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BBEJAEHHUE K PA3JAEJY 11

Tennonepedaua, Wid menio0oMeH, — Y4EHHUE O CAaMOIPOU3BOJBHBIX, HE-
oOpaTUMBIX TpOIECCaX PACHPOCTPAHCHHUS TEIUIOTHI B IMPOCTPAHCTBE C HEOI-
HOPOJHBIM TEMIIEPATYPHBIM IOJIEM 33 CYET OOMEHA BHYTPEHHEH dHEpruen Mexmay
OTJICJIbHBIMH 3JIEMEHTAMHU UJTU 00JaCTsIMU paccMaTpUBaEMOM Cpebl.

T eunepamypHbim_nojiem Ha3bIBAlOT COBOKYIIHOCTb MI'HOBCHHBIX 3HAYCHUM

TEMIIEpaTyp BO BCEX TOYKaX pacCMaTPUBAEMOI0 IpOCTpaHCTBa (oObeMa Tena).
CorylacHo BTOpPOMY 3aKOHY TEPMOJAWHAMHUKH, CaMOIPOU3BOJIBHBIA IPOIECC
mepeHoca TEIUIOTHI B TMPOCTPAHCTBE BO3HHUKAET TMOJ JCHCTBHEM pPa3HOCTH
TEeMIIEpaTyp 1 HaIlpaBJICH B CTOPOHY YMEHBIIIEHUS TEMIIEPATYPHI.

3aKOHOMEPHOCTH TIEPEHOCa TEIUIOTHI M KOJMYECTBEHHBIC XapaKTEPUCTUKH
ATOTO IPOIIECCa U SBIISIIOTCS NpeoMenmom UCCIe008aHUs TETIIIOOOMEHa.

OCHOBHOU 3a0aueli menioobmena SIBISETCS HAXO0XKIEHHUE IIOJIEH TeMIIe-

patyp (pacmpeneneHue TemmepaTypbl B TMPOCTPAHCTBE) M COOTBETCTBYIOIIMX
IJIOTHOCTEN TEIUIOBBIX IMOTOKOB MEPEAAYM TEIJIOThl OT OJHOW TOYKU K JPYrou

9TOro IMpoCTpaHCTBA.



Paznea II. OcHOBBI TEOpUH TENMJI000MEHA

1 OcHOBHbIE IOHATHS TEOPUH Telm1000MeHa. TenIonpoBoOIHOCTH
1.1 OcHoBHbIe onipenesieHusi. Buabl Tenaood0MeHna

[Ipy HamuuuM pa3HOCTH TeMIepaTyp B TeJI€ WIA INPU CONPUKOCHOBEHUU
HECKOJIbKMX TeJ, HMEIOIIMX pa3M4YHyl0 TeMIIepaTrypy, MNPOUCXOAUT OOMEH
KUHETUYECKOW DSHEpPrued MexAy [BWKYUIUMHUCS CTPYKTYPHBIMH YacTULAMHU
(MOJeKyJaMu, aToMaMHu, CBOOOJHBIMH  DJIGKTPOHAMHM), BCJIEICTBHE YEro
UHTCHCUBHOCTh  JBIDKCHHS  YacTHIl Telda C  MEHBbIIeH TeMiepaTypoun
YBEJIIMYUBAETCS, a C Oonblied - yMmeHbluaeTcs. Takol sHEpreTHueckuit oOMeH
HA3bIBACTCA TENMJIOOOMEHOM, WIM Teluionepenaveil. B pesynbrare ogHO U3
COIPHUKACAIOLINXCA TEJl HarpeBaeTcs, a Apyroe - oxjaxnaaercs. [Ipu aTom termiora
HEPEXOUT OT TOUYEK ¢ Oosee BHICOKOW K TOUKaM ¢ 0ojiee HU3KOM TeMIepaTypoH,
€CJIM MPOLECcC MPOTEeKaeT B oHOM Tene. IIpu TermnoodmeHe Mexay pa3iuyHbIMU
TEJIaMH 3TO MOJOXKEHHE TAKXKE COXpaHseTCs, T.€. TEIUIOTa MEPEXOAUT OT Oosee
HarpeThiXx TEX K MEHee HarpeTbiM. TakuM o00pa3oM, KOHEYHBIA pe3ylibTarT
TEIJI000MEHA 3aKJII0YaeTCs B BBIPABHUBAHWUU TEMIIEPATYyp, MOCJIE YEro Ipolecce
IPEKpPaIaeTCsl.

[lonsiTre «TemI000MEH» OXBAaTHIBAET COBOKYIMHOCTh BCEX SIBIICHUH, TpU
KOTOPBIX HMMEET MECTO Iepejrada TEeIIOThl U3 OJAHOM 4YacTh NPOCTPAHCTBA B
JIpYTyl0 B TBEpABIX TellaX, a TaKKe B KUAKUX M Traz000pasHbIX cpenax. ITH
IpoLEecChl MO CBOEW (PU3MKO-MEXaHMYECKON NpPHUpOJE BEChbMa MHOTOOOpa3HBI,
OTJMYAOTCA OOJIBLIIONW CJOXKHOCTBIO M OOBIYHO MPOTEKAIOT B BUJE LEJIOT0
KOMIUIEKCa Pa3sHOPOAHBIX siBIeHUU. [ ymoOCTBa MPUHATO NEIUTH TMEPEHOC

TCIIJIOTHI HA HpOCTGfIIHHC BUBI:

. TennonpoBOHOCTh (KOHAYKITUS);
. KOHBEKIIHS,
. u3aydeHue (paauarus).

TemonpoBoAHOCTh (KOHAYKIMS) XapaKTEPU3YETCS TE€M, UTO €€ JICHCTBUE
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CBS3aHO C HAJIMYMEM BEUIECTBEHHOH Cpebl U TEMIOOOMEH MOXKET MPOUCXOAMTh
TOJIBKO MEXJYy TaKMMU 4YacTUIaMH Tela (MOJIEKyJaMH W aTOMaMHu), KOTOpbIE
HAXOJATCA B HEMOCPEJICTBEHHOW OiM30cTU apyr ot apyra. [lpu stom camu
yacTHIlbl He nepeMentatorcs. [Ipoiecc nepegadu TEIIOTHI MenI0npo8oOHOCHbIO
MPOUCXOJUT TPU HEMOCPEJCTBEHHOM KOHTAKTE€ TEJA WM YacTUIAMU Tel C
pa3IMYHBIMU TEMIIepaTypaMyd M TIPENCTaBIsA€T COO00M MOJEKYJSPHBIN Mpoliecc
nepegayu TerioThl. [lpu HarpeBaHuu Teila, KUHETUYECKAs] SHEPTUSl €r0 MOJICKYJ
BO3pACTaeT W YaCTHIIBI 00JIee HArpeTOW YacTH Tejla, CTAIKHBASCh C COCETHUMU
MOJIEKYJIaMU, COOOIIAIOT MM YacTh CBOEW KMHETHMYECKOW sHepruu. B TBepabix
TeJlax TEIIoTa MepeIaeTcs TOJIbKO TEMIOMPOBOIHOCTHIO.

KonBexkumnst HaOmrogaeTcss Toraa, Korja MaTepuaibHbIE YacCTHUIlbI KaKOW-
HUOYAb Cpeabl U3MEHSIOT CBOE MOJIOKEHUE B MPOCTPAHCTBE U MPHU ITOM MEPEIAt0T
TEIUIOTY OT 0o0Jiee HarpeThix 00BEMOB K MEHEe HarpeTbiM. To ecTh, KoHBeKkyus -
3TO TMEPEHOC TEIUIOThl MPU MNEPEMENIEHUM M MEPEMEIINBAHUUA BCEU MAaCChl
HEPAaBHOMEPHO HArpeThIX >XKUJAKOCTH WM Ta3a. [lpu 3TOM, mepeHOC TEemIoThl
3aBUCHUT OT CKOPOCTH JBUKEHHUS KUJKOCTH WM rasa MpsiMO MPOMOPIIMOHATIBHO.

DTO SIBJICHUE UMEET MECTO B KUJKOCTSIX U Tra3ax U BCErJa COMPOBOKIACTCS
TEIUIONPOBOJAHOCTHIO, T.€. MEpeladeil TErIoThl OT OJHOM YacTHUIbl K COCEIHEH,
€CJIM TOJIBKO BO BCEHMl TEKyIlIed Macce HET IOJHOTO PAaBEHCTBA TEMIEpPATYP.
PaccmaTtpuBasi 06;1acTH, pacmnoio)KeHHbIE BHYTPU MOTOKA, 00€ Gopmbl mepeHoca
TEIJIOTHI MOHO OXapaKTEPU30BaTh OJHUM IOHSTHEM - MEnJIOnpPOBOOHOCHb 8
O0BUNCYUUXCS CPEOax.

OIHOBPEMEHHBIN MEPEHOC TEIUIOTHl KOHBEKIMEW M TEIUIONPOBOIHOCTHIO
HA3BIBACTCSI KOHBEKMUBHBIM MeNni000MeHOM.

Ecnu yuecTts, KpoMe 3TOT0, BIAUSHUE OTPAHUYUBAIONIMX TBEPIBIX CTEHOK MPHU
TEUEHUM >KUJKOCTHM WJIM Ta3za, TO OyaeM HaOmonath Oosiee oOumi ciyyai
TEMI000MeHa MEXKy CTCHKAMU U JIBIKYIIIECHUCS KUIKOCThIO, KOTOPBIN Ha3bIBaeTCA
KOHBEKMUBHOU menioomoayeti Ui IPOCTO menioomoayetl.
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Temioo0Men wu3ayuyeHueMm (paamanmen) XapakTEpU3yeTCs OTCYTCTBHEM
KOHTaKTa MEXIy TejlamMu, OOMEHHMBAIONMMUCS TerutoTon. [Iporecc mepemaun
TEIUIOThl BHYTPEHHEN SHEPIUU TENa MPOUCXOIUT B BUAE AIEKTPOMATHUTHBIX BOJIH.
DTOT mpouecc MPOUCXOAWT B TPU CTAIWU: NPEBPALICHUE YacTH BHYTPEHHEHN
HHEPIrUU OJTHOTO M3 TEJl B SHEPIHIO 3JEKTPOMArHUTHBIX BOJH, PACIPOCTPAaHEHUE
3/M BOJH B MPOCTPAHCTBE, IMOIJIONICHUE SHEPIHUU H3IYUYEHUS IPYTHUM TEJIOM.
[IpumepoM MOXKET CiIyXUTh mepefadya Temiotel oT ConHua K 3emie yepes
KOCMHUYECKOE MPOCTPAHCTBO. TEmnoBoe H3IyYyeHUE BO3HUKAET y IMOBEPXHOCTHU
ConHua WM BHYTPU B PE3YJbTATE€ CIIOKHBIX MOJIEKYJISAPHBIX M aTOMHBIX
BO3MylIeHUH. [Ipu 3TOM HEKOTOpast YacTh BHYTPEHHEW 3HEPruu npeodpasyercs B
3JIEKTPOMATrHUTHBIE BOJIHBI (WM B JIPYIOM IpPEJICTaBICHUH B (DOTOHBI - KBAHTHI
DHEPrUM) U y’Ke B TaKoW (popme nepenaercs yepe3 NpoCTPaHCTBO K 3eMIIe.

CoBMECTHBI TEMIOOOMEH H3JIyYEHHEM W TEIUIONPOBOJHOCTHIO HA3bIBAIOT
PaouayUOHHO- KOHOYKMUBHbIM TETIIOOOMEHOM.

COBOKYITHOCTh BCEX TpE€X BHUAOB TEIMIOOOMEHA HA3bIBAETCA CHIONCHLIM
PaAoUAYUOHHO-KOHBEKMUBHBIM Menio00MeHOM.

[Ipoueccel TemiooOMeHa MOTYT MPOMCXOJIUT B Pa3IMYHBIX Cpefax: YHMCTBIX
BEILECTBAX M Pa3HbIX CMECSAX, NMPU U3MEHEHUH M 0€3 M3MEHEHUs arperaTHoro
COCTOSIHUS paboumx cpef U T.1. B 3aBUCMMOCTH OT 3TOrO TEMI00OMEH MPOTEKAET
10 Pa3HOMY U OIHCHIBACTCS PA3IMYHBIMU YPABHEHUSMH.

[Iponecc mepeHoca TEIUTOTBI MOJKET COINPOBOXKIATHCS NMEPEHOCOM BELIECTBA
(maccoobmen). HanpuMep ucriapeHure BOjAbl B BO3/yX, JBH)KEHUE KUAKOCTEH WIH
ra3zoB B TpyOonpoBogax u T.4. Torxaa mnpoiecc Termioo0MeHa yCIOKHAETCS, TaK KaK
TEIJI0TA JOTOJHUTEIBHO IMEPEHOCUTCS C MACCOW JBHIKYILIETOCS BELIECTBA.

Bce »tm pasnuunbie QopmMbl TepeHoca TEIUIOTHI He 000cobieHsl. B
OOJBIIMHCTBE CIIy4aeB OJUH BHUJ TEIJIOOOMEHA COIMYTCTBYET JpYromy, H
pa3fenuTh UX MEXAY cO00W BechbMa TPYAHO. B mpakTuiyeckux pacderax CIOKHBIC
COUETaHUS PA3IMYHBIX BUJOB PACUJICHSIOT, U BECh MPOLIECC CBOJAST K KAKOMY-TH00
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onHomy. Ilpu »5TOM, eciM BO3MOXHO, YKa3bIBalOT YCJOBHS, KOTJa OJUH
BBIJICJICHHBIN BUJl TEMJI0OOMEHa CYIIECTBEHHO JAOMHHUPYET HaJ OCTaJbHBIMH.
[IpakTuuecku Bce MPOLECCHI, paccMaTpUBaeMble B TEOPUU TEIUIOOOMEHA,
MPOTEKAIOT MPU B3aUMOJEHCTBUU TBEPABIX TN C KUJIKUMH WIH Ta3000pa3HbIMU
cpelaMH, pa3Mepbl KOTOPBIX MHOIO OOJbIIE Pa3MEPOB COCTABIIOMIMX HX
CTPYKTYpHBIX 4yacTull. [loaToMy Takue CTaTUCTHYECKHE TOHSTHS, Kak
TeMIlepaTypa, JaBJICHUE, TNIOTHOCTh, TETNIOEMKOCTh, BA3KOCTh U Jp., MOTYT OBITh
MPUNUCAHBI JaXKe TaKUM MaJIbIM JJIEMEHTaM CHCTEMBI, KOTOpbIE C (U3HKO-
MaTEeMaTUYECKOM TOYKH 3PEHMSI MOTYT pacCMaTpHUBaThCA Kak AuddepeHIuaisl ee

o0BeMa.

1.2 TemmnepaTypHoe noJje. YpaBHeHHE TENJIONPOBOIHOCTH.

TemnepamypHvim noiem HA3bIBAIOT COBOKYITHOCTh 3HAYEHUM TEMIIEPATYyphl
BO BCEX TOYKAaX PacCMaTPUBAEMOT0 00beMa B Kaxblii (PMKCHPOBAHHBII MOMEHT
BpeMeHHU. TemmepaType, XapakTepU3YIOIIeH CTeNeHb HAarpeToCTH 00O TOYKHU
TeJa, HEeNb3sl MPUIIUCATh KaKoe-IUOO HAMpaBlICHUE W TI0ITOMY OHa SIBISETCS
CKaJISIpHOM BEIMYMHOW. byaeM paccmarpuBaTh TOJIBKO  OJHOPOAHBIE U
U30mMponHvle Tena, T.6. TaKUe Teja, KOTOopble O00JagaroT OJAMHAKOBBIMHU
(bu3MYecKUMHU CBOMCTBAMH IO BCEM HarpaBlieHUsIM. MaTtemMaTruueckoe BhIpasKeHUe
pacrpeneneHuss TEMIEPATypbl B TeElEe COAEPKUT B KA4ECTBE HE3aBHCUMBIX
MEPEMEHHBIX MTPOCTPAHCTBEHHBIE KOOPAUHATHI U BPEMSI:
T=1(X,Yy,z1), (1.1)
rae: T - temneparypa Tena;
X, Y, Z - KOOpJINHATHI TOUKH;
T - BpeMSI.
B o0mem Takoe TemmeparypHOe II0Jie Ha3bIBACTCA HECMAayuoHApHbIM
0T/6t # 0, T.e. COOTBETCTBYET HCYCTAHOBHBIIEMYCS TEIUIOBOMY PEKUMY

TCINIOIIPOBOAHOCTH.



Eciu temneparypa Ttena sBisercss (yHKUHUEW TOJBKO KOOPAMHAT M HE
U3MEHsETCS ¢ TeueHrneM BpeMeHu 01/0t = 0, To TemmepaTypHOE I0JIe Ha3bIBaeTCs
CMAYUOHAPHBIM:

T=1(x,y, 2), (1.2)

YpaBHEeHUE ABYXMEPHOTO TEMIIEPATYPHOTO TOJISL:

JUTSI HECTAIIMOHAPHOTO PEKMMA:

T=1f(x,y,1); 08T/6z=0; dT/6t#0

JUISL CTALIMOHAPHOT'O peXKUMa:

T=1xvy,1); 0T/6z=0; T/6t=0

VYpaBHEHHE OTHOMEPHOTO TEMIEPATYPHOTO TOJS:

JUISl HECTAlIMOHAPHOTO PEXKUMa:

T=1(x,7); 0T/6z=0; &T/dy=0; O6T/6t#0
JUTSL CTALIMOHAPHOTO peKUMa:
T=1f(x,t); 0T/6z=0; O&T/oy=0; oT/6t=0

Hzomepmuueckoii. no8epxHOCMbl0 HA3bIBAETCS IOBEPXHOCTh Tela C
OJIMHAKOBBIMU TEMIIEPATYpOil. DTa MOBEPXHOCTh XaPAKTEPHUIYETCS 2paodueHmom
memnepamypol. PaccmorpuM aBe wuzorepmuueckue mnosepxHocTH (Puc.1.1) ¢

temrepatypamu T u T + AT.

Pucynok 1.1 - 3oTepmuueckasi HOBEPXHOCTh

1] padueHmOM memnepanmypsl HA3bIBAIOT IPCACTI OTHOIICHUSA H3MCHCHUA
temneparypbl AT Kk paccTosHHMIO MEXIy H30TEpMaMu IO HOpMainu AN, korzaa
CTPCMUTCH K HYJIHO:

grad T = |grad T| = lim(AT/ An) s, o= 0T/dn (1.3)
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TemmneparypHblil TpaUEHT - 3TO BEKTOpP, HANPABICHHOW MO HOPMAJIA K
U30TEPMUYECKON  IMOBEPXHOCTM B CTOPOHY BO3pacTaHUs TeEMIEpaTypel U

YHCJIEHHO PABHBIN ITPOMU3BOJIHOM TEMIIEpaTyphl T MO0 HOpMaJIH:
grad T =06T/on * n,
rae. Ny - EAMHUYHBINA BEKTOP.
KonuuecTBo TEmIoTH, MPOXOsIlee yepe3 H30TePMUUECKYIO ITOBEPXHOCTH F

B €/IMHUILY BPEMEHU Ha3bIBACTCsl menoguim nomokom - Q, [Br=Jlx/c].

TernoBoil MOTOK, MPOXOAAIIMM Yepe3 €AMHMIYY IUIOIIAJd HA3bIBAKOT
— 2
nrommuocmvio mennosozo nomoxa - ¢ = Q / F, [Br/m?]

JIns TBEpIOTO Tella YpaBHEHUE TEILUIONPOBOJHOCTH MOMYUHSETCS 3AKOH)
buo-Dypue:

Tennosoii nomok, nepedasaemvlii. Menjionpo8OOHOCMbIO, NPONOPYUOHAIEH
epaouenmy memnepamypsl U NIowWaou ceyeHus, nepneHoOUKYIsApHO20 HanpasieHuio

menjioeoco NnomokKda.

Q=-) F 8T/én ,

NI

q=- AnNgoT/on=- Agrad T, (1.4)
rae ( - BEKTOp IUIOTHOCTH TEIUIOBOTO MOTOKA;
A - ko3 durmeHT Termonpooanoctu, [Bt/(m K)].

3HaK MHUHYC O3HA4YaeT MPOTHBOMOJOXKHYIO HAIMpPaBICHHOCTh TETIOBOTO
MOTOKA ¥ TPAJIMCHTA TEMITEPaTyPHI.

Kosppuyuenm mennonposoonocmu siBRsieTcss (PU3NUECKUM TapamMeTpOM
BEII[ECTBA, XapaKTEPU3YIOIIUM CIIOCOOHOCTH Te€ja MPOBOIUT TEIUIOTY. OH 3aBUCUT
OT poJia BEIIECTBA, JAABJICHUS M TeMIepaTypbl. Takke Ha €r0 BEIWMYHUHY BIUSET
BIQXHOCTh  BemiectBa.  Jljss  OoJBIIMHCTBA  BEmECTB  KOd(PuUImeHT
TEIJIOMPOBOHOCTH ONPEACIISIOTCS OMBITHBIM IyTEM M JJISI TEXHUYECKUX PacueTOB
OepyT U3 CIPaBOYHOM JIUTEPATYPHI.

UYucnennpie 3HaYeHHUS] KOA(DPUITMEHTA TEIMJIONMPOBOIHOCTH W 3aBUCUMOCTD



OT TeMIepaTyphl JUII HEKOTOPBIX BEIIECTB U MaTEpUaJIOB CIeAyIOIas:
raspl. 0,005-0,5 Br/mK) — A yBenm4muBaeTcs ¢ poctom T
xunkoctu: 0,1 -1,0 Br/(mMmK) — A yMeHbIaetTcs ¢ poctom T
(MCKJTFOUEeHHUE BOJIA U TJIUIICPUH)

CTPOUTEIILHBIC U TEIUIOM30JIAIMOHHBIC MaTepralbl (Terion3ousaims A<0,2):

0,02-3,0Br/(MK) — A yBemuuuBaercs ¢ poctom T
METaJLIbL: 10-430 Bt/ (MK) — A ymensmaercs ¢ poctoMm T
(MCKJIIOUEHNE ATIOMUHHN U CIUIaBhI)
JuddepennnanbHoe ypaBHEHHE TEIUIOMPOBOIHOCTH JJISI  TPEXMEPHOTO
HECTAIIMOHAPHOTO TEMIIEPaTYpHOrO TOJS TPU H3MEHEHHH TEIUIOTHI B 00BEMe

IIPOCTPAaHCTBA UMCCT CJ'ICI[YIOH_[I/Iﬁ BU.

dQ = 0Q, +0Qy +9Q, =4 (23 +

y‘lI/ITBIBaSI, 4TO IIpU HarpCBaHHUU (OXJIEDKI[GHI/II/I) BCIICCTBA H€O6XOIII/IMOC

62
dy?

62T
+23) dvdr

KOJINYECTBO TCIIJIOTHI paBHOZ
dQ=cpdVdT
nMEECM

62 62
0x% = 0y? 622

cpdVdT—x( ;) dvdr

+

dT _ A (0°T 0%T | 9°T 15
dr 0x2 = dy? = 0z2 (1.5)

dt a
Torna, nuggepenyuanvhoe  ypasuenue — mMenionpo8oOHOCMU IS

TPEXMEPHOTO HECTAIIMOHAPHOTO TeMIlepaTypHoro mnojs (ypaBHeHue buo-dypbe)

IMPpHUMCT BUJ

= =avT (1.6)

rie a = M(cp) - koagppuyuenm memnepamyponpoeodnocmu [M%/c],
XapaKTEPU3YEeT CKOPOCTh U3MECHECHHS TEMIICPATYPHI.
V - omneparop Jlamiaca.
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ypaBHeHI/IC NMCCT MHOXKCCTBO pemeHm?I. J_—[J'IS[ KOHKPCTHU3allu1 PCHICHUA

3aJ1al0TCs KpaeBble YCI0BUSA (YCIOBUS OJTHOBHAYHOCTH).

KpaeBble ycnoBus:

-FCOMeTpI/IIIGCKI/IG: IIOCKAsA CTCHKA, MUJIIMHAPHUYCCKAA U T.A., PaA3MCPLI.

-®Ousnueckue: matepuai, A = f(T), p = f(T), ¢ = f(T).

-Hauanensie: Ty, = f(X, Y, z, 1o).

-I'panununsble: 1-ro poxa — pacnpeneneHyre TeMIepaTypsl 0 MOBEPXHOCTH

TWH = f(Xl'I! yrn Zl'n T)!

2-T0 poaa — pacnpcaciiCHUC IJIOTHOCTH TCIINIOBOT'O ITOTOKA I10

noBepxHoct Oy = F(Xy, Vi, Zn, T),

2-TO poda — MHTCHCHUBHOCTD TEeII000MeHa ¢ Oprxca}omeﬁ

cpenoun

Tf , o= f(Xru yru Zy, T)-

0. — K03 PHUIMEHT TEIUIOOTIAa4H; HHICKCHI: W — TBepjoe Teno, f- cpena.

1.3 TenjionpoBOAHOCTH Yepe3 MIOCKYIO CTEHKY.

tJL

Pucynok 1.2 - Cxema nepenaun
TEIUIOTHI 4epe3 OJHOPOJHYIO,

U30TPOIHYIO IUIOCKYIO CTEHKY

Paccmotrpum mpocrenmui - ciydai,
peraemMblii  TEOpuel  TermIooOMeHa,
3aKIIOYAIONIMHCA B ONPENEIICHUU
IJIOTHOCTH TEIIOBOTO MOTOKA,
IepeaBacMoro B CTallMOHAPHOM
pexuMe yepes IJIOCKYIO,
0 Ty0EeCKOHEUHYO, OJTHOPOJHYIO,
U30TPOMHYI0 CTEHKY TOJIIMHOW J C
MTOCTOSTHHBIM KodhpurmeHTOM
TETJIONMPOBOAHOCTH A. Ha moBepxHOCTIX

CTCHKH IIOAACPIKNBAIOTCA IMOCTOAHHBIC

TeMrnepaTypsl t,, U (TpaHUYHbBIE YCJIOBUS MIEPBOro poja). BHyTpeHHUE HCTOYHUKU

TCINIOTBI OTCYTCTBYIOT.
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HpI/I IIPUHATBIX YCJIOBHUAX TEMIICpaTypa HM3MCHACTCA TOJIBKO IO TOJIIIHWHE
INIaCTUHBI, T. €. B HAIIPaBJICHHUU, ICPIICHAUKYJIIPHOM IINIOCKOCTHU CTCHKH (pI/IC

1.2). VYpaBHEHHUE TEIIONPOBOJHOCTH IS CTALIMOHAPHOTO CIIydas UMEET BHI:
dt
=-A—; wm dt= — 1 dx
dx A

[locne wHTErpMpPOBaHUs NOJYYUM YPAaBHEHUE HW3MEHEHMS TEMIIEPATYphl IO

TOJIIHNHC CTCHKM:

— _4 .
t = Ax+g

To ecTh, U3BMEHEHUE TEMIIEPATYPhI B CTEHKE JTUHEHHO ymeHbaercs (Puc.1.2).
VuurteiBas rpaaudnbie yenosus: npu X =0; t =1, u C =1ty mpux=90; =1,

q ; q .
tw2=_X8+tw1’ twl_thzx&

[110THOCTB TEIJIOBOrO MOTOKA qcpe3 OHHOCHOﬁHYIO CTCHKY paBHa

tw1—t tw1—t
— wil w?2 — wil WZ; (17)

8§/ R

rme R =8/ - TepMudeckoe conporuienne, M-K/BT.

1.4 TenaonpoBOAHOCTHL MHOTOCJIOIHOI MJIOCKOH CTEHKHU

PaccMoTpum nipeapiayiyro 3agady ¢ Tou
JIVILIb pa3HULEH, 4TO CTEHKa
MHOT'OCJIOMHAs, COCTOSIAsl W3 n CIJOEB.
[IpuMem, UYTO KOHTAaKT MEXKAY CIOSMHU
UJeaabHbIN 151 TeMIeparypa Ha

COIMPHUKACAOIINXCA IMOBCPXHOCTAX

JIBYX cioeB oauHakoBa (puc. 1.3). Jlns

CTAalMOHAPHOI'O ciy4dasd IIJIIOTHOCTD

PI/ICYHOK 1.3 - Cxema epeAatin TCIIJIOBOI'O IIOTOKA, IICpcaaBacMas 4YCpcC3

TCILIOTLL HCpe3  MHOTOCTOUHYIO  yasenpnit cnoit, OyaeT ommHakoBa.  Ilpw

IUIOCKYHO CTCHKY 3a/IaHHBIX TEMIIEPATYpax Ha BHEIIHUX

12



MOBEPXHOCTAX, pa3Mepax CJI0eB W  COOTBETCTBYIOIIMX KO3 (ULIHEHTaX
TEIUIONPOBOJAHOCTH AHAJIOTMYHO MPEbIAYIIEMY CIIy4al0 MOXHO  COCTaBUTH

CUCTEMY YpaBHEHUM:

A o
q =_‘l—(tw1 ~tw2) twi —tw2 =q_1
34 A
A b
q=—”2"(tw2 ~tw3) +] tw2 —tws = CI“‘"Z*
62 Az
A &
q= —3(tw3 "tw4) tw3 '"tw4 = q‘_3
53 13
34 03 63
twi—tws =al—+=+—).
wl w4 q(7L1 As s

[110THOCTH TEMIOBOrO MOTOKA YEPE3 MHOTOCIOMHYIO CTEHKY paBHA

twi—tws — twl_tw4_ (1 8)
81/A1+82/A2+83/A3 R 7 '

q:

rme R=8;/A1 + 8,/A; + 85/A3 - Tepmudeckoe comporuBieHue, M K/BT.

JI1s1 N c1oeB B MHOTOCIIOMHOM CTEHKE CIIPABEIJIMBO BBIPAKECHUE:

tw1- tw(n +1)

n
2 (5i/A;)
i=1

3

1.5 TenJonmpoBOAHOCTH Yepe3 HUIHHIAPUIECKYI0 CTEHKY
Bo MHOrux, mpakTU4eCKH 3HAYUMBIX CIIyYasX TEIJIOHOCUTEIU ABUXKYTCS I10
TpyOaM u TpedyeTcsl pacCUnTaTh TEIJIOBOM MOTOK Yepe3 HMIMHIPUUECKYIO CTEHKY

TpyOBI U pacipe/iesieHue TeMIlepaTypbl B HEMl.
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7

o~ A 1\.
-

Pucynok 1.3 — Cxema

PaccMoTpuM  3amauy,  aHaIOTUYHYIO
TETJIOMPOBOAHOCTH TIJIOCKOM CTEHKH, TOJBKO
JUI [IWJIMHIPA ¢ BHYTPEHHUM AuaMeTpoM d; u
HapyxHbIM d; (puc. 1.4). Hunuaap OeckoHeUeH
mo ocu Z u cummerpuueH. OcTalbHbBIE
YCIIOBUS UICHTUYIHBI.

YpaBHeHHe TEIJIOMPOBOAHOCTH TUTST
CTaIlAOHAPHOTO  Cllydas B  OTCYTCTBUU

BHYTPCHHHX HCTOYHHUKOB TCIIJIOTHI B

HI/IJ'II/IHI[pI/I‘IeCKI/Ix KOOpI[I/IHaTaX, MOKHO
nepenaqn TCILJIOTHI qepe3
3alIucaThb.
LUIAHAPUYECKYIO CTEHKY
dt dr
Q=-A2nir—; dt=- Q —
dr 2n/h r

NHTterpupys ypaBHEHHE, MMOTYYHUM:

Fa- 1.0

21N

tW1 I

r
dr. Q 2,

- twy T wy T2 ry

[TonydyeHHOE BBIpAKEHHE ITOKA3BIBAET, YTO PACHPENEIICHUE TEMIIEpaTyphl

M0 PaguyCy CTEHKH TOMUYUHACTCA JIOTapu(MHUECKOMY 3aKOHY. Y BHYTpEHHEH

MOBEPXHOCTH, TJ€ KPUBHM3HA CTEHKH OOJbIIEe, TeMmIepaTypa MEHsieTcs OoJiee

3HAYUTEJIBHO MO CPABHEHUIO C HAPYKHOM.

B Cl1y4dac HHJ’IHHI[pPI‘-IGCKOfI CTCHKH IINIOTHOCTDH TCIIJIOBOI'O ITIOTOKA MCHACTCA

1o paguycy. BennunHa TemioBoro noToka onpeaensercs no Gopmyse:

_ 2nlfty, —tw, ) Q- 2néfty, ~ty, )

1

—Inld, fd
ln(z 1)

1 T

R

rae R = 1/ In(d,/d,) - Tepmudeckoe conporusnenue, M°K/BT.
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1.6 Tem1IonpoBOJHOCTH Yepe3 MHOTOCIOMHYI0 IIWINHAPUIECKYIO CTEHKY

B cityyae MHOTOCIIONHON UIUHIPUYECKON CTEHKHU (puc.1.4) MIOTHOCTH

TCIIJIOBOI'O ITOTOKA OIIPCACIIACTCA 110 q)OpMy.]IaM:

Pucynok 1.4 — Cxema mnepenaun e =

TCIINIOTHI qcpe3 MHOI‘OCJ’IOﬁHYI'O

MUINHAPHUYCCKYIO CTCHKY

M3meHeHne TeMiieparypbl MEKIY I'PAHULIAMHU COCEIHUX CIIOEB ONPEAEIUTHCS
U3 BBIPAKECHUI:

Q 1,d3
L tay, —tw, =——In—
ik R’ "2 ™3 2, dp

Q1 d
Wa = In-4
4 2mi Az dj

tw3 -

N3meHeHne TeMriepatypbl MEXAY TPAaHULIAMH HAPYKHETO M BHYTPEHHETO

CJIOEB OIIPEALIICTCA U3 BBIPAXKCHUS.

tw, -t Q[1Ind2+1ld3+1ld4]'

=—] — n n ;
Wa 2mslAq dy Ay dy Az dj

BennunHa TEniaoBOro IMOTOKa 4e€pe3 MHOTOCIOMHBIN LUJIUHAP OMPENCIISIETCS
15



BBIPA)KCHUEM:

. 2ni(ty, —tw,) _ 2nf{ty, —tw,)
-—14 d2 +—1—I d3 +—1~I d4 R |
Ay dy Az dy A3 dy

JJ1 N ¢II0€B TETMII0BOM MOTOK PaBEH:

%lln(d'ﬂ)
i=17“i d;

= 2n( %)

2
rue: - TepMHUYecKoe cornporuBienue, M K/BT.

1.7 TemyionNpoOBOAHOCTH Yepe3 IAPOBYIO CTEHKY

TerioBoi NOTOK gcpe3 MapoBYIO CTCHKY OIIPCACIIACTCA U3 BI:IpEDKGHHﬁ:

ti dt dt
9, Q = -AA— = -A4mr?

tw, dr dr’

b e Q9 Py @ Tfar

4x) 2 » 4nA ry r2 '
Ry 0 4Am| o (n
Pucynok 15 - Cxema Q-= 4“’“[':\'&'1 Wz) 2nl(tw1 - WzJ
nepefadyd  TEIUIOTHI  Yepes (1 _ _1} _1_ - i
IIAPOBYIO CTEHKY r r dy dp

16



2 OCHOBHBbIC MOHATHA KOHBeKTHBHOI'0 TEILJIOOOMEHA

2.1OcHOBHBIE IOHSITHS U ONIPeaeIeHUsI.

[Ton xOHBEKIMEW TEIUIOTHI MOHUMAIOT MEPEHOC TEIUIOTHI MPU MaKpPOCKO-
MMYECKOM MEePEMEIEHNN YaCTHUIl )KUJIKOCTU WM Ta3a B MPOCTPAHCTBE U3 00JaCTH
C OAHOW TemmepaTypoil B obsacth ¢ apyroil. KoHBekiusi BO3MOXKHa TOJBKO B
TeKydeH cpele, TaKk Kak MEpPEeHOC TEIUIOThl HEPa3pbIBHO CBA3aH C IMEPEHOCOM
camoil cpenbl. [Ipy »TOM NEpeHOC TEMJIOTHl OCYIIECTBISIETCS OJHOBPEMEHHO
KOHBEKIIMEN U TEIIOMPOBOJHOCTHIO. J[0 3ByKOBBIX CKOPOCTEM ra3 MOKHO CUUTATh
HEC)KUMAEMOM JKUIKOCThIO. [loaTOMy Bce 3akOHBI JUIsi ra3a U SKUAKOCTH
OJIMHAKOBBI.

KonuuecTBeHHON XapaKTEpUCTUKON TMepeHOca TEIUIOThl MPU KOHBEHIUU
CIIYXKUT NOBEPXHOCMHAS NIOMHOCMb KOHBEKMUBHO20 MeNnio8o20 NOMOKA
[[x/(M%c)], KOTOpas OIpemessercss MepeHOCOM MACChl JKHIKOCTH (MacCOBOIX
CKOPOCTBIO) pW, [Kr/(M°C)] B €IMHHMIly BpPEMEHH Hepe3 CIMHHMIYy KOHTPOIBHOI
MOBEPXHOCTH HOPMAJIBHO K HEH, Irae W — CKOpPOCTb NEPEMELICHUs, p —

IJIOTHOCTH cpeibl. OMHOBPEMEHHO C Maccou epeHoCUTCs dHTanbnud / [JIx/Kr].

Oon =P W /2 (2.1)

OOGBIYHO KOHBEKTHBHBIN TEIJIOOOMEH OCYIIECTBIISIETCS MEXAY KUIKOCTHIO
U TOBEPXHOCTHIO TBEPAOrO TeEa, 3TOT IMPOIECC HA3bIBACTCA Men100moayell.
[loBepxHOCTh Te€Ma, dYepe3 KOTOPYK MEPEHOCHUTCS TEIUIOTa, HAa3bIBAETCS

IMOBCPXHOCTBIO TCHHOO6MCH&, 501041 menﬂoomdaiow;eﬁ noeePXHOCmMbio.
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Ha puc. 2.1 npuBenena cxema
nepenayn TETTOTHI npu
KOHBEKTUBHOM TEIJIOOOMEHE CTEHKH
U OKpyxarwuen cpeasl. [Ipu sTom
TEMIIEpaTypa CpeIbl COOTBETCTBYET
t, a TemmepaTypa NOBEPXHOCTH

cteHkd t,. CKOpOCTh MepeBHKEHHUS

Cpeabl BIOJIb CTEHKHU W.
Pucynok 2.1 — Cxema nepeiaun TEIUIOTHI

HpI/I pacucTax TCINIOOTAa4YH UCIIOJIB3YIOT 3aKOH Hrrotona — Puxmana

Q=oa(t—ty) F=a AtF (2.2)
N AJjis HOBerHOCTHOI)'I IJIOTHOCTH TCIIJIOBOI'O ITOTOKA
q = a (tr—tw) (2.3)

rie: o - koaddumuent terooraaun, [Br/m?K]
tr u t,, — TemmepaTypa cpelibl 1 TOBEPXHOCTH TBEPAOTO TENA,
F — mmomnaas MOBEpXHOCTH TBEPAOTO TeJa.

KoHBEKTHBHBIN TEIJIOBOM MOTOK PAaBEH TEIJIOBOMY ITOTOKY, IEPEAABAEMOMY
yepe3 MOTrpaHUYHBIN CJI0M TEeIMJIOMPOBOJHOCTHIO. B MOrpaHU4YHOM Cj0€ TerioTa
nepenaeTcs TeIIONPOBOAHOCTBIO, 34 €r0 MpeIeiaMi — KOHBEKIIMEN KakK IMOMepeK,
TaK ¥ BJI0JIb IOTOKA.

Kosgppuyuenm mennoomoauu - 3T0 KOJIWYECTBO TEIUIOTHI, MEepeaaBaeMoe
OT Cpelbl TBEPAOMY Teily (WJIM OT TBEPAOTO Tella CPEAE) B €AMHUILY BPEMEHU C
CAUHULIBI TUIONIAJM TOBEPXHOCTH MPHU TEMIIEpaTypHOM Hamope (pa3HOCTH
temrepatyp t; u t, ) B O1MH KEJIbBUH.

KoaddurumenT temnooriaum yauThIBa€T KOHKPETHBIE YCIOBHS TETUIOOOMEHA
Ha TpaHUIlE CTEHKa — OKpyXawmas cpena (KUIKOCTb), BIUSAIONIME Ha

HHTCHCUBHOCTD IIPOHICCCa TCINIOOT a4
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ot A ot
w-t=2 2 @=L 2.4

Koad¢uimenT Temnooraun 3aBUCUT OT OOJIBIIOTO KOJWYeCTBa (PaKTOPOB U
apisgercss GyHKUUe (GopMbl U pa3MepoB Tella, peKUMa TEYEHHs, CKOPOCTU U
TEMIIepaTyphl KUAKOCTH, (PU3HMUECKUX CBOMCTB KUAKOCTH U Ap. B OGonbiivHCTBE
3aJ]a4 KOHBEKTHBHOI'O TETUIOOOMEHA a SIBIISIETCS HICKOMOMW BEJIMYUHOM, OTMPEIeIINB
KOTOPYIO, JIETKO BBIYUCIUTH IJIOTHOCTh TEIUIOBOTO MOTOKA WJIM TEIUIOBOM MOTOK
1o ypaBHEeHHIO (2.4).

Paznuyaror cBOOOHYIO U BBIHYXJEHHYIO KOHBEKIIUIO.

Ce0600nas KOHEeKyuss — TIEPEHOC TEIIOThl MPU €CTECTBEHHOM JBUKCHHUU
CpeIbl BCJEICTBHE PA3HOCTH IUJIOTHOCTEH HEOJMHAKOBO HArpeTsix Macc. llpu
€c80000HOU KOHBeKYUY JIBUKEHHE O0bEeMa >KUIKOCTH BO3HUKAET BCJEICTBUE
HEOJJHOPOJHOCTH B HEW MaccoBbIX cwmil. HeogHOpomHOe pacmpenencHue
TEMIEPATypPhl, & COOTBETCTBEHHO, M TUIOTHOCTH B XHUAKOCTH B TOJIE 36MHOTO
TATOTEHUSI MOKET BbI3BaTh CBOOO/IHOE, IPABUTALIMOHHOE €€ JIBUKEHUE.

Boinyowcoennas  xousexyusi (IBIKEHUE 00BbEMa KHJKOCTH WIH Ta3a)
IPOUCXOAUT TOJ JEHCTBUEM BHEIIHUX MOBEPXHOCTHBIX CHJI, MPUIOKEHHBIX Ha
rpaHuax o0beMa JKUJIKOCTH WM rasa, 3a CUeT IPeIBAPUTENILHOTO COOOIIEHUs
eMy KHHETHYECKOW sHepruu (Hampumep, 3a cueT paldoThl Hacoca, BEHTHIIATOPA,
BETpa M JIp.).

TernooTaaya MoxeT ObITh Kak MpHU CBOOOJHOM, TaK M MPHU BBIHYKICHHOU
KOHBEKIIHH.

[Ipu paBwxeHHMH oOBEMa JKUAKOCTU BO3ZHUKAIOT PA3NUYHBIE PEKUMBI
TedeHus. Pa3nuyaroT JBa OCHOBHBIX peXHUMa TEYCHHSA: JIAMUHAPHBIA U
TypOYJIECHTHBIH.

Jlamunaproe meuenue — 3TO CIOUCTOE TeueHUE 0e3 MepeMeIInBaHNs YaCTHII
TEIUIOHOCHUTENST W 0e3 TMylbcallid CKOPOCTH. 311eCh HalpaBJIeHHe O0OIIero

ABHOKCHHA COBIIAAACT C HAIIPABJICHUCM ABHKCHHA OTACIIBHBIX YaCTHII.
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Typbynenmnoe meuenue — 3TO TEUEHUE, TP KOTOPOM OTJIEIbHBIE YACTHUIIbI
JIBUTAIOTCS HEYMOPSIOUYEHHO, XAO0TUYHO; M XOTSA CpeAHEee 3HAYCHHE CKOPOCTHU
MOTOKa MOET OBITh IOCTOSSHHO BO BpPEMEHH, MTIHOBEHHBIC K€ 3HAUCHUS
CKOPOCTEN OTIEIBHBIX YAaCTHUIl MEHSIOTCS BO BPEMEHH KakK M0 BEJIMYMHE, TaK U IO
HampaBjieHUI0. Hanuume Takoro mnyJbCallMOHHOTO JABUXEHUSI OO0YCIIaBIMBaET
WHTEHCUBHOE TEpeMEIIMBaHUEe B TMOTOKE. YacTUIBI MOMUMO MPOAOIBHOTO
JIBH>KCHHUSI COBEPIIAIOT TOTEPEUHbIC MEPEMENICHUs, MEPEHOCS MOMEPEeK IMOTOKa

MCXaHHNYCCKYIO QHCPIUIO U TCILIO.

2.2 Iu¢depennuanbHoe ypaBHeHHEe KOHBEKTHBHOIO TeIJIOOOMeHA

VYpaBHEHHE KOHBEKTUBHOI'O TEIJIOOOMEHA MOKHO MPEJICTABUTH B BUJIE:
g=-AAt+pwh (2.5)
W3 ypaBHenus (2.5) ciemyeT, 4TO AJi OJHO3HAYHOTO OMpPEACIICHUS TUIOT-
HOCTH TEIJIOBOTO MOTOKA B JI0O00N MOMEHT BPEMEHU U B JIFOOOU TOYKE KUIAKOCTU
HEOO0XOMMO 3HATh MOJISl TEMIIEPATYpP, CKOPOCTU U YJENbHYIO SHTAJIBIIHIO.
JIns maeanbHOM JKHIKOCTH CBSI3b MEXKAY OHTAIBIUEH W TeMIEpaTypou

omnpenensercs nupdepeHInanbHbIMUA ypaBHeHUIMU TepMmoauaamuku (h =f(T,p)).

( oh f
dh=| | dr+:$ ip
.00 . op )
Otkyna
: =( éh )
h=|c,dl+ || =| dp.
bl L Gp §
I ., .":Ir

Hcnonp3ys COOTHOIICHUS Il WACATBHOTO ra3za (sl MHOTHX 3a/ad B
YCIIOBHUSX HEC)KUMAEMOCTH XKHUIKOCTEeH p = const) moxkHo npunsTh (dh/dp)r = 0 u
OIIPEICIUTH:

dh = ¢,dT m h= [, c,dT
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[Ipu  BeIBome  muddepeHIATBHOTO  ypaBHEHHUS,  OMUCHIBAIOIIETO
TEMIEPATypHOE TMOJIe B JIBIDKYIIEHCS >KUIKOCTH IIOJIaraeTcsl, 4TO >KUIKOCTb
OJTHOPOJIHA W W30TPONHA, €€ (HU3UYecKre MmapaMeTpbl TOCTOSHHBI, JHEPTHS
nedopMaIuu Majia o CpaBHEHHUIO C U3MEHEHHEM BHYTPEHHEH SHEPTHH.

B ocHoBy BbIBOga auddepeHIHaTbHOTO ypaBHEHHUS TMOJOXKEH 3aKOH
coxpanenusi sHepruu. KommdecTtBo TerioTsl 0Q, BBEIEHHOE B AJIEMEHTapHBIN
o0beM W3BHE 3a Bpemsi dt BCIIEJACTBHE TEIUIOMPOBOAHOCTH 0Q;, a Takke OT
BHYTPEHHUX HMCTOYHHKOB 0Q,, paBHO M3MEHEHHUIO BHYTPEHHEW DSHEPTUu
(M30XOpHBIN MPOIECC) WM SHTAIBIUHU (M300apHBIM IPOIIECC), coJepkKaliencs B
AJIEMEHTAPHOM O0BEME:

0Q =06Q; +8Q; (2.6)

KonmuectBo  Temmotel  0Q;, MOABOAMMOE  TEIJIOMPOBOJHOCTBIO K

paccMaTpuBaeMoMy 00ObEMY B IPOCTPAHCTBEHHBIX KOOP/IMHATAX PABHO:

- -

\ OX cy oz

3 (0g, . %4y Sq.), , .
0Q1=4‘ % 4 — + T dx-dy-dz-drt .
3
O0603HaYMB MOIIHOCTh BHYTPEHHUX HCTOYHUKOB TEIUIOTHI (, (B1/M”), KO-
TOpbIE BBIJCISIOT KOJUYECTBO TEIUIOTHI B €IWHUIIE 00heMa B €IUHUIY BPEMEHH,

HaUJIEM:

00, =q,-dv-dr.

Benmnuuna 0Q ypaBHeHwus (2.6) ompenensercs B 3aBUCUMOCTH OT XapakTepa
nporiecca.

JI711 n30X0pHOTO Mporiecca
. ., ot ct .
00=dU=Cg —dr-dv=c,p—dr-dv.
(o) § (o) § (27)

Jlns m3o6apHOTO IMporecca

2 o ., ct . ch .
0Q=dH =c§ —dr-dv=c,p—dr-dv=p—dvdr.

cr cr cr (2.8)
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B TBepabIx Tenax (B MEHbIIEH CTENEHU B KUAKOCTIX, a TEM OoJiee, B ra3ax)

MIEPEHOC TEILIOTHI OCYIIECTBIsAeTC 1o 3akoHy Dypbe (1.4), a MpOCSKIIMU BEKTOpa

INIOTHOCTHU  TCIIJIOBOTO  IIOTOKA HAa  KOOPIAWHATHBIC ocn  OIIPCACIIAIOTCA

BBIPAKCHUSAMMU:
_ Ot Ot _ ot

@ =R By="A o =R e
cox ‘ cy oz

HOI[CT&BJI?DI IMOJIYYCHHBIC BbIPAKCHUS HpOCKHI/Iﬁ BCKTOpa INIOTHOCTH TC-

IJIOBOTO MOTOKA B ypaBHeHHUE (2.7 unu 2.8) U ommycKasi HHACKC NP TEIIOEMKOCTH,

MOJIYYHM:
ét &g 9y dq, ef. et) o ot| of. et
Cp—=—"F+—"—+—=Fqy=—| A— |+—|A— |+—| A— | +q,
ot ox v cz x| éx) eyl éy 2% ©o% ] (2.9)
YuuTteiBas, 4To
oq, %y ogq, , =
f‘]‘ +—+ f] =divgqg .
ox oy oz
ot R o " g,
— =—divlA grad t)+—=.
cr cp co
£ £ (2.10)

Breipaxenue (2.9 u 2.10) nazvieaemcs ouppepenyuanvhviv ypasHenuem
mennonpogoonocmu. OHO OmpenesseT IMoje TeMIeparyp MHpuU €ro IMpocTpaH-
CTBEHHO-BPEMEHHOM M3MEHEHHUH B X0JI¢ MTPOIIecca TeIIOTMPOBOTHOCTH.

[Tpu mocTosiHCTBE TEMIOGU3NYECKUX CBOMCTB ypaBHeHHE (2.9) mpuMeT BUA:

-~ -7

&t A(éx ot &) ;
- - + o

or cp\ cx? Ej'z cz? ) cpP
(2.11)
A .
O6o3HaunM — _p yepe3 a, KOTOPBIA Ha3bIBACTCS Ko uyuenmom
c

2
memnepamyponpogoonocmu, m“/c. Koaddurment a momHocteio coctout u3 ¢u-
3MYECKUX CBOWMCTB BEIIECTB, MOATOMY M CaM SIBIIACTCS (PU3UUECKHM MapaMeTpoM

BellecTBa (OH BaXXEH [UJIi HECTAllMOHAPHBIX MPOIECCOB, SBISASACH MEpOu
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TEIUIOMHEPLIMOHHBIX CBOWCTB TEJIa).
Hcnonp3ys BeipaxkeHue oneparopa Jlanmaca B 1eKapTOBOM CUCTEME

KOOpJMHAT MOKHO 3amucarh ypaBHenue (2.11) B Buze:

I8 ¥

ot ., 4,
=aV-t +—j‘ :
o

~

¢ (2.12)

Oomiee ypaBHeHue (2.12) ympomiaercs, €Ciad CUCTEMa Tell HE COJCPIKHUT
BHYTpEHHUX HCTOYHMKOB Temia (¢, = 0). [Ipu »>THX yCIOBUAX
muddepeHIaTb,HOEe YpaBHEHUE TEIUIOMPOBOIHOCTH B ABMXKYIICHCS Cpelic MMeeT

BUJ -

cr
I[JI)I KOHKpPETU3allK pPCIOCHUA  3aJar0TCA  YCJIIOBHUA  OJHO3HAYHOCTH:
reoMeTpudeckue, Gu3nd4ecKue, HaualbHble, TPAaHUYHBIC.
Penienne cucremMsl 3TUX ypaBHeHI/Iﬁ IIPAKTHUYCCKH HCBO3MOJKHO, IIO3TOMY
OHM IPHUMCHAIOTCA BMCCTC C YCIOBHAMHU OJHO3HAYHOCTH JJIA 06p2130BaHI/I$I

Kpumepues no0oous yCTaHOBIICHHBIX B TEOPUH MO 100U,

2.3 YcaoBusi nogoousi pu3nueCKUx MpoIeccon

[IpoBeneHHBIN aHAIU3 CUCTEMBI Oe3pa3MepHbIX Au(depeHITMaATbHBIX ypaB-
HEHUM M YCIOBUNM OJHO3HAYHOCTU IMO3BOJISIET TOHATH OOINME YCIOBUS OIpe-
neneHus: mogoous (PU3NYECKUX MPOIECCOB, CHOpPMYyIUpPOBAHHBIE B BHJIIE TpPEX
IPaBUIT:

1. I[Togo6HBIE MpolecChl JOKHBI ObITh KQU€CTBEHHO OJMHAKOBBIMH, T. €.
OHM JOJDKHBI HWMETh OJMHAKOBYIO (PU3MUYECKYIO TMPUPOIY U OMHUCHIBATHCS
OJIMHAKOBBIMHU 110 (hopme 3anucu AuddepeHuanbHbIMU YPABHEHUSIMH.

2. YcnoBUS OJIHO3HAYHOCTH TMOJOOHBIX TMPOIECCOB JOJKHBI  OBITh
OJIMHAKOBBIMH BO BCEM, KPOME YHCIIOBBIX 3HAYEHHUI Pa3MEPHBIX IMOCTOSHHBIX,

COACPIKAIINXCA B 9TUX YCIIOBUAX.
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3. OpHoMMEHHBIE  ompelessiomue  Oe3pa3MepHble  MEePEMEHHBIE
MOTOOHBIX TIPOIIECCOB JOJIKHBI UMETh OJMHAKOBOE YHCIIOBOE 3HAUCHHE.

[lepBoe ycnoBue 03HAYaeT, 4TO MOI00HBIE MTPOLIECCHI JOJIKHBI OTHOCUTHCS K
OIHOMY M TOMYy XK€ Kiaccy ¢usnueckux spieHuil. [lomumo oamHakoBoM
bu3nYecKo TPHUPOABI TOJO0OHBIE MPOIECCHI JOHKHBI  XapaKTEPU30BATHCS
OJIMHAKOBBIMU TIO 3amucu IudQepeHnalbHbIMU ypaBHEHUAMH. TakuM oOpazom,
MOI00HBIE MPOTIECCHI JOJDKHBI OBITh MPOIECCaMU KOHBEKTHBHOTO TEIJIOOOMEHa,
XapaKkTepU3yIOIIMMHCS OJMHAKOBOW IPUPOJIOM, OJMHAKOBBIMHM JEHCTBYIOLIUMHU
CUJIaMU.

Btopoe ycnoBue tpebyer, 4TOOBI YCIOBHUSI OJHO3HAYHOCTH MMOJOOHBIX
MPOILIECCOB OBLIM  OJMHAKOBHIMH BO BCEM, KpOME UHCIOBBIX 3HAYCHUU
MOCTOSTHHBIX, COJIEPIKAIIUXCS B 3TUX YCIOBUSIX.

Takum oOpa3oM, 3amuch pa3MEPHBIX YCJIOBUN OJTHO3HAYHOCTH MOJ0OHBIX
mporieccoB B 0o60meM Bujae (OYKBEHHOM) AOJDKHA ObITh MaeHTHYHOM. I[lpm sToM
KOHKPETHBIE 3HaUYE€HUSI CKOpOCTU (Wp) U TeMmepaTypsl (tp) Haberaromiero moToka,
TeMIiepaTypa CTeHKH (t) U T. I. MOTYT UMETh Pa3IMUHbIC YUCIOBBIC 3HAUCHHUSI.

W3 mepBoro u BTOPOro yciaoBHil MOI00UsI CIIEyeT, YTO MOJOOHBIE MPOIECCHI
JIOJDKHBI ~ OTMMCHIBATHCSL  OJMHAKOBBIMHU  (TOXKJIECTBEHHBIMHU) Oe€3pa3MepHbIMU

nudpepeHnanTbHBIMU YPAaBHEHUSIMU U 0€3pa3MepHBbIMUA ITPAHUYHBIMU YCIOBUSMH.

[eomerpuueckoe moaodbue (puc. 2.2)-
OTHOIIICHUE CXOJICTBEHHBIX pPa3MEpOB
IIOCTOSIHHO:
"X i _d2_ 6 _
d, —d, & !
rme: C — KOHCTaHTa IOJOOHOTrO
'1 & npeoOpa3oBaHusl.

PucyHok 2.2 - Cxema reomeTpideckoro PU3HUCCKOE M0J100ME - OJHOPOIHBIC

o0GHs IBYX Ter a) 1 0) [IapaMeTPhI IIPOLECCOB B CXOICTBEHHBIX
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TOYKAaX MPOCTPAHCTBA W B CXOJCTBEHHBIE MOMEHTHI BPEMEHH JIOJDKHBI OBITH
CBSA3aHBI MEXIy COO0OM TIOCTOSHHBIMU Kod(duimeHTaMu - KOHCTaHTaMHU
moJ00HOT0 MpeoOpa3oBaHUsI.

CXO0JICTBEHHBIE TOYKW OPOCTPAHCTBA

X1 Y1 c

o — o — U

X1 B2
Cx0JICTBEHHBIE MOMEHTEI BpEMEHH

(51 Txap

7 = ’ = CT

T1 Txap

CyTtp Teopunm momoOMs  3aKiIIOuaeTcss B cledyromeM. M3 pasmepHbIX
bU3MYEeCKUX ~ TapaMeTpoB,  XapaKTEPU3YIOMIUX  HCCICAYyeMBId  TpOIleCC,
oOpa3zyrorcsa 6e3pa3MepHble KOMIUIEKCHI - Kpumepuu nooobus. Yucno KpuTepuen
1Mo00Msi B COOTBETCTBUU C TaK HA3BIBAEMOM TT - TEOPEMOU JIOJKHO OBITH PAaBHO
pa3HOCTH uncia GU3NYECKUX MapaMeTPOB M YKCIIa IEPBUYHBIX Pa3MEepPHOCTEH (KT,
M, ¢, K 1 1p.), BXOASIIMX B 9TH apaMeTpPhI.

[To pe3ymbraraMm 3KCIEpUMEHTA B OIPEACICHHBIX YCIOBHUSAX NPH U3MECHECHUHU
KaKoro-im0o u3 (PU3MYECKUX MapamMeTpOB BBIYUCISIOTCA YUCICHHBIC 3HAYCHUS
0e3pa3MepHBIX KOMITJICKCOB W HAXOAUTCS 3aBHCHMOCTH OIPEAEIIEMOr0 KpUTEPHS
mo00usi, B KOTOPBIM BXOJUT MCKOMasi (pu3MvecKas BeIudrHa ( B JAaHHOM Ciiydae
KOA(O(PHUIMEHT TEMI00TAAYH @), OT APYTUX (OMPEESIONNX ) KPUTEPUEB MOA00HS.
DTa 3aBUCHUMOCTh HA3BIBACTCSl KPUMEPUATbHLIM YpasHeHuem. Y CTaHaBIUBAIOTCS
TaK)Ke TMpeesibl U3MEHEHUS OMPEICISIIONINX KPUTEPUEB MOA00MS, TIPU KOTOPBIX
CTHpaBeIMBO TOJNYYCHHOE ypaBHEHHE. Mcmonb3ys 5TO ypaBHEHHE, MOXKHO
BBEIYHCIIUTh ¢ 0€3 TIOCTAaHOBKHM DJKCIEPUMEHTAa BO MHOXECTBE MAPYTHX, HO
MOJOOHBIX TPOIECCaX, OTIUYAONIMXCS YHCICHHBIMUA 3HAYCHUSIMHU (PU3NYECKHUX

apaMeTpoB.
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2.4 Kputepuu nmoao0usi 1 ypaBHeHUsI 0100UsA
(kpuTepHaNbHbIC YPABHEHMA)
be3pa3smepHble KOMIUIEKCBI, COCTOSIIME W3 Pa3HOPOAHBIX (PU3UUECKUX
BEJIMYMH, Ha3bIBAIOTCS Kpumepusimu noooobus, KOTOPbIM IPUCBOEHBI UMEHA y4e-
HbIX, BHECIIMX 3HAYMUTEJIbHBIA BKJIAJ B pa3BUTUE TUAPOAMHAMUKH MU TEILUIO-
IepeIayn.

Kpumepuii Hyccervma Nu (6e3pa3mepHbiii k03QPHUIMEHT TeriooTnaun) -

XapakTepu3yeT  COOTHOIIEHUE  MEXAy  TEIJIOOOMEHOM  KOHBEKIMEH U

TerionpoBoAHOCTHIO0. Kputepuit Hyccenbra onpenensercs U3 BIpaxeHus:

Nu = % (2.13)

I71e: N - XpPaKTEPHbIA JIMHEWHBIA pa3Mep, BMECTO I MOXET ObITh 0001

APYroi JTMHEHHBIN pa3mep, HarpuMep JuiiHa |, quamerp TpyOs! d, wim as
. 4A
KaHalla He KPYIJIOTO CEUEHUsS] IKBUBAJICHTHBIA TuaMerp d, = o [ae A —

IUIOIIAb CeUYeHMs KaHaia, [ — nmepumerp ceuenus.

Kpurepuii Hyccenbra xapakTepu3yeT TEIIOOOMEH Ha TPaHUIE CTEHKa —
KUAKOCTh. B 3amauax KOHBEKTHBHOro Termsiooomena kpurepuii NU 0ObIYHO
ABJISIETC MCKOMOW BEJIMYMHOM, IOCKOJIBKY B HEro BXOJUT OIpeAensieMasl Be-
JMYUHA d.

Kpumepuii Peuinonvoca Re omnpenenser peXuM ABUKEHHUS CpPEIbl TPU

BBIHY)KJICHHOM KOHBEKIMM W XapaKTEepU3yeT COOTHOIICHHE CHJI MHEPUUU U CHII
BA3KOCTU. OH SBIJISIETCS BAXKHON XapaKTEPUCTUKON MPOLECCOB TEYEHUS KUIKOCTH.
[Tpn manbix uncnax Re (MeHbIIe KpUTUYECKHX) MPeo0aaloT CHIIbI BA3KOCTH U
PEXKUM TEUEHUS KUAKOCTH JaMUHAPHBIMA, T. €. OTAENbHbBIE CTPYU KUJIKOCTH HE
NEPEMEIINBAIOTCA W BCSAKHE CIydyallHble BO3MYIIEHHSI OBICTPO 3aTyXaroT IOJ
nerctBueM cui Bs3KOCTH. [lpu Oonpmmx yucnax Re (TypOyneHTHBIA MOTOK)
npeobsaaloT CUJIbl MHEPIUH, MO3TOMY CIIy4ailHbIE 3aBUXPEHUS (BO3MYIICHHUS)

HMHTCHCHUBHO PAa3BHUBAIOTCA.
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Re = 2% = w2r (2.14)
v u

Kpumepuii Ilpanomns Pr 1eIUKOM COCTaBlIeH U3 (GU3NYECKUX MapamMeTpoB, U

MO3TOMY caM fABIsAeTCA (U3MYECKUM NapaMeTpoM (MPUBOAUTCA B TaOIHIaxX
TEMI0(PU3NYECKUX CBOWCTB BEIIECTB), XapaKTepu3yeT TeIiohu3nueckue CBOMCTBA
Cpelbl M COOTHOLIEHWE TOJIIMH JHUHAMHUYECKOTO M TEIUIOBOTO pa3Mepa

IMOI'PaHUYIHBIX CJIOCB.

_Y_yee_ pc
Pr= - > (2.15)

Ecim B paccmarpuBaeMoOil 3ajade ypaBHEHHUS [BIDKEHUS W SHEPIUU
AHAJIOTHUYHBI, & TAaKXE€ AHAJIOTMYHBI YCJIOBHS OJHO3HAYHOCTH, TO Kpumepuu
Ilpanomas MoOXkeT ObITh IPUIMCAH CMBICT MEpPbl NOJ00MS MOJeH Temueparyp |
ckopocrei. [Ipu Pr = [ (a = v) pacueTHbIe MOl TEMIIEpATyp U CKOPOCTEH OymyT
MOJ00HBI.

Kpumepuii I'pacecogpa Gr - onpenenser MHTEHCUBHOCTb JBIKCHHUS CPEJIbI

MIpY €CTECTBEHHOW KOHBEKIIMU M XapaKTEPU3yEeT COOTHOIICHUE MEXIY MObEMHON
CUJION, BO3HUKAIOIIEHW BCJIECACTBUE PA3HOCTU MJIOTHOCTH CPEAbl U CUJION BSI3KOCTH
B HEHM30TepMHUYECKOM TOTOKe. Kpumepuii I paceogha XapakTepuszyeT NMOABEMHYIO

CNJ1y, BOSHUKAIOINYIO B ) KUJAKOCTH BCJIICACTBUC PAa3HOCTHU IJIOTHOCTEH.

3
Gr =£98tl (2.16)

v2
rae: [ — xoadduiment reMnepatypHoro pacmmpenus (s raza = 1/T),
g — yCKOpeHue CBOOOAHOTO NajieHus,
At — pa3HOCTH TeMIepaTyp Teia U CPEIbl,
| - xapakTepHbIi IUHEHHBIN pa3Mmep.

Kpumepuii Jiinepa  EU — OTHOCUTCSA K ONpENENsIeMbIM KPUTEPHUSIM, U3

KOTOpPOIr0 OMNpenessitoT mnaieHue nasieHuss Ap. Kpurepuit xapaktepusyer

COOTHOHICHUC CHUJI JaBJICHUA U CUJI HHCPIHH.
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_ _Ap
Gr = o w? (2.17)

Kpumepuii @ypve FO - xapaktepusyeT CBs3b TEIUIO(OU3UIECCKUX CBOWCTB U

Pa3MEPOB TCJIa CO CKOPOCTBIO U3BMCHCHUA B HCM TIOJICH TCMIICPATYPhI

at

Fo= % (2.18)

lZ

Kpumepuii buo Bi - xapakTepu3yeT COOTHOIICHNE MEKAY TeMITEPATypHBIMA

YCIIOBUSIMU B OKPYXKAIOIEH Cpejie U pacipeieICHuEM TeMIIEpaTyphl B TeJe

. al
Bi = ™ (2.19)

rac: 7LW - TCILIOIIPOBOAHOCTD TCJIA.

Kpumepuii Ilexne Pe - xapakTepuszyeT OTHOIIEHUE TEIIOThI, IEPEHOCUMOM

KOHBEKIMEN K TEIUIONPOBOAHOCTH. Kpurepuii [lekne MOKHO peaCcTaBUTh B BUAE:

Pe = Yolo — Wolo £= Re Pr (2.20)

a vV

BrImie nepeuncieHHbIe KPUTEPUHN SIBIISIFOTCST O€3pa3MEpHBIMU TIEPEMEHHBIMHU
U UX MOXHO pa3IejNTh Ha JIBA BUJIA:
onpeoensiemble — 3TO KPUTEPUU, B KOTOPBIE BXOJAT UCKOMBIE 3aBUCUMBIE
MEPEeMEHHBIC; B pacCMaTPUBAEMOM CIIy4ae 3aBUCHMBIMHU SBISIOTCS a U Ap.
CrnenoBarenbHo, onpeaensieMbiMu sBisitorest NU, Eu;
onpeoensaoujue — 3T0 KPUTEPUH, LIETUKOM COCTaBJICHHbIEC U3 HE3aBUCUMBbIX
MEPEMEHHBIX W TOCTOSIHHBIX BEIMYMH, BXO/SIIMX B YCJIOBHUS OJHO3HAYHOCTH; B
paccMaTprBaEMOM CiIydae onpeAesionmmu seisitorest Re, Pr (unm Pe), Gr.
3aBUCUMOCTH ONPENETIAEMOr0 KpUTEpUs MOA0O0US OT OINpEeAeIIONMNX
KpUTEPHUCB HA3BIBAIOT  VPABHEHUAMU NO00OUs WU  KPUMeEpUATbHbIMU
VPABHEeHUAMU.
[Ipu ycTaHOBHBIIEMCS PEKHUME B YCIIOBHSIX COBMECTHOTO MTPOSIBIICHUS
BBIHY)KJICHHOHN 1 cBoOOHOM koHBekiuk  Nu = f (Re, Gr, Pr);
IIPH BBIHYKJICHHOW KOHBEKIINU Nu = f (Re, Pr);

pu CBOOOHOM KOHBEKITUN Nu = f (Gr, Pr).
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YPaBHeHI/IH HpeI[CTaBJIﬂIOTCH B BUJI€ CTCIICHHBIX 3aBUCUMOCTEM
Nu=C, Re™ Pt Nu=C,Gr™ pr™,

IlocTostHHBIE C, m, n OIIPpCACIIAIOTCA IIO PE3YyJIbTaTaM JOKCIICPUMCHTA B
OIIPCACICHHBIX YCIOBUAX u CIIPpaBCAJINBLI IIpu APYIrux YCIOBHAX B
COOTBeTCTBYIOIHeM AHUAIIa30HE OHpeI[eJI}HOH_[I/IX KpI/ITepI/IeB HOI[O6I/I5{, qToO
YKa3bIBACTC:A LA KAXKIAOTO YPABHCHUA.

Ilpu >KuaKOW cpeae B KPUTEPUATIbHBIC YPABHEHUS BBOAUTCS TaKXKe

)0,25

ornomenue (Prg/Pr,)”” , B xotopom Pr¢ onpenensercsa no Temneparype cpenpl, a

Pr, - mo Temmeparype TBepaoro Teiaa. JTO OTHOIIEHUE YYUTHIBAET OTIMYUE
TEIJIOBBIX MTOTOKOB OT CPEJbI K Ty U OT TeJa K Cpelie IMIPU OJIMHAKOBOM pa3HOCTU
Temreparyp s u ty,.

Yucino Pr nns ra3oB cnado 3aBUCHUT OT TEMIIEPATYPBI, TOITOMY JJIsi HUX
Pri/Pry, = 10 um naHHOe OTHONIEHME B KPHMTEPHUAIbHBIX YPABHEHMSAX HE

YUUTBIBACTCA.

[Ipr BBIHYXJIEHHOW KOHBEKIIMM B YPABHEHHS BBOJAATCA IOIPABOYHBIC

KO3 PUITMEHTBI:
€| — TOMNpaBKa Ha HEJOCTATOYHYIO JJIMHY TPYOBl, YUUTHIBACT BIIMSHUEC Ha
TeriooOMeH BxoaHoro ydactka; € = f(I/d,Re) npencraBnsercs B TabiuyHOM

Bune; npu l/d >15 & cmabo 3aBucut or Re W & MOXKHO ONPEAETUTH IO
Beipakeruio & = 1 + 2d/I; opu I/d >50 npuaumaem &) =1,0;
&R — momnpaBka Ha u3rud Tpyosl; g = 1+1,77d/R, rue R - paguyc usruba;

€,, — MOMpaBKa Ha 3MEEBHK; &,, = 1 + 3,6 d/D, roe D - muameTp crmpanu.

HDHMepr KPUTEPHUAJIbHBIX VDaBHeHI/Iﬁ

1. CeobooHas kouseKkyus:

a) IPH TOPU30HTAIBHO PacroIokeHHoit Tpybe, 10° < (Gr; Pry) < 10°:
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Nyt = 0,5 (GrPry) ©% (Pri/Pr,) %,
6) IIpH BEPTHKAIBHO PACIIOIOKEHHOH Tpy6e, (Gr; Pre) > 10°:
Ny = 0,15 (GriPry) ** (PryPr,) *%.
2. BuinyoicOennas KOHBeKYUs NPU OBUNCEHUU CPEObL 8 KAHANAX:
a)  1pu JamuHapHOM ABrkenun (Gry Pry) > 810
Ny = 0,15 Re;** Pr °® G (PryPr,) *%%
6)  mpu TypOynenTHOM mBrkeHHH Res >2:10%:

Nuf = 0,021 Ref”'“ pl’f 043 (PrffPrw) 0.25 E/ER-

3.1Ipu nonepeurom omvieanuu nyuxa mpy6, Re = 10°... 10°:

Mudxocmes Mudxocms

Pucynok 2.3 - Tpy6uaro - macTuHYaTas pemerka:
a - ¢ MaXMaTHBIM PaCMOJIOKEHHEM TPYOOK; O - C KOPUIOPHBIM
PacroioKeHUEM TPYOOK

a) TIpU KOPHIOPHOM pacmoiokeHuu Tpyo (puc. 2.3, 0)
Ny = 0,26 Res ™™ Pr *** (Pr/Pr,) **°eg &, re €4 = (So/d) *'%;
rae: d - quametp TpyOoK, S; - paccTostHEE MEKIY TPyOKaMu 10 TIyOHuHE;
€i=0,9 mpu 1=2 (i - uncno psAa0B TPyOOK);
0) mpu MmaxMaTHOM pacmoiokeHuu Tpyo (puc. 2.3, a)

Ny = 0,41 Re¢*® Pry % (Pry/Pr,) °® g &5,
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Sy 0,166 Sy Sy
rne: £ = (= mpu—< 2ué& = 1,12 npu — = 2
S2 S2 S2

S1— paccrosiHEe MeX Iy TpyOKamu B psiay 1o GponTy; €= 0,7 npu i=2

&= 1,0 mpu >3

OCHOBHBIE T€OPEMbI OI00U

IlepBas treopema (HrerotoHa - beptpana). B mogoOHbIX nponeccax KpUuTepuu
10/100Us YMCIIEHHO PaBHBI.

Bropas teopema (Penepmana - bykunrema). Ecnu dusnueckoe siBieHue

OMHKCHIBAETCS cUCTEMOU Mu((PepeHInanbHbIX YPaBHEHHM, TO BCErAa CYIIECTBYET
BO3MOXKHOCTh MPEACTABICHUS UX B BHJE ypPaBHEHUN B KpUTEpUAX MoA00us,
OoOpa3oBaHHBIX W3 pa3MEpHbIX (PUINYECKUX IapaMeTpoB, BXOIAMIMX B
mu(depeHranbHble YpaBHEHHS U YCIOBHS OJ00MS.

Tpetbs Teopema (Kuprninuesa - ['yxmana). [1ogoOHBI T€ mpo1ecchl, yCIoBuUs

OJTHO3HAYHOCTH KOTOPBIX IOJOOHBI, W KPUTCPUU IOJO0OHWS, COCTaBJICHHBIC U3
YCJIOBUM OJTHO3HAYHOCTHU, YUCIICHHO PABHBI.

Teopus momoOusi JEKUT B OCHOBE OPraHMW3allMd W TPOBENCHUS DKCIIe-
pUMEHTA.

B coorBercTtBUM € NEPBOM TEOPEMOW MNPU NPOBEACHUM SKCIEPUMEHTA
HEO0OXOMMO U3MEPSITH MapaMETPhl, BXOAAIINE B KPUTSPHUH TTOA00HS.

W3 BTOpOIT TEOPEMBI CIIEAYET, YTO PE3YIbTaThl IKCIIEPUMEHTAa HEOOXO0IUMO
oOpabaTbiBaTh B KPUTEPUSAX TOJOOMS C ONpENEICHUEM KPUTEPUATHLHOTO
ypaBHEHHUSI.

[Io Tperbell TeopeMe TOJNYYEHHBIC KPUTEPHAIbHBIC YpPAaBHEHHUS MOXKHO
pacnpocTpaHsITh Ha T€ MPOIECCHI, B KOTOPBIX MOJI0O0HBI YCIOBUS OJHO3HAYHOCTH,

U OTIPEICIISIIONINE KPUTEPUH 0100 YUCIICHHO PaBHBI.
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3 TensioBoe u3jyuyeHue

B otmuume ot TCIUIOIIPOBOJHOCTH M KOHBCKIIMH TEIIOOOMEH H3JIYYCHUCM
HE TpeOyeT HEeMOCPEACTBEHHOTO KOHTAKTa TE W MOXET MPOUCXOJUTh MEXKIY
TCJIaMHU, HaXOAAIIUMHCA Ha 0O0JIBIIOM PacCTOAHUN OAPYT OT Apyra. Kmaccuaeckum
INpuMCpPOM 3TOTO ABJICHUA CIYXXUT H3JIIYUYCHHUC COJ'IHHa Ha 3emmto. Iennosoe
usiy4eHue — dTO Pe3yJIbTaT NPEBPALICHNs BHYTPEHHEW DHEPIUHU TENl B SHEPIHUIO
SJICKTPOMAIrHUTHHBIX KoeOaHuii. HpI/I I[mormagaHu 9STOI0 H3JIYUCHHA Ha JAPYyroc
TEJ0, UMerolee 0oyiee HU3KYIO TEMIIepaTypy, UX SHEprus (3JIEKTPOMarHUTHBIX
KOJIeOaHMI) YaCTHUYHO MOTJIOMIAETCs, MPEBPAlasiCh BO BHYTPEHHIOI 3HEPTHUIO
JaHHOTI'O TCJIa. Takum 06pa30M, OCYHICCTBIIACTCA quHCTBIﬁ TEIJIO00MEH MCIKOY
TEJIaMU. CJ'ICI[yCT OTMCTUTD, qTo QJICKTPOMArHuTHBIC BOJIHBI MOT'YyT
PaCIIpOCTPAHATECA B BAKYyMC, T. €. HC Tp€6yeTCSI HCIIOCPCACTBCHHOI'O KOHTAKTa

MCXKAY TCIIaMH T€HJ'IOO6M€H3, d TAKIKC HaJIM4Ms ra3a Win ) XUJIKOCTH MCKAY HUMMU.

3.1 OcHOBHbI€E IOHSAITHS U ONpe/IeTeHUs
CormacHO SJIEKTPOMAarHUTHOM TEOPUU CBETA, HOCUTEIISIMU JyYHCTOMH

OHCPI'UU SABJIAIOTCA 2JIEKMPOMACHUNMHbIE 60JIHbl, N3J1y4aCMbIC TCIIAMMU. OTH BOJIHBI

B HU30TPONHOW Cpele WIM BaKyyMe€ paclpOCTPaHSIOTCS MNPSMOJIMHEHHO CO
CKOPOCTBIO CBETa, OJYHHSISICH ONTHYECKUM 3aKOHAM MPEOMIICHUS, MOTIOMICHUS
U oTpakeHus. TerioBoe u3nyyeHue (Kak U JIIOObIe IpYyrHe 3JeKTPOMarHUTHBIE
KOJIeOaHMsI) XapaKTepu3yeTcsl JUIMHON BOJNHBI A U 4YaCTOTOM KoJebaHuil v = ¢ / A,
IJie ¢ — CKOPOCTb PaCIIPOCTPaHEH s BOIH (B BakyyMme c=3 « 10° m/c).

JlaHHble 00 U3TYyYEHUN HEKOTOPBIX BUJIOB B 3aBUCUMOCTH OT JUIMHBI BOJHBI
mpeacTaBieHb B Ta0u. 3.1.

Takum o0Opazom, HHppaKpacHOe H3IyYCHHE 3aHUMACT CHEKTPAIbHYIO
007acTh DJIEKTPOMArHUTHOTO W3IYyYEHUS MEXAY KOHIIOM KpacHOTO CIeKTpa
BuguMoro wu3nydeHuss (4 = 0,74 wmxMm) u cBepxBbicokoyacTOTHbIM (CBUY)

paguousnydenuem (4 = 1—2 wmm). [ns temmeparyp, C KOTOPBIMH OOBIYHO
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CTAJIKUBAIOTCs IIPHU PCIICHUH TCXHUYCCKUX 3aJia4, OCHOBHOC KOJIMYCCTBO DHCPTHUU

uznyyaetcs npu A = 0,8 + 80 mMkm (0Oumii tuanazon 10 800 MkM).

Tadoauna 3.1
IkaJja 3JIeKTPOMAarHUTHBIX BOJIH
Lnuna eonnvl, m Haumenosanue

10* - 10* PagnoBosHEbI

10'- 10" VYapTpakopoTkue
10" - 107 Tenesunenne (CBY)
10°-10° Pamnonoxanus (CBY)
10°-10°® NudpakpacHoe nznyuenue
10°-10” Bunumelii cnektp

107-107 Y apTpaduoneToBoe U3ITyICHHUE
10°-10" PeHTreHoBCcKOe U3ITyYeHUE
10210 ["'amMma-u3nyueHue

<10™ Kocmuueckue myun

JIyueucrnyckaHue CBOMCTBEHHO BCEM TeJlaM, M KaKJ0€ U3 HUX U3Iy4aeT U
MOTJIOLIAET SHEPTUI0 HENPEPBIBHO, €ciau Temneparypa ero He paBHa 0°K. Ilpm
OJIMHAKOBBIX WJIM Pa3jIUYHBIX TEMIIEpaTypax MEXAY TeJaMH, PacloJIOKEHHBIMU
KaK YTOJIHO B ITPOCTPAHCTBE, CYIIECTBYET HEMPEPHIBHBIN JIyUHCTBIA TEMI00OMEH.

[Ipu TemnepaTypHOM paBHOBECHM TeJl KOJUYECTBO OTAABAEMOW JYyYHMCTOMN
SHEpruu OyAEeT paBHO KOJIMYECTBY MOIVIOMIAEMOMN JIyducTod sHepruu. Crekrtp
U3JTy4eHHUs] OOJIBIIMHCTBA TBEPABIX M KUAKUX TEJ HENPEPbIBEH. OJTU Tena
UCIyCKAIOT JIy4d BCEX IJIMH BOJIH OT MaibIX 10 O0jbiux. CHekTp u3mydyeHus
ra3oB MUMEET JIMHEWYaThld Xapakrep. 1'a3pl HCIyCKaKOT Jy4d HE BCEX JJIMH BOJIH.
Takoe u3mydeHue Ha3bIBaeTCs cenekmusnbvim (M30uparesbHbM). M3mydenre razoB

HOCHUT OOBEMHBIN XapaKTep.
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CyMMapHOe H3JIy4yeHHE C TOBEPXHOCTH Tejla IO BCEM HaIlpaBICHUSIM
noJychepruyeckoro MpoOCTPAaHCTBA U MO BCEM JAJMHAM BOJIH CIIEKTpa Ha3bIBACTCS

UHmezpaibHoviM NN ROJIHLIM JVYUCIBIM NOMOKOM (Q)

TernoBoit IIOTOK, I/IBHY‘IaGMHﬁ Ha BCCX AJIMHAaX BOJH C CIHMHUIIBI

IMOBCPXHOCTHU TCJIa II0 BCCM HaAIIPABJIICHUAM, HA3bIBACTCA 7’106€DXHOCI’I’ZHOZZ

2 o
NJIOMHROCMbIO NOMOKA URME2PATIbHOCO U3TYHUEHUA E, Bt/M" niun usaydameilbHou

CHOCOOHOCMbIO T€Na, W OINpEeAeNseTcs TMPUPOJOW JAHHOTO Tela U €ro

TeMIrepaTypoil. Oro COOCTBEHHOE U3JTyYEHHE Tela.

Ezfjad/’l
0

rJie: J; — MHTCHCHBHOCTD, HIIH CIIEKTPAIbHAS ITOTHOCTh M3IydeHus [Br/M*M].

Pa3Hpie Tena mo-pazHOMY TMOTJIOIIAOT, OTPAKAIOT WM MPOIMYCKAIOT
JYYHUCTBIA IMOTOK.

Ha puc. 3.1 mnokazano
pacupenesieHue  SHEPruM  IpH
najcHuU U3TyYEHUs Ha
MOBEPXHOCTh PEAIBHOIO KUJIKOIO
WM TBEpAOro tena. Yacte sHepruu

n3nydyenuss E,,,) mNagaromen Ha

Teno, orpaxkaercs (Egr). 4acTth —
Pucynok 3.1 - Pactipenenenue sHepruu npu

noryomaercst (Ex) W yacth —
HaJICHUM U3JYYCHHS Ha TIOBEPXHOCTh

MPOXOJHUT CKBO3b TeJO0 (Ep).

OOmMii MOTOK JTYYHUCTOM SHEPTHH CKJIAIBIBACTCS CIAEAYIOMUM 00pa3oMm:
Enan = ER + EA + ED (31)
VYpaBuenue (3.1) TemsoBoro OanaHca MOXXHO 3amucaTh B Oe3pa3MepHOM

dbopme, MOACIUB KXl WICH ypaBHEHUS HA E,,

R+A+D=1 (3.2)
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ER

rac R = - A0JI1 OTpaXacMoro TCJIOM JIYUUCTOI'O ITOTOKA HA3bIBACTCH

naj

OTpa)KaTeHBHOﬁ CIOCOOHOCTBIO TCJ1a, NI KO3(bd)Ml4M€HI’I’lOM ompastCeHuA.

A=A

- J0JI1 IMOTJIoONacMoOro TCJIOM JIYUHUCTOI'O ITOTOKAa HAa3bIBACTCHA

naj

MOTJI0LIATEIbHOM CIIOCOOHOCTBIO TCJ1a, NN Koad)d)uuueHmOM NOo2JA0OUIEHUA,

E
D=-2
E

naj

- J10JI1 IIPOITyCKACMOT'O TCJIOM JIYYHUCTOTO ITOTOKA HAa3bIBACTCA

HpOHyCKaTCHBHOﬁ CITOCOOHOCTBIO TCJ1a, 1IN KOSd)(buuueHWZOM nponyCcKAaHuA.

Ecnu moBepXHOCTH MOTJIOMIAET BCE MaJlaloliue Ha Hee Jiyud, T.e. A =1,
R =0wu D = 0, To Takyl0 MOBEpPXHOCTb Ha3BIBAIOT abcoatomuo ueprou. Eciam
MOBEPXHOCTh OTPAXAET MOJHOCTHIO BCE MAJAlOIIME€ Ha HEE JYy4Yd, TO TaKylo
MOBEPXHOCTh HA3BIBAIOT abcoiomuo oenou. [Ipu atom R=1, A= 0, D = 0. Eciu
TENO abconromuo nponuyaemo s TerioBsix dydeir, o D=1, R=0u A=0.B
npupozie aOCOMIOTHO YEPHBIX, OCNBIX U MPO3PAUYHBIX TEJ HE CYIIECTBYET, TEM HE
MEHEE MOHATHE O HUX SBJISIETCS OYE€Hb BAXKHBIM [IJII CPAaBHEHHS C PEalbHbIMU
MOBEPXHOCTSIMH.

KBapun s TeminoBeIX Jydel HENpO3padyeH, a [JJs CBETOBBIX U
yibTpadruOIETOBBIX Jyder nmpo3padeH. KaMeHHast coyib mpo3paydHa Jjisl TETJIOBbIX
Jydye M Hempo3padyHa i yIbTpapuoJeTOBbIX Jydyeid. OKOHHOE CTEKJIO
MPO3PAYHO ISl CBETOBBIX Jy4eH, a I yAbTPadrOJIETOBBIX U TEIJIOBBIX MOYTH
Henpo3payHo. benas moBepXHOCTh (TKaHb, Kpacka) XOpPOIIO OTpakaeT JHUIIb
BUJIUMBIEC JIyYHM, a TEIUIOBBIE JIy4H MOTJIOMIAET TAKXKE XOpPOIIO, KaK M TEMHasl.
Takum 00pa3oM, CBOMCTBO TeJ MOIJIONIATh WJIM OTPa)KaTh TEIJIOBBIC JIyYH 3aBUCST
B OCHOBHOM OT COCTOSIHUSI IOBEPXHOCTH, a HE OT €€ I[BETA.

Ecnu moBepXHOCTh OTpakaeT JIydH MOJ TEM K€ YTJIOM, MOJ KOTOPbIM OHU
najaloT Ha Hee, TO TaKylo MOBEPXHOCTh HA3bIBAIOT 3epKanbHou. Eciu nagaromui
Jyd OpU OTPAKEHUHM PACHICIUISIETCS Ha MHOXECTBO JIy4ed, HUAyIIHNX MO
BCEBO3MOXKHBIM HAIIPABJICHUSIM, TO TaKOE OTPAXKEHUE HA3BIBAIOT Oupdysnvim

(HanpuMep MOBEPXHOCTh MENa).
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B OonpmMHCTBE TBEpABIX W KMJIKHMX TeJl IOIVIOUIEHHE HH(PaKpacHOIro
W3JIyYEHUsI OCYILIECTBIAETCS B TOHKOM, IIOBEPXHOCTHOM CJIO€, T. €. HE 3aBUCHUT OT
TOJILLIMHBI TEJIa ¥ €r0 MOKHO PacCMaTpHUBaTh KaK [IOBEPXHOCTHOE SIBJICHUE.

B raze mnpouecc norioumieHuss HOCUT OOBEMHBIM XapakTep B CHIY
3HAYUTENIbHO MEHBIIUX KOHIEHTpanui wMoisekyd. I[lpu stom ko3dumment
HOTJIOUIEHMSI 3aBUCUT OT «TOJILIMHBI» ra30BOr0 00bEeMa U IABJICHUS Ia3a.

BoapIIMHCTBO TBEPIBIX TET MOKHO pacCMaTpUBATh KakK Cepble Tena.

Cepoe TeJ1o - HEMPO3pavyHOE TEJI0, UMEIOLIEE, KaK U a0COIFOTHO YEPHOE TENO,
CIUIOLIHOW CIIEKTP M3JIy4eHHUsI Ha BCEX JJIMHAX BOJIH.

CreneHp YCPHOTHI - OTHOIIICHUC IIJIOTHOCTHU COOCTBEHHOT'O H3JIy4CHUA E tema k

IJIOTHOCTH COOCTBECHHOTO H3JIYYCHHA Eo a0COJIFOTHO YCPHOT'O TCJIa IIpHU O,HHOﬁ u

TOU K€ TEMIIEPATYpE:

E ]
£=— um &=
Eg J20

3.2 OCHOBHBIE 3aKOHBI TEMJIOBOT0 U3JIyYeHUsI
PaccmaTtpuBaemMble HMKE 3aKOHBI TEIUIOBOTO HM3JIYYE€HHUS CTPOrO CIpPaBE.l-
JIUBBI JUIIL JJIs1 aO0COMIOTHO YEPHOTO Tejia W C OMPENENIEHHON MOTrpenrHOCTHIO

UCIIOJIB3YIOTCS JUISl pEIbHBIX TBEPJIBIX (CEpPhIX) TEJL.

3akon IInamka YyCTaHABIMBAE€T 3aBHCUMOCTb MEXIY paclpeeiIeHueM
9HEPruu (CIEKTPaIbHOM MIIOTHOCTU U3TYUYEHUS ), U3Ty4aeMOoi aOCOIIOTHO YePHBIM

TenoM ( /o ), THHOM BoJHBI A (M) 1 Temmnepatypoit T (K):

;o _dE __ G
A0 aa C, 1‘

exp———

(3.3)
rne;  Cy=2mhco=3,74 - 10° Br Mm% C,= hco/k=1,44 10? M K - mocTosIHHEBIE
sesmuunber, h = 6,625 10 JIx "¢ - mocrosaHas ITnanka; kK = 1,38 105 Jx/K-

MOCTOsIHHAs bonbIMaHa; €y — CKOPOCTh CBETA B BaAKyyME.
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0 ' Xapaktep U3BMCHCHHUS [, OT A

- Il pa3JIMYHbIX 3Ha4YeHUWW T mokas3aH

=

S . Ha puc. 3.2. U3 rpaduka BugHO, 4TO,
N A | 1400 K

T .

8 . it HAayMHas OT HYyJsl,  CIEKTpaJibHas
A 13 4

= ' 000 K 6

= \ s IJIOTHOCTH TOTOKA U3ITyYEHUsI OBICTPO
104

PacTeT C YBCIMYCHUCM IOJIMHBI BOJIHBI,

JNOCTUTasi MAKCUMyMa NIPHU HEKOTOPOU

* /‘—¥\
r hY
Vs . : JUTMHE BOJIHBI  Apax, KOTOPAs 3aBUCHUT
°/N 2 3 a 6 7 &8 Amx
B axnmoc Naa
HENyHERAE oT TEeMITepaTyphI MTOBEPXHOCTH

m3aydenust T, mociie yero yObIBaeT.
Pucynok 3.2 - H3nydyeHue abCOMOTHO ya ’ y

YCPHOI'o TCJIa B 3aBUCHUMOCTHU OT HJIMHBI

BOJIHBI IIPH Pa3HbIX TEMIIEPATypax

3akon Buna  ompenenseT 3aBUCHMOCTh OT TE€MIIEpaTyphbl JJIWHBI BOJIHBI
Amaxs COOTBETCTBYIOIICH MAaKCHUMAaJIbHOW CIEKTPAIbHOW IUIOTHOCTH ITOTOKA
UBIIyUCHUS [)o -

Amax T = 2,898 mm " K, (3.4)

3akon Cmeghana-borvymana yCTaHABIMBAECT 3aBUCUMOCTh IUIOTHOCTH

noToka n3nyuyenust Eg AUT ot ero temneparypst T:
Eo = 6oT%, (3.5)
rme Og = 5,67 10° Br/(M*K*) — mocrosiauas Credana — BombiMana,
a T - temneparypa B rpagycax KenbBuHa.

JIns NpakTUYECKUX PacyeTOB IMOBEPXHOCTHOW IUIOTHOCTH — ITOTOKA

MHTErPaIbHOTO H3IydeHHs yIoOHee cieayomas 3amuch Eg, Br/m’:
Eo=co[ T/100 1", (3.6)
e Co = 5,67 — koo HIHEHT H3TyueHHs aGCOMOTHO YepHOTo Tera, Br/(m** KY).

3akon Credana-bonbpiiMana Jy1st cepbIX T MPUHUMACT BHUI:

37



E=cEg=¢co[ T/100 1%, (3.7)
rne € = E/Eq - uHTETpalIbHAS crienelsb YepHomvl CEPOTO Tema.

3aKkon .]]CZM6€DWZCZ OIIpCACIIACT 3HAUCHUC IIJNIOTHOCTHU ITOTOKA U3JIYYCHUSA E(p

B 3aBHCHMOCTU OT €ro HampabiieHus. HamOonplas IUIOTHOCTh M3IIy4eHHS IO
HOPMaJTH K IOBEpXHOCTH En— SPKOCTh U3IydeHust
E.=E/= (3.8)

rae E - mioTHOCTh u3nyueHus B noyrycepudeckoe mpocTpaHCcTBo.

CornacHo 3akoHy JlamOepra, IUIOTHOCTH IMOTOKAa H3IIydyeHHUS aOCOJIIOTHO
yepHOro  Tema B gamHoMm  Hampasinenmn  (E,)  mpomoprmonamsha
IUIOTHOCTA TIOTOKAa M3Ay4YeHHs B HANpaBlICHUH HOPMAalld K TIOBEPXHOCTH
(E,) ¥ KOCUHYCY yTJIa MKy HUMH:

E, =E, cose. (3.9)
T7ie () — yroJl MeX/1y HampaBICHUEM U3ITy4YeHHUsI U HOPMAJIBIO.

3akon JlambGepra cmpaBemMB Ans aOCOMIOTHO YEPHBIX TET W Tel C
1 Gy3nOHHBIM H3TydeHHeM. Tena, M3lydeHHne KOTOPBIX TMOAYMHSETCS 3aKOHY
JlamGepra, Ha3BIBAOT Ou@@dy3uoHuvivu uziyuamenimu. MHOTHE peanbHbIC
(cepble) Tena HE MOJUUHSIOTCS 3TOMY 3aKOHY.

3axon  Kupxeoga YCTaHABIIMBACT KOJIMYECTBEHHYIO CBS3b MEKIY

DHEPIUSIMU  M3JTYUYCHHS W TOTJIOLIEHUSI CePhIX W aOCOJIIOTHO YEPHBIX TEl M, Kak
CJIEICTBUE, CBSI3b MEXKY CTENIEHbIO YEPHOTHI b 1 moronareasHol CriocOOHOCTHIO
A cepbix Ten. CoriacHo ’TOMY 3aKOHY, OTHOIIIEHUE SHEPTUU U3TYUYECHUS K SHEPTUH
MOTJIOIIEHHUS HE 3aBUCUT OT MPUPOIbI TEJI U PABHO SHEPTUU U3ITyUYEHUS A0COTOTHO

YEpHOIo Tejla IPHU TOM e TemIieparype.
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PaccmoTpuM nyuncThiii Te1000MeH
MEKly TapaJuIeIIbHO PACIIOJIOKEHHBIMU
HEOIPAHUYECHHBIMU TUIACTUHAMHU: CEPOM
1 ¢ Temneparypoit T u nmorjomarenbHOMU
CIOCOOHOCTBIO A M aOCOJIOTHO YEPHOMH

2 ¢ Ttemmeparypoir Ty (pumc. 3.3).

IIpumem T > Ty, I1n0THOCTH TEMIIOBOTO

Pucynok 3.3 - JIyducTteiii TermooOMeH
IIOTOKA (, IEPEeJaBaeMOI0 CEPhIM TEJIOM

MEXIy MapajieIbHbIMU O€CKOHEUHBIMU
YepHOMY, paBHa:

MJIACTUHAMHU
g=E-AE, (3.10)

rie E — mJIoTHOCT, MOTOKA UBIYyYEHHs] CEpOro Teja, IOJHOCTHIO
MOTJIOIIEHHAsT a0COJIIOTHO YepHBIM TeloM; AEy — IJIOTHOCTh MOTOKA U3IIy4YCHUS
a0COJIFOTHO YEPHOIO TEJIa, MOIJIOLIEHHAS] CEPBIM TEJIOM.

OTpakeHHBIN OT ceporo Tena JiyuncThiii ToToK Eg = (1 - A)Ey mosmHOCTBIO
MOTJIONaeTCs a0COMIOTHO YepHBIM TesioM. [locie BeIpaBHUBaHUS TEMIIEpaTyp Tel
(T = Typ) nepenava termnoTsl pekpatutcs (4 = 0), oTkyaa:

E /A = E, (3.11)

M3 »storo YpaBHCHUA CIeayCeT, 4YTO0 OmHOuWleHue niomHocmu nomokxa

uznyuyerus cepo2o mena E k e2o I’lOZ]lOlMClI’}’leJleOIZ cnocobnocmu A 0ounaxoso 0is

6cex mejl U pa6HO njaonHoCmu nomokKa u3jay4erus abconomuo YEPHO20 meaa npu

Mot dice memnepaniype.

4 4
Takkak E= 6ge T, Eg=09 T , to A =E/Eqg, 1. e. noznowamenvras

CcnocodHoCcmb cepo2o0 meana YUCIEeHH0 pasHa CIMEeNnEeHU €20 Yeprombl .

e=A (3.12)

NubiMu cioBaMu, Kak TEJO MOTJIONIAET, TAK OHO U U3iIy4aeT (KoddduineHt
U3JIyYEHHUS CEpOro Tejia 00IYHO 0003HAYAIOT C).
JIJIsi MHOTHUX TEXHHUYECKHX IMOBEPXHOCTEH 3aBUCHMOCTBH CTEIEHU YCPHOTHI

OT TEMITepaTyphl TOCTATOYHO ciiabas (10 CpaBHEHHUIO C MATEPHAIOM U COCTOSIHUEM
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HOBCpXHOCTI/I), IIOOTOMY pacyeT HOBerHOCTHOﬁ IIJIOTHOCTH HHTCTPAJIBbHOTO
H3JIy4YCHHUA CCPOTo TCJIa MOKHO OIIPCACIINTD 110 YPABHCHUIO!

E= ¢E, =567 (i)4 (3.13)

100

N3 3akoHa KI/IpXFO(l)a CICAYCT, UYTO IINIOTHOCTD ITOTOKA M3JIYUCHUA BCCX TCII

MEHBIIIE TUIOTHOCTH TIOTOKA W3JIYYCHHS a0COJIFOTHO YEPHOTO TeJla TMPU TOH Ke

temmeparype (y ceporo Tena € < 1).

3.3 Ternsi000MeH HU3/1y4eHHEM MeKAYy TeJIaMH M B Ia30BbIX cpefax
3.3.1 JlyuyucThlii Teni000MeH MexK1y TBEPAbIMHU TeJIaMU
PaccMoTpuM ciiydail CTallMOHApPHOTO JIYYMCTOTO TEIIOOOMEHA MEXAY

JIByMsI TIOBEPXHOCTSIMH, PACIIOIOKEHHBIMU C HEOOJIbIIUM 3a30poM (puc. 3.4).

Eall- A,) CuurtaeM, 4YTO MEXIy TeEIaMH
-
E!E Ipo3pavHas cpena. Jis
-~
=g
E,(I- ApA, 5 EA, ONPENEIICHHOCTH IpUMeM, 4To T >
- * , &
Byl - A1 - &) S E)(1- Ag)0 - ApA, T2 B oTol cucteme Equ Ep —
Ez, F
E2h, P SHEPrusi COOCTBEHHOI'O M3IIy4EHHUs
S
T, = I, IIEpBOIO0 M BTOpPOro Teil. Bauny
A 3
. :_;_A’ MaJoro PacCTOSIHHUSI MEXKIY TEJIaMU

U PO3PAYHOCTH Cpelbl

Pucynok 3.4 - Cxema
NpPaKTUUYECKH  BCE  UBJIyYCHUE

JYYUCTOTO TEII00OMEeHa .
KaXIOM W3  paccMaTpUBaeMbIX
MIOBEPXHOCTEH TIOMANET Ha

IIPOTHUBOIIOJOKHYIO. BOCHOJ’II)?)yeMC?I ITOHATHUCM B(b(beKTI/IBHOFO H3JIYYCHUA Esd)s:
anb =FE + REnad (314)

Jlns wenpospaunoro Tenra D =0 wuw R =1 —A Beipaxenue (3.14)
3aIIMIIETCS B BUJIE: E,p =E + E,,s(1-A).

Kaxmoe wu3 paccmatpuBaembix Ten umeeT 3¢GdekTuBHOE (TIOTHOE)
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U3JTyYEHHUE, COOTBETCTBEHHO £y M E,p).
s nepsoro tena FE,p, SABISETCS NMaJalollUM, a g BTOPOTO IaJa0IIuM
Oyner E,p;.
[Toatomy E,p1 = E1 + E, 2 (1—A41) (3.15a)
E,po = Ey + E,p1 (1—A42) (3.156)
[110THOCTB TEIJIOBOTO MTOTOKA OT IIEPBOI0O Tejla Ha BTOPOE paBHa:
0 = Espr - Espo (3.16)
IMoncransasa B (3.16) 3HaueHus E,y um E,go, BblpakeHHsle u3 (3.15a) u

(3.150), moxygaem:

__ AE—A4E;
q= Aj+A,—Aq A, (3.17)

Ucnonp3ys ypaBuenus (3.13) u (3.12), 3amenum B (3.17) E; u E;
COOTBETCTBEHHO Yepe3 :

Ty

E = &C, (5)4 U E,= £0C, (%)4

nomyanM (3xeck Co= 5,67 Br/(M? K*) kodbduimenT nsnydenns abcoToTHO

YEPHOTO TeNa):

T, \* T, \*
Aze:C (1g) — Are26o (1)
q ) = =
1.2 A+ A, — AA,
T1 4 T 4
_ 886 (Z06) —£12260 (355) (3.18)
£1+£2—£182 .
YpaBHEHUE MOKHO MPEICTABUTH B BUJE:
- [ @)
N2 = i e [ 100 100 (3.19)

500041
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he = T G [(Z) - (&)]] (3:20)

&1 €2
Beanunna
e _ 1
- 1 1
np 1.1
&1 &2

(3.21)

Ha3bIBACTCA npueedeHHOd cmenernvro 4epromosl CUCTEMBI TCII. CDOpMy.TIa pInIb: |

ITOJHOI'O TCIIJIOBOI'O IMOTOKA 3aIlIMIIICTCA B BUAC:

Q1,2 = C0 F[ 100

- (1%20)4] (3.22)

rac F - Iiomaab TEII000MEHHOM IMOBCPXHOCTHU, B HAIICM CJIY4aC OJHMHAKOBAsA

IUIsT O0OUX TEJl.

3.3.2 Jly4ucThlii TeJIO0OMEH B 3AaMKHYTOM MPOCTPAHCTBE

LR EE N T fi’ff SUEH R
T = T3 Fz

o

In.‘n.‘n WRALY

I

IRV EREVEVEUR AUV

ARV
r2

\

SO AT T Ty

Pucynok 3.5 - JIyaucteiii TerooOMeH

B 3aMKHYTOM MPOCTPAHCTBE

Ecnau noepxnocth F; ¢ Temnepatypoit
Ty MTOJTHOCTBIO OXBaTBHIBACTCS
MMOBEPXHOCThIO F, ¢ Temmeparypoit T,
TO YacTb IIOTOKAa, TEpeaBaeMOro
M3JIydeHHEeM TIOBEpXHOCThIO F, He
nonaner Ha F,, a uzmyuaercs Ha celOs
xe (puc. 3.5). B oatHX yciaoBusax
TEIJIOBOM IIOTOK, Hamarommi Ha [y,

OyJeT MEHbIIE, YeEM B CIIy4ae JIBYX

OJIM3KO PaCIOIOKEHHBIX IJIOCKOCTEH C paBHBIMU IUIOMansiMu (puc. 3.4).

TerioBo TMOTOK, IepeaaBacMbli

K BHCHIHEMY, MOJXHO TaKXC OIIPCACIUTD

HN3JIYYCHUCM OT BHYTPCHHCTO TCJa

o (3.22), ecnu BMecTto F moacTaBuTh

IOBCPXHOCTh MCHBIICIO TCJIa Ft. a CTCIICHb YCPHOTHI CUCTCMbI OIIPCACIUTL II0

dbopmye:
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1
T T L)
& I\

B cnydae TemnmooOMeHa MEXIy MPOU3BOJIBHBIMH TEIAMH KaKI0€ W3 HUX
U3JTydaeT MO0 BCEM HAMPABIICHUSM M JIMIIb TOJIBKO YacTh SHEPIHM MOMaJaeT Ha
npyroe. OcTaibHasi HSHEPrUs PACCEMBACTCS B IMPOCTPAHCTBE WJIM IOMNAJAET Ha
apyrue Tema. B arom ciywae B pacuetHyro (opmyny (3.22) BBoAHTCA
MONPaBOYHBIN KO3 (HUIIMEHT, Ha3bIBAEMBINH K02 duyuenmom obayueHHocmuy Teia
0\ ; ¥ YYUTHIBAIOIINI JIOJIFO U3JTydEHUs TIEPBOTO Tejla, BOCIIPUHUMAEMYIO BTOPBIM
TEJIOM.

Takum o0OpazoM, Iy4UCTBIA TEMIOOOMEH MEXAY JABYMsI TMPOU3BOJBHO

pPacnoJIOKEHHBIMU TEJIaMU MOXKET OBITh paccUUTaH no (popmyie:

T \* T, \*
Q12 = P12&mp Co 4 l(ﬁ) - (ﬁ) ] (3.23)
Koadduiment 001ydeHHOCTH TakKe Ha3bIBAIOT YIIIOBBIM KOdhduyuenmom
uzIyyenuss. ITO YUCTO TE€OMETPUUECKUN (PaKTOp, 3aBUCSIINN TOIBKO OT (OPMBI,
pa3MepoB Tel M UX B3aUMHOIO pacnojiokeHus. Paznuyaior koddPuuueHT
OOJTy4eHHOCTH TIEPBBIM TEJIOM BTOPOTO @12 U KOI(PPUIIMEHT OOIyUYeHHOCTH
BTOPBIM TEJIOM NEPBOro ¢,;. Illpu stom @1, F1 = @1 F, . Koadduument
OOJY4eHHOCTH OIpEeNeseTCs] aHaTUTHUECKH WM JKCIepUMEHTaIbHO. DOpMyIIbI
JUISL  pacdyeTa YIIOBbIX KOA(D(HUIIMEHTOB JUIsi YacTO BCTPEYAIOIIUXCS CXEM
MIPUBOJISITCS B TETUIOTEXHUYECKUX CIIPABOYHUKAX.
B o6miem ciydae cpeanuii yrioBoi ko3dduimeHT 00aydeHHOCTH  (0021)
B 00ILIeM cTyyae 3aBUCHUT OT F€OMETPUUECKUX CBOMCTB M3Iy4yaeMOU CHCTEMBI U €€

OINTUYECKUX CBOUCTB:

&1 42 F

P12 Lo E (3.24)

Ecnu Bce u3nydyeHne 0HOTO Teja MonajgaeT Ha Ipyroe, To ¢, = 1.

F
[IpumeHHuTenbHO K puc. 3.5 ¢1,=1, @1 = F_l ,
2
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B npuOnmxeHHBIX pacyeTax JYYUCTOTO TEIJ0OOMEHa MEXIy JByMs

TIPOM3BOJIBHO PACTIONOKEHHBIMU TENAMH £y (3.21) MOMyCTMMO paccUMTHIBATH 110

dopmyne e,, =e1* e,. Ilpu €1 n £, > 0,8 ommOKa Takux pac4eToB MeHseTcs oT 0 10

Fy
20 % npu U3MEHEHUH OTHOILIECHHUS 7 OT 1 mo 0.
2

3.3.3 JlyumcThlii Tena000MeH B ra30BbIX cpeaax

["a3pl 0012/TAFOT CITOCOOHOCTHIO U3JTyYaTh U MOMJIOIIATh JIYIHCTYIO SHEPTHIO.
JIJIs pa3IMYHBIX Ta30B 3Ta CIIOCOOHOCTH pa3iuyHa. M3iyueHue W TOTJIOMICHHE
OOBIYHBIX OJHO- M JBYXaTOMHBIX ra3oB, B yacTHOCTH azota (Ny), kuciaoposa (0y),
Bojopona (Hy), remus (He) u ap., cTodb HE3HAUUTENbHBI, YTO B HMHXKEHEPHBIX
pacderax 3TH Ta3bl MOKHO paccMaTpuBaTh KakK aOCOJIOTHO TPO3padHbIC CPEbI.
3HAYUTENBHON CIMOCOOHOCTHIO W3Ty4aTh W IOTJIOMIATh JIYYUCTYIO DSHEPTHIO
00J1a/1at0T MHOTOATOMHBIE T'a3bl, B YaCTHOCTH, IBYOKHUCH yriepoaa (CO;), BoasHOU
nap (H,0), cepnsiit auruapun (SO,), ammuak (NH3) u np. JIByxaromHBIN T3 —
okuch yriepona (CO) — Takke HUMEET 3aMETHBIM YpOBEHb W3iIydeHus. [l
TEIUIOTEXHUYCCKUX PacUYeTOB HAHMOOJBINNN WHTEPEC MPEICTABIISIOT Mapbl BOJLI U
JIBYOKHCH yTJepoaa. ODTH Ta3bl SBISIOTCS OCHOBHBIMH COCTABJISIFOIIMMH (TIpH
HOMHHAJILHOM PEXKHUME TOPCHHsSI, T. €. HET TBEPIbIX BKIIOYCHHI) TPOIYKTOB
CTOPAHUS TIPH CKUTAHUU PA3JIMIHBIX BUIOB TOILIUBA.

TBepapie Tena U3IY4arOT M MOTJIOMIAIOT SHEPTHUI0 MOBEPXHOCTHBIM CJIOEM,
raspl — BCEM 0O0BEMOM, TaK KaK MOJICKYJbl ra3a HaXOIATCA HAa OTHOCHUTEIBHO
OOJIBIINX PACCTOSHUAX OJHA OT APYroi. I'a30BbIc 00BEMBI HE OTPAXKAIOT JIYUCH.
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W3nydyenre M MOIVIONIEHHE Ta30B HOCHT OOBEMHBIA  XapakTep W
XapaKTEePU3yeTCs JTUHEHYATHIM CIIEKTPOM.
Jad Oro o03Ha4aeT, YTO HU3JIy4EeHHE
ANT
rA3 (IIOIJIONIEHHE) DJIEKTPOMATHUTHBIX

BOJIH IMpOUCXOUT JIMIb B

OTJIEJBHBIX YYacTKax CIEKTpa (Ha

ONpEJEICHHBIX JJIUHAX BOJH) U
Pucynoxk 3.6 CnekTp usiydeHus raza

3aBUCHUT OT pojia raza (puc.3.6).
Taxum 00pazom, U3TydeHHE U MOTJIOLIEHUE TPEX- U MHOTOATOMHBIX Ta30B
XapaKTEPU3YeTCsI CBOMCTBOM uzbupamenvrocmu (CerekmusHocmu).
[Ipu nosocoBbIx cnekTpax 3akoH Credana — bonbliMaHa HENPUMEHUM

T n
N 3aMCHACTCA CIICAYIOIIUM: E=C (Fl()) . IToka3arens creneHu N I ABYOKUCH

yriaepoja paseH 3,5, a 115 BOASHOTO napa — 3.

Opnako mIst yooOCTBAa PAacyETOB CUUTAIOT, YTO HM3IYYCHHE Ta30B TaKXKe
ClIeyeT 3aKOHY YEeTBEpPTOM CTENeHH, HO Toraa BHOCAT B KodpduiueHnt C
NIOIIPaBKy Ha TeMreparypy, Tak kak C = f(T).

[Ipy mpoXOoXAEeHUU H3JIydeHHUs (TEIUIOBBIX JIydeW) uepe3 ra3z Ux SHEprus
YMEHBIIIAETCs, T. €. MPOUCXOAMUT ociabieHue ayded. Oro ocnabieHue ompe-
JeNIeTCs KOJIMYECTBOM MOJIEKYIT Ta3a, HaAXOMAIMXCA Ha IMyTH JyYUCTOTO MOTOKA,
KOTOpPO€ MPONOPLUOHAIBHO NMaplHUaJIbHOMY JIaBJICHUIO MOTJIOIIAIOIIEr0 TEMIOBbIE
Jqy4d Taza p W cpenaHei mnuHe myTtH Jsyda |. Kpome Toro, mornmomarenbHas
CIIOCOOHOCTH Ta3a 3aBHCHT OT €ro TeMIepaTypsl T.

CoOcTBEeHHOE H3NMYyYEHUE Ta30BOr0 O00bEMa PACCUUTHIBAETCS MO COOTHO-

HNICHUIO.
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rne 0, = 5.67 10° Br/(m® K);

E=co, Tt

T, —

(3.25)

Temreparypa Traza, K;

€ — KOA(PPHUIIUEHT TETUIOBOTO U3y4YeHHUS ra30BOro 00beMa (CTeTeHb YEPHOTHI).

Kosddumment TemnoBoro uziiydeHusi cMecu Ta3oB (OCHOBHBIX NMPOAYKTOB

CTrOopaHMs TOIUIMBA: YIVICKHMCJIOIO Ia3a U BOASAHBIX HapOB), CTpPOro roBops, MCHbUIC

CYMMBbI KO(DPUIIMEHTOB U3TyUEHUS YUCTHIX (Ka)IOW COCTABJISIONIEH) Ta30B.

OI[HaKO Ipr OOBIYHBIX COOTHOIIEHUSX KOMIIOHEHTOB CMECH pacdeT € MOKCT

IIPOBOAMTHCS 10 YIPOIIEHHONW METOJUKE:

(3.26)

rie€ p = Pu,0 + Pco, — CYMMapHOE TaplUaIbHOE JIaBJICHUE BOJISHOIO

napa u yriekucioro raza, MIla; K — koa¢uiment ocinabieHus ydeid B

CMeCH, OTpeesieMbli SMIUPUIECKON (HOPMYJIION:

1+20P
k=08 —ot20 (1 ~0,38 (3.27)
+/10pl
3nech T, — Temmeparypa rasa, K; | — cpenusis mmna styda (3ddexruBHast

TOJIILIMHA U3JIyYAIOIIETo CJI0s ra3oB), M, KOTOpasi BbIYUCIAETCA 110 GOopMyJIe:

=36 2
F

(3.28)

3.
rae V — o0beM H3Tydaromero cjios rasa, M ; F — miomaas ToBEpXHOCTH

. 2
ero 000JIOUKH (OrpakJIa0IIUX MOBEPXHOCTEH, II€ HAXOAUTCS Ta3), M”.

OTa MeToIMKa NPaBOMEPHA B CIICIYIONIEM TUANa30HE TapaMETPOB:

Pco, »M MlIla

Pu,o >M Mlla

PH,0 / Pco,

T, K

810 *-0,16

410%-0,13

02-2

750 - 1950
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4 Tensonepenaua

4.1 Temonepenaya yepe3 MIOCKYI0 CTEHKY

[Ipomecc Terutonepenadn OCYMIECTBIACTCS MyTeM Tepeaaddl TEIUIOTHI OT
OJIHOM TOJBMIKHOM cCpeapl K JAPYyrod uepe3 pasAciionyl0 HX OTHOPOIHYIO
(WM MHOTOCJIOWHYIO) TBEpAyI0 CTeHKy. Termronepenada BKIOYaeT B ceOs
TEIJIOOTAAYy OT OoJyiee TOpsSYe cpeapl K CTEHKE, TEIIONPOBOIHOCTH Uepes
CTCHKY, TEIUIOOTIa4y OT CTCHKH K 00JIee XOJIOHON MOABMKHOU Cpejie.
PaccMoTpuM  TIJIOCKYIO  OJTHOPOJIHYTO
CTEHKY  TOJIIMHOU 0 C
KO3(PPUIIMEHTOM TEIIONPOBOJTHOCTH A
(puc. 4.1). 3agagum TeMIepaTypbl
okpyxatommeil cpenst t u trp, a Tawke
KO3(PUIIMEHTHI TETUIOOTAAYN O U 0.
[Ipy »o>TOM Oymem cyuTaTh, YTO

BernuuHs! U1, U, a1 ap, 4 mocTosHHBI

X
N HC MCHAIOTCSA BJAOJIb INOBCPXHOCTCHU

cremxu. Jlns cramuoHapHoro ciywas L MCYHOK 4.1 - Temnnonepenada uepes

IUIOTHOCTh TEIIOBOIO IIOTOKA BO BCEX TIVIOCKYIO CTCHKY
TpeX MpoIleccax OJMHAKOBAs.

[IpuHsITBIE  JONMyIICHHWS  TO3BOJISIOT  paccMaTpuBaTh  W3MCHCHHE
TEeMITepaTypbl XKHUJIKOCTEH (Cpembl) M CTEHKH TOJBKO B HalpaBlICHUH,
MEPICHANKYJIIPHOM TIOCKOCTH CTCHKH.

TpeOyeTcss HaWTH TEIUIOBOM MOTOK OT TopsyYed KUAKOCTH (Cpenbl) K
XOJIOJTHOW ¥ TEMIIEPaTyphl Ha MTOBEPXHOCTSAX CTCHKH.

[1OTHOCTH TEIIOBOrO IOTOKA, MEpeaaBaemasl TEIUIOOTAA4YEd OT Topsder

Cpenbl K CTeHKe, onpeernsercs 3akonoM Heiorona — Puxmana (2.3):

q= ai(tr; — tw1)
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HpI/I CTAallMOHAPHOM PECKUME TOT KC TEIUIOBOM MOTOK TCIIOMPOBOAHOCTBIO

nepegaeTcs yepe3 cTeHky (1.7):

A
q= S (twl_ th)
OH xe nepeaacTcss OT CTCHKU K XOHOHHOﬁ AKHUOKOCTH 34 CUCT TCIIJIOOTAAYUYN:
q = az (twz — trz)
3anucaHHble YPaBHEHUs COCTABJIAIOT CUCTEMY YpPaBHEHHMH TeILIONEpenadn
OT OJHOH KUIKOCTH APYroi, uepe3 pasjelsiollylo X TBepAyIo cTeHKy. CII0KUB
IMOYJICHHO 3TH YPABHCHH:, IIOJTYUHUM:
1 o) 1
q <C¥_1+ I+ CZ_Z) = tfl — tfz

OTKy,Z[a IINIOTHOCTDH TCIIJIOBOI'O IIOTOKA

tfl_ tfz
9 =7 35 1 (4.1)
J— _+_
aq A an
k _ 1
O603HaYNM = T - Koagppuyuenm mennonepeoauu,
a1 A ap

XapaKTePU3YIOIMIMA HHTCHCUBHOCTh IepPeayd TEILIOTHl OT OJHOM JKUIAKOCTH
(cpempl) Ipyroii 4epes pa3eiIioNly 0 HX CTCHKY.

Koaddumment ternonepenaun (K) 94MCICHHO paBeH KOJIMYECTBY TEILIOTHI,
KOTOpasi TIepelacTcsl 4epe3 CIWHUILY IMOBEPXHOCTH B CIUHHILY BPEMCHH IPHU
Pa3HOCTH TEMIIEPATYP MEXIY KUIKOCTIMH (CpelaMu) B OJIUH TPaIyC.

OKOHYATENIBHO MOYKHO 3aIIUCATh:

q =k (1= tr2) = 3 (b1 = t72) (4.2)

1
rac R = ; - TCPMHUYCCKOC COIIPOTUBIICHUC TCILIONICPCOAYH.

ITonnoe TEPMHUYICCKOC COIMPOTHUBJICHUEC TCILIONCPpCAAYN CKIAAbIBACTCA M3

TCPMHUUCCKOI'O COIMPOTHUBJIICHUA TCINNIOOTAAYH OT FOpH‘—ICﬁ CpCabl K CTCHKC

1 6
R{ = —; TepMHYeCKOr0O COMPOTHUBIIEHUS TEIIOMPOBOJHOCTH CTEHKH R, = 7

aq
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TEPMHUYCCKOI'O COIMPOTUBJICHUA TCIIIOOTAAYM OT CTCHKH K XOJ'IO,ZIHOfI cpeac

1
R2 - .
an
BBI/II[y TOTrO, 4YTO O6HI€C TCPMHUUCCKOC COIIPOTHUBJICHUC COCTOUT U3
OTACJIIbHBIX, MECTHBIX TCpMI/I‘—IeCKI/IX COHpOTHBHCHHﬁ, TO B CJIyLIae MHOFOCHOﬁHOﬁ

CTCHKHU HGO6XOI[HMO YUUTBIBATbh TCPMHUYCCKOC COIIPOTUBJIICHUC KAXKIO0T'O CJIOA, T. €.

1 1 68 &, 8 1

k a A Az Ay ay
WIH

=+ 21_1/1 - (4.3)

ar

4.2 Tenjonepenaya yepe3 UHJIMHAPUYECKYIO CTEHKY

AHanOru4HO IIOCKOM CTCHKC

pemacTCa 3aaa4a TCILIOIICPCAAYN YCPC3

WIHHIPHYECKYIO CTeHKY (puc. 4.2).

Mo3kHO 3anucaTh JMHEHHBIC INIOTHOCTHU

TCIIJIOBOI'O ITIOTOKA.

Q = a; 2mryl (tfl — tw1)

T
In—=2
r1

Q = a, 2nn,l (tWZ - th) 0 i.‘t .rz *‘:

Q:

. _ Pucynoxk 4.2 - Terutonepenaya yepes
Haiinem w©3 3TUX  ypaBHEHUH

UUJTMHIPUYECKYIO CTEHKY
nepenajbl TeMIeparyp:

(tfl B Wl) ay Zm"ll
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Q In2

r

(tw1 = twz2) = T/lll
_ 0

vz = ) = 2

ITocne cnoxeHus NeBbIX U MPABBIX YAaCTEN YPABHEHHUN MOJYy4YHM:

- Q1 1, dy 1
fri = 2 = 3 ay dq o In dy + a dz) (4.4)
_ mwl (trr —ty2) .
Q - 11 dp, 1 = k ml (tfl — tfz) (45)
(“1 d; " 22 Yy ez dy
1
rae K= 1,1 dy, 1 (46)
ay di 22 My T dz)
1 1 1 d 1
R = — = —_ ln_z _ .
k (061 d, + 21 a, + _— TEPMHYECKOE COIIPOTUBJICHHE

JUJ1st MHOTOCIIOMHOM LIMJIMHAPUYECKON CTEHKHU OYyZ€M UMETh:

k = !

1 n 1 5 ditq 1
i=17). In ds d
ag dq 24§ i %n+1dn+1

4.7)

( )
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5. Temn1000MeHHbIE aNINIAPATHI

5.1 Kaaccudukamus Tenjo00MeHHBIX aNlNapaToB

TennmooOMeHHBIN anmapar (TerT000MEHHUK) — 3TO YCTPOMCTBO, B KOTOPOM
TEIUIOTa MEpPEeNaeTCsl OT TOPSYEro TEIUIOHOCUTEINSI XOJOAHOMY (HarpeBacMomy)
WJIM HAa00OpOT; OHO MPEAHA3HAUCHO JIJIsl HArPEBaHMsI, OXJIAKICHUS I U3MEHEHUS
arperaTHOro COCTOSIHMSI TEIUIOHOCUTENA. TEeIUIOHOCUTENW - Tasbl, Maphl,
KUJKOCTH.

[To mpunMny neictus TerioooMennsie amnmnapatsl (TOA) paznensitorcst Ha
PEKyNEepaTUBHbIE, PETCHEPATUBHBIE, CMECHUTEIbHBIE UM C  BHYTPEHHUMH
MCTOYHUKAMU TEIJIOTHI.

Pexynepamuenvle TennooOMEHHBIE ammapaThl — 3TO YCTPOMCTBa, B
KOTOPBIX JIBE TEKYIIHE CPEMIbI C PA3IMYHBIMU TEMIIEpATypaMu pa3ielieHbl TBEPAOU
cTeHKoM. TemnooOMeH MeEXay KUJIKOCTSIMU OCYIIECTBISICTCS TOCPEICTBOM
KOHBEKLIMM MEXKJY KHUJIKOCTBIO W TBEPAOM CTEHKOW, pa3feisioued WX, U
TETJIOMPOBOJHOCTHIO uepe3 Hee. Eciin XO0Th 0JHA U3 )KUJIKOCTEN — U3ITy4arolui
ra3, TO 3a CYET W3JIYYEHUS MEXIYy Ta30M U CTEHKOW. PekymnepaTuBHbIE
TEIJIOOOMEHHUKH, KaK MPaBUiio, padboTaloT B CTallMOHApHOM pexume. [Ipumepom
TaKuX amnmnapaToB SBJISIIOTCS MaporeHepaTophl, KOHACHCATOPHI, MOJOrpeBaTeNd U
Ap.

B pexynepatopax (puc. 5.1) KaHaimbl TOPSYETO U XOJIOJHOIO

TCILIOHOCUTEICH pasacCiICHbI, IIEpcaada TCIJIOTbI IMPOUCXOAUT HYCPE3 CTCHKY,

51



PasaciIArOIy0 KaHallbl.

L

Pucynok 5.1 - Cxembl peKynepaTUBHBIX TEIIIOOOMEHHBIX alllapaToB:

a —HpﬂMOTO‘IHBIﬁ; 0-— HpOTHBOTO‘-IHBIfI; B— HGpGKpCCTHOTO‘-IHBIﬁ.

[Io HampaBieHUIO [BUXKEHUS TEIUIOHOCHUTENEW pekynepatuBHbie TOA
NoApa3ALIA0T Ha HpsAMOTOYHbIE (puc. 5.1, a), mpotuBoTouHbIe (puc.5.1l, 0),
nepekpectHoTounble (puc. 5.1, B). [ns uHTeHcHMUKAUU TeIUIoNnepeadn
YBEJIMYMBAIOT KOJUYECTBO XOJOB OJHOTO WJIM OOOMX TEIUIOHOCHUTEIEH,
BCJICJICTBUE UYEr0 BO3PAacTaeT CKOPOCTh  JIBDKEHUS  TEIJIOHOCHUTENSI U
yBenuuuBaeTcs kodpdunment Tteroornayu. Ha puc. 5.1, 4 mnpencrasiena
Matpunia TOA, B KOTOpO# ropsundii TEINIOHOCUTEIh UMEET OJMH XOJI, a XOJIOIHBIN
- JIBa XO/1a.

Matpuiier  TOA oTauyaroTcad TakXke BHUJIOM TEIUIONEPEAAIONIUX T0-
BEPXHOCTEMN.

Ha puc. 5.2 B kauecTBe mnpumepa MpeACTaBlieHa CXeMa IUIaCTUHYATO-
pedpucToil TeIIonepealolIeid MOBEPXHOCTH, a Ha puc. 5.3 - TpyOUaro-
MJJACTUHYATOTO TEIJIO0OOMEHHOTO arfmapara ¢ I[IaXMaTHBIM PaclojioKeHUEM

TpYyOOK.
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Pucynok 5.2 - Cxema miactTuH4aTo- Pucynok 5.3 - TpyOuaTo-miacTuHyaTas
pedpucToil TeronepeaaoIiei no- pEIIeTKA C MIAXMATHBIM PaCHOJIOKEHUEM
BepxHOCTH MaTpulll TOA: TpYOOK.

1 - pebpucTast TOBEpXHOCTh B KaHAJIE
FOPSYETO TEMJIOHOCUTENIS; 2 - MPUIIOH; 3
- CTEHKa, pa3Jeiistonias KaHajsl; 4 -
pebpucTas MOBEpXHOCTh B KaHaJIe XO-

JJOOHOI'O TCIIJIOHOCHUTCIIA.

B pecenepamusnuix TennooOMEHHBIX anmnaparax oJHa U Ta K€ MOBEPXHOCTh
HarpeBa 4yepe3 OIpPEJICICHHBIE MPOMEXYTKH BPEMEHH OMBIBAETCA TO TOPSYEH, TO
XOJIOOHOM KUAKOCTHIO. [IepBOHAYANIBHO MMOBEPXHOCTh PEreHepaTopa HarpeBaeTCs
MOCPEACTBOM OTOOpa TEIJIOThI OT TOpsAYed >KUJIKOCTH, a 3aTE€M IOBEPXHOCTH
pereseparopa OTAAET SHEPrUK0  XOJOAHOM  kuakoctu. [loouepenHocTs
MPOXOXKJICHUS TEIUIOHOCHTENIeH oOecreunBaeTcss JUOO0 TIMOOYepeHOM  To-
Jadel TEIUIOHOCUTENIeW TpU HEMOJBWKHOM Marpuile, JuOO BO Bpallaro-
meMcsl  TeriooOMeHHuKe (puc.5.4) mnpu BpalleHUd MaTpUIlbl C YacTOTOU
n=20...40 MHH ¥ OXHOBPEMCHHOM IPOTEKAHHH TOPSHEr0 M XOJOZHOTO

TEIJIOHOCUTENIEH uepe3 onpeaeiaeHHbIe 1 HuX ydactku TOA.
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Pucynok 5.4 - Cxema Bpamaromierocsa TOA:
1 - rernmonepenatomas MaTpuiia (Hacajaka); 2 - Kopmyc; 3 - crynuua;4 - Bal;
S - pa3ienuTelIbHbIC IUTACTUHBI C YIUIOTHEHHEM CEKIUU TOpSYero u

XOJIOJHOTO TCILIOHOCUTEIICH

Takum 00pa3oM, B pereHepaTopax TEIJIOOOMEH BCEr/a OCYILIECTBISETCA B
HECTAIIMOHAPHBIX YCIOBHAX (HECTAIIMOHAPHBINA PEXKUM pabOTBhI).

TUnUYHBIM ~ OPUMEPOM  PEreHEPATHBHBIX  allapaTroB  SIBJISIOTCA
BO3/IyXOITOJ0IPEBATENH MapTEHOBCKUX U JIOMEHHBIX neyei,
BO3yXO0MNoiorpeBatenu (Wi JJis MOJydeHUs mapa).

B pekynepaTUBHBIX M pEereHEpaTUBHBIX ammaparax Mpolecc nepeaayu Temn-
JOThl HEU30EKHO CBSI3aH C MOBEPXHOCTHIO TBEPJOrO Teja, MOITOMY MX HHOI/A
Ha3bIBAIOT OBEPXHOCTHBIMHU.

B cmecumenvuuix annaparax teronepeaada (Uil OXJIaKICHUS WU HarpeBa
TEIJIOHOCUTENS]) OCYLIECTBIISIETCS TP HEMOCPEICTBEHHOM KOHTakTe (WiH
CMEIIEHUH) XOJOJAHOW M Tropsueld >KuAKocTed. TUNUYHBIM TPUMEPOM TaKUX
TEIUIOOOMEHHUKOB  SIBIISIIOTCA TpaupHU. B TpaaupHsAX BoJa OXJIaXAaeTcs
aTMOC(epHbIM BO3AyXOM. XOJOJHBIM (IO CpPaBHEHUIO C BOJOH) BO3AYX
HEIMOCPEJICTBEHHO COINPHUKACAETCS C BOJOM W IEpeMEelIMBAeTCS C IMapoM, BO3-

HHUKAOIMKUM H3-3a YaCTHUYHOI'O HCIIAPCHHA BOAbI, KOTOpasa BCICACTBHC J3TOI'O
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oxJaxaaercs (MCIapuTesbHOEe oXJaxaeHue). OXJIaKIeHUE BOABI BO3MOXHO U
HIDKE TOYKU pOChl. B 3TOM ciywyae TemmepaTypa BO3ayXa JOJDKHA OBITH HUXKE
TEMIIEpaTypbl TOYKH pOCBI, a OXJIAXKICHUE OCYLIECTBISETCA IOCPEICTBOM
KOHBEKTHBHOI'O TEIUIOOOMEHA MEXJIy KalUIIMM BOJbl M BO3AyXOM. Jlpyrum
pacupoCTpaHEHHBIM NPHUMEPOM MOXKET CIYXUTh JIBUraTeiab, paOOTAIOIIMA II0
mukiy Jlusens. B 3TOM cilydae HarpeB TOIUIMBA NPOMCXOAUT IIPH €TI0
BIIPBICKMBAHMM B LWIMHAP KaMmepbl CropaHus (Temmeparypa cXaToro BO3yXa
BBIIIIE TEMIIEpaTyphl BOCIUIAMEHEHHUS TOIUTHBA). TakuM 00pa3oM, B CMECUTEIbHBIX
anmnapaTtax 0ObeIUHSIIOTCS NPOIECCHI TEIIO- U MaCCOOOMEHA.

CymiecTtBylOT U apyrue chnenuduueckue (CrenralibHble) TEeII000MEHHbIC
anmnaparsl.

Anmapartsl ¢ TPOMEXKYTOYHBIM TEIJIOHOCHUTENIEM, HAIPUMEP TEIUIOBLIC
TpyObl. JlaHHBII TEMIOOOMEHHHK B KaKON-TO Mepe SIBISETCA Pa3HOBHUIHOCTHIO
pEKylnepaTUBHOTO TellooOMeHHUKa. OpHako pas3fensolmas CTeHKa JBYX
TEIJI000OMEHUBAIOIIMXCA KUIKOCTEH UMEET JOMOJHUTENbHBIM 00BEM, B KOTOPOM
HaXOAUTCA MPOMEKYTOUHBIM TEIUIOHOCUTENb (KHJKOCTh, JKUIAKOCTH CO CBOUM
nmapoM, TIOPOIIKOOOpa3Hblil). Hampumep, ecium IONOJHUTENBHBI  00BEM
repMETUYEH W YAaCTHYHO 3alOJHEH JIETKO KHUIISIIEeH XUIAKOCThIO (TeMIiiepaTypa
KUTIEHUsT  KOTOpPOM  HaxoguTcss B paboueM  Juama3oHe  TeMmIeparyp
TEIJI000OMEHHUKA) CO CBOMM I1apOM, TO Takas MPOMEKYTOUHAs, 3arOoJHEHHas
MOJIOCTh SIBJSIETCSl TEIJIOBOM TpyOoil. Temiora B 3TOM ciydae mepenaercs ot
ropstder KUIKOCTU XOJIOJHOW CIEAYHOUIMMH HPOLECCAMU: KOHBEKIMEH OT
ropsiuei KUJIKOCTH K CTEHKE; TEIUIONPOBOAHOCTBIO UEpE3 CTEHKY; KUIEHHEM OT
CTEHKM K IIPOMEXYTOYHOMY TEILUIOHOCUTENIIO; ABMIKEHHEM I1apa OT MeECTa €ro
oOpa3oBaHMsI K JAPYroil CTEHKE, I/Ie OH KOHJIEHCUPYETCS; TEIUIONPOBOJAHOCTHIO B
CTCHKE; KOHBEKLUMEH OT CTEHKH XOJIOJMHOW KUIKOCTU. IIpoMexkyTouyHbIN
TEIUIOHOCUTENb TO3BOJSAET JIETKO PEryJUpOBaTh KOJWYECTBO IIEPEIaBaAEMOU
TEIUIOTHI OT OJHOM JKUJKOCTH K Apyroul. JJaHHOE€ 0OCTOSTENLCTBO aKTyalIbHO MPU
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CO3/IaHUU TEPMOCTATOB U B PEIICHUH HEKOTOPBIX MHBIX 3a/1a4.
Betpeuarorest cimyyam, Korja MPOMEXKYTOYHBIM «TEIJIOHOCUTETIEMY SIBIISI-
eTcsi BakyyM. B 3TOM ciydae TEmIoOOMEH B TOJIOCTH MEXKIY MOBEPXHOCTIMHU
OCYIIECTBIISIETCS MyTEM U3IydCHHs. TUITUIHBIM PUMEPOM SIBIISIETCS TEPMOC.
Hmerotcs Tem1o0OMEHHbIE alnaparthbl, y KOTOPBIX C OJJHOW CTOPOHBI CTEHKU
— KHIKOCTh (KaK MPaBHIIO, TpeOyomas OXJIXACHHUS), a C APYTrold CTOPOHBI —
0€3BO3/yIIIHOE NPOCTPAHCTBO (BakyyM). IIpu 3TOM cuuTaercs, 4To OKpyKarouiee
MOBEPXHOCTh TEIIOOOMEHAa MPOCTPAHCTBO HMMeEET O0Jiee HU3KYI0 TeMIlepaTypy,
4eM OXJIaXKJaaeMas MOBEPXHOCTh. B 3TOM cilydae OT KUAKOCTH K CTEHKE TEIUIoTa
nepeaeTCcsl KOHBEKIUEH, Yepe3 CTeHKY — TETUIONPOBOIHOCTHIO, @ OT CTEHKH B
OKpY’Karolllee MPOCTPAHCTBO — U3Iy4YeHUEM. J[aHHBIM THUN TEMI00OMEHHUKOB
UCIIOJIB3YETCSl i1 TePMOCTA0MIM3alMM KOCMHYECKMX anmaparoB (cOpoca

BBIJICISIEMOM B anmapare TeIioThl).

5.2 OcHOBHbIE MOJI0KEHHSI U YPaBHEHHS TerioBoro pacuera TOA
TennoBele pacyeTbl TEIUIOOOMEHHBIX alapaTtoB MOTYT OBITb KOHCTPYK-

TUBHBIMU (TPOEKTHBIMH) U TOBEPOYHBIMH.

IIpoexmuvie (KoHcmpykmueHble) menyiogvle pacuemvl BBIIOIHIIOTCS TIPU
IPOCKTUPOBAHUM HOBBIX amNapaTroB, LEJIbI0 pacyeTa SBJSETCA ONpeleseHUue
MOBEPXHOCTHU TEIIOOOMEHA.

[Ipy KOHCTPYKTHBHOM pacyeTe TEeIIOOOMEHHUKA 3a7at0TCsl HayalbHbIE U
KOHEYHBbIE [MapaMeTpbl  TEIUIOHOCUTENEH, 10 KOTOPhIM  pPacCUUTHIBAETCS
NOBEPXHOCTh TEMJI0OOOMEHa (KOHCTPYKIMS M IUIOIIA[b). DTalbl BBIIOJHEHUS
KOHCTPYKTHUBHOTI'O pacuera:

1. U3 OGanaHCcOBOro ypaBHEHHUS OIPEAENAIOT MOIIHOCTh TEIJIOBOrO MOTOKA,

KOTOPYIO JOJKEH MOJIYYUTh XOJIOAHBIM TEMJIOHOCUTENL OT FOPSYETO.

2. lTlo pekoMmeHAaIusIM CIENHUATBHON JUTEpaTyphl (CIIpaBOYHUKAM) 3a7al0TCS

CKOpPOCTAMHU TCUCHUA TCIIOHOCUTEIICH U KOHCTPYKTHBHBIMHA 0COOEHHOCTSIMH
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TEMJI000MEHHHUKA.

3. PaccunthiBaioT K03 (HUIHEHTHI TEIUIOOTIAYH U TETUIONEPEayH.

4. BpIUUCISIOT CpEAHUN TEMIIEPATYPHBIN HAIIOP MEXY TEIJIOHOCUTEISIMU.

5. U3 ypaBHeHus Teruionepenayd ONPENENSIIOT IUIOMAAb WJICAIbHOIO Te-
MI1000MEHHUKA.

6. 3apmatorca 3HaueHHMEM KO3((ULMEHTa HCIOJIb30BAHUS IOBEPXHOCTHU
teruiooOMenHuka (00prgHO 0,75—0,9) M paccUMTHIBAIOT IUIOMIAAL PEAbHO
TerI000MEHHUKA.

7. Ilo u3BecTHOM IUIOLIAIM PACCUUTHIBAIOT JUIMHY TPYOOK (KaHaJIOB, IUIACTHH U
T. I1.) TEMJI00OMEHHHUKA.

Ilogepounvie mennogvie pacuemsi BBIIOIHAIOTCS B CIy4yae, €CIM UMEETCS
MOBEPXHOCTh HarpeBa TEIIOOOMEHHOro anmnapara (KOHCTPYKLUHS M IUJIOLIAb
MOBEPXHOCTU TEIIOOOMEHA), KpPOME TOrO, 3aJaHbl HayaJlbHbIE MapamMeTpbl
TEIUIOHOCUTENIEN U TpeOyeTcsl ONpeAesuTh KOJIMYECTBO MEepeJaHHON TEIUIOThl U
KOHEYHBIE TeMIeparypbl padouux xuakocTeil. MHpIMM croBamu, TpeOyeTcs
OIPENETUTh, IOAXOIUT JAHHBIN TEIMJIO0OMEHHUK IS pelIaeMoi 3aauu WK HeT.

TemnoBoil pacueT TEMIOOOMEHHBIX ammapaToB CBOAUTCA K COBMECTHOMY
PELICHUIO YpaBHEHUN menniogo2o bananca u menionepeoayu. ITU JBa YpaBHEHUS
JexaT B OCHOBE JHOOOro TEIJIOBOrO pacyera TermiooOMeHHHKOB. (dDakTuuecku
ypaBHEHUE TEIUIOBOro OanaHca sBisieTcss MoJaudukanueid NepBOro 3aKoHa
TEPMOAMHAMMKHA  INPUMEHUTENBHO K  MOTOKaM  TerioHocutene.  OHO
YCTAHABJIMBAET KOJMUYECTBEHHOE PABEHCTBO MEXKIY OTIAHHOW TEIUIOTOM OJHOU
XKUIKOCTBIO M BOCIIPUHATON Apyroi (0e3 yuera noreps), He BIaBasiCh B MEXaHU3M
npolecca nepeaadyy 3Tou TeIUIOThL. Y PABHEHUE TEIUIONEPEAAYN TAK)KE ONPEIEIAET
KOJINYECTBO MEPEAABAEMON TEIJIOTHI OT OJHOM XKHUJKOCTU IPYTrOM C YU4ETOM BCEX
TEPMUYECKUX COIMPOTHUBICHUM Mpoliecca, T. €. YUYUTHIBAET MEXaHU3M Iepeaaydu
TEIUIOThL. JJi peKynepaTUBHOTO TEMJIOOOMEHHHKA, 1O CYLIECTBY, 3TO pEIICHHE
YPaBHEHHUsI TEIJIONPOBOAHOCTH Y€pPE3 CTEHKY IIpU IrpaHUuHbIX ycinoBusx I pona.
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Bun ypaBHeHuss TeruioBoro 0OamaHca M TEIUIONEpeAaud  3aBUCUT  OT
paccMaTpUBaEMOI0 TEIJIOOOMEHHUKA (pEKylepaTUBHBIN, pEreHEepPaTUBHBIN WA
CMECHUTEIIbHBIN ).

PaccMoTpuM ypaBHEHHUs ISl PEKyNEpAaTUBHOIO TEIUNIOOOMEHHUKa, pado-

TAaromero B CTalMOHAPHOM PCIKUME.

5.2.1 ¥Ypasnenusa mennoseozo pacuema 01sa peKynepamueHozo
menio00MeHHUKa
N3MeHeHue SHTANBIIUY TETJIOHOCUTENS BCIEACTBUE TEIIO0OOMEHA
OTIPEIEISIETCS COOTHOIIICHUEM
dQ =G dh, (5.1)
raie G — pacxoJl Macchl TEIJIOHOCUTENA, KI/c; h — ynenpHas sHTaIbIus,

Jx/kr; dQ — nM3MeHeHue 00IIero TemiIOBOro NOToKa (CKOPOCTh U3MEHEHHUS

SHTAJIBIIUHU MOTOKA TEIJIOHOCUTENS) u3MepsieTcst B JIx/c unu BT.

Ecmu TtemmoTra mepBHYHOTO (TOpSIYETO) TEMJIOHOCHUTEIS BOCIPUHUMACTCS
BTOPUYHBIM (XOJIOJHBIM), TO YpaBHEHHE TEIUIOBOTO OajaHca 0e3 yuyera moTeph
TEIJIOTHI JIJI1 KOHEYHOTO M3MEHEHHMSI DHTAIBITUN MOKHO 3aliCaTh:

Q= Gy(hi — h;) = Go(hy — hp) (5.2)

3mech W B JajmpbHEWIIEM HWHACKC «1» O3Ha4yaeT, 4To JaHHAs BEIMYHHA

OTHECEHa K Topsuel KUIKOCTU, a UHACKC «2» — K xoyiogHoi. O6o3HaueHue (') u
(") cooTBETCTBYET JAaHHOW BEJIMUMHE HAa BXOJIC U BBIXOJC B TEINIOOOMEHHUK.

IMonaras, uro c,= const u dh = c,dt, mpensiaynue ypasuenus (5.1) u (5.2)
MO>KHO 3amucaTh:

Q = Gicpy(t — t1) = Gycpp(ty — ) (5.2a)

B npakTnueckux pacuyerax (B CBA3M C TEMIIEPATYPHOH 3aBUCHUMOCTBIO Cp) B
ypaBHeHUE (5.2a) NOACTaBIIAETCS CpeAHee 3HaYeHUE N300apHON TEIUIOEMKOCTH C,

B HHTEpBaJsie Temmneparyp ot t' qo t".
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B TemnoBbIX pacueTax 4acTo MOJb3YIOTCS MOHATUEM NOJIHOU MEen10eMKOCHU
Maccogoeo pacxooda TemnoHocutensa B enunuiyy Bpemenu (B1/K), ompenensemoit
BBIPAKEHUEM:

C=Ggp (5.3)

Benmnuuny C Takke Ha3bIBAIOT BOOSHBIM IKBUBALEHNOM.

N3 ypaBHenus (5.2a) ¢ yuerom (5.3) ciemyer:

& _ Glcpl _ (t;—té) — 6t2
Cz Gszz (ti— tl) 1) tl

(5.4)

YpaBHeHus TerioBoro 6ananca (5.2a) u (5.4) UCHOIB3YIOTCS TPU TETLIOBOM
pacdeTe TeII000MEHHBIX aIlmapaToB.
Ypasnenue mennonepedauu CIy>)kKMT 4Yalle BCETO MJisi ONPEEICHUS
TIOMIAN TIOBEPXHOCTH TETNIOOOMEHA U B COOTBETCTBUHU C (2.2) 3aIUChIBACTCS:
Q=k(ti—-t)F (5.5)
rae Kk — kodddunuent teronepenayn, Br/(M2K); t; u t, COOTBETCTBEHHO
TEeMITepaTyphl TPEIOIIETO U HAarpeBaeMoro TeruioHocuTene; F — BenmnunHa
MOBEPXHOCTH Teruionepenayuu, Mm2; Q — oOmIuii TeroBoil moTok, BT.
VYpaBuenue (5.4) cpaBensinBo, Koraa t; u t, OCTarOTCs MOCTOSHHBIMU
MO0 BCEH MOBEPXHOCTU TeruiooOMeHa. B oOmieM ciydae t; U t, UBMEHSIOTCS 1O
MOBEPXHOCTH U, CIIEI0OBATEIbHO, U3MEHSIETCSl TeMnepaTypHblid Hanop At =t;—t; u,
KaK CJICJICTBUE, KOAPPHUIMEHT Terionepenayun. Benmuuner At 1 K MOKHO TIPUHSATH
TOJIbKO B TIpeieiax 3JIEMEHTAPHOM TUIOMIAIKA TMOBEpXHOCTH TeruiooomeHa dF .
[ToaTomy  ypaBHenue  Ttemonepenadu  (5.5)  chopaBeIMBO  JIUIIb B
nuddepennranbHon popme 1S A7IeMEHTa MOBEPXHOCTH TEIJI000MEHa!
dQ =k AtdF (5.6)
WJIU B UHTETpajbHOM hopme
Q= [ kAtdF (5.7)
Koabdumment temmonepenaun K B OOJBIIMHCTBE 3amad H3MEHSETCS

HC3HAUUTCIbHO H €ro MOXHO IIPHUHATH ITOCTOSAHHBIM. I[JIS{ ClIy4dacB, Koraa
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KO3 PUIIMEHT Teruionepeaadyn CyleCTBEHHO U3MEHSETCS Ha OTJIETbHBIX Y4acTKax
MOBEPXHOCTH TEIIOOOMEHA, €r0 yCPEAHSIOT:

k =

YiZTFi

(5.8)

HpI/IHHB ITOCTOAHHOC 3HAYCHUC KOB(i)(i)I/IHI/IeHTa TCILIOICpCaaqu 110 BCEH

IIOBCPXHOCTHU TEIJI000MeHa U, YMHOJXHNB U pa3aCiInB YPABHCHUC HA F , HOJIYYHUM

Q=k(=J AtdF) F=kAtF (5.9)
rae At — cpenHuil TeMrnepaTypHbIi Hamop MEXAYy TEIJIOHOCUTEISMU.

[Tonyyennoe  ypasuenue mennonepedauu  (5.9) wucmons3yercs Mpu

TCIIJIOBOM PACdCTC TEIJI000MEHHBIX arrmapaToB.

5.2.2 H3menenue memnepamypol u memnepamypHozo Hanopa nPu pa3iuiHvlx
cxemax O6uIICeHUA menjionocumeneil

Xapaktep HM3MEHEHHs] TEMIIEpATyp TEIUIOHOCUTENIEU BJOJIb IOBEPXHOCTHU
MOXET OBbITh pa3IMYHbIM. B 4YacTHOCTH, TeMIeparypa MOXKET MEHSAThCS:
MOHOTOHHO; CTYIIEHYaTO; COYETAHHUE: CHavYaja MOHOTOHHO, 4 3aT€M IPAKTUYECKU
HE MEHACTCS;, OCTaBaThCs MPAKTUYECKHM HEU3MEHHOM. XapakTep HW3MEHEHUA
3aBUCUT OT MPOIECCOB MOAOTpeBa (OXJIAXKICHUSI) TEIJIOHOCUTENS: BBIHYKICHHAs
KOHBEKLINS; KUIICHUE; KOHAEHCAIMS.

I[Ipu paccMOTpeHHMH  TEIIOOOMEHHBIX  almapaToB ¢  HEMNPEPHIBHO
VM3MEHSIOIIENCS TEMIIEPATYPOU TEMJIOHOCUTEINICU CIIEAYET pa3jvuyarh armaparsbl:
OpPAMOTOYHOTO  TOKa  (4amie TOBOPST  MPSMOTOYHBIE); MPOTUBOTOYHEIE;
MEPEKPECTHOIO TOKA; CO CJIOKHBIM HAMNPABICHUEM JBUKECHUS TEIJIOHOCUTEIEH
(CMEUIaHHOTO TOKA).

Xapaktep M3MEHEHHs TEMIIEpaTyp TEIUIOHOCUTENEH BHOJb MOBEPXHOCTHU

(6e3 u3meHeHus (Ha30BOrO COCTOSIHUA) OYJET OMPEAeNISIThCS CXEMOUM JBMXKCHUS
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(puc. 5.5) U COOTHOIIEHHEM TEIIOEMKOCTEH MaCCOBBIX  PacXxoJ0B

TeIIoHOCcUTENeN (BOAsSHBIX SkBUBaeHTOB) C; u C.

] ————— 1 ——

Ea—ir ET}
b & 5 F

1l — 1 —m
2 4_)
- —

E .

] — (—I:
g 1 — )
2 A

Pucynok 5.5 - CxeMbl IBHKEHUS TETUIOHOCUTEIICH B TETUIOOOMEHHHKAX .
a -IpsIMOTOYHAsI; O-MPOTUBOTOYHAS, B -MOMEPEUHBIN TOK; I~ OJHOBPEMEHHO

IIPpAMOTOK U IIPOTHUBOTOK; - MHOT'OKPATHO HCpCKpGCTHLIﬁ TOK.

B 3aBHCMMOCTH OT CXEMBbI JBHKCHUA OI[HO(l)aSHOFO TCIINIOHOCHUTCIIA
IMOJIY4arOoTCA YCTBIPC IMapbl KPUBBIX U3MCHCHUA TCMIICPATYPhI BAOJIb IIOBCPXHOCTHU

TersiooomeHa (puc. 5.6 a—r).

f C, <C, G >0y

4

4

;]I. C]. ) Ca

0 E
Pucynok 5.6 - Xapakrep U3MEHEHHs TEMIIEPATYPbI TEINIOHOCUTENEN TTPU

MPSIMOTOKE U IPOTUBOTOKE
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Ha rpaduxkax (puc. 5.6) mo ocu aGcuucc OTI0XKEeHa IJIOIAlb MOBEPXHOCTH
TerooOMeHa, BAOJb KOTOPOM MpOTEeKaeT KUAKOCTh F. a mo ocu opauHaT —
Temrneparypa Tteminonocuteneidi. Ha puc. 5.6a—r mnoka3zaHo, 4Yro OoJbliee
U3MEHEHHE TEeMIIEpaTyphl OYJIEeT y TETUIOHOCHUTENSI C MEHBIIEH TEeTIOEMKOCTHIO
MacCOBOT'0 Pacxo/a.

Ha puc. 5.61 moka3aHo M3MEHEHHE TeMIepaTyphbl TETUIOHOCUTENICH, KOTIa
TPEIOIINM SIBIIICTCS HACBIIMIEHHBIN TIap, a HarpeBaeMoi — ofHoda3Hast )KUIKOCTb.
[Ipu »stom, C; =oco. Ha puc. 5.6e mpencraBieHO H3MEHEHHE TEMIIEPATYPHI
TEIUIOHOCHUTEJICH, KOTJa XOJOAHAs >KUIKOCTh HArpeBaeTcss 10 TeMIlepaTypbl
HACBIIICHUS, TTOCJIE YeTO OHA KHITHT, COXPAaHSSI CBOIO TEMIIepaTypy HEH3MEHHOM
(paBHOM TemrepaType HaCBIIEHU MPU TaHHOM JaBiieHun). [Ipu aTom B nporecce
HarpeBa XOJOJHOW >KHJAKOCTH JIOKAJIbHOE COOTHOIICHUE MEXAY BOJSHBIMU
HKBUBAJICHTAMH TETUIOHOCUTEIICH MOXET MEHSATHCS, TaK KaK B MPOIECCE KUTICHUS

C2 —o0o,aB o0iacTn BBIHY)K,HGHHOﬁ KOHBCKIINHN C2 HNMCCT KOHCYHOC 3HAUYCHUC.

5.3 OmnpeneneHue cpeHero TeMNepaTypHOro Hamopa

(4 Jns  omnpenenmeHuss  TEIUIOBOU

!
TN . MIPOU3BOIUTEIILHOCTH TETNIOOOMEHHHKA
— df ;,'L' J' HEOOXOIMMO 3HATh 3aKOH W3MEHEHHUS
av at At PA3HOCTU TEMIEPATYP MEKIY TOPSUYUM
| e diy & 51 XOJIOAHBIM TEIUIOHOCUTEIISIMU,
k1 / KOTOPBIE 3aBUCAT OT psifia MmapaMeTpoB
0 " , (puc. 5.6). AHUIUTHYECKUM ITyTEM 3TH
M T f U3MEHEHHUS  TeMmIeparyp  paboumx

KUAKOCTEH MOXHO MOJMYyYUTh IS
Pucynok 5.7 - I3meHeHne pa3HOCTH

. IpOCTEMIIMX ciy4daeB. B kadectBe
TEMIIEPATYP TEIJIOHOCUTENEN BIOJIb

IpUMeEpa PacCMOTPUM TETNIOOOMEHHBIN
MOBEPXHOCTU TEII00OMeHa
anmapar, paboTalommii 1O  CcXeme
npsIMOTOKA (puc. 5.5a).
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Cxema U3MEHEHUs TeMIIepaTyp TEIJIOHOCUTENEH JAHHOTO TEIMI00OMEHHUKA
IIpEACTaBJICHA HA puc. 5.7.
Jlia snemeHTa noBepxHocTH TemooOMeHa dF ypaBHeHHMe Temsonepenadu

(5.5) MoXHO 3amucaTh:

dQ =k (t;—t,) dF =k At dF (5.10)
[Ipu »sTOoM Temmeparypa NEPBHYHOTO (TPEIOLIET0) TEMJIOHOCHTENS

noHM3UTCS Ha dty, a BTOPUYHOTO (HarpeBaeMoro) moBeICUTCS Ha dt,.

CrenoBaTeiibHO,
dQ =- Cl dtl = C2 dtz (511)
Otkyna
dQ dQ
dt, = — C_1 dt, = C_z
H3menenune TemMnepaTypHoro Harmopa Ipu TOM
1 1
d(t, —t,) =dt, — dt, = — (cT + C—Z) dQ = -m dQ (5.12)

1,1
rme m=-—+-—
€1 G

[ToacraBuB B ypaBHeHue (9.12) 3nauenue dQ u3 ypaBHEHHS TeIIoNepeadn

(5.8), naitnem:
d(ty —t;) =-mk(t,—t) dF (5.13)
O6o3naunB d(t; —t,) = At  (Ha3bIBACTCS MEMNEPAMypPHbLIM HANOPOM

MEXTy TeTJIOHOCUTENSIMU B JAHHOM C€UeHUH), ypaBHeHue (5.12) MoxkHO 3amucath

L = —mkdF (5.14)

[Mpuaumas M u K mOCTOSHHBIMY, MTOCIE HHTETPUPOBaHUs ypaBHeHus (5.14)

oT At' no At u ot 0 no F, momyumm:
In—= -mkF (5.15)
WIN

At = At' e ™MKF (5.16)



N3 ypaBHenus (5.15) cnmemyer, 4TO BAOJb MOBEPXHOCTH TEIIOOOMEHA
TEMIEPATYPHbI  HAmoOp  M3MEHSAETCS MO  AKCIOHEHIMAIbHOMY  3aKOHY.
CrnenmoBaTenbHO, B ammapaTax MpsSMOro Toka (puc. 5.5a) mepemajn Temreparyp
MEXKIYy TEIUIOHOCHTEISIMHU (TeMIepaTypHBId HAmop) BAOJIb IMOBEPXHOCTH
TeIJI000MeHa HENMPEePhIBHO YObIBaeT (puc. 5.6 a, 0).

Jlns  ompeneneHus CpeAHEeW pa3HOCTH TEMIIepaTryp TEIJIOHOCHTENeH
(TemmepaTypHOro Hamopa) Ha ydacTke TmoBepxHocth F  Bocmosib3yemcs

COOTHOIIICHUECM .
— 1 pF
At = ;fo At dF (5.17)

rae At — mecTHoe 3HaueHue TeMrepaTrypHoro Hamopa (t; —t;), OTHOCHTCS K
3JIEMEHTY MOBEPXHOCTH TEIUIOOOMEHA U onpeiesisieTcs ypaBHeHHeM (5.16).

[TonctaBuB B ypaBHeHue (5.15) 3Hauenue At u3 ypapaenus (5.16), moryanm:

v _ﬂ F o —mkF _ i —mkF _
At=—] e dF = — (e 1) (5.18)

Ucnionb3ys Gpopmyity (5.15) nmomydum

At

At
In— In—
At At

Ecnu  ycpenHenue TemmepaTypHOrOo Hamopa MPOBOJIUTCS 1O  Bcew

At’ (At ) At — At

MOBEPXHOCTH TeriooOMeHa, To At = At" u popmyna mpumer BU:

— At -at
At = ——— (5.19)

Indt

at!
[Tomyyennass  ¢opmymna  ompenemnser cpeodHeno2apudMuyecKui
memnepamypuviti _nanop. Beipaxkenue (5.19) CIIPaBEeIJINBO, KaKk st

npAMOTOYHOI'O, TaK U JJIA IMMPOTHBOTOYHOI'O TOA, HO YHUCIJICHHBIC 3HAYCHMUA E[ B

npoTuBOTOYHOM TOA 0GoJible, 4eM B MPSIMOTOYHOM.
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BOITPOCHI AJ151 CAMOITPOBEPKHU

OcnogHble noHamus U onpeoeleHUus cnocobos nepedayu menjionbl

Tennoo6men. Temneparypuoe nosne. Lenu u 3agaun ternnooOMeHa.

Bunel TenoodmMeHa.

TennonpoBOIHOCTS.

TemnepaTtypHoe moie.

N3oTepmudeckast HOBEPXHOCTb, U30TEPMA; UX CBOKCTBA.

['panuent remnepatypsl. [I10THOCTE TENIOBOrO NOTOKA, TEIJIOBOM ITOTOK.
['mnore3a @ypse. OCHOBHON 3aKOH TETUIONIPOBOJHOCTH.

KoadduimeHT TemnonpoBogHOCTH.

© 00 N oo o1 B~ W DN P

[110THOCTH TEIJIOBOTO MOTOKA.

10 duddepennmanbaoe ypaBHEHHE TEIIIOMPOBOIHOCTH.
11 KoadduimeHT TeMnepaTyponpoBOIHOCTH.

12 VYcnoBusi 0JHO3HAYHOCTH.

13 3akon Hrrorona — PuxmaHa.

14 KoaddumumeHT TemiooTnayu.

15 TermnonpoBOAHOCTH Yepe3 MIOCKYIO CTCHKY.

16 TenmonmpoBOIHOCTH MHOTOCTIOWHON CTEHKH.

17 TermnonpoBOAHOCTH Yepe3 MUIUHIPUICCKYIO CTCHKY .

18 KoaddurueHT Temionepenadn; TEepPMUIECKOE COIPOTUBIICHUE TETIIONEepEaayn.

OcHogHble NOHAMUS U OI’ZDQOBJZQHU}Z KOHBEKMUBH020 mMeb1000MeHa.

1. I110THOCTH KOHBEKTUBHOT'O TEIJIOBOT'O IIOTOKA, KOHBCKTHUBHAaA TCIIJIOOTAAa4a,

TCILIOOTAArOIIasA IIOBEPXHOCTD.

2. MaccoBble ¥ TOBEpXHOCTHBIE CHITBI.

3 CB000/IHAs ¥ BBIHYKJICHHAS! KOHBEKIIHSI.

4, HubdepennmanbHbie ypaBHEHNS KOHBEKTUBHOTO TEIIJIOOOMEHA.
5 VYpasuenust Habe — CToKca.
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6 YpaBHEHUE CIJIOMIHOCTU (HEPA3PHIBHOCTH).

7 YcnoBus 01HO3HAYHOCTH KOHBEKTUBHOTO TEIJIO0OMEHA.

8. Yucna mogoous.

9 B yem otnuunsg uncna Hyccenbra u yncina buo?

10. VYpaBHeHuss mojoOusi; ompeAenseMble W ONpeaeNsiomue Oe3pa3MepHbIe
NepEeMEHHBIC; KPUTEPUHU TTOT00USI.

11.  YcnoBus nogobust pu3HUECKUX MPOIIECCOB.

12. Meron pa3MepHOCTEH.

13. TemnooTaauya Mpu BIHYXACHHOM JIBU>KEHUU KUIKOCTH.

14. TennooOMeH npu MpPoI0JIbHOM OOTEKaHUU MIIACTHHBI.

15. Oco0GeHHOCTH NBUKEHUS KUJIKOCTH B TpyOe.

Jlyuucmuiii meniooomen

1 TerioBoe u3y4eHue.

2 [ToBepXHOCTHAS IUIOTHOCTH TOTOKA HHTETPAIBHOTO M3TYUCHHS.

3. KoadduiimeHTsl: 0TpakeHHsI; TOTIOMIECHUS; TIPOITY CKaHWSI.

4 AOCOIOTHO YepHOE Telo; aOCOJIIOTHO IIpo3payHoe; abCOIIOTHO Oelnoe;
cepoe Teo.

5 OddexTuBHOE U3ITyICHHE.

6 CriekTpasibHas MIIOTHOCTD MMOTOKA U3TyYEHHS.

1. 3akoH [Inanka n Buna.

8 3akoH Credana — BosnbliMaHa; CTETIEHh YEPHOTHI.

9 3akon Kupxroda.

10. 3axon JlamOepTa; sipKoCTh U3IyueHUs; TudPy3MOHHBIC U3TydaTeIH.

11.  JlyuucTslii TermIooOMEeH MEXTy TBEpbIMU TEIaMHU.

12. IlpuBeneHHasi cTeneHb YEPHOTHI; KOIPPUIMEHT 00TyUEeHHOCTH Tela.

13.  JlyuucThiii TermiaooOMeH, KOra OJlHa MOBEPXHOCTh MOJHOCTHIO OXBAaThIBACT

JPYTy?O.

66



14.
15.
16.

1.
2.

JIyuucThIil TEMJIO0OMEH B ra30BBIX Cpeaax.
MeTons! onpenenenus KodhuIueHTa U3IyudeHus TBEPAbIX TEJ.

CnoXHBIHA TEINIOOOMEH.

Ocnosvl paciema Meni00OMEeHHbIX annapamoe

TCHJIOO6MGHHI/IKI/I; ux KJIaCCI/I(bI/IKaHI/ISI.

OcHOBHBIC ITOJIOXKCHUA TCIIJIOBOI'O pac4dcTa TEIJIOOOMEHHHUKOB

(KOHCTPYKTHUBHBIA U TOBEPOYHBIN paCUETHI).

3 Oco0eHHOCTH ypaBHEHUS TEIUIOBOTO OaiaHca U TEIUIoNepelayuu.

4 YpaBHeHuUE TEII0BOTO OanaHca.

5 TeruoBast MpON3BOUTEIHHOCTD; BOJISHON YKBUBAJICHT.

6. YpaBHEeHUE TEIJIONEPEIaUu.

7 CxeMmbl IBUKEHUS TEIJIOHOCUTENEH B TEIMJI000MEHHUKAX.

8 3aKOHBI U3MEHEHUS TEMIIEPATYPhI TEIJIOHOCUTENIEH B TETUIOOOMEHHUKAX.

9 Cpennsis pa3HOCTh TEMIIEPATYP U METOJIBI €€ BBIUMCICHUS; TEMIIECPATYPHBINA
HAIop.

10. Cpenne norapudmuueckuit u cpeaHeapuPMETHUECKUN TeMIepaTypHbIe
HaIoOPHI.

11. PacueTr KOHEYHBIX TEMIEPATYP pabOUUX KUIKOCTEH.
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Ipuioxenue

Tao6auua I11
CreneHb 4epHOTHI /ISl Pa3JIMYHBIX MAaTEePHAJIOB
Memann Temnepamypa, °C €

AJIIOMMHUI
AHOAUPOBAHHBII 100 0,55
Heo6paboTanHas IOBEPXHOCTD (LIEPOXOBATHIN) 20—50 0,06—0,07
OKHUCJIEHHBII 50—500 0,2—0,3
[ToJiMpoBaHHbIN 50—100 0,04—0,06
AJTFOMUHHEBBIH JIAK 110 IIEPOXOBATON MOBEPXHOCTH 20 0,4
AJNITOMHHHEBAs OKpackKa 50 0,5
Amromunuesast OpoHsa 20 0,6
EPOH3A 50—150 0,55
Heob6paboTannas 50 0,80
[TosupoBanHast — 0,10
[TopomkooOpasHas 200 0,05
BOJIbOPAM 200 0,05

600—1000 0,1—0,16

1500—2200 0,24—0,31

3300 0,39

PKEJIE30
3ap;KaBIEHHOE 20 0,61—0,85
HeoOpaborandoe (Munnbapc) 20 0,24
OKHCIEHHOE 100 0,74
JIncToBOE OLIMHKOBAHHOE, OJIECTSIIIIEE 30 0,23—0,25
JIcTOBOE OLIMHKOBAHHOE, OKUCIEHHOE 20 0,28
[ToaupoBa”HHOE 425—1020 0,14—0,38
Kects Oemast crapast 20 0,28
DJIEKTPOIUTUYECKH [IOJIUPOBAHHOE 200 0,06
30JI0TO ITOJIMPOBAHHOE 100—600 0,02—0,03
JIATYHb
OxucieHHas 200—600 0,6
TMoaupoBaHHas 100 0,03
MaroBasi, TycKiast 20—350 0,22
JIucroBas, mpokaTaHHAsI 20 0,06
JIucroBas, 00paboTaHHAs HAXKIAKOM 20 0,2
Oxucnennas npu 600 °C 200—600 0,59—0,61
MATHUU
[ToMpOBaHHBII 20 0,07
[TopoikooOpa3HbIit 0,86
MEJIb
Bo Bpemst IUIaBICHHS 1100—1300 0,13—0,15
OxuceHHast 50 0,7
[losmpoBaHHast 50—100 0,02—0,03
HUKEJb
OKHMCIICHHBIH 200—600 0,37—0,48
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[loMpoBaHHBIN 20 0,05
HaneceHHBIH Ha YYTYHHYIO TOBEPXHOCTD 50 0,05
HUXPOMOBA I npoBoJioKa, YHuCTast 50 0,65
HUXPOMOBAJSI mpoBoJioKa, OKHCIICHHAS 50—500 0,95—0,98
OJIOBO

BYOKHCh — 0,4
TloaupoBaHHOE 20—50 0,04—0,06
PTYTH 0—100 0,09—0,12
CBHHEI]
Brecramuii 250 0,08
Cepblii OKUCIICHHBII 20 0,28
CEPEEPO ITOJIMPOBAHHOE 200—600 0,02—0,03
CBUHEIL 250 0,08
Cepblii, OKUCACHHBIH 20 0,28
OKHCIIEHHBIH 200 0,63
CTAJIb
3ap:kaBlIeHHAS 20 0,69
JIucrosas, nundoBaHHas 950—1100 0,55—0,61
JIucToBOI mpokaT 50 0,56
C 11epoX0BaTOM MIOCKOH MOBEPXHOCTHIO 50 0,95—0,98
JIrcToBas ¢ OIECTANNM CIIOEM OKHUCH 20 0,82
P>xaBasi, KpacHas 20 0,69
JlerupoBannas (8 % Ni— 18 % Cr) 500 0,35
Msirkast (BO BpeMs ILJIaBJICHUS ) 600—1800 0,38
Hep>kaBeroras 20—700 0,16—0,45
OkcuanpoBaHHas (OKHCICHHAs) 200—600 0,80
CHJIBHO OKMCJICHHASI 50 0,88
O1MHKOBaHHAS 20 0,28
HukenupoBaHHasi, MaToBast 20 0,11
[TosrpoBaHHast 100 0,07
CrajibHOE JINThE, MOJHPOBAHHOE 750—1050 0,52—0,56
XPOM 50 0,10
TloaupoBaHHBIHI 500—1000 0,28—0,38
IMMHK
OKHCIIEHHBIA 400 0,11
OKHCh IIMHKA 1000—1200 0,5—0,6
[ToMpOBaHHBII 200—300 0,04—0,05
[TopoikooOpa3HbIit 200—300 0,82
[{unkoBas dosbra 50 0,20
UYI'VH
DKunxuit 1300 0,28
JInToi 50 0,81
[lomMpoBaHHEIN 200 0,21
OOTOYEHHBII 800—1000 0,6—0,7
Oxwucnernsiii mpu 600 °C 200—600 0,64—0,78
ACBECTOBBIH kapron 20 0,96
AcbecroBast Oymara 40—400 0,93—94
Acbormmdep 20 0,96
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BETOH 20 0,92
BYMAT' A
benas 20 0,7—0,9
DKenras 20 0,72
3eeHas 20 0,85
KpacHas 20 0,76
MaroBas 20 0,93
TeMHO-CHHSIS 20 0,84
YepHas 20 0,9
BOJA
["magkuii gen -10 0,95
HMCTHUJLIMPOBAaHHAS 20 0,96
Wueii -10 0,98
CHer -10 0,85
TUIIC 20 0,8—0,91
'YIPOH 0,79—0,84
EPEBO
bpyc 0,5—0,7
OCKa 20 0,8—0,9
PEBECHBIH YTOJIb 0,96
VYBJIEHAS KOXA 0,75—0,80
M3BECTb 0,3—04
KUPIINY
OrHeynopHbIi, c1ab0 U3IyYarOIIMi 500—1000 0,65—0,75
OrHeynopHBIN, CHIBHO H3JTYYaONIui 500—1000 0,8—0,9
OrHeyImOpHBIA, JUHACOBBII 1000 0,66
HMHACOBBIN, HETJIa3ypOBAHHbIM, IIEPOXOBATHII 1000 0,8
HMHACOBBIN, I1a3yPOBaHHBIH, IEPOXOBATHII 1100 0,85
20 0,85
[1IaMOTHBIN 1000 0,75
1200 0,59
OrueynopHbIH, KOPYHIOBBII 1000 0,46
OrueynopHbIi, MarHE3UTOBBII 1000—1300 0,38
KpacHblii, IIEPOXOBATHII 20 0,88—0,93
Kuprnuusas Kjiajka OIITyKaTypeHHast 20 0,94
KPEMHE3EM (IIOPOLLIKOOEPA3HBIN) 0,48
JIAK
YepHblii MATOBBIH 40—100 0,96—0,98
UepHblil OJICCTSINIUI, PACTIBUICHHBINA Ha XKeJe3e 20 0,87
Benblit 40—100 0,8—0,95
MACJIIHBIE KPACKU
MatoBast uepHas 0,98
Pa3Iu4YHBIX IIBETOB 100 0,92—0,96
MACJIO CMA30OYHOE 20 0,82
MPAMOP cepblii IOJHPOBAHHBIN 20 0,93
IECOK 20 0,6—0,9
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TTOUBA BnaxHas 20 0,95
TTOYBA cyxas 20 0,90
PE3MHA tBepaas 20 0,95
PE3MHA msrkas cepas, iepoxoBaTas 20 0,86
CAXA nammosas 20—400 0,95
CAXA ¢ »XHUAKUM CTEKIOM 20—200 0,96
CAXA, HaneceHHas Ha TBEPAYIO MOBEPXHOCTh 50—1000 0,96
CAXKA, cBexast KOIOTh 95—270 0,952
CHEE 0,96
CTEKJIO 20—100 0,94—0,91
250—1000 0,87—0,72
1100—1500 0,7—0,67
CTEKJIO rimankoe 22 0,937
T AJIbK nopoiiikoo0pa3Hblii 0,24
TOJIb 20 0,91—0,93
YTJIEJIEPOJ1
Epadur 20 0,98
Hutb 1000—1400 0,53
Uephas caxka 20—400 0,95—0,97
'YroJb 100—600 0,81—0,79
DAPDOP crexknoBUaHBIN 20 0,92
DAPDOP Oenplif GecTsamit 0,7—0,75
IHEMEHT 0,54
YEJIOBEYECKAS KOXA 32 0,98
UEPHAS OJIEXKIIA 20 0,98
[IEJIJIAK uepHbIi, OlecTAInii Ha JKene3e 20 0,82
[HEJIJIAK yepHO-MaTOBBIi 75—150 0,91
INIJJAKW KOTEJIbHBIE 0—100 0,97—0,93
200—500 0,89—0,78
600—1200 0,76—0,70
1400—1800 0,69—0,67
ILITYKATYPKA miepoxoBarasi, ©3BECTKOBas 10—88 0,91
OBOHUT 0,89
OMAJIb BEJIASL 20 0,90
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Taoauna 112

IL10THOCTD p, KO3P(PUIMEHT TENMIOMPOBOTHOCTH A

H TENJIOEMKOCTD C,, CTPOUTE/IbHBIX, TCILION30JISINHOHHBIX

U IPYTHX MaTepHaJIOB

C

72

Mamepuansi t, °C p, keI | A, Bm/(m C) p
k/[ic/(ke C)

Ac6ecT pacnylleHHbIH, 3-if copT — 340 0,087+0,24 10°% 0,816
Ac6ecToBbIil KapToH — 900 0,16—0,17 10t 0,816
/ACOECTOBBIH HIHYD — 800 0,13—0,15 10t 0,816
AcGommmdep ¢ acbectom > 50 % 20 1800 0,17—0,35 —
Ac6ommdep ¢ 10—50 % acbecra 20 1800 0,64—0,52 —
Acoanet 0—30 2120 0,60—0,74 1,67
BeToH ¢ mebHeM 0 2000 1,28 0,84
BeToH cyxoii ¢ mebHeM 0 1600 0,84 —
[1InakoGeToH 0 1500 0,70 0,80
Bymara 06bIKHOBEHHAS 20 — 0,14 1,51
Bara xnomyaro0yMakaas 20 80 0,042 —
Bara muaxosas (copt 0) 750 200 0,06-0,145 10t
BepMUKYTUTOBBIC TLTUTHI 700 380 0,081-0,15 103t
Boiinok crpouteabHbIN 190 300 0,05
[uric cyxoit 20 1250 0,43 0,85
[nmuHa 20 2000 0,90 0,84
[ 1MHA OTHEyNopHas 450 1845 1,04 1,09
I"paBuit 20 1840 0,36 —
["paBuii MIyHIH3ATOBBII 600 0,13 0,84
['pyHT pacTHTEIbHBIH TO/T 1800 1,16 0,84
JlepeBo cOCHa IMOTEPEK BOJIOKOH 0 546 0,14 2,72
JlepeBo cocHa BIOJIb BOJIOKOH 20 546 0,35 2,72
Kene300eToH HAOUBHOI 0 2200 1,55 0,84
3achINKa U3 CyXOro Mecka 1600 0,58 0,84
3omnar (ot -100 1o +500 °C) 0,007
Kapron — 20 0,14—0,35 1,51
Kupud KpacHBIA 0 1800 0,77 0,88
Kuprud maMoTHbINH 1400 1850 0,84-0,6 103t
Knajka 13 TIMHSHOTO KUPIIYa 1800 0,81 0,88
Knajka U3 KpacHOTO KHpIHYa 0 1700 0,81 0,84
Knajka U3 CHIIMKaTHOTO KMpPIIHYa 0 1900 0,87 0,84
Knanka 6ytoBas cpeaneit 0 2000 1,28 0,88
Jlen 0 917 2,2 2,26
Jlen -100 928 3,5 1,17
Men 50 2000 0,9 0,88




MuHepanbHbIN BOWIOK — 250 0,058

MunepanbHas Bata, co = 5 % 100 0,07 0,84
MuHnepainbHas CTEKJISHHAs BaTa 500 200 0,047-0,87 t

Mpamop 0 2800 3,5 0,92
[Mapox (PAROC) 30 0,0365

[leHOOETOHHBIE OIOKH 300 500 0,122

Tenomuekce, co=2 % 40 0,029 1,47
[1eHOOAUCTHPOI 150 0,05 1,34
[1eHONOMUCTHPO 100 0,041 1,34
TTeHOnoMMCTHPO 40 0,038 (0,05) 1,34
[MeHOnOMUCTUPONOETOH 200 0,066
[eHONOMUCTHPOIOETOH 300 0,076
[MeHOnOMMCTUPONOETOH 400 0,130
[eHOnOMUCTHPOIOETOH 450 0,140

[TeHoract 125 0,052 1,26
[eHoMmIEKC 0,032

TTecok peuHoi Menkuit (Cyxom) 0—160 1520 0,30—0,38 0,80
[ecok peuHO# MenKuit (BIaXKHBIH) 20 1650 1,13 2,09
[11UTHI TUTICOBBIE 700 0,23 1,04
[LTUTEI IpEBECHOBOIOKHUCTHIE 1000 0,29 2,1
[1IHTHI IPEBECHOBOIOKHHCTEIE 400 0,14 2,1
[IpoOKOBbIE ILTUTHI 80 150 0,044 1,76
CHET CBEKEBBINABLINHI — 200 0.10 2.09
CHer yIUIOTHEHHBIH — 400 0,46 2,09
CTeKII0 0OBIKHOBEHHOE 20 2500 0,74 0,67
CTeKJI0 TepMOCTOMKOE 20 2590 0,96 —
CTEKIIO KBapIIEeBOE 800 — 2,40 —
Danepa KieeHas 0 600 0,15 2,51
[{ITykaTypKa U3BECTKOBAs 0 1600 0,72 0,84
[ITykaTypKa [[eMEHTHO-TIECUaHas 0 1800 1,2 0,84
Danepa KieeHas 0 600 0,15 2,51
Dapdop 95 2400 1,04 1,09
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