInaIbHOE YpaBHEHHE
U309HTPOIHOIO IIpoLecca.
B >tom ypasnennu (0h /0u), =k .

CornacHo epBOMY 3aKOHY TEPMOJMHAMUKH, yJeabHas paboTa N3MEHEHHUSI
o0beMa B ainabaTHOM IPOLECCE MOIYYaeTCs 3 CUET YObUIN y/I€IbHON BHYTPEH-
HEW DHEPI'uu Tena:

npu ¢, = const —I=u,—u,=c,(t, —t,);

g t > l=cl|'t —c|’t
apu c. #const — [ =c¢ —C .
D A p2V2 p v vip 1 vlp 2
Ecnu ra3 pacuumpsiercs, T0 €ro BHyT-
PEHHSISL SHEPTUs U TeMIiepaTypa yObIBaloT; ec-
B JIX ra3 CKUMACTCA, TO €10 BHYTpeHHSIH 3Hep-
Vi
C p y  TWd M TeMIepaTypa BO3pacTaroT.

VnenapHas TENI0EMKOCTh B alHa0aTHOM

Puc.7.5. Pacnionaraemas
npolecce u3 BelpaxkeHus ¢ =oq/dT npu

BHEIIHsA paboTa MOJUTPOIHO-
ro Tpoliecca Ha p-Vv Tuarpamme 6g = 0 Taxxe paBHa HYIIO.
BreruncnuM pacrionaraemyto (IoJIe3HYIO)

BHEIIHIOIO pa0oTy B a/lnabaTHOM MpOIECCe:

P2
I'=—[vdp.

P
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[Tpu oOpaTmMoM agnabaTHOM TMpoliecce UACATFHOTO ra3a pacroiaracMas
BHEIIHssA paboTta OyneT B k pa3 OoJiblie yaenbHOU paboThl U3MEHEHUS 00beMa U
oOpatHa el o 3HaKy.

JleticTBuTenbHO, U3 ypaBHeHUs aanabdatsl (7.15) cnenyer, uto kdv/v = -dp/p

w —vdp = kpdv , T.e. dl'=k - dl . CnegoBaremnbHo,
I'=[k/(k=1D)py,—p,v;) m (7.17)
I'=k-1.

['paduuecku pacnonaraemasi BHEIIHsS paboTa u3o0paxaeTcs Ha pv-
nuarpamme mwi. ABCD (puc. 7.5) Uiy 11011a/1bi0, OTpaHUYEHHON JTUHUEH MpoIiec-
ca, KpallHUMU abclccaMyu U OChIO0 OpIUHAT.

U3 puc. 7.6 BugHO, YTO, MOCKOJIbKY B ypaBHEHHUHU ajiuabaTel k > [, oHa Ha p-
v IharpaMMe UAeT Kpyde, 4eM u3oTepMa.

Jlnst o6patumoro aauabaTHOTO Tporiecca og = (), MOITOMY:

ds=6q/T =0nu s, =s, =const, (7.18)

T. €. 00paTUMBIN aabaTHBIN MPOIECC SIB-
Aouabama JNA€eTCs OJHOBPEMEHHO H30PHTPOINHBIM (MU
IIPY TIOCTOSTHHOM SHTPOTIHNH).
[Iporekanue HeoOpaTUMOro aanadar-
Hzomepma HOT'O TIpolecca MOKHO HarJISIHO U300pa-
3WTh, HA T-s quarpamme. [IpuMeHsst ypas-
HEHHUE TIEPBOT0 3aKOHA TEPMOJIUHAMUKH JIJIS
HEOOpaTUMBIX MporeccoB (5.32) u cuuTtasi,
V2

- _— YTO BCerjaa 5gmp >0 u T >0, nonyyaewm,
D C v
Cocamue | Pacuwupenue

A

4YTO HeoOpaTUMBbIN aarabaTHBIN poLece He

SIBIISIETCS] M309HTPOITHBIM (M3MEHEHNE

yIeTbHON YHTPOIUU HE PABHO HYJIIO) U

3a-  Puc.7.6. CpaBHenune aquabaThl  BHCHMO OT €0 HAIPaBICHHUS Kak IIPU pac-
1 U30TCPMBI Ha p-v IMAarpaM-  migpeHuu, Tak U IIPHU CIKATUU

eT- Ccsl yBEJIMYCHUEM yenbHON dHTpornu. Ha

puc. 7.2 oOpaTuMblii aquabaTHBIN Mpoliecc u3oodpaxaercs npsambiMu 0-b, d-c, He-

oOpaTUMBIii aiuabaTHBIN MPOLIECC pACIIUPEHUS - KpUBOU (-c, a IPOIIECC CHKATUSA -

c-e.

A

7.6. IlouTpONHBIE MPOLECCHI

I[O CUX TIOP pacCMATPUBAJINCh IPOUCCCHI, Y KOTOPBIX UMCIINCh BIIOJIHC OII-
PCACIICHHBIC ITPU3HAKH, PI?;OXOpHBIﬁ MMpoHeCC OCymeCTBILJICA IMTPU ITOCTOSAHHOM
O6’BCMC; H306apHBIﬁ — IIpHU TOCTOAHHOM JaBJICHUU, I/ISOTepMI/I‘IeCKI/Iﬁ — IIpH 110~
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CTOSIHHOM TeMIlepaType; aaguadaTHbIi — MPU OTCYTCTBUU TEIII00OMEHA MEXKITY
pabouuM TenoM U BHelHeH cpenoi. Hapsiny ¢ aTuMu nporeccaMu MOKHO TIpe/i-
CTaBUTH elle 0ECKOHEUHOE MHOKECTBO MPOIIECCOB, Y KOTOPBIX UMEIOTCS IpyTUe
ITOCTOSIHHBIE TPU3HAKH.

VY cnoBUIKCH BCSIKUI MPOLIECC UJIEATTBHOTO Ta3a, 8 KOMOPOM YOelbHas men-
JI0EMKOCMb ABNIAEMC NOCMOAHHOU 8EIUYUNHOU, HA3bIBAMb NOUMPONHBIM RPO-
ueccom, a TUHUI npoyecca — NOJTUMPONON.

N3 onpeneneHrs NOIUTPOIHOTO MPOIECCA CIEAYET, UTO OCHOBHBIE TEPMO-
JUHAMUYECKUE MPOLIECCHl — M30XOPHBIN, N300apHBIM, U30TEPMUYECKUN U aua-
OaTHBI — €CJIM OHU MPOTEKAIOT MPU MOCTOSHHOMN yIeIbHON TEIJI0EMKOCTH, SIB-
JISIFOTCSl YaCTHBIMU CITy4YassMU MOJIMTPOITHOTO MpoLecca.

VY nenpHas TEIIOEMKOCTh OJIMTPOITHOTO MPOLECCa ¢, MOKET IPUHUMATh
camble pa3HOOOpa3HbIE MOJOKHUTENIbHBIE U OTPULIATEIBHBIE 3HAUEHHSI OT + 00 JI0
— 0.

VY nenpHOE KOIMYECTBO TEIJIOTHI, YYACTBYIOIIEE B MTOJIUTPOITHOM IIPOLIECCE,
MOKET OBbITh BBIPAKEHO MPOU3BEJIEHUEM TEILNIOEMKOCTH MpoIecca ¢, Ha pa3HOCTh
TEeMIIepaTyp ¢, -{; B KOHEYHOM U Ha4aJIbHOM COCTOSIHUSAX:

q:cn(tz-t])néqzcndt. (7.19)

YPaBHeHI/Ie IMOJIUTPOITHOI'O IMMPOLICCCa BEIBOAUTCA HAa OCHOBAHUHN YPABHCHHA
IICPBOT'O 3aKOHA TCPMOJANHAMHKHU

oq=c,dt=c,dT -vdp n 6q=c,dT =c,dT + pdv.
N3 stux ypaBHeHUN HaleM:
(cn - cp)/(cn - cv): —vdp/(pdv).
O603Ha4MB BhIpAYKEHUE JIEBOM YaCTU ypaBHEHUS 4Yepes3 71, MOIy4YuM
(cn —cp)/(cn —c,)=nundv/v=—dp/p.

HuTerpupyst Noay4eHHOE COOTHOIICHKE B IIpeieiax OT Hadajla 40 KOHLA
pouecca, Haxo0uM

nigv,/v; =lgp,/p,
170171
pv" = const. (7.20)

HonyquHoe YPAaBHCHUC SABJLICTCA YypAGHEHUEM ROJIUMPONRHO20 npouecca.
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Ilokazarenb MOAUTPOIBI # IPUHUMAET JJIs1 KaXKI0T0 IpoLecca ONnpeeyeH-
HOE€ YMCIIOBOE 3HaueHue. {151 OCHOBHBIX MPOIECCOB: U30XOPHBIX 71 = 00, n300ap-
HBIX 7 = (), u30TepMUyecKkux n =/ u aanabaTHeIX n =k .

[TockonbKy ypaBHEHHE MOJUTPONBI OTIIMYAETCA OT YpaBHEHUS a/11a0aThl
TOJIbKO 3HAYEHUEM ITOKA3ATENA 11, TO, OUEBUIHO, BCE COOTHOLIEHUS MEXK1y OCHOB-
HBIMH MapaMeTpaMu MOTYT ObITh IIPEICTaBICHbI (HOPMYJIaMu, aHATOTMYHBIMU
aanabaTHOMY IMpoIlecCy:

pa/py =, ) /T, = (V]/Vz)n_],'Tg/T] = (PZ/PI)(H_I)/”.

YIIeJIBHYIO TCIVIOCMKOCTD ITOJIMTPOITHOT'O ITpo1ccCa ONpPCACIIAACM U3 (1)OpMy-
JIBI.

n= (cn —cp)/(cn —c¢,),orkyna ¢, =c,[(n—k)/(n—1)]. (7.21)

Vpasaenue (7.21) n03BOJIET ONPENEIUTD YIEIbHYIO TEMI0EMKOCTh OIHUT-
POIHOrO Ipolecca Ui KaXXJ0ro 3HaUCHHUS A.

Ecnu B ypaBHeHnue (7.21) moacTaBUTh 3HaU€HUS 1 U1 YaCTHBIX CIy4aeB, TO
HOJIy4aeM yJIeJIbHbIE TEIUNIOEMKOCTU PACCMOTPEHHBIX ITPOLIECCOB:

M30XOPHOro npouecca n =two,¢c, =c,;

u300apHoro npouecca n =0,c, =kc, =c,;

U30TEPMHOrO npouecca n = /,¢, = too;

anuabatHoro mpouecca n =k,c, =0.

VYpaBHEHUE yl1elbHON paObOThl U3MEHEHUsI 00beMa, COBEPIIAEMON TEIOM
IpU MOJUTPOITHOM IIPOLECcCe, UMEET aHAJIOTMYHBIN BUJI C ypaBHEHUEM YEIbHON
paboThl B aguabaTHOM IpoLecce, T. €.:

= [1 /(n _1)](P1V1 _szz)a (7.22)
AN

[=[RT, /(n-D1-T,/T,)=[p,v, /(n—-1)]x
<l1=(p, /0, )= [p, A= 1= (v, /v, Y|

W3MeHeHune yenbHOM BHYTPEHHEN SJHEPTUU I'a3a U yAECIbHOE KOJIUYECTBO
TEIUIOTHI B MOJUTPOITHOM IIPOLIECCE ONPEAEIAIOTCS IO (popMyam:

(7.23)

Au = Cv(fz _fl)f q= Cn(fz 'fl): Cv[(n _k)/(” _1)](5 'tl)' (7.24)

Pacnonaraemasi BHEIIHSS pa60Ta B ITOJIUTPOITHOM IIPOUCCCC 110 aHAJIOTHUH C
aJII/Ia6aTHBIM mponeccomM
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I'= —TVdp = [”/(”_I)KPIVI —pyvy)= [”/(”_1)]R(T1 -T,).  (7.25)

P

3menenue YHCHBHOﬁ OHTAJBIIMHU B ITIOJIUTPOITHOM IMPOLECCCE
hy-hy=c,(t,-1,). (7.26)

3HayeHHUE 7 B JIIOOOM IOJIUTPOITHOM ITPOLIECCCEC MOKECT OBITh OIIPCACIICHO I10
KOOpAHATaM ABYX JIFOOBIX TOYEK I‘pa(i)I/IKal

:lgp,/pz _n_]:lgTZ/T, n—1_IgT,/T,

, , = . (7.27)
lgv, /v, lgv,/v, n lgp,/ p;

n

N306pakas MOMUTPONHBIN MpoIlecC B JIOrapuPMUUYECKUX KOOpAUHATAX,
MO’KHO MPEAJIOKUTE IPOCTON CLIOCO0 IS
omnpenaeneHus nokasarens n. Jlorapudmu-
pysl ypaBHEHUE MOJTUTPOIIBI, TOIYYUM

lg p+nlgv=const.

OT0 ypaBHEHHUE MPEACTABIAECT COOOM
ypaBHEHUE MPSMON JIMHUU B KOOPINHATAX,
lg p u Igv, a mokazaTenb MOJIUTPOIBI 1 —
TaHI€HC yIJIa HAKJIOHA NMPSIMOM K OCH
aocuucce (puc. 7.7).

W3MeHneHue yenbHOM SHTPOIINHU ras3a
B IIOJIUTPOITHOM IIPOLIECCE OIpenesieTcs no GopMyIe:

Puc.7.7. IlonmuTponHslii mpouecc B
Jorapu(pMUUECKIX KOOpIMHATAX

ds=0q/T =c,dIl/T,
WU JUIS1 KOHEYHOTO U3MEHEHUS COCTOSHUS
s,—s, =clgl,/T,=c|(n-k)/(n-1)|igT, /T,. (7.28)

[TonmuTponHelii nporiece Ha T-s quarpamme nzodpaxaercs (puc. 7.8) HeKo-
TOpPOW KPUBOH, pacroio’KeHNE KOTOPOU 3aBHCHUT OT MOKA3aTesl 7.

Ha puc. 7.9 nmokazaHo pacroyiokeHre MOTUTPOIHBIX MPOIIECCOB Ha p-V Tna-
rpaMMe, BBIXOJISAIIUX W3 OJTHOH M TOW e TOYKH, B 3aBUCHMOCTH OT 3HAYCHHSI 110-
Kazarens A.

PaccMoTprM, Kak U3MEHSETCS yIelbHAs BHYTPEHHSS SHEPTHS ra3a B MOJIUT-
POIHBIX Mporieccax. B u3oTepMmuueckoM mporiecce npu # = / yjaelbHas BHYTPCH-
HSS DHEprus raza He u3Mensiercs (u, = u, ). B u3o6apHoM nporecce pacumpeHus
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npu n = () yaenbHas BHYTPEHHSS DJHEPTHs YBEIHMUNBaETCs. B M130X0pHOM mporiec-
Ce C MOABOJIOM TEIUIOTHI TIPH 71 = —o0 yJIebHAs BHYTPEHHSS SHEPTHUs BO3pacTaer.
OTcro71a MOXKHO CZ€NIaTh BBIBOJ, UTO BCE MOJUTPOIHBIE IPOLECCHI, T. €. MPOLIECChI
pacuIMpeHus, pacroI0KeHHbIE Ha/l N30TEPMOU, IpH 7 < [, @ TIPOIIECCHI CHKATHUS
npu 7 > [ MPOTEKAIOT C YBEIMUECHUEM YIEIbHON BHYTpEHHEH sHepruu rasa. [lo-
JUTPOIHBIE MPOLECCHI, T. €. IPOLECCHI
T =k - 00 pacIIMpeHus, PacIoI0KESHHBIE O] H30-
. n=>0 TEPMOU TpH 7 > [, ¥ IPOIIECCHI CKATUS
npu 7 < I MPOTEKAIOT C YMEHBIIICHUEM
yAEIbHOM BHYTPEHHEN YHEPIUU rasa.
PaccmoTpum, Kak U3MEHSETCS 3HAK
KOJIMYECTBA TETJIOTHI B MIOJTUTPOITHBIX
nporieccax (puc. 7.9). B aguabatHom
npoliecce TerIoTa He MOJABOUTCS U He
otBoauTcs. B u3orepmudeckom (n=1),
’ n3o0apHoM (7 = ()) mporeccax pacuimpe-
n>k ©n=k S HUS M B ©30XOPHOM ITpoliecce (# = —oo )
Teriora noaBoautca. CienoBaTeiabHO,
BCE MOJIMTPOTIHBIE MPOLIECCHI, T. €. MPO-
[IECCHI PACIIUPEHUS, PACTIONOKCHHEIE
HaJ aanabaroit B mpenenax k > n > —oo, a MPOILECChl CKATHUS IPU © > 1 > k TIPO-
TEKAIOT C OJIBOJAOM KOJIMYECTBA TEIUIOTHI K padodyeMy Teiy.
[TonuTpomHBIE e MPOLECCHl PACIIUPEHHSI IPU 00 > 11 > k , a TPOIIECCHI CKa-
TS IPH — 00 < 71 < kK TPOTEKAIOT C OTBOJAOM KOJUYECTBA TEILJIOTHI.
[Iporieccrl, pacmoioXeHHbIE MEXKIY aarnadaToi U U30TePMOM, UMEIOT OTPH-
[ATEeIbHYIO TeTJIOEMKOCTh, TaK
KaK 3HaK y 0 ¥ du B 3THX IMPO-

T I<n<k

Puc.7.8. IlonutponHslii npouecc Ha 7-s
ararpamme

reccax pas3nnuHbiid. [Tockonbky
du = c,dT , cnenoBaTeNbHO, 3HAK
y du cOOTBETCTBYeT 3HaKy y dT'
n=0 (du>0,dT >0 n
du <0,dT <0). Torna u3 Beipa-
KEHUS IS YACIBHON TETUIOEM-
n=1 KOCTU ¢ = 0q/dT BUIIHO, YTO
OHA JICHCTBUTEIBLHO OTPHIIA-
Vi=ztco n=k TenapHa. [IpakTHYecKu 3TO 03Ha-
9aeT, YTO MPH OJIBOJIC KOJTHYC-

v
Puc.7.9. PacnonoskeHue MOJUTPOIHBIX TPO- CTBa TCIUIOTHI B 3THX IIponeccax
IIECCOB Ha p-Vv AMAarpaMMe, BBIXOAIINX U3 of-  TEMIICpaTypa yMCHbINACTCH, a
HOMW U TOM K€ TOYKH, B 3aBUCUMOCTH OT 3Ha- IIpH OTBOAC — YBCIMYIHUBACTCA.

ITALITIAd TTAT/ aADaATATTaG n
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8. BTOPOI 3AKOH TEPMOJAHAMUKN
8.1. OcHOBHBIE 110JI0KEHHSI BTOPOI'0 3AaKOHA TEPMOAUHAMHUKH

[lepBbIii 3aKOH TEPMOJUHAMUKH, SIBIISISICH YACTHBIM CITy4yaeM BCEOOIIEro 3a-
KOHA COXPaHEHUs U MPEBPALLEHUS SHEPTUH, YTBEPHKIA€T, UYTO TEIUIOTA MOXKET
npeBpalaTbes B paboTy, a paboTa — B TEIUIOTY, HE YCTAHABINBAs YCIOBUM, TTPH
KOTOPBIX BO3MO>KHBI 3TH MPEBPALICHUSI.

OH coBepIlIeHHO HE pacCMaTPUBAET BOIIPOCA O HAIIPABJICHUH TEIJIOBOTO
mpoliecca, a He 3Hasi 3TOr0 HalpaBJICHUS, HENb3sl MPEICKAa3aTh €ro XapaKTep U pe-
3yJbTATHI.

Hanpumep, nepBblil 3aKOH HE pelaeT BOIpoca 0 TOM, OyJIeT 11 coBepIIaTh-
Csl IepPeXO0/1 TEIJIOTHl OT HarpeToro Tejia K XoJoAHOMY min 0opatHo. [loBcenHeB-
Hble HAOJIOJIEHUS U OTBITHI MOKA3bIBAIOT, YTO TEIJIOTA caMa cOOO0M MOXKET mepe-
XOJUTH TOJLKO OT HArpeThIX Te K Oosee xonoaHbiM. [lepeaada TemioTsl oT Ha-
IPETOTo Tela K cpeqie OyaeT NPOUCXOIUTh 0 MOJTHOr0 TEMIIEPATypHOTO paBHOBE-
CHsl ¢ OKpy»Karolen cpenoi. ToJbKo 3a cueT 3aTpaThl pabOTHI MOKHO U3MEHUTH
HaIpaBJICHUE IBH>KCHHS TETUIOTHI.

3TO CBOMCTBO TEIJIOTHI PE3KO OTIUYAET €€ OT PaOOTHI.

PaGota, kak u Bce apyrue BUAbI SHEPTUH, YUACTBYIOIIKE, B KAKOM-JTHOO
npolecce, JErko U MOJHOCTBIO MpeBpaniaeTcs B Teriory. [loaHas npespaiae-
MOCTb pa0OThI B TEIJIOTY Oblila U3BECTHA YEIOBEKY B IITyOOKON APEBHOCTH, KOT 1A
OH J1I0OBIBAJl OTOHBb TPEHUEM JIBYX KYCKOB jAepeBa. [Iporeccrl npesparieHus pado-
ThI B TEIUIOTY MPOUCXOAST B IPUPOJI€ HETIPEPHIBHO: TPEHUE, YIap, TOPMOKEHUE U
T. J.

CoBepiieHHO nHaYe BeAeT ceOsl TeI0Ta, HalpuMep, B TEINIOBBIX MaIlIMHAX.
[IpeBpaiienne TemaoThH B paboTy MPOUCXOIUT TOJIBKO MPU HAIUYUU PA3HOCTH
TeMIlepaTyp MeXAy MCTOUHUKOM TEIUIOTHI U TerionpueMHukoM. [Ipu aToM Bes
TEIJI0Ta HE MOXKET OBbITh MpeBpalieHa B padoTy.

W3 cka3zaHHOTO CleAyeT, 4TO MEeXAy MpeoOpa3oBaHUEM TEIUIOTHI B paboTy U
00paTHO CYIIECTBYET IIyOOKOE pa3iinyue. 3aKOH, MO3BOJISIONINN yKa3aTh HAIpPaB-
JICHUE TETIOBOTO MOTOKA M YCTAaHABIMBAIOMIMI MaKCUMaJIbHO BO3MOXKHBIN TIpeien
MPEeBpPAILEHUs TEIJIOTHl B pabOTy B TETUIOBBIX MAallIMHAX, MPEJCTaBISET OO0 HO-
BbIIl 3aKOH, MOJIYYEHHBIN U3 OMbITa. DTO U €CTh BTOPON 3aKOH TEPMOAMHAMUKH,
UMEIOIUI 0011lee 3HaUeHHe JJIsl BCEX TEIJIOBBIX IpoleccoB. Bropoii 3akoH Tep-
MOJMHAMUKU HE OTPAaHUYMBAETCS paMKaMH TEXHUKU; OH IPUMEHsIETCs B pusuke,
XUMHH, OUOJIOTUH, ACTPOHOMUHU U JIP.

B 1824 r. Caou Kapno, ppaniry3ckuili HHXXEHEP U yUEHbIH, B CBOMX PACCYkK-
JEHUSX O ABMKYIIEH CUJIe” OTHs M3JI0KWJ CYITHOCTh BTOPOTo 3akoHa. OH mucal:
«lloscrody, e0e umeemcs pasHoCms MeMnePpamyp, Moicem nPoOUCXooums GO3HUK-
HOBEHUe 08UdNCYWell CULbL. JBUdCYwas cCuia menaa He 3a6UCUm om a2eHmos, 63si-
mulx OJIsl ee pa3eumusl: ee KOIU4ecmeo UCKIIOUUMENbHO Onpeoeisemcs memnepa-
Mypou me, Mexucoy KOmopulMu, 8 KOHeYHOM cueme, NPoUu38o0Umcs nepeHoc men-

% ITon «aBwxkyiei cunoi» C. Kapno nonuman padboty
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nopooa. Temnepamypa 2aza 001cHa ObIMb NEPBOHAYATILHO KAK MOICHO Bblllie,
YmooOwvL NOTYUUMb 3HAYUMeENbHOe pa3eumue ogudxcyweti cunvl. Ilo mou sxce npuvu-
He oxJlaxcoeHue 00JIHCHO ObIMb KAk MOXCHO bonvuie. Henvssa nadesmovces, xoms Obl
K020a-1ub0, NPaKmMu4ecKu UCNOIb308AMb BCIO OBUNCYULYVIO CUTY MONIUBAY.

B 50-x romax XIX Beka Knayszuycom Obuia naHa Hanbosiee oO1as u coBpe-
MeHHas (opMyJIUPOBKA BTOPOT'O 3aKOHA TEPMOIUHAMUKHY: «Tenioma ne modicem
nepexooums 0m X0a100H020 meia K 6ojee Hazpemomy cama coooti 0aposvim npo-
yeccom (be3 komnencayuu)». Iocrynat Kiaysuyca NOIDKEH pacCMaTPUBATHC Kak
3aKOH 3KCTIICPUMEHTAJIbHBIHN, TIOJyYCHHBIN U3 HAOIIOCHUH HaJ OKPY KArOIICH
npupoaoi. 3akaroueHue Kraysuyca ObUIO CACIaHO TPUMEHHUTEIBHO K 00J1acTH
TEXHUKH, HO 0Ka3aJ0Ch, YTO BTOPOH 3aKOH B OTHOIIICHUHU (U3HUCCKUX U XUMHUYC-
CKUX SIBJICHUH Takke npaBwieH. [loctynar Kraysuyca, kak u Bce npyrue hopmy-
JUPOBKHU BTOPOTO 3aKOHA, BEIpaKaeT COOOM OJMH U3 OCHOBHBIX, HO HE a0COJIIOT-
HBIX 3aKOHOB IPUPO/IBI, TaK KaK OH ObLI C(HOPMYIUPOBAH MPUMEHHUTEIBEHO K 00b-
€KTaM, UMCIOIIMM KOHEUHBIC pa3MEpPhl B OKPY’KAFOIIUX HAC 36MHBIX YCIOBHUSX.

OnnoBpemenHo ¢ Knaysuycom B 1851 r. Tomconom Oblna BhICKa3aHa Jpyras
(dbopMyTUpOBKa BTOPOTO 3aKOHA TEPMOJIMHAMUKH, U3 KOTOPOU CJIEAYET, YTO HE BCS
TEIIOTa, TOJIYYCHHAS OT TEIUIOOTAATYNKA, MOKET IIEPEHTH B pabOTy, a TOJIBKO
HEKOTOpas €e 4acTh. YacTh TETUIOTHI IOJDKHA MTEPEHTH B TCTUIONPUEMHHUK.

CrnenmoBatenbHO, IS TTOJTYYEHUsT pab0Thl HEOOXOIMMO UMETh UCTOYHUK Te-
IUIOTHI ¢ BBICOKOW TEMIIEPATYPOH, WU TETUIOOTAATYNK, U HICTOYHUK TETUIOTHI C
HU3KOW TeMIlepaTypoH, WK TeronpueMHuK. Kpome Toro, nmocrynat Tomcona mo-
Ka3bIBACT, YTO MIOCTPOUTH BEUHBIN JBUTATEIb, KOTOPHIH OBl CO37aBajl paboTy 3a
CYET HCITOJIb30BaHUS TOJIBKO OJTHOM BHYTPEHHEH SHEPTHH MOPEH, OKEaHOB, BO3TY-
Xa, He MPEACTABISICTCS BO3MOXKHBIM. DTO TOJIOKEHUE MOKHO CHOPMYIUPOBATH
KaK BTOPOH 3aKOH TEPMOJUHAMHKU: «Ocyujecmaienue 6euHo2o 08ueamelis mopo-
20 pooa Heeo3moxucHo» (Ocmeanvo). Ilon BEeYHBIM ABUTATEIIEM BTOPOTO POJia MOJI-
pa3ymeBaeTCs TaKOW JBUTATENb, KOTOPBIHA CITOCOOCH IETUKOM IIPEBPAIATh B pa-
00Ty BCIO TEIUIOTY, MOJTYYEHHYIO TOJIBKO OT OJTHOT'O HCTOYHHKA.

Kpome n3moxeHHBIX HMEETCSI €Ile HeCKOJIbKO (DOPMYIUPOBOK BTOPOTO 3a-
KOHA TEPMOJMHAMUKH, KOTOPBIC, IO CYIIECTBY, HE BHOCSAT YET0-TH00 HOBOTO U
MIO3TOMY HE TIPUBOISATCA.

8.2. KpyroBbie TepMOAMHAMHUYECKHE MMPOUECCHI MU ITUKJIbI

B paccMOTpeHHBIX paHee TEpMOAMHAMHUUYECKUX IIPOLieccax U3y4aInCh BO-
MPOCHI OJyYeHHUs padOThI WM BCJIECTBUE MOABEACHHON TEIJIOTHI, WM BCIIEICT-
BU€ M3MEHEHUS! BHYTPEHHEHW dHEpruu paboyero Tena, Wik OJHOBPEMEHHO BCIE-
CTBHE TOrO U Jipyroro. [Ipn 0qHOKpaTHOM paclIMPEHUH ra3a B UUINHAPE MOKHO
MOJIYYUTh JIMIIb OTPAHUYEHHOE KOJIMYECTBO padoThl. JlefcTBUTENbHO, IpU JH000M
MIPOLIECCE PACHIMPEHUS ra3a B HUIMHIPE BCE K€ HACTYIIUT MOMEHT, KOTJla TEMIIE-
paTypa U JaBiieHHe paboyero Teia CTaHyT PaBHBIMH TEMIIEPATYPE U JABICHUIO
OKpYXalollel cpe/ibl U Ha 3TOM MPEKPaTUTCS MOJydeHHUe paboThI.
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CrnenoBatenbHO, 11l TOBTOPHOTO MOJyYeHUs pab0Thl HEOOXOIUMO B MPO-
1[ecce CHKaTHsl BO3BPATUTH pabouee Tello B epBOHAYaIbHOE cocTosiHue. U3 puc.
8.1 ciaenyer, uTo eciiu paboydee TEJIO pacHIupsieTcs Mo KpuBou /-3-2, To OHO Mpo-
U3BOJIUT paboTy, H300pakaemMyto Ha p-v auarpamme mi. /3245, Tlo noctuxeHun
TOYKHU 2 pabouee TeIo H0KHO ObITh BO3BpAIIEHO B HaYaJIbHOE COCTOSIHUE (B TOY-
Ky /), 111 TOro 4T0OBl OHO CHOBA MOTJIO ITPOU3BE-

& I ctH paboty. [Ipouiecc Bo3BpalleHus Teaa B HaYallb-
HOE COCTOSTHUE MOKET OBITh OCYILIECTBIIEH TPEMS
I 0 My TSIMH.
| 1)  xpuBas cxarus 2-3-1 coBIamaer ¢
: KpUBOM pacummpenus /-3-2. B TakoM npouecce Bes
|7 MOJIy4eHHAs IpU paciiupenuu padora (tut. 13245)
| \ 2 paBHa pabote cxatus (T1. 23754) u oNOXKUTEIb-
15 41 V. jax paboTa paBHa HYJIIO;
Puc.8.1. Kpyrosoii Tepmo- 2)  kpuBas cxaTus 2-6-1 pacrionaraercs
JIMHAMMYECKHUH TIpollecc Ha  HAJl JMHUEH pacimupeHus /-3-2; Ipu 3TOM Ha CxkKa-
n-v mUATNAMMe THE 3aTpayrBaeTCsl OOJIbIIEE KOJIMYECTBO PabOTHI

(1. 51624), uem ee OyIeT NMOJIYYEHO TPH pacIIupeHuu (1. 51324);

3)  kpuBas cxarus 2-7-1 pacronaraercs noj JIMHUEH paciupenus /-3-2.
B sTtom kpyrosom npornecce padota pacmupenus (mwi. 57/324) 6yaet Oosnblie pa-
00ThI cxatus (1. 51724). B pe3ynbrare, BOBHE OyIeT OTJaHa MOJ0KUTEIbHAS
pabota, nzoopakaemas 1. /3271 BHyTpY 3aMKHYTOW JJMHUM KPYTrOBOT'O MPOIECcca,
WM [TUKJIA.

[ToBTOPSIS TIMKJT HEOTPAaHUUEHHOE YUCIIO pa3, MOXKHO 3a CUET MOIBOANMOMN
TEIJIOTHI OJYYUTh JTF000€ KOIMYECTBO PAOOTHI.

Lukn, 6 pezynbmame Komopozo noxyyaemcs noI0HcCUmenbHas paboma, Ha-
3616A€MCs NPAMBIM YUKAOM (UTU YUKTIOM MENN08020 08U2amelis);, 8 Hem paboma
pacuiupenus bonvule pabomul cocamus. L{uxkn, 6 pesynemame Komopoz2o pacxooy-
emcst paboma, HA3bIBAEMC s 0OPAMHBIM, 8 HeMm paboma cocamus 6oabule pabombl
pacwupenus. Ilo obpamuvim yuxkiam pabomarom xo100ulbHble YCmMaHo8KU.

[{ukel OBIBAIOT 0Opamumble u Heobpamumvie. LIUKI, COCTOSAIINMN U3 paBHO-
BECHBIX O0PAaTUMBIX MIPOIECCOB, HA3BIBAIOT 00paTUMBIM. Pabodee Teo B TakoM
[IUKJIE HE JTOJHKHO TIOJIBEPTaThCsl XUMHUECKUM N3MECHEHHUSM.

Ecnu X0Th 0JIMH U3 TPOIIECCOB, BXOASIIUX B COCTaB IIUKJIA, SIBISETCS HEOO-
paTUMBIM, TO ¥ BECh IUKJI OYJET HEOOPATUMBIM.

Pesynbratel ncciaenoBaHui HIeadbHBIX IIUKIOB MOTYT OBITh IEPEHECEHBI Ha
JeHCTBUTEIbHBIC, HEOOPATUMBIE MTPOIIECCHI PEATBHBIX MAIIIHH - ITyTEM BBEICHHUSI
OTIBITHBIX TTOTIPABOYHBIX KO(DPHUITUECHTOB.

8.3. Tepmuueckuii KIT/I u xononmibHblil k03¢ puuueHT NNKI0B

HccnenoBanue 1100010 o0paTUMOro IIMKJIa MOKa3bIBAET, YTO AJIA €T0 OCY-
IIECTBIICHUS] HEOOXOAUMO B KaXKJI0M TOYKE MPSAMOTO IIpoliecca MOABOUTh TEIUIOTY
OT TEIUIOOTAATUYUKOB K paboyemy Teny Npu OECKOHEYHO Majlol pa3HOCTH TeMIle-
paTyp U OTBOJUTH TEIUIOTY OT pabouero Teja K TeIIONPUEMHUKAM TakkKe TIPH
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O0ecKOHEe4YHO Majol pazHocTH Temneparyp. [Ipu 3ToM TeMnepaTypa AByX COCEAHUX
MCTOYHUKOB TEIUIOTHI JJOJKHA OTIMYATHCS HA OECKOHEYHO MaJyl0 BEJIMUUHY, TaK
KaK MHa4e NMpU KOHEYHOW Pa3HOCTU TEMIIEpATyp MPOLECChl Mepeadu TeIIOThI
OyayT HeoOpatumbl. ClieJ0BaTEIbHO, AJIs CO3AAHUS TEIUIOBOTO JIBUraTelIs HE00-
XOJUMO UMETh OECKOHEUHO OO0JIbIIOE KOJTUYECTBO TEIIOOTAATYMKOB, TETIONPH-
€MHHUKOB U paboyee Teo.

Ha nytu /-3-2 (puc. 8.1) pabouee Teno coBepuiaeT yAeabHy0 padoTy pac-
IIUPEHUs [;, YUCIIEHHO PaBHYIO 1. 573245, 3a cUET yAeIbHOI0 KOJIMYeCTBa Tell-
JIOTHI ¢;, IOTYYEHHOH OT TEIJIOOTAATYUKOB, M YACTUYHO 32 CUET CBOEH BHYTPEH-
Hel sHepruun. Ha nytu 2-7-1 3aTpaunBaeTtcs yaeiabHas paboTa cxxatus [,, YUCIIeH-
HO paBHas 1. 427154, yacTb KOTOPOU B BUJI€ YAEIBHOTO KOJUYECTBA TEIUIOTHI ¢
OTBOJUTCS B TEIJIOTNIPUEMHHUKH, & IpYyTrasi 4aCTh PACXOAYETCS Ha YBEIMUYECHUE
BHYTpPEHHEH 3Hepruu pabouero Tena 10 Ha4aJbHOTO COCTOSAHUA. B pe3ynbpraTe
OCYIIECTBJICHHSI IPSAMOr0 LUKJIa Oy/eT BOBHE OTJaHa MOJIOKUTENbHAS YAelIbHAS
paboTa, paBHas pa3HOCTH MEKIYy paOOTOM paclIUpeHus U cxxatus. Jrta pabora
[ =1,-1,. CooTHOILIEHNE MEXYy YACIBbHBIMUA KOJIMYECTBAMU TEIUIOTHI ¢; U g2 U

MOJIOKUTENIbHON yIeNbHOM paboToii / onpenensiercs nepBbiM 3aKOHOM TEPMOIU-
HaMHKU:

qg=q,—q,=u, —u; +1.

Tak Kak B IIUKJIE KOHEYHOE COCTOSIHHUE TEJIa COBNAAAET C HAYaIbHBIM, TO
BHYTPEHHSS DHEPIHsl pabOYero Tejaa He U3MEHSIETCS U T03TOMY ¢, — ¢, = 1.

OTHoIIEHUE YACIHHOTO KOJUYECTBA TEIUIOTHI, IPEBPAIIIEHHOTO B MOJI0XKH-
TEJIbHYIO YJIETbHYI0 pPa0OTy 32 OJIMH LUK, KO BCEMY YJEIbHOMY KOJIMYECTBY TEII-
JIOTHI, MOJBEICHHOMY K pa0oueMy Tely, Ha3bIBACTCS mepMuieckKum KoIghpuyu-
eHMOM NOJ1e3H020 0elCMEUs NPAMO20 YUKIA:

Uz:(%_%)/%:]_%:l/%- (8.1)

3HaueHHne 1, ABIACTCS II0OKA3aTCJICM COBCPIICHCTBA IIUKJIA TCIIJIOBOI'O IBH-
rarensa. Yem Oouiblire n,, TeM OoJblas 4acThb MOABCACHHOI'O YACIIBHOT'O KOJINYCCT-

Ba TEIUIOTHI IIPEeBpaIaeTcs B nose3nyto padory. Tepmuueckuit KIIJ[ nukna Bcerna
MEHBIIIE €JUHUIIBI U MOT ObI OBITh paBEH €IMHUIIE, €I Obl g, — © Wi ¢, =0,

Yero OCyIIeCTBUTH Helb3s. [lonyueHHoe ypaBHeHue (8.1) mokas3siBaeT, 4YTo BCE
MOJIBEICHHOE B LIMKJIE K paboueMy Telly yJeJIbHOE KOJUYECTBO TEIIOTHI ¢; TOTHO-
CTBIO MIPEBPATUTH B yJIETbHYIO Pa0OTY HEBO3MOXKHO 0€3 0TBOJIa HEKOTOPOTO
YAEIBHOTIO KOJINYECTBA TEIUIOTHI ¢> B TEILIONPUEMHUK.

Takum 06pa3omM, ocHOBHasi MbICIIb KapHo OKa3ajlach BEPHOM, a UMEHHO: «8
3AMKHYMOM KPY208OM Npoyecce menjioma Modxcem npespamumscs 8 Mexanuye-
CKYI0 pabomy moabKo Npu HAAIUYUU PAZHOCMU MeMNEPamyp mexncoy menioom-
oamuuxkamu u menionpuemHuxkamu. Yem 6onvuie sma paznocms, mem eviuie KIIJ/[
YUK MeN08020 08U2AMENAN.
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PaccmoTpum Teneps 0OpaTHBIN IUKII, KOTOPBIH MPOXOANT B HAITPABICHUN
MIPOTUB YAaCOBOU CTpPEIKU U U300paxkaercs Ha p-v nuarpamme 1. 13261 (puc. 8.1).
Pacmupenue pabouero tena B 3TOM LIUKIIE COBEpIIAeTCs NMpu 0oJjiee HU3KOM TeM-
nepaTtype, ueM cxkarue, u padota paciuperus (tut. /32451) nomydaeTcsi MEHbIIIE
pabotel cxxatus (Tu1. 162451). Takoil LMK MOKET OBITh OCYIIECTBIIEH TOJIBKO MPHU
3aTpaTe BHEIIHEH paboThl.

B 06patHOM 1IUKJIE OT TEMJIONPUEMHHUKOB TIOJIBOJUTCS K paboueMy Teny
yJIeTbHOE KOJIMYECTBO TEIUIOTHI ¢> U 3aTpaunBaeTcs yenbHas padoTa /, mepexo-
As11asi B paBHOE YAEJIbHOE KOJIMYECTBO TEIJIOThI, KOTOPhIE BMECTE MEePEIal0TCs
TEIJI00TAATYUKAM:

q,=q,+!.

bes 3arpatsl paboThl cam co0o0if Takoi nepexos HeBo3MoxkeH. CTerneHp co-
BEpIICHCTBA OOPATHOTO LIMKJIA OMPEACIIAECTCS TaK HA3bIBAEMbIM X0100UIbHbIM KO-
IpPuyuenmom yukna:

E=q,/l.

XOJIOI[I/IJIBHBIﬁ KOB(i)(i)HLII/ICHT ITIOKa3bIBACT, KAKOC KOJINYCCTBO TCIIJIIOTBI OT-
HHUMACTCA OT TCINIOIIPHUCMHUKA IIPH 3aTPATC OI[HOﬁ CAWHUIIBI pa6OTBI. Ero Benu-
4YrHa, KaK IIpaBuliIo, 0obIIe CAUHUIIBI.

8.4. IIpsimoii oOpaTumblil uuKJI Kapro

[Ipu ocymiecTBIeHUH 0OPATUMOTO MPOU3BOJIBLHOTO IIUKJIA KOJIMYECTBO UC-
TOYHUKOB TETUIOTHI MOXET ObITh YMEHBIIIEHO, €CIM Ha OTACIbHBIX YYacTKax IUKJIa
Ter10Ta OyIeT OTBOJAUTHCS U MOJBOAUTHCS MPU HEU3MEHHOU TeMIiepaType, T. €. B
nu3oTepMuueckux npoieccax. [IpeaensHsiM ciiydyaeM OyneT TOT, KOorja BCs TEIioTa
B LIMKJIE MTOABOJIUTCA U OTBOJMUTCA B M30TEPMHUUECKUX Ipolieccax. B aTom npe-
JEIBHOM CIIy4yae MoTpedyeTcst BCEro JABa MCTOYHUKA TEIUIOThI MOCTOSTHHOW TeMIIe-
paTyphl: OJUH TEIIOOTAATYUK U OJANH TETUIONPUEMHHUK.

OcyiecTBUTh 00PATUMO LUKII MIPU TAKUX YCIOBHUSIX MOXKHO CIEAYIOIIUM
oOpa3zom. CHauana B M30TEPMHUUECKOM IPOIIECCEe PACIIUPEHHS TEIIOTa 00paTUMO
MOJIBOJUTCS K paboueMy Telly OT TEIUIOOTAATYMKA C TIOCTOSTHHON TeMIIEpaTypOi.
3ateMm B 0OpaTUMOM a/1nabaTHOM MPOLECCE PACIIUPEHUS, B KOTOPOM OTCYTCTBYET
TEII000MEH MeX 1y padOo4yrM TEJIOM M HICTOYHUKAMHM TEIIOTHI, TEMIIEpaTypa pa-
00yero Tena MOHMWXKAETCs A0 TeMIlepaTyphl TerionpueMHuka. Jlaiee B oOpatuMom
M30TEPMHUUECKOM MPOLECCE TP TEMIIEPAType TEIJIONPUEMHUKA TPOUCXOUT OT-
BOJI TEIUIOTHI OT paboyero Tejaa K HeMy. 3aMbIKaIOIIUM LIUKJI POIIECCOM JIOJKEH
OBITH OMATH OOpPATUMBIN aIuabaTHBIN MPOIIECC, B KOTOPOM MPU OTCYTCTBUH TETI-
J000MeHa ¢ BHEUTHUMHU UCTOYHUKAMU TETUIOTHI TEMIIepaTypa MOBBIIIAETCS 10 Ha-
qyaJlbHOU U paboyee Teo BO3BpAIllaeTCs B EpBOHAYAIBHOE COCTOsIHUE. Takum 00-
pa3oM, oOpaTUMBIM LIUKII, OCYIIECTBICHHBIN MEXy IBYMSI HCTOYHUKAMH TETLJIOTHI
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MOCTOSIHHOM TEMIIEpaTyphl, TOJKEH COCTOATh U3 IBYX OOpaTUMBIX U30TEPMUYE-
CKUX M JIByX 0OpaTUMBIX auabaTHBIX MPOLECCOB.

OT10 UK BrepBbie 0buT paccMoTpeH Cadu Kapro B ero pabore «Pazmuvluu-
JIeHUsL 0 08UdICYUleti CUle O2HA U O MAWUHAX, CHOCOOHBIX PA3BUSAMb MY CUTLYY,
onmyOIMKOBaHHOM, B 1824 1. YKa3aHHBIN LUK N300pa)keH Ha p-v AuarpaMmme (puc.
8.2).

JUJist Tyd1iero ysiCHeHUs opsJiKa OCYILECTBICHUS TAaHHOTO [IUKJIA IIpeicTa-
BUM ce0e TEIUIOBYIO MAILIMHY, LIUJIMHIP KOTOPO MOXKET OBITH IO Mepe HaJ0OHO-
CTH KakK a0COJIIOTHO TEIJIONPOBOIHBIM, TaK U a0COJIFOTHO HE TETUIONPOBOIHBIM.
[IycTh B IepBOM MOJIOKEHUHU MOPILIHS HayaJdbHbIE MapaMeTpbl paboyero Tena py,
v;, a Temneparypa 7; paBHa TeMiiepaType

p [ (prvi1) TEII00TAATUHMKA. ECIM B 3TOT MOMEHT
Y HUATUHIP OyJIeT aOCOIOTHO TEIUIONPO-
*q] BOJIHBIM U €CJIU €TI0 MPUBECTH B COMPH-
KOCHOBEHHE C TEIUIOOTAATYNKOM OECKO-
2 (pavay1y) HEYHO OOJIBIIION IHEPTOEMKOCTH, CO00-
Q

1IMB paboyeMy Tely, yAeIbHOEe KOInye-
CTBO TEIUIOTHI ¢; IO U30TEPME /-2, TO ra3
PaCIHIMPUTCS 1O TOUKHU 2 U COBEPIIUT pa-
q> -+ 5 3 oory. [lapameTtpsl Touku 2: py, va, T;. OT
(psvsT,) TOYKH 2 HMIMHAP JOJDKEH OBITh a0CO-
vy JIIOTHO HETEIIONpoBOAHBIM. Paboyee Te-
JI0 ¢ TeMneparypou 7, pacluupssiCh 110
aguabare 2-3 10 TeMIiepaTyphl TEILIO-
npuemMHuka 75, coepuT padoty. [lapamerpsl Touku 3: p3, v3, T>. OT TOuku 3 ne-
JaeM HWIMHJIP a0COTIOTHO TEIIONPOBOAHBIM. Ckumasi pabodee Teo 1Mo Uu30Tepme
3-4, OMTHOBPEMEHHO OTBOJIUM YEJIbHOE KOJUYECTBO TEIJIOTHI ¢, B TEIJIONPUEM-
HUK. B KOHIIE M30TEPMUYECKOT0 CXKATHUS TapaMeTpbl pabovero Tena OyayT py, Vy,
T,. Ot Touku 4 B aOCOJIIOTHO HE TEIUIONPOBOIHOM LMWIHHAPE aauabaTHbBIM MPO-
1ECCOM CkaTus 4-1 pabouee Teno BO3BpallaeTCs B IEPBOHAYATIbHOE COCTOSHUE.
Takum 00pa3zoM, 3a Bech IIUKI pabouyeMy Tely OT TEIJIO0TAATYHKA ObLIO CO-
OOLIEHO yAeIbHOE KOJINYECTBO TEIJIOTHI ¢; U OTBEACHO B TEIJIONPUEMHHUK YJIEIh-
HOE€ KOJIMYECTBO TETUIOTHI ).
Tepmuuecknit KIIJ] unkna

Psvaly) 4

Puc.8.2. TIpssmoit 0OpaTUMBIA IIKIT

n,=(,-9,)/9,=1-9,/q,.

IlonBenennoe YACIIBbHOC KOJINYCCTBO TCIUIOTHI IO U30TCPMC 1-2 onpcacirsicM
TakK:

q,=RT,Inv,/v,.

AOCONIOTHOE 3HAYEHHNE OTBEACHHOTO YJEIBHOIO KOJIMYECTBA TEMJIOTHI 110
u30TepMe 3-4 HaXOUM:
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q,=RT,Inv;/v,.

IToncraBmsia HaliICHHBIE 3HAYEHUA ¢; U ¢ B YPAaBHEHUE JIJI1 TEPMUUYECKOTO
KII, nonydaem:

n,=1-RT,Inv,/v,(RT,Inv,/v,)=1-T,Inv, /v, /(T,Inv,/v,).
Jlnst anpabatHOTO Mpoliecca PaCIMPEHHS U CKaTHS COOTBETCTBEHHO UMEEM:
(T, /T,)]/(k_l) =v,/v; u (T, /T,)]/(k_l) =v,/v,,

OTKyJa
V,/vy=v, /v, ama v, /v, =v;/v,.

CnepnoBarenbHo, ypaBHeHue tepmudeckoro KIIJ[ uukina Kapro nocne co-
KpallleHus] TPUHUMAET BU]I

n=1-T1,/T,. (8.2)

Tepmuueckuit KI1/1 o6patumoro nukia Kapro 3aBUCUT TOJIBKO OT a0OCO-
JIOTHBIX TEMIIEPATYp TEIUIOOTAATYMKA U TeruionprueMHnka. OH Oyaer TeM OoJbIle,
YeM BBIILIEC TEMIIEPATYPA TEILNIOOTIAATYMKA U YEM HUKE TEMIIEPATYPA TEIJIONPUEM-
Huka. Tepmuueckuit KIT/[ unkna Kaprno Bcerna MEHbIIE €IMHUILBI, TaK KaK JJIs
nonyuenus KIIJI, paBHoro exuHuIe, He00X0auMo, 4ToObl 7, = () unu 1; = oo, 4T0
HeocyuiectBuMo. Tepmuueckuii KITJ[ mukina Kaprno He 3aBUCUT OT IPUPOABI pa-

6ouero Tena u nipu 7>, = 7, paBeH HYJIO, T.

T
; p €. €CJIM TeJla HaXOISITCS B TEIJIOBOM PaBHO-
O I BECUH, TO HEBO3MOKHO TEIJIOTY IPEBPATUTH
: ; B paboTy.
I -q>= o
44 T Tepmuueckuii KITJT uukna Kapro
1

4 <‘— 3 MMeeT HanOoJIblliee 3HaUCHUE 110 CpaBHE-

i ‘ T, 5: | Huto ¢ KIIJ] mo0oro nukia, ocyiecTBisie-

MOT'O B OJTHOM U TOM € WHTEpBaJie TeMIIe-
patyp. [loaToMy cpaBHEHHE TEPMHUUECKUX
KIIJI nmro6oro mukia u nukia KapHo mo3Bo
JISIeT AeiaTh 3aKII0YEHUE O CTEIEHU COBEp-
IIIEHCTBA MCIOJIb30BAaHMSI TEIUIOTHI B MAIIIH-
He, padoTaronieil 1o JaHHOMY LUKITY.

B peanbHbIX ABUTATENAX UK Kapro HE OCYIIECTBIISIETCS] BCIICICTBUE
MPaKTUYECKUX TpyaHocTel. OTHAKO TEOPETUUECKOE M IPAKTUUECKOE 3HAUCHHE
uukia Kapno BecbMa Belko. OH CIYKUT 3TAJIOHOM NP OIIEHKE COBEPIICHCTBA
JOOBIX ITUKIIOB TEIUIOBBIX JIBUTATENICH.

S2

A
\

Puc.8.3. Ilpsmoit oOpaTumbIit
ki Kavno wa T-s nmarnamMme
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OO6paTtumslii 1uki Kapro, OCYIIECTBICHHBIM B MHTEpBaje Temieparyp 7; u
T,, uzobpaxkaercst Ha T-s nuarpaMmme npsimoyroyibHuKoM /234 (puc. 8.3). C no-
Motieto 7-s quarpammbl MokHO nonyunth KIIJ nukna Kapro npyrum ciocoOom:

0-q, _Ti(s;-5,)-To(s,-s,) _T,-T, _nai2341
q, T)(s,—s;) T,  nnl2561

n, =

8.5. O0partHbl1ii o0paTumblii MK Kapro

Hukn Kapro MOXET MPOTEKaTh HE TOJIBKO B MPSIMOM, HO U B 0OpAaTHOM Ha-
npasienun. Ha puc. 8.4 npencrasnen oOpatHsiil nukia Kapro. Huki coctout u3
00paTUMBIX ITPOLIECCOB U B LIETIOM SIBISIETCSI OOPATUMBIM.

PaGouee Teno oT HauanbHOM TOUKHM [ pacumupsiercs no aguadare /-4 6e3 Te-
m1000MeHa ¢ BHEIIHEH cpeoil, mpu 3ToM Temrnepatypa 7; yMeHblaercs 10 75.
3aTeM cieqyeT NallbHEeWIlIee paclliupeHne ra3a no u3orepme 4-3 ¢ moaBogoM Tel-
JIOTHI ¢, KOTOPOE€ OTHUMAETCS OT UCTOYHHUKA C HU3KOU TeMneparypou 1,. [lanee
cienyeT anuadatHoe cxkatue 3-2 ¢ yBeIMUYEHHUEM TeMIlepaTypbl pabodero Tena ot

T> no 7. B TedeHne nociaeaHero mpouecca npo-
rl ; HCXOJIUT U30TEPMUYECKOE CKATUE 2-], BO BpeEMs
KOTOPOT0 K TEIUIONPUEMHHKY C BBICOKOM TEMIIE-
paTypoi OTBOAUTCA YAEIbHOE KOJIUYECTBO TEILIIO-
THI ¢ .

PaccmarpuBas oOpaTHbBIN UK B LEIOM,
MO>KHO OTMETHUTb, UTO 3aTpauyrMBacMasi BHEIIHSS
paboTa cxxaTusi 60Jibllle pabOThl pacIIUPEHUs HA
BEJINYUHY IU1. /4321 BHYTpU 3aMKHYTOW JIMHUH
v LuKIa. JTa paboTa mpeBpallaercs B TEIJIOTY U

Puc.8.4. OGparusii oGparu-  EPEAACTCS BMECTE C TEIJIOTOU ¢ UCTOUYHHKY C
MBI KT Kapio temmneparypoit 7;. Takum oOpazom, 3aTpaTUB Ha
OCYIIECTBJIICHHE OOPATHOIO LIUKJIA YACIbHYIO pa-
00Ty /, MOXHO MEPEHECTH OT TEIJIONMPUEMHHKA K TEIJIOOTAATUYUKY ¢ > €IMHHUIL TETl-
notel. [Ipu aToM Ternora, noayyaemas TEMJIONPUEMHUKOM, ¢, = ¢, + 1 .

=

Mamuna, paboTaroniasi 1o 00paTHOMY LIUKITY, HA3bIBAETCS X0J100ULbHOLL
MAUWUHOU.

N3 paccmoTpenust oopaTHoro nukia Kapro MOXHO cliefaTh BBIBOJI, YTO Te-
peaayda TerIoThl OT UCTOYHUKA C HU3KOW TEMIIEpaTypOil K MCTOUYHHUKY C BBICOKOM
TeMIlepaTypoil, Kak 3TO clieyeT u3 nocrynara Kiaysuyca, o0s3aTenbHO TpeOyeT
3aTpaThl SHEPTUH (HE MOKET COBEPIIATHCS AAPOBBIM MpoLEccoM 06e3 KOMIIEHCa-
1IUN).

XapakTepucTUKON 3P (HEKTUBHOCTH XOJIOAMIBHBIX MAIIUH SIBIISIETCS XOJIO-
IWIbHBINA KOA(hDUITNEHT:

e=q,/(q,-49,)=q,/1. (8.3)
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NI 11 O6paTHOF0 IIHUKJIa KapHO
e=T,/(T,~T,). (8.4)

XonoaunbHbli KO3 PuieHT odpatHoro uukia Kapuo 3aBucut ot abco-
TMOTHBIX TemriepaTyp 7> U T; ICTOYHUKOB TEIUIOTHI M 00J1a/1aeT HAanOOJIbIINM 3HA-
YEeHHEM T10 CPAaBHEHHUIO C XOJIOAWIBHBIMU KO3 PUIIMEHTAMU APYTUX UKIIOB, IPO-
TEKAIOIIMX B TEX )K€ MpeJenax TeMneparTyp.

8.6. Teopema Kapno

[Tpu BeiBozie Tepmuueckoro KIIJ] obpatumoro nukia Kapro ObLIN UCTIONb-
30BaHbl COOTHOIIEHUS, CIIPABEIUBBIE TOIBKO IS HeabHOrO ras3a. [loatomy,
JUTISL TOTO YTOOBI MOYKHO OBLIO PacpOCTPAHUTh BCE CKa3aHHOE O HUKJIe KapHo Ha
mo0ble peabHbIC Ta3bl U Mapbl, HEOOXOIUMO JT0Ka3aTh, 4To TepMuueckuii KIT/]
uukia Kaprno He 3aBUCHT OT CBOKCTB BELIECTBA, C MOMOIIBIO KOTOPOr0 OCYLIECTB-
JS€TCS HUKIL. DTO U SBIIIETCS COAEPKAHUEM TeopeMbl Kapho.

JlJist Toka3aTeNnbCcTBa 3TOM TEOPEMBI MPEITOI0NKIM, YTO JIBE MAIIMHbI pado-
TaloT M0 00paTUMOMY LUKy KapHo ¢ pa3nuyHbIMU pabourmMu Tenamu (puc. 8.5).
VY nepBoit Mamunbl [ pabouee Teao — uaeadbHbIN ra3, y Bropoit I/ — nap. O6e
MalIuHbl UMEIOT OOIINI TeIOOTIaTYMK U TeruionpueMHuk. [lycTh ra3oBas u na-
pOBasi MAIIMHBI ITOJYYaIOT TEIUIOTY ¢, @ OTAAIOT TEIUIONPUEMHHUKY: ra3oBas — ¢,

napoBasi — q’z.
KIT/I sTux MammH 17, = (QI _%)/% un', = (QI _%)/%-
Onu OyayT OAMHAKOBBIMH, €CIIH ¢, = g, ¥ OYAYT Pa3IuIHBIMU, €CIH ¢, # g, .
Teopema KapHno noka3biBaeT-

Csl OT MPOTHBHOTO. [Ipeanonoxum,
4To ¢, <gq,,TOorna n',>mn,, T. €. Na-

poBas MalllMHa COBEPILAET O0JIb-
LIYIO [IOJIOKUTENbHYIO padoTty. Jlo-
Ka)K€M, YTO 3TOTO HE MOXKET OBbITh.
[locanum 06e MalIMHbI Ha 00U
BaJI ¥ 3aCTaBUM NapOBYIO MALIUHY
paboTaTh 1o NpsAMOMY LUKy /-2-3-

T
°  4-1, ara3oByl0 — 10 0OpaTHOMY
uukiy /-4-3-2-1. IlapoBas MamvHa
Puc.8.5. K nokazarenbcTBy TEOpEMBI ,
v II0JIy4aeT TEIIOTY ¢, & OTHAET ¢, .

[TonmoxuTenbHast padota /' n3oopakaercs 1. 1ukiIa /2341 v paBHa I'=gq,-q, .

["a3zoBas MammHa coBepinaeT oOpaTHbI Uk Kapro. OHa nonyvaeTt Termio-
Ty ¢g> OT TEIUIONIPUEMHUKA U 3aTpaunBaeT padoty /. Korna uuki 3aBepiiaercs, TO
HMCTOYHUK TEIUIOTHI MOJIYYaeT ¢; TeIUIOThl. 3aTpadeHHas padoTa / paBHa

l=q,—q,.
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B pe3ynbpTaTe paboThI IBYX MAIllMH, yYUTHIBas IEPBOHAYAIBHOE YCIOBHE,
410 ¢, < ¢,, OMy4daeTcs U30bITOK PabOTHI:

r-1=(g,-4)-(a,-4,)=a,—q>> 0.

BcenenctBue paboThl ABYX MaIIuH MPOU3OIUTH CJICAYIOIINE U3MEHEHUS : TE-
MJIOOTIATYMK OTJA U TMOJIYYUI TEIUIOTY ¢;; TETUIONPUEMHHK OTAaN TEIUIOTY ¢, a
TIOTyYHII TETIOTY ¢, WM MOTEPSI TEIIOTY ¢, — ¢ ,, KOTOpas MOIIUIA Ha COBEpIIIE-
HUE MOJOXKUTEIBHOU paOoThl. [Ipyr 3TOM HUKAKUX U3MEHEHUH B CUCTEME U OKPY-
JKarouiel cpejie He MPOU30IILIO.

Taxkum oOpazom, MOJy4eH BEUHBIN ABUTATEIh BTOPOTO POJIa, YTO MPOTUBO-
PEUNT BTOPOMY 3aKOHY TEPMOIMHAMHUKH. SHAUNT, MPEAIONOKEHHE, 9TO ¢, < ¢,
HEBEPHO.

Tako e pe3yabpTar IoJIy4aeTcs, €CJIM IPEANOI0XKUTh, 4TO ¢, > ¢,. Ilo-

TOMY OCTAETCs OJUH BO3MOXHBIA BAPUAHT, KOTAA ¢, = ¢, ,  3TO 3HAYUT, YTO U
n',=n,, 1. e. geicreutensHo Tepmudeckuii KI1J[ odparumoro nukna Kapro He 3a-

BHUCHUT OT CBOMCTB pa6oqero TCJ1a U ABJISACTCS TOJIBKO (I)YHKHI/ICﬁ TCMIICPATyp TCII-
JIOOTAATYHKA U TCILIOIIPUCMHHUKA.

8.7. CpoiicTBa 00paTMMBIX M HEOOPATUMBIX HMKJIOB U MATEMATHYECKOE
BbIpa:KeHHe BTOPOI0 32aKOHA TEPMOJIMHAMHUKHU

W3 Beipasxenus repmuueckoro KIIJ caenyer, uro n, =1-0Q, /Q,, HO 14

oOpatumoro nukia Kaprno repmuyeckuii KIIJI eite Bepaskaercs uepe3 Temmnepa-
Typbl HCTOYHUKOB TeINoThl 17, = [ —T, /T).

W3 cpaBHEHHUs 3TUX IBYX YpPaBHEHUM cllelyeT, 4yTo s nukia KapHo
0,/0,=0,/T)nQ,/T;=0,/T, wmu Q,/T; =0, /T, =0.

CunraeMm NOABOIUMYIO TEIJIOTY (J; BEIMUYNHOU MOJOKHUTENBHOM, 4 OTBOIU-
My10 (0, — OTpHULIATEIBHON, TOTJA:

0,/T,+0,/T,=0,um Y 0/T=0. (8.5)

OTHo1IeHUE TTOABOAMMOMN UJIN OTBOJMMOM TETUIOTHI K COOTBETCTBYIOIICH
a0COJIFOTHOM TeMIiepaType Ha3bIBaeTCs MPUBEICHHON TeI1oTON. Toraa paBeHCTBO
(8.5) MoxHO chOpMYTUPOBATH TaAK: «aIeeOpaudeckas CymMma npueeOeHHblx men-
Jom 05 oopamumozo yuxkna Kapno pasna mynioy.

DTOT BBIBOJ, MOXKET OBITh UCTIOJIB30BAH U JIJISl TIOOOT0 MPOU3BOJIBHOTO 00-
pPaTUMOTO IHKJIA.

PaccMmoTpum kakoi-1100 Ipou3BOJIbHBIN 00paTUMBbIi tukn /-2-3-4-1 (puc.
8.6). PazoObemM Takoi UK aguabaTaMu Ha OECKOHEYHO OOJIBIIOE KOJHMYECTBO
AJIEMEHTaPHBIX MUKJIOB. KaXk1plii 371eMEeHTapHBIN TUKJI MOKHO CUUTATh dJIEMEH-
TapHBIM ITUKJIOM Kapro. beckoHeUHO MaJible YYacTKH MOJIBOJIa U OTBOJAA TEIIOTHI
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MOHO CUMTATh U30TEPMaMH, a aAuadaThl HA BEJIMYMHY MOJE3HOM paOOThI HE
BIIUAIOT, TaK KaK Ka)<Jas U3 HUX MPOXOJUT JIBa pa3a B MPOTHUBOIOJIOKHBIX Ha-
MpaBJICHUSX.

JIist Ka)/10T0 37eMEeHTapHOro nukia KapHo:

> 80/T =0,

a Jis1 BCETO IIPONU3BOJIBHOI'O IHUKJIA
foorr=o. (8.6)

3HaK j; 0003HayaeT UHTETPUPOBAHKE T10

3aMKHYTOMY KOHTYpY.
Takum oOpaszom, aiiredpandeckas cymMmma
MIPUBEJICHHBIX TEILIOT JJIs JIF0OOr0 00paTUMOTO
[IMKJIa paBHA HYJIIO.
Ypasnenue (8.6), eviseoennoe Knaysuycom 6
1854 2., npedcmasnsiem coboii mamemamuueckoe
8bIpaAdIceHUe 6MOPO20 3aKOHA MEPMOOUHAMUKU
— 0714 NPOU360ILHO20 OOPAMUMO20 YUKILA U HA3bI-
Pric.8.6. [Ipon3BombHbIi 06-  6A€MCA NePEbLM UNNESPANOM Knaysuyca.
paTHMBIil LUK Ha p-v /Ha- s HeoOpaTumMoro nukia Kapro tepmuue-
ckuii KIT/[ OyneT MeHbIe COOTBETCTBYIOIIETO
KIIJ] o6paTMoro 1uKIIa MPH OJJMHAKOBBIX TEMIIEpaTypax TEIUIOOTIaTYNKA U TEII-
JIOTIpUEMHUKA:

771‘Heo6p < nto6pam9
NJiin
(1-0,0,)<(I-T/T)):T, /T, <0,/0;;0,/T) <0, /T, u Q; /T, -0, /T, <0.

Tak xax Q, /T, ecTb BeIUUNMHA OTPULATENbHAs, TO AJI1 HEOOPATUMOIO IIUK-
na Kapno nony4daem:

0,/T,-(-0,/T,)<0,umu ».Q/T<0.

Aﬂre6pa1/1qec1<a51 CyMMa IPUBCACHHBIX TCIIOT IJIA H606paTI/IMOI‘O OHKJIa
RapHO MCHBIIC HYJIA; OHA ABJIAACTCA BEJIMYMHOM OTpHHaTeHBHOﬁ. I[JIS[ IMPOU3BOJIb-
HOT'O HCO6paTI/IMOFO OHUKJIa, COCTAaBJICHHOI'O U3 OECKOHEUHO OOJIBIIOT0 KOJIMYECTBA
HCO6paTI/IMBIX QJICMCHTAPHBIX IMUKJIOB, ITOJIYYaCM:
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fso/T<0. (8.7)

Hepasencmeo (8.7) npeocmasnsem coooti mamemamuyeckoe blparxceHue
6MOPO20 3aKOHA MEPMOOUHAMUKU ]I NPOU3BOTIbHO20 HEOOPAMUMO20 YUKILA U
Hazvleéaemcsi 6mopwvim unmezpanom Knaysuyca.

O6Beaunsst ooe popmysl (8.6) u (8.7), MOKHO MATEMAaTUUECKOE BhIpaXKe-
HHUE BTOPOT'O 3aKOHA MPEICTABUTh OJHUM YPaBHCHHEM:

fso/r <o, (8.8)

rac 3HaK paBCHCTBA OTHOCUTCA K O6paTI/IMBIM, d 3HaK HCPABCHCTBA — K Heo6pa-
TUMBIM LHUKJIaM.

8.8. U3meHeHust JHTPONMHU B 00PATHMBIX H HEOOPATUMBIX IpoLECcCAX

B oOpaTrMoM KpyroBoM Mpoliecce HHTErpall, B3AThId 0T 60 /T 10 3aMKHY-
TOMY KOHTYpY, paBeH Hyito. [loaTomy oTHOmeHue 6Q /T npeacrasisieT coOoi

NOJIHBIN auddepeHuan HeKOTOpo (PYHKITUU, KOTOpasi 3aBUCUT TOJIBKO OT JAHHO-
ro COCTOSIHMS TeJa. JTa QyHKIMs 0003HaYaeTcs S U Ha3bIBaeTCs IHmponuei. To-
raa:

dS=380/T. (8.9)

[IpounrterpupoBas ypaBHeHuUe (8.9) Mo kakomMy-1ub0 myTH /-2, Moixyvyaem:
2

S,-8,=[60/T. (8.10)
I

[Ipu o6patrmMoM agnabaTHOM MpoIiecce, KO-
rnaoQ=0,dS=0muS,=S,=const,T.e.Banua-
6aTHOM 00paTHMOM MPOIECCE IHTPOIUS HE U3ME-
HSIETCA.

PaccMoTpuM M3MeHEeHHEe SHTPOINUHU MPU He-
oOpaTuUMBIX mpoueccax. JJis 3Toro npoBeaeM Mex-

Iy cocTOsHUsIMU [ U 2 oOpaTuUMBbIii ipouiecc 2-4-1 u
Puc.8.7. K paccMoTpenuto o

YCIIOBHO MYHKTUPOM — HeoOpatumbii /-3-2 (puc.
HU3MCHCHUS SHTPOIINU IIPpH 8 7. 11 o
HEOGPATHMBIX IIPOIIECCaX .7). Ilony4yeHHBIN B pe3ylabTaTe TUX MPOLIECCOB
UK Oynet HeoOpaTUMbIM. COTJIacHO YpaBHEHUIO

(8.7), monmy4aem:

[so/T+ [s0/T<0.

1-3-2 2-4-1
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Tax kak npouecc 2-4-1 06paTuMbIii, TO BTOPOW MHTErpajl paBeH pa3HOCTH
S, —§,, noaTomy:

[s0/T+(s,-S$,)<0,

1-3-2

nim

S,-8,> [80/T. (8.11)

1-3-2

3HaK HepaBeHCTBAa B ypaBHeHuUU (8.11) yka3bIBaeT Ha TO, YTO B cllydae He-
00paTUMOro Mpoliecca NHTETpall B IPABON YaCTH €ro YK€ HE BhIpakaeT co00il
Pa3HOCTH PHTPONUH, a MeHblle ee. O0beaunnss ypasuenus (8.10) u (8.11), naxo-
UM

2
S,-8,2[80/T. (8.12)
1

9HTpOHI/I$I CCThb (I)YHKI_II/IH COCTOSAHUA, IIO3TOMY U3MCHCHHC SHTPOIINHN KaK

JJIA O6paTI/IMOF0, TaK U HCO6paTI/IMOFO IMpoIECCOB 6YI[CT OJHHM H TEM XKC. YpaB-
2

HeHue (8.12) mokas3eIBaeT, 4YTO JJis1 0OPaATUMOTO MpoIecca J.5Q/ T paBeH U3MeHe-
1

HUIO0 3HTponuHu S, — S, a Ay HeoOpaTUMOI'0 OH MEHBIIIE, YeM S, — S, .

Tak kak ypaBHeHue (8.8) BeIpakaeT coO0M BTOPOIl 3aKOH TEPMOJIUHAMUKH,
TO 1 ypaBHeHue (8.12) BbIpa)kaeT TOT K€ 3aKO0H, HO JyIsl Oosee 00IIero ciy4as.
Bripaxenue (8.8) mpuMEeHHMO TOJIBKO K IIUKJIaM, TOTJa Kak BeIpaxeHue (8.12)
MPUMEHUMO K JIFOOBIM IMPOIIECCaM, B KOTOPBIX HAYaJIbHOE U KOHEYHOE COCTOSHHUS [
U 2 pa3nnyHbl MexXay coboii. Beipaxkenue (8.8) momyqaercs u3 (8.12) kak yacTHBIN
CIIy4amu.

J1J1st a1eMeHTapHOro HeoOPaTUMOTO Tpoliecca

dsS > SO/T . (8.13)

OO6beaunss ypaBuenus (8.9) u (8.13), MOXKHO 3amucaTh, YTO JJIs1 BCSIKOTO
npoliecca U3MEHEHUE IHTPOIIUU YIOBIETBOPSIET COOTHOUICHUIO:

ds > sO/T, (8.14)
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rae 00 — KOJMYECTBO TEIUIOTHI, MOJIYYEHHOE TE€JIOM OT UCTOYHUKA TETIOThI; 1 —
aOCoNIOTHAs TeMIEpaTypa NCTOYHUKA TEIUIOTHI; 3HAK «PABEHCMB0Y» OTHOCUTCS K
00paTUMBIM, a 3HAK «O0abUIe» — K HEOOPATUMBIM IIPOLIECCAM.

Bce BoimenpuBeaeHHbie popmyiibl, B 4acTHOCTH (8.12), MO3BOJISAIOT onpeie-
JUTH TOJIBKO U3MEHEHHE SHTPOIHH.

3HaueHUE SHTPOIUU AJIs KaKOr0-JIM00 3a1aHHOT0 COCTOSIHUS TOJIKHO BCe-
r71a COAEepKaTh HEKOTOPYIO MOCTOSHHYIO BEIMUUHY Sy (KOHCTAaHTY HHTErpUPOBa-
HUS1), KOTOpasi MpeICcTaBisieT cOO0M 3HaAUEHHUE SHTPOIIMHU Teja MpU TeMIiepaType
a0COJIIOTHOTO HYJISA:

S=[80/T+5,,

r7ie MHTETPUPOBAHKUE MPOU3BOIUTCS BIOJb MPOU3BOJIBHOTO OOPATUMOTO Mpollecca.
YucnoBoe 3HaueHNE MOCTOSHHOW UHTETPUPOBAHUS S) HE MOXKET OBbITh ONpeIeIEHO
C MIOMOIIBIO TIEPBOTO U BTOPOTO 3aKOHOB TEPMOJMHAMUKHU. JTa BEJIMUYMHA ONIPEIC-
JIAETCS C MIOMONIBIO TEIIOBOU TeOpeMbI Heprcma.

JI1st MHOTHX MPAaKTUYECKUX 3a7a4 TEPMOJUHAMUKY BaKHBIM SIBJISICTCSI HE
a0COJIIOTHOE 3HAYEHHUE PHTPOIHH, a €€ U3MEHEHue, 0J1aroaps 4emy 4uciIoBOe
3HAYCHHUE TTOCTOSIHHON MHTErPUPOBAHUS Sy ABIAETCS HECYIIECTBEHHBIM. OOBIYHO
3Ha4YCeHHE Sy BHIOUPAIOT MPOU3BOJIBHO, UCXO/Is U3 YCIOBUM MPAKTUUYECKOTO y100-
CTBa.

8.9. O0001meHHBbIN (pereHepaTUBHBIN) UK Kapho

bonee Bricokuii Tepmuyeckuii KIIJ, uem y o6parumoro uukia Kapro, B 3a-
JAHHOM HMHTEpBAJIC TEMIEPATYP MOIYUYNUTh HENb3s. OTHAKO MOKHO OCYIIECTBUTH
Apyrue o0paTuMble HUKIIbI IPU HAJTUYUH IBYX UICTOYHUKOB TEIJIOTHI TOCTOSTHHOM
TeMIIepaTyphl, KOTOPbIE OTJIMYAIOTCS 1O CBOEH KOH(Urypauuu oT 1ukia Kapro,
HO IIPY HEKOTOPBIX JOMOJHUTENBHBIX YCIOBUAX UMEIOT Tepmudeckuit KII/I, pas-
Hbii KIIJ[ uukna Kapro. TakuMuy HUKIaMU SIBISIOTCS. 0000uieHHble, NI pezeHe-
pamuenboie.

Ha puc. 8.8 uzo0paxen uukn /-2-3-4, cocTosmuii u3 1Byx uzotepm /-2 u 3-
4 1 IBYX JOOBIX TPOU3BOJIBHBIX OOPATUMBIX IIpoueccoB 2-3 u 4-1, 5KBUIUCTAHT-
HBIX, B TOPU30HTAJIbHOM, HalpaBlIeHUU. B n3orepmuueckom nponecce /-2 OT TeI-
JOOTIAaT4YMKa C TeMIieparypoil 7; k pabodeMy Tesly MOABOAUTCS yAENbHOE KOJINYe-
CTBO TCIUIOTHL g, =T (s 5-8 ,). B nponecce 2-3 pabouee Tes0 U3MEHSET CBOE CO-

CTOSIHUE, OTAAaBasi HEKOTOPOE YAEIBHOE KOJIMYECTBO TEIUIOTHI 5.3, U3MEPAEMOE ILIL.
7328.

JUis ocy1iecTBIEHUS] 0OpPaTUMOTO Nepexoa paboyero Tejaa oT TOUKU 2 ¢
temriepatypoil T; k Touke 3 ¢ Temneparypoit 7, He0OX0UMO UMETh OECKOHEUHO
00JIBIIOE KOJUYECTBO MPOMEXKYTOUHBIX HCTOYHUKOB TEILIOTHI (TETIONPUEMHU-
KOB), TEMIIEpATypa KOTOPBIX OTIUYAETCS APYT OT APyra Ha OECKOHEYHO MayIo
BenuurHYy. OT TOUKH 3 10 TOUKH 4 pabouee TeNo U30TEPMUUECKU CKUMAETCS, OT-
JaBasi B TEIUIOIPUEMHUK IIPU TeMIiepaType 7, yAeIbHOE KOJIUYECTBO TEIUIOTHI
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q,=T,(s; —s,), a 3aTem 1o JTuHUK 4-] BO3BPAIIAETCA K COCTOSHHUIO B TOUKe /.

[Ipu nepexone OT TOUKU 4 B TOUKY / pabouee Teo MOTJIOMAET YAeIbHOE KOIUYe-
CTBO TEILIOTHI ¢4 ;, U3MEpsieMoe 1. 5416. B kauecTBe MPOMEXYTOUHBIX TEIIOOT-
JaTYUKOB MPU OCYILECTBICHUU 00paTHOTO Tpolnecca 4-/ UCIONb3YIOTCS Te e ca-
Mbl€ UICTOYHUKHU TEIJIOTHI, KOTOPbIE MPUMEHSIIUCH B Ipoliecce 2-3 B KaUeCTBE Tell-
JONPUEMHUKOB. BenencTeue 3KBUIMCTAHTHOCTH TpolieccoB 2-3 u 4-1 mi. 7328 n
5416 paBHBI IpyT APYTY U yIEIbHbIE KOJIUYECTBA TEIIOTHI ¢, 3 U ¢4.; OAUHAKOBBI
110 a0COJIIOTHOW BEJIMYMHE, T. €. CKOJIBKO TEIUIOTHI pabouee Teslo OTAAET B IpoLec-
ce 2-3, CTOJIBKO K€ OHO IMOJIy4aeT B npouecce 4-/. Bce 3Th mpoMeKyTOUHbIE TETl-
JIOTIPUEMHUKH U TEIUIOOTIATYMKHU SABIISIOTCS TOJBKO pereHepaTopaMu TEIIOThI,
KOTOpbIE MOJTYYalOT HA OJHOM YYacTKe IUKJIa OT paboyero Teja TerioTy U OTAa0T
€€ B TOM K€ KOJIMYeCcTBe paboueMy Telly Ha APyroM ydacTke 1ukia. B paccmatpu-
BaeMOM LuKJie /-2-3-4 1efCTBUTEIb-
HBIMHM BHEIIHUMH UCTOYHUKAMHU TEILIO-
2 ThI SIBJISIOTCS TOJIBKO TETJIOOTJATYHK C
, TemriepaTypoil 7; v TEeIJIONPUEMHUK C
: temnepatypoii 1. PaboTa mukia co-
i BepIIaeTcs 3a CYET TEIIOTHI ¢, OT/Ia-
! BaeMOM TEIUIOOTAATYUKOM paboueMy
|
|
|
|
|
|
|
|

| 4 | 3 Tely; Apyras 4acTh, paBHas ¢», lepeaa-
| | €TCS TEIUIONPUEMHUKY, a pa3HOCTh

5 6 i 7 § S  YACTBHBIX KOIMYCCTB TCIUIOTH ¢, - ¢,

|

npeodpaszyeTcs B MOJIOKUTEIBHYIO pa-
0oty 1ukia. JleMcTBUTEIbHO,
l=q,-9,_5—q9,+q, ., mmml=q,—q,.
Tepmuueckuit KIIJI gaHHOrO 1IMKIa OnpeAenseTcs o ypaBHEHUIO:

Puc.8.8. O600611eHHbIH (perenepaTus-
HBI) nukn Kapuo

9~ 9> _ Ty(s, —s,) =T (s; _54)-
q Ty(s;~s;)

n, =

Tax xak kpuBble 2-3 U 4-1 SKBUIAUCTAHTHBL, TO S; —S, =S5, —S; U
s,—8; =s8;—s, u KIIJI nuxna:

n,=(T,~-1,)/T,.

Tepmuueckuit KI1JI paccMoTpeHHOr0 06paTuMoro 1MKJIa paBeH TepMuye-
ckomy KIIJI o6patumoro uukia Kapro.

[{ukn, B KOTOPOM NPUHUMAIOT YYaCTUE PETEHEPATOPHI TEMIOTHI, Ha3bIBAETCS
pezenepamusHvIM Yukaom. PereHepaTuBHBIA 00paTUMBIN UK, COCTOSIINMN U3
JBYX U30TEPM U JIBYX JIFOOBIX MPOU3BOJIbHBIX SKBUAUCTAHTHBIX KPUBBIX, HAa3bIBa-
eTcsa 0600uiennbvim (pezenepamusuvim) yukiom Kapno. PerenepaTuBHbIE KB
MOJIYYMJIM IIUPOKOE IPUMEHEHHUE B TEMJIOCUIIOBBIX YCTAHOBKAX.

107



8.10. IlpuHumMn Bo3pacTaHusi IHTPONHMHU M (PUIUIECKUIN CMBIC]
BTOPOr0 3aKOHA TePMOJANHAMMKH

PaccmoTpum m3MeHEHHE SHTPOMUH B H30JIUPOBAHHON CHCTEME, KOTOpast HEe
UMeeT TeIooOMeHa ¢ OKpyskarorieit cpenoit (60 = 0), e€ MOXHO Ha3BaTh adua-
Oamnoii cucmemou.

[TonmoxuM, UMeeTcst U30JMpOBaHHAS ainadaTHAs CUCTEMA, B KOTOPOH mpo-
UCXOMST TEPMOJUHAMHUYECKHE TTporiecchl. Eciy B 3TON M30IMPOBAaHHON CHCTEME

MPOTEKAIOT TOJBKO 00paTUMBIE TIPOIIECCHI, TO JJISI HEE MOXHO MPUMEHHUTD YpaBHE-
Hue (8.9):

dS=00/T,
HO JIJIs1 aquabaTHON CUCTEMBI 3TO YPaBHCHHE MPUHUMACT BU/L:
00=TdS=0.
Tak kak Temmeparypa He MOXKET PaBHATHLCS HYIIIO, TO JJIS BCEH CUCTEMBI
dS=0u S =const. (8.15)

Ecnu 6 usonuposannou aouabammuou cucmeme npoucxoosim moavko oopa-
mumble NPoyeccol, Mo IHMPONUSL 8CEll CUCTNEMb] OCMAEMC sl GeIUYUHOU NOCMOSH-
HOU.

PaccMoTprumM annabaTHyO CUCTEMY MPU HAJTUYHH B HEH HEOOPATHUMBIX TPO-
IIECCOB, IS KOTOPHIX MPpUMEHseTcs ypaBHeHue (8.13):

dS>0Q/T.
Tak kak 60 = 0, TO )11 U30JUPOBAHHON aTUAOATHON CUCTEMBI:

ds>0, (8.16)

T. €. IPOUCXOAUT YBEIUYEHUE SHTPOITHH.

Taxum oOpaszom, ypaBHeHus (8.15) u (8.16) moka3pIBarOT, YTO SHTPOIUS
M30JMPOBAHHBIX cucTeM 60 = () MOXET OCTaBaThCs MOCTOSHHOM Npu ee 00paTu-
MBbIX U3MEHEHUSX U BO3PACTATh NMPU HEOOPATUMBIX U3MEHEHUSX, HO HU IIPHU KaKUX
YCIOBUSAX HE MOKET yMeHbIIaThes. [Ipu 3TOM HE0OX0IMMO cAeNnaTh Claeaylolee
3aMeyYaHue: SHTPOIHUS OTACIbHBIX TNl B U30JUPOBAHHON CUCTEME MOXKET HE TOJIb-
KO YBEJIMUMBATHCS WIIM OCTaBaThCs 0€3 U3MEHEHUs, HO U YMEHbIIAThCs, HAllPH-
Mep, IpU OTAaue TEJIOM TEIIOTHI.

O60011as OJIy4eHHbIE PE3yJIbTAThI 1JI1 00OpPATUMBIX U HEOOPATUMBIX IIPO-
1IECCOB, MPOUCXOISIINX B U30JIMPOBAHHOM CHCTEME, MOXKHO ypaBHeHus (8.15) u
(8.16) mpencraBUTH B BUAE
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ds=>0. (8.17)

3HaK «paseHcme0» OTHOCUTCS K OOPaTUMBIM, a 3HAK «0o/buie» — K He0O-
paTUMBIM IPOIIECCaM.

Bce nmelicTBUTENBHBIC TIPOIECCHI SIBISIFOTCS HEOOPATUMBIMU, TI03TOMY JH-
TPOIHS H30JIMPOBAHHOM CHCTEMBI Beera yBennuuBaeTcs. Cam GakT yBETHUICHHS
SHTPOIHH, Ka3aJI0Ch ObI, 0COOEHHOTO 3HAUCHUS HE HMEET, OJTHAKO BO3pacTaHHUE
SHTPOIHH MTPH HEOOPATUMBIX MPOIIECCAX CBSA3aHO C YMEHBIIEHUEM pab0TOCTIOC00-
HOCTH M30JIMPOBAaHHOW CHCTEMBI.

Bo3bpMeM njeanbHy0 MaluHy, paboTaromIyto mo nukiy Kapro, B KOTOpon
pabouemMy Teny nepenaercs TernoTa Q; pu Temneparype 7; U OTBOIUTCS TEIJIoTa
(0> B TEILIONPUEMHHUK TIpH TemIiepatype 75.

[TonoxwurensHas padora L =Q, - 0,. KIIJl uukna n, = (Q, —QZ)/Q, =L/0Q,,

WIN
L:anI:QI(I_TZ/TI)' (8.18)

BBenem Mexly TEIIOOTIATYMKOM C TemnepaTypoi 7; u pabodum Tesiom
IIPOMEKYTOUYHBIN HCTOYHUK TEIIOTHI ¢ Temneparypou 1, <T',<T,. bynem nepe-
JaBaTh TEIUIOTY OT TEIUIOOTAATUMKA CHaYaja HeoOpaTUMBIM MyTeM (IIpU KOHEUHOMN
Pa3HOCTH TEMIIEPATYP) MPOMEKYTOUYHOMY UCTOUHHUKY, & OT HETO MpU TeMIiepaType
T', — paboueMy Telly, OCYIIECTBIAIOIMIEMY 00paTUMbIi UK KapHo.

Ecnu konuyecTBO TEoThHl Q; OyJEeT NOCTynaTh B MAIMHY ¢ 00Jiee HU3KOM
temneparypoil 7', < 7T, T0, O4EBUIHO, ITOJIOKUTEIbHAS paboTa JOHKHA YMEHb-
LINTHCS, TAK KAK YMEHBIIAETCS] Pa3HOCTh TEMIIEPATYpP, MEXKAY KOTOPBIMU OCYILIE-
cTBIsieTcs oOpaTtuMblil ukn Kapro. Torna

L'=0m' :QI(]_TZ /T’I)'

VYMeHb1ieHue pa6OTOCHOCO6HOCTI/I pa60qer0 TCJ1a BCJIICACTBUC BBCACHMUA
JOITIOJIHUTCIIBHOI'O HCO6paTI/IMOFO Imponecca rnepecaavu TCIUIOThI OT TCINIOOTAATUYH -
Ka K IPOMECKYTOYHOMY NUCTOYHUKY TCINUIOTHI OIIPCACIIACTCA U3 YPABHCHUA !

L, :L_L’:Ql[(]_TZ/TI)_(]_TZ/T’I)]:QI(TZ/T’I_TZ/TI)9
501071

L,=T,(0,/T',-Q,/T,)=T,AS (8.19)

cucm *

DTO ypaBHEHHE HOCUT Ha3BaHUE ypaBHEHUS I 1ou — Cmodonvl. Ymenvuie-
HUe pabomocnocooOHOCMuU U30TUPOBAHHOU CUCTEMDL, 8 KOMOPOU NPOUCX00AM He-
obpamumvle Npoyeccyl, pasHo NPOU3BEOEHUIO U3 NPUPALEHU SHMPONUU CUCTHE-

109



Mbl HA aOCONIOMHYI0 meMnepamypy menionpuemMHura. Ita noreps padboTocmno-
COOHOCTH MpeCcTaBIseT cOO0H TEIIOTY, 0ECIONIE3HO NMEePEJaHHYI0 OKpY Karolen
cpene. Bce HeoOpaTumMble poLIecChl B U30JIMPOBAHHON CUCTEME COMPOBOXKIAIOTCS
00€eCLIEHEeHUEM SHEPIHH, KOTopasi U3 0oJiee oJie3HON (HOPMBI IEPEXOIUT B MEHEE
noJsie3Hyto. [lpoucxonut pacceusanue snepeuu n €€ decpadayusi. IHTPOIUS CUC-
TEMBbI IIPU 3TOM YBEITUYNBAETCA.

Bce camonpousBosibHbIE, T. €. HEOOpAaTUMBbIE, IPOLECCHI MPOTEKAIOT BCETaa
C YBEeNIMYEHUEM dHTponuu. Takum 00pa3oM, npunyun 6o3pacmanusi SIHMpPOnUU
U30IUPOBAHHOU CUCMeEMbl npedcmasisem cobol odujee gvlpasiceHue 8mopozo 3a-
KOHA MepMOOUHAMUKU.

8.11. MakcumasbHas padora. JKkceprus

B tepmonnHaMuike uMeeT O0JIbIIOE 3HAaUeHHE MOHATHE paboTa, KOTOPYIO
COBEPIIAET U30JIUPOBAHHASA CUCTEMA [IPU U3MEHEHUH CBOETO COCTOSHUS U YCIIO0-
BUM, ITPU KOTOPBIX MOJIy4aeTcsi MaKkCUMallbHas padorTa.

[Tony4yenue paGoTbl BOBMOMXHO TOJIBKO OT TaKOW CHUCTEMBI, KOTOpasi HE Ha-
XOJUTCSl B PABHOBECHOM COCTOSIHUU C OKPY>Kalolllel Cpeiou, T. €. Korja B o0LiemM
cllydae JlaBjieHue p; U TemiiepaTtypa 7 cucTeMbl OoJbliie JaBieHUs py U TEMIepa-
Typsl Ty cpeapl, C KOTOPOH B3auMoaencTByet cucteMa. [lo mepe cosepiienus pa-
00ThI U30JIMPOBAHHAs cUcTeMa OyJIeT MPUOJIMKATHCS K pABHOBECHOMY COCTOSIHUIO
CO Cpenou.

Ecnu B U301MpoBaHHOM crcTeMe UMEIOTCSl paboune Tea ¢ pa3IndyHbIMU
TeMIlepaTypaMu, TO B TaKOM crcteme pabouee Tesno ¢ 6oJiee BHICOKOM TeMIepary-
POii MOXET MPOU3BECTH paboOTy (B UACAIBHOM CITyyae MyTeM HEOJHOKPATHOTO I0-
BTOpeHus ukia Kapuo). B pesynbraTte Takoro mporecca TeMiepaTypsl TEII00T-
JaTYUKOB OYAYyT MOHUKATHCS, @ TEMIIEPATYPbl TEIUIONPUEMHUKOB — MOBBIIIATHCSI.
Korpa 3ty TemmnepaTypsl cpaBHAIOTCS, JaJIbHENIIEE MOJIy4eHHe padoThl peKpa-
tutcs. CreoBaTesibHO, OJy4eHHE padoThl CBA3aHO C MEPEXOA0M U30JUPOBAHHON
CUCTEMBI U3 HEPABHOBECHOT'O COCTOSIHUS B PABHOBECHOE.

MakcumanbHyto paboTy B 1iukie KapHo MOXHO MOIYYUTh TOJIBKO B TOM
cllydae, Korja TeMreparypa pabodero Tejaa paBHa TEMIEpAType TEMIOOTAATYNKA U
KOTI'/Ia HAaMMEHbIIas TeMIiepaTypa paboyero Teia paBHa TeMIiepaType TeIIoNnpu-
€MHUKAa, T. €. KOTJ]a COBEpPIIAIOTCS 00paTumMble mpoliecchl. OTCI01a MaKCUMAJIbHYIO
paboTy B cUCTEME IPU MEPEX0/I€ U3 HEPABHOBECHOTO COCTOSIHUS B PABHOBECHOE
MO>KHO MOJIYYUTh TOJIBKO IIPHU OCYILECTBICHUH 00OPAaTUMBIX a/InabaTHBIX U U30-
TEPMUYECKUX MPOLIECCOB.

PaccMmoTpuM Bompoc, Kakyto MaKCUMaJIbHYI0 pabOTy MOXHO MOTYYUTh OT
pabouero Tena (rasa) npu 3aaHHbIX yciaoBusax. Cuntaem pabodee TEI0 U Cpery
M30JIMPOBAHHOM aanabaTHON CUCTEMOM, K KOTOPO TemioTa He MOJBOAUTCS U HE
OTBOJUTCS OT Hee, T. €. O = (0. O003HaUYUM BHYTPEHHIOIO SHEPTUIO CUCTEMbI B Ha-

yajabHOM cocTostHuM U’ u B koHeuHoM U”. Torga Ha OCHOBaHMM NIEPBOTO 3aKOHA
TEPMOJIVMHAMUKHA UMEEM:
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U"-U'+L=0=0,
OTKYyIa IIPOU3BCACHHASA pa60Ta paBHA
L=U"-U". (8.20)
BHYTpeHHHH OHCPTIUA BCE€H CHCTEMbl — BEJIMUMHA aJIJUTUBHAS U CKJIaJIbIBa-
CTCA U3 BHYTpeHHCﬁ OHCPTUHU OKPY)KaIOH_ICI‘/’I CpCAbl U SHCPIUr NCTOYHUKA pa6OTBI.
O003HaUnMM HayaJIbHOS ¥ KOHCYHOE 3HAUYCHHUS BHYTpeHHeﬁ OHCPTUHU CPCAbI
U()] u U()g, 4 HA4YaJIbHOC 1 KOHCYHOC 3HAUYCHMU BHYTpeHHCﬁ OHCPIUHU NUCTOYHHUKA

pa6otsl U; u U,, Torna

U'=U,+U, nU"=U, +U,,

Pabouee Teno MokeT 0OMEHUBATHCS TEIUIOTOM CO Cpellol U COBEpIIaTh pa-
6oty mpoTuB AaBieHus cpenbl. O003HauuB uepe3 Oy TEIIOTy, NepeaaHHyIo pado-
9UM TEJIOM Cpejie, a uepe3 Ly — paboTy, CoBepIIaeMyto UM HaJ CPEIOH, MOTYyUUM:

Up -Upy =0y + L.
Tak kak JaBjieHUE Cpelibl py MOCTOSHHO, TO
L,= Po(Vz _V1)9
rae V; u V, — HavyanpHBIN U KOHEUHBIH 00BbeMbI pabouero tena. Torna

Uy Uy =0, — Po(Vz - Vz)- (8.22)

[loncrapinss 3HaueHe U3MEHEHNSI BHYTPEHHEW SHEPTUU Cpeibl U3 ypaBHe-
Hus (8.22) B ypaBHeHue (8.21), Haxoqum

L:(UI_UZ)_QO_pO(VZ_VI)' (8.23)

Tennora Qy, coob1ieHHas cpenie, paBHA IPOU3BEIECHUIO TOCTOSHHOM TeMIle-
paTypsl cpefibl 1) Ha U3BMEHEHHE SHTPOIIMU CPE/IbI:

Oy =T, (Soz - Sm)- (8.24)
[loncrasnss ypaBuenue (8.24) B ypaBHeHue (8.23), nmonyuum:
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L:(UI_UZ)_TO(SOZ_SOI)_pO(VZ_VI)' (8.25)

Tak kak U3 Bcell pabOThI BEIUUTAETCS 4ACThb €€ P - (V -V ) 3aTpadycHHas

Ha BBITECHEHHE CPEJibl, TO YpaBHEHUE (8.25) onpeenser nojae3nyo padoTy cuc-
TEMBI TIPH TTePEXO0Ie U3 HAYaIBHOT'O COCTOSIHUSI B PABHOBECHOE.

W3 U3BECTHOTO TOJIOKECHHMS, YTO MPU MPOTEKAHUU 00PATUMBIX MTPOIIECCOB
DHTPONUS 3aMKHYTOU aina0aTHOW CHCTEMBI HE U3MCHSICTCS, CIICYET:

Soz_Sm :SI_S29

rae S; u S, — ’HTpornuu pabodero Tena B Ha4YaIbHOM U KOHEUYHOM COCTOSTHUSIX.
3ameHss B ypaBHeHud (8.25) (S,, —S,,) Ha (S ) 2), MO>KHO HAalUCaTh

ypaBHEHHE [ MAKCUMAJIbHOMN MOJIE3HOM pabOoThl PU 0OPATUMBIX MPOIECCaX:

L (U U) O(SI_S2)+p0(VI_V2)' (3.26)

MaKc

VYpaBHenue (8.26) MoKa3bIBaCT, UTO MAKCUMANbHAS NOJIE3HASL pabOmMa CUC-
membl npU 3a0AHHBIX napamempax cpeovt pg u Ty onpedensemcs HAUaIbHLIM CO-
cmosHuem paboue2o mena u He 3a8Ucum om nymu usmeHenus cocmosanus. Henvss
ROJIyuUMb OM CUCHEMbL PAOOmY 001bUIe MAKCUMATILHO.

JUJIs1 TOJTHOTO MCIIOJIB30BaHUS PabOTOCIIOCOOHOCTH UCTOYHHIKA paOOThI HE-
06xoauMo, 4To0bl p, = p, u 1), = T,. IIpu 3TuUX yclI0BUSIX U BCE OCTAJIbHBIE Mapa-

METpbI paboyero Tenaa OyayT ONpenesaThCs TAKKe NapaMeTpaMu Cpeasbl, T. €.:
U,=U0,unV,=V,.
Torpa ypaBuenue (8.26) 3anuiiercs Tak:

L' e = U, -Uy)=T,(S, = Sy)+ p,(V, = V;),

MaKc

nim

L. =(H,-H,)-T)(S,-S,). (8.27)

MaKc

3neck Hyu Sy — dHTaNbIUA U SBHTPOIMA PabOYero Teaa B COCTOSTHAN PaB-
HOBECHS C OKPYXKAKOLIEH CPEIION.

B ypasnenuu (8.27) (H, - H,) npenctasiser coboi M0Ie3HYI0 BHENTHIOK
paboTy B 06paTHMOM axuabaTHOM TIporecce pabodero Tena, a T,(S, —S,) —
IIOJIE3HYIO BHEIIHIOK paboTy B 00paTUMOM M30TEPMHYECKOM IIpoliecce paboyero
tena. Cle10BaTeNbHO, KaK YKa3blBalIoOCh, PaHbIIE, MAKCUMaJbHAas I0JIe3Has pabo-
Ta, NOJdy4aemMas OT pabodero Teia, Ipyu U3MEHEHUH €r0 COCTOSIHUSA OT IIEPBOHA-
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YaJIBHOTO JI0 COCTOSIHHUS CPEJIBI TIOJy4aeTCs MPH OCYIICCTBICHUN 00PaTHMBIX
annabaTHBIX U U30TEPMUYCCKUX MPOIECCOB.

Tlonyuennyro no ypasnenuio (8.27) makcumaibHyto none3Hyo pabomy Ha3bvi-
8aOm padomocnocooHocmuvio (U1u nOAHOI IKcepaueil) mena. 3a MocieIHee
BpEMSI MTOHATHE IKCEPTUH MTUPOKO HUCIIONB3YETCS TIPH TEPMOJTMHAMHYECKUX HC-
CJIETOBAaHMSX MPOIleCCOB. MeTO ] iCCIIeJOBaHUS C TTIOMOIIBIO KCEPTHH TTOTYIHIT
Ha3BaHUE IKCEP2eMuUecKo2o.

B o6miem cnydae yoenvHoii akcepaueil «e» Hazvigaemcsi yoeibHas pabomo-
CHOCOOHOCMb MENIOMbL, UL NOMOKA paboyezo mena 8 06pamumom mepmoouHa-
MUYECKOM npoyecce U3MeHeHUsi COCIOAHUSL CUCTNEMbl OM HAYATbHbIX NAPAMEMPOs
00 NOCMOSIHHBIX NApamempos cpedvl. ITOT OOPATUMBIN MEPEXo/] AJis MOTOKa pa-
00Yero Tena BO3MOXKEH JBYMSI 00paTUMBIMU TIPOIIECCAMHU: aIiadaTHBIM (C U3Me-
HEHUEM TeMITepaTyphl pabodero Teaa OT HadalubHOU 1 0 TeMIiepaTyphl cpesl 1))
1 U30TEPMHUYCCKUM (C I3MEHECHHUEM JIaBJICHHUS, COOTBETCTBYIOIIETO KOHITY ajua-
6aTHOTO Tporiecca, A0 JaBICHUS CPeNbl py). [loaToMy yaenpHyI0 SKCEeprrio MOTOKa
pabouero Tena MOXKHO ONpeAeauTh o ¢popmyie (8.27):

e=(h;-hy)=T)(s;=s,). (8.28)

Ecou B KaKOM-JII/I6O nponecce NSMCHCHUS COCTOAHUSA KOHCYHBIC ITaPaMCTPhI
OTJIMYAXOTCs OT MapaMETpPOB CPCAbl, TO I[eﬁCTBHTCHBHaH pa60Ta, IMOJIYUCHHAA B
9TOM IIPOUECCCC, BBHIPA3ZUTCA KAK PA3HOCTDb YACJIbHBIX 3KCCPIrMu Ha4YadJida U KOHIIA
nmponecca, T. €.:

edeﬁcm@ = el - eZ .

Pa6OTOCHOCO6HOCTB, HJIA OKCCPTUIO TCIIOTHI OMMPCACIIAOT U3 TOT'O YCIOBUS,

4TO MAKCHUMAJIbBHO BO3MOKHYIO pa60Ty MOJKHO ITIOJIYHYHUTDH IIPpU OCYHICCTBIICHUN 06-

patumoro uukia Kapro Mexay Ha4aabHOU TEMIIEPATYPOH U TEMIIEPATYPOH OKPY-
Karomeu cpensl. Torma

de, = 5q -1 = 8¢(1-T,/T) (8.29)

WA IJIs1 BCETO IIponecca:

(1-T,/T)sq=1-T,/T, )q, . (8.30)

eq=

~ C—— bt

riae e, — sKkceprus (paboTocnocoOHOCTb) TEIIOThI; T, — CpPEeAHss TeMIeparypa B
nporiecce.

Ecnu B kakoM-11160 mporiecce CyMMapHO€ KOJIMYECTBO NMOCTyHAoIIeH B
CHCTEeMY 3KCEepruH OOJIbIIE, YeM OTBOJANMOE OT HEe, TO Pa3HOCTh ITUX BEITUINH
XapaKTepu3yeT NOTepU IKCEPIUU OT HEOOPATUMOCTH ITpoIEcca.
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CrneoBatenbHO, MOXKHO BBECTH MOHATHUE IKcepzemuueckoz2o KII/], xapaxk-
mepusyiouje2o cmenenb 06pamumMocmu npomeKawe2o npoyecca.
Okceprernueckuit K11/ paBeH:

n,=1-4e/e,, (8.31)

rac Ae — PasHOCTh HOI[BCIICHHOﬁ u OTBCHCHHOﬁ OKCCPTUH; €; — MOABCIACHHAS
JKCeprusl.

HoBasg BeanunHa oka3zanach BecbMa YI[06H0171 I OIIPCACIICHUA TCPMOIU-
HaMHU4YCCKOTO COBCPIICHCTBA JIF000T0 TEIIOBOT'O arIapaTta ujin €ro OTACIIbHBIX
YaCTEH.

Benuuuna sxcepeuu kakoti-mu6o mepmoouHamuieckou cucmemvbl Onpeoe)is-
emcst MaKCUMAaiIbHOU NOJe3HOU pa6om0d meja ujiu nomoka npu ocywecmeniernuu
06pamuMblx npoyeccos 6 obvexkme npu nepexode cucmembsbl U3 Ha4ailbHO20 CO-
CMOAHUA K COCMOAHUIO MepMUYeCKoco padBHoBeCuUsl ¢ OprchalOM/;eﬁ Cpeaoﬁ.

CJICJIOBaTeJIBHO, OKCCPTIUs TCIIOTHI

de=06l,,.=0q(I-T,/T), umu e=q—TAs,, (8.32)

MaKc

rae As, — aOCoOJIIOTHAs BEIMYMHA YMEHBUIEHHS SHTPOIIUY TEMJIO0TAATYMKA, BbI-
3BaHHas OTJa4yell TeIoThl q;; I — abCOI0THAs TeMIIepaTypa TEIUIOO0TIaTYHKa.

B cnydae usmeHeHus cocTosiHus paboyero Tesna OT KaKoro-To HayaJabHOIO
710 KOHEYHOTO MpH JIFOOBIX 00paTUMBIX MPOLIECCAX MAKCUMaJIbHAs M0JIe3Has
[ labota npu temneparype 7> > T COCTaBUT:

ZMaKC =€;-6¢, (833)

rne e, =q,—1,As;, u e, =q,—1,As,,. 3aecb As;, — aOCOIIOTHOE YMEHBIIIECHUE
3HA4YEHMsI SHTPOIIUU paboyero Tejaa Npy OTAaye TEMJIOTHI .

VY nenpHas 3KCeprus OoToKa, 00J1aJaloIIero yAEeIbHON SHTaIbIINEH A, ompe-
JENseTCs U3 YPaBHEHUS

€, :(hl _h0)+To(S1 _So)-

Ecnu B xakoii-nmubo cucreMme OOJHOBPEMCHHO IIPOU3BOJUTCA I10JIC3HAA pa60-
Ta 3a CUCT SHTAJIBIINHU U 34 CUCT TCIIOTHI, TO MaKCUMaJIbHAS I10JIC3HAA pa60Ta
lMch =€ =€t eql - qu . (834)
Bo Bcex BBIIIEU3I0KEHHBIX (POPMYJIaxX SJHTPOIHUS § pabOYero Teya Uiu 1c-
TOYHHUKA TCIUIOTHI BXOAUT MHOXHUTCIIEM B OTPULATCIIbHBIC YICHBI 9THX q)OpMy.H.

Orcrozna: eciu SHTponHs paboYero Teja yBeJIuduIach Ha ds, TO DKCEPIHs 3TOTO
Tena 0043aTeNIbHO yMEHbIIHTCS Ha 1)) - ds .
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B pacucTrax TCpMOINHAMHUYICCKUX CUCTCM 00JBIIIOC 3HAYCHHE UMEET CO-
CTAaBJICHUC MATCPHUAJIBHOT'O, TCIIJIOBOT'O U 3KCCPTCTUICCKOTO oamancos. C moMo-
B0 MATCPUAIIBHOTO U TCIIJIOBOT'O 0aJIaHCOB MOYKHO OIPCACINTD ITOTCPU MACCHI U
TCIUIOTHI, a C TIOMOIIBIO IKCEPTCTUICCKOT'O OajlaHca MOKHO OIIpCACIINTL TCPMOOU-
HaMHW4YCCKOC COBCPIICHCTBO JIF0O0T0 nmponecca, NuKJiia Uik YCTAHOBKHU B IICJIOM, a
TAKIKC UCCICAOBATH BO3MOKHOCTH UX COBCPIICHCTBA.

8.12. AGcosIl0THAsl TEPMOAMHAMMYECKAS TeMIlepaTypa

Temmepartypa, XapakTepu3ys CTEIIEHb HATPETOCTHU TEJI, ABJIAETCS OJHOU U3
BAKHEWIIINX BEJIMYMH B COBPEMEHHOU HAYKE.

N3mepenue TeMiepatypsl Tejla ¢ IOMOUIBIO PA3IMYHBIX Ta30BbIX U )KUIKO-
CTHBIX TEPMOMETPOB 3aBUCHUT OT MHIUBUAYaAIbHBIX CBOMCTB TEPMOMETPUUYECKHUX
BEIIECTB BCIEACTBUE HEOJIMHAKOBOM 3aBUCUMOCTH KOA(P(DUIIMEHTA paCIIUPEHHUS
Pa3JIMYHBIX JKUJIKOCTEN U Ta30B OT TeMIlepaTypsl. M3 3TOro cieayer, 4To BCAKOE
MU3MEPEHUE TEMIIEPATYPHI TEIA C TIOMOUIBIO TEPMOMETPOB HE TAET BO3MOKHOCTHU
ONPENIENUTh TEMIIEPATYPY, HE 3aBUCAILYIO OT MHAWBUAYAJIbHBIX CBOMCTB IIPUME-
HSIEMOT'0 BEIECTBA.

be3ynpedHnoe onpeneneHne TeMIepaTypel, HE 3aBUCSAIIEE OT CBOMCTB MPHU-
MEHSIEMOTI'O BEIIECTBA, MPEINIOKNI Kenbeun Ha OCHOBAHUM BTOPOTO 3aKOHA TEp-
MOJUHAMUKH.

Ecnu B o6parumom nukie Kapro pabouee Teno (He3aBUCUMO OT €T0 MPUpPO-
IIbl) TIOJIyYaeT OT TeIUIOOTAATYMKA TEIIoTy () npu TemiepaTtype 7; U OTAaeT Ter-
JIOTIPUEMHUKY Teryioty O, npu Temmepatype 75, TO OTHOLIEHUE a0COMIOTHBIX TEM-
nepatyp 7;/T, paBHO OTHOUIEHUIO KOJTUYECTB TeIOThl O;/0>:

n=1-0,/0,=1-1,/T,,umm Q,/Q,=T,/T,. (8.35)

Tak xak konmuuecTBa TewIOTh O; U O MOTYT OBITh NPEABAPUTEIHHO U3Me-
PEHBI, TO, BBIOPAB OJHY PEIIEPHYIO TOUKY C TeMIepaTypoi 75 ¥ MPOBEIs UK
KapHo, B KOTOpOM TETIIIONPUEMHUK UMEIN OBl TeMniepatypy 15, a TEII00TAATINK
— temneparypy 7;, Ha OCHOBaHHH paBeHCTBA (8.35) MOKHO ONpeIeTUTh TeMIIe-
patypy 7; mo0oro Tena.

[TocTpoeHHas TakuM 00pa3oM TeMIlepaTypHas IIKaja Ha3bIBaCTCs mepmo-
OuHamuyeckou memnepamyprou wkanou (uu mkanou Kenvsuna). B kauectse
OCHOBHOM TEMIIEPATYPHOH MIKAIBI MPUHITA TEPMOJIUHAMHUYECKASI, 10 KOTOPOii
Temneparypa usmepsiercs B Keavgunax (K). J{s BocriponsBeieHNs STON MIKAIIBI
ObLTa yCTaHOBJICHA €IUHCTBEHHAsI OMOpHAs (perepHas) Touka — TpOHHas TOYKa
BOJIBI, B KOTOPO# TepMOIMHAMUYECKON TeMIIEpaType ObLIIO PUCBOSHO 3HAUCHHUE,
paBHoe 273,16 K.

Huxuum npenenom mkansl Kenvguna siBnsieTcs a0COMOTHBINA HYIb. [T03TO-
My Kenveun pasen 1/273,16 TeMnepaTypHOro MHTEpBajia MEXAYy TPOHHON TOUKON
BOJIBI ¥ a0COJTIOTHBIM HYJIEM.
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Ecnu ocyimecTBUTh MUK MEXKTY TETUIOOTIATYUKOM C TeMIeparypou 7; u
TEIJIONPUEMHHUKOM, B KOTOPBIA OTBOJIMIIOCH OBl KOJIMYECTBO TEIIOTHI, pABHOE HY-
mo (Q,=0), To abCcoIIOTHAs TeMIepaTypa TeIIONPUEMHUKA JOJKHA Oblia Obl
OBITH paBHOU HYIIO. [IpH 3THUX yCcIOBUAX BCs TerioTa (J; MpeBpaTUiach ObI B IO~
ne3nyto padory L = Q; u KIIJ] uuxna 6s11 661 paBeH eaunuiie. [loatomy abco-
JIOTHBIN HYJIb TEMIIEPATYPhI MPEACTABISACT COO0H HU3IIYIO M3 BCEX BO3MOMKHBIX
temriepatyp, korna KITJ[ nukima Kapro paBen equnuiie. Takas TeMiepatypa mpH-
HUMAETCs 32 HA4aJbHYIO TOYKY a0COJIFOTHOW TEPMOIMHAMHYECKON ITKAJIBI.

Taxum 00pazoM, 6mopoti 3aKoH MEPMOOUHAMUKU NO360JIsIem ONpedeiums
memMnepamypy Kax 6eiuUdUuHy, He 3a8UCAULYI0 Om NPUpoovl pabove2o meida, U yKa-
3b18Aem nyms NOCMPOEHUsE ADCONIOMHOU MEPMOOUHAMULECKOU WKATb meMnepa-

myp.
8.13. CpeaHeuHTerpajibHasi TemMmneparypa

JUist yrpoieHus: HEKOTOPBIX TEPMOIUHAMUYECKIX UCCIICIOBAHHUIA BBOIUTCS
MOHATHE O CPETHEUHTETPATBHOMN TeMIiepaType.

CpenHeuHTeTpaNbHas TEMIIEpaTypa Ha 7-s AHarpaMMe MoTydaeTcs: Kak BbI-
coTa MPSIMOYTOJIbHUKA, TUIONIaIb KOTOPOTO paBHA IUIOMIAAN MO KPUBOM mpoiiecca
1-2 (puc. 8.9). I1n. 41234 uzobpaxkaeT B HEKOTOPOM MacIiTadbe MoABEACHHYIO TeTl-
70ty q. OueBUIHO, YTO CpeIHEHHTErpajbHasl TEMIIEpaTypa SBISIETCS BEICOTOM
MPSAMOYTOJIbHUKA 3456 paBHOBENUKOro 1. 4/234. U3 3TOTrO0 OnpeneneHus cieny-
eT:

_nn41234  nn.34563
< 3-4 3-4

b

2
HO n1.41234 = J.Tds =q,a3—4=s,—5, NI0O3TOMY
I

2
T, =J.Tds/(s2—s,):q/(s2—s,). (8.36)
I

~

Cpeoneunmezpanvnas memnepamypa OJisl
q 11006020 npoyecca pasHa OMHOULEHUIO KOJIUYeCmeda
\ 6 menyiomul, yuacmeyrouieli 8 npoyecce K UsMeHeHUuo
T anmponuu pabouezo mena. OTCI0/1a KOJIUYECTBO
Ji TEIUIOTHI, YYacCTBYIOUIEH B IIpoLiecce, paBHO MPOU3-
Tc,  BEICHUIO CPEHEMHTErPajJbHONM TEMIEPATyphl Ha
M3MEHEHHE SHTPOIUHU B TaHHOM Tiporiecce. Hampu-
4] 3 S Mep, A1 MOGOTo MOJTUTPOIMTHOTO MPOLECCA:

Puc.8.9. K onpenenenuto
CPEIHEUHTETPAJIbHON TEM-
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T,-1)

q:cn(TZ_TI):cv

T, T,
As=[8q/T = [c,(dg/T)=c,InT,/T,=c,[(n—k)/(n-1)linT, /T,.

T T,
[loncrasnss 3naueHue g u 4s B ypaBaenue (8.36), Haxoaum

T :Cv[(n_k)/(n_])](TZ_Tl): -1,
“ cln=k)/(n=1)|inT,/T, InT,/T,

(8.37)

N3 nonmyyennoro ypaBuenus (8.37) cienyer, 4To CpeTHEUHTETpaIbHas TEM-
nepaTtypa Jijis 11000ro MOJUTPOITHOTO MIPOIIecca 3aBUCUT TOJIBKO OT €r0 HayajabHON
Y KOHEYHOM TeMIIEpaTyp.

YpaBHenuem (8.36) MOXKHO BOCIIOJIb30BATHCS
s onpenenienus: repmudeckoro KIITI mpousBoib-
HOTO IUKJIAa C aAnabaTHBIM CKaTHUEM U PacCIIupPEHU-
eM pabouero Tena (puc. 8.10). KonuuecTBo moase-

nenHoit Tennotsl g, =T, (s, - 55 ), KOMMIECTBO OT-

BeJECHHOM TEIIOTHl ¢, =1, (s, -5.). Torma tepmu-
2 6795

2cu
yeckuil KII/] mpou3BoJIbHOTO IIUKIIA ONpENEIIsEM
Kak

Puc.8.10. K onpenenenuto
tepmuueckoro KIT/I npous- n=1-q,/q,=1- [TZCu (55 -55 )]/Tlcu (55 -55),
ROTTRHOTO TTUKTTA
17001
n=1-1,.,/T,,- (8.38)

Tepmuueckuit KIIJ] nponsBosibHOr0 1ukia paseH tepmuyeckomy KII/ nuk-
na Kapro, OCyIIECTBIEHHOMY MEXAY CPEIHEUHTETPAJIbHBIMUA TEMIIEPATYPAMHU
IIPOLIECCOB MOABOAA U OTBOJIA TETIOTHI.

N3 ananu3za ypaBHeHus (8.38) cieyeT, 4To uem gvlude cpeOHeuHmezpaibHas
memnepamypa npoyecca no08ooa meniomsl U Yem Hudxce cpeOHeUuHmepalbHasl
memnepamypa npoyecca omeooa menjiomul, mem gvluie mepmudeckuil K1/ uc-
cnedyemoeo yuxna. [lpenenom Bozpactanus tepmudeckoro KIIJI nmpousBosbHOTrO
nukia sasigercsa repmudeckuil KII uneansnoro nukna Kapro, xorna 7T, ., mpe-

Bpamaerca B 1,,a I, — B T,. CIe10BaTEIIbHO, 6 OOHOM U MOM Jice uHmepeae
memnepamyp oopamumbii yuxi Kapno obradaem naubonvuum mepmudeckum
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KIIJ[ no cpasnenuro ¢ mepmuuecxum KIIJ/] 1106020 npoussonvnoco yukia, ocyuje-
CMBIEHHO20 8 MOM Jice UHmepeae memnepamyp.

9. ICTEYEHME I'A30B U ITAPOB

9.1. IlepBblil 3aKOH TEPMOANHAMMKHA B IPUMEHECHUH
K MOTOKY ABMKYIIErocs ra3a

B texnuke umeercs Oosbllias rpyIia MalliH, B KOTOPbIX paboTa Mpou3Bo-
JUTCS 32 CYET BHEIIHEH KHHETUUECKOM SHepruu paboyero Tela: napoBbie TypOu-
HBI, Ta30BbI€ TYPOUHBI, PEAKTUBHBIE ABUTATEIIN, PAKETHI U JIP.

B npoueccax n3MeHEeHHs COCTOSIHUS JIBHKYLIET0Cs] C KOHEYHOM CKOPOCTHIO
rasa TeIioTa pacXoAyeTcsl HE TOJIbKO Ha U3MEHEHUE BHYTPEHHEW SHEPTUU U Ha
coBeplleHne BHENTHEN paOoThl (MPOTUB BHEIIHUX CHIT), HO U Ha MpUpaIlieHue
BHEIIIHEN KNHETUYECKOM SHEPIUH T'a3a MpU €ro nepemMenieHnu no kanamy. [losto-
My YpaBHEHHE MEPBOro 3aKOHA TEPMOJAMHAMUKH JUIs Ta3a B AuddepeHuanbHON
dbopme noayvaeT cienyonil BUa:

dg=du+dl'+dw’ /2, 9.1)

r7ie dq — TOJBEICHHOE YIEIbHOE KOJUYESCTBO TEIJIOTH OT BHEITHMX UCTOYHUKOB
TeIJIOTHI; du — U3MEHEHHE yJIeIbHOW BHYTPEHHEHN dHepruu rasa; d/’ — pabdora
MIPOTUB BHEIIIHUX CHUJI, Ha3bIBacMasi pabOTO# MpoTaIKUBaHUs (OHA HE paBHA pado-
Te pacimpenus rasa dl); dw’/2 —u3MeHeHHe BHEIIHeil KHHEeTHIeCKOH SHEPrun
pabouero Tena (pacrmosaraemas padoTa).

[Tpu BBIBOJIE ATOTO YpaBHEHHUS HE YYMTHIBAJIOCH BIMSHUE TPABUTAIIMOHHBIX
CHJI, @ TAK)KE CYUTAIOCH, YTO Ta30M HE COBEPIIIACTCS TaK Ha3bIBaeMasi TEXHUYCCKas
pabora.

M3MeHeHEe KHHETHYECKON SHEPTUU pabovero Tejia MOKET MPOUCXOIUTh
KaK B TpyOaX IMOCTOSTHHOTO CCUYCHHUS, TaK M B CTIICIIHAIBHBIX KaHajdaX MePEeMEHHOTO
CCUCHHMSI, Ha3bIBAEMBIX CoruiaMu U quddy3opamu.

Ecnu npu nepemewenuu 2aza no Kanany npoucxooum e2o pacuiupeHue ¢
YMeHbuleHUueM 0asieHUs U yeeauueHueM CKOpoCmu, mo makou Kaual Ha3bl8aemcs
CONJIOM.

Ecnu 6 kanane npoucxooum cocamue paboue2o mena ¢ ygeiuyeHuem oagie-
HUSL U YMEHbULeHUeM CKOpOCmU, mo maxkou KaHal Hazvieaemcs Ougysopom.

9.2. Pa6ora nporaakuBanus. /lanbHeiilee pasBuTHe ypaBHeHUS
NEepPBOro 3aKOHA TEPMOAMHAMMKH /ISl IOTOKA

OnpenenuM BeTUYUHY pabOTHI IPOTUB BHEIIHUX CHJI WM YIEIbHYIO padoTy
nportaikuBanus d/'. [Ipu BeIBoJI€ ypaBHEHUSI TPUHUMAIOTCS CIEAYIOIIUE YCIOBHS
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HCTECUCHUS: OCYIIECTBIISIETCS YCIOBHE HEPA3PBIBHOCTH CTPYH, T. €. 4epe3 Jrdoe
MOTICPEYHOE CEUCHNE KaHalla B SIMHUILY BPEMEHH MPOTEKAET OJIMHAKOBAs Macca
pabouero Tena:

m=a,w,/v, =a,w,/v, =aw/v = const, 9.2)

rjae aj a, ..., @ — IUIONIAU TTOTIEPEYHO-

! > a+da IO CCUCHU KaHalla, Wi, W.y, ..., W — CKO-
wP —p+dp CKOPOCTH pabouero Tena; vy, v, ..., v —
N o YAEIbHBIE O0BEMBIL.
a—->» «—w+dw

i TedeHue raza no KaHaixy OCYyIIECT-
1 BJIsieTCsl O€3 MOABOIa U OTBOJIA TEILIOTHI,

T. €. a1nabdaTHO.

B ka)x10M nonepeyHoM CEUEHUH KaHalla CKOPOCTh W, JaBJIEHUE p, TEMIIEpa-
Typa T u apyrue napameTpsl pabouero Tejaa NOCTOSHHBI 10 CEYEHUIO, T. €. UMEIOT
BO BCEX TOYKAaX IUIOCKOCTHU, NEPHEHAUKYIISIPHON OcH TPYObl, OJJMHAKOBOE 3HAYE-
Hue (ocpeHEeHHbIE BETMYUHBI).

PaccmaTpuBaeTcst ycTaHOBUBILIEECS ABUKEHHE, HA3BIBAEMOE CTallMOHAP-
HbIM. [Ipu 3TOM BEAUYUHBI v, W, p, T MOTYT MEHSThCSA
10 JUIMHE KaHaJla, HO B KaXK/I0M CEYEHUH, K KOTOPOMY
OTHOCSTCS, OHU HE 3aBUCAT OT BpEMEHU. Bce BENMUHUHBI
ABJIAIOTCS TOJBKO (DYHKIMEH KOOpAUHAT.

[Ipeanosoxkum, 4To MO KaHaTy NEPEMEHHOIO CEUCHUS NIEPEMEIAETCS a3
(puc. 9.1). Beinenum ceuenusimu I—/ u I1—I1 >nemeHTapHyro Maccy rasa. B ceue-
HUU [—/ neicTByeT cuia p-a, a B ceuenuu /[—I1 — cuna ( p+ dp)(a + da) , IEUCT-

Puc.9.1. I[lepemenienne ra3a mno kaHa-
JIV TIEDEMEHHOTO CeYSHUST

BYIOIIIasi TPOTUBOTIONIOKHO cuiie B ceueHuu I—I1. O0e cuiibl B ceueHusix I—I u [I—
11 coepmiatoT paboTy; anredpandeckas CcymMmma 3Tux padoT O0yietT paboToid, 3aTpa-
YEeHHOW Ha MPOTaJKUBAHUE DJIEMEHTAPHON MaccChl ra3a. DJIeMEHTapHYyI0 padoTy
MPOTAJIKUBAHUS Ta3a HA OECKOHEYHO MaJIOM IyTH MeXay ceueHusimu I—/I u [1—I1
3a / ¢ HAXOAUM U3 YPAaBHEHUS:

dl'_=(p+dp)a+da)w+dw)- paw.

PaCKpBIBaSI CKOOKHU 1 OT6paCBIBaSI 0ECKOHEUYHO MaJjble BEJIMYNHBI BTOPOI'o U
BBICHICTO IMOPAAKA, ITOJIYydaCM:

dl'_= pd(aw)+awdp . (9.3)
W3 ypaBHenus (9.2) cienyert, 4to mv = aw, L€ m — Macca rasa, npore-
KaoLIero uepes Jiroboe ceyeHue kaHania 3a / c.

3aMeHsIsl BeNMUYUHY a-w B ypaBHeHuH (9.3) Ha m-v, IoJiy4aem

dl'.=m(pdv+vdp), umu dl’. = md(pv).
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Takum 00pa3zoM, anemMeHTapHas paboTa MPOTaTKUBAHUS
dl'.=d(pv). (9.4)

VYpaBHeHUE IEPBOro 3aKOHA TEPMOJUHAMUKY B AU depeHunaibHoi Gpopme
IUIsl TOTOKA Ta3a MIPUHUMAET BU:

dg=du+d(pv)+dw’ /2, uma dg=d(u+ pv)+dw’ /2.
BenmunHa B ckob6Kax (i + pv) sSBIAETCS SHTAIBIMEH, ClleJOBaTeNbHO,
dg=dh+dw’ /2, um q=h,—h,+(w)—w?)/2. (9.5)

VYpaBuenue (9.5) NoKa3bIBAET, YTO HOOBEOCHHOE KOJIUYECMBO MeNnlombl 8
npoyecce npu medeHuu 2aza (Ui HCUOKOCmu) pacxo0yemcs Ha UsmMeHeHue 6Hym-
PpeHHell dHepeul, Ha pabomy NPoOmanKu8aHus U Ha U3MeHeHue HeUlHell KUHemuye-
cKoll aHepauu pabouezo mena. Mnu nodgedenHnoe Koauvecmeo meniomsl npu me-
YeHUU 2a3a pacxo0yemcs Ha U3MeHeHUe e20 IHMATbNUY U BHeuHell KUHemUu4ecKoll
SHepeul.

Korna neuxymuiicst ra3 coBepiaet mojae3Hyr padboTy /., (TEXHUYECKYIO)
HaJ| BHEIITHUM OOBEKTOM U B HEM M3MCHSETCS TTOTCHIIMAIbHAS SHEPTHSI TTOJI0KE-
Hus (H — H; — nbe3oMeTprueckas BbICOTA), TO 3aKOH COXPAHCHHS YHEPTUU TIPH-
BOJIUT K CJIEIYIOIIEMY YPaBHEHHUIO:

(1, + w7 /2)=y + w2/ 2)=q—1,, —g(H~-H,), 9.6)
win B tuddepeHmanbHon hopme
dh+adw’ /2=dq—dl , —gdH .

[TonyyeHHOE ypaBHEHUE CIPABEAIMBO KaK sl OOpaTUMBIX, TaK U JIJIsl He-
00paTUMBIX (MIPOUCXOJAIIUX C TPEHUEM) ITpoLecCcoB. JleCTBUTENBHO, IPU HAJIH-
YUU TPEHUs JOJKHA 3aTpauuBaThCs padboTa TpeHwus /,,, KOTopas MOJHOCTBIO Nepe-
XOIUT B TEIUIOTY ¢,,,- BeeacTBue paBeHcTBa pabOThI TpEHU /,,, U TEIUIOTHI Tpe-
HUS ¢, 00€ ITH BEJIMYMHBI, UMEIOIIHNE PA3IMYHBIA 3HAK, B3AUMHO COKpALIAIOTCS U
BBITIAJIAIOT U3 ypaBHEHHUS (9.6).

B cnyudae oTcyTcTBHS TEINIOOOMEHA MEXKY TEKYIIUM pabOyuM TEJIOM U OK-
pyxaroreit cpeqoit (annadbatHoe reuenue) npu H = H; v [, = 0, 94TO BCTpeUaeTcs
HauOoJiee yacTo, ypaBHenue (9.6) npuHUMaeT BUA:

dh+dw’ /2 =0 um by —h, =(w? —w?)/2. 9.7)
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W3meHeHne BHEITHEN KHHETUYECKON IHEPTUU pabovero Tejia MpoUCXOAUT
3a CUET YMEHbILIEHHUS €ro YJeabHOM sHTanbnuu. Korna HauanpHas ckopocTh pado-
4ero Tejaa paBHa HyJIIO0, TOI1a CKOPOCTh TEUEHUS OlpenemsieTcs: GopMyon

w= q/Z(h ;= hz) . Ecniu sHTanenus BeIpakaeTcsl B KWIOMKOYJISIX HA KWJIOTPAMM, TO

MMOCJICAHCC YPABHCHUC ITPUHHUMACT BHUI:
w=4472Jh,—h, . (9.8)

3HaueHus yJeNbHOU SHTANBIUU /; U hy ONPENENsSoTCs 10 A-s fuarpamme
WIH 110 TaOIMLaM il JaHHOTO BEILECTBA.

9.3. Pacnosiaraemasi pabora npu UCTEYEHUH ra3a

Benuuuna dw’/2, pasnas 6eckoneuno Manomy npupauenuio GHeuHetl Kune-
MU4ecKou IHepeuy pabouezo mena, HA3vlBAEMCs INEMEHMAPHOIL PACHONA2AeMOll
padomoii. ITa SHEPTUS MOXKET OBITh HCIIOH30BAHA JUISI TIOTYICHUS 6HeUHell NOo-
JIe3HOU pabomui.

W3 cpaBuenus ypaBuenuii (5.35) u (9.5) cnenyer, 4To /uist 0OpaTUMOro mpo-
1ecca TeUeHUS rasa:

dw’ /2 = —vdp, unu wdw = —vdp . 9.9)

PaBenctBo (9.7) nokasbIBaeT, YTO MPH JBHXKEHUH paboyero Teja mo KaHary
3HAaKU dw ¥ dp IpoTUBONONIOKHBL. Eciu dp>(), TO ra3 cxxumMaeTcsi U ero CKOpocTh
yMmeHbIaercs: dw<0.

Ecnu dp<0, 1o Ta3 pacmmpseTcs ¥ ero CKOpocThb yBeanauBaeTcs: dw>0.

Pacnionaraemyto paboTy npu UCTEUEHUU T'a3a MOKHO MPEACTaBUTH Tpadu-
4yeckH Ha p-v quarpamme. Ha puc. 9.2 nzo0OpakeH oOpaTUMBIil mpolece paciupe-
Hus ra3a /-2. beckoHe4yHO Maias pacnonaraemasi paboTta — vdp n3MepsieTcs dJe-
MeHTapHOU 1. abdc. OueBUHO, BCs pacnosnaraeMas paboTa B npouecce /-2:

P2 Pi
Lyen = [—vdp = [vip. 9.10)

P P2

[Ipupaienne KUHETUUECKON SHEPTUU MOTOKA Ta3a (pacronaraeMas padora),
Kak 3To ciaenyet u3 (5.35) u (9.5), nmpeacrasiset co00it pa3HOCTh pabOT paciupe-
P>
HUS TIOTOKA Ta3a j pdv 1 paboTel npotankuanus (p,v, — p,v,); Lpacn M3MEpSIETCA
P
1. /234, orpaHUYeHHOM JIMHUEH TTpoIiecca paciIupeHus raza, abciuccaMu
KpailHUX TOYEK U OChIO OPJIMHAT p.
Ecnu xpuBas /-2 sBisieTcst MOJTUTPOIION, TO pacrojiaraeMyro padoTy orpe-
JeIsieM U3 ypaBHEHUS:
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Pi Pi
Lpacn = deP = ~[VI(P] /Pz)l/ndp = [n /(”_1)](P1V1 _Pz"z)- (9.11)

P2 P2

[Ipu annabaTHOM paclIMpeHUH UAEATIbHOIO rasa:

P
1/k
Lpaen = IVI(PI/PZ) dp = [k/(k_l)](Pl"l —Psvs). (9.12)
P2
P CpaBHuBas pacroyiaraemyo pa-
] 6oty npu ucredeHuu (mwi. 1234) c
A 4 paboToii pacmupenus rasza (. 1265),
ta ! b moJrydaeM, 4To pacrojaraeMas padora B
dp W k n pa3 06oJibliie pabOThl paCIIUPEHUS ra-
pr| Ale | \ 3a: L,y =01
plz——— :— T3 =7 W3 ypaBuenus (9.7) cnenyet, uyto
N
v ‘,<—J>|5 pZ—I 6 v dl oy =AW’ /2 =dg—dh , nam
- v . ) lmwn::q4_hl_lb'

Pacnionaraemast pabota npu Teue-
ra3za MOXeT ObITh IMOJTy4YeHa 3a CYET
BHEIIIHEH TETUIOTHI U YMEHBIIIEHUS DH-
TaJbIUU Ta3a. ITO ypaBHEHUE CIIpaBe/-
JIMBO KaK JyIsl 00OpaTUMBIX, TaK U JIJI1 HEOOPAaTUMBIX MPOIECCOB TCUCHHUS Ta3a ¢
TPEHHUEM.

[Tpu aguabaTHOM TedeHUU U3 ypaBHeHUs (9.7)

HUH Puc.9.2. Pacnionaraemast pabota

Iy UCTEUYEHUH Ir'a3a

dl. —=dw’/2=—dh,

pacn
OTKYIa

Lo =w2=w?)/2=h,—h,. (9.13)

pacn

[Tpu HEOOpAaTMOM MCTEUEHUH Ta3a pacrojiaracMasi paboTa Ipy TOM XKe TIie-
penajic TaBJICHUS MCHbIIIE, TaK KaK SHTAIBIINSA B KOHCYHOM COCTOSIHUHU OYICT
OOJIBIIIC 3@ CUET MOTYYCHHOM TEIIOTHI TpeHMs. [IpakTidecku pacueT BeaeTCs
OOBIYHO JJI UJICATBHOTO (00paTUMOTO) TIpoIiecca TeUeHHUs, a HEOOPATUMOCTh
MpoIiecca YYUTHIBACTCS SMITMPUICCKUM KOIPPUIIMEHTOM, KOTOPBIA BCET/1a MCHb-
1€ €TUHUIIEL.
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9.4. AnnabaTHbI MpoLecc CTeYeHnsl raza

DKCIIEpUMEHTAJIbHBIE U TEOPETUUYECKUE UCCIIETOBAHUS TTOKA3bIBAIOT, YTO B
KaHaJlax, Jla)xe Ipyu HeOObIION pa3HOCTH JIaBJIEHUH ra3a U BHEUIHEH CpeJibl TOJTy-
YaeTcs 10CTaTOYHO OO0JIbIlasi CKOPOCTh TeUeHHs padouero Tena. Tak Kak AJIMHA
KaHaJjla He0oJIbIIasi, TO TEIMII000OMEH MEXIy CTEHKAMH KaHaja v ra30M IPU MajioM
BPEMEHU UX MPOXOKACHUS HACTOJIBKO HE3HAUUTEIIEH, YTO UM MOKHO IIpeHeOpedb
U IIPOLIECC UCTEYEHUS CUUTATh aIua0aTHBIM.

CkopocTh UCTeUEHHUS rasa Mnpu aanabdaTHOM IMPOLIecCce OMPenesaeTcs U3 oc-
HOBHOT'O YpaBHEHHUs pacrioiaraeéMoi paboThI:

dl oy =dw’ /2w di —jdw /2=(wl-w)/2,

pacn pacn

OTKyJa

_ 2
W, —1/2lpm +wi,

r7ie w; — HadalbHas CKOPOCTh rasa; w,; — KOHEYHasi CKOPOCTh Ta3a MPHU BBIXOJE
U3 KaHaua.

B GonpmmHCTBE CiTydaeB HauaabHast CKOPOCTh UCTEUEHUS Ta3a M0 CpaBHE-
HUIO C KOHEYHOUW CKOPOCTHIO BeCbMa Maja, U B IPaKTUUECKUX pacueTax et oObId-
HO MpeHeOperaror.

KoHeuHyI0 CKOpPOCTh HCTEUCHHS ONPECSIISIIOT 110 YPaBHEHHUIO:

w= 1200 =20k = ;). (9.14)

9.5. UcTeuyenue KaneJdbHOH KUIKOCTH

CKOpOCTh UCTEUEHUS )KUIKOCTH omnpenensiercs ypapaenueM (9.14). Pacmo-
naraemasi paboTa HEC)KMMaeMOU KUJKOCTH (TIpU v = const):

P2 P
dlpacn :WZ/ZZ_dep:VIdp:V(pI_pZ):(pl_pZ)/p A

P P2

w=2v(p, - p,)=~2(p, - p>)/ P, (9.15)

Irac p; 1 p, — HAYAJIBHOC U KOHCYHOC NABJICHUSA KUIAKOCTH, p — IINIOTHOCTD KU~
KOCTH.
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I'papnuecku pacnonaraemas padbora npu uc-
TEYEHUH KareIbHOM KUJIKOCTU U300pakaeTcs Il

a b abcd (puc. 9.3).
A Pivi
] 9.6. CxopoCTh HCTEYEeHUS U MACCOBBIN pacxo/
pacn HaeajJbHOIOo ra3a
12 U3 CYKAK0IIEerocsi comjia
d A cl P2V
I
P2 Pacnonaraemyto paboTy npu agqnabaTHOM HC-
L Y vV TCUYCHHH HJCaJTHHOTO Ta3a ONpeesieM 10 ypaBHe-

HuUto (9.12), a ckopocTh a1nabaTHOTO UCTEUCHUS
HJIeaTbHOTO ra3a HaXouM 1o ypaBHeHH:o (9.16):

-t [y
-t

Puc.9.3. Pacnonarae-
s pa6OTa 11PH Hetes w= \/ZZpacn = \/2[k/(k - 1)](P1V1 - pZVZ) H

UeHUU KATIeTRhHOU

nim

w= 2k (k= Dlpv 1= (p, / p, )79 (9.16)

CKOpOCTB HUCTCUYCHHUA I'a3d 3aBUCUT OT COCTOAHMUA Ia3a IIPHU BXOAC B COIIIO U

OT JaBJICHUS P, HA BBIXOJE.
MaccoBbIll pacxo]l raza B KUjorpaMmax

p B CEKYH[y IPH UCTCUYCHUH OTIPEACIIICTCS U3
YN YpaBHEHHUS :
i Pivi
a b
\ m=aw/v,, (9.17)
lpacn
» rlI€ ¢ — IUIOLIAIb BEIXOIHOIO CEUEHUs KaHa-
7 ] clp,v,  J1a; W— CKOPOCTb HCTEYEHHUSL; v, — YIENb-
12 : HBII 00BEM Ta3a B BEIXOJIHOM CEUEHUM KaHa-
v ‘ v na. [lpu aqnabaTHOM MCTEYEHUU UICATBHOTO
J V) - rasa
Puc.9.4. Pacniomaraemas T — 17k
¢.9.4. Pacniosraraemas pabora v, —VI(PI/Pz)
IpU UCTEYEHUH ra3a
C y4eToM BBIIIECKAa3aHHOT'O MaCCOBBIN PacXo/1 HICaJTbLHOTO Ta3a
(k=1)/k
a\/2[k/(k—1)]p,v,_1—(p2/p1) ]
= 17k
v,(p,/ ps)
1500071
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m=a Z[k/(k_l)] Li [(Pz /PI)Z/k _(Pz /Pl)(k+])/k]- (9.18)

vV

Maccogwiil pacxoo udeanbHo2o 2aza 3a8ucum om niouadu 8bIX0OHO20 ce-
YeHUs1 KAHAA, HAYATbHO20 COCMOSAHUS 2A3d U CTNEeNeHU €20 PACUUPEHUSL.

['padmyecku pacmonaraemasi paboTa Mpy UCTCUSHUH ra3a W300paxaeTcs 1.
abcd na puc. 9.4.

9.7. AHaJiu3 ypaBHeHHSI MACCOBOI'0 pacxoja
H1eaJIbHOI0 I'a3a M KPUTHYECKOoe JaBJIeHue

MaccoBslii pacxo[ rasza, onpeaensieMblil ypasHeHueM (9.18), 3aBUCUT OT OT-
HOILICHUS JTaBJICHUH po/p;.

13 »TOr0 ypaBHEHUs CIENYET, YTO IPU p, = p; pacxo 00Opaiiaercs B HyJb.
C yMeHbILIEHUEM JABIECHUS CPENBI p, pacxo] rasa yseanuuaercs. [lpu Hekoro-
pPOM OTHOILIEHUU p,/p; = B, pacxo] rasa 1ocTuraeT Makcumyma. Ilpu nanpHen-

[IEM YMEHbILIEHUN OTHOILLEHUS p,/p; BETUUUHA m YOBIBAeT U NpU py/p; = () Oyner
CHOBa paBHA HYIIIO.

Ecnu B cucteme KoopAHHAT p/p; 1 m (puc. 9.5) oTkiIanbIBaTh Ha ocH alc-
LMCC Pa3IMYHbIE 3HAYEHUS po/p;, @ HA OCU OPAUHAT — COOTBETCTBYIOILIUE JEHCT-
BUTEJIbHBIE U PACYETHBIE MACCOBBIE PACXO/IbI T'a3a /71, TO MOJIIYYUM JIHarpammy pac-
xoza raza. Kpusas 4K nokas3bpIBaeT, 4TO C yMEHbLUICHUEM OTHOUIEHUS p,/p; Macco-
BbIM pacxon rasa yseauuuBaeTcs. [Ipu onpeneaeHHOM OTHOWIEHUU p,/p; = P,
pacxoJl JocTuraer MakcuMmyma. [Ipu nanpHeiieM yMeHbIIEHUN OTHOWEHUS p,/p,;
JNIEUCTBUTEIILHBIA MAaCCOBBIA PaCcX0 OCTAETCS
MOCTOSIHHBIM — KpuBas KD, a m, BBIYUCIECHHBIN
1o ypaBHeHuo (9.18), cCHOBa majaeT 10 HyIs
(xpuBas KB). CnenoBaTenbHO, IS
B. < p,/p; <1 pe3yapTaTsl ONbITA IOJIHOCTHIO

m

COBMAJIAIOT C ITAaHHBIMU aHAJIN3a YpPaBHEHUS

p, (9.18),anna 0< p,/p, <[5, OHU pacXomsaTcs.

A P, J71st 0OBsICHEHUS! TPOTUBOPEUUS MEKTY
BBIBOJIAMH aHAJIW3a U ONBITHBIMU JAHHBIMU y4e-
Hble Cen-Benan n Banmyens NPETIOKUIN Clie-

AYIOILYIO TUIIOTE3Y: A 3HaueHut B, < p,/p, <1

/
B
0 025 05 075 1
Puc.9.5. Inarpamma pacxona
raza

JIaBJICHUE B YCThE CYKMBAIOLIErOCs KaHajla paBHO
JABJICHUIO CPEJibl, Ky/a MPOUCXOAUT UCTEUEHUE, TIO3ITOMY TEOPHS COBMAAAET C
OIBITHBIMU JaHHBIMU. 15151 3HaueHust 0 < p,/ p, < B, 1aBIEHUE B YCThE CYXKH-
BAaIOILIETOCS KaHajia epecTaeT ObITh paBHBIM JABJICHUIO CPE/Ibl U, AaKe HECMOTPS
Ha MOHI)KEHUE JJABJICHUS CPeJIbl J0 MOJHOI0 BAKyyMa, OCTAeTCsl OCTOSTHHBIM.
Belie yka3pIBanocs, uTo npu p,/p; = 3, MaccoBbI pacxo ra3za JOCTUTaeT

K

CBOET0 MaKCHUMaJIbHOTO 3HaueHus. B ypaBHenuu (9.18) nepeMeHHO# BeTUUMHON
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)Z/k

ABIIAETCS |_( 12987 —(p,/ p, )(k”)/kJ, II09TOMY ISl OTBICKaHUSI MaKCUMyMa Oe-

pPEM TIEPBYIO MIPOU3BOIHYIO OT 3TOM BEJIUYHMHBI, IPUPABHUBAEM €€ HYJII0, a 3HAYC-
HUE p,/p,, obpalaroliee Npou3BOJHYIO B Hylb, U OyneT S, . Imeem

O (2K 1)k 2 p2rk-1 K1 oer) k-1
_ — = — —_— :0’
op (ﬂ p ) k p k p

OTKyJa
B.=p./p,=[2/(k+ D" . (9.19)

Bennuuna S, 3aBHCUT TOJIBKO OT MOKa3atels agualaTsl k, T.€ 3aBUCUT OT

IpUPOABI paboyero Tena.

Jlnst onHOaToMHOTO Ta3a k=1,66 u p, = 0,49; nns nByxaToMHOTO0 Tra3a k=1,4
u S, = 0,528; nis tpexatomHoro rasza k=1,3 u p, = 0,546.

N3 ypaBHenus (9.19) MoxHO OnpeenuTh JaBJICHHE B BEIXOJIHOM CEUCHUHU
coIlIa MPH JTOCTHKEHUH MaKCUMaJIbHOTO pacxoja WK TaK Ha3bIBAEMOE Kpumuue-
CKoe Oaeénenue:

Pe=B. D (9.20)

Kpumuueckoe oasnenue pagno HauaibHOMy 0A8IEHUI, YMHONCEHHOMY HA
koaghuyuenm . llpu 3ajJaHHOM HaYaJILHOM JIaBJICHUU KPUTUUECKOE TaBICHUE
— HaWMEHbIIIEE TaBJICHUE, KOTOPOE YCTAaHABIMBACTCS B BEIXOJHOM CEUCHUU CY-
KUBAIOMIETOCS COILIA.

9.8. Kpurnueckasi CKOpoCTh 1 MAKCMMAJIbHBIN PacXo/ U1eaJbHOI0 raza

Ckopocmb 2aza, Komopas yCmaHasiueaemcst 8 8bIXOOHOM CeYeHUU CYHCU-
garouje20cs KaHaua npu ucmedeHuu 8 OKpY*Carowyo cpedy ¢ 0agieHuem, paeHbim
WU HUDICe KPUMUYECKO20, HA3bl8aemcsi KPUMU4ecKoll cKopocmuio. KpuTuieckyro
CKOPOCTh MOKHO OIpeeIuTh U3 ypaBHeHuUs (9.16), mojCcTaBUB B HETO BMECTO

p,/p, 3nauenue B, =[2/(k + I)]k/(k_l):

w, =2 = Do l1=2 /G + )

w, =2k /(k+1)|p,v; =/ 2]k /(k + 1)IRT, . (9.21)

KpI/ITI/I‘IeCKaSI CKOPOCTD TP UCTCUCHUHN NUACAJIBHOTO I'a3a 3aBUCHUT TOJIBKO OT
Ha4daJIbHBIX IMapaMCTpPOB U €0 IPUPOIbI. Mo>xHO A0Ka3aTb, YTO KPUTUYICCKAA CKO-
POCTBb paBHA CKOPOCTH 3BYKa B I'a3C IIPU MMaApaMECTpax p, U Vy.
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N3 agnabatHOrO npouecca Cleayer v, =v, ( D./P; )]/k. N3 ypaBuenus (9.19)
HaX0UM

P = Dx [(k + ])/2]k/(k_1) WA

1/k
v, =V, Py = [2/(k+1)]]/(k_l)vK u

v,P; = D, [(k+ 1)/2]k/(k_1) v, [2 /(k + ])]]/(k_l), OTKyZAa
PV, =vaK(k+1)/2.

[ToacTaBuB 3HaueHue p;v; B popmyny (9.21), moydyum 3HaYCHUE:

w, =12k (k+ D)]v,p (k+1)/2],
a mocJie mpeoOdpa3oBaHUi

w, =.kp,v, . (9.22)

B TepMoanHaMudeckoi TeOpUU Ta30BOTr0 MOTOKA OOJIBIIIOE 3HAYCHUE UMEET
CKOPOCTh 3BYyKa ¢. CKOPOCTh paclpoCTpaHEHHUsI 3BYyKa omnpeiensaercs mo Gopmye
Jlannaca:

c=Jk(p/p) = Jipv,

3
rjae p — AaBieHue cpensl, [1a; p — mioTHOCTh cpeabl, Kr/M™. JJid uaeanbHOro ra-
3a

c =~ kRT .

Ckopocmb pacnpocmpaHnenusi ynpyeux oeqpopmayuti, m. e. CKOpOCHb 368yKd,
3aeucum om COCMOSIHUA U NPUPOObL 2434 U AGIAEmcs NPAMOU YHKYuel memne-
pamypbi. OTCI0J]a MOYKHO CENaTh BBIBOJ, YTO KAXKIOMY CEUEHHIO KaHala JT0JKHA
COOTBETCTBOBAThH CBOSI MECTHAsI CKOPOCTh 3BYKa, ONpeessieMas BETUUYMHAMU p U V

B 1aHHOM CCUCHMHMU. 3HaueHue ¢ = 1/kaVK OoNpCaACIIICT CKOPOCTH 3BYKa B I'a3C IIPpH

KPUTUYECKOM PEXHMME UCTEUCHHS B BEIXOJTHOM CEUEHUH CYKMBAIOLIETrocs KaHaia,
WIN KPUTHYECKas CKOPOCTh ra3a MPH HCTEYCHUH PaBHA MECTHOW CKOPOCTHU 3BYKa
(B 1aHHOM CEUYEHHH), T. €. W, =d .
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[Tocnennee mo3BoisieT OOBACHUTD, TOYEMY B CYKMBAIOLIEMCS KaHaJle ra3 He
MOJKET PaCHIUPATHCS A0 JABJICHUS MEHBIIIE KPUTHIECKOTO, & CKOPOCTh HE MOXKET
MPEBBICUTH KPUTUUYECKYTO. J[eHCTBUTENIBHO, KaK U3BECTHO U3 (PUNKH, UMITYIIHC
JaBJICHUS PACTIPOCTPAHIETCS B MATEpPUAIIbHON Cpesie CO CKOPOCThIO 3BYKa, MO3TO-
My, KOTJla CKOPOCTh HCTEUCHHSI OyIeT MEHBIIIE CKOPOCTH 3BYKa (KPUTUUYECKOM
CKOPOCTH), YMEHBIIICHHE BHEIITHETO JIaBICHUS TIEPEIaeTCs TI0 MOTOKY ra3a BHYTPb
KaHaJla ¥ IPUBOJIUT K MepepacnpeeieHUIo TaBlieHus B kaHaine. B pesynbrare B
BBIXOJTHOM CEUEHHHU KaHalla yCTaHaBIMBAETCA JIaBJIEHUE, PABHOE JIaBJICHUIO CPEIbI.
Ecnu sxe cKopocTh UCTEUEHUS JOCTUTHET CKOPOCTH 3BYKa (KPUTHUECKOU

CKOPOCTH), TO CKOPOCTb JIBUXKEHUS ra3a U CKOPOCTh
i pacmipocTpaHeHHs 1aBIeHHs OyayT OJUHAKOBBI U HU-
i ; KaKoe YMCHBIIICHIE BHEITHETO JTaBICHUS HE CMOXKET
! MIOBIIMSATH Ha pacIpe/ie]ICHUEe JaBICHUS BHYTPH Ka-
| ! Hana. OHO OyJIeT MOCTOSIHHBIM, a, CJIEIOBATENbHO,
! OyseT HEeM3MEHHBIM U JJaBJICHHUE B BHIXOJHOM CEYe-
HUM KaHaJla HE3aBUCHUMO OT BHEIIIHETO JaBJICHHUS.
Otcrona ciienyeT, 4To OHO HE MOXKET OBITh OOJIbIIIE
CKOPOCTH 3BYKa B Taze (puc. 9.6).

[Tpu KpUTHYIECKOM JABJICHUU B BHIXOJHOM Ce-
YeHUU KaHajla YCTaHAaBJIMBAETCSI MaKCHMAIbHBIN pac-
XOJI Ta3a, KOTOpHIi onpenenseM u3 ypaBuenus (9.18)
IIpU 3aMEHE p,/p; Ha 3HAYEHHUE €0 U3 YPaBHEHHUS
(9.19). ITocne cOOTBETCTBYIOMIMX MPEeOOpa3OBaHUI
noJiy4aem

Puc.9.6. CkopocTb ucreue-

HHUA B BBIXOJHOM CCUCHHH
CYKURAINTITETOCT KAHATIA

Mo = @ 21+ D(py /v, 2k e+ DPED 0 (9.23),

MakKc

MakcuMaTbHBIN PacXo/1 ra3a BIOJHE ONMPEISIAeTCs HadaIbHBIM
COCTOSIHAEM Ta3a, IJIOMIA b0 BBIXOHOTO CEYCHHUS @, U TIPUPOJIOH rasa, T. €. Mo-
KazareyjeM aauadarsl k.

9.9. OcHOBHBIE YCJIOBUA TE€YEeHHS MI€AJTBHOI0 ra3a
10 KAHAJAM NePEeMEeHHOr0 cevYeHus

IIpu yciioBUM HEPA3PBIBHOCTU CTPYH M CTALIMOHAPHOM PEXKUME YEPE3 ILJI0-

maab JIF000T0 IMOIICPCYHOI'0 CCUCHUS KaHaJld IIPOTCKACT B CAMHUIY BPCMCHH OU-
HaKOBas Macca pa60qer0 TCaa.

aw=my. (9.24)
[MpopuddepeHnnpoBaB 1aHHOE YpaBHEHUE MIPH M =const, TOTy4aeMm:

adw+ wda = mdv . (9.25)
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PaznenuB ypasuenue (9.25) Ha (9.24), Haxoaum:
da/a=dv/v—dw/w. (9.26)

Ypaeuenue (9.26) onpedensem ycirosus HepaspvleHoCmu cmpyu U HOKA3bi-
gaem, Umo opma KaHaia 3a8Ucum om UsMeHeHUus 00vbemMa 2aza u e2o0 CKOpOCHuU.

Hccnenyem 3To ypaBHEHHE TIpH aquabaTHOM pacHIMPEHUH HICATHHOTO Ta3a.
J71s1 3TOrO TOICTAaBUM 3HAUEHUE dV/v U3 YypaBHEHUS aauadatel, a dw/w — u3
ypaBHEHUS paciojiaraeMoi padoTEHI.

Tocne muddepeHnpoBanns ypaBHEHNS aquabaThl pv* = const monydaem
dv/v=—(1/k)dp/ p).

U3 ypasrenus (9.9) naxomum dw/w = —vdp /w’ . TlofcTaBmsis 3HaUCHHS
dv/v u dw/w B ypaBHaenue (9.26), noiaydaem:

da/a=—(1/k\dp/ p)+vdp/w* =dplv/w —1/kp)

da /a =dplleop —w?)/(wkp), (9.27)
HO BEJIMUMHA kvp €CTh KBaJpaT CKOPOCTH 3BYKA ¢, CIIeI0BATEIIbHO,
da/a= dp(cz —w’ )/(wzkp). (9.28)
[Ipoananu3upyem nojyueHHoe ypaBHeHue (9.28) B IpUMEHEHUU AJIs IBYX

KaHaJioB: coruia u nuddyszopa.
Ilycmb dsudicenue eaza ocywecmansaemes uepes conno (dp<0). I3 ypaBne-

2 2
Hus (9.28) cnenyert, 4TO 3HAK da B ATOM Cllydae MPOTUBOIOJIOMKEH 3HAKY \¢” —w )

Ecnm (cz — w2)> 0 n w<c, Torna da<(; Mo HaNPaBJICHUIO IBI)KCHHSI Ta3a CCUCHUE
coIuia JOJIKHO YMEHBIIAThCSA U CKOPOCTh T'a3a Oy/IeT MEHbBIIIE MECTHON CKOPOCTH
3ByKa. Ecim (c2 — w2)< 0 w w>c, TO TIO HaIIPaBJICHUIO JBIKCHUS ra3a CCUCHUE
coIuia JOJIKHO YBEIUYMBATHCSA U CKOPOCTH raza OyneT OOJIbIIe MECTHOM CKOPOCTH
3ByKa. B caMOM y3KOM CEUYeHHH COIlla CKOPOCTh JBHMIKEHUS ra3a paBHA CKOPOCTH
3BYyKa, UYTO M SIBJSICTCS TPEICIbHBIM 3HAUYCHUEM CKOPOCTH Ta3a MpH ero aanadar-
HOM MCTCUCHUHU W3 CY)KUBAOIIETOCs coruia. I moaydeHus] CBEPX3BYKOBBIX CKO-
pocTeii raza B coriax He00X0MMO, YTOOBI OHM UMEJTH CHavaJla Cy>KHBAIOITYFOCS
9acTh, a 3aTEM PACIITUPSIONTYFOCS.

Llycmb dsudicenue eaza ocywecmeansemces yepes ouggysop (dp>0). Ecnu B

2 2
ypaBHeHuu (9.28) (¢ —w”)>0 unu w<c, Torna da>(; ecii CKOPOCTh raza npu
BXOJIC B KaHAJI MCHbIIIC CKOPOCTH 3BYKa, TO TH(PY30p 1O HAIPABICHUIO JIBHKE-

2 2
HUS ra3a JoipkeH pacmupsatees. Ecnu (¢ —w”)<0 u w>c, Toraa da<0; eciau cko-
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POCTh Ta3a MpH BXOJ€ B KaHaJ OOJIbIIIEe CKOPOCTH 3BYKa, TO AU QY30p MO HApaB-
JICHUIO JBUKCHUS Ta3a JOJDKEH CYKaThCs.

Taxum 00paszoM, 8 3agucumocmu om cKopocmu 2asa npu 6xooe 0OUH U mom
JHce KaHal Modcem Obimb U CONIOM, U Oughghyzopom.

9.10. Ciiyyan ucTe4YeHHs UIeAJTbHOI0 ra3a U3 CyKAKIerocs comia
Ilepswuii cayuaii. JlaBaeHne BHEIIHEH

cpelbl 00JIbIIe KPUTHUECKOT 0, MIIN KOT1a
B. <p,/ p; <I.llpu3TUX yCIOBUAX UC-

HOJIB3YETCs BECh MEpemnas JaBICHUs OT p; J10
p2 (puc. 9.7) 1 IPOUCXOIUT MOJIHOE
pacmpenue raza. CKopocTh raza B BBIXO/I-

P1
v , HOM CEYEHHH COIlIa MEHBIIIE CKOPOCTHU 3BYKa
| > (puc. 9.8). JlaBneHue rasa B BBIXOJHOM ceye-
Y | Vv HUU COIUIa PaBHO JABJICHUIO BHEIIHEH CpeJIbl.
CKOpOCTb UCTEUCHHS U MaCcCOBBIN
Puc.9.7. Pacnonaraemas padora pacxo/l raza npu 3aJJaHHOM BBIXOJHOM Ceye-
IIpY UCTCYCHUH WACAIIBHOTO I'a3a U3 gy onpeaensitoTcs no dopmynam (9.16) u
CYIKAFOIIETOCs COILIA TIPH (9.18).
B.<p,/p <I [nommans BEIXOJHOTO CEUYCHHs COTLIa

a MOXHO onpeaenuTh u3 Gopmyssl (9.18) (pu 3a1aHHOM pacxoe):

a= m : (9.29)

2D 2L (s / Y5 = (s / )]

Y

Lyaen TPauuecku npencraButes mwi. 1234 (puc. 9.7).
Bmopou cryuau. JlaBnenne BHEIHENW cpellbl MEHb-
e kputudeckoro, wiu 0 < p,/ p, < .. llpu 3tux ycno-

r BHSAX UCTOJB3YeTCS HE BECh Meperna JaBlIeHUH OT p; 10
i | P2, @ TOJBKO YaCTh OT p; 10 p, (pHc. 9.9); MpOUCXOIUT He-
/-i MOJTHOE PaCIIMPEeHHE ra3a, ¥ CKOPOCTh T'a3a B BBIXOJHOM
' | cedeHHH Cy’KMBAIOLLETOCS COIUIAa paBHA KPUTUYECKOMN
| CKOPOCTH WJIM MECTHOM CKOPOCTH 3BYKa (CM. pHcC. 9.6).

JlaBneHne B yCThE COILIA PABHO KPUTHYECKOMY
NaBIICHUIO: p = p,f3.. Kpurnueckas cKOpOCTb NCTEUECHUS

Prie- Spooii cnyuaii B MaKCHMaJbHBIN pacxo]] UIeaTbHOrO ra3a onpeaes-
ucTedenus uaeanpioro  FOTCA 1O dbopmynam (9.21) u (9.23).
A8 TR CUIKATOHTETOCS [Tnomraae BEIXOJAHOTO CEUYEHUs COTLIa TP 3a/1aH-
HOM pacxo/ie (OHa JKe SBIICTCS U MUHUMAJIBHBIM cede-
HUeM) onpeaensercs u3 Gopmyisl (9.23):
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m

MAKC

J2Ik/ (e + D) (p v 2 /(k + DF*D

amuH -

Pacnonaraemast pa6ota /,,., rpaduyecku npeacraBurcs mi. /234 Ha puc.

9.9.

9.11. UcTeyeHune naeaJbHOrO ra3a u3 KOMOMHUPOBAHHOIO colia Jlasansa

KoMOunupoBanHoe coruio Jlasans npeiHa3HAYeHO JUIsl UCTIOIb30BaHMUS
OOJIBIIINX TIEPENa 0B JABICHUS U JJIS MOTyICHUS
CKOpPOCTEW MCTECUEHMS, MPEBBIMIAIONINX KPUTHYE-
CKYIO WJIH CKOPOCTb 3BYKA.

Comno Jlasansi cCOCTOUT U3 KOPOTKOTO CYKH-
BAIOILIETOCS YYaCTKa U pACHIUPSAIONIEHCS KOHUYE-
ckoit Hacaaku (puc. 9.10). OnbITH TOKA3BIBAIOT, YTO
YroJ1 KOHYCHOCTH PaCIIUPSIOIIENHCS YaCTH AOJIKEH

A
D2 Pk
Yy \

ObITh 2 =8+ 12°. Ilpu GonpImux yriax HaOJr01a-
€TCSl OTPBIB CTPYH OT CTEHOK KaHaIa.

V2
Puc.9 9. PacriomaracMast pa- HpI/I HNCTCUCHHNHU I'a3a U3 KOM-
60Ta IpU UCTEYEHUH U/ieallb- 6I/IHI/IpOBaHHOI‘O COIlIa B OKPY>KAaOIYIO Cpeay C

HOTO Ta3a U3 cyKaromerocs ~ AABICHHEM MCHBIIIC KDUTHIECKOrO B CAMOM y3-
comtanpu 0< p,/p, <, ~ KOM CCUCHHH COILIA YCTAHABIMUBAKOTCA KPUTHYE-
CKO€ JTaBJICHHE p, U KPUTHUECKAST CKOPOCTH W.
B pacmupsiromieiicst Hacaake coria MPOUCXOIUT JAabHeHIIee yBeTHnICHHIE
CKOpPOCTH Ta3a U MaJIeHue JaBICHUS 0 JaBJICHUS BHEITHEH CPEJIbI.
CKOpOCTh UCTEUEHUS M MACCOBBIM PacXo/1 UASANBHOTO Ta3a (IIpH 3a1aHHOM
a) onpeaenstores o ¢popmynam (9.16) u (9.18).
[Tpu 3amaHHOM pacxoe MIomaab MH-
D - HHMAaJbHOTO CEYEHHS COIUIA @,y MOXKHO BbI-
qucIUTh 10 dhopmyiie (9.23), a TIomaab Bbl-
POl o m W D XOJHOTO CEYEeHHs cOILIa @ — 110 hopMyJie
(9.18).
y JITnHa Cy)KHBAIOIIEHCS YaCTH OOBIYHO
S B OepeTcst paBHOM THAMETPY BBIXOJIHOTO KPUTH-
YECKOT'O CEYCHHS COTUIA WITH U3 KOHCTPYKTHB-
HBIX COOOpakKeHU.
JlnHy pacmupsitomieiicst Hacaaku /
(puc. 9.10) MOXHO OMPEIETUTh 1O YpaBHE-
Puc.9.10 Mcrens cap.  HmO /= (D-d)/2tg(£2/2), rne Q — yron
HOTO ra3a 113 KoMOHHNpOBaTHO- ~ KOHYCHOCTH cora; D — QuaMeTp BEIXOXHOTO
ro corma Tarans OTBEPCTHS; d — AMAMETpP COIUIa B MUHUMAJTh-
HOM CCUYCHHH.

1%

Q=812 |
|
|
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9.12. McTeyeHnne ra3oB ¢ y4eToOM TPeHHS

BriBeieHHbIe BbIIIe (OPMYJIIBI CKOPOCTH UCTEUEHUS M MACCOBOTO pacxojia
rasa CrpaBe BBl TOJIBKO JIJII 00OPaTUMOTO MPOIecca UCTEUCHMs, TaK KaK HE YUH-
THIBAIOT CUJIBI TPEHUSI paboYero Teja O CTEHKH KaHajla U BHYTPEHHEE TPEHHUE Me-
KTy CTpyHKaMH MOTOKA U3-32 PA3IMUUSI CKOPOCTEH MO CEYEHUI0 KaHaIa.

C ydeToM cuil TpeHus: CKOPOCTh rasza mpu TOM ke Ap B J1I000M KaHaie 0yaer
MEHbIIE CKOPOCTU 00paTUMOTO Tpoliecca (TEOPETUUECKO CKOPOCTH).

OTtHotieHue JeHCTBUTEIBLHON CKOPOCTH T'a3a W, K TEOPETHUECKON W Ha3blI-
BAIOT KOIhpuyuenmom ckopocmu (unu cKopocmuwvim KoIpguyuenmom):

P =W/ WHAW, =@, -W. (9.30)

Koadduunent ¢, , 10 ONBITHBIM JaHHBIM, 17151 XOPOIIO 00paOOTaHHBIX Ka-
HasloB u3MeHsercs ot 0,96 o 0,98. KoapduuueHtsl ¢, npuBoaATCs B ClielUallb-

HBIX Kypcax MapoTypOMHHBIX YCTAHOBOK U 001N TEIJIOTEXHUKH.

Hanuune cun tpenus nenaet aaunadbatHbii npouecc HeoOpatumbiM. Kuneru-
YeCKasi SHEPTHsI IOTOKA, 3aTpAayeHHas Ha IPEOI0JIEHUE CUJl TPEHUS, IEPEXOIUT B
TEIIOTY, KOTOpasi BOCHPUHUMAETCS Ta30M, M YBEJIUUMBAET SHTAJIBIIUIO pad0vero
TeJa MpH BbIXoJe U3 KaHaia. [loTeps KWHETHYECKOW SHEpTrun

(wz — wza)/Z = (wz —(pCKWZ)/Z = (1 —(pCKZXWZ /2): y/(wz /2).

2
Bennunna y = [ — ¢, Ha3bpIBACTCA KOIPPuyuenmom nomepu IHepuu.
OTtHo1IeHue NeHCTBUTEILHON KUHETHYECKOM SHEPTUU paboyero Tena

2 L2 .
W /2 K TeOpeTHYeCcKOr w” /2 Ha3bIBACTCA KOIhhuyuenmom noneznozo oeii-
cmeus KaHajaa u 0003HaYaeTcs #,:

n. = (wza /2)/(w2 /2): wo /W =@ W’ /w = (9.31)

KIIJ] kanana paBeH kBajapaTy K03 ulMeHTa CKOpOCTH raza. Termiora Tpe-
HUs 0e3 ydeTa HayalbHOW CKOPOCTH OIpeNesIeTcs TaK:

qmp :W(W/2)2 :W(hl _h2)7

rjae hj, h, — sHTaNBNMA paboyero Tejia B Havaljie U KOHIIE 0OpaTUMOro aanadat-
HOTO (M303HTPOITHOTO) MpoIiecca pacuIupeHusI.
VYpasuenus (9.30) u (9.31) cipaBeAsIMBBI KakK JJI UICATHHOTO, TaK U peajlb-
HOI'O Ta30B.
9.13. UcTeyeHune BOASTHOTO Mapa
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OcHoBHbIE TTOT0KEeHUS U (HopMyIibl ucTeueHus raza (9.16) u (9.18), ycra-
HOBJICHHBIE B MPEABIAYIIUX pa3/iesiaX, OTHOCATCA K UI€aJIbHBIM Ta3aMm.

Jliist BozisiHOTO Tapa Bce (hOpMyIbl U 3aKOHOMEPHOCTH TE€OPUHU UCTEUEHUS
MO>KHO MPUMEHSThH TOJBKO JJIs1 IPUOIMKEHHBIX BEIUUCICHUN, €CITU CUUTATD IS
MeperpeToro napa 3HaueHue k = 1,3, a j1sl CyXoro HachllleHHOro napa k = 1,135.

B Tex ciydasx, Korja nNpuxoJIMTCs MoJIb30BaThCA YPABHEHUSIMU, B KOTOPbIE
BXOJIUT k, TO €0 3HAYEHHE HAJI0 ONPEIENIATh B KAXKI0M OTAEIBHOM CiIy4ae 1o
Igp;/ p; .n_I_ZgTZ/TI n—-1_IgT,/T,

lgv,/v, ’ lgv,/vzj n lgp,/ p;
pamMeTpaM HadaJbHBIX U KOHEYHBIX COCTOSTHHUM IMPoIlecca peaabHOro Tea.
Haubonee 1ieinecooObpa3Ho pacyeT CKOPOCTH UCTEUYCHHSI 1 MACCOBOTO PaCXO0-
1a pabodero Tena MPOU3BOIUTH IO /i-s TUarpaMme JaHHOTO BEIIECTBA, HCIIOIb3Ys
ypaBHEeHHE (9.8), IOJYYCHHOE U3 YPaBHEHUS IIEPBOTO 3aKOHA TEPMOJTMHAMUKH TSI
MOTOKA M CIPABEJIMBOC JIJIS JTIOOOTO PEaIbHOTO BEIIECTRA.
Ecnm ckopocTh UCTEUCHHSI MEHBIIIE KPUTHUECKOM, TO €€ pacyeT BEACTCS 110

bopmyie:

dbopmynam (7.27): n = ;, T. €. IO Ta-

w=44,72.Jh, - h, ,

rjae h; U h, onIpeAensIoT 1Mo TabauIaM Uik A-s AuarpaMmme Mo HadaJibHBIM Mapa-
MeTpaM, KOHCUHOMY JIaBJICHUIO M HCXOJISI M3 YCIIOBUS aIna0aTHOTO TpoIiecca, IpH
KOTOPOM S§;=5.

[Tpr KPUTHYECKOM PEKUME UCTECUCHHS CKOPOCTh UCTCUCHHS BOJISHOTO Iapa
onpenenstor u3z Gopmynsl w,=44,72./h, - h, , npu aToM h; (k1/kr) 6epercs u3

TAOJIMI] UK TI0 /1-s IUarpaMMe 1o HayaJlbHbIM ITapaMeTpaM.

3HaueHUe SHTANBINU /1, HETIOCPEACTBEHHO OIPEAEIIEHO OBITh HE MOXKET, TaK
KakK OObIYHO HEM3BECTHA BEJIMUYMHA KPUTUYECKOrO JlaBieHus. [loaTomy pekomen-
IyeTcsl mapaMeTphl apa B KPUTUUECKOM CEYEHUHU ONPEAENSATh C HEKOTOPO MO-
IPEUIHOCTHIO, UCIIONb3YS 3aBUCUMOCTH, CITPaBEIJIMBbIE ISl UAEATIBHOTO ra3a, Me-
TOJIOM MOCJIEI0BATENBHOrO NpUOIMKeHus. {11 3Toro cHavana 3a1atwTcs 3Haye-

]k /(k—=1)

HUeM k = /,3 ¥ 110 HEMY U3 COOTHOILIEHUs p, / p; = [2 / (k +1 ) HaXOJAT Py,

3aTeM M3 TaOJUIl BOASHOTO TMapa, YYUTHIBAS, YTO §;=S,, 10 U3BECTHBIM P, U S, OII-
PEACISIOT YACTbHBIM 00bEM B KPUTHYECKOM CeUCHHH. Jlanee U3 COOTHOIICHHUS ISt
aauabaTHOTO Tporiecca k = Zg(p ./ pK)/ Zg(vK/v ,) HaxoJISIT HOBOE 3HAUEHUE KO3 (-

dummenTa k, o KOTOPOMY CHOBA BBIYHCIISIOT py.. ITa ONEepalus MOBTOPSIETCS 110
TEX MOp, MTOKa 3HAYCHHE Py, 10 KOTOPOMY ONPEAEISIOT k, HE COBIAJET CO 3HaUe-
HUEM €r0, BBIYMCIIEHHBIM 110 popMmyIie ISl p,/p;.

Heo0xoamumMo MOMHHTB, YTO IPUBEICHHBIM METO]T pacueTa SIBISICTCS TPH-
ONMKEHHBIM, HO, KaK MMOKa3bIBaeT MPAKTHUKA, OH JIaeT B OOJILITMHCTBE CITy4acB
JAOCTaTOYHO XOPOIIMK Pe3yibTarT.

CKOpOCTh UCTEUEHUS BOISHOTO TIapa W3 KOMOMHHUPOBAHHOTO COTIIIA BBIUHUC-

nsiercs o popmyne (a): w=44,72,/h, - h, , Tne h; — ynenbHas SHTaIbIUSI BOMS-
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HOTO TIapa Mpu BXOJI€ B COILIO,
kJ[x/Kr; h) — yzaelbHast SHTANbINA
napa npu napameTrpax cpejibl, Kyaa
MIPOUCXOJIUT UCTEeUeHUE, KJK/KT.
MaccoBsIll pacxoJ1 OnpeaensaeT-
Csl U3 YpaBHEHUS HEPA3PbIBHOCTHU
m=aw/v,, 1J KpUTUYECKOTO pe-

ZKHUMa UCTCUCHUA m =a w /VK .

MaKc MUH "~ K

[Ipu HeoOpaTrMOM Tpoiiecce

UCTCUYCHUS W, =44,72.|h; - h,, .

Ha puc. 9.11 npeacrasnens 00-
paTUMBII TIpollecC — JAUHUEN /-2 u
e, YCIJIOBHO ITYHKTUPHOU KpuBOU /-2g —
hy "= 2 HeoOpaTUMBIi ponecc. M3 pucyHka
' BUJIHO, 9TO DHTAJIBITUS B KOHIIE pac-

-~ IIHPEHHS B HEOOPATUMOM IIpoIiecce
Oyner Oosibilie, 4yeM B 00paTUMOM, 3a
CYET TEeTUIOTHI TPEHHS, O YeM M OBLJIO CKa3aHO B pazzaene 9.12.

Puc.9.11. IIpouecce ucteueHus BoAs-
HOTO Tapa

10. IPOCCEJIUPOBAHMUE I'A30B U IAPOB. CMELIIEHUME I'A30B
10.1. IpoccesrupoBaHue rasa

Jlpoccenuposanuem (unu mamuem) Ha3vleaemcs HeOOPAMUMbLLL NPoYecc, 8
KOMOpOM 0asieHue npu NPOXOAHCOCHUU 2A3d Yepe3 CYHcusaoweecs omaeepcmue
yMeHbulaemcs 6e3 cosepuleHus eHeunel pabomol.

Bcesikoe conpotuBiienue B TpyOomnpoBoie (BEHTHIIN, 38 JBUKKA, MIaioa,
KpaH, KJIallaH ¥ JIp.) BBI3bIBACT JPOCCEIUPOBAHKE Ta3a U, CIIEJ0BATEIHHO, MaICHNE
nasienus. [lagenne qaBieHus 3aBUCHUT OT MIPUPOJBI paboUero Telna, ero COCTOos-
HUSI, CY)KCHHS Ta30TPOBOJIa U CKOPOCTH JBHKCHHSI ra3a.

B GoJibIIMHCTBE CydaeB IPOCCEIMPOBAHUE, COPOBOKIAIONIEEC YMEHb-
IeHHeM paboTOCIIOCOOHOCTH Tela, MPUHOCHT Oe3ycoBHBIN Bpea. Ho nHoraa oHo
SBIISIETCSI HEOOXOAMMBIM M CO3JIA€TCsl HICKYCCTBEHHO, HAIIPUMEP, TIPU PeryInupoBa-
HUM MTapOBBIX JIBUTATENICH, B XOJIOAMIBHBIX YCTAHOBKAX, B MPHOOpPaxX, 3aMepSIO-
HIMX pacxoJ rasa, u T. II.

[Tpu mpoX0XKACHUHN Ta3a Yepe3 OTBEPCTHE, MPEACTABISAIONICe H3BECTHOE CO-
MPOTHUBJICHHE, KUHETUYECKasi SJHEPTHS ra3a U €ro CKOPOCTh B y3KOM CEUECHUH BO3-
pacTaroT, 4TO COMPOBOXK/IAETCA MaJIeHUeM TeMIiepaTypsl u nasnenus (puc. 10.1).
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["a3, mpoTekast uepe3 OTBEPCTHE, 3aTPauynuBacT YaCTh KHUHETUYECKON dHEPTUU
Ha pabOTy MPOTHB CHJI TPEHUS, KOTOpas MpeBpaliaeTcs B TCIUIOTy. B pesyibTaTe
TEeMITepaTypa €ro U3MEHSIETCS U MOXKET KaK YMEHBIIIATHCS, TAK U YBEIIMUNBATHCS.

B oTBepcTHH CKOPOCTH Ta3a Bo3pacTaeT. 3a OTBEPCTHEM, KOT/a T'a3 OISTh
TEYET I10 TTOJIHOMY CEUCHHIO, CKOPOCTh BHOBb ITOHMXACTCS, a JIABJICHHUE MTOBBIIIIA-
€TCsl, HO JIO HAa4aJhbHOTO 3HAYCHHUS OHO HE JOXOJIUT; HEKOTOPOE U3MEHEHHE CKOPO-
CTH TIPOM30HICT B CBS3H C YBEIWUCHUEM yICIBHOTO 00beMa ra3a OT YMEHbBIIICHUS
JIaBJICHMUSL.

JlpoccenupoBaHue, KaK yKa3bIBaJOCh, SBISICTCS HEOOPATUMBIM IPOIIECCOM,
IIPY KOTOPOM BCET/1a MMPOMCXOIUT YBEINUYCHUE SHTPOIIMU U YMEHBIIICHHE PaboTo-
CrocoOHOCTH paboyero Tena.

10.2. YpaBHeHHe npouecca Apocce/MpoBaHus

[TycTh Ha yyacTke TpyOomnpoBoaa umeeTcs cy;keHnoe orseperue (puc. 10.1).
Ceuenust [ — [ u Il — II B TpyOONpOBO/i€ 3aKPHITHl HEBECOMBIMU MOPUTHSAMU, KO-
TOpbIE MOTYT nepeMelatbes 0e3 Tpenus. Ha nopuiens / miuomaaeio 4; 1ecTByeT
JABJICHUE p;, @ HA IOPILIEHD 2 MJIOIANbI0 A, AEUCTBYET AABIEHUE P, IPUUEM
p, > p,. TpyOOnpoBoa HE UMEET TEMJI00OMEHA C BHEIIHEN Cpeloil.

[Ipu nepemenieHny ra3a 4yepe3 OTBEPCTUE MOPIIEHD / IEPEMECTUTCSA B MO-
JokeHue /', a mopueHs 2 —
B [IOJIO’KEHUE 2', IPU ITOM
MOpPIIEHb / COBEPIIUT IIYTh
SJ, @ TOPWEHb 2 — IIYTh S).
JIns nepeMeleHus ra3a He-
00X0JIMMO 3aTpaTUTh padoTy
p,s,4, v p,v,. Hacte 3TOM

1 I 11 1

paboThl p,s,A, WIH p,v,, Oy-
JeT U3pacxo/I0BaHa Ha TIpe-
OJI0JICHHE CUJIBI P>, a pa3-
HOCTb paboT p,v, — p,V, BbI-
30BET U3MCHEHHUE YHEPTUU
pabouero Tena.

Ecnu HavanbHas cko-
pPOCTB raza w; U BHYTPCHHSIS
DHEPTUS U;, KOHEUHAsT CKOPOCTh W, U BHYTPEHHSS SHEPTHUS U2, TO

Puc.10.1. K BeIBOAY ypaBHEHHUS mpolecca Jpocce-
JUDOBAHUS

2 2
[Ipu ycnoBum, 4TO CKOPOCTH W; U W, MAJIO OTJIMNYAIOTCA IPYT OT Apyra, U3-

MEHEHHEM BHEITHEeH KMHEMaTUYeCKOW IHEPTUU MOXKHO IpeHeOpeyb U CYUTATh
2 2
w;y/2—-w;/2=0, orcroaa
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(”1+P1V1)_(”2+P2V2):0»
WId
h—h,=0wuh =h, (10.1)

[Tomyuennoe paBeHcTBO (10.1) moka3pIBaeT, 4YTO SHTAJIBINS B PE3yJIbTaTE
npoiecca APOCCETUPOBAHNS HE U3MEHSAETCS. DTOT BBIBOJI K TPOMEKYTOUHBIM CO-
CTOSIHMSIM ra3a HEMPUMEHUM. B ceueHMsIX y OTBEpPCTHS SHTAIBIUS HE OCTAETCS
MOCTOSSHHOM BEJIMYMHOM, T. €. MPOLIECC APOCCETUPOBAHUS HEIB351 OTOXKIECTBIISATD C
M309HTaNIbIIMYeCKuM mporieccoM. PaBenctro (10.1) cipaBeasiuiBo TOJIBKO IS Ce-
YEHUM, JOCTATOYHO YJIAJICHHBIX OT CY)KCHUS.

Berilie yka3piBaioch, UTO SHTAIBIUA UACATBHOIO Ta3a SIBIAETCS OJJHO3HAY-
HOM (yHKIMEH TeMnepatyphl. OTCI0O/Ia CIIEYET, UTO B PE3yIbTaTe IPOCCEIUPOBa-
HUS UJI€aJIbHOTO ra3a TemnepaTypa ero He usmenserces (7, = 75).

B pesynbTare nponecca ApoccenpoBaHus PealbHOr0 ra3a SHTaIbIuUs IS
HayaJbHBIX U KOHEYHBIX 3HAUEHUN OCTAETCS OJITUHAKOBOM, YIHTPOIHS U 00bEM yBe-
JUYUBAIOTCS, IABJICHHUE MAJaeT, a TEMIIepaTypa MOXKET YBEJIUUNBATHCS, YMEHb-
IIATHCS WX YK€ B YaCTHOM CJIy4ae OCTaThCs 0€3 U3MEHEHUS.

10.3. UcciienoBanue npouecca ApocceMpoBaHuS.
dpdexr Jorcoyns — Tomcona

B kaxx1oM peasibHOM ra3e UMEIOTCS CHJIbI MPUTSKEHUS MEKY MOJIEKYJIaMH,
U €CJIM ra3 pacluIupsieTcs, TO Ha YBEJIMYEHUE PACCTOSHUS MEX/ly YaCTULIAMU UITU
Ha U3MEHEHHE BHYTPEHHEN MOTEHIIMAIbHOW SHEPTUH TeJla BCEr/a 3aTpauynuBaeTcs
paboTta, 4TO CBA3aHO C U3MEHEHUEM TEMIIEpPaTyphl.

OmHowenue usmeHeHus memnepamypbl peaibHo20 2a3a Npu OpoCceIuposa-
HUu 6e3 n008ooda u OmMeooa meniomol u 6e3 cosepuileHusl BHeulHel pabomsl K U3-
MEHEeHUI0 0asleHus 8 3mom npoyecce Hazvigaemces Ipgpexmom coyna— Tom-
coHa. DTO SIBJICHUE ObLIO OTKPHITO J{orcoynem u TomMcoHOM OTIBITHBIM ITYTEM B
1852 r.

s uneansHOTO Ta3za 3ghext Jocoynss — Tomcona paBeH HYIIO, TaK Kak
TeMIlepaTypa ra3a B pe3yJibTare Mpoliecca IpoccesiupoBaHus He uaMensercs. Cie-
J0BaTeNIbHO, U3BMEHEHHE TEMIIEPATyphl pealIbHOTO T'a3a MPH IPOCCEIMPOBAHUU OTI-
penaensercsi OTKIIOHEHUEM CBOMCTB peasibHbIX Ta30B OT UACAIBHOI0, YTO 00YCIOB-
JICHO JIEWCTBUEM MEXKMOJIEKYISIPHBIX CHJL.

[Ipouecc npoccenupoBanus paboOYero Tejia CONPOBOKAAECTCS 3aTPATON WIH
COBEpIIEHUEM BHEIIHEN paboThl (padOThl NPOTAIKUBAHUA) p,V, — p,v;. [Ipu aTOM

IIPOU3BEJICHUE D, -V, XapaKTepu3yeT paboTy, 3aTpauyeHHYIO TEJIOM Ha BBITECHEHUE
Cpelbl, a IPOU3BEACHUE p, -V, — paboTy cpeasl Haa pabouuM TeiaoM. Tak kak

IIPY IPOCCEIIMPOBAHUY KOHEYHOE JaBJICHUE p, BCETa MEHBIIIC HAYaILHOTO p;, a
yIenbHbINA 00BEM V, BCerza 00Jbllie V;, TO pa3HOCTb p,V, — p,V; B 00ILEM ciIydae
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MOXET OBITh IOJIOKUTEIBHOM MM OTPULIATEIBHON U B YACTHOM CIIy4dae PaBHOMN
HYJIIO.

IockonbKy 111 aqabaTHOro Mpolecca IPOCCEIMPOBaHUS CIIPaBEINBO Pa-
BEHCTBO h;, = h,, T. €.:

Up+pyv,=u,+p,v, WA U; -Uy = PV, - PV,

TO OTCIOJIA CJIEAYET, UTO BHEIIHss paboTa (paboTa MpoTaIKUBaHUS) B 3TOM MPO-
1IECCE COBEPIACTCS 3a CUET YObUIM BHYTPEHHEH dHEPTUM Tea.

BHyTpeHHsIs sHEeprus peajqbHOro ra3a BCJICACTBUE HATUYHUS
MEXKMOJIEKYJISIPHBIX CHJI COCTOUT M3 JIBYX YaCTEeH: KHHETUYECKON COCTaBIISIOIICH,
SBJISTIOIIEHCST DYHKIIMEH TOJIBKO TEMIIEPATYPhl, U MOTEHIIMAIIBHOM COCTABIISIIOIICH,
OTpeIeNIIEMOM MOJI0KEHUEM MOJIEKYJT U 3aBUCAIIECH KpOME TeMIIepaTyphl e1lle U OT
oObeMma.

[Tpu apoccenupoBanuy MOTEHITMATBHAS COCTABIIAIONIAS BHYTPEHHEH dHEP-
TUU BCIIEJICTBUE YBEJIMUCHUS 00beMa BCErJia BO3pacTaeT.

Ecnu 681 p,v, — p,v, =0 U, cienoBaTenbHo, U, - u, = (), a NOTEeHIUaIbHAs

COCTaBIIAIONIAs] BHYTPEHHEW SHEPTUH YBEIUYMIACh Obl, TO KUHETUYECKAasl COCTaB-
JSIOIIAs TOJKHA TIPU 3TOM YMEHBIIUThCS. Takoi mpoiiecc apoccenpoBaHus 0y-
JET CONPOBOXKAATHCS OXJaxaeHueM rasza (71, <T1)).

Eme Gombliee oxnakaeHne pealbHOTO ra3a OyeT Ipu NOJ0KUTENbHON
BHEIIHEW paboTe, T. €. Koraa p,v, > p,v; U u, <u,. B 3TOM ciy4yae noHMKeHne

TeMIlepaTypbl 00YCIOBICHO HE TOJILKO BO3pacTaHUEM MOTEHLIUATbHON COCTaB-
JSI0IEN BHYTPEHHEW SHEPIHH, HO U COBEPILIEHUEM Ira30M BHEIIHEN paboThI (Tak-
e 3a CYET BHYTPEHHEHN SHEPrun).

B GosibIIMHCTBE MPaKTUYECKUX CIy4aeB BHEIIHsS paboTa UMEET OTpHIa-
TEJIbHOE 3HAYEHUE, T. €. p,V, < p,V,;, AU UHAYE MIPOLECC APOCCEIUPOBAHUS CO-

MIPOBOXKIAETCS 3aTpaTON BHEIIHEW paboThl, HAYIIEH Ha YBETUUEHHE BHYTPEHHEN
sHepruu rasa (u, > u, ). Ecnu npu atom BHewHss padboTa p,v, — p,v; 1o abco-

JIOTHOMY 3HAYEHUIO OOJIBIIE TPUPOCTA MOTECHIIMATBLHON COCTABISAIOIICH BHYTPEH-
Hel SHEePruu, TO U30BITOK PAaOOTHI MOMAET HA YBEIUYCHUE €€ KHHETUUECKOM CO-
CTaBJIsAIOLIEH U ra3 Oynet Harpesatbes (1, > T)).

B vactHOM ciaydac a0COJIIOTHOE 3HAYECHHE PV, — p;v, BIponHecce 1pocce-

JUPOBAHUS MOYKET OKA3aThCsl PABHBIM POCTY MOTEHIHAIBHOW COCTaBIISIIOIIEH
BHYTPEHHEH SHEPIUH U MPU ITOM KMHETHYECKas COCTABJIAIONIAsl OCTaHeTCs 06e3
M3MEHEHUS, a CIIEZI0BAaTEIbHO, HE U3MEHUTCA U Temnepatypa rasza (71, = 7;). Orot

Clly4ail Ha3bIBaeTCs UHBepcuell 2a3a, a TeMIeparypa rasa, mpu KOTopou 3To mpo-
UCXOJIUT, Ha3bIBaeTCsl memnepamypou uneepcuu 1,,. CiaenoBareiabHo, MPOIECC
JIPOCCEIPOBAHUS PEaIbHOro ra3a npu TeMiiepaType HHBEPCUHU BHEUIHE HE OTIIH-
qaeTcs OT APOCCETUPOBAHUS UJI€aTLHOTO Ta3a.

Ecnu npu p,v, < p,v;, abCOMIOTHOE 3HAUEHUE BHEIIHEN pabOThI MEHbIIIE

BO3paCTaHHA HOT@HHH&HBHOﬁ COCTaBJISIIOH_Ieﬁ BHYTpeHHeﬁ OHCPIUHU B IMMPOLECCCC
APOCCCINPOBAHHNA, TO KHHCTUYCCKAA COCTABJIAOIIAA HCCKOJIBKO YMCHBINUTCA, T. €.
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ra3 Oyzaer oxnaxaathes. CleoBaTenbHO, IPH OTPUIIATEIBHON BHEIIHEH padoTe
MOTYT OBITh CITy4au JPOCCEIUPOBAHUS, KOT/Ia TEMIIEpaTypa peaibHOro ra3a yBe-
JUYHUBACTCS, OCTaCeTCs 0€3 M3MEHEHHUS U YMEHBIIIACTCS.

Paznuuaror ahdekTsl qpoccenupoBanus: ouggdepenyuanbrblii memnepa-
MypHblil, TIPA KOTOPOM JIaBJICHHE U TeMIIepaTypa H3MEHSIOTCS Ha O0ECKOHEYHO Ma-
JYI0 BETTUYHHY, U UHMESPAlbHblIL meMnepamypHblil, KOT/1a TaBJICHUE U TeMIIepa-
Typa U3MEHSIOTCS Ha KOHCUHYIO BEJTNYUHY.

Ecnu naBrneHue ra3a ymeHbIaeTcss Ha OECKOHEYHO MaTyIO BETHUUHY dp, TO
MIPOUCXOIUT OECKOHEYHO MAJIOE U3MECHECHHE TEMITePaTyphI:

dT, = a,dp, wm o, = (0T /Op),. (10.2)

Benuuuny o; Ha3bIBAIOT JughhepenyuanvHuvim memnepamypruvim 3¢hghexmom
Howcoyna — Tomcona. 3naueHne o; ONpeiesseTCs U3 YpaBHCHHUS:

dh=c,dT -|T(6v/oT), —vlp.

Tak kax npu apoccenuposanuu dh=0,10 ¢, -dT = [T (av/ oT ) b dep ,

OTKyJza
T(ov/0T), —v
a, =(0T /op), = ? (10.3)
Cp
nu
T(ov/oT), —
p_[T@v/er), -y dp. (10.4)

ITonyuenHoe ypasHeHue (10.3) cnpaBeyiuBo 174 M00bIX BemiecTs. [
uneansHoro raa (6v/oT )p =R/p=v/T, rorga uuciurens B ypasHeHuu (10.3)

T(ov/oT),-v=Tv/T-v=0,

a ypaBaenue (10.3) npuHuMaeT Bua
oI /op=0vmm dl =0 uT,=T,. (10.5)

CocTtosiHuE peanbHOro rasa npu aauadbaTHOM IPOCCEIMPOBAHUN, B KOTOPOM
TeMIiepaTypHbIil 5P GeKT TpocceTnpoBaHus MEHSET CBOM 3HAaK WIIK B KOTOPOM
muddepenunanbublil 3pdext [orcoyns — Tomcona paBeH HYIIO, HA3bIBACTCS MOY-
Koul uneepcuu. Eciin HadanbHas TeMIlepaTypa peajlbHOro ra3a nepej Ipocceiem
MEHbIIE TEMIIEPATYPbl MHBEPCUH, TO T'a3 MPHU APOCCETUPOBAHNN OXJIAXKAAETCS, €C-
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JIM JK€ HadajbHas TEMIIepaTypa ras3a BbIIIe TeMIIepaTypbl HHBEPCHH, TO Ta3 Harpe-
BaeTCH.

JIJIst HaXOKIEHUST TOYKU MHBEPCUU U YCIOBUH, IPH KOTOPBIX HMEET MECTO
HarpeBaHUe WIN OXJIAKJICHHE Ta3a, poaHanu3upyem ypasHenue (10.3).

[Tpu apoccenupoBaHuy ra3a JaBlIeHUE BCET/Ia YMEHBIIACTCS; dp UMEET OT-
pUIaTeIbHBIN 3HAK (dp<(); TETIOEMKOCTb ¢, — BEIMYNHA MONOKHUTEnbHas. [1o-
sToMy 3HaK auddepeniuanbHoro a3 dekra, a, Clie10BaTeNIbHO, U 3HaK d1 3aBUCST
ot 3Haka Beipaxenus T(0v/oT) , —V W BCErjia eMy NPOTUBONONOKHBL Toraa

1) pu T(0v/0T), —v>0 dT < 0;
2)npu T(6v/0T), —v=0 dT = 0
3)mpu T(6v/0T), —v<0 dT > 0.

Brtopoii cinyuaii MOYXKHO UCIIOIB30BaTh AJIsl IOJIYYEHUSI YPAaBHEHUS TEMIIEpa-
Typbl HHBEPCHUHU:

T(ov/oT),-v=0, T, =v(0T/v),.

OTO BBIPAKEHUE HA3BIBACTCA YPAGHEHUEM KPUBOU UHBEPCU.

JIpoccennpoBaHne NpHU KOHEYHBIX MEpenaiax JaBJICHUN Ha3bIBAOT UHME-
epanvubim d¢hghexkmom opoccenuposanus JJocoynsi — Tomcona. OH onpenensercs
pu UHTETpUpoBaHuu ypaBHeHus (10.4):

n2T(6v/0T), —v
T,-T, = L dp. (10.6)

C
P p

10.4. lpoccennupoBanue Ban-oep-Baanvcoea ra3za. Kpusasi uHBepcuu

W3 ypaBuenust Banu-oep-Baanvca (p +a/v’ Xv —b)= RT maiifieM 4acTHYIO
IPOU3BOAHYIO: (8v/8T)p =R /(p —a/v+ 2ab/v3).

[ToacTaBUB 3HaUYECHHE YaCTHOM Mpon3BOAHOM B ypaBHeHue (10.4) moce He-
KOTOPBIX JOMYIIEHUHN TOJIYyIUM CIeayIoIIee NPUOIMKEHHOE BEIpaXKEHUE, CIIpa-
BeJJIMBOE Mpu p —> () 11ubO npu v — o0

dT =|(2a/RT-b)/c, lp,

wu audeperuanbabiil 3G PexT TpocceTupoBaHus:

a; =dT/dp=(2a/RT-b)/c,, (10.7)
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IJi€ ¢, —TEeIUIOEMKOCTb MPU NOCTOSSHHOM JaBJIC€HUU; @ U b — MOCTOSIHHBIE ypaB-
HeHust Bau-odep-Baanvca; R — ra3zoBas noctosiHHas;, T — TemmepaTypa rasa.
[Tpu nuddepenunansuom s dexre Jorcoyra—Tomcona a; = () nomydaem

TOYKY MHBEPCHH, B KOTOPOU JA0KHO ObITh 2a/RT = b u TeMriepaTypa HHBEPCHH
T, =2a/Rb.

Bripazum T, uepe3 KpUTUYECKYIO TEMIIEPATYPY, AJI YEro BOCIOJIb3yeMCs
ypaBHeHHeM (4.14):

T.=8a/27Rb,umu a/b=(27/8)RT,,
TOTra
T,=(27/4)T.=6,75T,.

TemmepaTypa HUHBEpCHUH pEaIbHBIX Ta30B, TOAYHHSIOIINXCA YPABHEHUIO
Ban-oep-Baanvca, npu p = () B 6,75 pa3a Bblllle KPUTUYECKON TEMIIEPATYPHI.

IIpouecc npoccennpoBaHys Tejla BCerja CBA3aH C IMOTepeEN pacronaraeMon
paboThl. JlelcTBUTENBHO, PU APOCCETUPOBAHUN Ia3 HE MPOU3BOAUT MOJIE3HON
paboThl HaJl BHEIIHUM OOBEKTOM, a KHHETHYECKasi SHEPrus raza He MEeHseTcs, Mo-
ATOMY BCsl paboTa paclIMpeHus ras3a ot p; 10 p; U pabota p,v, - p,v,, KOTOPYIO

IIPOU3BOJUT OKPY>KAKOIIAsI Cpella IIPU MPOTAIKUBAHNUHU ra3a 4yepe3 Apoccelb, 3a-
TPaYMBAETCs Ha MIPEOIOJIEHNE CUII TPEHUSA U
P A ~ MIEPEXOJUT B TEIUIOTY TPEHUS:

/

VAR

2 P2
\ Gmp :IPdV+P1V1'P2V2 :_IVdP-
I

P

200 PaGota TpeHusi, mpeBpallleHHas B Te-
I \ IUIOTY TPEHHUS, 00YCIIOBIMBAET BO3pacTa-
' \ HUe dSHTponuu rasa. IlomHoe n3mMeHenue
100 DHTPOIIUU I'a3a B PE3yJIbTATE IPOCCEINPO-
\ BAaHUS

o [ |7 \ro.2

>
=200 -100 0 100 200 300 ¢ oC

P2
S, =S, :—I(V/T)dp.

Pi

Puc.10.2. UuBepcuoHHast KpuBast 1Jis
asora T,,, = f(p) Bosee TOUHOE HUCCIIEN0BaHKE TIPO-
1ecca JIpocceaupoBanus Ban-oep-

Baanvcosa rasza, a Tak)kKe ONBITHBIE JaHHBIC C PEATbHBIMU ra3aMy MOKa3bIBAIOT,
4TO pealbHbIH Ta3 UMEET OECKOHEYHO OOJIBIIOE YUCIIO TOYEK HHBEPCHUH, KOTOPBIE
00pa3yIoT Ha p-T quarpamMMe Tak Ha3bIBAEMYIO UHEEPCUOHHYIO Kpugyio. Y paBHE-
HHE HHBEPCHOHHOM KPHUBOM, €CIIM U3BECTHO YPAaBHEHHE COCTOSHHS PEATBHOIO Ia-
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3a, MOKET OBITh IMOYYCHO B IBHOU (pOpMe M3 MPUBEICHHOTO PAHEEe COOTHOIICHUS
T,, =v(0T/ov),.

[Tpu 11060M 3HAYCHUH JTABJICHHSI BEIIECTBO UMEET JBE TOUYKU HHBEPCHU:
OJTHA M3 HUX HAXOJHUTCS B 0OJACTH KUAKOCTH, a Apyras—B 00JaCTH MEPETrPeToro
napa (raza).

Ha puc. 10.2 mokasaHa WHBepCHOHHAs KpuBas ans asota T, = f(p), mo-
CTpPOCHHAs 10 ypaBHEHUIO T (8v/8T ) , —v=0. W3 tuarpaMMsl BU/IHO, 4TO JIFOOOMY

JABJICHUIO JIEMCTBUTEIBHO COOTBETCTBYIOT JIBE€ TOUKH MHBEPCUU MPU PAZINYHBIX
temneparypax. KpuBas ”HBEpCHH MPOXOJIUT YEPE3 MAKCUMYM.

Ecnu' uis paccMaTprBaeMoro BELeCTBa CIPaBeNIMBO YpaBHeHHe Ban-oep-
Baanvca, T0o U3 ero ananusa cienyeT, 4To 00bEM B TOUKE MaKCUMyMa KpUBOM UH-
BEPCHUU paBEH KPUTUUECKOMY O0BEMY: V, . =V, ; MAKCUMAJIBHOE 1aBJICHUE PABHO

MakKc

IEBATUKPATHOMY KPUTUYECKOMY JABICHUIO: p =9 p ; MaKCUMajbHAas TEMIIE-
paTypa paBHa TPEXKpaTHON KpuTudeckou remneparype: 1, .. =37 .

KpuBas unBepcun npu gaBieHUH p=0 Mepecekaercsi ¢ OCbI0 TEMIEPATyp B
ABYX TOYKaX. 3HAUEHUS ITUX TEMIIEpATyp AJIs BELIECTB, NOAUUHSIOIINXCS ypaB-
HEHUIO Baw-0ep-Baanvca, pasusl: 1), =6,75T n T,, =0,75T..

I/IHBCpCI/IOHHaSI KpuBas ACJIUT p-T auarpaMmy Ha OBC obmactu. Bee mponec-
ChbI APOCCCIINPOBAHNA, HAUMHAIOIIMUCCA BHYTPU I/IHBepCI/IOHHOﬁ KpHBOﬁ, COIIPOBO-
KAAOTCA OXITaXKIACHUCM BCIICCTBA, BHC HHBCpCHOHHOﬁ KpHBOﬁ BCC ITPOICCChI
APOCCCINPOBAHHUA ITPOTCKAOT C HAI'PCBAHUECM BCIICCTBA. Hpoueccm, Ha4YMHAaro-
Iecsa Ha I/IHBepCI/IOHHOﬁ KpHBOﬁ, COOTBCTCTBYIOT CIIYy4ar0O MHBCPCHUH, KOT' [d
TI =T 2= T, un "

TeOpCTI/ILICCKI/IC BBIBOJbI OTHOCHUTCIIBHO APOCCCIBHOTO 3(1)(1)CKT3, CACIIaHHBIC
Ha OCHOBAHUHN YPAaBHCHHA BaH-dep-Baaﬂbca, Ka49CCTBCHHO ITOJIHOCTBIO ITIOATBECP-
KIOAOTCA OIIbITaMH, HO C KOJIMYECTBEHHOM CTOPOHBI JAIOT 3HAYUTCIIbHBIC OTKJIO-
HCHUSL.

10.5. IpocceupoBaHue WJIH MSITHE BOASIHOTO Mapa

HccnenoBanue nporiecca ApoccenpoBaHus (MATHs) BOASHOTO Mapa OYEeHb
HarJISITHO TPOU3BOAUTCS TI0 A-s AuarpamMme BojsiHoro mapa (puc. 10.3), B koTopoi
MPOLIECC MSITHSI MOKHO YCIOBHO M300pa3uTh FOPU3OHTAIILHOMN JIMHUEH, TaK KakK
TOPU30HTAJIb €CTh TOJIBKO BCIIOMOTATEIBHOE IIOCTPOCHUE [JIs1 HAXOXKICHUS 1apa-
METPOB COCTOSIHUSI KOHEUHOW TOYKHU U HE UMeeT (PU3MYECKOro CMbICa B IPOMeE-
AKYTOYHBIX TOUKAX.

N3 nuarpaMmbl XOpOILIO BUJHO, YTO €CIIU MTOABEPracTCs MATHUIO IIEPETPETHII
nap (mpouecc /-2), TO JaBJIECHUE U TEMIEpaTypa YMEHbIIAIOTCS, a 00beM, SHTPO-
WS U CTENIEHB Ileperpesa yBeauuuBaroTcs. [Ipu MaTuM napa BEICOKOTO JTaBJICHUS
1 HeOOJBIIOro neperpena (mpoiecc 7-§) nap cHavaljia nepexoauT B CyXOi HaChl-
LIEHHBIM, 3aTEM BO BJIAXKHBII, IOTOM OIISITh B CyXOM HACHIIEHHBIN U CHOBA B IIE-
perpertsiit. [Ipu apoccennpoBannu KUMSIIEH kUaKOCTH (Tpouecc 5-6) oHa yac-
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TUYHO WCIIAPSETCS C YBEIIMYCHUEM CTEIICHH CyXocTu. [Ipu npoccennpoBanun
BJIQYKHOTO Tapa CTETEeHb CYyXOCTU €ro yBeTuduBaercs (mporece 3-4).

[Tpomecc mpoccenupoBaHus SBISETCS HEOOPATUMBIM TPOIECCOM, KOTOPBIH
COIPOBO’K/IACTCS YBEITUYCHHEM SHTPOTIHH.
W3 npeasiaymux pas3aeioB U3BECTHO, UTO C
POCTOM DHTPOITUHU BCETAa TIOHMKAETCS pa-
00TOCIIOCOOHOCTH Ta3a WM Tapa, YTo Ha-
TJISITHO BUAHO U3 quarpammel (puc. 10.3).
Ilycts BOASIHOM map ApOCCENUPYETCs OT
coctostHUA a 10 ¢. OT TOYKHU @ 10 TaBJICHHS
5 Pa3HOCTb SHTAIBIINI BBIPAYKAETCS OT-
PE3KOM ab; OT TOUKH ¢ Pa3HOCTb DHTANBITHH
BBIPAKACTCS OTPE3KOM Cd, KOTOPBIN 3HAUH-
TEJILHO MEHbIIIE OTpe3Ka ab, T. e. paboTo-
Puc.10.3. IIpouecc npoccenupoBanus CIIOCOOHOCTB Napa pe3ko nagaer. Yem
(MsITHS) BOJISIHOTO Tapa 1o /-s aua- OoJibllle MSITHE TIapa, TEM MEHBIIIE €T0 pa-
rpaMme 00TOCIIOCOOHOCTb.

10.6. Cmenienue ra3zos

B pazgene 3 paccmaTtpuBanuch yCIOBUS ONPEACIICHUS] BETHUNH, XapaKTepH-
3YIOIMX Ia30BYI0 CMECh, HO HE pacCMaTPUBAIUCH BOIPOCHI, CBA3aHHBIE C 00pa30-
BaHUEM caMoi cMecu. Mexay TeM 00pa3oBaHue Ta30BbIX CMECeH, Kora ra3bl Ha-
XOJATCS TP Pa3JIMYHBIX JABJICHUAX M TEMIICPATypax, UMEET B TEXHUKE OOJIBIIOE
3HauYEHUE.

Bce cnioco6b1 00pa3oBaHus cMeceld Ta30B MOXKHO Pa3AeuTh Ha TP TPYIIIHI:
1) cmewenue 2az08 npu nocmosaHHom obveme, 2) cmeulenue 2a3o8blx Nomokos, 3)
cMeuleHue 2a308 npu HAnoIHeHuu pesepayapa.

[Ipenmonaraercs, 4To MPU CMEIICHUH Ta30B OTCYTCTBYET TEILIOOOMEH C
BHEIITHEH CpeJIoN U Ta3bl HE COBEPIIAOT BHEITHEH paOOTHI.

Cuewenue 2a306 npu nocmosinnom ooveme. [lepBoiit criocod oOpazoBaHus
CMECH COCTOUT B TOM, YTO HECKOJIBKO T'a30B C JIABJICHUSMH p;, P2, P3, ... H TEMIIC-
patypamu T, T, T3, ... 3aHUMAIOT pa3iuuHbie 00beMbl V;, Vs, Vs, ... Tlocne ynane-
HUS pa3JeisIonuX Meperopoiok o0bemM oOpa3oBaBuIeiicss cMecu OyieT paBeH

CyMM€E 00bEMOB CMEIINBAEMBIX ra3zoB: V =V, +V, +V, +....

Macca cMmecH ra3oB paBHa CyMMe Macc Ia30B, COCTaBIIAIOIIMX CMECH:
m=m;+m,+m; +...

Tax xak ra3el Ipy CMELIEHUN HE COBEPIIAIOT BHEIIHEH pabOThI, TO BHYT-

PEHHAA SHCPIUA CMCCH I'a30B, COIJIACHO IICPBOMY 3dKOHY TCPMOAWHAMUKH, paBHA
B 9aCTHOM cCJiydac i UACAJIBHBIX I'a30B CYMMC BHYTPCHHHX 3Hepr1/1ﬁ OTACJIIBHBIX

ra3oB 10 CMCIICHHUA: U =U; + U, + Us +... M IpH4 ¢,=const:

me, T =mc,,T,+m,c, T, +m;c;T;+..,
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OTKyJa

_mye, I +mye ,T, +mse 3T + ...

T
mc,
u
T myc,, T, +m,c,, T, +m;c,;T; +...
m,c,; +m,c,,+m;c, ;+...
W

7= gic 1 +g5¢,,T, +g5¢,515+ ...
b
8/C,; T 8,C,,+83C,;+...

rac g,,¢g,,...- MaCCOBBIC JOJH NICAJIbHBIX I'a30B, COCTABJIAIOIINX CMCCh.
U3 YpPaBHCHUA COCTOAHUA NACAJIBHBIX I'a30B CIICAYCT:

m;=pV,/RT;; my=p,V,/R,T,; my=pV;/R;T;.
[Tocne moaCTaHOBKY 3HAYECHUIH Macc TeMIlepaTypa CMECH I'a30B
T— pVic, /R +pVye,/Ry+pVic,;/ Ry +

pVic, + piVse,; + psVic,;
TiR, TR, T3R;

+...

J111s1 upeanbHBIX ra30B ¢ HOCTOSIHHOM TEIUIOEMKOCTBIO M U3BECTHOM CTEIIe-
HBIO TOUHOCTHU ¢, /R=1/ (k —1 ), MOATOMY, €CJIA CMELIUBAIOTCS UJI€AIbHBIE Ta3bl

OJJMHAKOBOI aTOMHOCTH, YNUCJIUTEIb U 3HAMEHATENIb MOXKHO COKpaTUTb Ha ¢, / R .
[Tonyyaem dopmMyiy AJisi CMECH Ta30B OJJUHAKOBON aTOMHOCTH:

_ Vit PVt o+
124 +P2V2 +P3V3 4
T, T, T,

T (10.8)

J5ist onipesiesieHus 1aBJeHUsl CMECH ra30B OJIMHAKOBOW aTOMHOCTH B ypaB-
Henue (10.8) moxcTaBUM 3HAYEHUS:

T'=pV/Rm; pV,/T,=mR,; p,V,/T,=m,R,; p;V;/T; =m;R;.

[Tomyuaem
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pV/(mR)z (p,V, +p.V,+ p5V; +...)/(m,R, +m,R, +m;R, +...),

HO
mR=m,R, +m,R, +m;R; +...,
[MO3TOMY
p=(pV,+pV,+pV;+.)/V (10.9)
i
p=(pV,+pV,+pV;+. )V, +V,+V,+..). (10.10)

3Has Temneparypy, o0beM U JaBJIECHUE, MOXKHO OINPEACIIUTh BCE OCTaIbHBIC
BEJIMYMHBI U TAPaMETPhI CMECH T'a30B, MOJIB3YSACh YPABHEHUSMU ISl CMECH UJIe-
aJIbHBIX a30B.

Cmewenue 2azo06bix nomokos. CMelleHre ra3oB o0pa3yeTcsi B pe3yJsibTare
COEJIMHEHUS HECKOJIbKHX MTOTOKOB B OJTHOM KaHalle, HAalPpUMEpP CMEILIEHUEe 0TXO-
JSUIMX Ta30B U3 HECKOJBKUX KOTJIOB B OJIHOM ABIMOBOH TpyoOe.

[TycTh o nmepBoMy TpyOONPOBOY MOCTyHAeT m; (Kr) ra3a ¢ napamerpaMmu
p1, Vi, T;; 1o Bropomy TpyOOIpOBOly MOCTYHAET M, (Kr) Ta3a ¢ mapaMmeTpaMu p,,
V), T>; o TpeTbeMy TpyOOIpoBOly MOCTyHAET m; (Kr) ra3a ¢ mapameTpamu p;, Vs,
T;.

HpI/I aI[I/Ia6aTHOM IMponecce TCUCHUA Ia30B oe3 COBCPIICHHA BHEIIIHEH pa60-
Thl HA OCHOBAHHWHU IICPBOI'0 3dKOHA TCPMOANHAMMUKHU ITOJIHAA SHCPIHUA Ia30BOI0 110~
TOKa paBHA CYMMC ITOJIHBIX 3Hepr1/1ﬁ OTACIBbHBIX ITOTOKOB, COCTABJIAHOINNX CMCCh.

m(h+ w’ /2): m,(h, +w,2 /2)+ mz(hz +w22 /2)+ m3(h3 + w32 /2)+....

I[JISI OOJIBIIMHCTBA TEXHUYCCKUX 3agad KUHETHUYECKOM BHCPFI/ICﬁ IIOTOKOB
MOZKHO HpCHC6pC‘IB, OTCHOJIA IIOJIYyHacM:

mh=mh, + myh, +m;h; +..., wm h=gh,+g,h, +g;h; +...,
TIe g;, €2, €3 — MAaCCOBBIE JIOJIH.
[Tony4yeHHoe ypaBHEHHE IPUTOTHO AJISl UI€ATbHBIX, PEAIbHBIX Ta30B U
KUJKOCTEH.

3aMeHsIs SHTAJILITHIO T'a3a BBIPpAKCHUCM CpT , HOJIYy4acM:

c,T'=g,c,T)+g,¢c,,T,+g;¢,;T;+...,
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a, yuuTbiBasi ypaBHeHue (6.33), Haxonum (IIpH c,=const)
T(glcp] +8,C,,t g3cp3): g1Cpi T +85¢,,15 +g5¢,:T5,
WK

T g1, I+ 85,1, +g5¢,:T5 + ...
81C, 1 +85C,, +85C, 5+ ...

VYpasuenue (10.10) cipaBeAsIMBO TOJIBKO JIJIs1 U€ATbHBIX Ta30B C MTOCTOSH-
HOU TEIIOEMKOCTBIO.

O0BeM cMecu ujeanbHBIX TA30B ONpPEesieM U3 XapaKTePUCTUUECKOTO
ypaBHEHUS :

V=mRT/p=(T/p)\mR,+m,R, +m;R; +..)=

(10.11)
=(T/p\pV, /T, +pVs /Ty + pVs /Ty +..)

CMelieHne uoeanbHbIX 2a306 npu HanoIHeHuu pesepevapos. B pezepByape
umeercs m (Kr) rasa c napamerpamu p, V, T. I1o TpyOonpoBoy B HETO OCTYyHAET
4yepe3 BEHTWIb 4 Ipyrou ra3 ¢ napamerpamu p;, V;, T;. Illycts B pe3epByap nocTy-
naet m; (Kr) ra3a, ocjie 4ero BEHTUJIb 3aKPhIBAETCS U B pe3epByape MoIyyaeTcs
cMmech ra3oB ¢ o0beMoM V. [Ipoiiecc cMmenienus ra3oB HEOOPATUMBIH.

ITo nepBOoMy 3aKOHY TEPMOJNHAMUKH, BHYTPEHHSSI SHEPT U CMECHU UIEaTb-
HBIX F'a30B paBHA CYMM€ BHYTPEHHUX SHEPTUM ra30B, COCTABISAIOIINX CMECH:!

mu =mu, +myu,.
[lonaras, 4rto ¢, = const, HailieM TeMIlepaTypy CMECH:

c,T=(m,/m),, /T, +(m,/m),,/T,

T= (glcvlTl +gZCv2TZ)/(glcv1 +gZCv2)‘ (10.12)

IIo u3BectHbIM T 1 VMOI‘YT OBITH OIIPCACIICHBI BCC IMapaMETPhl CMCCH.
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10.7. N3MeHeHHe SJHTPONIMH HACATbHBIX I'a30B IPU CMEIICHNH

DOHTpoOMNHUs CMECH UICANIbHBIX Fa30B MPEACTABISIET COO0M CyMMY SHTpONUI
ra3oB, BXOJSIIUX B CMECh:

n
Sy =815 8,8, +...+8,5, = Zgisi .
7

W3 ypaBHeHnus (6.43) ciaeayer, 4To AJid raza ¢ napaMmerpamu p,,, u T

s;=¢c,InT/T,,,—RInp,,,/ P>

HOp

rne 7 — TemrmepaTtypa CMECH; Py, — MapIHalbHOe JaBICHNE KOMIIOHEHTa B CMe-
CH, KOTOPO€ MOXKHO ompenenuTh no Gopmyie (3.25).

BTOpOﬁ YJICH npaBoﬁ YaCTHU YPpAaBHCHUA MOKHO IMPCACTABUTH TaK!:
Rlnpnap /pHop = Rlnpgiy/(pﬂop:ui): R an /pHOp + Rln:ugz /‘Lll ’
OTCrOda

n

(SCM)p,T = Zgi(cp ZnT/THop _Ri an/puop)_ ZgiRi ln ‘Ugl /ul .
1 1

BripaxeHue B CKOOKax MpeCTaBIACT COO0H yACIbHYIO SHTPOIHIO KOMIIO-
HEHTa IpU MapaMeTpax CMEeCH, KOTOPYI0 0003HAYUM (Sl. )p’T. [locnennuii wieH —

BEJINYMHA OTPULIATENbHAs, Tak Kak ug, / u. < I. CnenoBaTenbHO,

(e )r = 2.8i(5:), p + D &R Inpy; / g,
1 1

Wiy, yuauThiBas hopmyiy (3.2), moirydaem:
(e )7 = g, )7+ S gR Inl/r - (10.13)
I I

N3 3TOr0 ypaBHEHUS CIEQYET, UTO ECIU CMEIIATh HECKOJIBKO Pa3JIMYHbIX ra-
30B IIpHU NapaMeTpax p, T cMecH, TO SHTPOIHs CMecH He Oy/IeT paBHA CyMMe 3H-
TPONHH OTAEJIBHBIX KOMIIOHEHTOB, B3SITHIX IPU JABJICHUH U TEMIIEpAType CMECH, a
Oyznet Oosbllie Ha HEKOTOPYIO BEIMUYMHY, PAaBHYIO HU3MEHEHHUIO SHTPOIHUH NPU
CMEILICHHH.

CwMmelieHre ra3oB B MOTOKE, KaK U PYrUe CocoObl CMEIIEHUs, TPEACTaBIISI-
eT co00i1 HeoOpaTUMBIN MPOLIECC, BCETJa COMPOBOXKIAIOIMIUNCS BO3PACTAHUEM JH-
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TPONUU. DTO SABJIEHUE OOBACHIETCS TEM, UTO MPU CMELIEHUU TPOUCXOIUT PACIIIH-
peHue raza 6e3 coepiueHus: pabotel. KpoMe Toro, cmenieHue ra3oB B OJJHOM CO-
cylie conpoBoxkaaercs ux Auddys3ueit, Koropas sSBISETCS MPOLIECCOM HeoOpaTu-
MbIM. Ecnin, Hao0opoT, TpedyeTcst pa3neanuTh CMECh Pa3IuvHbIX Ia30B HA OTAEIb-
HbI€ KOMIIOHEHTBHI, TO ISl 3TOr0 HE0OXOAUMO 3aTPAaTUTh MUHUMAJIbHYIO PaboTy,
paBHYyI0 noTepe paborocrnocooHocTH 1) As MpU CMEIICHUH Ta30B.
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