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NPEAMCIOBME

OcHOBHbIe 3aKOHOMEPHOCTH SIBJIEHHI mepeHoca TelIoThl, MEXaHH3M
¥ METOJOJIOTHS HCCIENOBAaHHUA NMPOIECCOB TemIooOMeHa, peKOMeHAAlHH
JJisi TMPAaKTHYECKHX pAacuyeTOB COCTABJSAIOT COJepIKaHHWE 3TOH KHHIH.
Ilpu ee HamucaHHH TNpecjeNoOBanach Lelb PacCcKasaTb O CJAOXKHHIX SIB-
JIEHUAX Teljonepefayd B BO3MOXHO Gojee npoctoit u scHo#t dopme
IpH cOXpaHeHHH HeoOXOAMMOH HayyHOH CTPOrOCTH.

Matepuan B KHHIe pacrosioyKeH B MOpPSfIKe HAapAaCTaHHs CJIOKHOCTH
o6Cy KAaeMbIX TIPOLIECCOB C Leblo 06/IeryeH st ero yCBOGHH YHTaTe/eM.
IlosToMy, HampHMep, KOMIIEKCHBIE MpPOLECCHL. TeIIONepenaud Hania-
raloTcsi OcJie ONHCAHHA 3JIEMEHTAPHLIX BUJOB TeniooGMeHa, a BONPOCH
FHAPOMEXAHHKH MO Mepe HafloOHOCTH NPHBONATCA COBMECTHO C H3JO-
JKEeHHEM OTAeNbHBIX 3a1a4 KOHBEKTHBHOro Temjoo6meHa. B kHure pac-
CMOTPEHBl OCHOBHBIE MOJIOXKEHHS TEOPHH TNONOOHS H HX INPHJIOKEHHEe
K M3YUCHHIO MPOLECCOB MepeHoca TEIVIOTH. B KoHIe Kamkaoro pasuena
NPHBOASATCA YHC/IOBble MPHMEPBl pelIeHHs1 HaunboJee XapaKTepPHBIX
3ajay.

B nenom B HacToAIIEM H3IaHHH COXPaHEHH! CTH/Ib, CTPYKTYpa M Xa-
paktTep, IMpHCYIIHe H3BeCTHOMY yueGHHMKY akameMuka M. A. Muxeera
(1902—1970 rr.) «OcHoBH Temjonepenauyu», [oc/JenHee H3JaHHE KO-
Toporo G0 BHNymeHo B 1956 r. B yue6uuke M. A. Muxeepa Guin 0606-
IMeH OMBIT ero MHOTOJIETHEro NpemoflaBaHUs Kypca TemionepelayH
B By3aX, PacCMOTPeHH! pesyJibTaThl HanOO/Iee 3HAUHTENLHBIX SKCNEpH-
MEHTaNbHEIX M TeopeTHYecKHX paborT B 06/1acTH TEOPHH TemnooGMeHa
H TEMJIOBOFO MOJCJHPOBAHHSA.

Hananue KHUrM B HacToseM BHJE NOCBAILAETCS €r0 NMAMATH.

H. Muxeesa



BBEOEHME

Telmonepe,u,aqa SIBJISIETCS YacThiO0 OOLIEro yueHHs O TemloTre, Oc-
HOBHI KOTOpOro GbTM 3anoxeHH B cepennne XVIII . M. B. JlomoHo-
COBBLIM, CO3JaBIIHM MeXaHHYEeCKYI0 TEODHIO TeIIOTHl H OCHOBBI 3aKOHa
COXpaHeHHsl U MpeBpalleHHA MaTepHH M 3Hepruu. B nanbrefimiem pas-
BUTHH YYEHHS O TeIoTe pas3pabaTHBANHCh €ro OOIHe MOJIOKEeHHS.
B XIX B. ocHOBHOe BHMMaHHe YAENSJIOCh BOMPOCAM MpeBpalleHHs
TEeMIOTH B pabory. C pasBUTHEM TEXHHKH H POCTOM MOIIHOCTH OTAJb-
HBIX arperatoB poJib MpPOIECCOB MepeHoca TemJIOoThl B PasJHYHBIX TeM-
JIOBBIX YCTPOHCTBaX M MalllMHaXx Bo3pocna. Bo BTopo# mosnopuHe
XIX B. yyeHBle M HHIKEHepHl CTajH yIeJsiTb NpolleccaM TennooGMeHa
SHAUHTEJNBHO GOsbllle BHHMaHHSA. B sHTepaType HMMeeTcst MHOro pabot
TeX BpPeMeH MO BOMpOcaM PacrnpocTPaHeHHs H MepeHoca TEMJIOTHl, He-
KOTOpEIC U3 HHX COXPAHHJH 3HAYHMOCTh 10 Halux JfHefl. FiMeHHO B 3TH
rofsl, Hanpumep, Gelta ony6GiukoBaHna paGota O. PeiiHosbjaca, B Ko-
TOpO#l ycTaHaBJIMBaeTCs €IMHCTBO MPOLECCOB NepeHoca TelJIOTH H KO-
JIMYECTBA JBHMIKEHHS, €ro «rHAPOJAHHAMHYeCKas TeOpHsl Tem1oo6MeHa»
(1874 r.).

YueHHe O TEMJIOTe OKOHYATEJIBHO OGOPMHIOCH B CAMOCTOSITETBHYIO
Hay4HyIo AMCLUHILUIHHY Juk B Hadate XX B. B Hacrosuee Bpems Ten-
Jonepefiaya BMecTe ¢ TeXHHYeCKOH TepMOAHHAMHKOHR COCTaBJ/SIOT TeO-
peTH4ecKHe OCHOBHI TEIIOTEXHHKH.

B passute Temionepenaun Hapsily ¢ 3apyOeHBIMH HCCJ€/0Ba-
TeNAMH GOMBIIOA BKJaJi BHECJH pyccKHe ydyeHble. MX TpyAel O CHX
Mop cOXpaHHJIH CBOe 3HaueHHe. M3yueHHe BOMpocoB TemnooGMeHa B Ha-
el crpade ¢ 20-x rofop Bosraaeua akai. M. B. Kupnuues, npunas-
KA eMy HOBOe HHiKeHepHo-(M3WuecKoe HanpasieHue. BuuiH paspa-
6oTaHbl OpPHIHHAJbHBIE MYTH HCC/IEIOBAHUS CYMIHOCTH pabouHX Tpo-
LlecCOB ¥ paGoThl TENIOBEIX YCTPOHCTB B LLEJIOM, 4TO MO3BOJISIJIO HAYUHO
060CHOBaHHO pellaTh MHOTHe HHiKeHepHble 3ajayH. OJHOBpeMeHHO
¢ 3THM OblTa paspaGoTaHa ofllas MeTONOJIOTHSI HCC/AENoBaHHiM, obpa-
6oTKH M 0GOOLueHHsI ONBLITHBIX JaHHbIX. Bce HMeBINHecs NaHHBE MO
Temoo6MeHy ObIIH MepecMOTPeHHl, YTOUHEHH H MPHBENEHH B Onpefe-
JIEHHYI0 cucTemy. Dojbllloe passuTHe B HameHl CTpaHe TOJNY4YHJA TeO-
pHsi NofoGus, ABISIOMANACA M0 CYLIECTBY TeopHel sKcnepumenra. Ha
ee ocHoBe Obla paspafoTaHa TeOpHs TEIUIOBOTO MOJAEAMPOBaHHs TeX-
HHYECKHX YCTPOHCTB.
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HccnenioBanus MOKa3bBAIOT, 4TO TeIWIONepenadya SIBJSETCS CJ0XK
HBIM nporeccoM. IIpH H3yueHHH 3TOT NMpoLece pacuseHsIOT Ha MpOCThHie
ABJEeHUSA. Pa3mHualoT TpH 3/eMeHTapHBIX cnocoba MepeHoca TemaoTH:
TEIJIONPOBOAHOCTE, KOHBEKIHIO H TEMJIOBOE H3JyyeHHe.

TennoOmMpPOBOAHOCTBIO Ha3eBaercd MepeHOC TEMIOTHI
(u¥ BHYTpeHHeH 3HePrHH) NpPH HEMOCPENCTBEHHOM CONMPHKOCHOBEHHH
Tes (MM dacTefi OJHOrO Tesa) ¢ pasJHYHON TeMmeparypoi.

SlBneHHe KOH B e KIL M H HabMoORaeTcss B JBHIKYIIUXCA KHIKO-
cTAX WM rasax. IlepeHoc TemoThl MPH 3TOM NPOHMCXOAMT NMPOCTO 32
cyeT MepeMeNieHHsT BellecTBa B MPOCTPAHCTBE.

TennoBbM H3JYueHHEM HasbBaeTcsl SBJeHHe Mepe-
HOCa TENJIOTHl B BHJE 3/I€KTPOMArHUTHBIX BOJH C JBOHHBIM B3aHMHBIM
npeBpaiieHHeM — TelIOBO 3HEepPrHH B JIYYHCTYIO H 0GpaTHO.

B 1eHfCTBHTENBHOCTH 3JeMEHTapHBIe BHJEI Temioo0MeHa He 06ocob-
JeHE H B UHCTOM BHJle BCTpeyaioTcst pelko. B GoJbLUIMHCTBE clyyaeB
OIMH BHJ TemaooGMeHa cONMpoBOXKaaeTca ApyruM. Hanpumep, oGmeH
TEMJIOTOH MeXAY TBEpAOH MOBEPXHOCTBIO M KHAKOCTBIO (HJH TrasoMm)
MPOHCXOJUT MyTeM TEIVIONPOBOAHOCTH H KOHBEKIHH OJHOBPEMEHHO
H HasbBaeTcss KOHBEKTHBHHM TeNnNJOOGMEeHOM WIH
TennaooThayefd B napoBeix KoTiax B mporecce nepeHoca Tem-
JIOTBl OT TOMOYHBIX Ta30B K BHeLIHell NMOBepXHOCTH KHIATHIBLHBIX TPYO
OJIHOBpPEMEHHO YYacTBYIOT BCe TPH BHJAa TenaooOMeHa — TeIIONpPOBOJ-
HOCTb, KOHBEKIHSl M TeljoBoe HajaydyeHHe. OT BHelllHeH NOBEPXHOCTH
KHMATHILHBIX TPYO K BHyTpPeHHeH yepes cJIoH CaXH, MeTalJIHYeCKylo
CTEHKY H CJIOH HaKHMM TeNJoTa MepeHOCHTCA IYTeM TeMJIONpPOBOJHO-
ctH. HakoHen, oT BHyTpeHHeH NMOBepXHOCTH TPYO K BOJAE TemsoTa Ile-
pPEHOCUTCA TMyTeM TEeMJONPOBOLHOCTH H KoHBeKiuH. CienoBaTesbHO,
Ha OTJeNbHHX 3Tamax IMPOXOXKAEHHA TEIVIOTH 3/JeMeHTapHbE BHABI
TernsiooGMeHa MOTYT HaxXOAUTbCA B CaMOM pAa3lHYHOM COYETaHHH.
B npakTHyecKHX pacueTax TaKHe CJIOMKHBIE TPOIECChl HHOTAA Leaeco-
ofpasHo paccMaTpHBaTh KaK OJIHO IeJoe.

Tak, Hanpumep, nepenauy TeIIOTHl OT ropsyell KHAKOCTH K XO-
JIONHOH dYepes pasfesfilOIYI0 MX CTEHKY HasHBalOT OpOLECccoOM
TenJonepepgayd. B KHHre paccMOTPeHBI OCHOBHBIE KOJIHYECT-
BeHHEIE H KadecTBeHHLIE 3aKOHOMEpPHOCTH NpOTeKaHHs 3THX Kak sJe-
MEHTapHBIX, TaK H 6oJiee CJI0KHBIX [MpOLECCOB.

Bce 3ameyaHusi 1mo cofep:KaHHIO KHHTH npockba HanpasisiTh MO
anpecy: 113114, Mocksa, M-114, IllnosoBas Ha6., 10, u3/1-Bo «JHeprusy.



OCHOBHBIE OBO3HAYEHMA

r, R — panmuyc, M;
d, D — puameTtp, M;
I, L — xapakTepHHH pa3Mep, NJHHA, M;
8 — TosmmuHa, M;
h, H — BHcOTa, M;
F — mnoBepxHOCTh, MJOmMAXL NMOBEPXHOCTH TemyuooGMeHa, M%;
f — naomanb nonmepeuHOTO CedeHHH, M?;
T — BpeMs, C;
t — Temneparypa, °C;
T — temneparypa, K;
t. — TeMnepatypa noeepxHoctH, °C;
tw — TeMmmeparypa XuAKocTH, rasa, °C;
ts — TeMnepatypa HachmeHnus, °C;
6t —-nauenséme TeMIepaTyphl KHIAKOCTH B HanpaBJeHHH ee
Hus, °C;
At — temneparypuuft Hanop, pasHocTh Temmeparyp, °C;
Afnor — CpPemHHE NOrapHPMHuecKHH TemneparypHbifi Hanop, °C;
v — u3buToynas Temneparypa, °C;
p — nasaenue, Ila;
Ap — nepenap nasaennii, [1a;
G — MaccoBH pacXol XHIKOCTH, rasa, Kr/c;
V — o6vem, M¥, unn ofweMHEH pacXol KHIKOCTH, ra3a, m%/c;
m — Macca BellecTsa, Kr;
@ — CKOpPOCTb, M/c;
g — YycKopeHHe cBOGOJHOro magenus, m/c?;
P — MJIOTHOCTb, Kr/m3;
P’y p” — MAOTHOCTD .COOTBETCTBEHHO KHIKOCTH H napa, Kr/m¥;

LBHXKe-

P — remneparypunifi kKosdduuHenT o6vemHoro pacmmpenus, 1/°C,

?

Cp, Cp — YHeJNbHAA TeNJOeMKOCTb IIPH NOCTOAHHOM ofbeMe H [aBJEHHH CO-

orBercreenno, Jx/(kr-°C);
— sHraabnus, Jx/Kr;
— Tenaora ¢asosoro mepexofia, JIx/Kr;
— pAnaMHuecKnfi Kospdrnuent BaskocrH, [la.c;
— KHHEeMaTHUeCKHH Kos(hHUHeHT BA3KOCTH, M¥/c;
— cuna tpeHnsd, Ila;
— noBepxHOCTHOe HaTsaxkeHnHe, H/m;
E — xosddHIHEHT CONPOTHBJEHHS TPEHHS;

QwdF N~

0 — kpaesoil yron mexny cTeHKo#i U cBOGONHOM MOBEPXHOCTBIO MKHA-

KOCTH;
Q — tennoBoft motox, Br;
g — TJOTHOCTE TENJOBOr0 MOTOKaA, Br/m3;
¢; — NuHEENHAN NJOTHOCTH TENJOBOro moroka, Br/M;
gy — MOIMHOCTL BHYTPEHHEro HCTOYHHKA TemJoTH, Br/mM%;
A — xosdduuuent tenaonporoinoctd, Br/(m-°C);
a— xoﬁnnnem TeMNeparyponporogHoCcTH, M2/c;



@ — KoapduuHent Temmooriayu, Brt/(M2.°C);

k — xoappuunent rensonepepauu, Br/(M2-°C);
C — kosppuuneHT H3nyuenHs, Br/(m2.K4);

E — njaoTHOCTH NMOTOKa H3ayuedus, Bt/m%;

& — CTeNeHb YepHOTHL.

YUCNA NOAOBMA

Re = wl/v — uncno Pefinoapnca;

Pr = pcp/h = v/a — uwucno Ipanarns;
Eu = Ap/pw?® — uncno dinepa;

Nu = al/A — uucno Hyccenbra;

Pe = RePr = wl/a — uncao Ilekane;

3
Gr = gpAt t—a —gucjao I'pacroda;
v
St = Nu/Pe = a/cppw — uncno CraHrona;
3
Ra = GrPr = gfAt — — uucno Penes;
va

Fo = at/I* — yncno Pypee;
Bi = al/A, — uucno Buo;
Ho = tw/l — uHC10 roMOXPOHHOCTH.



FNABA NEPBAS

TEMNONPOBOAHOCTbL

1-1. OCHOBHOHW 3AKOH TEMJOMPOBOAHOCTH

Ecsin B TBep/ioM Tesie, HEMOABHIKHOH HAKOCTH HJIH Tase TeMrepa-
Typa B pa3/HYHBIX TOYKAaxX HEOJHHAKOBA, TO, KaK MOKa3LIBaeT OIHIT,
TEIJIOTa CaMONPOH3BOJIBHO IEPEHOCHTCS OT Y4acTKOB Tesa ¢ Oosee
BHICOKOH TeMmmepaTypofi K ydyacTKaM c¢ 6Gojee HH3KOfl TemmnepaTypoii.
Takoii nponecc HaswBaeTcsi menaionpoeodrocmeto. BHyTpeHHHH Me-
XaHH3M SIBJICHHSI TENJIONPOBOJAHOCTH OOGBACHACTCS HA OCHOBE MOJIEKY-
JIAPHO-KMHETHYECKHX IpefcTaB/leHU}; IepeHOC 3HEPTHH ITIPH 3TOM
OCYLIECTBAACTCH BCJACACTBHE TeIlJIOBOIO JIBHXKEHHSI H 3HEPreTHYeCKOro
B3auMOJHCTBHS MeXJAy MHKpOYacTHIAMH (MOJIeKyJaMH, aToOMaMH,
371€KTPOHAMH), U3 KOTOPHIX COCTOMT NaHHOe TeJso.

Iporecc TenaonMpoBOAHOCTH HePa3pHIBHO CBA3aH C pacmpeeleHHeM
TeMIeparypbl BHyTpH Tesia. [1o3ToMy mpH ero u3ydYeHHH MpexJe BCEro
HeoOXOAHMO YCTAHOBHTE MOHATHSA MIEMNEPamypHoeo noAs u epaduenma
memnepamypeot.

l. TemneparypHoe nouJe. TemmepaTypa, Kak H3BECTHO,
XapaKTepH3yeT TemJoBOe COCTOSHHE Tesjla M OMNpefiesisieT CTeNeHb €ro
HarpeTocTH. TaK Kak TeloBoe coCTOsIHHE OTAe/NbHEIX YacTell Tesa B Npo-
llecce TenJIOMPOBOAHOCTH pa3jHyYHO, TO B OOIlEeM ciydae Temneparypa ¢
ABasiercss PyHKIHeHd KOOpAHHAT X, Y, 2 H BPeMeHH T, T. €.

t=F{x, 1,2,5). (a)

CoBOKYMHOCTE 3HAYEHHH TeMIeparyphl /s BCeX TOYeK NPOCTPAHCTBA
B JaHHLIH MOMEHT BPeMeHH Ha3bIBAeTCs MeMnepamypHoim noiem. Y pas-
HeHHe (a) sB/IAETCA MaTeMaTHYeCKHM BhIpaxeHHeM Takoro mojs. Ilpu
3TOM, €C/TH TemMneparypa MeHseTcsi BO BpeMeHH, MoJie Ha3biBaercsl He-
YemanosusLiumMes (HecmayloHapHbIM), a eClIH He MEHSIETCS] — YCrmaxo-
suswumca (cmayuonapueim). Temmepatypa MoxeT OHITh (yHKIHEH
OIHOH, IBYX M Tpex koopauHaT. CoOTBETCTBEHHO 3TOMY W TeMneparyp-
HOe moJie HasbiBaeTcsi 00Ho-, d8yx- u mpexmepHoim. Haubonee mpoctoi
BHJL HMEET YpaBHEHHE OMHOMEPHOTO CTallHOHAPHOTO TeMmmepaTypHOro
noJfi:

t=t(x). (6)



2.Tpanuent temneparyp. Ilpu mobGoMm Temmeparyp-
HOM MOJie B TeJie BCerjla HMEIOTCS TOYKH ¢ OJHHAKOBOH TeMmepaTrypoH.
eoMeTpHYECKOE MeCTO TaKHX TO4eK 00pasyer wuzomepmutqecKyto no-
gepxHocme. Tak Kak B OZHOH H TOH e TOYKe NMPOCTPAHCTBA OZHOBpe-
MEHHO He MOXKeT ObIThb ABYX PasJHYHBIX TeMIepaTyp, TO H30TepMHYe-
CKHe MOBEPXHOCTH APYr C JPYroM He NepeceKarorcs; Bce OHH WM 3a-
MBIKAlOTCsl Ha ce6si, HIIH KOHYAKTCA Ha rpaHHnax tena. CrefoBaTelbHO,
H3MEHeHHe TeMnepaTypHl B Tesle Ha(Jsiofaercs JHIUbL B HanpaBJeHHAX,
nepeceKalnlMX H30TepPMHYECKHe MOBEPXHOCTH (HampuMep, Hampa,Jie-
Hue x, puc. 1-1). Ilpu srom HauGonee peskoe H3MEHEHHEe TeMMepaTyphl
momyyaeTcs B Hanpas/ieHHH HOPMasH A K H30TePMHYecKoH MoBepXHO-
cti. Ilpenen oTHOLIeHHs M3MeHeHHsi TeMnepaTypel Af K paccTOSHHIO
MEXJy H30TePMaMH MO HOpMasnH An HasblBaercst spadueHmom memne-
pamyp 1 0603Ha4YaeTCs OJHHM H3 CJAEAYIOUIHX CHMBOJOB:

lim (At/An) ,, ,,=0t/0n =grad { = yt. (B)
;. =
Ny YA/
w
” ag_/a\ =

Pauc. 1-1. K onpenenenuio Puc. 1-2. 3axoH @ypbe.
TEMIepaTypHOro  rpajH-

eHTa.

TemnepaTypHBlii TpajHeHT fBJIAETCA BEKTOPOM, HamMpaBJeHHBIM
M0 HOPMaJH K H30TePMHYECKOH MOBEPXHOCTH B CTOPOHY BO3pacTaHHsA
temneparypsl, “C/m.

3. TennoBo#t moTok. Temnora caMONPOH3BOJNIBHO Mepe-
HOCHTCS TOJILKO B CTOPOHY yGBIBaHMs TeMmmeparyphl. KommuecTso Ten-
JIOTHI, TIEPEHOCHMOe Yepe3 KaKyio-THOO H30TEpMHYECKYIO MOBEPXHOCTb
B eIHHHIY BpeMeHH, HasuBaeTcsi men.iogoim nomoxom Q. Tennooi
MOTOK, OTHECEHHBIH K eMHHIE IUIOmAAH H30TepMHYECKOH MOBEPXHO-
CTH, Ha3bIBAeTCH MAOMHKOCMbLI0 menaogozo nomoka ¢. IlnoTHocTh Tem-
JIOBOTO MOTOKAa eCTb BEeKTOp, HalpaB/ieHHe KOTOPOro coBmajaeT ¢ Ha-
NpaBJeHHeM PacnpoCTPaHeHHS TEMVIOTH B JAHHOH TOYKE H MPOTHBO-
MOJIOXKHO HAMpaB/IEHKIO BEKTOpa TeMnepaTypHoro rpaguenta (pue. 1-2).

4. 3akoH ®ypbe Fsyuad npomecc TEMIONPOBOAHOCTH B
TBEPALIX Tenax, Pypbe SKCNepHMEHTAJbHO YCTAHOBHJI, 4YTO KOJIHYE-
CTBO nepeﬂaHHOﬁ TEMJOTH MPONOPLUHOHANBHO MaACHHIO TeMmepaTyphl,
BpPeMeHH H IJIOMIA/H CeueHHsi, NEPNeHAHKYIAPHOro HanpaBJIeHHIO pac-
npocTpaHeHus TemoTe. Ecau KomuyecTBO mepefaHHOH TemIOThHE o'r(;



HecTH K eIHHHIE IJIollagH CeYeHHHA H eJHHHIe BpeMeHH, TO YCTaHOB-
JEHHYH 3aBHCHMOCTE MOXKHO 3alHCaTh:

g = —A\ gradt. | (1-1)

¥YpaBHenue (1-1) sBAsieTcss MaTeMaTHUECKHM BbIpa)KeHHEM OCHOB-
HOrO 3aKOHA TEeMJIOTPOBOJHOCTH — 3aKOHA Pypoe. ITOT 3aKOH JIEKHT
B OCHOBE BCEX TEOPETHYECKHX H 3KCNepHMeHTaJbHBIX HCCAef0BaHHH
TPOLECCOB TEIVIONPOBOAHOCTH.

Br/tn-°C)
A
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i d gsaLA
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lyed %
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i t an i [4
L“" 1 1 L 1 o
U 200 éﬂﬂ ﬂ?ﬂ dﬂﬂ eﬂ [J 20 40 53 60 100 IZU /40 E
Puc. 1-3. 3amucuHmMocTb Puc. 1-4. 3aBHCHMOCTD KO3(hGhHIH-
Ko3d¢HIHEHTa TEMJONpO- €HTa TenJOIPOBOXHOCTH OT TeMIle-
BOAHOCTH OT TEMINEpPaTy Pl paTyphbl A1l HEKOTOPHIX KaneJbHBIX
RJasI HEeKOTOPHX rasoB. WHUIKOCTEH.
! — BopsiHO# map; 2 — KHe- | — BasesmHOBOE MacJjo; 2 — GeH3oJ;
JOpoA; 3 — BO3AYX; 4 — 3 — alerToH; 4 — KacToposoe Macno; §5—
asoT; § — aprox. CIIHPT 3THJOBBIA; 6 — CNHPT METHJIOBHIA;

7 — riauuepHH; § — BoAA.

5. KoagppuuuneHT TenadsonpoBoagHOCTH. Kospdu-
LHEHT MPonopIHOHAIbHOCTH A B ypaBHeHHH (l-1) Ha3wBaeTcs Kodgdu-
yuenmom menronposodnocmu. OH sBAAeTCS (PU3HYECKHM CBOHCTBOM
BEIIeCTBA W XapaKTepPH3yeT ero CrnocoOGHOCTb MPOBOLHTH TEIIOTY:

h Lol __ @ ®)
gradt  FrAil’

3HauenHe KO3(p(HUIMEHTA TEMIONPOBOAHOCTH NpenCcTaBasieT CcoGoil
KOJIHYECTBO TEIJIOTHI, KOTOPOe MPOXOAMT B €AHMHHLY BPEeMEeHH uepe3
eNUHHIY MJIOLIAIH H30TePMHUECKOH MOBEPXHOCTH MPH TEMMEpaTypHOM
rpajiveHTe, paBHOM e[MHHIE.

Jns pasauuHBIX BelecTB KO3(h(HUIIMEHT TenJOnpOBOXHOCTH A pas-
JIHYeH U B OGIIEM CJydae 3aBHCHT OT CTPYKTYPHI, MUVIOTHOCTH, BJIAXKHO-
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CTH, ZaBJieHHs W TeMmmeparyphl. Bce Bmecre B3siToe 3arpyaHser BHGOp
NpaBHJIBHOTO 3HaYeHHA KosdxpuuueHTa TemtonpoBogHocTH. [losTomy
NpH OTBETCTBEHHLIX pacueTax 3HauyeHHe Ko3((HIKeHTa TemI0oNnpoBOA-
HOCTH CJIef[yeT ONpeNeATh MyTeM ClelHaIbHOro H3yYeHHs NpHMeHse-
MOro MarepHasla. B TexHHYECKHX Ke pacueTax 3HaueHHA KO3pHIH-
€HTa TEIJIONPOBOJHOCTH OCBIYHO GEpyTCS MO CNpaBOYHBLIM TabJHILAM.
ITpu 3TOM HafO CJAEIHTb JIMIIL 33 TeM, YTOGhl (PH3HUECKHE XapaKTepH-
CTHKH MarepHana (CTPYKTypa, INMIOTHOCTb, BJIAXKHOCTb, TeMIEpaTrypa,
JaBjenue) ObLIU cooTBeTcTBeHHBI. Tak Kak MpH pacnpocTpaHeHHH Tell-
JIOTH TeMmIeparypa B pasjIHYHEIX YacTAX Tela pas3jH4Ha, TO B NMEepBYIO
ouepenb BaxKHO 3HATh 3aBHCHMOCTb KO3(DHIHEHTa TeNJONPOBOAHOCTH
oT Temneparypsl. sl GOJBIIOTO YHC/]Aa MaTepHalOB 3Ta 3aBHCHMOCTh
OKas3bIBaeTcsl MOYTH JHHEHHOH, T. €. MOXHO NPHHATH

A=2o [1+4b(t—1y)], ()

rie A, — KO3()}HIHEHT TENIONPOBOJHOCTH NpH Temneparype fy; b —
NOCTOsIHHAsSI, OnpenesseMast ONLITHBIM MYTEM.

a) KoagduuuenT TenJonpoBOJHOCTH Tra3oB JIEXKHT B mpefenax

0,006—0,5 Brt/(M-°C). C noBblmeHneM TeMneparypbl Kos(dpHIHEHT
TEIJIONPOBOJHOCTH A Bo3pacraer (puc. 1-3), OT naBJeHHs NpaKTHYECKH
He 3aBHCHT, 32 MCKJIOYeHHEM OdYeHb BHICOKHX (Goabime 2-108 ITa) u
ouedb Hu3Kux (Menbwie 2-10% Tla) nasnenuii. 3aKOH aIAHTHBHOCTH
1isi KoabdHIHEeHTa TenJONPOBOAHOCTH A HENpUMEHHM; MO3TOMY IJIsi
CMeCH ra3oB KO3()(HIHEHT TeNJIONPOBOZHOCTH MPH OTCYTCTBHH TaGaHY-
HBIX JJaHHBIX JOCTOBEPHO MOXKeET 6BITh onpeneaeH TONbKO OIBITHBIM ny-
TEM.
6) Kos(pdHuHeHT TemIONPOBOIHOCTH KamneJbHBIX XHIKOCTeH Je-
xut B npefenax 0,08—0,7 Br/(m-°C). C nopslieHneM Temneparypbi
aas GOJBILHHCTBA KUAKOCTEH OH yObiBaeT (puc. l-4), HckioueHue co-
CTaBJISIIOT JIMIUL BOJA H TJIHILEPHH.

B) KoadduuuesT TensonpoBOXHOCTH CTPOHTENBHBIX M TEIJIOH30-
JSILHOHHBIX MarepHaioB JexHT B npenenax 0,02—3,0 Br/(m-°C).
C nosbimeHuemM TeMneparypbl O Bo3pacraer (puc. 1-5). Kak npasuso,
LS MarepHaloB ¢ GOJbINeH MJIOTHOCTBIO KOS(GhHUHEHT TENJIonpoBoA-
HOCTH A MMeer Gosiee BHICOKHE 3HaueHHs. OH 3aBHCHT TakKie OT CTPYK-
TYpPH MarepHaja, ero MOPHCTOCTH H BJAMXHOCTH. [IJifi BJaXKHOTO Ma-
Tepuasa KOI(pHIHEHT TEIJIONPOBOJHOCTH MOXKET GBITh 3HAYMTEJIBHO
Bhillle, 4eM JUIsS CyXOr0o H BOAbl B OTAenbHOCTH. Tak, Hanpumep, aas
cyxoro kupnuya A =~ 0,3, ans Bomel 0,6, a nas BiaakHOrO KHpnHya
0,9 Br/(m-°C). Ha 310 siB/ieHHe Heo6XoauMO obpaiiath ocofoe BHHMa-
HHe KaK MPH OMpe/e/eHHH, TaK H NPH TeXHHYECKHX pacyerax TeIso-
NPOBOAHOCTH. Marepuannl ¢ HH3KHM 3HAYeHHeM KO3(DHIIHeHTa TenJio-
nposoaxoctd [menbwe 0,2 B1/(M-°C)] ofbluno npumensiorest ans ten-
JIOBOH H30J/IILHH H HA3LIBAIOTCH TEINVIOU30JISIIHOHHEIMH.

r) KostpguuueHT TennonpoBOAHOCTH META/JIOB JIEXKHT B Ipeieiax
20—400 Bt/(M-°C). CambIM TEIJIONPOBOAHKIM METAJJIOM SIBJSIETCS Ce-
pebpo (A ~ 410), sarem uayT uncTas menb (A & 395), 30z010 (A =~ 300),
amomuuuii (A = 210) u 1. 1. (puc. 1-6). [1as GonblIMHCTBA MeTalJIOB

I



C TOBBIICHHEM TeMIePaTyphl KO3(HIHEHT TeNIONPOBOHOCTH yOLIBAET.
On takxe yOnlBaeT NpH HaJH4YHH pasHoro poia npumeceii. Tak, Ha-
npuMep, Aas gucToil Menu A = 395, na1s TOH Ke MelM, HO CO clelaMu
melbska A = 142. Jlns xenesa c¢ 0,1% yraepopa A = 52, ¢ 1,0%
yraepoga A = 40 u ¢ 1,6% yraepona A = 36. [Ins 3aKaneHHOH yrie-
pomucToi ctanu Koadduuuent rengonposoaHocTH Ha 10—25% Huxe,
yeM 1/ MATKOH. OfHaKO yCTaHOBHTb KaKylo-1H60 obLiylo 3aKoHOMep-

Br/tm-°¢) )
280} L]
" — 51'/'{!'1 '56‘}

—1 | +—T7° 240~
60—=— Lt A
’ //

7 200 ~ 1AL

/

40 160
6 | ; Mg

a1 ] 120 7

| ] —-.n_..

e o [t
a08 o '2“’ — --P.L | Fe
_..---—-""L'---—-l 1, “ [
. 1 ¢
Puc. 1-5. 3aBucumocts Kk03d- Puc. 1-6. 3aBHcuMOCTB
(HUMEeHTa TenJONPOBOAHOCTH OT KoatdHIHEHTa TENJ0npo-
TEMIEePaTyphl IJS HEeKOTOPHIX BOJIHOCTH OT T€MIIePaTypH
H30JANHOHHEIX H OTHEYIOPHBIX ISl HEKOTOPBEIX METaJJIOoB,
MaTepHaJIoB.

I — BO3AYyX; 2 — MHHepaJbHaf
wepers, P = 160 kr/m?¥; 3 — wnako-

pasi Bata, p = 200 kr/M%; 4 — HbloO- &
Besb, p = 340 kr/m® 5 — coseant, HOCTb BJHAHHA I[PHMECEH I[OKa

= 440 1 —
Ruprna, p o "5g0 keps o ToMOBME  HepoaMOxHO. [losTOMy f/1s1 Meran-
HHA KHpnHY, p = 1672 Kr/mM3 & — =
uil xupuw, @ = 1672 KI/M 8 — OB M HX CIIABOB HENOCPEJCTBEH

= 1373 kr/u% 9 — waworubii kup-  HbIA ONBIT SIBJISIETCS] €IHHCTBEHHEIM

HEh o = 10a0 e cnoeo6oOM Onpejie/IeHusT J0CTOBep-

HOTO 3HaYeHHs KO3(puIeHTa TeD-

JonpoBoaHocTH. TaK Kak TenonposojiHOCTh METANIIOB, TAK XKe KaK H HX

3JIEKTPOTIPOBONHOCT, B OCHOBHOM OINPEIENsIIOTCsl nepeHocoM cBoGoj-

HBIX 3J€KTPOHOB, TO JUIsl YHCTLIX MeTa/lJIOB 3TH 3HAYEHHS MPOMNOPIHO-

HaJabHBI JPYr APYTY (3akoH Bugemana—®panua). Huxe na ocHose

sakoHa @ypbe BHIBOASTCA pacueTHble (POPMYJBl TENIONPOBOJHOCTH

IS pasHEIX Ten NPH crauHoHapHoM pexxume. CTporo sTH ¢opmyiisl

CHPABEIUBHL JIUIIb JJ51 TBEPABIX TeJ. B MPHMeHEHHH HX K KHIKOCTSAM

¥ ra3aM HeoGXO[HMO YYHTHIBATH BO3MOXKHOE BJIHSIHHE KOHBEKIHH H Tel-
JIOBOT'O H3JTyYeHHS.



1-2. TENNONPOBOAHOCTb MIOCKOW CTEHKH

l.OnnopoaHnas crenka PaccmorpuM  0JHOPOLHYIO
cTeHKy ToamuuHoi & (puc. 1-7), KosdpHLHEHT TEMAONPOBOAHOCTH A KO-
TOpOH mocTostHeH. Ha HapyKHBIX NOBEPXHOCTSIX CTEHKH MOLNEPHKH-
BAlOTCA NOCTOSIHHHIE TeMnepaTtypw f; u f,. Temmepatypa H3aMeHsAercs
TOJBKO B HanpaesleHHH ocH Xx. B 3ToM ciyuae TemiepaTypHoe [oJe
OfIHOMEepPHO, HM30TepPMHUYECKHe MOBEPXHOCTH TJIOCKHE M paclojararrcs
NeprneHAHKYAAPHO OCH X.

Ha paccrosinHH X BHIIETHM BHYTDH CTEHKH cJoi TOMUMHOH dx,
OrpaHHYeHHBbIN JABYMsI M30TePMHYECKHMH noBepxHocTaMH. Ha ocHoBa-
HHH 3aKoHa Qypbe [ypaBHeHHe (1-1)] 1151 3TOro caydas MOXKHO HamH-
carb: :

- N
q A ~ Mo dt . dx. (a)

[TnorHOCTb TEMJIOBOrO MOTOKA ¢ NMPH CTAlHOHAPHOM TENJOBOM pe-

HHMe MOCTOSHHA B K#XKIOM CEYeHHH, NOITOMY

t=—-%x+C. (6)

Tocrosinnass uHTerpHpoBaHusi C onpejensiercs W3 TPaHUUHBIX yC-
JIoBHi, a umenno npu x = 0 t = ¢, = C, anpu x = § ¢ = {,. [lox-
CTaB/JsIsl 3TH 3HauyeHHsi B ypaBHeHue (G), umeeM:

ty=—-T08+t. (8)

M3 ypaBuenus (B) onpenensiercss HEW3BECTHOE 3HAYEHHE INJIOTHOCTH
TEIJIOBOTO NMOTOKA ¢, 3 MMEHHO:

A A

CnenoBare/bHO, KOJMYECTBO TENJIOTHI, NMEpeJaHHOE Yepe3 efHHHILY
MOBEPXHOCTH CTEHKH B €IHHHILY BPEMEHH, NPSIMO MPONOPUHOHANBHO
KO3(pHIIHEeHTY TeNnJIONPOBOAHOCTH A W PA3HOCTH TEMIIEPATYP HAPYKHBIX
' noBepxHocTedl Af M 0GPAaTHO NPONOPLHOHANBHO TOJIIHHE CTEHKH 0.

Ypaeuenne (1-2) sBnsercsa pacuerHoH ¢OPMYJIOH TEmIOMpOBOA-
HOCTH NIOCKOH cTeHKH. OHO CBA3BIBAET MKy COGOH UeThipe BeNTHUHHBI:
g, A, 8 ¥ At. 3nas u3 HUX MOGHE TPH, MOXKHO HaHTH UETBEPTYIO:

_ g6 _ g8 o Mt
}\«—E—,At—- 3 Ha———q. (I‘)

OrHowenue A/ HasblBaeTcst menaogoll nposoduUMOCHi6l0 CTEHKH,
a obparHasi BeluyuHa 8/A — mepmuueckum conpomusrenuem. Tlocaen-
Hee onpejesieT MaJeHHe TeMIEPaTyphl B CTeHKe HA eIUHHUILY IJOTHO-
CTH TEIJIOBOTO IIOTOKA.
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Ecnu B ypaBHeHue (6) moACTaBHTh HaHJeHHBE 3HayeHHA C W IJIOT-
HOCTH TeIIOBOrO MOTOKAa ¢, TO MOJYYHM YpaBHEHHe TeMreparypHoi
KpUBOH

tx=t1-1‘as—t"x. (1-3)

INocnennee mokasbiBaeT, YTO IMPH MOCTOSHHOM 3Ha4YeHHH KO3(du-
IlHeHTa TEIJIONPOBOAHOCTH TeMIepaTypa OAHOPOAHOH CTEHKH H3Me-
HseTcd MO JUHeHHOMY 3aKOHY. B nelcTBHTENbHOCTH Ke BCJEACTBHE
cBOeil 33aBHCHMOCTH OT TeMIepaTypel KO3((HIHEHT TENI0NPOBOAHOCTH
AIBJISIETCST TepeMeHHOH BenuuHHOH. Ecnu 310 06CTOATENBCTBO YUeCTs,
TO MOJYYHM HHbIE, 60Jlee CJOMKHBIE pacyeTHhle (GOPMYJIHL.

Jna nonaeasiomero GONBIIHHCTBA MarepHajoB 3aBHCUMOCTB KO-
s(ppuLIHeHTa TEMIONPOBOJHOCTH OT TeMIepaTyphbl HMeeT JIHHeHHbIH Xa-
pakrep BHxa A = A, (1 + bf). B sTromcnyuae Ha oc-
HOBaHHH 3aKoHa @ypbe /151 MJIOCKOH CTEHKH HMEeM:

g=—r) = —h(+on L.

Pasnenus nepemeHHble W IPOM3BeJsl HHTErPHPOBa-
HHE, MOJIYYHM:

gr= —Ao(t + —”2’—) . ©)

0

IloacraBnsss B ypaBHeHHe (€) rpaHHYHbBle 3Haye-

Puc. 1-7. OmHo-  yyg nepemeHHBIX, HMeeM MpH
poXHaf nmaockas

CTEHKa. b2
— = = —— -—-l— . p: 19
- x=0¢t=tu0 xo(tl-q- 5 )-1—(:, ()
bty
x=8 t=tyngd=—h| o+ —= ) +C. (3)

BhluuTas W3 ypaBHeHHs (3) ypaBHeHHe (XK), MOJydaem:

g =o(h—t)+ - (1—5) ], 0)
OTKYyJa
g="e 146710 (0 —to). (1-4)

Hosasi pacuetnast dopmysna (1-4) Heckoabko cnioxHee (opMyJbl
(1-2). Tam Mbl NpHHMMAIH KO3(QQHIHEHT TEnIOoNpOBOIHOCTH MOCTOSIH-
HHIM ¥ PAaBHBIM HEKOTOPOMY cpeiHeMy 3HaueHuio A,. Ilpupasnupas
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APYT Apyry npasble 4acTH STHX GopMyJ, HMeeM:

t t A A :
xm=ao[1+b%£]zﬁ2—i'. ®)

CnenoBatenbHO, ecii A, OTIpeeasercs no cpeaHeapHhMeTHUECKOMY
H3 TPAaHMYHBIX 3HAYEHH# TeMnepaTyp crenok, To gopmyast (1-2) u (1-4)
PAaBHO3HAYHBI.

C yyeroM 3aBHCHMOCTH KO3(hHIIHEHTA TEIONPOBOLHOCTH A OT TEM-
neparypsl ypaBHeHHE TeMMepaTypHOil KpPHBOH B CTEHKE MOJydYaercs
nyTeM pelleHHs YpaBHEHHS (€) OTHOCHTEJNBHO f M MOJACTAHOBKH 3Ha-
yeHust C U3 (K), a HMEHHO:

S Y AR 1-5
L b+l/ (b—Hl) bl i3l

CrnenmoBaresbHO, B 3TOM CJy4Yae TeMmMneparypa CTeHKH H3MeHsieTcs
He JIMHelHOo, a no KpusoH. IIpu stoM ecnn KosdduuueHt b nomoxure-
JeH, BHIMYKJOCTh KPHBOH HanpaejieHa BBepX,
a ecnu b orpuiatesied — BHH3 (cM. puc. 1-10).
" 2. MHorocno#Hasn CTEeHKa.
CreHkH, coCTOsllHe M3 HECKONBbKHX  pasHo-
POOHBIX CJIO€B, HA3BIBAIOTCS MHOTOC/IOMHBIMH.
HMeHHO TakHUMH SIBIAIOTCS, HANPHMEpP, CTEeHBI
KHUJABIX JOMOB, B KOTOPHIX Ha OCHOBHOM KHp-
MHYHOM CJIOE C ONHOH CTODOHEI MMEETCs BHY-
TPeHHAsl IUTYKaTypKa, C JAPYro# — BHELIHAA
o6nunoBka. O6MypoBKa meueil, KOTJIOB H ApYy-
FHX TEMJOBBIX YCTPOHCTB TaKxke OOLIYHO CO-
CTOHT M3 HECKOJbKUX CJIOEeB.

ITycth cTeHKa COCTOMT H3 TpexX pasHOpoOX-

HBIX, HO TMJOTHO NPHJETAMHX JAPYT K APYry
cioes (puc. 1-8). TomuunHa nepsoro cnos 8, N
BTOporo 0, W Tperbero Og. Coo*rae'rcn_aeﬂno KO- Ha;:" =Pt Saphaninng
3(HILHEHTHl TENJONPOBOIHOCTH CH0EB A,, A, H
As. Kpome ToOro, H3BecTHbI TemMmeparyphbl Ha-
PYXHBIX. IOBEPXHOCTEH CTEHKH f; H fy . TennoBoi KOHTAKT MEXIY IO-
BEPXHOCTSIMH TMPENNOJaraeTcsl HAeaJbHEIM, TeMmepaTypy B MeCcTax
KOHTaKTa Mbl 0003HAuuM uepes f, U fj. g

Ipyu crauHoHapHOM pexHMe NJIOTHOCTD TeIJIOBOro MOTOKA NMOCTOSHHA

H ]I BCeX CJI0eB OfiMHaKoBa. [TostoMy Ha ocHoBaHuu ypaBHeHHs (1-2)
MOJKHO HalHCarh:

A
= ‘B'i*(fr'—fz);
g= 22 (t,—ty)
5, 2 3)s ()
A
q=‘§(fa—ta)
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Hs stux ypaBHeHuil JIerKo ONpeleNHTh TeMIepaTypHble Hanopu

B KaXJIoM cCJjoe;

4
ty—ly=gq A—l ;
1
8
fy—ty= —f—; (m)
2
8
tg—1ty= ‘fIs—
3

Cymma TemneparypHLIX HanopoB B KaJOM CJO€ COCTaBJser MoJ-
HBIH TemneparypHblii Hanop. CknajbiBasi JieBble M NpaBble YacTH CH-
CTeMbl ypaBHeHHH (M), moaydaeM:

1 ey ke i 2] e
i B ( M T Ay Ag ) ()
t : M3 coorHouleHHs (H) ompesensieM
| 3HAYyeHHe IVIOTHOCTH TEIJIOBOrO NOTOKA:
t | s
o | T = (1-6)
; 5 B Sy + 8
| A | B | A
hr-————————— Ilo aHamOrHH C H3JIOXXKEHHBIM MOXK-
0 HO cpa3y HanHcaTb pacueTHyr ¢op-
L&,‘/I,—-Ié;/zz MYyJy AAs n-CJAOHHOH CTEHKH:
Puc. 1-9. T'paduueckuii cnoco6 q:.f,’_:_fﬂ:'_. (1-7)
onpefleleHHA  TMPOMEKYTOUHBIX n
Temneparyp £, u fg. _‘1
A

i=l1

Tak kak kaxznoe ciaraeMoe 3HaMeHarens B dopmyne (1-6) npen-
crap/asieT coboi TepMHYyecKoe CONPOTHBJEHHE CJIOSl, TO H3 YyPaBHEHMs
(1-7) cnenyer, uro oblee TepMHYECKOE CONPOTHBJIEHHE MHOTOC/JIOMHOM
CTeHKH paBHO CYyMMe YacTHBIX T€PMHYECKHX COIPOTHB/IEHUIL.

Ecay 3HayeHHe NMJOTHOCTH TEIVIOBOTO MOTOKA U3 ypaBHeHus (1-6)
NOJCTABHTH B YpPaBHEHHE (M), TO MOTYYHM 3HAYEHHS HEH3BECTHHIX TEM-
neparyp £, M I3

=t —g L. =t—g L ]
ta=1 qkl, ty=1, lz_f4+qla (1-8)

BHYTpH KaKzoro cJos Temmepatypa H3MeHsIeTCs 1o OpsMOH, HO
ZJ1sT MHOTOCJIONHOH CTEHKH B LEJIOM OHa NpeJCTaB/sieT Co00H JoMaHYIO
JUHHKO (pHC. 1-8). 3HaueHHS HEM3BECTHHIX TeMnepatryp f, H f; MHOTO-
CIOHHON CTEHKH MOXHO ONpeleNnHTh Takxke rpaduuecku (puc. 1-9).
IIpu mocrpoenuu rpaduka no ocd abeuyce B 1060M Maciutabe, HO B NO-
PSIIKE PACHOJIOMKEHHs CJI0EB, OTK/aJbIBAlOTCA 3HAYEHHST HX TepMHUe-
CKHMX conporuBienuii 6,/A,, 6,/A, u 84/A;, BocCTaHABNHBAIOTCS TEpIIEH-
pukyaspel. Ha KpaliHUX M3 HHX TaKxkKe B NPOM3BOJBHOM, HO OJHHAKO-
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BOM MaciuTale, OTK/JIalblBAlOTCH 3HAUEHHs HAPYIKHBIX TemmepaTyp f,
u t,. Ilonyuennsie Toukn A u C coepunsorcs npsamoil. Touku nepe-
CeyeHHs] 3TOH NPSAMOIl CO CpPeJHHMH MepNeHAHKY/IspaMH JaloT 3Haue-
HHSI MCKOMBIX TeMmmeparyp ¢, H {f3. IIpH TakoM mNOCTpOEHHH
ANABC oo NADE. CnenoBatenbHo, :

DE _AD . pE—_BC ap.
BC AB AB

TloncraBnssa 3HaueHUs OTpEe3KOB, NoJiyyaem:

fy—1 & i}
Dﬁ‘:_.l_._'*__,._.‘_:q_l:t —tai
6_1_|_£+6_3h1 M ' ?
M A A

AHnasornyHEIM 06pa3oM J0Ka3LIBaeM, 4TO
A‘l A.z

MHorna panM cokpalleHusi BBHIKJAAJOK MHOTOC/IOHHYIO CTEHKY pac-
CYMTBLIBAIOT KaK ONHOCJOHHYIO (0ZHOpOAHYIO) ToumuHOl A. Tlpu stom
B pacyueT BBOAMTCH TaK Ha3bIBaeMbll 3KBHBAJEHTHHIA KO3(dHIHEHT
TENJIONPOBOJHOCTH A,,, KOTOPHIH ONpefeNsieTcCsi M3 COOTHOLUEHHS

B ity A

q:E}_+o_ﬁ+_‘l= A (tll_t4)~ (0)
B ke | kg
Orcioa HMeeM:
- A _ 6,48, 44, R (1-9)

YN S A N
MooAh A M A N

Takum o6pa3om, 3KBMBAJEHTHBHIH KO3((HUIHEHT TenJONpOBOAHOCTH
Ao 3@BHCHT TOJIBKO OT 3Ha4eHHMH TEDMHYECKHX CONPOTHBJIEHHH H TOJ-
IHHbI OT/ENbHBIX CJIOEB.

Ilpu BEIBOmE pacueTHOH (GOPMYJBl AJS MHOTOCHOHHOH CTE€HKH MBI
NpeAnoaaraau, 4T0 CIOHM IJIOTHO NPHUJEraloT APYr K Apyry u Gaaro-
Jlapsi HAeaqbHOMY TEIUIOBOMY KOHTAKTy CONpHKACcalou[Hecsi MOBEpPXHO-
CTH pasHbIX CJIOEB MMEIOT OJHY H Ty ke Temneparypy. OmHako ecau
TIOBEPXHOCTH IIEPOXOBATLI, TECHOE CONPHKOCHOBEHHE HEBO3MOMKHO
M Mex1y ca10AMH 00pasylorcsl BO3AYLIHbIE 3a30pbl. Tak Kak Temio-
npoBofiHocTh Bo3nyxa Mana [A = 0,025 B1/(M.°C) ], To Hanuume naxe
OyeHb TOHKHMX 3a30POB MOXKET CHJIbHO NOBJIHATH B CTOPOHY yMEHblle-
HHsI 3KBHBAJEHTHOTO KO3(PHUIHEHTA TEMIONPOBOJHOCTH MHOTOC/OHHOM
CTeHKH. AHalOTHYHOe B/IHSIHHE OKa3blBaeT M CJOH OKHCIAa MeTansa.
[TosToMy npH pacueTe H B OCOGEHHOCTH NpPH H3MEPEHHH TENJIONpPOBOJ-
HOCTH MHOTOCJIOHHOH CTEHKM caeiyer ofpamaTh BHHMaHHE Ha ILIOT-
HOCTh KOHTaKTa MeKLy CJIOSIMH,
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Mpumep 1-1. OnpenenuTh MOTEPI0 TEMJIOTH Yepe3 KHPIMHYHYIO CTEHKY HJH-
HOM 5 M, BricoToll 3 M M ToamuHOH 250 MM, €C/IH HAa NMOBEPXHOCTAX CTEHKH MOX-
pmepxkuBaioTca Temnepatypul #; = 20°C mu ty = — 30°G. KospdunueHt remuao-
nposofHoctH kKupnuua A = 0,6 Bt/(m-°C).

Coraacuo ypasuenuio (1-2)

A 0,6
= (f — 1) = —— [20 — ( — 30)] = 120 Br/m?
q 6(1 2) 0,25[ ( )} /M

2} Q =g¢gF =120.15= 1800 Br.

NMpumep 1-2. Onpefenute 3HaueHHe KO>DdHIKHEHTa TenJMONpPOBOXHOCTH Ma-
TEpHaJa CTEeHKH, eClH npH Toamune § = 30 MM u TemneparypHoM Hamope Af =
= 30°C nJOTHOCTL TEMJOBOro IOTOKA

oo g = 100 B1/m2,
0 |3 Coraacuo ypaeuenuio (1-2)
N, 2
M papmyne (1-5) At 30 ’
&00 R
\ Npumep 1-3. OnpepenuTs NJIOTHOCTH
N TEeNJIOBOro NMOTOKA Yepes MIOCKYIO MaMoT-
400 HYH0 creHky TtoamMHoii 8 = 0,5 M u
o papmyne \ HafiTH JeficTBHTEJLHOE  pacnpefeseHHe
WL (1-3) N TeMIepaTyphbl, €cJH Ha HapyXHHX [O-
2 BEPXHOCTSAX TEMNePAaTypLl COOTBETCTBEHHO
t; = 1000°C, ¢, = 0°C ¥ KosddHUHEHT
z TenJonposofHocTH mamora A = 1,0-(1 4

g a1 4z 43 g4 gsm -+ 0,001#) Br/(m-°C).
Cﬁaqa.ﬂa BHIUHCJIHM Cpenll!ﬂlﬂ TeMImne-

Puc. 1-10. Pacnpenenenne Temnepa- PaTYPy CTEHKH fp:

TYp B CTEHKE NpPH NEPEMEHHOM H bt 1000 -+ 0
MOCTOSAHHOM KOS(hHUIHEHTAX Termo- fep= 1th 9 _ sorec.
NPOBOJXHOCTH, 2 2

Ilo sTofi cpexneii remnepatype f, onpeleJHM cpelHee 3HAaueHHE KOIhH-
IHEeHTA TENJOMPOBOAHOCTH ?\,cp:
Aep = 1,0-(1 - 0,001/¢p) = 1,0-(1 4 0,001-500) = 1,5 Br/(m-°C).
Toxacrasasis nonyuenHoe snauenne Aep B ypabuenne (1-2), nonyuaem:
A 5
g =22 Ar=L12 1000 — 3000 Br/me.
4} 0,56
TouHo TaKoit ke peaynbTaT moayunm H npH pacyere no dopmyae (1-4).
[efictBuTeNILHOR paclpefeleHHe TeMNEPaTypH B CTeHKe ONpeiensercs Mo
?opuyne (1-5). PeayabraThl pacuetoB mpuBeieHbl B ta6a. 1-1 W ma puc. 1-10.
aM ke I CPaBHeHHs TMpHBeleHH Pe3yJbTaTe pacuera no ¢opmyae (1-3), Koraa
KO3((hHIHEHT TENJONPOBOJIHOCTH HE 3ABHCHT OT TEMNeEPaTyphl.

TaG6nuua 1-1
Pacnpepenenne TeMnepatypu . B cTeHke, °C

PacuyeTHas & u

fopuyaa 1 | o1 | 02 | 0.3 04 | o5
(1-5) 1000 845 675 480 265 0
(1-3) 1000 800 600 400 200 0
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Mpumep 1-4. OnpepenuTs NJOTHOCTH TENJIOBOrO IOTOKAa, NMPOXOASAMEro ge-
pe3 CTEHKY KOTJIa, eciH ToAuHHA ee §; = 20 MM, K03dHUHEHT TEmNOMpOBOL-
HocTH Marepuana A; = 50 Br/(M-°C) u c BHyTpeHHell CTOPOHH CTEHKa NOKDHTA
C/IOeM KOTeNbHOH HaKHmH ToMmuHON 8, = 2 MM ¢ Ko3(dHUHEHTOM TemnOnpoBos-
HocTH Ay == 1,0 B1/(m-°C). Temneparypa HapyxHOR noBepxuoctn f = 250°C,
a BHéTpeHHeﬁ — t3 = 200°C.

orjiacHo ypasHeHHio (1-6)

g= by o Bl O 5 Br/m2.
8 By 0,02+o,002 0,0024
R © Ry 50 1

TemnepaTypa BHyTpPeHHeHl NOBEDXHOCTH KeJNE3HOro JHCTa (IOX HAKHIBIO)
onpefiensercs no gopmyne (1-8):

ta=1t,—q (i—‘) = 250 — 20 800-0,0004 = 250 — 8,3 = 241,7°C.
1

Mpumep 1-5. OnpepennuTh 3HaYeHHE 3KBHBAJEHTHOro Ko3hduUHEHTa Temo-
MPOBOAHOCTH MaKeTa JIHCTOBOrO TPaHCOPMATOPHOrO Keje3a M3 7 JHCTOB, eClH
ToMIHMHA Kaxpgoro jucra 8; = 0,5 MM B MexAy HHMH mpoJoxeHa Gymara ToJ-
muno#t 8, = 0,05 mMm. KospduuneHT TensonpoBofHOCTH Kenesa A; = 60 u Gy-
mar# Ay = 0,15 Br/(m-°C).

Coraacio ¢opmyae (1-9) umeem:

= 0,00055n '
= = d = 1,61 Br/(m-°C).
e 2n (0,0005 0, 00005 ) " /(u-"C)

60 * 0,15

1-3. TENNONPOBOAHOCTL UMNWHAPHYECKOA CTEHKM

l.OgxHOpoaHasa CTeHKa. PaccMOTpHM OIHOPOIHYIO IH-
JIMHAPHUECKYIO cTeHKY (TpyOy) MJIHHOM [, ¢ BHYTPEHHHM PajHyCOM I,
H BHEIUHHM r,. KoshdHIHEHT TelIonpOBOAHOCTH MaTepHalna A mocTos-
HEH. BHYTPEHHHH H BHEWIHAs NOBEPXHOCTH IMOJANEPKHUBAKTCA IPH I10-
CTOSTHHBIX TeMmneparypax f; u t,, npuuem £,>{, (puc. 1-11) u Temme-
patypa M3MeHseTCsl TOJIbKO B palMalbHOM HampaeneHuu r. Cremopa-
TeJbHO, TeMIepaTypHoe noJe 3jieck GyIeT OJHOMEDHBIM, 4 H30TepMHye-
CKHE MNOBEPXHOCTH UHJHHADPHYECKHMH, HMEIONMMH C TpyGoi obmyio
ocb. Brinenum BHYTpH CTEHKM KOJBLEBOH CJOH pagHycoM r W TOJIIH-
HOH dr, orpaHHYeHHHIH H30TEPMHUECKHMH nopepxHocTsiMH. CormacHo

3akoHy Pypbe, KOJHYECTBO TEIIOTH, MPOXOASLIEE B €HHUIY BPEMEHH
yepes 3TOT CJIOH, PaBHO:

i AP da
Q= —AF - 2Amrl % (a)
Pa3fenuB nepeMeHHbIe, HMeeM:
Q dr
= — —t
d 2nM T (6)



TTocsie uuTerpupoBatus ypasuenus: (6) HaXOLHM:
___Q
= ) Inr-+C. (B)

[Toncrapnsis 3HaueHHsl NEPeMEHHBIX Ha TrPaHHIAX CTEHKH (OpH
r=ryt= 1t unpur =r,t= 1,) H HCKMo4as nocrosinuyio C, nomy-

YyaeM CJIeIYHINYI PacueTHyIO GopMmy.ay:

Al 2nMl Ity —t
Q=22 (h—t) = Z () = RO (110
In 2L In -2 — In-22
r d, 22, d,

CrnenoparesbHO, KOJHYECTBO TEIJIOTH, NMepelaHHOe B eIHHHILYy Bpe-
MeHH yepe3 CTeHKY TpPyObl, NpPsMO MNPONOPUHOHANBHO KO3dHLHEHTY
TEIJIONPOBOAHOCTH A, AJNIHHE [ M TeMnepaTypHOMy Hamopy At = {,—f,
n 06paTHO NpPONOPIHOHATBLHO HATYPaJbHOMY JOrapupMy OTHOLUEHHS
BHelLIHero auamerpa Tpy6bl d, kK BHyTpenHemy d,. @opmyaa (1-10)
cnpaBelJuBa W 1J8 cayuas, Koraa f,<f,, T. €. KOr[a TemnJIoBOH IIo-
TOK HampaB/jeH OT HapyMKHOH NMOBEPXHOCTH K BHYTPEHHEH.

KosnuecTso TEINIOTH, NPOXOASINEe uepe3 CTeHKY TPyGHl, MOMKET
OLITE OTHECEHO JHOO K elMHHIe NJIHHBI [, THOO K elHHHIlE BHYTPEHHeH
F, unu suemnelt F, nopepxnoctd Tpy6el. Ilpu srom pacuetHsie ¢op-
MyJIbl COOTBETCTBEHHO NMPHHHMAIOT CJIENYIOWHHA BHI:

__gL_ nAt , ’
W=-= 1ld,' (1113
—n__
2 d,
Q Q At
"= T g T (1-12)
2 ' d
—. 9 A A
B=p, = T 1 g de (-1)
2\ dy

Tak Kak niomagH BHYTPEHHeH M BHeIIHeH NOBEPXHOCTEH TPYOhI
PasNHyHbl, TO Pa3JHYHBIMH NOJNYYAIOTCS H 3HAYEHHsS IJIOTHOCTEH Ten-
JOBBIX TOTOKOB ¢y H §,. B3anMHas cBA3b MeXIY HHMH Onpelensercs
COOTHOLIEHHEM

q,=dyqy = ndyGy WA dygy = dyg,.

YpaBHeHHe TEeMNEepaTypPHOH KPHBOH BHYTPH OXHODOIHON IIHJIHH-
JIPHYECKOH CTeHKH BBIBOAMTCSH W3 ypaBHenHs (B). IloacraBass cioma
3HayeHuss Q u C, umeeM:

@ q ey bl O E
=1l T In dl t |n&1n . (1-14)
dy

CnemosaTeNbHO, B 9TOM CJIy4ae NPH NOCTOSHHOM 3HAaYeHHH Koaddu-
IHEHTa TENONPOBOJHOCTH A TEMIEPaTypa W3MeHSeTcd MO JiorapUgpMu-
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yeckoll kpuBoii (puc. 1-11). C yuerom 3aBHcHMOCTH Ko3(uuHeHTa
TEIIONPOBOJHOCTH OT TeMmeparypbl A = A, (1 + bf) ypaBHeHHe TeM-
nepaTypHOfl KpHBOH NpPHHHMaeT CAeAYIOLIMH BHA:

— 1 R 2 Q jpde, 1-15
k= b'+l/( b _H‘) T badgl e dy (1-19)

2. Muorocao#tnasa creHka. Ilyerb uunuuapuyeckas
CTeHKa COCTOMT M3 TpeX PasHOPOAHBIX cioeB. JlHameTphl W Koa(pduiu-
€HThl TENJIONPOBOAHOCTH OTAENBHBIX CJOEB H3BECTHBI, HX 0003HAYEHHS
cm. Ha puc. 1-12. Kpome Toro, M3BecTHHl TeMmepaTypsl BHYTpeHHeH

t

At /"_ \

== N y ?/\"f
< B2\,
Il X

N Ny

\ Ny

& "%’y’

) N/

N AYNT|

\ i)

N N A7

\L_‘. s\:: "N\J\JJ@' ékz
Puc. 1-11. Ognto- Puc. 1-12. [Muoro-
polHasi UWHJIHHIADH- CJHOHHAf  LHJHH-
yecKas CTeHKa. JpHYeCKas CTeHKa.

H BHEIUHEH MOBepXHOCTeH MHOTOCJOHHOH CTeHKH f; W f,. B Mecrax ke
CONPHKOCHOBEHHA C&JI0EB TEeMIepaTypbl HEH3BeCTHH, 0603HAYHM HX
yepes [, U I.

[pyu cTanHOHApPHOM TENIOBOM PEXHME Yepe3 BCe CJAOH MPOXONHT
OJIHO M TO € KOJIHYECTBO TemIoTHl. [TosToMy Ha OCHOBaHHH ypaBHEHHS
(1-11) MOxKHO Hamucarb:

2n(h—1ty) |
1 dy

—ln —=

7\-1 dl
20 (ty — 1) |

L., 2. (r)
7\.2 dg

on (fy—1ty)

L In ﬁ.
Ag dg

qr=

qi=

q=
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M3 3THX ypaBHeHHH onpelessiercsi TEMNEpPaTyPHBIH HANoOp B Kaxk-
JOM CJIoe:

q

tl—t3=—lL d2 y

s i [ HE s (m)
2n l’ dz

ts—t4=iL n d‘
2n 7&3 da

CyMMa 3THX TeMNepaTypHLIX HANoOpOB COCTABJ/IAET NOJHBIH Temmepa-
TypHBIH Hanop. CKrajbiBasi OTJENBHO J€Bble W MPaBhle YaCTH CHCTEMbl
ypaBHeHHH (1), MMeeM:

q; 1 d 1 d 1 d
—ty=t (L4 Lpde 1, 4.
f—ta 2n(h“dl+mzna2+x3"ds) (©)

H3 3TOro ypaBHeHHUS orpejesisieM 3HaueHHe JIHHEHHOH TJIOTHOCTH Tell-
JIOBOT'O MNOTOKA 4;:

22 (ty—1y) .
1 d 1 d 1 d
—mh24+—In24—In2
M4 + Ay dy + Ay dy

gi= (1-16)

[To aHaJOTHH C 3THM Cpa3y MOXKHO HamucaTh PacYeTHYIO dopMyay
LA n-CAOHHOHM CTEHKH

o2n (fl-—f,,.H) _ ”(fl_t"'*") . (1-17)

n n

1 g Gt E] 1l
Ai d; 2h; d
=l i=l

=

3HaueHHST HEH3BECTHBIX Temnepatyp f, W f5 MOBEPXHOCTEH COMpH-
KOCHOBEHHS CJIOEB OIpEJeNsIoTcd H3 CHCTeMBbl ypaBHeHMH (J):

q 1 ﬁ_

eyt I Oy
tﬂ . 2n A‘l dl (1_18)
9 1 d 9 1 d
PN R S T SN |
ta fz 2n Kg n dz t‘ + 2n ls n d3

CorsntacHo ypasHenuio (1-14), BHYTpH KaxJOro €Jos TemmepaTypa
HU3MEHsleTCs MO Jorapu@muyeckoMy 3aKOHY, a JJ1S MHOTOCJIOHHOH
CTeHKH B LIeJOM TeMnepaTypHasi KpHBas mpeicTaB/ser coboit Jioma-
Hylo KpuByio (puc. 1-12).

3. ¥YnpomenHe pacueTHH X $dopmMyua Jorapupmu-
yecKyl pacuetHyio qopmyny ana Tpy6sl (1-11) moxkHO npencraBuTh

22



B CJeIYIOILLEM, Gonee NPOCTOM BHJIE.

st T o Y e S
Q= - (fyty) = —— = (h—1y)

HJIH

A ond
g=——"

d @

3necw d,, = (dy + d,)/2 — cpenuuii guamerp u & = (d,—d,)/2 —

TOJIUHHA CTEHKH TPYOH. BiHsAHHEe KPHBH3HBI CTEHKH NPH 3TOM YUHTHI-

BaeTcsi KoadduuuentoM kpuBH3He ¢. Ero ssauenue omnpenensercs

OTHOLUEHHEeM IHaMeTpoB d,/d,; B caMoM JieJIe, U3 COMNOCTaB/IeHHs ypas-
Henu#t (1-11). u (1-19) wnmeem:

(=1 (1-19)

1 2 J 4 § §

ptm n s _ 1%y 4,/
28 4 - A/
22 7'/
_ it g dy A
2 (dz = dl) dl 118 C "
Bty (). : LA
2 (dy/dy — 1) dy d I 7
(1-20) A—A //
‘ 11k a 102
Jlia pasauuHBIX  OTHOLUIEHMH G W
do/d, 3HaueHHsi @ nPHUBEAEHH L J s
Ha puc. 1-13. Tlpn d,/d;<<2 105 A i
3HayeHHe ¢ O/JM3KO K eJHHHIE. I :
ITostoMy ecnu TONMIMHA CTEHKH 10z - A : 4,/
TPY6Hl N0 CPABHEHHIO C AHAMET- TR e e
POM MaJla HMJIH, 4TO TO e, eCJH ’ ’ ’ ’ ’
oTHOlIeHHe dy/dy GIUSKO K €lM- p,. 1.13. SasncEMOCTS K03 ebHIIH-
HHLE, BITHAHHEM KPHBH3HEBI CTEHKH eHTa KpHBH3HEL ¢ = [ (dy/d,y).

MOXKHO TIpeHe6peyb.

Jlns pacyera TemIONMpOBOJHOCTH MHOTOCJIOIHOM CTeHKH TPYGHI Ta-
Kas ynpouieHHasi GopMysia HMeeT cJeAVIOWHH BUIL:

& = n(t —t,,,) _
Shoe b e, 8
a-1 dml "2 dmz A-r: dmn
ot —teyr) (1-21)
n bl
b @i
ll dmi

i=1

rie §; — To/MmuHa CNOS CTEHKH; d,,; — CpPefHWit AMaMeTp; A; — Ko-

S(OUUHEHT TENNONPOBOIHOCTH; §; — KOI(UIHEHT KPHBH3HBL OTIENb-
HBIX CJIOEB.

23



Mpumep 1-6. [Maponposox puamerpom 160/170 MM MOKPHT ABYCHOHHOMN H30-
asuuedi, Tonwuna nepsoro cnos 8, = 30 MM n Broporo 83 = 50 mm. Kosdipu-
IHeHTEl TEMAOTIPOBOAHOCTH TPYOH H H3OJAfALHH COOTBETCTBEHHO pABHM: A; = 50,
Ay = 0,15 u Ay = 0,08 Br/(m-°C). Temneparypa BHyTpPeHHell MOBEPXHOCTH MAPO-
nposofa ¢, = 300°C u Buemrnedf moBepXxHOCTH H3onAsAuHH fy, = H0°C. Onpege-
JHTh JTHHEHHYIO NMJIOTHOCTb TEMJOBOrO MOTOKA H TEMIEPATYPH HA MOBEPXHOCTAX
pasiena OTAeNbHEIX CJOEB.

Cornacho ycnosuio 3agaun umeem: dy = 0,16 m; dy = 0,17 M, dy = 0,23 M
u dy = 0,33 m,

92 —0,06, 1n2~0,302 1 1n%% —0,360.
dy dy d

IMpumensa ypaBuenne (1-16), momyuaem:

-3,14 (300 —
g 2 (300—50) _ 1570 — 240 Br/w,
0,06 +0,302+0,362 6,54
50 0,15 0,08
Ianee cornacio ypaBHerHIo (1-18) nmeem:
ty =300 — ——24014-0,0012 =300 — 0,046 =~ 300°C,
ty = 300 — 2404'2,01=300_—77=223°c,
HaH
240
3 =50 -4,53 = 50 + 173 = 223°C.
s e *

Mpumep 1-7. Tpeanaymuit nprMep pemHTb Mo ynpomexuoi dopmyae. Tax
Kak JJ1sl BCeX Tpex CJoeB d£+1/dl.<2, TO MOXKHO HPHHATB, yTO ¢ = 1,
Torjia cornacHo YyCJOBHIO HMeeM:

diny = 1656 MM;  djpg =200 MM;  d;pg = 280 Mm; O, =5 MM} O, = 30 MM}
83 =50 mMM; Ay =50 Bt/(M-°C); Ay=0,15 Br/(M-°C); h3=0,08 Br/(m.°C).
IMoacTaBasns 3TH 3uaveHus B ypaBHeuue (1-21), noayuaem:
"3, 14 (300 — 50) _ 785
0,005 0,08, 0,05 ©0,0006 142,24
50.0,165 + 0,15.0,2  0,08.0,28

Takum ofpa3som, npeHeGpeikeHue BJAHAHHEM KDHBH3HEI CTEHKH B 3TOM CJy=
yae BHOCHT omHO6KYy menbme 1,0%.

g = = 242'B1/M.

1-4. TENNONPOBOHOCTL LUAPOBOW CTEHKM M TEN
HEMPABMNLHOW ®OPMbI

l.Onnoponnas mapoBas cTeHKa Paccmorpum
NOJIBIA AP C BHYTPEHHHM PAjUyCOM r, H BHelHHM r,. CreHKa mapa
COCTOHT H3 OJHOPOJHOrO MaTepHana, KO3(HIHEHT TeNaonpOBOAHOCTH
A KOTOPOro nocrosined. M3BeCTHBI TeMmepaTyphl BHYTPeHHEH H BHeIl-
Hell noBepXHoOCTel Wapa ¢, U f,, npuueM ¢; > ¢, (puc. 1-14). Hsorep-
MHYECKHE [OBEPXHOCTH IpPEACTaBAAOT c000i1 KOHIEHTPHUYeCKHE 1la-
pOBble TOBEPXHOCTH,
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BbinesuM BHYTPH CTeHKH 1IApOBOH CJOM pajHycoM r ¥ TOMUIHHOf
dr, orpaHHYeHHBIH H30TepMHYeCKHMH mnoBepXHocTsiMH. CorsacHo 3a-
KoHY Qypbe TemJoBOH NOTOK, NPOXONAIHH Yepe3 3TOT ClOH, paBeH:

2 dt

=W gy (a)
dr dr
PasgenuB nepeMeHHble, [NOJAYYHM:
di=— 4:3?» %' ©)
IMocne MHTErpHPOBAHHS ITOTO YPABHEHHS HMeeM:
t=-4 -t (8)

4nd T

ToncraBnss B ypaBHeHHe (B) 3HaueHUsl NepPeMeHHBIX BeJIMYHH HA
rpaHHIAX CTeHKU (PU r = ry, { = {; UTIPU I = 1y, | = ,) U HCKJIIO-
yasg moctoAHHyio C, monydaeM CAelyIOMyK pacdeTHylo GopMmy.y:

0= dah(h—t) __ 2mAAL o pg didy (1-22)
(_'_ — (_1_ - 8
no ) dy  dy )
rae 8 = (d;—d,)/2 — ToMIHHA CTEHKH.
YpaBHeHHe TeMnepaTypHOil KPHBOH BHYTPH OILHOPOIHOH ILApoBO#

CTeHKH BBIBOJMTCH M3 ypaBHeHusi (B). Iloacrasisisi ciona 3nauenue Q
u C, momyuaem:

to=ty— A=A (L), (1-23)

VYpasuenue (1-23) npencraBnser coGoii ypaBHeHHE THIEpGOJEL.
C yyeroMm Ke 3aBHCHMOCTH KO3((HIHEHTA TEMIONPOBOLHOCTH OT TeM-
nepatypsl A = Ag (1 4 bf) ypaBHeHMe TeMIepaTypHOH KPHBOH NpH-
HHMaeT CJeAYIOLHH BHA:

A o e

Mpumep 1-8. OmpegenuTs TemNOBOM NMOTOK Yyepes CTEHKY Bpamaiomerocs
mwapooGpasHoro BapouHOTO KOT/AA, BHYTPeHHHH IHamerp Koroporo d, = 1,2 m,
a ofmas TONHMHA CTEHKH KOTaa H cjos usonsimuu 8 = 100 mm. Temneparypa
BHYTpenHell moBepxuoctH f; = 140°C, Buewnelt — ¢, = 40°C, asKBHBaJeHT-
Hbli Ko3addHuueHT Temmonposoguocth A= 0,1 B1/(m.°C).

CornacHo yCIOBHIO 3ajaud BHewHHH Auamerp Koria dy = dy + 28 =
= 1,2+ 0,2 = 1,4 M. TennoBoil NoToK onpefensercs no popmyae (1-22):

At -0,1-100-1,2.
o ™ 6d1d2 _ 3,14 0.101010 1,2-1,4 _ o8 py.

2.Tena nenpasuabBOil ¢opmb. Kawnas us pac-
ueTHelX Gopmyn (1-2), (1-10) u (1-22) npumeHuMa JuLiL /S OLHOTO
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BHJla TeOMEeTPHYECKH MNPaBHJIBHOrO Tejla — INVIOCKOTO, I[HIHHApHYE-
CKOTO HJIH IIapoBOTo. PacyeT TemIOMPOBOIHOCTH BceX 3THX Tesl MOXHO
OXBaTHTL OJHOH ¢(opMy.JI0#H, KOTOpasA HMeeT CAeAVIOMIHIl BHJ:

Q= % F,At, (1-25)

rne F, — pacueTHasi MOBEPXHOCTBb TeJa.
B 3aBHCHMOCTH OT reoMeTpuyeckod (opMbl Tena F, onpeensiercs
pasauyHo; ecnu Fy — BHYTPeHHSS U F, — BHELIHssl OBEPXHOCTH, TO:
: a) AAs [VIOCKOH,  IHJIHHIPHYECKOH
CTeHKH H ILapOBOli CTeHKH npH F,/F, <2

Fx=£ﬂ_2“_"_‘3,.; (r)

6) Ansi UHJAMHAPHYECKOH CTEHKH NpH
FoJF,>2

F=D=h )

B) JAnA  IIAPOBOH  CTEHKH  MpH
FyfF,>2

& Fx = ]/-FI_F-' (8)

IlpeumymectBo ¢opmynasr (1-25) 3a-
KJ4aeTcd B TOM, YTO IO Hell MOXKHO
P, 114 OILHODOJJ.HaE i TaKixe HpHﬁJIH)KeHHO paCC'-IHTﬂTbTeH.HOHpO-
pOBasi CTEHKa. BOJIHOCTbL Psijia T/l HelpaBHJAbHOH reoMer-
pHueckofi GOpPMEl, HAMPHUMEP TENJIONPOBOJ-
HOCTb TIJIOCKOH CTEHKH, Y KOTopo#t Iy = F,, T. €. KOT/la MonepevHoe ceve-
HMe B HAaIpaBJeHHH TEIJIOBOTO MOTOKA NMpeAcTaBasier co6oi nepeMeHHYI0
BEJHUHHY, TEMJIOMPOBOAHOCTH JIOOBIX UHIHHIAPHYECKHX CedeHHil, orpa-
HHYEHHBIX [IJIAaBHBIMH KPHBBIMH, TelJONPOBOAHOCTb BCAKHX 3aMKHY-
THIX TeJ, ¥ KOTOPBIX BCe TPH JHHEHHEIX pa3Mepa Mexxay coGoH GIH3KH.
B npakTHKe yacTO BCTpevaloTCs CJAyuaH, KOrja ofBeKTOM pacuera
ABJNSETCA CJ0XKHOE COUeTaHHEe PasJHYHBIX TeJ, Hampumep, OeTOHHOe
NepeKpHITHE ¢ 3aMYPOBAHHBIMH 2Kesle3HBIMH GalKaMH, W30JHPOBAHHEIE
TpyOONPOBO/IKI C OTKPHITHIMH (pyaHuaMi, GapabaHbl MapoBHIX KOTJIOB
H ap. Pacyer TensonmpoBOJAHOCTH TaKHX CJOXKHBIX OGBEKTOB OOBIYHO
NPOM3BOAAT PasfeNbHO MO 3JeMeHTaM, MbICJAeHHO paspe3as HX IUIO-
CKOCTSIMH Tapa/ieJlbHO H TIepTeHAHKYASPHO HaNpaBJeHHIO TElIOBOTO
notoka. OJHAKO BCJAEACTBHE pa3iHuYUA TEPMHYECKHX COTPOTHBIEHHIH
OT/IE/IbHBIX 3/JEMEHTOB, a TakKxkKe BCJEICTBHE Pa3nHuYHsA WX GOPMBI B Me-
CTax COeAMHEHHS JIEeMEHTOB paclpelieleHHe TeMIepaTyp MOMKET HMeTb
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OUeHb CJIOKHBIA XapakTep, H HamnpaBJeHHE TEMIOBOTO INOTOKA MOMKET
oKa3aThecst HeoxuAaHHbIM. [losToMy yKasaHHBIH cnoco6 pacyeta 66beK-
TOB HMeeT JIHIb NpUOIHKeHHBIH Xapakrtep. DBosee Touno pacuerhl
CJIOKHBIX OGBEKTOB MOMKHO MPOBECTH JIMIIL B TOM Cydae, €ClIH H3-
BECTHO pacrnpejeeHne H30TepM H JHHHA TOKa, KOTOPOE MOXKHO Ompefie-
JIUTh OTBITHBIM TYTeM NpPH MOMOLIH METOMOB THIApPO- HJH 3JEeKTpoaHa-
noruu. B pszie ciydyaeB 10CTaTOYHO TOUHBIA pacyeT MOXKHO TONYYHTh
MyTeM MOCJIeN0BATENLHOTO HHTEIPUPOBanHA AH(depeHIHANILHOTO ypaB-
HeHHs TeIVIONPOBOAHOCTH (cM. § 2-2 W 7-1) A9 pas/MYHBIX 3/1€MEHTOB
CJI0KHOH KOHCTPYKUHH. OJHAKO JIs1 TaKHX pacyeToB HEOOXOAMMO HC-
NOJb30BATh COBPEMEHHYIO BBIYHCIHTENbHYIO TeXHHKY. HauGomee Ha-
JIEXKHBIE IAHHBIE TIO TEIVIONPOBOJHOCTH CJOMKHBIX OGBEKTOB MOXKHO MO-
JYYHTb TOJBKO TNYTeM HEMOCPEACTBEHHOTO 3KCIepHMeHTa, KOTOPHIil
NPOBOJMTCA WM HA CaMOM OGBEKTE WM HAa €r0 YMeHbIIEHHOH MOMEJH.

[Ipu BuiBOME pacueTHHIX (POPMYJ MPHHHMAIOCh, YTO TeMMepaTyphl
noBepxHOCTell Tejla MOCTOSIHHBI. B mpaKTHUeCKHX pacyerax 310 YCJO-
BHe He BCerja yIOBJeTBOpsieTcs. B TakuX caydasix MOCTynaioT Caenyio-
muM obpasoM. Eciu B OTHeNbHBIX TOYKAX TIOBEPXHOCTH TEMIIEPATypHI
OTJIHYAIOTCHA He3HAYHUTEJABbHO, TO MPOH3BOJAAT OCpeAHeHHe TemnepaTyp
TI0 NOBEPXHOCTH, H € 3TOi CpelHeli TeMnepaTypofi pacueT NpoM3BOAHTCH,
Kak ¢ mnocrosiHHOH. OcpejHeHHe TeMmepaTyphl MO TMOBEPXHOCTH OCY-
utecTBaAseTcA JHO0 no gopmyae

tFy+ t3F .o ot taF
tcp=11+az+ +n.n’ (}K)
Fi+Fy+...+Fn
rne Fy, Fy, ..., F, — OT/e/bHbE YYAaCTKH TOBEPXHOCTH C MOCTOSIH-
HOH TeMIiepaTypo#; f,, 5, ..., I, — TeMmeparypbl 3THX Y4acTKOB,
Ju60 myTeM HHTErpHpoBaHHs:
1
tep=— | tdF. 3
=7 )

Ecii e TeMIeparypa no NMOBEPXHOCTH H3MeHSeTcs PesKo, TO Ta-
KOft npuGIHXKEeHHBIH pacyeT MOXeT MPHBOLHTbL K 3aMETHBIM MOTpellHo-
craM. B sTom ciywae neo6xoaum 6osiee CJOXKHBIH pacyeT, CBA3AHHBIH
C HHTerpHpoBaHHeM AH(xbepeHIHANLHOIO YPaBHEHHA TEMIONPOBOJHO-
CTH, JH60 HENnOCPeACTBEHHBIH 3IKCTIePHMEHT.

1-5. TENNONPOBOAHOCTL TEN C BHYTPEHHMMM MCTOUYHMKAMM
TENNOTHI

Ha npakTiKe MOryT BCTPeTHTBCSH CydaH, KOI/Ja TelJoTa BO3HHKAeT
BHYTpH o0bema TeJa 3a CYeT BHYTPEHHHX MCTOYHHKOB, Hanmpumep 3a
CYET TMPOXOXKJEHHSA 3JeKTPHUECKOTO TOKA, XHMHYECKHX peaKiHi, saep-
HOro pacnafa H T. 1. IlockolbKy OGBEMHOE TENJOBLIAETEHHE MOMKET
OHITh HE TOJBHKO PaBHOMEDHEIM, HO U HEPABHOMEPHEIM, I TAKHX Mpo-
LeCCOB BaXKHLIM ABJSAETCS TOHATHE MOWHOCIU BHYMPEHHUX UCMOMHU-
K08 menaombi. DTa BeNWYHHA, oGO3HAyaeMasi ¢, onpeleisieT coGoH
KOJIHYECTBO TEIVIOTH, BhIIEJAseMoe elUHHLEeH ofbeMa Tejla B €NHHHILY
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BpemeHH, oHa uamepsiercs B Br/m®. Ilpu morsomennu Tenyiotsl BHYTpH
ofbeMa Tesa, HanpHMep NPH 3HJOTEpPMHYECKOH peakiHH, BelHYHHA ¢,
OTpHIIATeNbHA; OHA XapaKTepH3yeT HHTEHCHBHOCTH OOBEMHOIO CTOKA
TEIIOTHL '

ITpn HaAHYHH BHYTPEHHHX HCTOYHHKOB (CTOKOB) TEMJIOTHI OCHOBHOM
3ajauell ABIAETCA pacyeT TeMNepaTypHOro NoJs BHYTPH Teja.

l. TennonpoBOAHOCTL NNOCKOH cTeHKHU Pac-
CMOTPHM OJHOPOAHYIO IIOCKYIO CTEHKY TOMIHHOH 28, Ko3dhdHIHEHT
TEeIJIONPOBOJHOCTH A KOTOPOH nocrosined. BHYTpH 3TOH CTeHKH HMeIOTCA
pPaBHOMepHO pacnpefie/ieHHble HCTOYHHKH TEMJIOTH §,. BbifenuBimasnca
Tenyiora yepe3 GOKOBble NMOBEPXHOCTH CTEHKH IepeflaeTcss B OKpYrKaio-
myio cpeny. OTHOCHTENTBHO IUIOIAAH CTEHKH B CpellHeM CeyeHHH Tpo-

leCC TEMJIONPOBOAHOCTH OYJeT NpOTeKaTh CHM-

t METPHYHO, I[I0O3TOMY HMEHHO 3JeCh Ieaeco00-
—~—*’\- pasHO MOMECTHTh HayaJo KOOpJMHAT, a OChb X
HAaNpaBHUTh MNEPNEHAUKYAAPHO GOKOBBIM MO-
B i BepxHocTsim (puc. 1-15). K3 ypaBuenus Ten-
J'ED JoBoro fajanca caefyeT, YTO NPH HAJHYHH BHY-
ZT™% TPEHHHX HCTOYHMKOB  TEIJIOTHl  ILJIOTHOCTh
/ \ TENJOBOr0 MOTOKA B IJIOCKOH CTeHKe JHHefHO
Jll \ BO3PACTaeT C yBeJIMYeHHeM X H paBHa:
o b qe =gt (a)
0 z M3 storo ypaBHeHHSI BHAHO, YTO NMPH X =
| =0g=0 anmpu x =308 g3 = ¢,8, 1. e. 10-
CTHraeT CBOero MakcumaJjbHoro sxayenua. Co-
r1acHO 3akoHy @Dypee
Puc. 1-15. Tenmonpo- Gy =goX = —2A o (6)
BOJHOCTE nJ1ocKOR dx

CTEHKH MNpH HaJHYHH
BHYTPEHHHX HCTOUHH-
KOB TEMNJOTH.

ITpoussensi pasiesenue nepeMeHHbIX, HMeeM:
dt = ——-—;C-qvx dx. (B)

Hlaterpupys 310 ypaBHeHHe, NOJyYaeM:
_ 1 s
t= B gux*+C. (r)

IMocrosinHas uuTerpupoBaus C onpelensiercss W3 IPaHHUYHBIX YyC-
noui. Ilpu x = 0 f = £, = C, u ypaBHelHe H3MEHEHHS TeMIepaTyphl
NPHHMMaeT BHI:

x2
te=1t—q, r (1-26)
Ipu x =8 ¢ = {,; B 3TOM cayyae u3 ypasuenus (1-26) caenyer:
62 8
fo—'tc=%ﬁ=%a' (1-27)



3nech pasHocTb f,—f, O3HayaeT Mepenaj TeMneparyphl Mexay ce-
PeNHHOfl H BHEIIHHMH IOBEPXHOCTSMH IJIOCKOH CTEHKH, a g5 = )0 —
MJIOTHOCTh TEMJIOBOTO MOTOKA Ha 3THX IPaHHYHBIX NOBEPXHOCTAX (mpH
x = §).

Ecau Ttemneparypa f{, HeM3BeCTHa, TO 3HAuyeHUe MNOCTOsSHHOH C
MOXKHO BHIPA3HThb Yyepes f, U ypaBHeHHe TeMIepaTypHOH KPHUBOI B 3TOM
cayuae MPHHHMaeT BHA:

=it B [ X, .
te=tot 22 [1 (6)] (1-28)

[TpuBeneHHble BHBOALI MOKA3LIBAKOT, YTO TMPH HAJWYHH PABHOMEPHO
pacrnpeieleHHBIX BHYTPEHHHX HCTOYHHKOB TeIVIOTHI pacnpejeseHue
TeMIIepaTyp B IJIOCKOil CTeHKe HOCHT mapaboaHuecKuii Xapakrep. Hau-
Gosblllee 3HAaueHHe TeMIepaTypa HMeeT B cpefHell mIockocTH (x = 0).

IIpu GoablIMX mnepemajaX TeMIepaTypsl Heo6XOAMMO VYHTHIBATh
3aBHCHMOCTh KO3(DHI[MEeHTa TEIUIONPOBOLHOCTH OT TeMMepaTyphl, A =
= Mg (1 4 bf). B 3TOM cayuae ypapHeHHe (B)

NPHHHMAET CAEAYIOMHA BHA:

%
(14 bt) dt=———;—q(,xdx. (m)

Hurterpupysa ypaBHeHHe (1), moaydaem: Puc. 1-16. Temio-

NPOBOAHOCTL KPYr-

b: 1 X JIOTO CTePKHS MpH
f+—2 _‘_‘?\:qv 'E‘+C- () wanmann BHYTpEH-

HHX HCTOYHHKOB
TEIJIOTHI.

Ipu x =0 t =1, u C = bly/2 + ¢,. Toxcrasasia suauenne C
B ypaBHeHHe (€) U peluast ocJeiHee OTHOCHTEBHO #, NIOJy9aeM ClIefyo-
lulee ypaBHeHHe TeMmrepaTypHo#i kpuBo#i [cpaBuu ¢ (1-26) I:

__ 1 LV e .
b=—o +]/(to—i— b) 7 (1-29)

2. TennonpoBOAHOCTL KPYTJAOFO CTepXKH .
Paccmotpum GecKOHeWHO JMMHHBIA CTepiKeHb (UMAMHIP) € panuy-
com r, (puc. 1-16), KosdxpHuHeHT TenJompoBOZHOCTH A KOTOPOTO Mo-
CTOsIHeH. BHYTPH 3TOrO CTepXHA HMEIOTCS PABHOMEPHO pachpejeseH-
Hble HCTOYHHKH TEIJIOTH §,. BoilenuBmasics Tenjora yepe3 BHEIUHIOI
TIOBEPXHOCTD CTEPIKHS NepellaeTcst B OKPYXKAIOULYIO cpeny. YpaBHeHHe
TeIIOBOro Ganauca AJs Jio6OTO LHJIHHADPHYECKOTO 3JeMeHTa BHYTPH
CTEpPXKHSL. pajguyca r M AJHHOH [ WMeeT BHA:

2nrlg, = nrlg,.

OTClO,II,a CAEAYeT, UYTO NPH HaJHYHH BHYTPEHHHX HCTOYHHKOB Tell-
JIOTH B CTEp2KHe IJOTHOCTE TENJIOBOIO IOTOKA qr H3MEHSEeTCA Ipornop-
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IIHOHAJIBHO PaJHyCy:

ar =—';—qu. ()K)

Ha l.=:rroro ypaBHeHHs BHAHO, 4To MpH r =0 ¢, =0, anpu r = r,
-q;o"—'Tfoqm T. e. JIOCTHraeT CBOEr0 MaKCHMaJIbHOTO 3HaueHHH.
Corsacuo 3akoHy Pypse

dt 1
qr= —7\-;—(——??’(]‘.. (3)
IpousBeasi pasfenenye NepeMeHHBbIX, HMeeM:
i = ——2—;-qurdr. (%)

HuTerpupysa ypaBHeHHe (H), monyuaeM:

NS S T
ty=———9r°+C. (%)

IMocrosinnasi muTerpupoBanus C ompefensieTcss W3 TPaHHYHBIX YC-
aoud. Ilpu r =0 { = {, = C, ypaBHeHHe TeMmepaTypHOH KPHBOM
NPHHHMaET BHA:

tr=t0_'qz_:' : (1-30)

[lpu r = ry t = £, B 910M cayuae C = {, + q5/4A, ¥ ypaBHe-
HHe (K) NpUHHMAaeT cJAefyiomuii BHA:

t,=t, 4 e [1 — (L)’]. (1-31)

4 Ty

Bryurasn u3 ypasHenns (1-30) ypaBuenue (1-31), nonygaeM nepenas
TeMnepaTypsl N0 paguycy CTepIKHS:

2

95’0 9
fp—t,= _=— 1-32
L] [} Ty 4mh ’ ( )
rae q; = q,nrs.

Ecnn yuynTBIBaTH 3aBHCHMOCTL KOS()pHIHEHTa TEMJONpPOBOJHOCTH
oT TeMneparypu A = A, (1 + bf), To, noacTaBAAS 3TO 3HAYEHHE B ypas-
HeHHe (H), OyJaeM HMeTb:

(14 bty dt = —i- g dr. (1)
HHrerpupys sTo ypaBHeHHe, MOJIYYaeM:
b1

-+ 2 t o gri+cC. (M)
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3HaueHHe MOCTOSIHHON HHTerpupoBaHusi C onpejensiercsd U3 rpa-
b
HUYHEIX ycaoBuil. Ilpu r=0 ¢ = {, u C=t0—|——5- 15 . Tloxcrapasis

3TO 3HayeHHe B YpaBHeHHe (M) H peluasi nmocje/iHee OTHOCHTENBHO f,
nosyyaeM cJelyiollee YpaBHeHHe TeMmnepaTypHo#l KpHBoH [cpaBHH ¢

(1-30) I:
Gor®
y=——t |/ — o) — (1-33
2bhg )
(9
g e
Puc. 1-17. Tenno- Puc. 1-18. Tenno-
MNPOBOJAHOCTE IIH- NpOBOAHOCTD IIH-
JHHIPHYECKOH JIHHIPHYECKOH
CTCHKH INpH HaJH- CTCHKH IIpH HaJH-
YHH  BHYTPEeHHHX YHH  BHYTPEHHHX
HCTOYHHKOB TEI- HCTOYHHKOB TeEIJIO-
JIOTEL C OTBOJOM Thl C OTBOJOM TE€II-
TEMJOThl Yepes Ha- JIOTHI 4epe3 BHYT-
PYKHYIO TIOBEpX- peHHIOI0O  NOBEpX-
HOCTBb. HOCTh.
3. TennonpoBOLHOCTS DHAHHAPHUECKOH

cteHn KHU. Paccmorpum GecKoHeYHO IJIHHHYIO LIHJAHHAPHYECKYIO
cTeHky (Tpy6y) ¢ BHYTPEHHHM pajMyCcOM ry; M BHEUIHHM ry, KO3(bH-
LHEHT TeNJONPOBOJHOCTH A KOTOpO# MOCTOsiHeH. BHYTpPH 3TOH CTeHKH
HMEIOTCA PaBHOMEPHO pacrnpefie/leHHEle HCTOYHHKH TEIUIOTH §,. BHI-
IeNMHBIIASACA B CTEHKe TelJOTa MOKeT OTBOAMTBCA B OKPYXKAKOULYIO
cpeny aH6G0 TOMBKO Yepe3 BHELIHIOW, JHO0 TOJNBKO Yepe3 BHYTPEHHIOW,
JH60 OHOBPEMEHHO 4Yepe3 o6Ge NOBEpXHOCTH TPYOHL.

a) Tenaoma omeodumcs 4epe3 GHeLIHION noéepxHocme mpybo. Bbl-
JeJHM B TOJIILe CTeHKH KOJBbLEBOH clOH ¢ paguycamH ry M r, OTpaHH-
YeHHLIH H30TepMHYeCKMMH noeepxHocTaMH (puc. 1-17). Corsacho 3a-

KOHY Dypbe uepe3 MOBepXHOCTL PajHyca r NnepeHOCHTCS TeIvIoBOH Mo-
TOK, OTHECEHHBIH K eJUHHUIle NJTHHEI:

di
gy = —2nrk e (1)

B paccmaTpHBaeMoM cayyae ¢ = g, (rz—rf). IloncraBnss 31O
3HayeHHe B ypaBHeHHe (H) H NPOH3BOAA NpeoGpa3oBaHHe, MOMyYaeM:

&l
df=a(—r—-—-f)df (0)
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Hurerpupys ypaBHeHHe (0), HMeeM:
=15 [Blnp—I
t=2 (rl Inr—2 )+c. (m)
Iocrosnnas uHTerpupoBanus C onpefensieTcsi W3 TPaHUYHHIX yC-
32
nopuit, Ilpu r=ry t =1, u C=t ————(rflnrl—-—%)-

IMoacraBnsisi 3HaueHne C B ypaBHeHHe (1), MOJyyaeM YpaBHeHUe
TeMrepaTypHo#l KpHBOH

qu 1
=L LA, 1-34
=t 43 [( ’1) rn ] ( )
Ilonarasi B 3TOM YpaBHEHHH r = r,, TOJYyYaeM [epenaj TeMmmepa-
TYpH B CTeHKe: )
IR L U L0 S S T ]
t—ty= 2] [( rl) 21n L2 ] (1-35)
HJIH
P 1Y PR B A
4 2_,-? r
2r '
/S IO MR O T (1-35a)
4nh r—r N

Ecnn yuuTEIBaTH 3aBHCHMOCTE KO3(pHIMEHTa TenJIONpOBOJHOCTH
OT Temmepatypsl A = A, (1 4 bf), To ypaBHeHHe TeMIepaTypHOll KpH-
BOH TpPHHHMAaeT CJeLYIOUHH BHI:

o 1 A r r (1-36)

AR O

6) Tenaoma omeodumcs 4epes GHYMPEHHIOW NOBePXHOCHb M pYObL.
Cxema mpouecca mokasaHa Ha puc. 1-18. BriBoj pacueTHhIX GopmyJ
3/lech COBepIUEHHO TAKOH ke, Kak M B mpebliyiieM caydae. ITostomy
H HTOTOBHIE YPaBHEHHfl IJIA MOJSA TeMIepaTyp H TeMlepaTypHOTO Tie-
penafa 3jech HHYeM He OyAyT OTJIMYaTLCA OT  ypaBHeHHMI
(1-34) — (1-36), 3a HCKJIIOYEHHeM TOro, 4YTO B HHX Be3jle MHIEKCH |
H 2 MEHSIIOTCSl Ha NPOTHBONOJOXKHEE (T. e. Ha 2 U 1). DTH ypaBHeHHUA
B (opme, yno6HOH 1715l MPAKTHYECKHX PacueTOB, HMEIOT BHI:

ypaBHeHHe TemnepaTypHoﬁ KPHBOH

oty I [21:1 i 3 +(—’-)”- 1]; (1-37)

4\ Ty
nmepenaj TeMmmepaTyp B CTeHKe:

ty—ty= m [21 L +(—;;—)2—1]; (1-38)
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la—b = qu(r%r%)( o In22 — ):
T

o 2 & o
q9; 2r3 7
= In*—1}. (1-38a)
4mh ,g — ,% 41

Ecnu yuuTHIBATH 3aBUCHMOCTh KO3G(GhMINEHTA TeIIONPOBOLHOCTH
oT Temnepatypsl A = A, (1 -+ bf), To ypaBHeHHe TeMmnepaTypHOH KpH-
BOH NMPHHHMAaeT CJeAYIOUIHH BHA:

t,=—%+]/(—;—+t2)“— ;’ﬁ [2111% (%2)”_1]. (1-39)

B) Tenaoma omeodumcs 4epes obe nosepxHo-
cmu mpybe. B nepeom ciydae (a) HaHBBICLIYIO
TEeMIIepaTypy HMeeT BHYTPEHHSfIS MOBepPXHOCTb
TpyOHI, BO BTOpoM (6) — BHEIIHsSA, a B TPETbEM
(B) TaKasi MOBEpXHOCTb HAXOAUTCS TLE-TO BHYTPH
cteHky; ans Hee g = 0. Ilonoxkum, yto panuyc
3TOH NMOBEPXHOCTH paBeH r,, a Temnepatrypa f,
(puc. 1-19). Torna, ucnonb3ysa ypasHeHus (1-35)
H (1-38), GyneM uMmeTh:

Puc. 1-19. TensonpoBoAHOCTE LHJAHHIPHUYECKON CTEH-
- KH TDH HaJlHYHH BHYTPEHHHX HCTOYHHKOB TEIIOTH
C OTBOJOM TenJOTHl yepe3 o0e MOBEPXHOCTH OJHOBpe-

MEHHO.
qﬂ’% T 2 r
—ty= LCI ) P
e I
H
. qu% o n\?
fo—ty = [2 lnr—l+(7}) —1]. ©)
BH“HTaﬂ JieBble H NpaBbl€ YaCTH 3THX ypaBHEHHﬁ, noJyqyaem:
f—ty= 220 () (D) 91t _gin T
= () (R reiet -2 ] @
Pemasi ypaBHenue (T) OTHOCHTENBHO ry, HMEEM:
o_t—t) = G(B—r)—4(6—8)
2= —_ - . (1-40)
;8 L. 8.
Gu2 In = 21n s 2gy In =
2
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[loneraBnssa HalileHHOe 3HAYEHHE ry B YpaBHeHUs (p) u (c), onpene-
asieM 3HaueHHe f,. Ecaum #; = {,, T0 ypaBHenue (1-40) ynpomaercs
H OpHHUMaeT CJAenyomui Bua:

A1t
=221, (1-40a)
r
211’1";_%’

ITocnennee o3Hayaer, YTO B 3TOM Clyd4ae r, OT TEMJIOBHX YCJIOBHH
He 3aBMCHT H ONpejlesiseTcs JIHIIb pasMepaMH TPYGHl (Hampumep, Npu
ro=2mury=1r,=146).

Mpumep 1-9. Ilo crepxnio H3 Hepkapelomed cTaan guaMerpoM 10 MM npo-
XONHT 3JEKTPHYECKHA TOK, BHI3HIBAIOMHH 06bE€MHOE BHIleJIeHHE TENJOTH MOII-
HOCTBIO gy = 2,4-107 Br/mM®. Ha moBepXHOCTH CTepXHSl NMOANEpPKHBAaeTCs TeM-
neparypa f, = 30°C. Haiirn temnepatypy Ha oCH CTepxkHS fo H MJOTHOCTDb Tell-
JIOBOr0 MOTOKA HA BHEIIHeH TIOBEPXHOCTH CTEPXKHA, eCJNH KOBM)HIIHEHT TENAO-
npoeopHoctH ctank A = 15 Br/(m-°C).

IMepenan temneparyp fo—I. onpefiensem no gopmyae (1-32):

2
& 2,4.107 (-19-10—3)
fy—fim A2 2 = 10°C.
4 4.15

Temneparypa Ha OCH CTepKHSA
to = 30 + 10 = 40°C.

[TnoTHOCTL TENJNIOBOrO TNMOTOKA HA NOBEPXHOCTH CTePXKHA ONpejenasieTcs Mo
COOTHOLIEHHIO (K):

1 110 . .3 7 4 2
=—r =—"—107".2,4.10' =6-10" Br/™*.
q 2 ofu 2 2

TNABA BTOPAS

KOHBEKTMBHbIM TENNOOBMEH

2-1. OBLWME MOHATHA M ONPEAENEHMA

KOHBEKTHUBHBM TenJoo6GMeHOM HIL TEeNnJao-
OTJ advei HashBaeTCH NPOIECC MePeHOCa TEIIOTH MeXAy MOBepXx-
HOCTbIO TBEPIOro Tesla H KHIKOH cpenoii. IIpH 3ToM mepeHOC TenJOTH
OCYILECTB/SETCS OAHOBPEMEHHbBIM JefiCTBHEM TEIIONPOBOAHOCTH H KOH-
BEKIIHH.

SIB/ieHME TENJIONPOBOJHOCTH B JKHIKOCTSIX H rasax, Tak e Kak
H B TBEpAbIX TeNaX, BMOJHe onpenessieTcsi KO3(dHIHEHTOM Temaompo-
BOAHOCTH H TeMNepaTypHEIM rpajueHtoM (cM. ria. 1). MHade oGcTouT
Jeio ¢ siBleHHeM KOHBEKIHH — BTOPBIM 3JI€MEHTapHEIM BHJOM pac-
MPOCTPaHEeHHs TEMJIOTHL. 3/eCh NPOLECC MepeHoCca TEIVIOTE Hepa3phiBHO
CBfI3aH ¢ mNepeHocoM caMol cpennl. I1o3TOMy KOHBEKIHSI BO3MOKHA
JHLb B XKHAKOCTSX W rasax, YacTHIBI KOTOPBIX MOTYT JIETKO nepeme-
11aThCsl. '
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[To npupose BO3HMKHOBEHH§ pasjiHyaloT JBAa BHAA [BHIKEHHST —
c60600H0e Y ebinyccdernoe. Ce0600HbIM HA3EIBAaeTCs JBHIKEHHe, NPOHC-
XoJifilllee BCJENCTBHE PA3HOCTH TJIOTHOCTEH HArpeThiX M XOJIOJAHBIX Ya-
CTHULL JXMJKOCTH B TPaBHTAllHOHHOM noje. BoO3HHKHOBEHHe W HHTeH-
CHBHOCTDb CBOGOJIHOTO JBHIKeHHS ONpPeNessIOTCS TeNJIOBHIMH YCIOBHAMH
‘Tporecca M 3aBHCAT OT POJla MKHAKOCTH, PasHOCTH TeMmneparyp, Hamps-
JKEHHOCTH T'PaBHTAIlHOHHOrO MOJS H 0GbeMa NpOCTPaHCTBa, B KOTOPOM
npotekaer npouecc. CBoGOLHOE JBHIKeHHE HA3LIBAeTCS TaKKe ecrecT-
BEHHOH KOHBeKuHel. Bonyocdennbim Ha3HBaeTCsl IBHIKeHHe, BO3HH-
Kalouiee 1ojl fAefiCTBHeM IOCTOPOHHHX Bo30ynuresnel, Hanpumep Ha-
coca, BeHTHAsATOpa H mp. B obumeM ciydae Hapsaay C BbIHYXKAEHHEIM
IBH:KEHHEeM OJHOBPEMEHHO MOMKeT pa3BHBATbCsl H cBoGonHOe. OTHOCH-
TENBHOE BJHSHHE NOC/eJHero teM GoJiblile, yeM GOJblle PasHOCTh TeM-
nepaTyp B OTAENbHBIX TOYKAX KHAKOCTH M YeM MeHblle CKOPOCTh BHI-
HY3KIEHHOTO JIBHXKeHHS.

HHTeHCHBHOCTh KOHBEKTHBHOTO TelIoOGMEeHa XapaKTepH3yerTcs Ko-
aghuyuernmom menacomoaqu o, KOTOPHI onpefenserca no dopmyJe
Heiorona—Puxmana

Q=a(tc—ty) F. (2-1)

CorlacHO 3TOMY 3aKOHY TeIUIOBOH MOTOK Q MpONOpIMOHANEH Mo-

BEPXHOCTH TenoobMeHa F W PasHOCTH TeMIepaTyp CTEHKH M 3KHAKO-
cTH (f—1y).

KosuuenT TemaooTaauyd MOMKHO ONPeNeNHTh Kak KOJHYECTBO
TeNJIOTEI, OT/laBaeMoe B eJMHHILY BpeMeHH elHHHIell NOBePXHOCTH NpH
Pa3sHOCTH TeMMepaTyp Meay IOBEPXHOCTbIO H JKHAKOCTbIO, PaBHOM
ONHOMY Tpamycy:

Q

"l =

B ofueM ciayuae kKO3(bHIHEHT TEMJIOOTHAUH MOMET H3MEHAThCS
BJIOJIb MOBEPXHOCTH Telioo6MeHa, H TO3TOMY Pas/HYaloT cpeduud To
MOBEPXHOCTH KOS(DGHILHEHT TENIOOTAAUH U mecmuoul (A0KQAbHbIL)
KO3()(HIIHEHT TeIJIOOTAa4H, COOTBETCTBYIOIIHH €IHHHYHOMY 3JEMEHTY
NIOBEP XHOCTH.

Ilpouecch TensooTaayn HepasphIBHO CBA3AHBI C YCAOBHSMH IBHIKE-
" HUSl KHJAKOCTH. Kak H3BeCTHO, MMEIOTCSl /IBA OCHOBHBIX pexHMa Te-
UeHUS: aamuHapHoil M mypbyrenmueui. TIpy JTaMHHapHOM peXHMe
TeYeHHe HMEeeT CNOKOHHbIH, cTpyfiyaThii xapakrep. Ilpu TypGyaenr-
HOM — JIBHJKEHHE HeyIopsaio4YeHHoe, BHXpeBoe (pHc. 2-1). M3aMeneHue
pexuma JBHXKEHHS IPOHCXONMT NPH HEKOTOPOH «KPHTHYECKOMH» CKO-
pocTH, KOTOpas B KaxKIaoM KOHKpPeTHOM CJay4yae pasjH4YHa.

B pesyabrare cnenHanbHbix HecsnepoBanuil O. Pefinonpac B 1883 r.
YCT2HOBMJI, YTO B OOLIEM ClIyyae PeKMM TeYeHHSl JKHIKOCTH ornpere-
JISIETCS He TOJIbKO OJHOM CKOPOCTBIO, a 0CO6BIM Ge3pasMepHEIM KOMILIEK-
COM wl/v, COCTOSIUINM H3 CKOPOCTH IBHIKEHHS JKHAKOCTH @, KHHEMa-
THYECKOr0 KO3()DHIHEHTA BA3KOCTH XKMAKOCTH V M XapaKTepHOTO pas-
Mepa [ kaHalla HIH Oo6TeKaeMOro Tesa. Tenepb Takoil KOMIJIEKC Hasbl-
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BaeTca 4ucaom PelinoasOca ¥ 0603Hauyaercsi cHMBoOJIOM Re = wi/v.
[Nepexos JaMHHApHOrO pexuMa B TypOYJEHTHBIH NPOHCXOAHT NpH
KPHTHYECKOM 3HAYeHHH 3Toro yucaa Reg, Hanpnmep, NpH IBHKEHHH
KHAKOCTH B TpyGax Re,, = wd/v = 5

Ilpu TypOy/IeHTHOM JBHXKEHHH Bechb nOTOK Hacmr_ueﬂ Gecropa04HO
JNBHKYIIMMHCA BHXPSIMH, KOTOphle HelpephelBHO BO3HMKAlOT H HCYe-
3al0T. B TOYHOCTH MeXxaHH3M BHXpeoOGpa3oBaHHs elle He yCTAHOBJEH.
OnHofi H3 MPHYHH MX BO3HHKHOBEHHS SIBAfETCA MOTEPsA YCTOHUHBOCTH
JIaMHHapHOI‘O TeYeHH s, COHpOBO}KﬂalOIJ.laﬂCH o6paaonaHHeM saauxpe-
HHil, KOTOpHIE 3aTeM AN(YHAUPYIOT B ALPO H, Pa3BUBasCh, 3aNOJHSIOT
BeCchb IIOTOK. O,IlHOBpEME‘HHO C 3THM BCJIeJICTBHE BSISKOCTH KHAKOCTH

"§

LEEIE _é'\c—p-&n’)%'v)\n'bﬂ) 5
’“%Q;__ﬂh;a _}’-}3") /35?5 ),f:,g jﬁ‘; "
Puc. 2-1. Xapakrep ABHKEHHS KHIKOCTH Puc. 2-2. Xapakrep H3-
B TpyGe TNpuH JaMHHapHOM (a), mepexon- MEHEHHS  TeMmIleparyphl
HoM (6) H TypGyJieHTHOM (6) pexxHMax. B NMOrPaHHYHOM cJoe MPH

HarpeBanHH XHIKOCTH.

3TH BHXPH IOCTENEeHHO 3aTyXaloT U HcuesaloT. BJaaropaps HenpephiB-
HoMy o6pasoBaHMI0 BUXpel U HX JUDDY3HH MPOHCXOAMT CHIALHOE Me-
peMelIHBaHHe KHIKOCTH, Ha3biBaeMoe TypOYJ/IeHTHEIM cMelleHHeM. Uem
GoJaplie BHXpell, TeM HHTEHCHBHee NepeMelIHBaHHe KHAKOCTH H TEM
Gosblle TypOyJeHTHOCTh. Pas/indaroT ecTeCTBEHHYIO M MCKYCCTBEHHYIO
TypOyaeHTHOCTb. IlepBasi ycranapnuBaercsi ecrecTBeHHo. [lnisi ciyuasi
CTabHJIH3MPOBAaHHOTO JBHIKEHHs BHYTPH TJIafKOH TpyO6H TypOyJ/eHT-
HOCTB BIIOJIHE ONpe/essieTcsl 3HaueHHeM yHesa Re. Bropasi Be3biBaeTcs
HCKYCCTBEHHBIM INyTeM BCJEICTBHE Ha/IHUHs B [OTOKe KaKHX-JHGO
nperpan, TypOyJH3HPYIOUMX PElIeTOK H APYTHX BO3MYIIAIOIIHX HCTOY-
HHKOB. OnHaKo NpH J060M BHJe TYPOYJEHTHOCTH B TOHKOM clioe Y I10-
BEPXHOCTH M3-32 HaJHYHA BA3KOTO TPeHHS TeueHHe MKHIKOCTH 3a-
TOpMaKHBaeTcsi W CKOPOCTb TafaeT A0 HyJs. ITOT CJIOH MPHHATO
Ha3HBATb 6A3KUM N0OCA0EM.

Jls mpolleccoB TeMJIOOTAaYH PeXHM NBHIKeHHS paboueil >KHAKOCTH
MMeeT OueHb GOJBIIOE 3Ha4YeHHe, JAaK KaK HM OIpele/sieTcsi MexaHH3M
nepeHoca TemnoThl. [IpH JaMHHAPHOM perXHMe NepeHoC TEMJOTH B Ha-
npaBJeHHH HOPMalH K CTEHKe B OCHOBHOM OCYILECTBJsIeTCS MyTeM Tem-
jonposopHocT. Ilpu TypOyneHTHOM pexkuMe TakoH cnoco6 nepeHoca
TEIJIOTEl COXpaHseTcs JIMIUb B BA3KOM MOJC/AOe, a BHYTPH TypOy/eHT-
HOTo fIApa NEpeHOC OCYLIECTB/AAETCA NyTeM HHTEHCHBHOTIO MNEpeMellH-
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BaHUs YACTHI[ KMAKOCTH. B 3THX ycHOBHSIX JJIsi Ta3oB M OOBIYHBIX
JKHJKOCTe! HHTeHCHBHOCTD TeIJIOOT a4yl B OCHOBHOM ONpeJesieTcs Tep-
MHYECKHM COMpPOTHB/IEHHEM NMPHCTEHHOTO IMOACI0N, KOTOpOoe MO CpaBHe-
HHIO C TePMHYECKHM CONpPOTHBJIEHHEM $sipa OKa3bIBaeTcsi OMpellelsiio-
muM. B stom nerko yGenuThesi, eclM NPOCAELHTE 32 H3MEHEHHEM TeM-
meparypel XKHAKOCTH B HalpaBleHHH HODMaJH K cTeHke (puc. 2-2).
Kak BHIHO, HauGOJblIee H3MeHEHHEe TeMIIepaTyphl MPOHCXOAHT B Mpe-
Jilelax TOHKOTO CJIOsi y TOBEpPXHOCTH, 4Yepe3 KOTOpPHIH TemJoTa nepe-
JaeTcs myTeMm TersonpoBonaHocTH. CaenoparefbHO, Kak JJist JJaMHHAp-
HOTO, TaK H Aj8 TypOyJeHTHOro pexxHima TedeHus BONH3H caMol NoBepXx-
HOCTH NpUMEHUM 3aKoH Dypre:

g= —Agradt, (2-3)

riae grad { — rpajMeHT TeMIlepaTyphl B cJIOAX XKHAKOCTH, NpHJeraro-
IMX K MOBEPXHOCTH TBEPIOro Tela.

Ilpouecc TenJooTaaud SIBJAAETCH CJAOMHBIM TpoIeccoM, a Koshdu-
IIMEHT TENJOOTHAUU ABJSIETCS CN0XKHOH (yHKuHeH pasiHyYHBIX BesH-
YMH, XapakKTepH3YIOIHX 3TOT mpouecc. B obieM ciyyae KosgdHIlHEHT
TenJooTaul sBasercss byHKuHel dopMel P, pasmepoB [y, Iy, ...,
TeMrepaTyphsl TOBEPXHOCTH HarpeBa f., CKOPOCTH XHMAKOCTH ©, ee
TEMIeparypsl f,, (H3HUECKHX CBOHCTB KHJIKOCTH — KO3thhHUHeHTa
TEMJIONPOBOAHOCTH A, YIEJIbHOH TENJIOEMKOCTH C,, MJOTHOCTH , KO-
s¢puIHeHTa BA3SKOCTH W H JPYTHX (aKTOPOB:

a=f(W, tey tus M Cpy 0y B @, D, Ly, Ly, . ). (2-4)

B KauecTBe TelsIOHOCHTeNlell B HacTosimee BpeMmsi NPHMEHSIOTCA
caMele pa3HooOpasHBle BelllecTBa — BO3[yX, rashl, Boja, Mmacja, GeH-
3041, HquTb, 6eH3HH, CHHprI, pacnjiaBJeHHble MeTaJJIbl H pa3/HYHBIE
crelHanbHEle cMecH. B 3aBHcHMOCTH OT pona M (DM3HYECKHX CBOICTB
3THX BeIlleCTB TEMJOOTJAaya MpoTeKaeT PasjMYHO H CBOoeoGpasHo. s
KayK/I0ro TEeIIOHOCHTeNsl (DH3HYECKHe CBOHCTBA HMMEIOT ONpeleseHHbIe
3HayeHHs1 H, KakK MNpaBHJIO, ABAAIOTCA (QYHKIHEH TeMmepaTyphl, a He-
KOTOpBIE — H JIaBJeHHS.

Koagppuyuenm menaonpogodrocmu h XapakTepHsyer crnocoGHOCTH
BElllecTBa MPOBOAHTL TemaoTy (cm. ra. 1).

Yoeavnana menaoemxocms ONpeNeNsieT KOJHYECTBO TEMJOThI, HEOG-
XOJMMOe JJIsl HarpeBaHHs 1 Kr BelecTBa Ha ONHH Trpajayc. YJenbHas
TENJIOeMKOCTb MPH NOCTOSIHHOM JlaBJieHuH 0603HayaeTcsi ¢, (M30GapHas
TEIIJ'IO)EMKOCTI:), a NpH MOCTOSIHHOM 06beMe—c, (M30XOpHAs TemJIoeM-
KOCTb).

[Tromrocme eewyecmsa p npejacTasisier cofoil OTHOLIEHHE ero Macchl
K 06beMy.

Kosgppuyuenm memnepamyponposodnocmu a = Alcp xapaktepH-
3yeT CKOPOCTb H3MeHeHHs TeMINepaTyprl B Tene (cM. 1. 7). ‘

Baskocme. Bee peasibible MHAKOCTH 06JajaloT BA3KOCTBIO; MeXILY
YaCTHUAMH HWJIH CJIOSIMH, JABHXKYIIHMHCA C Pas/JHYHBIMH CKOPOCTAMH,
BCerja BO3HHKAeT CHJa BHYTPEHHero TpeHHs, MPOTHBOAEHCTBYOLLAsS
ABHxkeHHI0. CoOrlacHo 3aKOHY BSA3KOro TpeHua HploToHa 3Ta xacarteib-
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Has CHJa, OTHeceHHasa K eJHHHIEe MOBEPXHOCTH, MPOMOPIHOHANbHA
M3MEHEHHIO CKODOCTH B HaNpaBJeHHH HOPMA/H K 3TOH MOBEPXHOCTH:
o
dn

Bennunna p HaspiBaeTcsi KO3(dHUHEHTOM BA3KOCTH HJH JIHHAMH-
YeCKHM KO3((pHIIHEHTOM BSI3KOCTH.

IMpu dw/dn =1 s = p, crenoBaTeNbHO, KO3(PHUIIMEHT BS3KOCTH
BbIpaxkaeT co60H CHJAY TpeHHs, MPHXOASULYIOCS Ha eJHHHIY MOBepx-
HOCTH CONPHKOCHOBEHHS -IABYX KHMAKHX CJIOEB, ¢«CKOJNB3AIIHX» APYT MO
IPYTY MPH YCJOBHH, YTO Ha eIHHHIY JUIHHBI HOPMalH K NOBEPXHOCTH
CKOPOCTb JIBH3KEHHs M3MEHSIeTCsl Ha eIHHHLY.

B ypaBHeHHs T'MIpPOJHHAMHKH H TeIIONepeladH YacTO BXORHT OT-
HOILIeHHe KOB(I)(;)HILHEHTE BA3KOCTH K MNJIOTHOCTH, HasblBaemMoe KHHeMa-
THYECKHM KO3(pHIIHEHTOM BS3KOCTH:

"

v=-"—

P
Temnepamyproiii Kosghguyuenm ob6vemnoz0 pacruuperus [ xapakte-

pusyer OTHOCHTeJIbHOe H3MeHeHHe ofbeMa NpPH H3MEHEeHHH TemIiepa-
TYpbl Ha OJMH Tpagyc (MpH NOCTOSHHOM IaBJIEHHH):

-4(2),_

p=const

S=

rae v — yaeabHbI 06beM, MP/Kr.
Jns rasoB TeMmmepaTypHHIH Koacptpnunen'r 00LEMHOTO paclIipeHHsA
onpejensercs no ¢gopmyJte

2-2. BUDDEPEHUMATIbHBIE YPABHEHMS TEMNOOBMEHA

H3ayuute Kakoe-1HO0 sIBJIeHHe — 3HAYHT YCTAHOBHTb 3aBHCHMOCTE
MeXIYy BeMHUHHAMH, XapaKTepH3YIOWUMH 3To aBJleHHe. JIJIs ClOKHBIX
ABJEHHH, B KOTOPHIX Onpejefsolie BeJHUHHBI MEHSIOTCA BO BpeMeHH
H B NpPOCTPAaHCTBE, YCTAHOBHTb 3aBHCHMOCTb MEXAY IepeMeHHLIMH
OYeHb TPYAHO. B Takux cayuasx, mpuMeHsig oOlHe 3aKOHBI (GH3HKH,
OrpaHMYMBAIOTCS YCTAHOBJIEHHEM CBSA3H MEXAY IepeMeHHBIMH (KOop-
IMHATaMH, BpeMmeHeM H (pH3HUECKHMH CBOHCTBaMH), KOTOpas OXBarhl-
BaeT HeGOJIbLIOH NPOMEKYTOK BPEMEHH H 3JieMeHTapHHIH o0beM mpo-
crpaHcTBa. IlonyuenHas TakHM o6pa3oM 3aBHCHMOCTh siBifercs 06-
mHM AHG¢epeHIlHalbHbBIM YpaBHEHHEM  paccMaTpHBaeMOro npolecca.
[Tocsie MHTErpHpOBaHHUA 3TOTO YpaBHEHHS MOJNYYaloT aHaJHTHYECKYIO
3aBHCHMOCTb MKy BeJIMYHHaMH A8 BceH 06J1aCTH HHTErpHpOBaHHA
H paccMaTpHBAEMOrO HHTEpBa/la BpPeMeHH.

Takue nudpepeHnHalpHbe ypaBHEHHS MOTYT OBITh COCTaB/EHBI IJ151
J060ro mpoiecca 4, B YacTHOCTH, JJ/I1s IIpoliecca TenmaooTAaud. Tak Kak
TeMJIOOTa4a ONpeNeJAeTcss He TONbKO TENJOBBIMH, HO H THAPOAHHAMH-
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9eCKHMH SIBJEHHSIMH, TO COBOKYIHOCTb 3THX fBJIEHHH OIIMCBIBAETCs
cucreMofi H(pdepeHLHaATbHEIX ypaBHeHHil, B KOTOPYIO BXOAAT ypaBHe-
HHe TeIIONPOBOAHOCTH, YpaBHEHHEe NBHXKEHHSI M ypaBHeHHe CIIIOI-
HOCTH. ‘

l. YpaBHeHHe TenaonpoBoAHOCTH uddepen-
IHaJbHOE YpaBHEeHHE TeIVIONPOBOAHOCTH BBIBOAHTCH Ha OCHOBE 3aKOHA
COXPAHEHHS] 3HEpPTHH.

BeiesiM B ABHIKYILEMCS NOTOKE JKHIKOCTH 3JIeMeHTapHBI napad-
JeJienHnes ¢ rpaHaMu dx, dy ¥ dz u, cuuTas (u3MYecKHe napaMeTphl A,
Cp U p IOCTOSSHHBIMH, HaMHLeM IJIs Hero ypaBHeHHe Ternsioporo 6ajanca.
Ecnn H3MeHeHHMeM JaBJeHHA TnpeHeGpeub, TO COTJIACHO NEpBOMY 3a-
KOHY TepMOAMHAMHMKH KOJHYECTBO  Z
TNOfBEleHHON TenJIOTHl PaBHO H3Me-

HEHHIO SHTA/IbIIHH Tela. ZT
[ToncuHTaeM TNPHTOK  TEMJOTHI C &
yepes TpaHH 3/eMeHTa BCJEJCTBHE 5 | L .
remsonpoBofHocTH. COraacHO 3aKo- e ¥
.Hy ®ypbe [ypasuenme (1-1)] ko- : 4,/‘]’,/"7
JIHYECTBO TEMJOTHI, MpOXOAsmiee 3a &z | 7| G
BpeMs dT B HANMPaBJEHHH OCH x yepes | | 0
rpaib ABCD (puc. 2-3), paBHo: %/
: at e
— —;\,o—- -~
Qx e dy dzd-, aé/ _ Tz
T
a uepes rpaHp EFGH, umeomyio I@z’
t
Temneparypy ¢ +E dx, 32 10 Xe pu. 93 K BHIBOZY JH(bepeHIna-
BpeMH paBHO: JILHOTO ypﬂBH::clf.lljl TENAONpOBOA-

L] @ at
6 —Lm—(t ——d.x)d dzdr.
* ax + ax Y
BB['!HTaH NMOY9JIEHHO H3 HEPBOFO paBeHCTBa BTOPOG, HOHY‘IHEM:

dQ, = Qi —Q; =2 LL dx dy dz d-.

dx?

AHaJIOrMYHO 15l HANPABJEHUH IO OCAM Y H 2 HMeeM:
ot
dQ,=A—dxdydzdr,
Qy ayz y ’

o2t
dQ,=A—dxdydzdx.
022
Obulee e KOMHYECTBO TeIJIOTHI, OCTABILIEECH B 3JEMEHTE obnema
dxdy dz 3a BpeMs dt, paBHO CyMMe 3THX TPEX BHIpaKeHHH, a HMEHHO:

dQ =dQ, +dQ,+dQ, =1 (-;3:;: %‘;— 1 g_’:) dxdydzde.  (a)
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BesieficTBHE TAKOTO NMPHTOKA TEMJOTH TeMIeparypa 3JeMeHTa H3-
Dt
MEHHTCS Ha BEeJTHYHHY . dt*, a sHTa/NbNUsA — Ha BEJHUHHY
T

dQ =c,p 0= dx dydzd. (6)

JleBble wacTy BhIpa:keHHi (a) u (6) paBHBI, CJIENOBATENBHO, PABHEI
H npaeble. IlpupaBHUBasg HUX APYr APYTY, NOJAydYaem:

D¢ a2t 9%t 2t
CoP —— dxdydzdt=A» (a—x; -+ 73}2—4'":?) dx dydzdx,

Ilocne cokpaienus Ha dx, dy, dz, dtv ¥ nepeHeceHHs B IPaBYIO 4acTh
C,0 ypaBHEHHE NMPHHHMAET TaKOH BHA:

D¢ A ( o2 0% ox

dv cp P

—_— =ay?. 2-5
ox? + oy + azﬂ) i ( )
210 H ecTh AH(pepeHIHaTbHOe YpaBHEHHEe TenJonpoBOIHOCTH
®ypbe—Kupxropa. OHO ycraHaBlHBaeT CBs3b MeXJAY BpEMeHHbLIMH
H IPOCTPAHCTBEHHBLIMH M3MEHEHUSAMM TeMIepaTypbl B JioGOH TOYKe
JBHKYILEHCA cpelbl; 3/lech @ — KO3(D(PHIHEHT TeMIepaTyponpoBOLHO-
cTd H /2 — oneparop Jlanaaca.
Tak kak ;
Dt ot at ot ot
—— e ), — i, — o, —
dt ot T ox Y oy ? 0z

TO, MOACTABJsAS 3TO 3HAueHHe B ypaBHeHHe (2-5), nmeewm:

o0 ot ot at a2 a2t a%
Ztw,Z 4w, —dw, T =a
(}t+ Jfa:«:+ y6y+ ? 9z (

ax2 + dy? + 0z

) . (2-53)

* [TosiHoe H3meHeHHe J10GOH BeJqHYHHBEI ¢ (QaBJEHHS, CKOPOCTH, MJIOTHOCTH
HJIH TeMIepaTypH) 3JieMeHTa OBHXKYIeHcs KHUAKOCTH ABAAETCH CIeCTBHEM IBYX
ABJIEHKH — H3MeHeHHS BO BpeMEHH M M3MeHeHHs BCJIeJCTBHe NepeMemeHHs sJe-
MEHTa M3 OIHOH TOYKH NpPOCTPAaHCTBA B JPYTyio.

Ha ocHoBannH NOHATHH O MOJHOA NMPOM3BOAHON MOXHO 3aMHCATH:

d d dp dx ap di ap dz
do 09 , d9 dr , Op &y , Oy dz
dt dt ox dt dy dt dz dt
rle dx/dt, dy/dt B dz/dt MMEIOT CMHICA COCTaBAAIOUHX CKOPOCTH Wy, Wy H W'

Taxyio npomssognyio, CBA3aHHYIO ¢ ABHKYLIeHcs marepuel Hau cyOcrannnei
Ha3wBalOT CyGCTAHIHOHAJABLHON MPOH3BOAHOH H 0603HAYalOT 0COOHM CHMBOJOM:

Do ap ap ap ap
—_— —— Wy ——— Wy — w »
dv ar+"ax+"’ay+’az

rie dp/o0t npencraBaser coGoll JoKalbHoe, a

ap ap ap
+wy—— +w;

ox ay dz
— KOHBEKTHBHOC H3MEHCHHE BCJIHYHHbLI CP

40

Wy



B TaxkoMm Bule ypaBHeHHe NpPUMEHSeTCS NPH M3YUeHHH Ipolecca
TENJIONPOBOJHOCTH B ABHIKYUIMXCA KHAKOCTAX. B mMpHMeHeHHH K TBep-
IBIM TeJIaM ypaBHeHHe (2-5a) mpHHHMaeT CleLyIOWMI BHJ:

L. (iaf. o ‘5’_2‘). (2-6)
at ox2 ay? oz2

2. YpaBHeHHeEe IBHHKeHHSA B ypabueHuu (2-ba)
HapALY € TeMnepaTypo ¢ NMeloTCs elle TPH NepeMeHHbe: W, W, H ,.
3TO rOBOPHT O TOM, UTO B JBHIKYLIEHCSH JKHIKOCTH TeMNeparypHoe rnonxe
3aBHCHT ele H OT pacnpefeneHus ckopocreil. Ilocsennee onuchiBaercs
nudpepeHIHANBHBIM YDaBHEHHEM JIBHKEeHHS, BBIBOJL KOTOPOro OCHOBAH

Ha BTOpoM 3aKoHe HbioToHa: cHiia paBHa Macce, YMHOXEHHOH Ha YCKO-
penue.

PI _
0 ¥
i
L
1
v |
2 Id‘y
[
] | \1
JJ LA
P | r
&'l +f£dx
F iz
Puc. 2-4. K BuiBoay auddepenuuans- Puc., 2-5. Cuna tpeHmus,
HOTO yPABHEHUS ABHIKEHHS MKHIKOCTH. NeHcTBYIOWAsT HA 3JEMEHT

nnumymeﬁcg KHIAKOCTH.

BuzleMM B MOTOKe JABHKYLIEHCA MKUAKOCTH 3JeMEHTapHHIH napan-
Jenenunesn ¢ pebpamu dx, dy w dz. Ha BbIeNeHHBIH 3JieMeHT JeiicT-
BYIOT TPH CHJIBI: CHJIa THAMXKECTH, PaBHONEHCTBYIOMAS CHJ JaBJeHHS
H paBHOAEHCTBYIOmass CHJ TpeHua. HalleM NpoeKkuHH 3THX CHA Ha
Ocb x (HampaBJjleHHe ocell CM. Ha puc. 2-4).

a) Cujia TAXKECTH NPHJIOKEHA B LIEHTPE THAKECTH 3/ieMeHTa 06beMoM
dv. Ee npoekuus Ha oCb X paBHa NPOU3BENEHHIO NPOEKLHH YCKOPEHHS
CBOGOJIHOTO TaJIeHHst g, Ha Maccy 3JieMeHTa pdvu, a HMEHHO:

g.0dv=g.0dxdydz. (B)

6) PaBHojeficTByIOIas CHJI JIaBJIEHHSI ONpEJENAETCS HA OCHOBE
Clenyionux coobpaxenuit. Ecii Ha BepXHeil rpaHu sieMeHTa naBie-
HHE JXHJIKOCTH PaBHO p, TO Ha IVIOWAAKY dy dz neficTByeT cuna pdy dz.

Ha nuxueli rpanu napnenne XUIKOCTH paBHO p—l—%dx, H Ha 3Ty
X
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rpaHb JEfCTBYeT CHJIa —(p - % dx) dydz, 3nech 3HaK MHHYC YKa-

3bIBaeT Ha TO, YTO 3Ta CHJIAa JEHCTBYEeT NPOTHB HAMpPAaBJIEHHS OCH X.
PasHonelicTByIOmas STHX CHJ paBHa MX adre6panyeckod cyMme:

pdydz——(p + -Pf-dx) dydz= —-P dxdydz. (r)
ox ' ox

B) [Ipu nBMKeHHH peanbHOH XKHIKOCTH BCerja BO3HHKaeT CHJa
TpeHus. BblpakeHue I 3TOH CHJIBI MPOLIE BCero MoxeT ObITh ycTa-
HOBJIEHO M3 pacCMOTPeHHs MJIOCKOTO JIaMHHAapHOro NoToKa, B KOTOPOM
CKOpOCTb W, H3MEHAEeTCS JHIUb B HamnpaBJeHHH OCH y. B 3Tom ciyuae
CHJIa TpeHHA BO3HHKaeT TOJBKO Ha GOKOBBIX rpaHfx 3JieMeHTa
(puc. 2-5). Oxono NneBoii rpaHd CKOPOCTh ABHXKEHHS YaCTHIl MeHbIle,
UeM B CaMOM 3JIeMeHTe, N03TOMY 3Jlech B CeUeHHH y CHJ1a TPeHHs Hanpas-
JieHa TIPOTHB JBUXXKEHHA W paBHa — § dx dz. OKoJIO mpaBoH rpaHu 37e-
MeHTa, Hao6opOoT, CKOPOCTh ABHXKEHHS YacCTHIl KHAKOCTH GoJblue, 4eM
B CaMOM 3JIeMEHTe, NO3TOMY 3/1eCh B CeYyeHHH y -+ dy cuila TpeHus Ha-

ds
npasjeHa B CTOPOHY IBHMIKEHHS M DaBHa (s -l—d— dy) dxdz,
Y
PaBHOZefiCTBYIOIasA 3THX CHJ paBHa HX aire6pandecKkodl CyMMe:

(s —l———dy) dxdz—sdxdz = -—~dxdy dz,

rae s — KacaTeJbHasl CHJIa TPEHHS Ha €QHHHILY TTOBEPXHOCTH; COT/IacHO
d
3akoHy Helotona s=p ;’”-
Y
INoncrapnss 310 3HaueHMe B MpeNbIAYINEe ypaBHEHHE H MpPHHHMast
1 = const, okoHyaTenbHO moOMydaeM:

. i dv.
dy dy?

OnHaKo Takoe CpaBHHTEJNBHO NMPOCTOE BhIpaKeHHe NOJyYaeTcs JHIIb
JUIsi OfIHOMEPHOro JBHxeHHA. B ofmieM xe cayuae, Korja w, H3Me-
HAeTCcs [0 BCeM TpeM HamnpaB/eHHMSM, NPOeKUHs PpaBHOAEHCTBYIOLIHUX
CHJI TPEHHS Ha OCh X ONpelensieTcs CAeNVIOMHM BhIparKeHHeM:

BEWx 6’wx ﬂﬁw, — 2 d
u( o T op T on )dv PYEes e

CyMMHpYA Tenepb BhipaxceHHs (B), (r) M (&), MoJyyaeM IPOEKILHIO
Ha OCb X PaBHOJAEHCTBYIOUEH BCceX CHJI, NIPHJIOKEHHBIX K o6beMy du:

[pgx—b-Jru(a;f 2 a;;‘: + 2o )] dv. (@)
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CorsiacHO BTOPOMY 3aKOHY MeXaHHKH 3Ta PaBHOAEHCTBYIOLLAA paBHa
NPOH3BE/IEHHIO Macchl 3JeMeHTa p dv Ha ero yckopenue Dw,/dt*:

Dw, owy ow ow
— dv= w, —=+w 4w, s \ gy, b
P " p( o + dx Ty dy Gl 02 ) ()

IMpupaBuuBas Apyr Apyry ypaBHeHHs (e) M (3K) H IIPOM3BOAA CO-
Kpauienue Ha dv, OKOHYATENbHO HMeeM:

o Jwy +p (wx owy er 0wy T, awx‘):
Jt ox

oy 0z
Pwy | Pwy | Pwy y
=pgyeeresp po ok San ] o), (27)

Bce ujieHBl 3TOro yYpaBHeHHS HMEIOT pasMepHOCTh CHJbl, OTHeCeH-
Hoil K eflunuue o6neMa (H/m®).

Takum xe 06pa3oM MOTYT ObITh NMOJYYEHE! YpaBHEHHS H 1J18 NpOeK-
HH paBHOMAEHCTBYIONIMX CHJI Ha OCH Y U 2, a HMEHHO:

0 6;:. er(wx owy +w, owy 1w, dwy ):

ady a2
= 0g,— 2+ p (Tt + T T (2-7a)
dx?
6[2?2 awz g, 0w.z lawz _
P ot —|—p(wx dx iy ay T, 0z )h
— W_BL¢ Fw; | Ow, | w,) 2-76
=pg; u( s e T w) (2-76)

Ypapuenue (2-7) u ectb JudipepeHIHaNbHOE YDaBHEHHE NBHIKEHHSA
HeC:KHMaeMOH BA3KOH JKHMAKOCTH — ypaBHeHHe Hasre—Crokca. 3o
ypaBHEHHe CNpaBe[VIHBO KaK 1/ JaMHHapHOro, Tak U 11s TypOY/IeHT-
HOTO JIBHIXKEHHS.

3. YpaBHeHHe cnNAOMWHOCTH. Tak Kak B ypaBHEHHH
JIBUKEHHS1 MOsSIBUIach HOBas HeH3BeCTHAasd — JaBJeHHe p, TO UYHCIO
HEH3BeCTHHIX B ypaBHeHHSAX (2-5) um (2-7) Gonblue yucsna ypaBHeHHH,
T. €. cCHCTeMa OKas3a/iach He3aMKHYTOH. UToGbI MoOyYyHTh 3aMKHYTYIO
CHCTEMY, HeoOXOIMMO K HMMEIOIHMCS YypPaBHEHHSM NPHCOEIHHHTH Elle
OIHO — ypaBHeHHe CIVIOWIHOCTH, KOTOpOe BBIBOAWTCS HA OCHOBe 3a-
KOHa COXpaHEeHH§ MacChl.

BrinenuM B NMOTOKE ABHXKYIIEHCA KHAKOCTH JEMEHTapHBI mapan-
Jesienunes co cropoHaMu dx, dy U dz W MOjCUHMTAEM Maccy MKHJKOCTH,
nporeKkatomell yepe3 Hero 3a Bpemsa dt (puc. 2-6).

B manpapnenun ocu x uepes rpaib ABCD BTeKaeT Macca JKHAKOCTH

M, = pw,dy dzdr.

* Cm. cuocky Ha cTp. 40.
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Yepes mporuBononioxkuyio rpanb EFGH Bbitekaer macca M :

M= [pwx+%ﬁ’*’- dx] dy dz dx.

BbiunTasi BTOPOE PABEHCTBO M3 IIEPBOro, MOJYYaeM H3JHILEK MacChl
KHIKOCTH, BRITEKawollell U3 ofbeMa B HamMpaBJ/JEeHHH OCH X, a HMEHHO:

de-:M;—M;,:—a‘l (pw,) dx dy dz dr.
X

AnanornynbiM 06pasoM JJIsi HanpaBleHHH MO OCAM Y M Z HMEEM:

2 M, = 2 (pw,) dx dy dz d;
4 " oy
Mﬁ
C & dM, = -2 (pw,) dx dy dz d-.
o ] F A4 o
' ,/5’ / y [Monublii H3GBITOK Macchl BhITe-
mMe | | 1 -"1#: Kalomieil XHIKOCTH paBeH CyMMe 3THX
ﬁ‘} P (il BBIpaXKEeHHH:
~
.« N dM:[_"_ w,) + -2 (ow
T % 5 P2+ - (ew) +

7 dz | ’ F]
My S — (pwz)] dvdr.

Puc, 2.6, K BuiBOay auddepenun-

AJBHOTO YPABHEHHA CIIOMIHOCTH . IT1oT H3OHITOK O0O0YCJOBIHBAETCS

YMEHbILUEHHEM TVIOTHOCTH  JKHAKO- -
CTH B o6beMe dv W paBeH H3MEHEHHIO MacChl JlaHHOTO ofbeéMa BO Bpe-
meHH. CreoBaTesbHO,
i) ad e oap
= (pw,) +— (ow,) + — (pw,) | dvdt = —— dvdr.
|2 (w3 (0,) + 5~ (0w =
[MpousBens cokpaluesue u nepeHecs BCe YEHB B JIeBYIO 4acTh 3TOTO
PaBEHCTBA, OKOHYATENBHO MOMYYHM:

O , Olpwy) | O(pwy) , d(Pwa) _ 2.8
ar+ax+6y+52' e

Oro u ecTh IU(pepeHIHaNbHOE YpaBHEHHE CIJIOIIHOCTH WJIM He-
NpepbIBHOCTH B caMoM ofieM Buae. JI1A HeCKHMaeMblX KHIKOCTEH
[UJIOTHOCTb [OCTOSIHHA. B 3TOoM ciyyae ypaBHeHHe (2-8) npHHHMaeT
6osiee NpocTOH BUA:

oWy aWy awz =0 2_9
ax + oy + 92 ' (2-9)

4. Kpaesne ycaosua Cuacrema AnddepeHUHATBHBIX
ypaBHEeHUHl A5 NPOLECCOB KOHBEKTHBHOIO TENJOOGMeHa OXBaTbiBaeT
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GecuHC/IeHHOE MHOXKECTBO MPOLECCOB TeIIOOTAAuH, KOTOpble OINHCHI-
BAIOTCSl 3THMM ypaBHEHHSIMH, HO BMECTEe C TeM KaKJui W3 HHX OTJIH-
yaercsi OT APYTHX HEKOTOPHIMH YacTHOCTSAIMH. YUToOEI OrpaHUuHTh 3a-
Jauy, U3 GecuHc/eHHOTO MHOXeCTBa BbIIENHTb PaccMaTpHBaeMbIH Mpo-
Lecc H Onpeje/uTh ero OJHO3HayYHo, T. €. JaTh MOJHOE MaTeMaTHUeCKoe
onHcaHHe, K cHcreMe JH(depeHUHaNbHBIX ypaBHeHHH HeoGX0JHUMO
NpPHCOENHHUTEL MaTeMaTHUeCKOe OMHCaHHe BCeX UaCTHBRIX OCoOeHHOCTeH,
KOTOpLIE HA3bLIBAIOTCH YCANOBUHAMHU OJHO3HAUHOCTH HIH
KpaeBBHMH YyCJAOBHSAMH.

YcoBHSI OHO3HAYHOCTH COCTOAT H3:

2e0MeMPUHECKUX Yca08Ull, XapaKTepPH3YIOWHX (opMy H pasMephl
CHCTeMBI, B KOTOpOH NpOTeKaeT Npolece;

¢husuneckux ycaosuli, XapakTepH3yWOILHX (HU3HUeCKHe CBOHCTBa
cpensl H Tedaa;

2PAHUMHLIX YCA0BULi, XapaKTepH3YIOUHX 0cOOGEHHOCTH MpOTeKaHHsA
npouecca Ha IpaHHLAX Teda;

BpeMeHHbIX YCAo8ULl, XapaKTEpPH3YIOMIHX OCOGEHHOCTH TNPOTEKaHUA
npoliecca BO BPEMEHH.

Korna ycnoBus OfHO3HAUHOCTH [JIfi KaKOTo-lHG0 KOHKPETHOTO
cayYas 3ajiaHbl, TO OHM BMeCTe C CHCTeMOH aHddepeHUHaTbHBIX ypaB-
HEHUH COCTaBJAIOT MaTeMaTHYeCKoOe ONHMCaHHE JaH-
HOTO Iipoiecca. Tem cambiM nocJe pemeHus CHCTEMBI ypaBHem{ﬁ MOXKHO
NOJYYHTH TIOJHOE OMHCAHHE Ipolecca BO BeeX JeTalfaX: MoJisd TeMmIepa-
Typ, CKOpoOCTeH, jJaBJeHU# W T. A.

JInf TeXHHYECKHX pacuyeToB OGEMHO OCHOBHOH HHTEPEC NpeJcTas-
aAsieT KOa(phHUIMEHT TEemI00TAaud, KOTOpPHIA onpeleisercd [0 ypaBHe-
Huo (2-1). [Ipu u3BecTHOM MoJsie TeMmepaTyp onpexeneHue Kosddbunu-
€HTa TEeIJIO0THAYH OCHOBLIBAEGTCH Ha CJEAYIOWHX MOJOKEHHAX.

[ToToK TensioThl, MepefaBaeMblii OT KHIKOCTH K CTEHKE, NMPOXOLHT
yepes CJOH JKHJIKOCTH, TIPHJEraioueil K MOBepXHOCTH, IyTeM Terio-
MPOBOJHOCTH M MOXKeT ObITh OnpenesieH M0 3akoHy Pypbe:

dQ= —x(a—’) dF.

on /.0

C gnpyroii CTOpPOHBI JISl 3TOTO JKe 3JIEMEHTa MOBEPXHOCTH 3aKOH
Heiotona—PuxmMana 3anuceiBaeTcsi B BHJIE

dQ = (f.—t,) dF.
npﬂpaBHHBaﬂ NnpaBble 4YaCTH 3THX ypaBHe}IHﬁ, noJyyaem:

o= ——2 (i) : (2-10)
tc - t}K an n-0

3To ypaBHEHHE, NO3BOJSIOLIEE MO MU3BECTHOMY NOJIO TEMIEparyp
B JKH/IKOCTH OfpeJe/NHTh KO3(pHIHEHT TENJI00TAayH, Ha3blBaeTcH ypas-
HeHuem menaoomoauu.

YcenoBus OJHO3HAYHOCTH MOTYT OBITH 3aJaHbl B BHJ€ YHCJIOBBIX 3Ha-
HEHHUH, B BuJle (PYHKUHOHAIBHBIX 3aBHCUMOCTeH HTH B TabMHuHOH dopMe.
ITycrs, Hanpumep, paccMaTpHBAeTCs C/YYall TENJOOTAAUM NPH JBHMKE-
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HHMH XKHJIKOCTH B TpyGe. B 3TOM ciyyae MOTyT OBITH 33laHBl TaKHe yc-
JIOBHA OOHO3HAYHOCTH:

1. Tpy6a riaikas, Kpyrnaas; BHYTpeHHHH JuameTrp TPYOb d M
JnuHa [.

2. Pabouum TesoM, T. €. TENJOHOCHTeeM, ABJAAeTCS BOAa, KoTopas
Hec)KHMaeMa, ee (u3HuecKkHe CBOHcTBa paBHB: A (f), ¢, (f), p (f) u
p (f). Ecin e 3aBHCHMOCTBIO (PM3HUECKHX CBOHCTB OT TeMNepaTyphl
MOXKHO HpEHEﬁpE'—Ib, TOorja OHH 3a1alTca HpOCTO B BH/Ie¢ YHCJIOBBIX 3Ha-
yeHu# A, ¢,, | H P. ) :

3. TemnepaTypa KHAKOCTH Ha BXOJe PaBHa fx, a Ha MOBEPXHOCTH
Tpy6h! f,. CKOpoCTh Ha BXOJle paBHa w, ay caMoii cteHKH w = 0. Ecin
3Ke TeMrepaTypa H CKOPOCTh Ha BXOJle He MOCTOSIHHBI, TO JOJIKeH ObiTh
3a/laH 3aKOH MX paclpefie/leHHsl MO CeYeHHIO.

4, Ina crauHOHApHBIX IIPOLECCOB BpPEeMEeHHble YC/IOBHs OJIHO3HAU-
HOCTH OTNafalor. '

Hrak, MaTeMaTHYeCKOe ONMHCAHHE NPOIecca TemnJooTHayH COCTOHMT
u3: 1) ypaBHeHHs TeNJONpPOBOLHOCTH; 2) ypaBHEHHs ABHXKeHHA; 3) ypaB-
HEHHSl CIJIOUIHOCTH; 4) ypaBHeHHA TENJIOO0TAaYd M 5) YCJOBHH OAHO-
3HAYHOCTH. :

K uacTtosiieMy BpeMeHM aHaJHMTHYeCKHe pelleHHs CHCTeMel AHbbe-
PeHLHabHEIX YPAaBHEHU{lI KOHBEKTHBHOIO Ten1006MeHa NoJydeHsl JHLUIb
JJIi OrpaHHYEHHOTO YHMCJIa NPOCTeHINHX 3afay MPH BBEJEHHH TeX HJH
HHBIX yrpomamomux gonymenui. Takoe nonoxenue o6nacusercs 60b-
IIOH CJIOXKHOCTBIO YPABHEHHH HWJH B KOHEYHOM CYeTe CJIOXKHOCTBIO H
MHOI'OI'DAHHOCTBIO COflepKaHUfl CaMHX IPOILeCcCOB.

BcaencTBHe  OrpaHMYEHHOCTH BO3MOMKHOCTEH aHANMTHYECKOro pe-
LIeHHs NpPHUBEJEeHHHIX Bblle AuddpepeHUHANbHBIX YpaBHEHHH 6oJibinoe
3HayeHHe B H3YYEHHH MpPOLECCOB TeMJO0OTAaYH NMpHOOpeTaeT 3KCIepH-
' MEHT. SKCHEPHMEHTHJ'IBHOG H3YUYeHHE CJIOKHBIX IIpOolecCOB, 3aBHCH-
IUX OT GOJIBLIOTO YHCJAa OTAEIBHEIX (PAKTOPOB, CaMo 110 ceGe SBJSETCH
TPYAHEIM ZenoM. Kpome Toro, mpu mocTaHOBKe SKCIIePHMEHTa, TOMHMO
nogpoGHOrO M3YYEHHWH paccMaTpPHBAaeMOro mpoiecca, OGBIYHO Beerjia
CTaBUTCA TaKXKe 3a/laya MONY4HThb JaHHbIe JIJis pacyera APYTHX Npo-
LleCCOB, POACTBEHHEIX H3yuaeMoMy. OIHHM H3 CPeJICTB peLIeHHs TaKoH
3aJlauyu fIBJISieTCH TeopHA MofoOUsA, KOTOpas MO CBOEMY CYLIECTBY fB-
Jsiercs Teopuedt skcrnepumenra [19, 36].

2-3. OCHOBbl TEOPMH NMOROBUSA

Teopus mopo6usi — 3T0 yueHue o nopoOuH siBeHuii. Bnepsbie ¢ mo-
HATHEM NOJOOHS Mbl BCTDEYaeMCs B FeOMETPHH, OTKYla STOT TepMHH
M 3aMMCTBOBaH. KaK H3BECTHO, TEOMETPHYECKH TMOA0GHBIE (GHTYpHI,
HanpuMmep TPeYroJbHHKH Ha pHc. 2-7, o61ajaloT TeM CBOHCTBOM, 4YTO
HX COOTBETCTBEHHBIE YIJIbI PaBHBbI, a CXOJCTBEHHbIE CTOPOHHI MPONOP-
IlHOHANbHBHI, T. €. )

Ll = lolly=Llls=c,, (2-11)
rue [;, !; u [, — nvHefHble pasmepsl OAHOH (HTYpHI l, lou h —

46



CXOJICTBEHHbIE JIMHefiHbIe pa3Mephl ApYrofi GHTyphl, MOAOGHON NepBoii;
¢; — Ko3(hGhHIHEHT MpPOMOPIHOHAABHOCTH HJIH TOCTOSIHHAs TEOMETPH-
YecKoro nopoGus.

Ycnopue (2-11) aBnserca marematHueckoll (HOpMYJHPOBKOH Treo-
MeTpHyeckoro nofofus. OHO CIpaBeaNHBO ANA JIOGHIX CXOMACTBEHHBIX
OTpPe3KOB Nof06GHBIX ¢HUryp, Hampumep BEICOT, MenMaH H Jp. Ecaun
K TOMY e MoJo6Hble HHI'YPEl OPHEHTHPOBAHbI OJIHHAKOBO, TO BCJEJCT-
BHE paBEHCTBa COOTBETCTBEHHBIX YIJIOB HX CXOJCTBEHHBIE CTOPOHBI
napajnenbHbl. 3Has YCJOBHA MNOAOGHS, MOMKHO PELIMTH LEeAb PAA
npakTHYeCKHX 3afady. Ha ocHOBaHMM CBOHCTB nojo6Gus TpeyroJbHH-
KOB, HampHMep, MOXKHO ONpENeNHTb BBICOTY JepeBa HJIH IHPHHY
peKH, He NMPOH3BOAA CAMHX H3MEPEHHH BBICOTHI H ILIHPHHBI.

INonsTne mono6usi MOXKeT OBITH pacmpoCTpaHEHO Ha Jiobble (H3H-
yeckHe siBMeHHA. MoXHO TOBODHTB, HanmpuMmep, 0 MOJOGHH KapTHHEL
JBHUKEHHS JBYX TIOTOKOB XKH]-
KOCTH — KHHEMaTHYeCKOM MoJ0-
6uM; 0 Mojo6HH CHJ, BHI3BIBAIO-
WHX TMoxo6Hble MexAy coboi
JIBHIKEHUS — JHHAMHYECKOM NOJ0-
6uH; O mnoNOGMHM KapTHHHEL pac-

n n
A
npejle/ieHdsl TeMneparyp M Tel- L] d
JIOBBIX TOTOKOB — TEIJIOBOM TIO-
O0HH M T. 1. G
pi p1§ L, zr

B o6meMm cnyuae noHsATHE IIO-
BoGusi QU3HUECKUX SIBMEHHH CBO- Pye, 2-7. TeomeTpHYeCKH mOXOGHbie
JUTCA K CJAEAYIONHM MOJIOKe- TPEYroJibHHKH.

HHSAM:

a) IMouatue nofo6us B OTHOIIEHHH (U3HYECKHX ABJEHHH npHMe-
HHMO TOJIBKO K fIBJIEHHSIM OJIHOTO H TOTO e PojJia, KOTOphle KauecT-
BEHHO OJMHAKOBbl H AHANHTHUECKHM OIHCHIBAIOTCS YDaBHEHHAMH, OJH-
HAKOBBIMM KaK no ¢oopMe, Tak H IO COJAEPKAHHIO.

Ecau ke MareMaTHyecKoe oOMHCaHHE IBYX KaKHX-THOO SIBJIEHHI
OfMHaKOBO NO ¢opMe, HO Pa3NTHYHO NO (DH3HYECKOMY COJAEPIKAHHIO,
TO TakHe ABJEHHS Has3bIBAIOTCHA aHaaozudHoimu. Takas aHalorus cy-
IECTBYET, HanmpHUMep, MeXJy INPOLEeccaMH TEeMJONpOBOJIHOCTH, 3JeK-
TPONPOBOAHOCTH H AH(PPY3HH.

6) OGsizaTenbHON NPEANOCHIKOH TMo06Hs (U3HUECKHX SAIBJeHHH
LOMKHO OBITH 2eomemputeckoe nodobue. Tlocaennee o3navaer, 4To MO-
Jo6GHLIe siBIeHHs BCerja TNPOTEeKaloT B TeOMETPHYECKH NOAOGHBIX CH-
cTeMax.

B) Ilpn ananuse nopoGHBIX SBJEHHH CONOCTABAATL MexAy co6ofi
MOZKHO TOJBKO OfIHOPOAHBIE BETHYHHE! H JIHIIbL B CXOACTBEHHEIX TOUKaX
NPOCTPAHCTBA H B CXOACTBEHHbIE MOMEHTHI BPEMEHH:

O0HopoOHbIMU HA3BIBAIOTCS TAaKHe BEJHUHHBI, KOTOpBE HMEIOT OJHH
H TOT e (PH3HYeCKHH CMBICJ H OJHHAKOBYIO pasMepHocTh. Cxodcmeen-
HbiMi TOYKaMH TeOMETDHYECKH MOJOGHBIX CHCTEM HasbIBAIOTCHA TaKHe,
KOOpJHHATBl KOTOPHX V/OBJETBOPAIOT ycaoBHio (2-11):

X = c,x’, yw =C;y', 2”=C[Z',
47



JlBa npomexyTKa BpeMeHH T H T’ Ha3bIBAIOTCS CXO0CMBEHHOLMU,
ecJH OHH MMEIOT oflLlee HayaJo OTCUeTa M CBA3aHbl NMpeo6pa3oBaHHeM
nofobus, T. e. v = 1.

r) Hakowneu, nodobue deyx pusudeckux sgrexuti osHataem nodobue
BCex BEAUHUH, XAPAKMEPUSYIOUUX Paccmampueaemsie A6AeHUs. ITO 3Ha-
YHT, YTO B CXOJCTBEHHBIX TOYKaX MPOCTPAHCTBA H B CXOJACTBEHHBIE
MOMEHTHl BpPEMeHH Jo6as BelH4YHHA q):’ MepBOTO SIBJEHHSI TPOINOPIHO-
Ha/lbHa OJHOPOMHOM C Hell BeluyHHe @'’ BTOPOro ABJMEHHS, T. €.

Q" =cy9’. (2-12)

KoshdHIHeHT NpPONOpUHOHANBHOCTH Cg HA3BIBAETCH KOHCMAHMOL
(nocmosnHoil) nodobus; HH OT KOOPJAHHAT, HH OT BPEMEHH C, HE 3aBH-
cut. Ilpu 3TOM Kaxnas GH3HYECKas BeNMYHHA ¢ HMEET CBOIO MOCTOSH-
HYIO MOROGHS €y, YHCIEHHO OTJIHYHYIO OT APYTHX. UTOGH 3HaTh, K Ka-
KOH Be/IHYHHEe OTHOCHTCSl MOCTOSIHHad Nofo0Msd, NpPH KaxKIoi H3 HHX
CTAaBUTCS1 COOTBETCTBYIOUIMH HHAEKC.

Taxkum o6GpasoM, CYLUIHOCTh MOA00HA ABYX fABJEHHH O3HayaeT Mo-
Jgo6ue rmnosiel ONHOMMEHHBIX (U3HUECKHX BEJHYHH, ONpefe/Aomux
3TH fBJNeHHsA. Tak, B TNpolecce KOHBEKTHBHOTO TenjooOMeHa TeMIe-
parypa, CKOPOCTh, A@BJieHHe, a TaKKe 4acTo W (H3HYECKHEe NapamerTprl
cpenbl (kKo3(puIHeHTs BA3KOCTH, TEMJIONPOBOJHOCTD, TMJAOTHOCTL H AP.)
B pa3qHYHBLIX TOYKaX MOT'YT HMeTb pasjiuuyHble 3HaueHHs1. IlopoGue
JBYX TaKHX MPOLECCOB O3HAuaeT MojoGHe BCEX 3THX BeJHYHH BO BCEM
06beMe pacCMaTpPHBAEMBIX CHCTEM, T. €. MOAOGHE MoJieH 3THX BETHUHH.
Jas KaxJIOH M3 5THX BeJIHYMH: CKOPOCTH w, TeMllepaTYPHOro Haropa
A? W T. . CyLIecTBYeT CBOS MOCTOSIHHAA MOJAOOHSA ¢, Ca; H T. 4. Iloa-
HBIH TNepeueHb BCEX BeJAHYMH, XapaKTepH3YIOWHX paccMaTpHBaeMble
SIBJIEHHS, MOKeT ObTb YCTaHOBJEH TOJILKO IIPH HaJMYHH MaTemaTHye-
CKOTO OTMMCAHHA SIBIEHHH.

IlocrosiHHble MofO6GUS AJA Pa3/HYHBIX BelHYMH B TNOLOOHBIX fAB-
JIEHUSIX Helb3sl Ha3HauaTh WM BHIGHPATh NMPOH3BOJABHO. Mexjay HHMH
BCerla HMEIOTCs Cmpoz0 onpedeseHHble COOMHOWEHUS, KOTOpPHE BHI-
BOJITCA M3 aHa/H3a MaTeMaTHYeCKOro ONHCAHHUSA TpPOLEeccOoB. DTH CO-
OTHOLICHHA HMEIT UEHTPalbhHOE 3HayeHHe B TEOpHH ﬂOﬂOﬁHH, TakK
KaK OHHM YCTaHaBJIHBAIOT CYILECTBOBaHHe OCOGBLIX BeJNHYHH, Has3blBae-
MBIX qucaamu nodobus (uHsapuaHmamu), KOTOpele 751 BceX MOJ0OHBIX
MeEXKAY cOGOH sIBIEHHH COXPaHAIOT OAHO H TO K€ YHCJOBOE 3HAUYeHHE.
Uucna nopo6usi ABMAIOTCA Ge3pa3MEepHLIMH KOMILIEKCAMH, COCTABJIEH-
HBIMH M3 BE/MYHMH, XapaKTePU3YIOIHUX sABaenre. Hynepas pasMepHOCTD
ABJNAETCA HMX XapaKTepHbIM cBOHCTBOM. UMcisa 1mopo6Hs MPHHATO Ha-
3blBAaTh UMEHaMH YyuYeHBIX, pPaboTalollHX B COOTBETCTBYIOIEH 06/acTH
HayK, H 0003HayaTb JBYMA HayaJbHHIMH OyKBaMu HX (daMHIHil, Ha-
npumep: Re (Reynolds), Eu (Euler), Nu (Nusselt) nan npocto 6yk-
Bamu: K, N u 1p.

Yuena nojo6HsT MOXKHO MOMYYHTb JJs J1I060r0 (PH3HYECKOro Npo-
necca. Jlisg 3TOT0 HEOGXOIHMO HMETb €ro MaTeMaTHYeCKoe OMHCaHHe.
[Nocnennee sBAAeTCA HEOGXONHMOH TPENNOCHIIKOH TEOPHH MOA00HS.
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Bes storo Bce yyeHue o MojoGHH cBesoch Obl JHIIb K TPOCTOMY OIIpe-
JIJIEHHIO TIO00US.

OCHOBHBIE MONOXKEHHA TEOPHH TONOGHS MOKHO CHOpMYIHPOBATH
B BHfe Tpex TeopeM. [lepsas meopema nono6us ycTaHaBIHBAeT CBfi3b
MeXKJ1y TOCTOSIHHBIMH TMOO6GHS H TNO3BOJISET BBIABHTH YHC/IA TNMOJOGHS.
B o6uieii ¢opme s3Ta Teopema (OPMYJIHpYeTCS Tak: nodoGHble medxncdy
cobot npoyeccel umerom O0OUHAKOBble HUcAa Nodobus.

Ha ochoBanuu smopoil meopemot MOno0Hs 3aBHCHMOCTh MEXIY Iie-
PEMEHHBIMH, XapaKTepH3VIOUMMH KaKoH-THO0 Mpolecc, MOXeT OHITb
npeficTaBlieHa B BHJE 3aBHCHMOCTH MEXIY uHcaami nonc6usa K,

Dy o v ey Kr:'
f(Kl, Kz, . s ey Kn)=0 (2-13)

3apucuMocTh Buua (2-13) HasbiBaeTcsl ypasHenuem nodobus. Taxk
Kak Jyisl BCeX MOJOOHEIX Mexay CoGOH NpOLeccoB 4Hciaa Mojo6usi co-
XpaHAKT ONHO H TO XKe 3HaAYE€HHe, TO YpaBHEHHSA HO}IOGHH JJIAd HHX
TakKe oiuHakoBhl. Clie[l0BaTe/NBLHO, NPEACTaBAAA pe3yabTaThl KaKoro-
JuH6G0 OMHTAa B yHcaAaX MOROGHS, MBI MOJYYHM OGOGIIEHHYIO 3aBHCH-
MOCTB, KOTOpAas CIIpaBe/IMBa IJas BceX NMOJOOHBIX Mexny coboit mpo-
[IeCCOoB.

Jlo cuX mop paccMaTpHBalHCE CBOMCTBA MONOGHEIX MeXKAY Co6OH
siBeHuH, Korja nonobue yxe cymectsyer. OnHako BO3MOXKHaA H 06-
paTHas MOCTaHOBKa BOMpOCA: KaKHe YCJOBHA Heo6XOJHMBI W J0CTa-
TOYHBI, 4TOGHI Mpouecchl GelTH mMopo6HBl. Ha Takofi Bompoc jaer oTeer
mpemoea meopema hododus, Koropasd QopMyaHpyeTcs Tak: nodobmel
me npoyeccl, Yca08Us 0OHO3HAHHOCHIU KOMOPbIX NOO0GHSH,, W YHC/IA T10-
I06GHS, COCTABNEHHBIE U3 BEAUHUH, BXOOAUUX 8 YCA0BUA 0OHOSHAYHOCLL,
OONKHCHBL UMetmnb 00UHAK0B0e HUCAeHHOe 3HadeHue.

Ha ocHOBaHHH 3TOH TeOpeMbl OKa3biBAeTCs HEOOXOAHMBIM 0c060
BBIIETHTD YHC/IA TOJOOWS, COCTaB/AEHHBIE TOJBKO M3 BeJH4YHH, BXOJS-
IIMX B YCJOBHA OjHO3HauyHocTH. OHH HAasbIBAIOTCA O0NPe0eltouiUMU
WIH Kpumepuamu nodobus. VIHBapHaHTHOCTb (OJMHAKOBOCTE) OTpene-
JASAIOWHX YHCeN TON0OHA SBAAETCA YCJAOBHEM, KOTOpPOE JAOMKHO GHITH
BBIMOJIHEHO /IS MoJiyyeHHsl nojao6usa. OIUHAKOBOCTH e YHCeN I0J0-
6us, copepiKamux W JpPYTrHe BEIHYMHBI, He BXONSILIHE B YCJIOBHS Of-
HO3HAYHOCTH, MOJy4YaeTcsi caMa coboif KaK CJAEICTBHE YCTaHOBHBIIE-

- rocsl nojo6uA; 3TH YHCAA NoJo6HA Ha3bIBAIOTCH onpedessembimu.

Hraxk, Teopus nono6us NO3BOJAET, HE HHTerpHpys muddepeHiu-
albHBIX YPaBHEHHH, TMOJYYHTb M3 HHX YHCJa MOJOOHS H, HCIIOJAB3YS
OTBITHBIE JlAHHBIE, YCTAaHOBHTb YpPaBHEeHHA NOJOGHS, KOTOpHIE Clpa-
BENJIMBEL JJ151 BceX MOJOOHBIX MexAy cOGOH MpOoIEeccoB.

Takue o6o6IieHHbIe 3aBHCHMOCTH, OJHAKO, OTPAHHYEHBl YCIOBHAMH
nojno6MsA, W U3 HUX Helb3d JielaTh 3aK/IOYeHHs, BHIXOAAIIHE 3a IIpe-
Aesibl 3THX OrpaHuyeHHd. Beerja HYXKHO NMOMHHTBL, YTO OGINErO pelle-
HHSl TeopHa MOAOGHA HE 1aeT: OHa MO3BOJAET JHIIL 0G06GHHTEL ONMBITHHIE

) ! B nurteparype ONMHAKOBOCTh UHCJEHHBIX 3HayeHHH 0603HayaeTcs uepes
idem, yTo o3HayaeT «TOT JKe caMHIfi»,
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JlaHHBle B OGJacTH, OrpaHHYeHHOH ycJoBHsMH nopo6us. IMostomy pe-
3yJIbTaThl OTJEJBHOTO OMbITa 3aKOHOMEDHO pacnpocTPaHsATh TOJABKO
Ha nofloOHble Mex1y co60H fBNEHHS H TNPOLECCHL.

INosichuM o6mHe NOJOXKEHHA TeOPHH nNOJOGHs HA 4YAacTHOM INpHMepe H3
rHApOMeXaHHKH. [ 9TOr0 pacCMOTPHM OJMH M3 NPOCTHIX CJy4aeB CTALHOHap-
HOTO H30TEPMHYECKOTO BHIHYKNEHHOTO ABHIKEHHS MKHIKOCTH HJH rasa BHYTpPH
nnockoro Kanana. Cxema Takoro JIBHXKeHHA nokasana Ha puc. 2-8. Ha Bxone
B KaHal CKOPOCTh HBHKeHHs nocrosHHa. [lo mMepe mpoiBHKeHHs cpefsl BAOJb
KaHana, BCJEICTBHE CHJ BA3KOrO TPEHHS YaCTHIBI KHIKOCTH BGJIH3H MOBEpXHO-
creft samennsioTcs. B moToke Bo3HMKaeT nmepeMeHHOE moJie cKopocref.

[IpuBeleM aHaNH3 MOROGHS TaKHX TeweHHH. I 9TOro pPacCMOTPHM IBa reo-
MeTpHueCKH NONOGHBIX KaHa/la ¢ pa3mepamu coortBercrBenmo [, h' u [I', h".

I'eomerpHuecKoe nofoGuHe CcHCTeM Xapak-
' TepH3yeTCH IOCTOSHHOI reeMeTpHYecKoro
i NOAOGH A:

, > Uil =h"/h" =¢,. (2-14)
CxozcTBeHHEIe TOYKH B 3THX CHCTe-
- e Max ONpelesisiOTCS KOODAMHATAMH X',

Yy ux",y'’, KoTOphie CBA3aHK MEXAY CO-
, 6ol c noMombio MOCTOSIHHOA reoMerpHye-
CKOro mnojo6us:

A ' =y"ly =c. (2-15)
¥ Jlns cranHOHAapHLIX TeyeHHil cHcTeMa
- G AH(¢depeHUHANbHEIX  YPaBHEHUH MOXeT
}% Wy GLITL 3amHcaHa B chaelylomeM BHuel:
Owy ap

0wy
W = ——
dx Py Yy ax+

3 +u ( POy p 2o ); (2-16)

Oox? ay?
Pnc. 2-8. K anann3y nogo6usa BH- g o
HYXIEeHHOr0 H30TepMHYeCKOro IBH- —% 4 ¥ 0.
MEeHHAS KHIKOCTH B NJOCKHX Ka- ox oy

Bajax. Y papueune (2-16) mosnyueno u3 obute-

ro ypaBHenHa JIBHxenHs Hasbe—Crokca

(npusegennoro 5 § 2-2). Ilpu sroM OTMeTHM chelylomee. B monnom ypaBheHHH

Hasbe—CTOKca CTOHT BEIHYHHA Zgp — CH/IA TAKECTH efHHHYHOTrO o6Bhema Cpefsl.

Onuako cHJIA THAKECTH MOMKeT BJHATE HAa KAPTHHY W XapakTep TeYeHHs cpels!
TOJNBKO B ABYX c/aydafx.

Bo-nepBriX, NPH HAJHYHH NPOCTPAHCTBEHHOA HepaBHOMEDPHOCTH pacmpeje-
NEHHS TIOTHOCTH cpefnl. Torjga B CHCTeMeé BO3HHKAlOT TOKH CBOGONHOA KOHBeK-
LlHH.

Bo-BTOpPHIX (€CJH TJOTHOCTE MOCTOSHHA), CHJA TAXKECTH MOXET BAHATL Ha
KapTHHY TeYeHHS XHIKOCTH NIIPH HaJHYHH B CHcTeMe CBOGOJAHBIX IOBEpXHOCTel,
T. €. [0 CYLIeCTBY B ABYX(a3HHIX CHCTeMax.

OGa stu cayuyast 6yAyT pacCMOTPeHbl HHIKE.

B BHIHYKIEHHOM MOTOKE NMOCTOSHHOH NJOTHOCTH Ge3 cBOGOAHHX MOBEpXHO-
cTell Macca KaxJoro sJeMeHTa cpelibl yPaBHOBEUIHBACTCSH HAPOCTATHYECKHM MPH-
POCTOM IABJAEHHS pep, T. €. MEPEeMEeHHOH B NMPOCTPaHCTBE YacThl0 NABJEHHHA, KO-
TOpas CyUlecTBOBasa Gbl B CHCTEME B COCTOSSHHH NOKOSl XHAKOCTH:

Exp = 0per/0x;  8yP = OPcr/dY.

xS
&

b'

hn

z" pwy

(2-17)

1 JIng mMpoCTOTHl NPOEKUHs ypaBHEeHHs ABHKEHHS HA OCh y 3Hech He BhIIH-
cana. JIna ananu3a nofo6Hs 3TO He NPHBOAUT K OTPaHHYEHHIO OGLIHOCTH.
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[TosToMy BO BCeX TaKHX CAyuyasX CHJAa TAMKECTH NOJHOCTBLIO BHINAJXaeT M3
ypaBHeHHs ABHMKEHHs, eC/H NOX JaBAeHHeM p MOHHMAThL PA3HOCTh MEKAY MOJ-
HbIM JlaBjaenneM P M TFHIPOCTATHYECKHM NPHPOCTOM NaBJACHHA pPey, T. €. p =
= P—p¢y. HMeHHO 3Ta BenHYHHA H cONepP:KHTCA B ypaBHeHHH (2-16).

Cucrema ypaBhenHft (2-16) u (2-17) mosBonsier yCTAHOBHTb CIHCOK CYINECT-
BeHHBIX AN TpoieccoB BeqHuHH. [TocKoabKy naBieHHe p BXOAMT B ypaBHEHHe
TOABKO MOJA 3HAKOM NMPOH3BOAHOH, TO 5T0 obo3Hayaer, 4TC AAsA Npolecca HMeeT
3HaueHHe TOJNBKO Tepenaj JaBJeHH#, a He aGconioTHOe ero 3HaueHHe, B KauectBe
nepenaja Lasl paccMaTpHBAeMBIX MOTOKOB yA0GHO BBECTH PasHOCTb MEXAY AaB-
JAeHHSIMH Ha BXOJe Py M €ro TeKyUIHM 3HaYeHHeM p:

Ap = pg—p-
Takofi npHeM oKaswBaercss YIOGHEIM TaKiKe JJS MHOTMX INPYrHX THIpoMme-
XaHHYeCKHX 3ajad.
Cnucox CYUeCTBEHHbIX BEJHYHH BKJIOYAET CKOPOCTh Wy H Wy. nepenajg ngas-
acHuA Ap, NJOTHOCTL P H Ko3dhdHIHEHT BA3KocTH cpelrl W, Ilonobue IByX Teue-
HHﬁ 03Ha4yaer, corjacHo aﬁmemy‘onpeneneumo. NpONnOpPUHOHANBHOCTDL BEJHYHH

Wylw, = wfw,=c, AP /AP =c,y PP =c, pip =c, (218

BO BCEX CXOJACTBEHHBIX TOYKax KaHanob. [locTosnHBE NOROGHA Cw, CAp H T. X.
ecTh NMOCTOTHHLIE yucaa. Mexly HUMH CYLIECTBYIOT ONpefiesieHHLIe COOTHOWEHHS,
KOTOpBHIE YCTaHaBJAMBAIOTCA H3 aHa/NH3a ypaBHeHHH mnpoiecca.

3anuwem ypasHennd (2-16) u (2-17) nns Kaxknoro 43 JIBYX NpOLECCOB:

"

. . oW . . dw, " [ .  w.
wa x+pwy x=aAp + ( : x)'

o (a)

axﬂ ay” axﬂ axrrz ayng
ow, ow,
- - =0; (6)
ax” ay”
o . o 0 ,
;e 0w, C 0wy aap ,(awx Fw,
w w = ; B
Py TP %y oy’ ax’ f" T ay'? ®)
aw,', aw;
= 0. r
ax’ T ay’ (r)

[MoxctaBuM Tenepb B CHCTEMY ypaBHeHHH (a), (6) BMecTo BCeX BeJHYHH ¢ HH-
mekcoM '’ HX 3HaYeHHH, BHPamKEHHHe Yepe3 MOCTOSHHBIE NMOJOOHS H BeJHYHHBI
C HHJEKCOM ', HCNONb3ys ypaBHeHHsA (2-15) n (2-18), 1. e. x = cpx, wl = oW,

u T. 1. Torga ata cucreMa ypaBHeHHH NpHMer BHA!:

c.c2 . ow,
prw U X rot X
—_— |l pw, —— + W, — =
(,'l ( x ax’ e y ayr )
¢ i:mp‘ [ Fw. o w
ol — L ( - -3 P (2-19)
a o @ \oaxr ayn

! Tak Kak cp — MOCTOSAHHLIE 4HCHA, NPaBHia Tpeofpa3oBaHHS IPOM3BOJ-
HBIX CJedyHOLHe:

o9 _ 0(e®) _ o 99"
o’ d(cix") ¢ ax’
H BooGuLe
5n(p.'l :_ci ancpf
ax"n C? ax’n
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c ow, ow,
ﬁ('—f“‘“‘"‘f’”):“ (2-20)
C ox ay

1

B Heil comepxaTca AHWb BedHYHHBI ¢ HHleKcoM . CnefoBaTesbo, oHa OMH-
chiBaeT Tenepb Nepsblil Mpomecc, AAd KOTOPOTO HMeETCs TAaKKe CHCTeMa ypaBHe-
Huit (B) u (r). Tak Kax AJs OJHOTO NpoIecca He MOKEeT CYLeCTBOBATh ABYX pas-
HBIX MAaTeMaTHYeCKHX OMNHCAHWi, NMOJyYeHHas cCHcTeMa ypaBheHH# (2-19) u (2-20)
ZonxkHa GbITb TOXKAECTBEHHA cHcreme ypaBHeHHH (B) H (r). OTciofa BHITEKawOT ye-
JIOBHS CBA3H MEXKAY MNOCTOSHHBLIMH TOROGHS.

B ypapuennn HepaspuiBHocTH (2-20) MHOXKHTENb cu/c; COKpamaercs, No3-
TOMY 3TO ypaBHEHHE He HaKJaIbiBaeT HHKAKHX OrPaHHYeHHH Ha BBIGOP NOCTOSIH-
HBIX MoJo6u4.

YpaBHeHne IBHmeHHA (2-19) cTaHeT ToKJECTBEHHBIM ypaBHeHHIO (B), ecJH
BCE TPH MHONKHTENH Cpﬂi,/ﬂg- CAp/"t u cucw,’cﬁl GynyT paBHBL APYT JAPYTY H TaKike
cokpararca. OTMeTHM, 4TO KaxJbli H3 NepeyHCJEHHBIX MHOMKHTENeH npejcras-

aget coGok NOCTOAHHYIO nofobus cuJa, JeHCTBYIOIIHX B NOTOKe: HHEepLHH, HaB-
JIEHHS H BA3KOCTH COOTBETCTBEHHO. HOSTOMy COOTHOIUEHHE

cpcfﬂ/cl = cAp,/c[ = cucw/c% (2-21)

ABJISeTCA YCNOBHeM JHHaMmuuecKoro nofgobus. OHo o3Hauaer, 4to y nomo6HBIX
THAPOMEXaHHYECKHX TeyeHHH MHOMKHTeAH MoRoOHOro mpeoGpa3oBaHHA CHA HHep-
IIMH, JaBJIeHHSA M BA3KOCTH YHCJEHHO OJlHHAKOBHL. [lpHpaBHMBas HX nonapHo
IpYr APYry, MOJYYHM H3 cooTHoweHHs (2-21) nBa ycnoBus:

CprC[/Cu = 1; (2‘22)
Caplcptly = 1. (2-23)

DTH COOTHOLIEHHA AHHAMHYECKOTO MOROGHA H MpefcTaBAAIOT co60il HCKOMBE
ypaBHeHHS CBA3H JNS MOCTOSHHBIX NMOJOGHA moJieli CKOPOCTH, AaBJeHHH, IJIOT-
HOCTH H BSI3KOCTH.

Hx MoxHO npejcTaBHTh Takxke B Apyrom, Gojee yio6HoM BHJE, €C/IH BMECTO
NOCTOAHHBIX NMOJOOHA MOACTABHTL HX 3HAYEHHHA H3 ’ypaBHEHHfl (2-14) n (2-18)
H CrPYNNAPOBATh 3aTeM BCE BEJHUYHHB ¢ HHIEKCaMH ' H ’’ COOTBETCTBEHHO B Je-
BOHl M mpapoil yacrax pasencts. IIpn stom nocrosauHylo ¢y YA0GHO BLIPA3HTb
yepe3 OTHOLIEHHE CKOPOCTeH Ha BXoJe B KaHaJbl:

Cp == wO/wu "

Torna smecto yenosuit (2-22) u (2-23) nonyuuM SKBHBalleHTHBIE HM COOTHO-
IeHH:

p'wbt'm' = p”walﬂ,'p." = Re = idem (omHo u TO XKe); (2-24)
Po—P;  Py— P
0 M0 1 Eu=idem. (2-25)
p'w? p wﬂz

[Tonyuennuie yucna Pefinonbaca Re u Ditnepa Eu s Bcex nogoGHEIX ruj-
pOMeXaHHYeCKHX TeUeHHH COXPaHSIOT OJHO H TO JKe YHCJIeHHOe 3HaueHHe.

Takum o6pasoM, ANa paccMaTpHBaeMOro NpHMepa AoKasaHa nepsas TeopeMa
nofao6ua: mojo6Hble Mpolecch HMEIT OfHHAKOBbIE YHCAA MOLO6HS.

Teneps paccMoTpum cayuall, Koria B KaHaje, NOMEUEHHOM HHIeKcoM '
(pHc. 2-8), Ha BXOjle 3allaHa WHAf CKOPOCTb W;;, OTIHYHAA OT NPEKHEr0 3Haue-

HUA w, B noroke ycramoBuTCs HHOe pacmpelleseHHe ckKopocted. Beaegcrsue

L
H3MeHeHHS YCAOBHA M NOJHbH nepenaf aasneHuil A, OKaKeTcs OTNHUHBIM OT

npexHero Ap’. 310 HOBoe JABHKEHHe yixe He NofoGHO npexuemy. Emy Gyger
COOTBETCTBOBATL CBOS rpynna nogoGubix revenuil. ns HHX Beck X0 mpexway-
WHX paccyxAeHHil MOKeT GbITH NOJHOCTBIO TMoBTOpPeH. B mTore okKamercsa, uyTo
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IS HOBOH TPYNNbl TeYeHHH YCHAOBHA HHBAPHAHTHOCTH uHcesn nolgobus (2-24) u
(2-25) npumyT BuI:
Re; = idem n Eu; = idem.
OTnvyHe COCTOHT B TOM, 4TO Tenepb o6a yucna nojoGHS HMEKOT HHBE YHC-
r r
MeHHble 3HaueHNs. BHOBb H3MEHAR CKOPOCTb Wy, NoNyuaeM HOBHIH mepenal Ap,

H HoBhle 3HayeHns Rey, n Eu, Ans stoft HOBOft rpynnel NOKOGHBIX TeueHHi.
Orciolla clieflyer, 4TO 4acCTHAs 3aBHCHMOCTb MY NepeMeHHLIMH wy H Ap

P (wo, Ap) =0
MoxKeT OEITh MpefcTaBjeHa B BHAE CBA3H
f(Re, Eu) =0. (2-26)

Takoe ypaBueHHe HasbBaeTcA ypaBHeHHeM MoAo6u g Bosmox-
HOCTh TIPEeJICTAaBJIEHHS 33aBHCHMOCTH MEXKIY NepeMeHHbLIMH B BHJIe 3aBHCHMOCTH
MexJy YHCcAaMH NoAo6HsA ycTaHaBJHBaeTcs BTOPOf TeopeMol mogoGHs.

B paccMoTpeHHBIX BHIIUE CAYYasX 3ajaBanack CKOPOCTb TeYeHHS KHAKOCTH
Ha BXoJe, TOTJla KaK mepenaj AaBJeHHH onpeleNsics CAMHM NpOTeKaHHeM sB-
JIeHHsI, HJIH, HHAye TOBOPS, OKa3wBalcs (pyHKuueil npouecca. [IpH 3ajaHuK CKO-
POCTH IJsi peaJH3allHH O/HO3HAYHOrO MpOTEKaHHS Mpolecca ABHKEHHA YyHCIO
Peiinoasiica Re oKa3blBaeTcs COCTABJEHHBLIM LENHKOM M3 BeJHUHH, BXONAULHX
B YCJAOBH# ORHO3HauyHoCTH. [To3TOMY OHO fIBAfETCA ONpeedOUHM YHCJIOM MO-
Io6ua (KkpuTepHem nofo6us). Hanporus, uncno Dinepa Eu, BKaioyatomee B ce6s
nepenaj AaBJeHHH, OKa3nBaerTcsa OINpeLessaeMbiM,

Cornacuo tperbeil Teopeme NofoGua ycloBHsA, HeoOXoNMMBIE H IOCTATOYHEIE
Ias toro, urtoGH ABa nmpouecca GLIIM MOZOGHBIMH, 3aKJI0YAlOTCA B paBeHCTBE OM-
pedensiowux uHcesn nofoGus. HMrak, ycnosmne

Re’ = Re” (2-27)
onpegensier nojo6ue ruipoMexaHHyecKuX TeyeHHH B cucTemax, MOMEYeHHLIX HH-
gekcamMi ' u ‘', OZHHaKOBOCTb ONpefesdeMblXx 4HCEJa MOJZOGHA '

Eu" = Eu”

nojyyaercs Kak cle[IcTBHe yCTaHOBMBIIErocs nofoGHs.
YpaBhenue nofo6us (2-26) wenecoo6pa3Ho 3anHchiBaTh B BHAe 3aBHCHMOCTH
onpejenseMoro uHcaa nofobus oT onpejensiouero

Eu ={(Re). (2-28)

2-4, NOAOBME NPOLLEECCOB KOHBEKTMBHOIO TEMJIOOBMEHA

I[Mpoiecchl TemJaooOMeHa NpPH BHIHYKAEHHOM JBHIKEHHH TeIJIOHO-
CHTeNsl H TPH cBOOOJIHOH KOHBEKLHH MPOTEKaloT no-pasHomy. Pasmuu-
HEIMH OKa3BIBAIOTCH TaKxKe uucad nofobus st 3THX npoueccos. [los-
TOMy 3TH JBa CJydas TemaooOMeHa Ienecoo0pasHO paccMaTpUBaTh
BHavaJjle pasjesibHo,

1 3aMeTHM, YTO YCJIOBHA OAHO3HAYHOCTH B Pa3/HYHBIX 3ajayax MoryT ¢op-
MyJaHpoBaThca pasHeiMH crocoGamu. Ilpu nepemene GopMyAHPOBKH omnpelessito-
IUMH MOFYT CTaTh ApyrHe yncaa nofobus. ChefoBaresbHo, NOHATHE €ONpeLesiio-
mee yuclao nmoloGusm» He ecTh CBOACTBO, NMpPHCYIlee ONpeleleHHOMY YHCHY MO-
no6ua, Taxk, Hanpumep, B pacCMaTpHBaeMOM Npouecce TeYeHHs KHAKOCTH OLHO-
SHAayHOCTL NBHIKEHHHT MOXeT OHTh ofecmeyeHa TaKxKe 3aflaHHeM MOJHOTO Tnepe-
naga naaneuuﬁ Ha KOHI@X KaHaJsa, Torja KdK CKOPOCTb TEUEHHsS H pacxoh oKa-
®yTcsa (yHKuue# npomecca. IIpH STOM onpefessioUlHM OKaMKeTCcd HHOE YHCJIO

nogoGusa:
Vﬁ Re = ﬂ L 1
poow
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YcaoBua noao6us KOHBEKTHBHOrO Tenuoo0MeHa NMPH BBIHYMJIEHHOM
ABHXMEHHH TemyioHocuTeas. Ha mpakThke BcTpeuaercsi 6oJblLIOE YHCJIO
pasHooOpasHBIX 3ajdu, B KOTOPLIX TeNJOOGMeH NPOHCXOJUT B YCJIOBHSX -
BBIHY/IEHHOTO [BHKeHHs TelioHocHTeqas. OHH pasnuyalorcs mo reo-
MeTpHUYecKo# ¢opme H KOH(HrypalHH CHCTeM, B KOTOPHIX MpOTeKaer
npolecc TemyooOMeHa, MO KHHeMATHYeCKOH KapTHHe W peKuMY Teye-
HHS MOTOKA. Pa3inuHbIMH MOTyT GbITh TaKKe CaMH TENJIOHOCHTEIH —
KHAKOCTH M rassl. OflHaKo 1J1sl BCEX TaKHX MNPOIECCOB YCJIOBHS MOJO-
6us umeloT eIMHOOOpasHblfl, YHHBepCaJdbHBLIH BHI, ONpelessieMblii Teo-
puell nonobus.

Ilpexne Bcero mofoOHBIMH MOTYT ObITb JIMIIb MPOLECCH TENJa000-
MeHa, NpoTeKaiollHe B TreoMeTpHYECKHM MNONOGHEIX cHcTeMax. [lasee
HeoOXOJHMOl TpeAnoChIKOH NoA06HA A0MKHO OHTh nozobue nosei
CKOpOCTH, TeMIeparyp H JaBJieHHH BO BXOJHOM HJH HadyaJlbHOM Ce-
9eHHH TaKuX cHcTeM. [Ipu BHINONHEHHH 3THX YCJIOBHHA CTalMOHApHBIE
npolecchl KOHBEKTHBHOTO TelJIooOMeHa INPH BHIHYMKJEHHOM JBHXKEHHH
6yAyT nofo6HBI, eC/IH BHIIONHAETCA YCJIOBHE:

Re = idem; 9.99
Pr = idem. (225
Uucsio Peiinonbaca [cMm. ypaerenue (2-24)] onpepensier ruppowme-

XaHHYecKoe TMojo6He TeueHHH TelJOHOCHTeNeH:
Hows B2t (2-30)

v

rje @, — XapakTepHas, OOLIYHO CpPeNHSSI CKOPOCTh MKHAKOCTH HJIH
rasa B HayaJbHOM CEYeHHH CHCTeMbl; | — XapakTepHbIl reomeTpuye-
CKHil pasMep CHCTeMbl (HampHMep, AHAMeTp KaHajia, JJHHA TJIacCTHHHI
H T. 1.); v — KHHeMaTHUecKHH KO3(pdHIHEHT BASKOCTH TEILIOHOCHTEJIS.

Uucno Ilpanarna senserca TenJopH3UYeCKOH XapaKTepUCTHKOH
TenioHocuTeIs. OHO COCTaB/JeHO JHIIbL M3 (PH3HYECKHX NapaMeTpOB:

Pr:”—:‘—’— an Pr=—- (2-31)

[tak Kak v = p/p u a = Mcypl, U ero uHc/eHHble 3HAYeHHs TNPHBO-
IAaTcH B Tabnuiax.

[Ipu paBeHcTBe uyHcesn Re ycioBHe ofMHaKoBocTH 4uces Pr oGecre-
yyBaeT TeNJIOBOe MoJ0o06He, T. e. Noj0OHe MoJed TeMnepaTypHHIX Ha-
HOpOB H TelJIOBLIX IMOTOKOB BO BCEM obbeMe paCCManHBaeMle CHCTEeM.

CorJjiacHO TeOpHH MOAOOHA Yy NOAOGHBIX NPONECCOB AOJKHBI GHITh
OJMHAKOBEI TaKKe H ONpelesiseMblé yHCIa MoAo6Hs. B mpomeccax koH-
BEKTHBHOI'O TEHﬂooﬁMEHa B KauecTBe OlpeaeisaeMoro BBICTYIAeT 4YHCJI0
Hyccenbra Nu, XapakrepHaylolllee HHTEHCHBHOCTb IpoOIlecca KOHBEK-
THBHOI'O TeIoo6MeHa:

Nu=2L, (2-32)
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rie o — Ko3gbulHeHT TennooTnauH; [ — XapakTepHbll reoMerpHue-
ckuil pasmep; A — K03hHIMEHT TEIONPOBOJHOCTH TEIJIOHOCHTEN .

Hrak, yciaoBus (2-29) npeacraBisior cofoi yclIOBHA HHBapHAHT-
HOCTH (OAHMHAKOBOCTH) ONpelensfilOMIHX yuces nonobusi. ATuM obecre-
yuBaeTcsi mojoGue mpoieccoB. MHBapHaHTHOCTL ONpEJENISIEMOro YHCJIa
nofo6usa (uucsaa Nu), T. e. COOTHOLIEHHE

Nu= “T’ — idem, (2-33)

ABJASETCH CJAEJCTBHEM YCTAaHOBHBIIEI'OCH nopo6us.
ypaBHEHHe noxo6us s NponeccoB KOHBEKTHBHOI'O TellsIooOMeHa
MIPH BBIHYXKICHHOM JIBHXKEHHH TeIJIOHOCHTEeNd HMeeT BHI:

Nu=f(Re, Pr). (2-34)

[TpusefenHble BHINE YCTOBHA NMOJOGHA OnpeleaslOTCA NMyTeM aHalli3a Mmare-
MATHYECKOro ONnHCaHH4 npoueccoB KOHBEKTHBHOro Tennooﬁme}la. HPH BBIHY XJACH=-
HOM JBHXEHHH TENJIOHOCHTENs TFHAPOMeXaHHYyeCKas KaprHHa TEyeHHA He 34aBH-
CHT OT Te!!..‘]()(IIﬁME'Ha1 Il03TOMy YCJAOBHA THAPOMEXaHHYECKOro HO,T.IOGHSI ABJAKTCA
Heo6X0IHMOH NpelNnoCHIIKOH TenoBoro nolob6usa. DTH ycJOBHS YxKe 6LlIn pac-
cMorpennl B § 2-3. Onu cBofarcest K NOJOGHIO noneil cKopOCTH H AaBJIeHHs BO BXOJ-
HOM Ce4YeHHH CHCTeM H K BbINONHEHHIO YCJIOBHA

Re = idem.

PaBeHcTBO uHcen Re BHITeKaeT H3 ypaBHEHHS CBfI3H MEXAY MOCTOSHHBIMH
nogoGus (2-22):

Cpluli/ep =
[TosToMy 3llechk OocTaeTcsi pacCMOTPeTh Te NONMOJHHTENbHBIE YDaBHEHHS CBA3H

MexRAY HOCTOFIHHHMH nopo6us, KOTOphle OonpeiensaoTcsd ypaBHEHHEM TEmJaomnpo-
BOOHOCTH

ot ot o 0%
CpPWy — + Cppw =X (— —) (2-35)
P T Y oy T "o T g
H ypaBHEHHEM TEemJI00TAauH
o= — _r (_@_t_.) . (2-36)
tc S— t;x on

n-0

B 3TH ypaBHeHHS TeMnepaTypa BXONHT JHUIb TOJ 3HAKOM NMPOH3BOXHON HJH
B BHJIe Pa3HOCTH. DTO 03Hayaer, 4TO AJs NPOLECCOB KOHBEKTHBHOTO Tenaoobmena
CyIlecTBEHHH JHLIL PAa3sHOCTH Temmeparyp, a He abconoTHele spayenus. [los-
TOMy cJIeflyeT paccMaTpHBaTh NoAOGHE TEMIEPATYPHBIX HANOPOB v, OTCUHTHBAN
TeMnepaTypy oT (GHKCHPOBAHHOrO ee 3HAUEHHS B YCJAOBHAX OfHO3HauyHocTH. s
BBYX NOKOGHLIX npoueccos Temaoo6MeHa Ha ocHOBE o6uero onpefeneHus moaobus
HMeeM:

Vv =cy M =g cle,=c, i plp =c, ala =cy;
p (2-37)

w”/wl p— cw

! Tlpu ycnoBHH, YTO H3MEHEHHE (PH3HUECKHX CBOMCTB TENJIOHOCHTENA B mpe-
flenax Tex TeMHEpATYpPHHX NMepenajgoB, KOTOPble HMEIOTCS B NOTOKe, KOJHYECT-
BeHHO HeBEJHKO H 3TOT 3hheKT MOKET He YUHTHIBATHLCS.
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BO BCeX CXOJCTBEHHBIX TOUKaX CHCTEM, ONpelesifeMbIX YCJIOBHEM
xﬂ/xf -— y.'f/yr — l”/l’ - C[. (2'38)
3mecy  ¢y,0y, . - -, € — TIOCTOSIHHBIE UHC/IA.
Teneps 3anuweM ypaBHenus (2-35) u (2-36) ana xaxmoro npouecca:

IR ab” —|-c” p"w" LAY (6‘1‘3” %"\ | (a)
pp x ax” 4 b ayfr axﬂg ayﬂg)
aﬁz__ﬁJ;T_(%”) ; (6)
tc_tm on n"—=0
ooy VA | *Y 9%
wl, P g il i g (22 .
PE gy e Wy oy’ (Bx’2 + ay’z) (8)
P A’ (aa' ) o
A ’ ' r
te—Ix an n'—0

Bhipa3um Bce BeqHUMHBI ¢ HHAEKcOM '’ yepe3d nocrosiHHbe NOROGHA H BeJH-
YHHH ¢ HHOeKcoM ' H3 ycaoBHi# (2-37) n (2-38), T. e.

” ’ " ’
b =cydy  x =
H T. A., H NOJACTaBHM 3TH 3HaueHHs B ypaBHeHHd (a) u (6). Torna noayuum:

Cc cc C“ Y o
p P w (cf lwr d " cr Jw: a ) o
( ¢ ) ; pp x dx’ ! Pp y ayr )

CyC 28 7 287
- Nt w(a“ aa); . (2-39)
& L ox? | oy
A a3’
Caltie= - _...Q'__._M__’_v(_é_’) ) (2-40)
¢ fo—1ly M/ pean

Tenepb BHAHO, 4TO /IS BEJHUYHAH C HHIEKCOM ' HMEIOTCS JBe Naphbl YPaBHEHHI:
() u (r) u (2-39), (2-40), KoTOpHle CBA3LIBAIOT OAHH H Te ke nepemenuse. [1oa-
TOMY 3TH ypaBHEHHA NOJKHH OHITh TOMACCTBEHHBI IPYr NPYry. Y paBHeHHe Temn-
nonpoBoAHOCTH (2-39) cTaHeT TOXKIECTBEHHBLIM YPaBHEHHIO (B), €CHHM MHOXKHTENH

ccpcpcwc{;/cf H ckcg,lc? 6ynyT paBHH Apyr Apyry. OTMeTHM, 4TO KaMKAHH H3 3THX

MHOXHTeJMell npefcraBisger co6ofi MOCTOAHHYIO MOAOGHA AJA TEILIOBOrO NOTOKA
B CXOJICTBEHHHIX TOUKAX TemJoHocHTedeH. MHOXHATENb ¢, ¢ ¢ ¢ Jc; ©CTH HOCTOAH-
popT WV

Has nofobus Ans TeNnJIOBOro norokKa, nepeHocuMoro KOHBeKLUlel‘:!, a4 MHOXKMUTENb

chv/cr‘; — TO e AJAd TeNJOBOTO NMOTOKa, MepeflaBaeMoro TemioNpoBOAHOCTLIO.
[TosToMy paBeHcTBO

ccpcpcwcﬂ/cl =0 ,)/c% (2-41)

ABJAeTCA YCAOBHEM TemnoBoro nofobus. OHO NOKA43kIBAET, 4TO Y NOJOGHBIX Term-
JOBHX MPOLECCOB MHOMKHTENH MOAOGHOrO Npeo6pasoBaHHsi TEMJIOBHIX HOTOKOB
YUCMeHHO OJHHAKOBH., DTO PABEHCTBO MOXKHO NepenHcaTh TaKike B BHJE

ccp"u/% =1, (2-42)
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€CJaH COKpPaTHThL OXHHAKOBbie BEJHYHHBI H MOCTOSAHHYIO Cy BHIPA3HTh H3 ypaBHe-
uHus (2-22).
ToxgectBenHocTs ypaBueHuil (r) n (2-40) BrimosiHsieTcss NPH YCJAOBHH

cocifen=1. (2-43)

Cootnowenus (2-42) u (2-43) mMoxHO HpedcTaBHTh TaKke B HHOM, Golee
yAoGHOM BHIE, €CclM BMECTO NMOCTOSHHBIX NOAOGHA NpPefcTaBHTb HX 3HAYEHHA H3
yeaosuii (2-37) u (2-38) u 3arem BeJHYHHBl ¢ HHJAeKcam# ' ¥ '’ crpynmupoBarh
COOTBETCTBEHHO B JMeBOH H npaBoft yactax papeHcrB. [IpH 3TOM NMOCTOAHHAS Cg
MoxeT GHTH NpelcTaBlieHa Yyepe3 OTHOLIEHHe CpPelfHHX Ko3(QOhHIHEHTOB TEIJo-
OTAAYH:

Co = C—cf.’fc—cf'
Torga monyunm:
/A = c /A = Pr = idem; (2-44)
a/ '/ =a"l"/N = Nu = idem. (2-45)

Yucno Ilpaunaraa Pr cocraBineHo H3 (QH3MYECKHX NapaMeTpoB, 3ajaBaeMBbIX
B YCIOBHAX OJHO3HAYHOCTH, 3T0 — oOfpelensiomee yHcao nogobus. Yucao Hye-
cenbta Nu cofepxHT Kod(dHUHEHT TenaooTAauH, ABagomuiics yuxnue npo-
necca, 3T0 — OMNpeJieITeMOoe YHCJAO MOJ0GHA.

Takum o6pasoM, Ha ocHOBe TpeTheil TeopeMbl nofofus paBeHCTBO yHcen Re
n Pr o6ecneynBaer mojo6He NpoIeccoB KOHBEKTHBHOTO TenJoo6MeHa NMPH Bhi-
HYxJeHHOM ABHkeHHH. OxMHaKOBOCTh uHcen Nu siBAsieTcsl caelcTBHeM YCTaHO-
BHBIUErocs NOAo6HA.

YcaoBusi nojoGHst NpoleccoB Temaoo6MeHa Npu cBoGOAHOM KOHBeK-
uuH. [Tporecc cBoGONAHOH KOHBEKIIHH BO3HHKAeT H3-3a PasJIHYHS IJIOT-
HOCTeH HarpeThiX H XOJIOAHLIX YacTHIl TenJioHocHTelds. Jljist GoJbIHH-
CTBa TENJIOHOCHTeNel B TOM HHTepBale TeMnepaTyp, KOTOphIH OOLIYHO
BCTpeYaercsl Ha MpakTHKe, 3aBHCHMOCTb IJIOTHOCTH OT TeMIIepaTyphl
C JIOCTaTOYHBIM TPHOIMKEHHEM MOKET pacCMaTpHBaThCHd Kak JIHHe-
Hasi. Tax, ec/H BIasH OT HArpeTOro Teja TeMiepaTypa TemJOHOCHTE s
cocTaBisier f,, a B HEeKOTOPOH TOYKe OKOJIO NOBEpXHOCTH paBHa [, TO
COOTBETCTBYIOU[HE 3HAYeHHA TJIOTHOCTH P, U P CBHA3aHB ypaBHEHHeEM

P=px [1—B (=11, (2-46)
rie p — remnepaTypHbiii KO3QdHIHEHT OOBEMHOr0 PaclIHpPEHHs CPEBI.

Tak kak p<Ip,, TO Ha YacCTHIBI HArPeTOH JKHUIKOCTH, HMEIOIIef
TeMIeparypy f, AeldCTByeT NoAbeMHasl apXHMelOBa CHJIa, PaBHAsA:

ITa cHJA H BLI3bIBAET KOHBEKTHBHOE IBHXKEHHE Cpelbl.

W3 ypasHenus (2-47) caenyer, u4to moaveMHas cuiaa 6ygeT TeM
Gosibllle, 4eM BhIlle 3HAueHHe CJeYIOUHX BETHYHH: HAI PSKeHHOCTH
IPaBHTANHOHHOrO TOJA g, TeMiepaTypHoro KoaddHimeHTa 06-eMHOro
pacuinpedust f§ W TemMnepatypHoro Hamopa Af.

[Ipoureccel cBOGOJHON KOHBEKLHH LIHPOKO PaclpoCTpaHeHbl B pas-
JHYHBIX 00JacTSIX cOoBpeMeHHOll TexHHKH. OJHaKO HecMOTpsi Ha pas-
HOOOpa3ue NMPaKTHYECKHX CXeM HX OCYINeCTBJEHHS, NS BCeX TaKHX
TMPOLECCOB YC/IOBHS NMOAOGHS HMEIOT yHHBepcasbHBI BHJ, onpenes-
eMblii TeopHel nojobHS.
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[Mpexkae Bcero NOAOGHBIMH MOTYT OHITH TIPOIECCH, IPOTEKalolye
B reoMeTpHuYecKH MOf0GHbIX cHcremaXx. [lanee HeoGXxoaumoii mnpenro-
CBIIKOH 110400Us1 TpoLeccoB TeniooOMeHa NpH CBOGOAHOA KOHBEKIHH
IOMKHO ObiTh Mofo0He TeMiepaTypHHX IMoJell Ha NOBEpXHOCTAX Ha-
rpeBa WiM oXxJaxJeHHs. [IpH BHINOJHEHHH 3THX TpeCoBaHMi cTalHO-
HapHbIe nponecckl cBOGOAHOH KOHBEKUMH OYJIYyT NOAOOHBI, €C/H BHINOJ-
HAIOTCA YCJIOBHA:

Gr = idem; (2-48)

Pr =idem. (2-49)

Uncno Gr XapakTepH3yeT OTHOCHTENbHYIO 3(eKTHBHOCThL MOLLEM-
HOi CHUJIBl, BhI3biBaiollell CBOGOAHO-KOHBEKTHBHOE [BHKEHHe Cpelbl;
OHO HMeeT BHI:

Gr=gBAtvi:-, (2-50)

rje g — ycKopeHHe CBOOOJHOrO majeHHsA; [ — TeMmepaTypHbIi Ko-
sdpHLIHEHT OOBEMHOrO pacluiupeHHs cpelbl; Af — xapakTepHbIfi TeMm-
nepaTypHblii Hanop; [ — XapaxkTepHbIH JHHEHHBI pasMep CHCTEMb;
v — KHHEMaTHYeCKHH KO3(HUIHEHT BS3KOCTH.

Uucso Pr aensercsa TenyiopH3HYeCKOH XapaKTepHCTHKOH TelOHO-
CHUTEJA:

Pr=1t%_—~. (2-51)

Yenoeusa (2-48) u (2-49) obecneunBaloT nozobue NpOLECCOB CBO-
GoaHON KOHBeKUHH, T. e. nojobHe mnojeH TemIepaTypHBIX Hamnopos,
TENJIOBLIX NOTOKOB H cKOpocTefl B reoMeTpHYeCKH MOXOGHBIX CHCTeMax.
[lpM BHIMONHEHHH STHX YCJOBHH oONpefessieMoe YHCIO NOA0GHS —
uyucsio Hyccenbra Nu — Takike OKasbiBaeTcst OJHHM M TeM e B Ta-
KHX CHCTEeMax:

Nu = % = idem. (2-52)

YpaBHeHue nofo0Husl AJs TPOLECCOB TennmooOMeHa NpH CBOGOAHOM
KOHBEKIIHH HMeerT BH:

Nu =/ (Gr, Pr). (2-53)

BriBoj uncen mofo6Hs MOMKHO MOJNYYHTh H3 aHa/lH3a MaTeMaTHUYECKOrO OIH-
CaHus npomeccoB cBoGOAHOH KonBeKnHH. B TaKHX npoueccax rujipofinHaMuyecKas
H TeNJoBas CTOPOHH ABJAEHHS OKa3hBAlOTCA B3aHMMOCBsS3aHHLIMH.

Cucrema auddepesunanbHbX ypaBHeHHil Ias npoueccoB cBoGONHOR KOHBEK-
IHH HMeeT BHI:

ot ot (ot o\,
CpPpwy % +cppwy6_y_l(6—.'c;+_d_y?)’ (2-54)



0wy owy ap 0w, éﬂw,,
-+ pw = — pgPB(t —itg) —— —_— ; (2-55)*
pwx oy pgh( ) P H( Py -+ o7 ) (2-55)
owy dwy
— 1+ —= =0. 2-56
e " (2-56)
KosdgpunueHt TenaooThaun onpenensercs ypaBHEHHeM
A it
— (6_) _ -
le—ix \ 0N [n->0

B atn YpaBHeHHA Temneparypa { BXONKWT JHIIL B BHJIE TIPOH3BOJAHBIX HJIH
pasHocreil, a JlaBjieHHe p — B BHJle NMPOH3BOAHOH. ITo 03Hayaer, yro ANA NPO-
mecca CYuleCTBEHHB! JHIIL TeMNlepaTypHble HAnopel % W nepenaisl Rasaexuil Ap,
nopo6ue moJeidl KOTOPHIX H cJejyerT paccMarpHBaTh NpH GopMyJaHpoBKe moaobus
nponeccos. Cornacho ofuleMy onpellefieHHI0 NOXOGHS ANs JBYX NMOJOGHBIX Ipo-
1eccoB NOCTOSAHHEIE NONOGHSA

ﬂl’/&f — C{); wﬂ'/wf — Cw; Apll,'lApf _— cAp; a”/af —_ ca; (gﬁ)ll/(gﬁ)! _— Cgﬂ
H aHaJOTHYHO INA pH3HYECKHX NMapaMeTpoB
Cpi Cepi €M Cn (2-58)

BO BCeX CXOJCTBEHHBIX TOUKAaX CHCTEM, oIpelenasseMblX YC-HOBH&M‘
x”/xl f— yﬂ/yf f— l”/‘t( — CI,

ecTh NOCTOSIHHBIE YHCAaE.

Ilanee, moctynas COBepPUIEHHO TaK e, KaK H B MpelbAywWwHX cayyasx [r. e.
3anuceIBas cucTeMy ypabHeHH# (2-54) —- (2-56) anga 3THX ABYX mpomeccoB H 3a-
MeHSS B OJIHOH H3 HHX BCe BeJIHYHHH, BHIpaMKEHHLIE yepe3 NOCTOSHHBIE NOZOOHS,
Ha COOTBETCTBYIONHE BEJHUHHBI JJ151 BTOPOH CHCTEMBI ], B HTOre MOJYuaeM YCIAOBHA
CBSI3H MEKAY NOCTOSHHLIMH NoXoGHs.

VYpaBuenne tenaonposofHoctd (2-54) NPHBOIHT K yKe H3BECTHOMY YCJIOBHIO
TENnJoBOro nopobus:

ccpcpcwc,)/cl = ckc;}/c?- (2-59)

B ypasuenne apuxenus (2-55) [mo cpaBHeHHI0 ¢ ypaBHeHueM (2-16), pac-
CMOTpeHHLIM paHee] NOMOMHHTENBHO BXONHT MOABEeMHas cuia. [loatomy paHee
nosyuyeHHoe ycJa0BHe NHHaMHYecKoro nonoGus (2-21) temepb BKJAKOYaeT emie OIHY
BeJIMUHHY:

eiedfe =g a0y =ty le ool (2-60)

Ypasnenue HepasdpuiBHocTH (2-56) He NXaer, KaK H paHblue, OrpaHHueHHR
Ins Bbi6Opa NMoCTOSHHLIX Noflo6us. M3 ypasnenus (2-57), Tak ke Kak U B cayyae
BBIHYKACHHOTO IABH)KEHHS, HMeECM:

6, = G/c,. (2-61)

2
Tenepn npeo6pasyem nonayuennse cooTHowexns. U3 ycaosus (2-59) caenyer:
ccpcpcwci/cl =],

* H])OEKL‘LHH YPaBHEHHS JIBHXKE€HHS HA OCh Y IJAs NPOCTOTHl 3JeCh HE BBHINH-
CaHa, 910 He NPHBOAUT K OrPAHHYEHHIO OGIIHOCTH BHIBOJOB NIPH aHAJH3€e YCAOBHI
nojo6r.a. B ypaBHeHHH NBHKEHHS p eCTh TA YacTh MOJHOrO faBjienus P, Koropas
He cBf3aHa ¢ CHAPOCTATHYECKHM IPHPOCTOM IaBJAEHHH pcp B COCTOSSHUH IOKOS,
KOrjla Bo Beeil cucTeMe Temneparypa fy NOCTOSHHA W MJOTHOCTh PaBHA Py. HTaK,
P = P—per, The 0per/0x = guPx.
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YcnoBue AuHaMmHueckoro mnojo6ua (2-60) mocne nomapHoOro paccMOTpeHHs
paBeHCTB JaeT TPU COOTHOMIGHHS:

2 3 . —
CpCapCofi/Cpe = 1 cpcwc,,/.ci‘l =1 cpplclapcofy = 1.

[MockoabKy B mponecce cBoGoAHON KOHBEKIHH CKOPOCThL ecTh GyHKUus mpo-
necca, meaecoo6pasHo HCKIOUHTh KOHCTAHTY NMOJOGHA Cp H3 OCTAJALHBIX COOTHO-
WeHHI, HCNONB3YA DABEHCTBO CplwC/cy == 1. Torla uerhipe NpeibAYIIMX CO-
OTHOWIEHHS MepenHyTcs B BHIE

ccpcu/c,_ =1; (2-62)
2
4} egplas = 1; (2-63)
€
1
cpcwcr,’cu: 1; (2-64)
cﬁp/clcgﬂcpcs =1 (2-65)

U, nakonen, ycnosne (2-61) sanuiem B BHIE
col,le, = 1. (2-66)

[Moacrasass B ypaBHenns (2-62) — (2-66) BMeCTO NOCTOSHHBIX Nofo6HA HX
3HauUeHHS H3 ypaBHeHHA (2-58), mmeem:

e I = cou' /] = Pr =idem; (2-67)
g'prat i: = g" p"At" C—:: = Gr = idem; (2-68)
wl' v = w"l"/Vv'" = Re = idem; (2-69)
Ap'jp’g B AFL == Ap”[p"g"B" At"l" = idem:; (2-70)
a'l'/A = a”l"/h = Nu = idem. (2-71)

Uucna IMpauaras Pr u Tpacropa Gr cocraBneHs! M3 BeJHYHH, 3aJlaHHBIX
B YCJOBHAX OJHO3HAYHOCTH; 3TH 4HCaa NMOA0GHA fABJKIOTCA ONpPeAeNIIOUIHMH L4
npoleccoB TenjJoo6meHa npH cBoGoXHo# KonseKnuH. OcralbHBlE TPH YHCHA MoO-
nofug colep:kaT BeJHUHHBI, fBJASIOUHecH (yHKUHeil nporecca: CKOPocTh w, me-
penax jgaBiednit Ap u KosbQHIHEHT TENNOOTAAYH &; 3TO OMpeleseMble yHCIa
nojo6us. CornacHo Tperbed Teopeme MoAo6HA HX HHBAPHAHTHOCTbL fABJAETCH
cnelACTBHEM YCTaHOBHBLUeroca Nofo6GHsa, ecaH ofecmeyeHa OAHHAKOBOCThH (HHBa-
PHAHTHOCTb) ONpeleNnsaomWuX ukcen nofobus (Kpurepues mopo6ma): Gr um Pr.

HutencuBHoCcTh TemaooTAaun onpefedsercs uuciaom Hyccenbra Nu, nos-
TOMY ypaBHeHHe mojxo6us Aag TemnooTAayd NpH cBOGOXHOH KOHBEKIIHH HMeer
BHI:

Nu =f (Gr, Pr).

JlBa ocTalnbHBIX ONpeNeNseMbIX uHcna MoAo6Hs H3 ypaBHeHuit (2-69) n
(2-70) xapaKtepuayioT THAPOMEXAHHUECKHE BeJHUYHHB — CKODOCTH H mepenajsl
JaBnexuil, BO3HHKalomMe B mnponeccax cBoGoanoi Kouseknuu. O6a 3TH uyHcaa
nofo6Ha Takxke apagwred Gynkuuamu Gr u Pr. ITosroMy And KaJAOro M3 HHX
MOTYT GBITh 3allHCaHBl CBOM ypaBHeHHS NMOJOOGHSA TAKOro JKe BHAA, KaK ypaBHeHHe
nojfo6ug ans rennoo6MeHa (2-53). OTH ypaBHEeHHS celyeT NPHMEHATh AAS 0606-
UleHHS OMBITHBIX AaHHBIX NO THIPOMEeXaHHUECKHM XapaKTepHCTHKAaM I pOIeccoB
cBoGoANON KOHBEKIHH, ec/lH 3Ta CTOPOHA Npolecca NpeicTaBasferT TaKxe HHTe-
pec aag mpakTHKH. OOHAKO O6HUYHO 3TH CBeJeHHT HeOGXOZHMLI MpPH pPeIIeHHH
NHWB HEKOTOPHIX CreuHalNbHBIX 3ajgad.
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YcioBHs1 nojoGHusi NPoUeccoB KOHBEKTHBHOIO Ten000MeHa Npu COB-
MeCTHOM CBOGOAHO-BBLIHYXIEHHOM IBHXEHHWH TEMJOHOCHTeNsl. AHANH3
YCIOBHH NMOAOGHSA pasfeNbHO JUIA Cy4aeB BBIHYMKAEHHOTO JIBHKEHHS
H cBobGojHON KOHBeKUMH Obln npoBeled Boille, Ha npakrtuke, olHako,
BCTPEYAKTCA TaKiKe caydyad, Korja OJHOBPeMEHHO C BBIHYXKIEHHBIM
JIBUXKEHHEeM B cHCTeMe [0J, JeHCcTBHEM MOLLEMHBIX CHJI Pa3BHBAlOTCA
TOKH CBOOOIHOH KOHBEKLHH, T. €. HMeeT MeCTO CBOGOAHO-BHIHYKIEHHOE
TeueHHe TelJIoHOocHTe . B TakoM 0omee CJI0KHOM caydae As BEIIOJ-
HeHHsl YCJIOBHH mnoJo0Hsi npoueccoB Heo0XoJAMMa HHBapHaHTHOCTb
(OMMHAKOBOCTh) YiKe He JBYX, a TPeX ONMpele/siiouuX YHcea nmojaobus:
Peitnonbiaca Re, I'pacropa Gr u Ilpanataa Pr. CoorsercTByioinee
ypaBHeHHe TNOROOHA 15 TEeMJOOTAa4yd MPH COBMECTHOM CBOGOAHO-BbI-
HYXJIEHHOM JABHXKE€HHH NPHHHMAaeT BHJI:

. Nu=f(Re, Gr, Pr). (2-72)

D10 ypaBHeHHe NoOgoOHs MpeacTaBiser coboil ofliee COOTHOLIEHHE,
M3 KOTOpPOro cootHollenus (2-34) u (2-53) BbITEKAOT KaK 4YacTHHIE Cay-
yan. Korza BiausHHE NMOXBEMHBIX CHJ, Xapakrepuayemulx uucaom Gr,
rnepectaer GbITh CYLULECTBEHHBLIM, B ypaBHeHUH noao6us (2-72) sto yHcI0
MOXeT GhITh OMYIIEHO H OHO MEPEXOAHT B ypaBHeHHe (2-34). Hanportus,
KOrjia BBIHYIKJIEHHOE JBHXKEeHHEe HPEKP&HJ,&ETCH, YHUCJIIO RE rnepecraer
ObITh ONpefejsiolUM H H3 ypaBHeHHs (2-72) monyyaeM ypaBHeHHe
(2-53).

Ilpu coBmecTHOM cBOGONHO-BLIHYMKAEHHOM ABHXKEHHH THApOMexa-
HHYECKHE H TeIllJIOBhIE l'IleLECCbl B3aWMOCBfAI3aHbI, MMO3TOMY GHPEJIEJIHG-
Moe uucso nonobusa Diyiepa Eu MOXKHO npencraBuTh B BHIe

Eu= ¢ (Re, Gr, Pr), (2-73)

T. €. OHO ABJAeTcA QYHKUHEeH Tex Ke OnpelenfAlOUHX YHCcea nonobus.
[IpuBenennble Belllle YCJIOBHSA MOJAO0HST OTHOCATCS K CTAUHOHAPHBIM
fnpoueccaMm KOHBEKTHBHOI'O TenjoobMeHa. ﬂ.ﬂﬂ HeCTallHOHAPHEIX IIPO-
LIECCOB, T. €. MPOLECCOB, H3AMEHSIOMIUXCA BO BPeMeHH, HeoOX0LHMO J0-

6aBUTH elle OJHO YCJIOBHE, ONpeje/sionee BpeMeHHOe mojo6ue npo-
IIECCOB:

Fo= ‘;—: = idem, (2-74)

rie a — Ko3(pHLUHEHT TeMnepaTypornpoBOJAHOCTH KHAKOCTH; T -—
BpeMsi: [ — XapaKTepHHIH reoMeTpHYeCKHiH pasmep.

Uucno nonobuss Fo HaswmBaT 4uciom PLypse.

Yucna nopodus u ypasHeHusi nopoGus. IToxBeseM HTOrH aHaH3a.
[Ipunioxenue Kk mpoleccaM KOHBEKTHBHOIO TenuooOMeHa OOUIHX TNPHH-
UHIIOB Y4YeHHs O MOJ0OUH (PH3HYECKHX SBJEHHH NO3BOJAET YCTAHOBHTh
yCI0BHA, onpelensiolHe 1oao0He 5THX MPOIeccoB, H MOJYIHTh ypas-
Henus nopobusa (2-34), (2-53), (2-73), KoTopble CHYKAT OCHOBOH IpH
0606IIeHHH OMBITHBIX JaHHBIX H MOJEIHPOBAHHH TEIIOBHIX MPOLECCOB.

HHuorna npu oGoGiieHHH 3KCIEPHMEHTANbHBIX JAHHBIX IO TerJIo-
O0MeHy B KauecTBe UHCes MOJA0GHSI INPHMEHSIOTCS HeKOTOphle coueTa-
HHs, o6pa3oBaHHble H3 YHCE], BXOAALIUX B OCHOBHOE ypaBHeHHe (2-72).
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Takue npeoGpasoBanuble yHcaa MOJOOHS HMEIOT CBOH Ha3BaHHA, NpH-
BeZleM OCHOBHEIE M3 HHX. :
Yucaom [Texse Pe uasbiBaeTcst npou3BeleHne uncesl Re u Pr:

Pe=RePr wuau Pe=-‘-zi, (2-75)

rje w — XapakTepHas IJs Ipolecca CKOPOCTb TEYEHHST TerJIOHOCH-
Tensi; [ — XapakTepHBIl reoMeTpH4ecKHH pasMep CHCTEMH; @ — KO-
(pHIHEHT TEMIIEPATYpPONPOBOAHOCTH TEIJIOHOCHTENS.

Yucaom Cmanmona St HaswiBaeTcsi 4acTHOe OT JelieHHs yhcaa Nu
Ha uynciao Pe:

St=Nu/Pe nan St=—2 (2-76)

Cppw '

rie o — KO(phHIHEHT TeNJoOTAaYH; ¢, — YAedbHas TelI0eMKOCTb
NpH MOCTOSTHHOM JABJEHHH TEIIOHOCHTeNs; P — IVIOTHOCTb TEIJIo-
HOCHTENSl; @ — XapaKTepHas CKOPOCTb.

[poussenenne uncaa Gr Ha 4Hca0 Pr HHOrAa HA3HIBAOT 4UCAOM
Penesa Ra:

Ra=GrPr nm Ra=gBAl-, 2-77)

rie g — yckopeHHe cBOGOZHOrO mnajeHHs; [} — TeMnepaTypHHIil Ko-
3duIHeHT 06beMHOTO pacllHpeHus TemJoHocHTedsi; Af — Xapakrtep-
HBIH TemmepatypHblit Hanop; [ — xapakrtepHell JHHeAHBI pa3mep;
v — KHHeMaTHYecKHH Ko3pdUUHEHT BA3KOCTH TEMIOHOCHTeNA;, Q@ —
KO3(pHLHEHT TeMIepaTypOnpPOBOAHOCTH TelJOHOCHTEs.

Ilpu ucrmonb3oBaHHHM 3THX 4Ydcel noJo6HA ypaBHeHHS mo106us
NPHHHMAIOT BHellIHe HHOM BHJ, XOTA MO CYIIECTBY 3TO JHIIb HHaf GopMa
3alHCH TOH 7K€ CAMOH CBf3H MEXKIY BeIHYMHAaMH.

INosicaum 310 Ha cnenyiotem npumepe. IlyeTh ATA onpeneneHHoro
npouecca TENNIOOTAAYH NPH BHIHYKIAEHHOM JBHKEHHH TEIJIOHOCHTENN
B UTOre 0600UIEHHS ONBITHBIX JAHHBIX [OJYYeHa 3aBHCHMOCTD

Nu=cRe" Pr",-

Tle > — MOCTCAHHBIH 4YHC/A0BOH KO3(MHLHEHT; fi H Ml — MNOCTOSHHbIE
NoKa3aTeNH CTeleHH.

Ecnu paspennts ofe yactTH 3TOrO ypaBHeHHS Ha BelduyuHy RePr,
TO €ro MOMHO 3amHcarh TaKxkKe B BHIE:

St=c¢Re" ' Pr™ .

Hakowner, BMecTo uncia Re B ypaBHeHHe MOKHO BBECTH BE&THYHHY
Re = Pe/Pr. Torna momyunm:
St = cPe"'Pr"™ "
$lcHO, UTO 3TH TPH COOTHOINEHHs MPEICTaBJSAT co6oi MpocTo TpH
pasHble (OPMBI 3alMCH OIHOH M TOH Ke 3aBHCHMOCTH. DTOT IPHMEp
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MOKa3blBaeT, YTO pasHble MO BHELIHeMY BHAY YpPaBHEHHs MOLOOHS,
KaK

Nu=f; (Re, Pr); St={fy(Re, Pr); St=/f,(Pe, Pr),

B JIeAICTBHTENBHOCTH MPEACTABJAIT JHIIL pasHylo (GopMy 3amucH of-
HOH H TOH e PYHKUHOHAJbHOH 3aBHCHMOCTH.

Ilnsi HecTauHOHApHHIX MPOLECCOB HHOTAA BMecTo uncaa Pypbe
NpUMEHSeTCH HHOe 4HCA0 NOJ00HA, HA3bIBAEMOE® HUCAOM 20MOXPOH-
nocmu Ho:

Ho=FoPe wumn Ho= % , (2-78)

rjie T — BpeMs.

Ycnopua nonobHs NpoLEcCOB KOHBEKTHBHOIO TermoobMeHa MOJY-
yeHbl B TIPEANOJIOKEHHH, YTO KO3(dHUHEHT TeNIoNnpoOBOAHOCTH A, KO-
spdULIHEHT BASKOCTH W U YAeJbHAfl TEIJIOEMKOCTb IPH MOCTOSIHHOM
AABJIEHHHU C, CPellbl MOCTOSIHHLL BO Bcel 06/1acTH MpOTeKaHHs Mpolecca.
B pefictBUTeNbHOCTH 3TH (pH3HMYeCKHE CBOHCTBA 3aBHCAT OT TeMmepa-
TYpBl, TpHYEM I/l PasHBIX TelJIOHOCHTeNdefi XapaxkTep 3aBHCHMOCTEH
A=A(t), p=pl(f), c, = c, (f) pasnuuen. B npouecce Tennoobmena
TeMIlepaTypa TeNJIOHOCHTENs H3MeHsAercs, CJaeloBaTelbHO, B 0O6HiEM
ciyyae H (pusnyeckue cBOICTBa He ocralotcsl mocTosiHHbIMA. IlomoGue
NPOLIECCOB BHITIOJNHAETCH TeM CTPOKe, YEM MeHbIlle OTHOCHTENIbHOE H3-
MEHEHHe 3THX CBOfCTB, T. €. 4eM cjafee 3aBHCHMOCTb A, W H €, OT {,
ueM MeHbIlle CaMH TeMIlepaTypHBIE HAOPH B CHCTEMe H HHXKe TeNJOBble
notoku. Ilpu 3HaunTenbHOM H3MeHEeHHH CBOMCTB CTporoe nogofue pas-
JINYHBIX IMPOIECCOB, KaK MOKAa3bIBaeT aHalH3, B o0lleM ciayvae cTaHo-
BHUTCSI HEBO3MOXKHLIM. B 3THX yCJOBHAX HMeeT MECTO JIHIIbL NpHOJH-
JKeHHoe nopobHe. 310 O6CTOSATENLCTBO JOMMKHO YUHTHIBATBHCS TPH 0606-
IIEHHH ONBITHBIX JaHHBIX.

2-5. OBOBLUEHME OnMBITHLIX JAHHbIX
HA OCHOBE TEOPHM NMOJOBMA

IIpu nocraHoBke JI000OrO 3KCIEpHMEHTA Bcerja HeoOGXOJAHMO 3a-
paHee 3HaTh: 1) KakHe BeJIMUHHBLL HAO U3MEPATH B OnuTe; 2) Kak o6-
pa6aTHBATh Pe3yNbTaThl ONMKITA; 3) KaKHe SBJEHHA MONOOHBI H3ydae-
" moMy. Ha 3TH BOnpochl OTBeT COINEp:KHTCS B H3JI0XEHHBIX BBILIE TPeX

TeopeMax nonobus.

Ha mnepsuiii Bompoc orBeyaer nepBasi TeopeMa: B OINBITAX HYXKHO
H3MepATh BCE BEJHUHHHI, conep}xamnecﬁ B 4Hciaax nonolusa H3yuae-
MOro mpouecca.

Ha Bropo#i Bompoc oTBeyaer BTOpas TeopeMa: pe3yJbTATH OIKITA
cnenyer oGpabaThiBaTh B YHCAaX NMOAOOHA H 3aBHCHMOCTb MEMIY HAMH
NpeACTaBisATh B BHIE YpaBHeHUH MNOROOHA; 5TO NO3BOJSAET HAHTH 06-

IYI0 32KOHOMEPHOCTb, CHpaBeIJIMBYIO 1S BCeX MNPOLECccoB, Moaos-
HBIX H3yuyaeMmoMy.
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Ha Tpernii Bompoc oTBer JaeT TpeTbd Teopema; MOAOGHHI Te siBJie-
HHf, Y KOTODPBIX NOAOGHEI YC/JOBHA OJHO3HAYHOCTH M PaBHHI OMpeje-
JASIOUIHE YHcaa nofpo6us (KpHUTepHH noaolus).

Bnaropaps stuM orBeTaM TeOpHsi MOAOGHA MO CYWIECTBY ABJSAETCSH
Teopuell skcnepumenTa. Ilpu mpoBelleHHH 3KcnepHMeHTa 3tamy obpa-
GOTKH ONBITHHIX J4aHHBIX H 0GOOLIEHHIO WX HAa OCHOBE TEOPHH MOHOGHA
LOJI2KHO GBITEH yJeneHo Gosbllioce BHHMAHHE.

Hanpumep, pacnonarasi JaHHBIMH H3MepeHHH Koshduinuenta Tern-
JIOOTNAYH o MPH BEIHYKIEHHOM JABHXKEHHH BO31yXa, MO OMEITHHEIM JaH-
HEIM MOKHO IIOJYYHTH IpadHuecKyl0 3aBHCHMOCTb H3MeHeHHA Ko3(h(H-
IIMEHTAa TEMIOOTIAYH NMPH M3MEHEHHH CKOPOCTH IBHIKEHHS BO3IyXa w:

a=f(w).

Takasi 3aBHCHMOCTL MOMKET OHITh TaKiKe ONHCAHA SMIHPHUECKOH
¢opmynoii, npencrasiseMol OOBLIMHO B BHIE CTeNMeHHOH (QYHKIIHH:

o =cw", (2-79)

TIe ¢, M 7 — HEKOTOpHE MOCTOSHHEIE YHC/A.

Ilpu 3TOM Hano Bcerja MOMHUTh, YTO B pe3yJbTare Takoi o6paboTKH
JAHHBIX MOXHO MOJYYHTH JHIUL YyacTHee GOPMYJBI, KOTOpLIE cripaBell-
JIWBE TOJBKO /1 YCJIOBHH, HMEBIIHX MeCTO NpPH NpOBeleHHH OIbITa.
Jaa apyrux ycaoBuit (00bekToB, paGoduxX cpei, TeMIeparyp H Ip.)
TaKHe YacTHhle (hOPMYJBLl COBCeM HelnpHUMEeHHMBL.

ITpu uayuennu m060ro KOHKPETHOTO Mpoliecca OOBIYHO Beeraa Cra-
BUTCS 3ajlaya MOJYYHTE [PH 3TOM JaHHBIE H JJIf pacyera APYTHX Mpo-
1eccoB, NoLOGHEIX H3yuaeMoMy. [1y1e Toro 4rofbl pe3y/bTaT OTAENbHBIX
ONBITOB MOXKHO GBLIO PacHpPOCTPAHUTH Ha BCE MOJOGHBIE €My NMPOLECCH,
o6paboTKa pe3y/JbTaTOB ONBITOB JAOJMKHA MPOH3BOAHTHCA B YHC/IaX
nono6us.

Ilpn o6paGoTke pe3yJBTATOB ONBITOB B NMPHBEJEHHOM BHIILE MpH-
Mepe B KauecTBe pabouell cpeibl OblT HCIONB30BAH BO3AYX, AN KO-
Toporo uHcno Pr umeer noctosiHHoe 3HaueHHe: Pr = 0,7. Ilostomy
ypaBHeHHe noao6us (2-34) B 3ToM ciyyae MPHHHMAeT BHJ:

Nu=f(Re) unu al/dA=7f(wli/v).

INpencrasnsisi pe3ynbTarThl ONLITOB B BHJE 3aBHCHMOCTH MEX]y 4YHC-
aami Nu ¥ Re, Bmecto yactHo#t dopmydsl (2-79) nonyuaem:

Nu=cRe", (2-80)

rje ¢ — MOCTOSHHBIH YHCAOBOH KO3((pHLIHEHT.

3aBucumoctb (2-80) umeer obuHii xapaxkTep, oHa clnpaBefIHBa AN
BCEX IPOleccoB, MOAOGHBIX AaHHOMy. O6obmenuas dopmyna (2-80)
MO3BOJISIET YCTAHOBHThL, KAKOe BJHSHHE HA KO(PODHIHEHT TerIooTnauH
@ 0KashIBAaIOT TaKHe BeJHUHMHLI, KAK PeOMETPHUECKHH pasMep cHCTeMH [,
KHHEMATHUYECKH] KO3(dHIHEHT BA3KOCTH V CPEIbl H T. ., KOTOphe
B ONMKITAX He H3MEHSTHCh. TeM caMmbimM 0oTnajaerT HeoGXOAHMOCTh B MPoO-
BEJEHHH JOMNONHHTENbHBIX H3MEpeHHH.
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IokazkeM Tenepb, Kak Takue GYHKIHH ONpefesioTes [IPAKTHYECKH.
Ilycth WMeeTcsi creneHHas 3aBHchMmocTb Buaa (2-80). Jlorapudmupys
3TO ypaBHeHHe W o6osHauas g Re uepes x, lg Nu uepes y u Ig ¢ ge-
pes A, nonydaem:

y=A-+nx.

ITocsenHee coOTHOLUEHHE FBJAETCA ypaBHEHHEM NMpPAMOH, NPH 3TOM
A=ynpux =0, an=1g¢, rie ¢ —yron HakJoHa npsiMoil K OCH
abeumce (puc. 2-9). Ilo rpaduxy onpejensercd 3HaueHHe n Kak
oTHoIleHHe KarteTos. OnpeleNHB 3HAuUeHHe fn, ONpPeleNsiioT H 3HayeHHe

nocTosiHHOM H3 cooTHomeHusi ¢ = Nu/Re", koropoMmy ynoBieTBopsier
nmobasi Touka npsamoii. [IpoBepKoil NpUMEHUMOCTH CTE€NEHHOH 3aBHCH-
MOCTH sIBJsIeTCA TOT (paKT, YTO B JorapudMHYeCKHX KOOpPAHHATAX BCe
ONBITHEIE TOUKH YKJAAABIBAIOTCHA HA NpAMyr. Ecik ke ToukH pacrona-
raircsl Mo KPHBOIl, TO 3Ty KPHBYIO OOBIYHO 3aMeHsIOT jioMaHoi. Jlnd
OTAeNbHBIX YUacTKOB TaKofi KDHBOH 3HAUeHHA ¢ W n pasnuyHbel. Eciu
HCKOMasl BeJINUHHA fABNAeTcs QYHKIHeH IBYX apryMeHToB, Ha rpaduke
noJiyyaeTcs ceMeficTBO MPAMBIX, BTOPOH apryMeHT GepeTcsi B KauecTse
napamerpa.

Tak Kak B npoiecce Tenjoo6MeHa TeMnepaTypa MHAKOCTH MeHAeTCH,
TO MEHSIOTCA, C/IelOBaTe/NbHO, H 3HA4YeHHS! ee (PH3HUYECKHX CBOWCTB.
ITostomy 3T0 OGCTOSTENBCTBO JOJMKHO YUHTBIBATLCA MPH 0GOOIIEHHH
onbTHBIX AaHHBIX. OIKH H3 NyTeil yyeTa COCTOMT B OCpeJHEeHHH (H3H-
YEeCKHUX CBOHCTB C MOMOILbIO BBEJEHHs TaK Has3bBaeMOH onpedeistoujed
memnepamypot, 10 KOTOPOH ONpenesifioTcs 3HaueHHs (H3HYECKHX [a-
paMeTpoB, BXOAAIINX B YHCJAA nojobus. J10BOJMBLHO pacmpocTpaHeHHEM
ABJsIeTCA BLIOOp B KauecTBe OINpelesiollell cpelHell TemmepaTyphl
tep = 0,5 (f; +- ty), rae f. —- TemmepaTypa IOBEPXHOCTH; f, — TeM-
nepatypa HIKOCTH. B psje ciyvaes B kauecTse omnpejensiomieit
BLIGHPAeTCSl CPEJHsAsl TeMmneparypa XKHJAKOCTH f,, Temmeparypa Io-
BEPXHOCTH Harpesa f., TeMNepaTypa JKHAKOCTH Ha BXOJe B TeII000-

MeHHBIH annapar fx 1 Ap. O1HaKo cselyer MOMHHTb, Y4TO YHHBEpCAlb-
HOii TemrepaTyphl, BHIGOPOM KOTOPOfi BO BCEX C/Iyyasix aBTOMATHUECKH
YUHTHIBa/1aCh Obl 3aBHCHMOCTD TEIIOOTAAYH OT H3MEHEHHs (PH3HYECKHX
cBoficTB € Temneparypoi, He cymectsyer. [losroMy npu o6paGoTke
OMNBITHHIX JAAHHLIX [0 TEIIOOOMEHY H THIAPABIHYECKOMY COMpPOTHBIIE-
HHIO 334 ONPEeNe/IsIIONIYI0 TemnepaTypy nejecoobpasHo peKoMeHIOBaTh
NPHHEMATL TaKylo, KOTOpasi B TeXHHYeCKHX pacyeTax OblBaeT 3ajaHa
HJIH JIETKO MOxeT OBIThb onpejeseHa, a BAMAHHe H3MeHeHHs (u3Hue-
CKHX CBOFICTB TEIVIOHOCHTeNSl yUHTHIBATh, €C/JH 3TO HeoBXOJHMO, My-
TeM BBe[CHHA JONOJHHTENbHOH MONpaBKH (MHOXKHTeNs]) B 0GOOGLIEH-
Hble ypaBHeHHs MOJ00Hs.

Ilpu 3amicH pacueTHHX HOPMyN NPUHATYIO ONpeNesIoNLyI0 TeMe-
parypy CJACLYET OTMEYaTb B BHIe HHJEKca. Eciun, Hanpumep, B Ka-
yecTpe onpene/dalolled npHHATa TeMInepatypa CTe€HKH, TO CTaBHTCHA

HHJEKC «C», €CIH TEMIEparypa noTtoka — HHJEKC «K», €CJAH CpejHAs
W3 HUX — HHJEKC «Cp».
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Ipu oGoOweHHH ONBITHBIX JAHHBIX BAXKHBIM TaKKe fBJIAETCH BO-
npoc o BhIGope onpedersiouieeo pasmepa. XOTA € TOYKH 3PEHHS TEOPHH
noJio6us B MOJOGHBIX TeOMeTPHYECKHX CHCTeMax Jioofi pasMep MOKET
GLITH IPHHAT B KauecTBe ONPEJeNsIonero, B KayecTBe TaKoro Ieneco-
o6pasHo BHGHPATh TOT PasMep, KOTOPHIM Onpeendercs pasBHTHE Mpo-
mecca. Ilpu sToM 0606LIeHHBE 3aBUCUMOCTH 1J1s OAHOTHIIHBIX, HO reo-
MeTpHYeCKH He MONOOHBIX CHCTEM, OKasblBaloTCfl OJH3KHMH HJIH JaKe
OJIMHAKOBBIMH, YTO TNpeAcTaBiaser 6osbmioe YAOGCTBO AJiA NMpPaKTHUe-
ckux pacuetoB. Hanpumep, npu KOHBeKTHBHOM TemsooGMeHe B Kpyr-
JBIX Tpy6ax B KayecTBe ONpefensioiero pasMepa o6ugHo Gepercd AMa-
metp. JlnAa KaHaloB HENPaBHIBHOIO M CJOXKHOIO CEueHMsl Lenecoob-
pasHo OpaTh SKBHBAIEHTHBIH JHaMeTp, paBHBIH YyueTBepeHHOH mJjIo-
LaJH TONEPEYHOrO CEUeHHsl KaHasla, JIeJIeHHOH Ha NOMHBIH CMOYeHHbIH
NepUMeTp ceueHust (He3aBHCHMO OT TOTrO, KaKasl 4acThb 3TOTO NepHMeTpa

yuactByer B Temnoo6meHe). Ilpu nonepeu-

Y HOM OOTeKaHHH TpyOHl M nyuka Tpy6 B Kaue-

CTBE ONpeensIowero pasmepa oepercs AHAMETP

A z Puc. 2-9. I'papuueckuit cnocof ycraHoBJeHHS CTe-
- TEeHHOH 3aBHCHMOCTH MEKAY NepeMEeHHLIMH.

TpyOrl, a NpH OOTEKaHHH ILIHTHL — ee JJIMHA MO HalpaBJeHHIO IBH-
xkeHHsi. EclM B KauecTBe OnpelesfiloOmero pasmepa  NPHHHMAaeTcs
IJIHHA, TO CTABUTCA HHJEKC [, a ecau aHaMeTp — HHAeKc d. B atom
cayyae uHceslo Re, Hanpuwmep, ciefyeT MHUCATh TaK:

w!
uin Re,, =—-

wd
Redm = v
x

Vi

B HacTosilee BpeMsi ONBITHHIE JaHHEE MO TeNn0ooOMEHy, Kak mpa-

BHJO, o6pabaTeiBaloTesl B yHcaax nofobus. Ho B cnpaBoyHHKax W mo-
cOOMAX eqle BCTpeyaloTcss HHOrAa (OopMyJibl H TAKOTO BHAA:

a=AAM" u a=Bu" (2-81)

OjHaKo TaKUMH NPOCTBIMH (HOPpMYyJ/IaMil MOKHO OJIb30OBATHCH JIHIIb
B TOM cJyuae, ecli B NPOEKTHPYEMOM ammnapare YCJOBHs NPOTeKaHHA
npoiecca B TOYHOCTH COOTBETCTBYIOT TeM, KakHe OBIIH NpH NpoBele-
HHH 3KCIIEDHMEHTOB, Ha OCHOBAHHH KOTOPBIX NOJYYeHBI 3TH (POPMYJIHL.
B sTux Qopmysax H3 MHOTHX (DaKTHUECKH BJHSAIOLIHX HAaKTOPOB yuH-
TBIBAKOTCS JIHIIb HEKOTOphle, HAapHMep TOJBKO TeMIlepaTypHLIH Ha-
nop Af WIH TONBKO CKOPOCTh .

Ec/H ke yc/IOBHSI, MMEBLIHE MECTO B ONBITe H B MPOEKTHPYEMOM
annapare pas/H4YHb, TO MPH pacyerax CJelyeT MoJbL30BaThCs TaKUMH
(opMyJIaMH, B KOTOPBIX YUHTBIBAJIOCH GBI GOMblliee YHCIO NepeMeHHHIX,
onpejesIAOIHX co60H NMpoTeKaHue mpotecca. JToMy TpeGOBAHHIO YAOB-
JIETBOPSIIOT TOJLKO 000OL1leHHBle 3aBHCHMOcTH. IlosTomy npH BEIGOpe
pacueTHO{l GOpMYJIEl HM CJIEAYeT OTHaBaTh Ge3yC/I0BHOE MpeANnoYTeHHE.,



Brauane Kaxkercs, 4TO NpPH NOJb30BaHHH OGOGIIEHHBIMH (opMy-
JIaMH HYXKHO NpoBecTH GOJIbIIYI0 BRIYBCAHTENBbHYI0 paGoTy. Ha camom
Jiesie 5TH 3aTpyAHEHHs He Tak BenHKH. Clenyer JHIDb MOMHHTB, 4TO
yricaa nono6usi Nu, Re, Gr, Pr u ap. siBASIOTCSA YC/IOBHBIMH CHMBOJIAMH.
IMojcTaBuB WX 3HAYEHMs, BCerAa MOMKHO 3aBHCHMOCTb MCKOMON Besii-
YHHBI OT JAPYTHX TepeMeHHBIX NpeACTABHTh B SBHOM BHIE.

Boaee Toro, uMea B BHIY KOHKpeTHBIE YCJIOBHSI TelooGMeHa,
MOXKHO GPOBECTH pPAJl YINPOWEHHH H CIOXHYIO 3aBHCHMOCTb BHIA
(2-80) npusectH K npoctoii, Tuna (2-81). BHoBb nosyuenHas ¢opmyaa
6yeT OTIHYATHCH TOJNEKO MOCTOAHHBIM KO3(hHIIHEHTOM, KOTOPBIM YUH-
THIBAIOTCA BCe OCOOEHHOCTH paccMaTPHBAEMOTro ciyyas Tem1oo6MeHa.
Takum o6pasom, dGopmynasl THna (2-81) MOTYT HCNONB30BATBCS JIHILL
NMPUMEHHTETBHO K KOHKPETHBIM CJIV-

uasm Tensoo6mena. Ilpumep npeoG- 20y — o
pasoBaHHS H YMPOILEHHS YpaBHEHHS B ol i
nofo6usi NPUBOIMTCS HHIKe. 7 I e
Ha ccHoBe OMNBITOB 10 H3yYeHHIO : -_m#iw‘, a :
TeNJIOOTlauH [PH JABHKEHHH BO3AYXa g % dz/T {
BHYTPH TpyGu OGBla yCTAHOBJIEHA - BT T
crenytomas  o6oOWenHas 3apucu- & PR 5% i
MOCTb: . ,,.«:’_..L’_‘,_;‘}, L ey
Nu,, =0,018 ReJy. fo ]
X - P
Pre. 2-10. ¥YcrauoBieHHe cTemeHHOH 3a- 40 J/’f/ m. FE'W.M’:

BHCHMOCTH MeXJY IepeMeHHBIMH. § b § 1 T4 V{/ B/}

IMocae noncranosku sHaveHuit Nug, ¥ Rey, 3aBHCHMOCTH NPHHH-
MaeT BHJ:

0,80
;‘—dzo,ms( Wd) ,

x Vi
CTKYyJa
0,80

@=0,018-2= " __, (2-82)

0,80 ;0,20
Ve d

Korna uccnenyemas 3aBHCHMGCTH TIPEJCTaBJNeHa B TaKOM SIBHOM
BHJIE, JIETKO OLEHKTL POJib U BJHAHNE OT/AEJTbHBIX BEJHUHH B Tpollecce
TemIooTAaud. Buangnne Kaxao#l BeaNuHHBl Tem GoJblle, ueM BHIIE €@
noxasareJb cTeneki. B sToM oTHOIueHHH B ypasnennn (2-82) Ha nep-
BOM MECTE CTOHT TeIlJIONPOBOAHOCTD MKHIKOCTH A, , 3aTeéM CKOPOCTb w,
KHHEMAaTHYECKHH KO3(pHILHEHT BA3KOCTH MKUAKOCTH V,, M, HaKOHeIl,
JHameTp Tpy6sl d.

Gopmyny (2-82) MOXKHO NPEACTaBUHTL M B TAKOM BHJE:

wG.SO

a=B y (2-83)

dO.QO
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rie xkozddunment B =0,018 3aBHCHT JIMIUb OT CpefHeill Temne-

Vi

paTypsl BO3flyXa W ero 3HayeHHe MOXKeT OHITb BHIYHCJEHO 3apaHee.

Ilo Buewnemy BHAY dopmyna (2-83) ananornuyna dopmynae (2-81),
HO 1O cofiep KaHHIO OHH PasaHyHBL: (opMmysoil (2-83) AonmomHuUTENbHO
VUHTHIBAaeTCSl BJIHSIHHE TeMIepaTyphl BO3JyXa H Auamerpa TpyGompo-
Boja. IlpuBefeHHEI MpHMep NOKasklBaeT, yTo Jio0oe ypaBHEHHE MO-
J061sT MOKHO Npeo6pa3oBaTh H MPHBECTH K MPOCTOH 3aBHCHMOCTH A
TEXHHYECKHX PacyerToB.

Mpumep 2-1. C TpyGKoil guamerpom d = 12 MM GLIIO NpoBefeHO HCCJIELOBa-
HHE TenJOOTAAUH B MONMEPEUHOM MOTOKe BO3AyXa. PeayabTaThl 3THX ONMBITOB MpH-
BefieHsl B Taba. 2-1. TpeGyercsn ycranosuth 3aBHcHmocTH @ = [ (w) B Nugx =
= [ (Regu).

Ta6auma 2-1

1 Re g X : Re g X
w, M/C Br/(i—‘-“C) xIO’;‘Ka Nugy w, M/c BT{'(T’I:-"C) was Nugyue
6,8 72,1 5,45 39,9 14,2 113 11,6 62,5
8,45 81,6 6,87 45,1 19,1 136 15,1 75,5
10,1 91.8 9,04 50,6 24,8 155 20,2 86,1
11,9 102,6 9,65 56,4 25,8 162 20,4 87,9

Yeranosuwm cHayasa mepBylo 3aBHCHMOCTB. [Ipexae Bcero HeoGXonHMmo yGe-
JIHTbCS, YAOBJETBOPSIOT JIK OliBITHHE JaHHbE cTenenHol 3apicumocr. dus satoro
B JorapHhMHUIeCKHX KOOpAHHarax cTpoHTtcs rpapuk & = f (w) (pue. 2-10). Kax
BHAHO M3 rpadHKa, Bce TOUKH XOPOILO YKJaJALBAIOTCS HA MPsMYIO. Tene}m onpe-
IeHM 3HAYyeHHs MOCTOsIHHBIX N H ¢. [loka3atens cremend n = tg f b=10,6
(@ u b H3MepsIOTCA NPOCTHIM MaciiTaGoM). 3HayeHHE MOCTOSHHON Onpejenasercs
H3 cootHomenHus ¢ = a/w™, KOTOpOe chpaBefiiBo s JioGof TOUKH npsMmoii.
Taxkux onpejesieHHil Halo cAcJaTh HE MeHee TPexX H B3fATb HX cpelHeapHdMeTHye-
CKoe 3HayeHHe:

67,5 67,5
npu w=26 m/c C=— e == ——— =19220;
P 6% 2,94
npi w=12 M/c c= __1032? — _li?_ =22.9;
12 4,45
158 158
npu w==25 M/c = —— = —— =229,
P 9506 6.9

CpeaneapHdmeTHyeckoe 3HaueHHe ¢ == 22,9 H mo3ToMy OKOHUYATENBLHO HMeeM
o= 22,9 w”8.

Ipouspels aHaJOrHuHble ONEpaUMH A nropoﬂ HCKOMOH 3aBHCHMOCTH
Nug, = f (Redm) nosnyunnm Nug, = 0,227 Re‘m. TMocaennioo GopMysy MOKHO
pasBepHYTb H MPCACTABHTL, HAMPHMEp, B TaKOM BHAE:

by wf},ﬁ
K

a = 0,227 ——— 06 o
Vi



TNABA TPETbA
TEMNOOBMEH B XXUAKOCTAX M FA3AX

3-1. TENNOCOTAAUYA NMPM OBTEKAHMM MNOCKOW
MOBEPXHOCTH [MNACTHUHbI)

1. TuaponuHamuyeckue ycaoBlis pa3suTis npouecca. [1pu npojosib-
HOM TEeUYEeHHH JKHIKOCTH BJO/1b IJIOCKOH TOBEPXHOCTH MPOHUCXONUT 06-
pasoBaHHe JHHAMHYECKOrO MOrPaHHYHOrO CJ0f, B Mpelenax KOTOPOTo
BC/IEJICTBHE CHJI BfI3KOrO TPEHHS CKOPOCTb M3MEHSIeTCH OT 3HAYEHHS
CKOPOCTH HEBO3MYILEHHOIO NOTOKAa W, Ha BHeNIHel rpaHuie cjIosi 10
Hy/s Ha camofi MOBEpXHOCTH nJacTHHBL. [lo Mepe jABHMKEHHS NOTOKA
BIOJIb TOBEPXHOCTH TOJIIHHA [OrPAHHYHOTO CJIOS TOCTENeHHO BO3-

(S S

TSN AN G POty S S (T X ey AR R MY T k
g 04 g6 12 16 20%

Puc. 3-1. Cxema nBHKEHHS XKHJAKO- Puc, 3-2. 3aBHCHMOCTH KpHTHye-
CTH MpPH OGTEKAHHH TNJIACTHHH. cKoro yHcaa Re oT cremenH Typ-
GyNeHTHOCTH TIOTOKA.

pacTaeT; TOpMo3fllee BO3JeHCTBHE CTEHKH PacrnpocTpaHseTcs Ha Bee
Goslee jpajeKHe cJIOH kHAKocTH. Ha HeGOJBIIHX pacCTOSHHAX OT me-
pefHell KPOMKH NJacTHHBI NMOrPaHHYHEIA CJIOH BechbMa TOHKHH H Te-
YeHHe KHJKOCTH B HeM HOCHT CTPYHHBIH JaMHHapHBIA Xxapaktep. [la-
Jiee, Ha HEKOTOPOM PacCTOSIHHH X, B TOTPAHHYHOM CJI0@ HauHHAKOT
BO3HHKAaTh BHUXPHM H TeuyeHHe NpPHHHMAaeT TypOyJEHTHBI Xapakrep.
Buxpn oGecrneyuBaloT HHTEHCHBHOE MepeMelIHBAaHHE XKHAKOCTH B IO-
TPAaHHYHOM CJloe, OJHAKO B HeMocpeicTBeHHOf 6JH30CTH OT MOBEepX-
HOCTH OHH 3aTyXaloT H 3/lech COXpaHseTcsl o4eHb TOHKHE BA3KHE IOX-
caoit. Onucannasi KapTHHA Pa3BHTHSA Npollecca nokasawa Ha puc. 3-1.

TonmuHa norpaHHYHOro cJosi § 3aBHCHT OT PACCTOSIHHSL OT nepej-
Heil KPOMKH IJIAaCTHHBl, CKOPOCTH NOTOKAa W, H KHHEMaTHYeCKoro Ko-

sppuumenTa Bs3kocTu v. IIpH JaMUHAPHOM NOTPaHHYHOM Cjioe
Ilpu TypOy/IeHTHOM MOrPaHHYHOM CJIOe
rie Re, = wyx/v — uncno Pefinoabica, B KOTOPOM B KauecTBe Xapak-

8,5 -5 ()", (3-1)
8,=0,37 =% =0,37(
TEpPHOTO pa3Mepa NPHHATO PAaCCTOSHHE X.

Re;“ Wy
x\Ys
(3-2)
Re2? Wo )
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[Mepexon K TypOyJEeHTHOMY PeXHUMy TeYeHHsi XKMJKOCTH B rorpa-
HHYHOM CJIO€ Ofpe/ienisieTcsi KpHTHUeCKHM 3HaueHHeM unca Peiinosbaca:

. @o*xp
Rex KD — —v“ ’

KOTOpOe MpPH NPOAOJbHOM OOGTEKaHHH MJACTHHBI OGBIYHO NPHHHMAIOT
pasHBIM 5-10°,

Bonee mompo6HEI aHa/NH3 NMOKa3blBaeT, YTO BeJHuHHa Rey, 3asu-
cuT oT pana ¢axkropos. OCHOBHOe BJHAHHE OKasbiBaeT CTENEHb Ha-
4aibHOH TYpOyJ/JeHTHOCTH Haberawoulero notoka, T. €. HaJH4YHe B MO-
TOKe HauaJbHEIX BO3MYIleHHH 4 3aBuxpeHuil. CreneHb TYPOYJIEHTHO-
CTH NOTOKA NPHHATO XapaKTepH30BATh OTHONIEHWEM BEeJIHUYHHBI Cpejl-
Hell CKOpPOCTH TYPOYJEHTHBIX NyJAbCalHil ¢; K CKOPOCTH NBHIKEHHS
MOTOKA W,, T. €. KoadduuueHToM k = vy/w,. Yem Bhillle HayaJbHAA
TypGyJeHTHOCTh NOTOKA, TeM MeHbille BelHuuHa Re,,. Cpeausis cko-
pGCTh MyJbCAllHH B NMOTOKe onpejensercs Kak

1 7.2
Up= l/? (U’)cp:

—>
rae v’ — MrHOBEHHOe 3HauyeHHe BEKTOpa ny.ribcaunomloﬁ CKOpPOCTH,
-

—>
(,v')fp — OCpefHeHHOe BO BPeMeHH 3HaueHue Ksanpara v'.

Kpome Toro, na BenuyHHy Re,, MOXKeT BJHATh IIEPOXOBATOCTh
MOBEPXHOCTH ILIACTHHBI, HHTEHCHBHOCTH TemsnooOmeHa ¥ T. 1. Cam
nepexof OT JIAMHHAPHOro K TypOYJIEHTHOMY PEXHMY TEUEHHS KHJIKO-
CTH B IMOTPAHHYHOM CJ0e, KaK MOKa3blBAlOT ONLITHBIE JAHHBIE, TPOHC-
XOIHT HE B TOYKe, a Ha HEKOTOPOM yuacTKe, B CBA3H C YeM HHOI/A BBO-
AAT 1Ba 3HaueHHs: Rey,; M Rey,,, rlie Rey,; = WyX,:/v — KPHTH-
yeckoe uncao PeiiHogblca, OTBeUaioliee Mepexoay OT JaMHHApHOIO
K TepeXoIHOMY PEKHMY TeueHHs, KOrja B NMOrpaHHYHOM CJIC€ BO3HH-
KaloT nepBble BHXPH H INyJbcauHl; Regpe = WXy pe/V — KPHTHYE-
cKkoe uHcso Peitnoabica Ans mepexofa K pasBHTOMY TYpGyJeHTHOMY
pexumy Teuenus. Ha puc. 3-2 npusesiensl 3aBicuMocTH Rey,, H Reyp,
OT CTeNeHH HayalLHOH TYypOYJEHTHOCTE Haberamwlero noToka.

BnepBbie TeopeTHuecKHH pacyeT pacmpefesieHHsi cKopocreil B JaMHHapHOM
norpannynoMm cioe sunonuna I'. Brasuye B 1908 r. On ycranoBHJa, 4TO oTHOUIE-

HHe cKopocTelt w (x, ¥)/w, 3aBHCHT TONMBKO OT OAHOM NepeMenHol 1 =y }fwolvx,
T. €. NPOQHAL CKOPOCTH B TMOTPAHHYHOM CJIOE HMEET BHJ:

w/w, = f (). (3-3)

I'papuk storo npoduas nokasan na puc. 3-3. X0Ts CTPOro TCOPETNYECKH W
CTPEMHTCsI K 3HAYEHHIO W, JHWbL ACHMNTOTHYECKH, 113 puc. 3-3 BHAHO, YTO yiKe
NpH 3HAYEHHM 1 ~ 5 pa3nHuHe MeXAy @ H w,; npasTHueckKH HcuesaeT (Tounee,
npuM = 5 w =~ 0,99 w,). ro 3uauenne 1 = 5 onpelenser paccrogHue y = §,
NpHHHMAaeMOe OGHIYHO 33 TOJNUIHHY JaMHHAPHOIO MOTPAHHYHOrO CJOS; OTCIOAA
caenyer dopmyaa (3-1).

[Torok, obrexalomufi NIacTHHY, OKa3pBacT HA Hee ONMpeAeleHHOe RHHAMMHUE-
-ckoe Bosjefictue. [locaefnee npossaseres B Gopme CHIBL, MPHJIOKEHION K MO-
BepXHOCTH MJIACTHHHI H HampaBJeHHOH Mo Kacarte/MbHON K Heill B CTOpOHY ABHHe-
HuA muAKocTH. Takaa KacateJbHad cHia, OTHECEHHAN K elHHHUE MOBEPXHOCTH
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njacriibl, Ha3blBAeTCS KacaTelbHbhIM HANpAKEHHCM TpPeHHs H onpejenaserca
cornacio 3aKOHY BA3KOIO TPEHHSHA Heiotona Kak

o

8=
n %

.

y=0

ow
ITpoussonuas _6‘— ¢ yueToM 3aBucuMocTH (3-3) Moxker OniTh 3amucaHa
Yy ly-0

B BHJe
ow . dw M ]/ 2o ¥ | o330, ]/ <
oy ly-0 dn [n-0 Oy v dn [g-0 vx
TaK Kak H3 pHc. 3-3 BHAHO, 4TO
& =tgp=0,33.
dn |n-u
w, 10
10} ol | 4T
06 pd v 4|
' / t98=033 08—+
a6 /
v | U o
B a2l
Wy 4
wl £ iV y &

0 1 ¢ 3 4 5 6 7 8 0 02 0406 0810
Puc. 3-3. Pacnpegenenne ckopocreit Puc, 3-4. Pacnpegene-
NpH JaMHHADHOM peXHMe TeUeHHs HHE CKOpOCTel B moO-

B NOTpPaHHYHOM cJoe. TpaHH4YHOM cJ10e B OT-
HOCHTENBbHBIX KOOleH-

HaTax.
HOSTOMY OKOHYAaTeNbHO NOJqyyaem: 1 — TypOyJNeHTHLIA pPexKHM
s = 0,33pw] (w,r/v) ™' 34)  "WNA bewnu retenun.

D10 BeIpakeHHe ONpelessieT 3HAYeHHe KacaTeJIbHOrO HANPSKEHHA TPeHHS §
B TOUKE, OTCTOSILEeH OT Hauaja NJacTHHB! HAa PacCTOAHHH X.
CpeaiHee KacaTe/lbHOE HanpsixeHHe Ha yuacTKe 0—[ cocTaBiasier:

| I
§=— | sdx.
Lo
[Tocne BhuHcneHuit umeem:
5= 0,66pw; (wl/v)~" 2. (3-5)

Ha ypasnenuit (3-4) u (3-5) BHAHO, uTO KacareAbHOe HanpsKeHHe MPH na-
MHHADHOM TEYSHHH B [IOrPAHHYHOM CJIOE YMEHLIIAETCH BROJDL NJACTHHHL [0 3a-
kony x~ "2 wam V2,

B Typ6y/eHTHOM NMOrpaHHYHOM cJioe pacnpelefieHde ckKopocrefi, Kak Ioxa-
3LIBAIOT ONBITHBIE JAHHBlE, HMEET BHJ, NPeACTABAEHHEIA B OTHOCHTE/NLHLIX KOOPAH-

HaraXx Ha puc. 3-4 (kpuBas ). 310 pacnpejencHHe CKOPOCTEH € XOPOWmHM IpPH-
GnHeHHEM ONHCHIBACTCS COOTHOIIGHHEM ;

w/wy = (y/8x)'", (3-6)
KOTOpOe chnpaBefJiiBO B TypOy/neHTHOH 06JacTH NOTPaHHYHOTO CNOA.
7L



B ouenn toukom (Bfi3KOM) nojcioe BGAH3H camofi NOBepXHOCTH H3MEHEHHe
CKOpPOCTH NEPeXoluT B npamoanueiinoe. Ha puc. 3-4 ansa cpasnenus noxasauo
TaKxe pacnpele/eHue CKopocTeil IPH JaMHHAPHOM TeUEHHH B NOTPaHHYHOM CJ0e

B TeX e KoopAnHaTtaX (KpuBas 2).
KacarenbHoe HanpsikeHHe TPeHHA NPH TYPOYJNEHTHOM NOTPaHWUHOM cloe,
COrJ1acHO ONBLITHBIM LAHHBIM, ONPEAe/iAeTCS BhIPaKeHHEM

s = 0,03pw} (wyx/v) ™5, (3-7)
CPEJJ,HEE 3HaYE€HHE COoCTaBJfAET:

5 = 0,037pw (w,l/v) 1A (3-8)

AtH dopmynbl cnpaBesNuBbl NP 3HaueHHsAX Re mo 107,
H3 dopmyast (3-7) BHAHO, 4TO KacaTelbHoe HANpSKEHHE TPeHHA NPH TypOy-

JEHTHOM IOrpaHHYHOM CJA0€ yMeHbIIaeTcsl II0 3aKOHY x /7, T.e.B MeHb e
CTEeNeHH, yem NpPH JaMHHAPHOM MOCPAHHYHOM CJIOE.

2. Tenmoorpaua. Korja TemmepaTtypa TMOBEPXHOCTH NJACTHHBI £, H
Temneparypa HaGeralouiero noroka f,, pasJjHuHbl, MeXAy NOBEPXHOCThIO
H TOTOKOM TenJIOHOCHTeNs1 (KHJKOCTBIO HJIHM ra3oM) NPOHCXOIMT Npo-
nece tensoobmena. CornacHo 3akoHy Heiorona—Puxmana

g=uo (tc_ tm)
NIJIOTHOCTh TEMJOBOTO IOTOKA NPONOPUHOHAIbHA BeJUYWHE Temnepa-
TypHoro Hamopa f,.—tf,. Koadduiunenr rensmoornauu o 3aBHCHT OT
FHAPOAHHAMHYECKOH KapTHHBI M peXKuMa TeueHHs TelJOHOCHTes,
paccTofHHsA X OT mnepefHeH KPOMKH IIACTHHBl M TemIogH3HYecKHX
CBOHCTB Cpebl.

B nporecce TennmooOMeHa OKOJIO NOBEPXHOCTH IWIACTHHBI (DOPMH-
pyercs TenjioBoli MOrpaHHyHbIf CJOH, B Mpejenax KOTOPOro Temrnepas
Typa TEIVIOHOCHTE/IsI U3MeHseTcsi OT 3HayeHHs, PaBHOro TeMreparype
CTEHKH [, IO TEMIIEPATYPHI MOTOKA BJlajH OT MOBEPXHOCTH £, (pHc. 3-5).
XapakTep pacnpejieJieHusi TeMIepaTypsl B TEIJIOBOM [OIDaHHYHOM
CJI0e 3aBHCHUT OT PeKHUMA TeyeHHs XKHJKOCTH B JHHAMHUYECKOM TOrpa-
HUYyHOM csoe. Cam xapakTep (POpMHPOBAHMSA TEeIJIOBOrO CJ0S OKashl-
BaeTcs BO MHOIOM CXOAHBIM C XapaKTepoM pasBHTHsA JMHAMHYECKOro
norpaHuyHoro cnos. Tak, NpH JaMHHAPHOM TNOTPaHMYHOM CJO€ OT-
HOLlleHWe TOJILHHEL JHHAMHYecKoro O, W TemaoBoro A, cJoeB 3aBUCHT
TOJIBKO OT yucaa Ilpanaras, T. e. oT TenaodusuyecKHX CBOHCTB TEMJO-
HOCHTeJIf. DTO 3HAYUT, YTO 3aBHCHMOCTb A, OT CKOPOCTH W, H PaAcCTosi-
HUS X COXpaHseTcs Takoll ke, Kak W JJs JHHamHyeckoro caos. Ilpu
3HaueHHH Pr = | TOJIIMHBI CJIOEB OKa3bIBAIOTCSI PABHBIMH JIPYT APYTY:
A, = 8,. Tlpu naMuHApHOM TeYeHHH NEPeHOC TENJIOTHl MEXAY CIOSAMH
JKHUAKOCTH, ABHKYILHMHCSH BJIOJb TOBEPXHOCTH, OCYIIECTBJSIETCS TY-
TeM TemyonpoBofHocTH. Ilpu TypGyseHTHOM NOrpaHH4YHOM cClloe oc-
HOBHOE HM3MeHeHHe TeMIepaTypsl TNPOHCXOIHT B Tpene/lax TOHKOro
BSI3KOTO TIOJACTIOS OKOJIO TIOBEPXHOCTH, uepe3 KOTOpPLIi Temjora nepe-
HOCHTCS TaKzKe TOJBKO IyTeM TelonpoBoiHoCcTH. B TypOGyaenTHOM
fipe MOTPAHUYHOro CJIosl U3-3a HHTEHCHBHOTO NepeMelllHBalus #UJLKO-
CTH H3MeHeHHe TeMrnepaTypbl He3HAUHTeJbHO H II0J€ TemnepaTyp HMeeT
poBHbI, nojioruii xapakrep. Takum o6pa3oM, Kak npH JaMHHApPHOM,
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TaK ¥ NpH TypOYJIEHTHOM PexHMe JBHKEHHS JKHAKOCTH B MOTPAHHYHOM
cloe MexkJly pachpejie/leHHeM TeMmnepatyp M CKOPOCTeH CyLiecTByeT
KauecTBeHHOe cxoacTBo (puc. 3-5, 6, 6).

[Ipu yBeJquYeHHH DPa3HOCTH TeMnepatyp f.— ly TNPOUCXOAMT JoO-
NOJIHHTE/NbHOE YCJIOXKHEHHe Tpollecca, CBsi3aHHOe ¢ H3MeHeHHeM (u-
3HYeCKHX TNapaMeTpoB TemyIoHocHTeNsi ¢ temnepaTypoii. Yem 3Hayu-
TenlbHefl Tepenagbl TeMmepaTyp, TeM GoJibilie OTJHYAlOTCs BA3KOCTD,
TenJoNpPOBOAHOCTb H TEMJIOEMKOCTb TEMJIOHOCHTEJS B PasHLIX TOYKax
B npejie/iax MOrpaHHyHoro c1osi. B utore sToT sdpekT OKas3bBaeT BHsl-
HHe Ha HMHTEHCHBHOCTbL TemsoorTnaud. Hanpumep, ecnu Tersora nepe-

Puc. 3-5. TennoBo#i W JAHHAMHYECKHH NOTPAaHHYHBIE CJIOH

npH o6reKaunu nuactubbl (a). [lose Temmepartyp M cKopo-

creii B JamuHapHoM (6) u Typ6yneHTHOM (6) MOrpaHHYHbLIX
: c/losx.

JaeTcsi OT KameJbHOIl KUJKOCTH K CTeHKe (T. €. MPOHCXOJHUT OXJaxJe-
HHE XHAKOCTH B MOTPAHUYHOM CJIOE), TO TEMNEpaTypa CJOEB KHIKOCTH
Y TMOBEPXHOCTH CTAHOBHTCH MeHBIlE, a BA3KOCTb OoJblle M, CJefoBa-
TeNbHO, CKOPOCTh TeueHHs yMmeHbluaercsi. M3ameHsieTcsi ruppoiHHamu-
yecKas KapTHHA TeueHHs, YTO BEI3bIBAET TaKiKe HM3MeHeHHe H TeIo-
OT1auH.

B pesyabrare 0606lieHHs MHOTOYHC/AEHHBIX ONBITHBIX JAHHBIX IO
TENJIooT/aue TNpH MNPOJOJBHOM OOT€KaHMH TMJIACTHHBI Pa3JIMYHBIMH
TeIIOHOCHTENSIMH ObLTH NOJYUYeHBI CIe/YIOLIHe PACYUSTHDIE 3aBHCHMOCTH.

[lpu namMuHapHOM pexxHUMe TeYeHH: B INOTPAHHYHOM CJIO€ MECTHBIN
Ko3dUIHEeHT Tenao0TAaull OnpeneaseTcs M3 cooTHolleHus: [26 ]

Nt = 0,33 Regm Pry® (Pr, /Pr)*. (3-9)
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JIlna onpejeneHnsi cpeaHero Kosh(MLUHEHTa TeMIOOTAAaYM H3 CO-
OTHOWIEHHA (3-9) MOKHO TOJYYHTH 3aBHCHMOCTD

Nty = 0,66 Refse Proc? (Pr,/Pr.)"%. (3-10)

ITpu TypGyNEHTHOM pexKiMe TCUEHHs B TOTPAHHYHOM CJIO€ MECTHLIA
KOahpunHeHT TennooTHaud onpejensiercs u3 cooTHomenusi [64]

N, = 0,03 Rejse Prig® (Pr, /Pr,) ™. (3-11)

Ilns onpenenenusi cpenHero KosbduuueHTa TEMIOOTAAYH H3 COOT-
HoweHHs (3-11) crenyer 3aBHCHMOCTB

N = 0,037 Refye Pri®® (Pr,/Pro) "% (3-12)

B coornomenusx (3-9) — (3-12)
Nuy, =oxfh,; Ny =allh,;

[ PR I : i
m _K=Numprnﬂ'a'}Pr5,[/’Prﬂ) o = }“ﬂ;“g Reyw =wox/vy;, Rep =wol/vy;
g [ ] Pr, = v,/a,, Pr.=vla..
4 HMunexcol «x» H «C» yKasbl-
BalOT Ha TO, 4TO (PH3NUYECKHe
21 CBOWCTBA TEMJIOHOCHTE/ISl OTHO-
0 cATcsl K I, M f, COOTBETCTBEHHO.,

Muoxurens (Pr/Pro)”®, Bxons-
Puc. 3-6. Cpenuns tennootfiaya naac- WHA B 3TH  (OpMyJbl, Tpex-
THH [IPH 1aMHHaDHOM DeXHMe TeueHHS.  CTARJISIET coboit TIOTNpaBKYy,
f o Oy oA ny. TPANCOOPME:  YUUTHLBAIOWYIO  BJMSIHME H3Me-

HeHHsi (DH3HYECKHX TIapaMeTpoB
TEIJIOHOCHTENsI C M3MEHEHHeM TeMNepaTyphl Ha TemaooTaauy. MoxkHO
CKa3aTh, YTO 5TOT MHOXKHTE/Ib XapaKTepH3yeT 3aBHCHMOCTbL TeIJIOOT-
Jaud OT HampaBJeHHs ¥ BeJHUYHHBI TEMJIOBOTO IOTOKA.

Tlpu narpeBaHun KamenbHOH KMAKOCTH (IpsIMOe Hampas/jeHHe Tel-
JIoBOoro notoka) Pr,/Pr.>1, npun oxsaxnennu (o6paTHoe HamnpasJe-
HHe TemoBoro noroka) Pr,/Pr.<<1.

Pacuernsle gopmyast (3-9) — (3-12) aasi razoB MOKHO YNPOCTHTB.

s Bozayxa Pr = 0,71 u pacueTHEle (opMyJ/bl 4151 cpefHed Tel-
JIOOT/Iau MPHHUMAIOT BUI:

a) NpH JTaMHHAPHOM peKHMe TeueHWs B MOTPaHHYHOM CJoe

Nuty =0,57 Relx; (3-13)
6) npu TYpOY/JEHTHOM pexHMe TeyeHHMst B NOTPAHHYHOM CJloe
Nu,,, = 0,032 Rejsx. (3-14)

Gopmyasl (3-9) — (3-14) mpumeHHMBl A/ YCIOBHit, KOrja Temre-
paTypa mJiacTHHBl mocTosiHHa (f, = const), T. e. He H3MeHseTcs mo

JVTHHE.
Ha puc. 3-6 npusesiensl pesysibTathl 0G00IIeHHS ONBITHEIX JIAHHBIX

No cpejiHell TeruooTAaue ILIACTHHLI NMpPH JaMHHAPHOM NOrPaHHYHOM
caoe [26]. Ha puc. 3-7 mpuBesieHsl pesyabTaThl 0606IMEHN T OMBITHBIX
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flaHHBIX 10 TEMJIOOTiaye maactuHbl NMPHU TypOYIEHTHOM MOTPaHMYHOM
cnoe [64].

Ka"lECTBEHHOE H3MeHeHue JIOKAJABHOTro K03q)(!)HU.HeHTa TenaooTaauu
Onox TO JUIHHE TTACTHHBI MOKa3aHo Ha puc. 3-8. YMeHbLIEHHE o0,
Ha HAyaJlbHOM YuacTKe MJIACTHHBI / CBA3aHO ¢ Pa3sBHTHEM JIAMHHAPHOTO

4 T g T T : 7
K Monanyrhar d A H"

0,80
K=0,030 Re:
2 z O T 0%

Ke=NigoePrae - Pi/Pe) A4
103 Lo ol - f
- Cpednan

i3
!
e

L
s /
" A ! "iﬁfammezg;g” 1y
/ / fé -0,43 0,25
LA / K Nupye Py (Prol/Pre)
2 - / oo 109
A . /L 8
Ve 5
7 2 f
0 "/ ; \
4 Vs
Ly
X
4 X% 2
. Rezm
L lip?
4 F § m0° 2 4 F 8 ¢ 2 4 § &1

Puc, 3-7. JlokanbHast M cpeflHss TemJI0OTAaya TJAAacTHHBI npH TypOy-
JIEHTHOM PEKHME TeYCHHS MKHIKOCTH.

NOrPaHMYHOTO CJI0SH; 3€Ch G,y TpoTopiHonanen 1/ x, uto caenyer
u3 coorHowenus (3-9). Ilepexonnas 3oHa 2 xapakrepusyercH, yBesH-
YeHHEM TeNJIOOT/a4YH B CBA3H C NoABJeHHeM TYpPOYJIeHTHOrO IepeMern-
BaHus Jlis obnacty pasuToro TypGYJIEHTHOrO NOTPAaHUYHOrO cJjios 3
XapakTepHO GoJiee TMIABHOE H3MEHEHHE Oy, N0 JIJIHHE, O, M[PONop-

5 —
nronanes 1//%, uto cienyer us coorHomenus (3-11).

BrnepBbie TeopeTHYeCKHH pacueT paclpele/ieHHS TeMIepaTyp H TENJ00TauH
B JaMHHAPHOM NOrpaHu4HOM cjoe BuinoaHua [loaeraysen B 1921 r, B stom He-
cAefOBaHKHH (pU3HUYECKHE CBOHCTBA TEIVIOHOCHTENS NIPeANoJarajuch NOCTOSHHBIMH,
a Temmeparypa NOBePXHOCTH INJacTHHbI — HocTofgHHOH mo Anuue. [lonbraysen
YCTAHOBHJI, YTO OTHOLICHHE TEMNEpaTypHHIX HanopoB (f—if.)/(fx—tc) npu QHK-
CHPOBAHHOM 3Ha4yeHHH uHcaa Pr 3aBHCHT TOJAbKO OT OXHON NepeMeHHO# 1] =
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= y]/‘wo/v,{:, T. e. npoduau TEMIEPATYPHHIX HANOPOB B MOTPAHHYHOM CJIOG
HMEWT BHA!
i
—==¢(n, Pr). (3-15)
t)l(—‘ft

Fpaduk 370H 3aBHCAMOCTH NoKasadH Ha puc. 3-9. Ilpu 3navenun Pr = |
npoduiH TeMNepaTypPHLIX HANOPOB M CKOPOCTeH OKAa3blBAalOTCH TOMAECTBEHHBIMIH,
Ipu ypenuyenwn 3HaueHust Pr Tosmuuna Ten0BOro NOrpaHHYHOrO A0S CTAaHO.
BHTCS MEHbIIE TOMUMHB JIHHAMHYECKOrO IOrpaHHyHoro cios. Mewxay mumu,

HMeeTcss npocroe coorHowenne 8,/A, = Pr'/3, cnpasennusoe npu Pr - 0,6,
TIn0THOCT TENoBOrO MOTOKA COTJIacHO 3aKkoHy Pypbe papBHa:
ot
g=—%—
oy

y=0

12

i,
Lo Uy
A Caox b

r g s
s~

04
| -

E | I ?=yv%
A

'prl I«pz 0 7 7 E;

Puc. 3-8. Hamenenue n0- Puc. 3-9. ITpodunn remnepatypHbix

KaJabHOro Koagduuuenra ren-  HanopoB B JaMHHAPHOM [OTpPaHHY-

JA0OTJAUYH N0 JAJAHHE IJa- HOM CJoe NPH pa3JH4YHBIX 3Hauye-
CTHHBI, nusnx Pr,

ot
IMpoussoAHas — € yyeToM 3aBHCHMOCTH (3-15) momxer ObiTh 3anmHcaHa

ay ly~0
BHIe
ot ot —1t d 0
S =(_J-‘_)_=(fm_tc)_q’ o
ay |y -0 dn |n-o0 0y

oy
== (tx& — tc) l/& E(P—
vx dy

Peayabrarsl HecnegoBanus Ilonbraysena mnokaseiBalor, yro npu Pr > 0,6

n-0

d
NpoH3BOAHAA di =0,33 Pr'/3, Mostomy B HTOre MIOTHOCTH TEIJIOBOTO MO-
N n-0

g = 0,39 (ta — 1) l/-ﬂ pr'i3,
VX

uau B Oe3pasMepHOM BHAe
ax/A = 0,33 (wyx/v)"2 Pr'/3,

TOKa paBHa:
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Han
Nu,, =0,33Rel2 ", {3-16)

Dra ¢opmyna cosnajaer ¢ obobuleHHONH 3aBHCHMOCTBIO (3-9) Ans cayyas no-
CTOSTHHBIX (H3HYECKHX CBOHCTR.

Ha npakruke temmepaTtypa NOBEPXHOCTH IINIACTHHBI He BCErja oKaabiBaeTcs
0JIHHAKOBO# BO BCeX ee TouKaX. YcaoBue {, = const, Hanmpumep, He BHIONHSIETCH
B cayuae 3JeKTPHUecKoro oforpesa, Korja Ha Kax/lOM ydYacTKe IJIaCTHHE! Buije-
JsieTcsl OJHHAKOBOE KOJNHYECTBO TEMIOTH. 3Ta TEMJIOTa yepes HOBEPXHOCTbL MHia-
CTHHBI OTBOJAHTCA K TemjoHocHTenlo. TakuM o6pasom, B 3TOM clydae B KamIo#
TOYKE MOBEPXHOCTH HEH3MEHHLIM O0KAa3LIBACTCH IIOTHOCTH TEMJOBOTO IOTOKA
g = const, Torma kKak TemmepaTtypa cTeHKH [ HapacTaeT BRosb njactiHbel. Co-
OTBETCTBEHHO YBEJIHUYHBAETCH TaKike TeMNepaTypHBI Hamop fo—fx.

B Ttex cayuyasXx, Korja TemIeparypHbii Hanop H3MeHsIeTCH MO IIOBEPXHOCTH
Tenyoo6Mena, Cpeluuii KoshduuMeHT TelNooTAauH uejeceoGpasHo ONpeleasiTh
N0 COOTHOIIEHHIO

Qg

.. . S
fe—t)F t—ix

(3-17)

Takoe onpejlesieHHe NOKasklBAeT, 4TO CpefHHH Ko3hQHUHEHT TEMIOOTAAYH
eCTh YyacTHOE OT JeJIeHHS CpefHel Mo MOBEPXHOCTH IJIOTHOCTH TEIJIOBOrO MOTOKA

. Q 1
=X __ (qdF
g = @

Ha CpeiHHH MO NOBEPXHOCTH TeMIlepaTypHbi Hamop

fodilnnc=] Wt P,
F Fr

Jipyroii BO3MOXKHBLIH MeTON [OJNYUYEHHSI CPelHero KoshpHIUHEHTa TENma00T
Ha4yH — cpopma.nbuoe OCpelHEHHEe ero JIOKaJlbHOTo 3HayeHH$s

1
Oep=—| adF 5
= i_ (3-18)

— ¢ mpakTHyeckol TOUKH 3peHHS MeHee Ienecoofpasen, TaK KaK 3HAHWe Bedu-
UHHBl Olop @M€ NPH H3BECTHOM CPEXHEM TEMIEPATYpPHOM HANOPe HEe No3BOASET
paccyHTATL KONHuUecTBO NepepanHol rennorsl. Crneayer o6paTuTh BHEManue ua

TO, YTO NPH NEPEMEHHOM TEMIEPaTYPHOM HAaNlOpe BENHIHHEI Clep H O YHCJEHHO
HE OJAHHAKOBBHl, T. €. Gcp 7 .

OnpeneneHue cpeiHero KoddohHulHeHTa TEIIOOT/a4H 110 COOTHOLICHHIO (3-17)
HMEET TaKike TO IPEHMYIIECTBO, YTO NPH ITOM pacuyeTHble ypaBHenus (3-10) u
(3-12) anst cpeiHed TeNI0OTAAYH HIOTEPMHUECKOH NNACTHHBI OKA3BIBAIOTCS OGBIUHO
CIPABeJJIHELIMH C JIOCTATOUHOH CTENCHBIO TOUHOCTH JUISl HAXOMUEHHS CPeLHEro
Kod(puIKeHTa TENN00TAAYH NVIACTHHEL C NEPEMEHHBIM [0 LJKHE TeMOePaTypHLIM
nanopom. Tak, Hapumep, P TAKOM METOJe pacuera Cpejnero Kosbdumuenta
TENJOOTAAYH VIS NJIACTHHBI ¢ ¢ = const NonpaBku Ha HemsotepMuumHoCcTh Co-
CTABJAIOT NPH JaMHHAPHOM HOTPAHKYHOM Ciioe npumepso + 6%, a npu TypGy-
JEHTHOM NorpanuyHom caoe -+ 1%.

B 1esoM HeH30TEPMHYHOCTH NOBEPXHOCTH NJIACTHHBI NPOSIBASETCS B GOJb-
wef cTeneHH NPH JaMHHADHOM NOTrPaHHYHOM cioe [26].

Mpumep 3-1. Tnapkas nauta WHpHHOA b = | M i aaunolt [ = 1,2 u obny-
BAETCA BO3LYXOM €O CKOpocThlo wy = 8 M/c. Onpegenuth cpenuuii KoaHHeHT
TENIOOTAAYH O H MOJIHBIH TENIOBOM NOTOK Q, ecal Temneparypa crenku ¢, = 60°C
W TeMIepatypa Bo3fyXa fy = 20°C.
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Mpn tx = 20°C umeen: Ay = 0,0259 Br/(M-°C) u vy = 15,06-10~5 w¥/c.
wl 8-1,2 5. 0.8 __ 4
e, == = =6,35-10", Re;; =4,48-10%
Rem = = 15,06.109 =
TMogcraBassi 3TH 3HayeHHs B ypaBHeHHe (3-14), monyuaem:

Nu,, = 0,032 Rejy; = 0,032-4,48.10* =1,42:10%

K
oTKYyla .
Uschn _1,42-108-0,0259

! 1,2
Q = aF Al =abl (te — ty) == 30,6-1-1,2 (60 — 20) = 1470 Br.

e = 30,6 Br/(m2.°C);

3-2. TENNOOTAAYA NMPU TEYEHMM MMAOKOCTHM B TPYBAX

1. M'uaponvHaMuuecKHe YCJIOBHSI pasBUTHsl npouecca. [Ipx BEIHYXK-
JEHHOM JBHIKEHHH JKHAKOCTH BHYTPH TPYOBl pa3/iH4aioT ABa peXHMa
TeyeHHs: JaMHHapHBIH U TypOyaeHTHBIH. JIaMMHAPHBIH pexkuM Haluio-

Puc. 3-10. Pacnmpefienenue ckopocTefi no ceqeHHIO NPH JaMAHaPHOM
(a) 1 TypGyneHTHOM (6) pemuMax LBHIKCHHS KHULKOCTH B TpyGe.

JaeTcsi NMPH MaJBIX CKOPOCTAX JABHXKeHHsi kMAKocTH. Ilpu ckopocrsix
MOTOKa, GOJIbIIHX HEKOTOPOTO 3HAUEHHA W,, PEKHM TEYEHHs Mepexo-
IUT B TypOyJeHTHBIH. [ns pPasnHuHBIX KMAKOCTEH W TPyGOMpPOBOIOB
KPUTHYEeCKasi CKOPOCTb pasnuuyHa. PexuM TeueHHsi JKHIKOCTH ornpele-
JsieTcsi 1Mo BeqHyHMHe yHcna Re = wd/v. Ecnu Re meHblie KputHue-
ckoro Reyp, TO pekHM TeyeHHs JaMHHAapHbIH. [IpH 1BHKeHHMH KHAKO-
ctu B Tpy6ax Rey, = 2-10°. Pazsuteiil Typ6y/eHTHBI DPEXKUM Teye-
HHsl yCTaHaBJIMBAeTCsl NpH 3HaueHHsax Re>>1.10% Jlnanazon usmeHe-
uusi Re or 2:10% no 1-10* cooTBeTcTBYeT MepeXOQHOMY peKHMY Teue-
HHA.

Ilns naMHHApPHOTO H30TEDPMHYECKOro peKHMa XapakTepHo mnapa-
GosMyecKoe pacrpefie/leHHe cKopocted no ceyeHHio (puc. 3-10, a)

w=w, (1—y?Ir?,
rlle- @, — CKOpPOCTb Ha OCH TPYGhl; W — CKOPOCTh Ha PAcCTOSHHH Y
OT OCH; r — paguyc TpyGHL.
B npakTHueckHx pacuerax OOBIYHO HMEIOT J&JI0 CO CPeJHUMH 3Ha-
YEHHSIMH CKOPOCTH:

-— l
e [ ] s, 3.19
w f!wf 7 (3-19)
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re w© — CpeiHssl CKOpPOCTh; [ — MJOLaAb TONepPeyHoro CedeHHs
Tpy6B; V — OGBEMHBIH PAacXO KHAKOCTH.
OtrHoleHHe CpeHeil CKOPOCTH K MaKCHMAJTBHO# MPH JiaMHHapHOM

peXHMe TeueHHs MOCTOSIHHO: w/wy = 0,5.
Jlis1 pa3BUTOrO TYPOYJIEHTHOTO pexHMa JBHIKIHS MKHIKOCTH pac-
npejieieHue CKOPOCTH TI0 CeyeHHIo TPYGBI HMeeT BHI YCeUEHHOW napa-
Goner (puc. 3-10, 6). BOausu crenkw
TpyObl KpHBas u3MeHsiercst pesko, Iz

wiw,
a B cpeaHeil 4YacTH ceyeHHs — TYpOYy- .l & e ol
JIEHTHOM siIpe TMOTOKa — mosoro. Mak- L 2% T /uy=f(Re)
cuMaJbHas CKOpocThb Habmonaercs Tak- 47— —
e Ha ocH TPYOLL. 05_,11 IRe~Tdlv
OrHolueHHe  cpeaHelil  CKOPOCTH L/ lgke
K MakCHMalbHOI fABJAsieTcsi (YHKIHed 47y - . : :

J & g § 7 B
yncia Re
@/wozf (Re). Puc. 3-11. 3aBucEMocTh W/ w, =

. = f(Re) mnpH TypOyJeHTHOM
Ha puc. 3-11 rpaduyeckd nokasaHa  peumesud XKHIKOCTH B TpyGe.

3Ta 3aBHCHMOCTb.

[TpuBeseHHble 3aKOHBI PacnpesieeHsa CKOpocTeH 110 ceyeH o TPYOh!
cnpase,uﬂnsm JHIOb [AJ5  TaK Ha3bBaeMOro THAPOAHHAMHU -
yecKH CTaGUIHU3HPOBaAaHHOro aBHXeHHdA Cra-

el s O, 2

E—— 2z
L ’Z POl L L
Uy
a)
_u-r. p/
o 2050 e e
O_‘ .-—‘g—:,uc.'— é——’:’—?—i b ":i
L Ll 770 2
by
a)

Puc. 3-12. TupponuHaMuueckas crabuJH3aUud Te-
YeHHS KHIKOCTH B TpyGe.

a — NaMHMHAPHBIA PEXHM Tedeliusd; 6 — TYpOyJeHTHBIl
pEH{HM TeuelHus.

GuH3al ks HAcTYMaer He cpasy, a Ha HEeKOTOPOM PACCTOSHHH OT BXOJa
B TpyOy. Ha stom yuacTke Xapakrep ABH:KeHHSl H paclipejiesieHHe CKO-
pocTH mnpeTepnepatoT Gosblune H3MeHenHs. [lIpoumece craGuansanuu
npoduna ckopocreil MPOHCXOAHT CaeAYIOmHM o6pasoM. B6ausu Bxoa-
HOTO CeYeHHs Ha TMOBEPXHOCTH TPYOH ofpasyercsi AMHAMHUECKHH mno-
IpPaHHYHBLi CJOH, TOMIIMHA KOTOPOTO MOCTENEHHO YBeJIHYHBAETCH 110
Mepe yBelHuyeHHS PaccTOsHHA OT BXofa B Tpy6y. Ha nekoropom pac-
CTOSIHMH OT BXOfa B TPyOy NPOUCXOJMT CMBIKaHHE CJIOEB H TeyeHHe
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npuoGperaer cTaGuIM3NpOBaHHEIH xapaktep. Ha puc. 3-12 cxemarn-

yeCKH MOKa3aHO TaKOe pas3BHTHe mpouecca. Ecan umeno Re = wdlv
MeHblle KpHTHqECKOFO, TO Ha BCeM MNPOTHANKEHHH FH,[LpOJZLHHaMHlIECKOI'O
HayaJbHOTO yyacTKa CTaGH/IH3alKH TeyeHHe B NOTPAaHHYHOM CJIoe HMeeT
JNaMHHApHBIE xapakrtep (puc. 3-12, a). Korma Re>>Re,,, BGnusH
BXOJHOI'O CedyeHHsi CcHaudaJja (bOpMpr&TCH JIaMHHaprIﬁ I'[Ol"paHH‘lell".l
/10, KOTOPHIH 3aTeM NePeXOAHT B TYPOYJIEHTHEHIH, H Tocjie CMbIKaHHs
TypOyJIEHTHBIX MOTPAHHYHBIX CJIOEB YCTAHABNHMBAETCS CTAGHJIH3HPO-
BaHHOe TypOy/eHTHOe TeyeHHe KHAKOCTH (pHc. 3-12, 6). Tlpu stom
y caMoil MOBEPXHOCTH B OYEHb TOHKOM BA3KOM IMOAC/IOE TeYeHHe coXpa-
HfET JaMHHADHBIE XapakTep.

p p-dp JlnuHa THIPOINHAMHYECKOTO Hayalib-
ik 2 HOTO Yy4YacTKa CTaGMAM3ALHM MOTOKA MpH
I 1 JIaMHHAPHOM peXHuMe OnpenesisieTcss co-

. b - %—-u Z  OTHOLUEHHeM
' N 1,=0,05 dRe, (3-20)

T. e. 3HaueHHe [, Tem GoJblle, yeM BbILle
yucio Re = wd/v.

ITpu TypOy/eHTHOM TeueHHH BeJHYHHA
[, cna6o 3aBucuT or Re M cocraBaser
NPHMEPHO

Puc. 3-13. SneMeHT KHIKO-
cTH B TpyGe.

l, ~ 15d. (3-21)

[Tpx cTa6uAn3HpOBAHHOM TEYECHHH KHAKOCTH B TpyGe JaBieHHe YMEHbIIAETCH

B HaNpaBJCHHH IBHKEHHS notoka, Ha kaxlom yuactke nepenall NasneHuli ypas-
HOBELIMBAETCA CHMJION KACATeJIbHOTO HANPSAMKEHHS TPEHHSA § HA CTEHKax TpPYyOH,
BO3HWKAIOWETO BCAENCTBHE HAJNMUMA CHJ Bs3KocTH. [Lnd 5neMeHTa MHIKOCTH,

nd?
3aKJIOYEHHOTO BHYTPH o6bema i dx (puc. 3-13), ypaBHenue Gasanca CHJ HMeeT

caeayiomuii Bun. Cuna flaBneHusi, NpHJIOKEHHAsi K 3ToMy o0bemy, paBHa pas-
HOCTH IIOJHHIX IaBJEHHH HA €ro NpaBoll H jeBofi rpaHsax:

md? md2 Td?
—p = —dp “
4 4 4
Cusla KacaTesbHOro HANPSIKEHHS TPeHHs, NPHIOKeHHAsT K G0KOBOii moBepx-
HOCTH 3JieMeHTa Niomaielo nd dx, paBHa snd dx, rje § — KacaTeabHOE Halpsxe-
HHe TPeHHS Ha eHHHILE TOBEPXHOCTH CTeHKH. Y paBHenne GajaHca ITHX CHJ HMeeT
BHIL:

(p—dp)

md?
— —dp—T—=snxddx

d
e O o 2.9 . (3-22)
dx d

CoorHomenne (3-22) wocut oOmdit Xapakrtep, OHO cIpaBefljHBo Kak JJas
JIAMHHAPHOTO, TaK H JJas TYpOyJeHTHOro cTaGHAH3HPOBAHHOTO TEYEHHS HHJIKO-
cri. OIHAKO 3HAUEHHS KAcaTeNbHOrO HANPAXKEHHN TPEHHS § PA3NHUHBL 15T STHX
pexumoB TeueHHs. [IpH namMHHApHOM peKHME

- (3-23)
Re
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npu TypGyJNeHTHOM pexuMe TeueHHs (Mo 3Havenufi Re x 109)

0,035 —,
=——pw?, (3-24)
Rell

KacatenbHoe HanmpsixeHWe TPeHHs S NMPH H30TEPMHUYECKOM TeyeHHH HECHKH-
MaeMofi MKHMAKOCTH OCTAeTcsl NMOCTOSHHEIM 1O JJuHe TpyOel. ITostomy ypasHemue
Gananca cua (3-22) MOXKHO 3anHcaTh TaKXKe B BHJe KOHEYHHIX Nepenajos JapJe-
HUS

!
bp =11, (3-25)

rie Ap = py—p, — Pa3nocTh NaBJeHHH Ha yuacTKe TpyOHl AnHHOM [.
Ecau ofe uacti ypasuenusi (3-25) pasgfesuTh Ha CKOpocTHOH nHamop pw?,
To cnepa monyuures uucno Jinepa Eu = Ap/pw?, u ypanuenue npHMeT BHA:
s I
Eu=4 ——. (3-26)
pw? d
B rugpoMexaHHKe NpHHATO XapaKTepH30BATh CONMPOTHBJcHHe Geapaamep-
HHM Ko3(duuHeHTOM, KOTOPHH Ha3niBaercss KO3((pHUHEHTOM CONPOTHBJIEHHS

Tpenus u 06uunO o6o3nauaercs §. Ou cBA3an ¢ yncyoM iiyepa MPOCTHIM COOTHO-
IeHHEM

§=2Eu = (3-26a)
HJIH B PasBEPHYTOM BHJE
-
Ap=t p;” — (3-266)

M3 ypabuenmi (3-23) — (3-26) caeayer, 4TO NpPH JaMHHAPHOM TeUEHHH
B KpPYrjibX TpyGax Ko3(@HIHEHT CONPOTHBJIEHHSA ONpPeNessieTcs Kak

t = 64/Re, (3-27)
a npH TypOyJNeHTHOM
t =0,316/Re'/. (3-28)

Coornowenue (3-27) mpegcraBasier coGoit 3akoH [lyaseiinsg. Coornowenue
(3-28) m3BecTHO mMoOJ Ha3BaHHeM 3aKo:Ha Bnasmyca.

2. TeniooTaaya npu JamuHapHom pexume. [Ipu snamuuapHOM Te-
UEHHH MepeHoc TeIVIOTHl OT OXHOTO CJIOSl KHAKOCTH K JAPYroMmy B Ha-
NpaBJIieHHH HOPMaJH K CTeHKe OCYIIECTB/ISETCS NYyTeM TeIONpOBOJ-
HOCTH. B TO Ke BpeMsl KaxK/blil CJIOH HMeeT B o6LieM ciydae pasiHuHyo
CKOpPOCTh TNpOJoJbHOro JBHxKeHHsi. IlostoMy Hapsinly ¢ monepeyHbM
TIepeHOCOM TeMJIOTH MyTeM TeNJONPOBOJHOCTH NPOHCXOAUT TaKKe KOH-
BEKTHBHEIl TIepEHOC TEMJIOTHl B NPOJLOJIBHOM HampaeleHliH. Beaencrsue
3TOTO TEMJIOOGMEH NMPH JAaMHHaPHOM pPexKHMe TedeHHsl 3aBHCHT OT THApPO-
INMHAMHYecKofi KapTHHHL JBHKEeHHS.

PaccMoTpuM pa3BuTHe mpoilecca TemIioo6MeHa Bosb Tpy6bl. IlycTs
BO BXO/IHOM CEYeHHH TeMiiepaTypa »XHJKOCTH MOCTOSIHHA W N0 BeJH-
YHHe OTJIHYaeTcsi OT TeMnepaTyphl CTeHKH Tpy6wl. Ilo Mepe nBHiKeHHs
NOTOKA MEMKIY FKHAKOCTBIO M CTEHKOH MPOHCXOMMT NpoIece Ternaoos-
MeHa H TeMmneparypa JKUAKOCTH IIOCTENeHHO uaMeHsiercd. BHauage
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B6IH3H OT BXOJHOTO CeueHUs] H3MeHeHHe TeMneparyphl TPOHCXOIHMT
JIMIIL B TOHKOM CJIO€ OKOJIO TOBEpPXHOCTH. 3aTeM 1o Mepe yjajieHHs
OT BXOJHOI'O CeueHHs Bce (oJiblllasi 4acTh TMOTOKa BOBJEKaeTcsi B MpO-
nece Ternoo6Mena. Takum o6pa3zoM, pasBHTHe Mmpolecca TelsooOMeHa
BHYTPH TPyG BHayaje NPOHCXOAHT KauyeCTBEHHO TaK XKe, Kak H TpH
JIAMHHApHOM TOrpaHWYHOM cjioe Ha miacThHe (cM. § 3-1). Oxoso mo-
BepXHOCTH TPYGbl 0Gpa3yercsi TenIoBOi MOrPaHHYHEIH C/I0H, TOJIHHA
KOTOPOrO TOCTENEHHO yBeJHYHBAeTCsi B HanpaBieHHH JABHXKEHHS TO-
tToka. Ha HeKOTOpoM paccTOSIHMH OT BXoja TpyOHl [, 4 TenjioBbie MO-
rpaHHuHBIe CJIOH CMBIKAlOTCS, H B Tpollecce Temnoo6MeHa ydacTByeT
Aanee Bech TMOTOK KHJKOCTH. Pacctrosinne [ , MoxeT OBITH NpHO/IH-
JKEHHO OlleHeNOo N0 3aBHCHMOCTH

l,.~0,05 d Re Pr.

OG6bluHO Ha TPaKTHKe JIAMHHADHBIA PeXHM BCTPEYaercs NpH Te-
YeHHH JOCTATOYHO BfI3KHX TEMJIOHOCHTeNeH, TAaKHX KaK pas/IHuHble

t & %
s, L s, 7
Ky b ™ %txg
e —_— - z
L Y ALY 77

Puc. 3-14. H3Menenne pacnpelleNeHHsl TeMNepaTyp No CeYeHHIO H NJAHHE NpH
ABHXKEHHH JKHIKOCTH B TpyGe.

Macna, A KOTOPHIX 3HaueHHsi Pr oGBIYHO 3HAUWTENILHO MPeBHILAIOT
eMMHUIY. B 3THX YCJOBHAX NJIWHA TEMJOBOTO HAYaJbHOTO Y4YacTKa
crabuau3anuu [ , OxashiBaeTcsi J0CTarouyHo Gonbinod. Taxk, HanpH-
mep, ecan Re = 200 u Pr = 500, To [, » &~ 5000 d.

Ha paccrosnnu GosblueM, ueM [y ., TpopHIbL pacnpeneneHHs TeM-
nepaTyp No CeyeHHIO TPYObl MPONOJIKAET H3MEHAThCS, KaK 3TO CXeMa-
THYHO MNOKa3aHo Ha puc. 3-14.

B npenenax Temnjosoro HayaJbHOTO YyacTKa cTa0HJIH3alHH TeMIie-
paTypHEI TPaJHeHT B XKHAKOCTH y CTeHKH (1/dn), , yOblBaeT mo Mepe

VBE/IHUEeHHsl PAcCTOSIHHS OT BXoja GbICTpee, 4eM TeMMepaTypHHIH Ha-

nop (fye—1Ic), TAK KaK LeHTPaJbHAas YacTh NOTOKA elle He yuacTsyeT
B Temioo6Mene. ITosToMy M3 ypaBHeHHs TeNI0OT/auH

Lok =

(2)

A an [n-0 qx ;

— A= = (3-29)

f}xx = tc tmx R tc

cjenyeT, 4To JOKAJAbHBIH KO3(Pp(QUIHEHT TEeMI00THAYH O, [OCTEeNeHHO
yMmeHbIlaeTcsi BAoab TpyOu. [lajenme soxanbHOro  Koabduuuenta
TENmJIo0TAAuH MPOJO/IKAETCA N0 TeX IMOop, NOKa TElIOBHE NOrpaHHYHEe
cJI0H He cMBIKalores. Jlanee ofie Benuunnbl 0/0n U fy,— f, yGHBaIOT
C OMHAKOBOH CKOPOCTBIO, a JIOKANLHLI KO3(HUMEHT TerooTAauy
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NpHHHUMaeT nocrosiiHoe 3uauenne. Ha puc. 3-15 nokasano uamenenue
JIOKAJLHOTO H CPeHero Ko3(QUIHEHTOB TeIIOOTAAYH B 3aBHCHMOCTH
OT AHHBL TPYOBl. 370T rpaguK noxasbiBaer, YTO paccTosiHie, Ha Ko-
TOPOM TIPOHUCXONUT CTAGHIH3AIUS CPENHHX KO3(DHUIHEHTOB TemJIo0T-
nauM, I, . Bcerga OOJIbIUE PACCTOSIHUS, OTBEYAIOLIEro CTabH/IH3aluK
JIOKAJIBHBIX KO3(G(HIMEHTOB TeIIOOTAAUH, [y 4.

B ypaBHenuu (3-29) BenuuuHa f,, ecTb CpeiHss TeMmnepaTrypa Io-
TOKa B JlaHHOM CeyeHHH. Dra TeMmnepaTypa WHOINa Ha3blBaeTCs TaKikKe
TeMrepartypoil CMellleHHsi, TaK KakK COOTBETCTBYeT TOH TeMmepatype,
KOTOPYIO NMPHMET TIOTOK, CJH €ro XOpoIIo repemeliath. TemmepaTypa
fxx OTIDENENsieTCst B OOIIeM CJ1yYae H3 BEIpaXKeHHs

; cppwindf
5 Cppwdf ’ (3"30)
f

= lnr —I- &

bur N <D
Puc. 3-15. Hameneunne "Jno- Puc. 3-16. Hamene-
KanbHOrO0 H CpejHero_Koad- HHE CKODOCTH H

(uLHenTa TEIIOOTAAYH B 3a-

TEMIEPaATYpLl KHI-
BUCHMOCTH OT JLJIHHBI TPYGHL.

KOCTH MO CEYEHHIO
TPYGHL.

Eciii 3aBHCHMOCTBIO €, H O OT TeMmmnepaTyphl MOXKHO npeHeGpeub,
to ypasHenue (3-30) nmpunumaer BH:
'; Wty df

Hx

- e
- gwdf ks I wt, df, (3-30a)

rae V — o6beMHBIH pacxojl KUIKOCTH.

B mnepsom ciayuae [ypasuenme (3-30)] ocpenmenne temmeparypsl
NPOM3BOAHTCS MO 3SHTANbIHH KHIAKOCTH, BO BTOPOM [ypaBHeHHe
(3-30a) ] — no ee ofvemuomy pacxony. CienosaresnLHo, 4TOGH MPOH3-
BECTH OCDE/IHEHHE TeMmnepaTypel, HeoGXOJMMO HMeTh pacmpefe/eHHs
CKOPOCTH H TeMmmnepaTypsl B pacCMaTpPHB2eMOM CEUEHHH, H3MepeHHbLIe
onnoppemenHo (puc. 3-16). Eciu xe no ceuenuio kanana CKOPOCTh
OllHHAKOBa, TO (opMysa ocpenHeHHs (3-30a) npuHuMaer Bup:

ird 1
Ecx =73[ t df. (3-306)
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OnnuM u3MepeHyeM Ge3 NOCAENYIOUHX BBLIYHCAEHHH CPENHION TeM-
nepaTypy B CeYeHHH MOKHO TOJYYHTb JIHIIb B TOM Cyuae, eciii nepes
MECTOM H3MEpEHHA XKHIKOCTh KakK clenyer mnepeMellars.

BennunHa ¢, B ypasHeHHH (3-29) npescrasisier coGoil JOKaNbHYIO
IJIOTHOCTh TeNJIOBOTrO INOTOKa B JaHHOM CEYEeHHH.

Ilns pacuera cpeaHero KoagdullHeHTa TenJooTaaqH

Q ? (3-31)

o=
Ftx—Ilg Ix—tlc
HeoOXOMMO B OOLLEM cJyuae 3HATh CPeHHE MO JJIHHE TPYOBl HIH Ka-
Hajla 3HaYeHHs TeMNepaTyphl XKHAKOCTH £, M CTeHKH f,. Ecan Temne-
patypa f, M3MCHSeTCS He3HAYHTeIbHO, TO OCPEJHEHHE TeMmmnepaTtyphl
1, No JJIHHEe MPOU3BOAUTCS CJELYIOLHM 00pa3soM.
Ilpu neGonmuiioM H3MEeHeHHH cpefHell TemmepaTypel BOJb TPYOHI
BeIMYMHA 1, MOXKET ObITh ONpejeneHa KaK cpelHee apH(pMeTHYeCKoe
U3 3HAYeHHH CPEAHHX TeMmnepaTyp B HadaJbHOM f, M KOHeYHOM [

CeyeHHsAX TPYORI:

E)K:% (et o). (3-32a)

B ofiem cayuae GepefHeHHe MPOH3BOAMTCA MO (opMyJie
fe=te + Aty (3-326)
rae 3HaK «» OepeTcsl B Ciydae OXJAmAEHHsS, a 3HAK «—>» B CJAyyae
HATPEBAHHS XUJAKOCTH MO JIMHE KaHala.
Benuunna Af,,., HasbiBaeMasi CpelHeNOTapHPMHYECKHM Temmnepa-
TYPHBIM HAMOPOM, OINPEAE/ISeTCs 10 COOTHOIICHHIO

A¥ — A" At' — At"
Atnor= AL = NG (3-323)
In=—  2,3031g —
At* At"
rie At' u A?"" — TemneparypHble Hanopbl B HAYaJbHOM M KOHEYHOM

ceyeHusix TpyObl MM KaHana (puc. 3-17, a, 6).

CpensenorapudMHYeCKHH TeMneparypHeIH HANOp BCerjla MeHble
cpenneapudmeTHyeckoro, Ho npu Af'/At"" <2 pasHuua Mexjpy HHMH
OKa3blBaeTcsl He3HauyHTeNbHOH (MeHblle 4%). IIpH BBINOJHEHHH 3TOrO
ycJI0BUA BMECTO ypaBHeHHs (3-326) MOXKHO NOJIb30BaThCsl Gosee Ipo-
CTBIM cOoTHOILeHHeM (3-32a).

Ecnu Ha mOBepXHOCTH TPYOBI MOANEP:KMBAETCH [OCTOSIHHASA IIJIOT-
HOCTb TEMJIOBOTO MOTOKA ¢, = COnst, 4yT0 HMEEeT MecTO Ha MpakTHKe,
HanpuUMep B CJlyYae PaBHOMEPHOrO 3/IeKTPHUYECKOro oborpesa TpyoGH,
TO CpefHAsA MO JUIHHEe TeMIeparypa KUIKOCTH BCeria ompejensiercs
KakK cpefHeapUdMeTHyecKoe M3 3HaYeHHH CPEIHUX TeMmnepatyp B Ha-
4aJbHOM H KOHEYHOM CEUeHHsIX TPYOhl, T. €. N0 ypaBHeHHiO (3-32a).

BenuuHHa M XapakTep M3MeHeHHs JIOKalbHOIO Ko3(h¢ulHeHTa Ten-
JI0OTAAYH TO JUTHHE TPYOBl 3aBHCAT OT 1eJI0ro pana (akTopos, TaKHX
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KaK mpodusb TeMrnepaTypbl XKHAKOCTH Ha BXOJe, HauyajbHbIl npoduib
CKOPOCTH M YCJOBHSl BXO/la KWJIKOCTH B TpyOy WJIM KaHal, Xapakrep
H3MeHeHHs TeMnepaTyphl CTeHKH 1o jIkHe TpyOul. YacTo Ha npakTHke
9TH YCJIOBUSI JOCTATOYHO YETKO HEH3BECTHBI, YTO NMPHBOJHT K 3aTPY-
HEHUIO TIPH TOYHOM pacyeTe JOKaJLHOH HHTEHCHBHOCTH TenjooOMeHa.
INoapo6GHoe uccleOBaHHE BAMSHUSA Pa3JHYHBIX (aKTOPOB HA TENJIOOT-
Jlauyy TIPH JIAMHHAPHOM perKHMe TeueHHs colep:kuresd B [74].

3Hayenus cpeaHero Kos(HIMEHTa TEMJIOOTAAYH MO JJIHHE TPYOhI
BJAHAHHIO YNOMSAHYTHIX Bhillle YC/JAOBH TOABEP:KEHBI B MEHbILEH cTe-
TMeHH, TaK Kak B NPOIECcce OCPeIHEeHHs BJIHSAHKE OTJeTbHBIX (aKTOPOB
CrjIaxKHBaeTcs.

3HauuTebHOE BAHAHHE HA HHTEHCHBHOCTL TeMJIOOTAAaud MOMKeT
OKa3blBaTh 3aBHCHMOCTb (PH3MYECKHX CBOHCTB JKHIAKOCTH (B HEPBYIO

Puc. 3-17. Mamenenne temme- Puc. 3-18. Pacnpege-
paTypHOro Hamopa BLOJIb JEHHE CKOpOCTell 1o
Tpy6er mpu fc = const. CeYeHHIO NPH HEH30-
a — oXJaKjaeHHe XKHAKocTH; 6 — TEPMHYECKOM JaMu-
Harpen XMHAKOCTH. HapHOM TEUEHHH HKHI-

KocTH B TpyGe.

1 — npH H30TepMHYeCKOM
TedeHHH, 2 — NpH oXnam-

ouepesb BA3KOCTH) OT TEMIepaTypbl. —Aeiii: 3 — upit marpesa-
HzMeHeHde TeMIepaTypbl IO CEYeHHIO

TpyOsl MPHBOJMT K H3MEHEeHHIO Bs3-

KOCTH, TpHYeM 4eM OoJiblle mepenajpl

TeMreparyp, TeM CH/IbHEE MEHAIOTCS BA3KOCTh M ApyrHe (H3u-
yeckKHe mapameTphbl  (TemJIONPOBOJAHOCTb, TEIJIOEMKOCTb) 1O  Ce-
yeHuio TPyObl. M3MeHeHHe BSISKOCTH NPHBOJMT K H3MEHEHHIO npoduss
10715l CKOPOCTH, YTO B CBOIO OYepellb OTPaKaeTcsl Ha HMHTEHCHBHOCTH
teryiooOMeHa. B 3aBHCHMOCTH OT HanpaB/eHHd TEIIOBOTO MOTOKAa H3-
MeHeHHe NPOQHIA CKOPOCTH OKasbiBACTCS PasiHYHBIM (puc. 3-18).
IIpu oxJayKJeHHH XHIKOCTH €e TEeMIepaTypa y CTeHKH HHikKe, a BA3-
KOCTb BBIIIE, YeM B siApe notoka. Iostomy no cpaBHeHuio ¢ usorepMu-
yecKMM TeueHueM (/) B 3THX YC/IOBHSIX CKOPOCTb JBHKEHUS KHAKOCTH
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Y CTCHKH HUXKe, a B sifipe noToka senne (2). ITpu narpesanu xunkoctH,
HA0LOPOT, CKOPOCTh TEYEHHS! JKHAKOCTH Y CTEHKH BHIIE, a B sipe I0-
TOKa HHkKe (3). Ha mpaxTike OGBIYHO CKOPOCTb M TeMmeparypa Ha
BXojie B TpyGy HMeIOT npoduau, GIH3KHe K paBHOMEpHHLIM. s STHX
YCIOBHH pacueT CpeJHero KopdHIHeHTa TenIooTAaYH OPH JaMHHAp-
HOM pCXKHME TeUeHHs JKMAKOCTH B TpyGax mnpu [/d>10 u Re,> 10
MOXeT NPOBOAHTBCA MO (opMmye

N, = 1,4 (Rem %)“’4 Pty (Pr,/Pr)"?, (3-33)

rie Nug, = ad/hg; Rey = wd/vy; Pry = v,/a,; Pr, = v/a,.

T LTV T I |_1l_t,_ -
] ‘ ST 0
B (025 N0
[ (Pry/Pr;)” .
o= ~ Nugy, |
o™ (PP
P e
=== - 5
1 A L it
. -.-.J--r X i o 1 i W
' el LI+ 2
’1“ /I’H‘-;" I : 2 T
1 B3 i y a 5 110
o ' * b T}
L kel L™ T T1
Re o Prac® 5
1 o ] L
10 10? 103 17 7

Puc. 3-19. Cpepuss TemynooTAaya NPH JaMHHADHOM TeYeHHH KHIKOCTefi
H rasoB B TpyGe H NJOCKOM KaHale.

1 — macno MK; 2 — macao MC, narpes; 3 — macao MC, oxanaxzgenne [74]; 4 —
TpanchopmaTopHoe Macao; 5 — Bojaa; 6 — posayx [26].

Hupekcbl @K» M «C» 03HAyalT, 4TO (PH3HUECKHE CBONCTBA BHIGH-
patoTcs Mo CpelHeli TemliepaType MKHIAKOCTH H CTEHKH COOTBETCTBEHHO.

Muoxurenb (Pry/Pr)*® yunTeBaer 3aBHCHMOCTb  (hH3HUECKHX
CBOICTB (B OCHOBHOM BSI3KOCTH) OT TEMIEpPaTyphl M BJHAHHE Halpas-
JeHus Temyosoro noroka. Coornowenue (3-33) cnpaselJIHBO A 3Ha-
wennit 0,06<<Pr,/Pr.<<10. :

Ha puc. 3-19 mokasaHo conocTaB/leHHE€ DE3YJbTaToOB pacyera no
dopmyae (3-33) ¢ onbitHbIME AaHHbIMH. CooTHowenue (3-33) npuMennmMo
Takxe M8 pacyeTa TelJOOTHayH B IJIOCKHX KaHalaX IUMpHHOH h.
B sToM ciydae BMmecTo AHaMeTpa d B ypaBueHue (3-33) ciepyer moj-
CTaBJATh IIMPHHY KaHanla h. :
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Coornoenne (3-33) mpaBoMepHO NMPH 3HAYEHHFX

Regy % Pri > 15.

[Tpy MeHBIIHX 3HAYeHHAX STOH BENHUHHEHI, T. €. AJIs TPy6 BechMma
GOMBIION JTHHEL:

l/d > 0,067 Rey,, Prie, (3-34)

BesnuynHa Nugy, CTAHOBHTCHA NOCTOSIHHON, YTO OTBeyaeT YCJOBHSIM CTa-
OGHIH3aUHH HHTEHCHBHOCTH TemjooTAauu. IIpu BHINOJHEHHH 3THX Yc-
JIOBHI1 BMECTO cooTHOWeHUs (3-33) WIs onmpesiesleHHsl CpeHero Kosd-
(ulEeHTa TeMJI00TAAYH MOXKeT OBITb PEKOMEeH0BAaHO NPHOAHIKeHHOe
COOTHOLICHHE

T o 0,26
Nuy, &~ 4 (Pr,/Pr))"". (3-35)
—>

Puc. 3-21. Pacnpegmenenne ckopocrefi mno 7 \,2

CeyeHHI0 TPYOBl MPH B3aHMHO NPOTHBOIO- ,/ \

JIOKHHIX HaNpaBJeRHSAX BHIHYXKIEHHOTO H / "\
CBOﬁOILHO[’O KBUMKEHHI, ! \\
1 — cyMmapHoe pacripefejieine; 2 — 3a cuer | Y
BHIHYMAEHHOr0 JABHMEHHS; J — 3a cueT CBO- | \

GOAHOrO JBHMKEHHS.

>T=< ~

/s ) )\
\..// * EAAN

Puc. 3-20. Pacnpesienenne ckopocTefl no ceyeHHIo Tpy6 NpH coBnajieHun Hanpas-
NeHH# BHHYXKAEHHOTO H CBOGORHOrO ABHIKEHHH.

1 — cyMMapHoe PpaclpejelieHne; 2 —3a cuer BBIHYXJIEHHOro JBH)KeHus; 3 — s3a cueT
ceo6OAHOrO ABHIKEHHS,

IlpuBe/JieHHBIE COOTHOIIEHHSI OTHOCSHTCS K YCJOBHAM, KOTJa BJIHSI-
HHE NOJBEMHBIX CHJI He NpPOsABJSAETCH.

ITpu 3HauYUTeNIbHOM H3MEHEHHH TEeMIEePaTYpPhl MO CEeYeHWIO H JJIHHEe
TpyOBl B PasHLIX TOYKaX NMOTOKA OKa3biBAIOTCA PA3JIHYHBIMH IJIOTHOCTH
KHAKOCTH HJIH raza. Be/leICTBHE 3TOrO B KHAKOCTH BOSHHKAIOT MOAHEM-
HBIe CHJIBI, TIOJ AEfICTBHEM KOTOPHIX HA BHIHYIKACHHOE JBHMKEHHE TEJio-
HOCHTeNsi HaKJajbiBaercsi cBOGOJHOE JABH:KeHHe. B uTore HaMmeHsioTCs
KapTMHa JIBHXKEHHA XMHIAKOCTH H HHTEHCHBHOCTH TeNnJOOTAAYH . Ta—K,
B BePTHKa/IbHBEIX TPyGax NMpH COBNANEHHH HATPABICHUSA TCUCHHS IKHJ-
KOCTH C HanpaBleHHeM MOLBEMHONl CHIb (TeYeHHe CHH3Y BBepX npH
HarpeBe YKUJKOCTH, TeYeHHe CBePXY BHH3 IPH OXJaIeHHH) CKOPOCTb
TEUeHHS JKHJIKOCTH Y CT€HKH YBEIHYHBAETCSi, KaK 3TO MOKA3aHO HA
puc. 3-20. B uTOre MHTEHCHBHOCTb TEIIOOTAaud YBeJHUHBAETCS MO
CPaBHEHHIO €O CJIy4YaeM, KOTJAa BJHsAHHE CBOGOIHONH KOHBEKIHH OT-
CYTCTBYET, YTO, HalpHMep, HMeeT MeCTO B YC/IOBHAIX HEeBeCOMOCTH.

Ilpu B3aUMHO NPOTHBOMOJIOXKHOM HANDABIEHHH BBHINYKAEHHOTO
ABHKEHHS U TIOIBEMHDBIX CHI B BEPTHKATBHBIX TPYGaX (TeueHne cBepxy
BHH3 IipH ]laI‘pEBaHPIH KHIKOCTH, CHHSY BBEpX HPH OXMaXIeHHH WKHJI-
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KOCTH) BHaya/le BAHAHHE CBOOOAHOH KOHBEKIHH MPHBOAWT K yMeHbLie-
HHIO CKOPOCTH JBHIKEHHS »KHAKOCTH Y CTeHKH (pHc. 3-21) ¥ HekoTopoMy
CHIKeHHIO Tersiootnauu. OfHAKO NPH JAanbHelllleM yBeJHYEHHH POINH
CBOOOZHOTO JBHMKEHHS TaKOe TeYeHHe CTAaHOBUTCS HeYCTOHYHBBLIM, B IO-
TOKEe BO3HKHKAaeT H Pa3BHBaeTcs nepemelllHBaHHe TeMJIOHOCHTeNSl H HH-
TEHCHBHOCTb TEMJIOOT/a4H CYIIeCTBEHHO YBEeJHYHBAETCH.

Bansune cBOGOLHOrO JBHIKEHHS HAPACTAET MO MepPe YBEJAHYSHHS TMOABEMHBIX
cuJl fg B CPaBHEHHH € CHJIAMH BSI3KOCTH fy. STH CHJIBI, NefCTBYIOUIHE B BEPTHKANb-
HOM TMOTOKe Ha yuacTKe TPYGH IAHHOH [, ¢ TOYHOCTBIO IO YHCACHHHIX KO3(hhHLH-
EHTOB ONpelesioTCsl COOTHOLIGHH IMH

fe= gAPSIR W fuxp %m,

rie § — cpemusAs Ha yuyacTKe TOJIMHHA TEMJIOBOLO MOTPAHHUYHOLO CJiOf, B Ipeje-
JiaX KOTOPOro H3MeHeHHe MJOTHOCTH H3-3a Nepenaja TeMmmepaTyp COCTaBJseT
Ap = pf (fc—Ix); npoussegenne [R xapaKkTepH3yeT MOBEPXHOCTb TPYGH, KO-
TOPYIO MPH COMOCTABJAEHHH CHJI
fg ¥ fu nanee MOMXHO OMYCTHTE.

I'%pﬂ fu >fg cunbl BA3KOCTH
NOAaBJSIIOT pa3BHTHE CBOGOJHOrO
JBHKEHHS H TEIJIOOTAAaua ofmpe-
JleasieTcs NMPHBEJIEHHBIMH BEIIIE
COOTHOIIEHHSIMH.

Puc. 3-22. TMonepeuynas nHpKYy-

NS B FOPH3OHTANLHOI TPyGe

BCJCJCTBHE HAJHUYHS CBOGOJ-
HOTO JIBHIKEHHS JKHJKOCTH.

a — NpH HArpeBaHHH KUAKOCTH; 6 —
a) 7 NPH OXJAMACHHH FHAKOCTH.

Hayano 3amMeTHOro BJHSAHHSA CBOOOXHOrO JBHIKEHHS Ha TenmjaooGMeH COOT-
BETCTBYET C/y4ai COM3MEPHMOCTH 3THX CHJI, T. €. YCJOBHIO

2B (fe—1x) OR
va

Cpenusisi TOJNU(HHA TEMJIOBOro norpasuuynoro cios & B ypasuenun (3-36)
MoOxeT OhTh HaiijleHa M3 BHpameHus o ~ A/0 uau, uro To e camoe, Kak
6 ~ R/Nu. 3nece Nu ectb cpefnee anavenne uucna Hyccenbra na yuactke 1pyGht
naunoit [. Jlns ompeleNleHHsi Hayana NPOSBJIEHHS CBOGOAHOR KOHBEKUHH Besu-

yuna Nu MoxeT GHITH Hafiflena mo ypasuennsm (3-33) u (3-35).
B urore ycnosue (3-36) MOXHO nepenucate B BHJe

fu~fg mm =~ 1. (3-36)

$ooo fo X e A
gﬁwﬂuNu

dvw ’ (8-27)
HITH
1O W
4 Re

1 Gr
Tpuseaennse coo6paKeHn s NOKa3LBaloT, YTO €CJAH OTHOLIEHHE —4~ —— OyJner

Re
3HauHTeJLHO TpeBuiwarh Nu (modcuutannuiit Gea yyera cBOGONHOM KOHBEKIHH),
TO B JIEHCTBHTEJIBHOCTH HHTCHCHBHOCTL TEMJOOTAAUH B BePTHKAJbHHIX TpyGax
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ﬁy,ELET H3-3a BJAHAHUA CBOGOJHOH KouBeKUHH Breime, Eecau npu pacyerax oOKa3sbl-

1 Gr S
Baercsd, 4TO T T 3HAYUTEABHO MeHblIe NU, TO BJHSHHE CBOGOIHOrO ABHKEHHS
e

Ha TemnooGMeH He MOMKeT ObITh CYUIeCTBEHHBIM,

B ropusoHTanbHEIX TPyOax HampaBs/jeHHe MOAbEMHBIX CHJ H BBI-
HYXJIEHHOTO JBHKEHHs B3aUMHO IepHeHAHKYJsipHO, IO3TOMY pasBH-
THe cBOOOIHOTO JBHXKEHHS TMPOUCXOIUT 3llech NpH BGoJiee GIArONpUAT-
HBIX YC/AOBHAX M NPHBOAHT K TNOABJEHHIO TNONEePeYHOH WUPKYMALHH
XHJIKOCTH, KaK 3TO MOKa3aHo Ha puc. 3-22. Ilpu HarpeBaHHH KHJKO-
ctu Goslee TemJible CJIOH TOJHHMAIOTCS BBEPX, MPH OXJIAXKIEHHH B HHK-
Hell yacTH TpyObl HakanHBaeTcs 0oJiee XOJOAHAA KujiKocTb. B urore
JOKa/lbHasg TEMJooTAayYa CYIMIeCTBEHHO H3MeHseTcss 10 TNepHMeTpY
TpyGhl, IpHYEM Ha BepXHeill oOpasyloleH NpH HarpeBaHHH H HA HHXKHEH
NpH OXJaXKAeHHH TemaooTAaya HaumeHbllas. OfHaKO B CpelHeM M0
CeyeHHIO B 3THX YCJAOBUSX HHTEHCHBHOCTh TerI000MeHa YBeIHYHBAETCH.
CilefloBaTe/IbHO, H B 3TOM CJy4ae NPH BJAHSAHHH CBOGONHOTO JBHMKEHHS
CpelHsisl TEIJIOOTHa4ya YBEJIHYHBAETCH, YTO OOBACHAETCH NONEepevyHOH
HUPKYJIsHed XKEIKOCTH.

Takum oOpasom, BAHSIHHEe CBOGONHOH KOHBEKUHH 3HAYUTEJNbHO OC-
JIOXKHSET TIPOTeKaHHe mpolecca. B HacTosimee BpeMs s pacyera Tem-
JIOOTJla4YH [PH OXHOBPeMeHHOM JeHCTBHH BBIHYXKIEHHOH W cBOOOAHOMN
KOHBEKUHH OOIHX peKOMeHJaluHH He uMeerTcs. IJKCIepPHUMEHTaJbHbLIH
MaTepHal M YacTHHlE SMNHpHYeCKHe (OPMYJbI CHCTEMATH3HPOBAHLI
B [74].

3. Tennootpaya npu TypOyaeHTHOM pemume. [IpH TypGy/leHTHOM
pexiMe IBHKEHHA NepeHoc TenJioThl BHYTPH XKHIKOCTH OCYLIECTBAAETCA
B OCIIOBHOM NyTeM nepememuBaHusi. IIpu 3ToM mpomecc nepeMelinBa-
HHSl TIPOTEKAeT HACTOJBKO HHTEHCHBHO, YTO MO CEYEHHIO Sifipa MOTOKa
TeMIepaTypa XHUJIKOCTH NPaKTHYECKH [OCTOsIHHA. Pesakoe H3aMeHeHHe
TEMIepaTypsl HaG/I0iaeTcs JHIIB BHYTPH TOHKOTO CJIOS Yy TIOBEpX-
HOCTH.

ITepebiM Haubosee NOAPOGHBIM H IIPABHJBHO IOCTABJIEHHEIM SKC-
NepPUMEHTAJbHEIM HCCJIEeOBAHHEM TeIIOOTAa4YH MpH  TYpOyJeHTHOM
pexkuMe TeyeHusi rasoB ssasiercs paGora Hyccensra [115]. Tlpu 06-
pafoTKe IaHHBIX OH BlEPBble [IPUMEHHJ TEOPHI0 MOAOOHS H MOJYYHJ
0000IIeHHY0 3aBHCHMOCTh. B fanbHefimem Gbulo mpoBesieHO OOJBIIOE
KOJIHYECTBO HOBHIX HCCJEJOBAHMI ¢ PasNHYHBIMH KaHaJaMH H pPasHOro
pojla XHUJIKOCTAMH B LIHPOKOM Jlala3oHe W3MeHEeHHA OCHOBHBIX liapa-
MerTpoB. Ha ocHoBe aHanu3a u 00OGLIEHHS Pe3YJLTATOR 3THX HCCJIENO0-
?gg}]aﬁ I/l pacyeta cpelHed TemJOOTAa4YH YCTaHOBJeHa 3aBHCHMOCTb

Ntz = 0,021 Re%¥ Pryn® (Pr,/Pr)?,. (3-38)

3a onpefelsIoOMYIO TeMNepaTypy 3/ech IIPHHATA CPelHss TeMnepa-
Typa MKHUIKOCTH I, a 3a onpelesOliuil pasMep — 3KBHUBaJIEHTHLII
auamerp d,,, PaBHEIH yueTBepeHHOH NJIOMIAJM INONEPEYHOrO CeYeHHH
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KaHana, JeJeHHOH Ha ero IOJHbIH (CMOYEHHBIH) nepumerp, HE3aBHCHMO
OT TOro, Kakasi yacTb 3TOrO NMepHMETpa YuacTBYeT B TellooOMeHe:
4
d3x=—£'v
rae f— miom@aae momepeyHoro cedeHHsl KaHvala, ¥ — NOJHHIH nepu-
MeTp KaHaja.

Iasi Tpy® Kpyrioro ceieHHsl SKBHBaJeHTHBIH JHaMeTp paBeH reo-
MeTpPHYECKOMY.

Koa(xpuuueHT €, yuHTBIBaeT H3MeHeHHe cpefHero KoahduiHueHTa
Ten100TAayu no Aauue tpy6el. Eciu I/d>50, 10 g, = 1. Ipu I[/d<<50
HeoOXONMMO YYHTHIBATb BJHSHHE TEIVIOBOTO HayaJbHOIO YdYacTKa.
3nauenus & npuseiensl B Taba. 3-1.

Ta6aununa 3-1
3uauenus sapHcHMocTH €,=[ (I/d, Redx) npu TypOyldenTHOM pexHMe

ld

Regw

|2 | s o | 15 | 2 o | 4w | s
1.10% 1,656 1,50 ( 1,34 | 1,23 | 1,17 | 1,13 1,07 1,03 1
2.10% 1,51 (1,40 | 1,27 | 1,18 | 1,13 | 1,10 1,05 1,02 1
5-104 1,34 | 1,27 [ 1,18 | 1,13 [ 1,10 | 1,08 1,04 1,02 1
1-108 1,28 11,22 (1,15 1,10 | 1,08 | 1,06 1,03 1,02 1
1108 1,14 { 1,11 (1,08 | 1,05 | 1,04 | 1,03 1,02 1,01 1

Coornoiuenne (3-38) npuMenHMo K TpyGam J06oii (popMHI momeped-
HOTO CeyeHH§ — KPYIVIOrO, KBaJpaTHOro, npsiMoyroibHoro (a/b =
= 1--40), koabueBoro (ds/dy = 1=+ 5,6) ana Bcex ynpyrux H Ka-
neJabHBIX xuAKocTed npH Rey, = 1.10*—=5.10% u Pr, = 0,6+ 2500
(puc. 3-23).

Cootnoluenne (3-38) cnpaBefiHBO M Jisi KaHAJOB CJOMKHOTO TOMNeE-
peyHoro ceyeHHsi, B YaCTHOCTH, Korja B TpyGe Gosbluoro auamerpa
pacno/ioKeHbl OJHA HJIH HECKONbKO TPY6 MeHbliero aunaMerpa (mpo-
JOJbHOE OMbIBaHHE).

Muoxurens (Pr/Pr)”® npeacrasiasier co6oil MONpaBKY, YYHTHI-
BalOI Y10 3aBHCHMOCTDb (I}HBH'—ICCKHX CBOJCTB TEMJOHOCHTEJs (B OCHOBHOM
BS3KOCTH) OT TeMnepaTyphl.! B 3aBUCHMOCTH OT HanpaBJeHHsl TelJo-
BOrO IMOTOKA 3Ta NONPaBKa MoxeT OblThb KakK GoJblle, TAK H MeHble
eIHHHIILL.

M3 ananusa dopmynnt (3-38) caenyer, 4To npH TypGYJAEHTHOM pe-
JKHMe TedeHHS! KO3(DdHIHMEeHT TelJIoOoTAauH B HaHOOJbIIeH CcTeneHH 3a-

! B o6Gnactu B6IHSH KPUTHUECKON TOYKH COCTOSIHHS BEUIECTBA, KAK H3BECTHO,
Bce (H3MYECKHE CBOWCTBA cpelbl H3MEHAIOTCH C TemMmeparypoll Kpafine cuJbHO.
B aTHX yCNIOBHAX TENJOOTAAYa 3aBHCHT OT TEMIIEPATYPHOrO Hamopa H TEIJIOBOrO
NOTOKa BeChbMa CJA0XKHBIM o6pa3som; obimHe peKOMEHAAmHH LJs pacueTa Temmoos-
MeHa B 9THX YCJOBHSX IOKa eme He pa3paGoTaHHl.
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BHCHT OT CKOPOCTH JBHKEHHS TEI/IOHOCHTENSI @ H €ro INIOTHOCTH P
[nponopunonanbﬂo (wp)o’s]. Hanee Tennoetsaua 3aBucHT OT (usHye-

0,57 0.43
CKHX CBOMCTB Cpelbl M H3aMeHAeTcs NponopuuoHaibio A,
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Puc. 3-23. Cpejusa TensooTAaua NpPH TyPOYJTEHTHOM peKHME TEueHH S
HHJKOCTH B TpyGax.

€ro yje/lbHas TelIOeMKOCTb NPH MNOCTOSHHOM AaBJeHHH; W — JUHAMHU-
yecKHH Ko3(HIHEHT BA3KOCTH.- Bauanue reoMeTprueckoro pasmepa

KaHala Ha TeIJIOOTAayy ONPEeNC/SIeTCS 3aBHCHMOCTBIO O ~ don',
T. €. 3TO BJHsIHHE OKA3bIBAETCA OTHOCHTENBHO CJ1abhIM.

Jlns Bo3ayxa (MM ABYXaTOMHBIX Ta3oB) cooTHomenue (3-38) ym-
pomaercst (tak kak Pra~0,71 u Pr, /Pr, & 1) u npunnmaer Bupa:

o 08
Nug, = 0,018 Regx. (3-39)

Haxonen, cieyer OTMETHTb, YTO NPH JABHXKEHHH XXHAKOCTH B H30-
THYTHIX Tpy6ax (KoJeHax, OTBOAAX, 3MEeeBHKAaX) HeH30eKHO BOSHHKAET
ueHTpobekHbt 3pderr. TIoTOK KHAKOCTH OTIKHMaeTcsi K BHelIHeH

CTEHKe, 11 B TIOTepeyHoM CeyeHHH BO3HHKAET TaK HashklBaeMasi BTOPHY-
Hast uupkyasuusa. C yBelnueHHeM pajauyca KPHBH3HBI R BIHSHHe
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nenTpo6exkHOro adipeKTa yMeHblaeTes, H B npejesie npi R = oo (nps-
Mas Tpy6a) oHo coBceMm HcuesaeT. BeiencTBHe Bo3pacTaHHsI CKOPOCTH
U BTOPHYHOH MHPKYJSIHH H KaK C/JeJCTBHE 3TOTrO YyBeJqHueHHs TypOy-
JEHTHOCTH NOTOKa 3HayeHHe cpejaHero koadduunenTa TemI00TAAYH
B HM30THYTHIX TPyOax Bbillle, YeM B MpSAMBIX.

Pacuer Ten/J0OTAauH B M30THYTHIX TpyGaX NPOM3BOAHTCA NO ¢hop-
MyJaM AJs npsaMo#i TPYOBI C Moc/elyIOMUM BBeJileHHeM B KauecTBe CO-
MHOXKHMTEJIST TIONPaBOYHOrO Ko3dduuueHnta e, KOTOPHI A1 3MeeBH-
KOBBIX TpYG onpejenserc COOTHOILEHHEM

er=1+1,77 % (3-40)

rae R — paauyc 3MeeBHKa; d — auaMerp TPyOHI.

B 3MeeBukax nefictBue uentpoGexuoro sdexra Ha HHTeHCHbHKA-
IHIO TeIVIOOTAAauu pacnpocTpaHseTcss Ha BClo ATUHY TpyObl. B nmoBopo-
Tax ke H OTBOJax IeHTpoOexHoe AefiCTBHe HMeeT JHIIb MECTHBIH Xa-
pakTep, HO ero BJAHSHHE PAacHPOCTPaHfeTcs W JaJjblie. 3a cyeT yBeJH-
deHHA TYpOYJIeHTHOCTH MOTOKA B MOCJENYIOIEM 3a TOBOPOTOM MpSIMOM
yyacTke TpyObl TelIoOTAaua BcerJa HeCKOJNBKO BHIlE, 4eM B IpAMOM
yyacTke 10 IMOBOpPOTA.

Mpumep 3-2. Omnpenenurtb cpefnee 3HaueHHe KO3(DPHUHEHTA TeNJOOTAAYH

H KOJIHYeCTBO TepejaBaeMoil TeNJIOTH NMPH TeYeHHH BOAH B FOPH3OHTaNbHOH TpyOe
nuamerpoM d = 3 MM d mauHOH [ = 0,5 M, ecau ckopoctb Boaet @ = 0,3 wm/c,

CPefHAs TO AJHHE TPYGH TEMIEPaTypa BOLH f,, = 60°C u cpepuss TemnepaTypa
cTeHkH I, = 20°C.

Mpu by = 60°C nmeem: Ay = 0,659 B1/(M.°C); vy = 0,478.107° mc;
Pry = 2,98; npu f. = 20°C Pr. = 7,02.

Pacyer nposogum no gopmyae (3-33):

_— d 0.4 0,33 0,25
Num=1.4(Rem—[_) Pr38 (Pr, /Pry)" B,

Regy = — = —— —_ — 885;
o 0,478.10—°
0.4 103 0,4
(Redx g;_L) _ (1885 30'05 ) —9,64;
0.33 _ 1 40 0,25 _ (2,98 \0:35
Pri3 —1,4; (Pr,/Pr)"® = (7@) =0,81.

ITo dopmyne (3-33) HaxomuMm:

Nugue=1,4-2,64.1,42.0,81 = 4,24,
oTKY/a !

0,659

S o= = 928 Bu/-0).

o= Nugg —2 = 4,92

Konnuecteo mepenaBaemofi TemioTl

Q= ndlx At = 3,14.3.1072.0,5.928-40 = 175 Br.
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Mpumep 3-3. ITo TpyGe d = 60 MM u winHOM [ = 2,1 M npoTekaer Boagyx
co ckopocteio @ = 5 M/c. OnpelennTs 3HaueHHe cpellHero KosdhHUHEHTA Tenio-
OTAAuH, eCH CPefiHssl TeMmepaTypa Bo3lyXa Tx = 100°C,

[pn tx = 100°C

Ax = 0,0321 Bt/(M-°C);
Ve = 23,13-107% M¥c;

wd 5.0,06 0.8
Re = —_———— = |2 970: RE M 1955.
dx =y 93,13.10~° o

TMoficTaBasAs 3TH 3naueHus B gopmyay (3-39), nonvuaem:

md}x = 0,018-1955 = 35,2,
OTKyZa

A

= ‘W‘*’*‘T o 35,0.0:0321

= 18,8 Br/(2-°C).

Tak kak l/d = 2,1/0,06 = 35 <750, To HeoGXOAMMO BBECTH NONMpPaBKy &
u3 taba. 3-1 g = 1,04,

Toria OKOHYATeNbHO monyunm &' = ae; = 18,8-1,04 = 19,5 Br/(m2.°C).
Npumep 3-4. Yepes Tpy6y nuamerpom d = 50 MM ¥ AnvHOH [ = 3 M co cKo-
poctbio w = 0,8 M/c mpoTekaer Boja. OnpellelHTh CPelHHii KO3PHLUHERT Tenno-

OT/auH, ecAM CpefHsAs Temneparypa BoOAH fx = 50°C, a Temneparypa CreHKH
fe = 70°C.
TIpu Ty = 50°C Ay = 0,648 B1/(M-°C); Vi = 5,56-1077 m%/c u Pry =
= 3,54,
[Tpu f. = 70°C Pr. = 2,55;
wd 0,8-0,05

Re, = =—1"2_—7,2.10% Re}2=77.10%
dx = T 75,5610~ 7 o=

PP =172 (Pr,/Pr)"® = (3,54/2,55)"% = 1,09

Tax kaxk Il/d = 60>>50, T0 mompaBKa Ha BIHAHMWE AJMHHGL TPyOol &; = 1.
[Topcraeasisn 3TH 3naueHus B popmyny (3-38), moayuaem:
Nugx =0,021.7,7-10%-1,72.1,09-1 = 303,
OTKyJa
303-0,648
0,05

o= = 3920 Br/(m2-°C).

Mpumep 3-5. YcnoBHe 3ajaud ocTaeTcs TAaKHM Ke, KaK H B NpeibIayLIeM
npumepe. TpeGyeTcs onpeneNuTs cpejHee 3HaueHHE KO3(QpHUHEHTa TeNN00OTAAuH,
ecaH TpyGa M3orHyTa B BHJe 3meeBHKa Auamerpom D = 600 mm.

Ins npamoit TpyGr uMeeM onp = 3,92.10% Br/(m%.°C).

Jns usornyToit corsacko dopmyie (3-40)

Gys = 3,92 108 (1 + 1,77 %)6_) = 3,92-1,295.10% = 5,08-10% Br/(v2-°C).
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3-3. TENNOOTAAYA NPH CBOBEOJAHOW KOHBEKLIMM

1. Tennoornaua e HeorpanuueHHoM npoctpaHcTee. [Ipoiece TenJso-
oOMeHa npH cBODO/IHOH KOHBEKUIHH (CBOOOAHOE ABHXKEHHE) MKHIKOCTH
HMeeT BecbMa IIHDOKOE pPacmpoCTpaHeHHe KakK B TeXHHKe, TaK H B
B ObiTy. CBOGOZKLIM Ha3biBaeTcsl ABHKEHHE MKHIKOCTH BCJE/ICTBHE pas-
HOCTH IIJIOTHOCTeH HarpeThiX M XOJOAHEIX vacTnu. Hampumep, npwu co-
NPHKOCHOBEHHH BO3/lyXa C HarpeThiM TeJIOM BO3JYX Harpebaercs, CTa-
HOBHUTCS Jerye W NoAHMMaeTcd BBepX. Eciu ke Teno
XoJlojiHee BO3/lyXa, Torfa, Hao6OpOT, OT COMPHKOCHOBE-
HHSI C HHMM BO3yX OXJaKIaeTcs, CTAHOBUTCS TsxKelee
H OmycKaeTcsl BHH3. B 3THX ciyyasx JBHiKeHHe BO3-
JyXa BO3HHKaeT 6e3 BHelLIHero BO3OY:KAeHHA B pe3ylib-
TaTe camoro mnponecca Ttensoo6mena. Ha pue. 3-24
[I0Ka3aHa THOHYHAS KapTHHA [BHXKEHHS Harperoro
BO3/lyXa BJOJb BEPTHKAaJIbHOH TPYOHI.

Ilpu cBOGOJHOM JBHYKEHHH JKHJKOCTH B NOTPaHHY-
HOM cJioe TeMmepartypa KHIAKOCTH H3MeHseTcsl OT f. 0
t, @ CKOPOCTb — OT HYJSl Yy CTeHKH TIPOXOJHT uepes
MaKCHMyM H Ha GOJIBbLIOM YHaJeHH!l OT CTEeHKH CHOBa
paBHa Hymo (puc. 3-25). Brauase To/pHa HarpeToro
cnos Mala M TeueHHe JKHIKOCTH UMeeT cTpyHuarhbii,
JaMHHapHbei  XapakTep. Ho mo nanpasieHHio JBH-
JKeHHsl TOMIIMHA CJ0A YBeJHUHBaeTcss H NpPH  Of-

Puc. 3-24. CpoGofHoe NBHIKEHHe BO3AYXa BJOJb HArpeToi Bep-
THKaJBHOH TPYOHL.

pelleleiHCM e¢ 3HAUeHMH TeyeHHe JKHAKOCTH CTaHOBHTCS HeyCTOHYH-
BLIM, BOJIHOBBIM, JOKOHOOOPAa3HbIM H 3aTeM MeDexXoiNnT B Heymopsiio-
YCHHO-BHXPEBOE, TYPOYJeHTHOe, C OTPHIBOM BUXpeH oT cTeHKH. C u3-
MeHeHUeM XapaKTepa JBHIKeHHs H3MeHseTca M TemooTaada. Ilpu na-
MHHapHOM JiBH:KEHHH BCJEACTBHE YBENMHUCHHs TOJIUHHLI NOTPaHHYHOTO
cn0s Ko3(HUIKeHT TenJIoOTAauH 110 HanpaB/JeHNIO ABHXEHHA yOhIBaeT,
a npu TYpOVJEHTHOM OH Pe3KO BO3pacTaer U 3aTeM [0 BBICOTe OCTaeTcst
nocTeskubM (puc. 3-26).

B paseutiH cBOGORHOTO JBHIKEHHA (opMa Te1a Hrpaer BTOPOCTe-
neHHylo poab. 37ech Gonbluee 3HAUEHHE HMEIOT NPOTAXKEHHOCTh Io-
BEPXHOCTH, BJONb KOTOPOH MPOHCXOAHT IBHJKEHHE, H €€ TOJIOKEeHHE.
OnucaHias Bbillle KapTHH2 JBHXKEHHA KHAKOCTH BJAOJb BEePTHKAJbHOII
CTeHKHM (WJH BAONbL BePTHKAJBHOH TPYyObl) THNHYHA TaKkKe H AJs TO-
PH30OHTAJLILIX TPYG M Teaq OBanblOH (opMbl. XapakTep ABHMKeHHS
BO3/1yXa OKOJIO HAarpeThIX TOPH3OHTaNLHBIX TPYO Pas/iHylioro 1HameTpa
npejcTaBieH Ha pHe. 3-27.
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OKo/10 HArperbIX TOPH30HTAMBHLIX MJAOCKMX CTEHOK HJIH IVIMT [(Bi-
JeHMe KMIKOCTH HMeeT HHOH XxapakTep M B 3HauHTeNbHOH Mepe 3a-
BHCHT OT TOJIOJKEHHsl IUIHTHL M ee pa3mepoB. Ecau Harperas mnosepx-
HOCTb o6paliena KBepxy, TO ABHIKEHHE NPOTeKaeT no cxeme puc. 3-28,a.

~ITpu 3TOM ecai nukTa MMeeT ConbliHe pasMepel, TO BCJAEACTEHE HalH-
Ysi ¢ KpaeB CIJIOIHOTO TIOTOKA HArPEeTOH JKUAKOCTH LeHTpasbHas YacTh
NJNTH OKasbiBaeTcs Hs3oaupoBanHofi. Ee BEHTHIAUHSA NPOHCXONMHT
JUIIb 3a CYeT NPHTOKA (MpoBata) XOJOAHOH KHAKOCTH CBEPXY
(puc. 3-28, 6). Ecan »xe narperas noBepXHocTb obpauleHa BHH3, TO
B 3TOM Cliyyae JABH:KeHHe NPOMCXOAHT JIIlb B TOHKOM CJIOe 1107 To-
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Puc. 3-25. Hamenenue Puc. 3-26. Hamenenue
TEMOepaTypHl fx U CKOpO- KoadpuIHeHTd TEmIo-
¢cTH w mnpH cBoGOJHOM OTJlauK MO BLICOTE TPY-
IBHIKEHWHH CpeAsl BLOJb 6Bl WJIM MJIACTHHEL IPH
Harperoit BepTHKaJbHOH CBOGOIHOM JBHKEHHH
CTCHKH, cpels.

BepXHOCThIO (puc. 3-28, 6); ocTanabHast ke Macca JKHJIKOCTH HHKE 3TOTO
C/IOfi OCTAeTCs HeNnoiBHIKHOH.

ITo u3yyeHHIO HWHTEHCHBHOCTH TemnjooOMeHa B YC/NOBHAX CBOGOA-
HOTO IBMiKEHHs ObIIH MPOBEMEHLI HCCAENOBAHHA C Pa3sHBIMH TejJaMi
H Pas/MHYHbIMH KHIKOCTSIMH. B pesyabrare 06o0leHHS ONBITHHIX JaH-
HBEIX TMOJIyYeHbl YPaBHEHHsl MOJOOHSA IAA CpeiHHX 3HaueHHH Koadpu-
nHeHTa TenooTraud. B sTHX ¢opmynax B KauecTBe omnpelensiouieH
TeMnepaTypbl IPHHSITA TeMIlepatypa OKpy:aloumel cpensl f,. B ka-
YecTBe ONpEle/SIOero pasMepa Vit TOPH3OHTAJIbHBIX TPY6 NPHHAT
AHameTp d, a A7151 BepTHKa/JbHBIX TOBepXHOCTefl — BbicoTa /.

3aKOHOMEPHOCTL CpelHel TEerJooTAAYM IJIs TOPHU3OHTAJILHBIX TPYO
aunamerpom d npu 108<<Grg, Pr,<<10® (puc. 3-29) umeer Bug [651]:

Nugye = 0,50 (Grag Prae)®® (Pry/Pr)", (3-41)
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a Bal{OlIOMEpHOCTb cpeﬂueﬁ TENJA00OTAAYN I BEPTHKAJIBHDBIX NoBepx-
Hocteil (TpyObl, mJacTiHB) ciaexylowas (puc. 3-29):

a) npr 103<< Gry, Pr,<<10° (1aMuHapHBEIf pexuM)

N, = 0,76 (Gl Pr,0)” (Pr,/Pro)"%, (3-42)
6) npu Gr,Pr,>10° (TypOy/eHTHBI pexHM)

N, = 0,15 (Gryy Pry)™® (Pr,/Pro)"®.

Ias rasos Pr = const, a Pr,/Pr. = 1, u nostomy Bce npuBesien-
Hble BBIIE pacyeTHble GOPMYJbl YNPOLULAIOTCA.

Jlas sosayxa Pr = 0,7 u coornowenus: (3-41) ~— (3-43) npuuu-
MAaloT BHI:

(3-43)

N, = 0,46 Grgie ; (3-41a)
Nu,, = 0,695 Griw; (3-42a)
Nu,, =0,133 Gryw. (3-43a)

Mpumep 3-6. OnpenesuTh MOTEPIO TENIOTH NYTEM KOHBEKIMH BEPTHKaJbHBIM
HEH30JHPOBAHHBIM naponpoBofoM Auamerpom d = 100 mM u BelcoTol h = 4 M,
eCcqH TeMmepaTtypa Hapy:KHOH cTeHkH fo = 170°C, a temmeparypa cpelbl (Bo3-
nyxa) ty = 30°C.

[Tpu ty == 30°C umeem Ay = 0,0267 Br/(m-°C);

vy = 16,0-107% x%/c; Pryg =0,70; Pry/Pre=1; t}:ﬁ 1/°C.

3 3. — 30).1012
iy o Ph3gAt =4 9,81 (170 — 30)-1012 _ 1,135-1012;
v2 303-(16,0)2
Grjy Pry = 1,135-1012.0,70 = 8,0- 1011,
[MoacraBnsis 3TH 3HAuYeHHs B Bbipaxeuue (3-43), mosyuaem:

Nup = 0,15 (8,0 1011)%33 = 140,

OTKYyAa

Nuguhs — 140-0,0267
=
Hckomas moteps TemoThl
Q = oF (te—ty) = 9,3-3,14-0,1-4-140 = 1620 Br.

2. Tennooraaya B OrpaHM4YSHHOM NpocTpaHcTBe. Brime Ghln pac-
CMOTPEHBl yCJ0BHA Tenaoo0MeHa B HeOrPAHHYEHHOM TIPOCTPAHCTBe,
rjae nporeKkaJso JHlllb OZHO ABJIGHHE, HAallpHMep HarpeB »HJIKOCTH. B or-
pPaHUYEHHOM MPOCTPAHCTBe fIBJEHHA HATPEBAHHA H OXJaKLEHHS XKHI-
KOCTH NpoTeKaloT BOMH3H IPYT OT ApYyra H pasieqHTb HX HEBO3MOIKHO;
B 3TOM CJyuae Bech MpOLECC HaJllo paccMaTpHBaTh B uenoM. Berener-
BHe OTPaHHMYEHHOCTH MPOCTPAHCTBA W HaJlHYHA BOCXOISALIHX H HHCXO-
ISIUX TIOTOKOB 31eCh YCJIOMKHSKTCS YCJOBHA JBHKeHHs. OHu 3aBH-
CAT OT (JOPMBI ¥ TEOMETPHUECKHX PasMepoB, OT POAA KHAKOCTH H TeM-
nepaTypHoro Hamopa.
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B BepTHKaNBHBIX KaHaiaX M IEJsX B 3aBUCHMOCTU OT UX TOJUIHHBI
8 WHPKYMAUMS KUAKOCTH MOMKET MPOTeKaTh ABOsiKO. Ecam tomuuna &
JIOCTAaTOYHO BeIHKa, TO BOCXOAAIMMH M HHUCXOIAIHI MOTOKH TNpoTe-
KaloT 6e3 BaaUMHBIX HoMex (puc. 3-30, a) u uMelOT Taxoii xKe Xapakrep,
KaK M BJONb BePTHKAJbHOH IOBEPXHOCTH B HEOTPaHHYEHHOM IIPOCT-

b
.
<
* ~
! : W
DO A
2) 3

Puc. 3-30. Xapakrep ectecTBeHHOH UHPKYJNAUHH JKHIAKOCTH
B OrPaHHYEHHOM 3aMKHYTOM INIPOCTPAHCTBE.

pancrBe. Ecam ke Tomnuna § mMana, TO BCJIEACTBHE B3aHMHBIX MOMEX
BHYTPH BO3HHKAIOT LHPKYAAIHOHHbIe KOHTYPH (puc. 3-30, 6).

B ropusoHTaNbHHX IeasiX Tpolecc ONpeiensieTcs] B3aUMHBIM pac-
NoJIOXKEHHEeM HarperblX W XOJOJHBEIX TOBEDXHOCTEHl M paccTosHUeM
Mexkiy HHMH. Ecau Harperas MoBepXHOCTL pacrosioXeHa CBepxy, TO
LHPKyAAUUA coBceM orcyTersyer (puc. 3-30, 6). Ecan ke narperas
TNMOBEPXHOCTh PacroJoKeHa CHHU3Yy, TO HMEIOTCA H BOCXOJAANIHE H HUCXO-
JsAlHe TOTOKH, KOTOpHle Mexay coboft wepenyiorcst (pHe. 3-30, 2).

B 1mapoBbIX H TOPH30HTANBHBEIX HHIHHAPHUYECKHX NPOCHOHKaxX B 3a-
BHCHMOCTH OT HX TOJIIHHBI (HJH COOTHOUIEHHSI AHaMeTpPOB) LHPKYJisi-
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1M npoTekaeT 1o cxeMaM puc. 3-30, d u ¢. Heo6xopumo o6paTuth BHU-
MaHHe, YTO 31eCb LHPKYJASLMS pa3BHBAaeTCA JHUIIL B 30He, JeKallel
Bblllle HHKHei KPOMKH HarpeToii nosepxHocTH. Huxe 3Toft KpoMmku
ZKHAKOCTEL OCTAeTcs B IMOKOoe. Ecau xe Harpera BHEIIHAA WHAHHApHYEe-
CKasl TOBEPXHOCTb, TO LHPKYJISILUA KUAKOCTH TPOTEKAeT MO CXeMe
puc. 3-30, o U OXBaThIBaeT BCe NPOCTPAHCTBO, PACTIOJIOMKEHHOE HHIKE
BepXHell KpPOMKH XOJIOJHOH NMOBEPXHOCTH.

Hns obneryenus pacuera TakoH CJOMHBIH NPOIECC KOHBEKTHBHOTO
TernaooOMeHa MPHUHATO PACCMAaTPUBaTh KakK 3/jeMeHTapHOe SBJeHHe
TEIVIONPOBOAHOCTH, BBOJS IPH 3TOM NOHATHE 3KBHBAJEHTHOTO KO3(dH-
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Puc. 3-31. 3asucumocts &g = f (GrPr) npu ecrecTBeHHON UMPKYJIALMH B 3aMK-
HYTOM TPOCTpaHCTBe.

IIHeHTa TENJONPOBOAHOCTH Ay, = QO8/FA{. Ecnu sHaueHue mnoc/iefHero
pasnenuTb Ha KO3(hHIMEHT TEenIONPOBOJHOCTH A CPemsl, TO MOJyUHM
Ge3pasMepHYI0 BeJIMUMHY &, = A, /A, KOTOpasi xapakrepusyer -coGoil
B/IHSIHHE KOHBEKIIHH M Ha3uBaeTcsl KO3((HIIMEHTOM KOHBEKLIHH.

Taxk Kak HHPKYJALHA KHAKOCTH OOYC/IOBIEHA PasHOCTHIO TJIOTHO-
cre HarperblX H XOJ0IHBIX YaCTHL, H ONpenensercsa TNIpOH3BeCHHEM
GrPr, 10 ¥ £, 101:KHO GLITh GHYHKLUMEH TOrO e apryMenTa, T. e.

Ex = f (Grmpr:ﬂ.)'

Jta 3aBHCHMOCTh npescrabieHa Ha puc. 3-31. Tlpu seyncIeHHH
yHceJ NOJOOHST He3aBHCHMO OT (JOPMBI NMPOCHOHKH 3a onpeaeasiomuii
pasmep npuHsATa ee ToMmHMHa 6, a 3a ONpeNe/ANMIYI0 TeMIepaTypy —
CpefHsisi TeMnepaTypa XHAKOCTH ty = 0,5 (f,, + f.,). Hecmorpsa ua
YCNIOBHOCTb TakKo# 06paGoTKH M SIBHYIO HEJOCTATOUHOCThL ONpefensiio-
UMX MapaMeTpoB B BHIOPAHHOH CHCTeMe KOODJAHHAT BCE ONBITHBIE TOUKH
AJS IVIOCKHX (BEPTHKANBHBLIX M TOPH3OHTAJIbHBIX), LHIHHIPHYECKHX
H IIAPOBBIX MPOC/IOEK JAOBOJBHO XOPOIIO yK/aJbIBAalOTCS HA OIHY 0O-
myio Kpusyio (puc. 3-31).

ITpu  Manmpix  sHaueHusax aprymenta  GryPr,<<1000 [uan
1g GrPre<<3] 3nauenne ¢ynkunu e, = 1 (Ig e, = 0). D10 o3Ha-
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yaer, 4To Npu Masibix 3Hadenusx GryPr, nepeHoc TemaoTh oT ropsuei
CTeHKH K XOJIOAHOf yepe3 mpoc/odku o6yc/OBIHBACTCS TOJBKO TeIJo-
NIPOBOAHOCTEIO KHIKOCTH.

Ipu snauennu 10°<<Gr,Pry<<10°

g, = 0,105 (Gr,Pr,)"* (3-44)
u npu 10°<GrPr,<<10% '
&, = 0,40 (Gr,Pr,)"2. (3-45)

CuurkeHne HHTEHCHBHOCTH TlepeHoca TemIOTHl NPH OGOJBIIMX 3Ha-
YeHHsSIX apryMeHTa cleayeT OOBACHHTh B3aHMHOH NOMeXoll B JBHe-
HHH TNOJAHHMAIOIUXCA (HarpeThlX) H ONYyCKAIOWHXCA (OXJaMIeHHEIX)
crpyek xuakoct (puc. 3-30).

B npuGaukeHHbIX pacuetax BmecTo Gopmyna (3-44) u (3-45) nas
Bcel o6macTd 3HaueHud aprymeHToB Gr,Pr,>10* MoxHO npHMeHATH
3aBHCHMOCTh

&, =0,18(Gry Pry)"%, (3-46)
KOTOPYI MOXKHO NPHBECTH K B]fl}.'(y
ex=Ay/ 8At, (3-47)
rie
A=0,1802 P0°®
? 0.5

Ecnau npu pacuere mo dopmyne (3-47) nonyuaercs, uto €,<<l,
TO 370 O3HauaeT, uto Gr,Pr,<<1-10® u, cneposarenbuo, &, = 1,

Mpumep 3-7. OnpepnennTh 5KBHBANEHTHHEA KoaddUUHEHT TeMJIONPOBORHOCTH
miockofl BO3RyMHOR mpocnofikk TodmuHoft 6 = 25 mM. Temneparypa ropsaueit
nosepxHocTH fey = 150°C, xomogno#t ¢, = 50°C.

150 4 50
2

[pu ty = = 100°C HMmeem:

Ay = 0,032 Br/(M-°C); v, =2,31-107° m¥c u Pr, = 0,69.
At =ty — tey = 150 — 50 = 100°C.

 pedcAt 9,81 (0,025)3-100
v 373.5,33-10~1°

Gry =7,73-10%

GryPryg = 7,73.108.0,69 = 5,33-10* 1 (GryPry) "% = 15,2;
ex = 0,18 (GryPry)*?® =0,18-15,2 = 2,74;
Aok = Exhx = 2,740,032 = 0,088 Br/(m-°C);

qg= Aox At = 0—'(-}-8—8-100--—- 352 B1/m2.
4 0,025
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3-4. TENNOOTAAMYA MNPH NOMNEPEYHOM OBTEKAHMM TPYB

1. Opunounbie Tpy6ui. [Ipouecc TenmjoOTAAYH NPH NONEPEYHOM 06-
TeKaHHH Tpy6 HMeeT pAN ocoGeHHocTedl, KOTOpEe OOBACHAITCA THI-
pOJMHAMHYECKOH KapTHHOH JBHIKEHHS MKHAKOCTH BOJH3H IOBEPXHO-
cTH TpyOH. OnBIT NMOKasbiBaeT, YTO NJaBHBIH, GE30TPHIBHBI Xapakrep
o6Tekanus TPyObl MMeeT MeCTO TOJbKO MPH OYeHb MaJBIX YHCIAaX
Re<<5 (puc. 3-32, a). I1pu sHaunTesbHO GOJIBIINX yHenaX Re = wyd/v,
XapaKTepHBIX J/1sl IPAKTHKH, ofTeKanHe TPYy6hl Beerjia CONPOBOXKAAETCA
o6pa3oBaHHeM B KOPMOBOH 4YacTH BHUXDeBO# 30HH, KaK 3TO IOKa3aHO
Ha puc. 3-32, 6, 6. Ilpu 3TrOM XapakTep M YC/IOBHS OMBIBAHHSA repeaHefi
(bponToBo#) u 3axHeH (KOPMOBOW) MOJOBHHBI IHJIHHAPA COBEpLIEHHQ
pas3JIMYHBL

== ~s _~
=—— 7. NLEZ5
a) é) ] -

Puc. 3-32. O6rexkanne OJHHOYHOrO LHJHHApA.

a — Ge3oTpbiBHOE; § — OTPHIB JAMHHADHOTO 1OrPaHHYHOTO CJOSI; 8 — OTPHIB TypOy~
JIeHTHOTO TIOTPAHHYHOTO CJO0S.

B n060Boii Touke HaberalolMi NOTOK pasje/sercs Ha JABe 4acTH
H IIaBHO OOTeKaeT Nepe/HION YacTh TepHmerpa TpyOwl. Ha mosepx-
HOCTH TPYG6HI 0GpasyeTca NOrpaHHYHEIH C/I0#, KOTOPHIH HMeeT HauMeHb-
LIYI0 TOJILHHY B JIOGOBOH TOYKe H Jlajiee MOCTeNeHHO HapacTaeT B pas-
Mepax. Pa3BuTHe MOTpaHHYHOrO €105 BJOJB NMepHMeTpa TPyGHl npouc-
XOIMT B YCJIOBHSIX NepeéMeHHOiH BHeIlHe# CKOPOCTH MOTOKAa M NepeMeH-
Horo nasaedusi. CKOPOCTB CJI0€B KHUAKOCTH, IPHMBIKAIOIHX K BHEIIHeH
rpaHHile NorpaHH4HoOro ¢J0s, yBeJHYHBaeTcs BAOJb NepuMeTpa TPYOH,
a JlaBjleHHe B COOTBETCTBHM C ypaBHeHHeM BepHyanH yMeHbluaercd.
[Tpu mocTH:KeHHH TOUKHM NepHMeTpa, oTBevawinedl yriy ¢ a2 90° (yroa
OTCUHTHIBAeTCS OT JIOGOBO#H TOYKH), CKOPOCTb JOCTHraeT HaHGOJBIIMX
3HayeHHMl H Ja/ee HaYHHAeT YMeHsIIaThCcA, YTO CONMPOBOMKAAETCH CO-
OTBeTCTBYIOIMM YBelHYeHHeM (BOCCTaHOBJIeHHeM) AaBieHus. B 3Toi
06JIacTH TOrpaHHYHEIA cJIOH CTaHOBHTCH HEYCTOHUYMBHIM, B HEM BO3HH-
KaeT ofpaTHoe TeueHHE (puc. 3-33), KOTOpOe OTTeCHSET IOTOK OT Io-
BepXHOCTH. B uTOre mpoMcXomuT OTPHIB NOTOKa M o6pasoBaHHe BHXpe-
BOH 30HBI, OXBATHIBAIOMIEH KOPMOBYIO 4acTh TPYOH. IlosiokeHHe TOUKH
OTpbIBa TMOTPAHHYHOrO ¢JIOA 3aBHCHT OT 3HaueHHs Re H cTemeHu
Ty pOYyJ/IeHTHOCTH HaGeratowero noroka. Ilpu Manofi cTenenn Typ6yaeHt-
HOCTH BHENIHero NMOTOKa H OTHOCHTeJbHO HeGosblUMX uYHcaAaX Re Te-
YeHHe B MOTPAaHHYHOM CJIO€ BIVIOTh JO TOYKH OTPHIBA MMeeT JlaMHHap-
Helil XapakTep. IIpn stoM MecronosoxkeHHe 30HBHI Hayala OTPHIBA MO-
I'PaHHYHOrO CJI0S1 XapakKTepusyercsi yriaom ¢ = 80-+85° (puc. 3-32, 6).
[lpu sHauntenpHbIX yHcnax Peifinonpica [Re == (1—+4)-108], teue-
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Hye Ha GoJiblleH YacTH NepHMeTpa B NMOTPAHHYHOM CJIO€ CTAHOBHTCSH
Typ6ynenTrbiM. TypOy/ieHTHBIH TorpaHHYHBEIH cloli Goslee yCTONYHB,
30Ha Hayana OTphBAa OTOjABHraercs B obmacte GoaAbliMX  yr-
0B ¢ ~ 120+ 140°(puc. 3-32, 8).

B BuXpeBofl 30He JBUKEHHE XKHJIKOCTH HMEeT CJIOKHBIA M Heylo-
PA/IOYEHHB XapaKTtep, NpPHYeM CPeHAs HHTeHCHBHOCTb BHXPEBOrO
JIBHKEHHs M NepeMellHBaHus KHAKOCTH YBeJH4YHBaeTcsi ¢ pocToM Re.

Takas csoeoGpasHas KapTuHa oOTeKaHHsi TPyOH B CHJIBbHOH mepe
oTpaxkaeTcs M Ha TemaooTnade. MHTEHCHBHOCTH TeNJIOOTAAYH IO OK-
pyxHOCTH TPY6H Heonuuakopa. [IpeactaBiienne 06 ee OTHOCHTEIbHOM
M3MeHeHHH JaeT KpuBas Ha puc. 3-34, mocTpoeHHas mo naHubm [46].
Makcumanbnoe — 3HaueHHe — KoahbH-

[IMeHTa TeIIoOTAa4d  Habaiopaercs 18 y= 7
- ? Re=110
Ha JoGopo#i ofpasytoulefi nMJAHHpa =N o
(p =0), rze TONmMHA mOrpaHuy- "L o
Horo cios HauMmeHnblias. Ilo noBepx- 14 N —
HOCTH UMJHMHIPA B  HAnpaBJeHHH N i
p
& o =
TN S
10 \
e =] a8
= e — : /
« — a6 =
= 4 Sf = i \ /1
7 -— all |4
. g %, < gzl P
B 2. >0 T
4y d¢ a¢
Puc. 3:33. Pacnpezenenue ckopocteil Puc. 3-34. Mameneune oTHo-
y MOBEPXHOCTH UMAHHAPa M oGpasoBa- CHTEJILHOrO  KosdduineHnta
HHE BO3BPATHOIO TEUEeHHHA. TENJIOOTHAYHN IO OKPYXKHOCTH
UMIUHApa.

JABHXEHHA MKHJIKOCTH HHTEHCHBHOCTB TemioobmMena PE3KO TiagacTr H
npu ¢ = 90—+ 100° nocruraer MHHHMyMa. DTO H3MEHEHHe CBA3aHO
C HapacTaHHeM TOJIIMHLI MOTPAHHYHOrO CNIOs, KOTOPHIH Kak Gbl H30/1H-
pyeT mnoBepxHocTb TpyGel OT OCHOBHOTO NOTOKAa. B KOopmOBOH uacTH
Tpy6bl Ko3(pHLMeHT Temn100TAayd CHOBa BO3pAacTaeT 3a CYeT yJyuylle-
HHA OTBOJA TEIUIOTHI BCJAEACTBHE BHXPEBOrO JBHKEHHS H NEpeMellnBa-
HHA KupKocTH. [IpH MajnX 3HayeHHuAX Re HHTeHCHBHOCTh TeIioobmeHa
B BHXpeBOH 3oHe HMKe, yeM B JoGoBoi Touke. OnHaKo mo Mepe yse-
JUUYeHHs uHcaa Re 3a cueT MHTeHCHGHKAUHMH BHXPEBOTO JBHIKEHHA
B 00/1aCTH OTpBIBA KO3(D(UIIHEHT TEaI00T/ a4l B KOPMOBOH 30He yBeH-
yuBaeTcsa (puc. 3-35).

CnoxxHeli Xapakrep o6TeKaHHA IHAHHAPA CYIECTBEHHO 3aTpyAHACT
TeOpeTHYeCKoe Hcc/eloBaie 3aKoHoMepHocTe# Temsoofmena. Haw-
Gonee cTaGuU/IBHBIH XapakTep TeyeHHe HMeeT B OKDECTHOCTH JIOGOBOH
TouKH TPyOsl (p & 0). Teoperuueckoe pemenne [43] ans JokaabHOrO
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KosdipHLLHEHTa TemIo0TAaYH B N060Boi Touke (@ = 0) HMeeT BHA:
Ogmo = 1,04 A (w,/vd)®5 Pr!53, (3-48)

OnHako NOJNHBIA TEOPeTHYeCKHH pacueT W3MEHEeHHA TemJooT/auH
no Bcell OKPYIKHOCTH TPyObl, BKJIOYas.30HY OTphiBAa, B HACTOsIlEe
BpeMa OTCyTCTBYeT. Ilo3ToMy OCHOBHBIM METONOM H3YYEHHS TEmJooT-
Jlaud 1npu nonepeuHom obTekanunm Tpy6 spasercs skcnepumenr. s
H3YyUeHHs TENJOOTAAYH IMJIHHIPA B TONEPEUyHOM MOTOKE Pa3THUHBIX

180° JHIKOCTell TpOBENEHO 60.:11:-
oe KOJIHYeCTBO HCCIEeN0BaHHH.
Pesyaprarsl onbiToB, Kak mnpa-
BHJI0, 00pabaTeiBalOTCsi B YHC-
J1aX Mofo6Hs U MPe/CTaBAA0TCSA
B BHAE 3aBHCHMOCTH Nu =
=f (Re, Pr). B kauectse omnpe-
JeNsonero pasmepa OOGBIYHO
Gepercsa auameTp d DHIHHApA.

OnbiT  mokasmBaeT,  yTo
KOo3(pduiLHeHT TEMJIOOTAYH
B HauGosplueii cTerneHH 3aBH-

7]
Ey| TR paid

N
96 \\
N
\\
~
0§
97.
w° e st w0
Puc. 3-35. Hameneune xosdduuuenta Puc. 3-36. 3aBucHMOCTL Tel-
TEeMIOOTAAYH TO OKPYKHOCTH LHJIHH- N00TAAYH LHIHHAPA OT yriaa
Ipa NpPH pasHYHLIX 3HAYEHHAX YHCIAA ataku V.

Re (B momsipuBIX KoOpIuHATAX).

CHT OT CKOPOCTH HaGeraioumero MoToka, IJOTHOCTH M TemJonpo-
BOOHOCTH H B MeHbLIEH CTeNeHH OT TeMVIOEMKOCTH H  BfA3KOCTH
kujkoetH. Kpome Toro, KosHIlHEeHT TenaooTaa4H CYIIECTBEHHO 3a-
BHCHT OT TEMNEPaTypH XHAKOCTH, TeMNEPATYPHOrO Harnopa H Hampas-
JieHus Tensoeoro notoxa. Ilpy HarpeBaHuM KanenbHOH XHJIKOCTH 3HA-
yeHHe Koa(HIHeHTa TenI00TAaul BCerja BHILE, YeM NPH OXJax/1eHHH.

B mocaennue rosibl GHTH npoBeleHH HauGojee TLIaTeNbHBIE HCCIe-
nopauus [27]. DTH OnBITEI MO3BOJMMAM YTOYHHTHL 3aBHCHMOCTb TEIIO-
OTAaYd OT CKOPOCTH TOTOKA M BHIABHTR BJHAHHE HA Mpolecc poja
KUJIKOCTH U ee TeMIlepaTypHl.

B pesynbraTe aHannsa W 0GOOIIEHHS CYHIECTBYIONHX 3KCrepHMeH-
TaJbHBIX JA@HHBIX JUUISl pacueTa CPEIHero 1o mepumerpy Tpyonl Kosddu-
ILHEHTA TEeMJOOT/aYH MOXKHO PEKOMeHAOBaTh 3aBHcHMocTH [27]:
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npu Reg, <<10®

Nug, = 0,56 Rela Proc® (Pr,o/Pro)™®; (3-49)
npu Reg, >10°
Ny = 0,28 ReGa Pro® (Pr,,/Pr)*%. (3-50)

Ilnst Bosayxa sasHcHMOCTH (3-49) u (3-50) ynpomaiorcs u npuHE-
MAIOT BHA!

npH Reg, <103

Nud,K =0,49 Re}Y; (3-49a)
npu Reyy >10°
Nlldm =0 245Redm . (3-503)

6 6FTHY FoETLY
i d & oY oY -&
OO P .
—35689 99099
.f".»iu;i;€ i‘a- _629_ 3 4 5 8rder 1 V4 g} 4 5

a)

Puc. 3-37. Cxemu pacnonomennﬁ Tpy6 B KODHIOPHHIX (@) H WAXMATHBIX
(6) nyuxax.

Cootnomenua (3-49), (3-50) cnpasennuBel TOTAA, KOTJA YIOJ aTakH
¥, cocrapjieHHBI HanpaBJieHHeM IBHMKEHHS TMOTOKAa M OChI0 TPYOBI,
pased 90°. 3aBHCHMOCTbL TeILIOOTJAuH OT BEJIMUHHBI yraa artaku ¥
npescTaBjena Ha puc. 3-36. 3xech no ocu abeuiCce OTIOXKEHO 3HAUCHHE
¥, a no ocH opiMHAT — 3HAYEHHE &gy, KOTOpOe MpeACTaBiAfAeT coGOi
OTHOILEHHE TeIIooTAaul npH yrie atakd ¥ K Tenjiootjaue mpu yrie
araku ¥ = 90°, 1. e. &y = ag/dy—o-. Kak BUAHO u3 puc. 3-36,
¢ yMeHbIEHHEeM yria aTaKH 3HaueHue ey, nanaer. [Ipu sTom pacyerHas
dopmyna mas KosdduIHeHTa TeNnaooTAaYH NPHHHMAaeT BHA:

Uy = Eqgr Olyr — gg° » (3-51)

Tlpouecc TenaooOTAaYH NPH3MAaTHYECKHX TeJ NPAMOYTOJLHOIO, KBaj-
PaTHOTO, OBa/JbHOIO H J060T0 APYToro cevyeHHs eme Gosee CJOXKeH,
ueM AJISi KPYIMIBIX TPYG. 37ech, MOMHMO yKe H3BECTHBHIX, NOSABJAETCH
HOBHIfi ()aKTOp — OPHEHTHPOBKA IPH3Mbl OTHOCHTENbHO moToka. OT
(opMEL Tela M ero OPHEHTHPOBKH B NOTOKE 3aBHCSAT YCJIOBHA 06TeKa-
HHS H Temiootaaud. [TosToMy JHTE€paTypHBIMH NaHHBIMH MOMKHO TOJIB-
30BaThCs JIMIb /5 TeOMETPHYeCKH MNOAOCHBIX Tes.

2. Myuku Tpy6. Ilpomecc Tennoornaun euwle Gojee ycaOMHAETCH,
ec/iM B TNOTepeyHoOM TOTOKEe XKHIKOCTH HMeeTcsl He OJiHa, a Mydok (ma-
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KeT) Tpy6. B TexHHKe pacrmpocTpaHeHH! ABa OCHOBHBIX THMa TPYGHEIX
MYYKOB — KOPHAOPHLIH M IaxmartHblii (puc. 3-37).
XapakTepUCTHKaMH TyYKa SBJASIOTCA AuameTp Tpy6 d H OTHocu-
TeJIbHble PACCTOSTHUS MEXJY HX OCSIMH NO IUHpHHe nyuka L, = x,/d
H ero ray6une L, = x,/d.
OT cxeMbl KOMIIOHOBKH IyYKa 3aBHCAT XapaKTep ABHIKEHHS XKHIKO-
CTH H OMBbIBaHHe TPYGoK (puc. 3-38). ¥YcI0BHA OMBIBAHHS NEPBOTO psija

Puc. 3-38. KaprHHa IBHMEHHS KHMAKOCTH B KOpH-
ZopHHX (a) u maxmamuxs(ﬁ) Ny4Kax H3 KPYraex
TPYO.

Tpy6ok B 060HMX nydkKax OJNH3KH K YCJIOBHSIM OMBIBAHHA OJHHOYHON
Tpy6ku. [JIns MOCAENYIOUMX K€ PsNOB XapaKTep OMBIBAHHA H3Me-
Hsercsi. B KopumopHbix nyukax (puc. 3-38, @) Bce TPYGKH BTOpOro
U NOCJIeYIOIMX PA/IOB HAXOASATCA B BHXPEBOH 30HE BIEPE]H CTOSLINX;
Mexay TpyOGKaMu no raybHHe Myyka MmoJyuaercsl 3acTofiHas 30Ha ¢ oT-
HOCHTENBEHO c/1aboi nupKyJasuned xuikocru. ITosTomy aneck kak Jio-
6oBasi, TaK H KOpMOBasi 4YacTH TPYOOK OMBIBAIOTCH CO 3HAYHTENLHO
MeHBIUEH HHTEHCHBHOCTHIO, UM Te K€ YacTH OJHHOYHOH TPYGKH HJIH
no6oBasi wacTh MNepBoro psja B Nyuke. B  maxmarHex nyykax
(ouc. 3-38, 6) rmyGoko pacnoJioeHHEle TPYGKH mo XapakTepy OMhIBa-
HHsl MaZo 4YeM OTJIMYaloTcsl OT TPYGOK NepBoro psja.
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Ha puc. 3-39 npuBefeHsl pe3yJbTaThl HCC/IEIOBAHHS HIMCHEHHS
TEIVIOOTAAYH N0 OKPYKHOCTH TPY6 ANsi PasHBIX PsANOB B KOPHAOPHBIX
M IAXMaTHHIX nyuykax. M3 paccMOTpeHHMsi KPHMBBIX CJE1yeT, 4TO AJs
nepBOro psna KOPHAOPHBIX MYYKOB H3MEHEHHe OTHOCHTEJIBHOH TenJo-
OTJlauu 10 OKPYKHOCTH [OYTH B TOUHOCTH COOTBETCTBYET TAaKOBOH A5
onuuouno#i TPy6ku (puc. 3-34). Jlas ImMaxMaTHRIX MYYKOB KpHBas
HMeeT Takofl JKe XapakTep, HO H3MeHeHHsi 3nech Gosee peskue. [list
BTOPHIX H BCEX NOCAEAYIOLHX PsiloB XapaKTep KPHBHIX OTHOCHTENLHOM
TenIooTIaYd MeHseTcsi. THIOBBIMH CTajlH KPHBbIE, NPHBEJEHHBIE HA
puc. 3-40. B KOpHJOPHBIX MyY4Kax MAKCHMyM TEIIOOTIAuH nabuno-
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18 Gy
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Puc. 3-39. HMaMenenHe TenJOOTAA4YH [0 OKPYIKHOCTH TPyO AJIA pas-
JHUHBIX PANOB B KOPHIOPHBIX (@) M waxmatHbix (6) nyukax
(Re = 14-109).

| —7 — HoMmepa pajoB TPy6.

JaeTca He B J0GOBOI Touke, a Ha paccroanuu 50° ot nee. TakHX Mak-
CHMYMOB /IBa M PACIOJIOKEHBl OHH KaK pas B TeX o0/MacTAX NMOBepXHO-
cTH TpyGhl, TA€ MPOHCXOAHT yaap HaGeraiomux crpyil. JloGoBas e
yacTh HEMOCPEACTBEHHOMY BO3JIEHCTBHIO OMBIBAIOIIETO MOTOKA He MOJ-
BEpraeTcs, MO3TOMY 3/1eCh TEIUIOOTAaya HEBBICOKA. B maxMaTHBIX myd-
Kax MAKCHMYM TEIUIOOTAAuH /I BeeX PANOB OCTaercs B JIOGOBOH TOUKe.

TIpuBeneHHbiii aHATH3 TOKA3HBAeT, UTO TEMJOOT]aya TPyG B myuKe,
a Takxe M3MeHeHHe TeIJIOOTAauH MO OKPYKHOCTH B OCHOBHOM olrpene-
JsoTes XapakTepom ofrekanus. IIpH H3MEeHEHHH YCIOBHil OMBIBaHHSA
MeHsietcs 1l TerslooTnada. IlocnenHee OGCTOATENBCTBO C YCHEXOM MO-
3eT OBITh HCMOJB30BaHO MPH KOMIOHOBKE MYyYKOB.

[Mo n3yyeHwio TEMIOOTAaYH B 3aBHCHMOCTH OT THNa mydka, AHa-
MeTpa TPY6, pacCTOAHHA MeiK1y HEMH, TeMIepaTyphl XKHIKOCTH 1 IpY-
ruX (hakKTOpOB MPOBEJEHO JI0BOJMBHO GO/IbIIOE KOJNHYECTBO HCC/e10Ba-
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unii. Ha ocHose pesynbratoB sTuX pa6OT MOXKHO clenartb psiji o6ui

BBIBOZIOB. TensooTAaua rnepBoro psna pasiMyHa M ONpeleasieTcs Ha-
YaJbHOH TYPOYJNeHTHOCTBIO MOTOKa. TernsiooTjiaya BTOPOTO M TpeThero
PSAIOB IO CPaBHEHMIO C MEPBEIM MOCTENeHHO Bo3pacraer. Ecau Temmo-
OTHauy TpeThero psaaa npHuaATh 3a 100%, To B WaXMaTHBIX ¥ KOpHAOp-
HBIX NMyYKaX TeIJIooT/aya NepBoro psjaa COCTaB/seT BCETo JIMUIL OKOJIO
60%, a Broporo — B KOpHAOPHBIX nyuykax okoso 90% u B maxmar-
HBIX — oKosio 70%. TlpuuuHOH BO3pACTaHHf TENJOOTHAYH FABJSETCS
yBeMHueHHe TYPGY/JeHTHOCTH MOTOKA IPH TPOXOXKAEHHH ero uepes
nyuok. Hauunas ¢ Tperbero psina, TypGYJEHTHOCTL NOTOKA NpHHUMAET
cTaGuiIbHBI XapakTep, TpHCYUHil NAHHOM KOMIOHOBKe ny4ka. Ilo
abCOMIOTHOMY 3HAYeHHIO TemylooTHaya B IUAXMaTHHIX NyYKax BhILLe,

4eM B KODHIOPHBIX, 4TO OOYCJIOBJH- 18

BaeTCs JYYIUHM IepeMellHBaHHeM KHI- * 5‘{?'/& |
KOCTH, OMBIBaIoIed TPyGHl. 15 Re=14-10% —_
Ha ocnose awmanusza wu oGoGmenus |
ONBITHBIX NaHHBIX JJf pacuera Cpen- 4 ) "'\\ -
Hero kosddunHeHTra TemsooTAAYH pe- L / T 0\
KOMEH/YIOTCSl COOTHOLIeHHs [64]: 2 N P\” S
a) Kopuuopusie nyuku Tpy6: m/ Z A\
o rd
npu Reg,<<1-10 L \\‘ //
N 0,5 ,.0,36 0,25 08 x L 4
Nuy, = 0,56 Regy Pry (Pr,/Pr)"7; %[ \ff— :
(3-52) 46
. . r 14
npu Rey,>1-10° Oh

Nu a_ W 60 9 1w I i
Nug,, = 0,22 Re%% prh36 (pl‘m/Prc)O'Qs. _

(3-53) Puc. 3-40. Tunuuynoe H3amMeHCHHE
TENMJIOOTAAYH [0 OKPYXKHOCTH
6) Ilaxmatuere nyuku Tpyo6: Tpy6 B Kopupopax (I) u wax-

npu Reg,<<1.103 MaTHHX (2) myukax.

Nug, = 0,56 Rels Pry®® (Pr, /Pr.)"%; (3-54)
npu Regy>1-10°

Ny, = 0,40 Re% Pr)® (Pr, /Pr.)"%. 3-55)

Coorrowenust (3-52) — (3-55) nossoasoT ONpeNeNnTb Ccpentee
3Havyenne Kos(pHIKEHTa TemI0oTAAuUM o A TPYGOK TPEThEro W BCex
NOCTENYIOUHX PANOB B NyyKax.,

- 3uaveHHs Kos(uUMEHTA TeriooTAAUH @ IS TpyGoK mepsoro
PAla TyuKa ONPENesAIOTCA MyTeM YMHOXKEHHS HalileHHOro CpeHero
SHAUEHHS KO3(pUIHEHTa TeNIoOTAAYH o /sl TPYOOK TpeThero psna
Ha nonpaBouHblit Koadpuunent e, = 0,60. [Lis TpyGoK BTOpOro psja
B KOPHMIOPHLIX MyuKax e, = 0,90, a B waxmarnbix nyykax e, = 0,70.

Ecan ke TpeGyercs onpenenuts cpennnuii KO3()pHILHeHT TeriooT-
Aaui BCEro myuka B LEIOM, TO B 3TOM C/Iy4ae HeOGXONHMO OCpEHeHHe
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HalileHHEIX 3HAYeHHIl o, KOTOPOE MPOM3BOJNTCS CJElYIOUIHM 06pa3soM:

e _EIF1+ESF2+'-v+EmFm .

A Py T PRy G5
e El, B?z, p— on — cpenHue Ko3(pUIHeHThl TenJo0TAaud 1o ps-
nam; F,, F,, ..., F,— niomani noBepxXHOCTH TernjooOMeHa Bcex

Tpy6oK B pAnRy.

Ias Boazgyxa pacuyeTHble (GOPMYJBl yNPOLIAOTCSI M NPHHAMAIOT
BHI:

a) Kopunopuule myuku Tpyo0:

npu Reg, <<1-10°

Nug, = 0,49Regx; (3-52a)
npH Regy>1- 103
: Nuyy =0,194Rel. (3-53a)

6) llaxmarHbie nmyukd Tpyo:
npu Reg,<<1-10°

Nu gy = 0,49Rex; (3-54a)
npu Reg,>1-10%
Nug, = 0,35Re%. (3-55a)

CoorHomenus (3-52) — (3-55) npHMeHHMBI JHIUb JJIs CyYasi, KOrja
AOTOK KUAKOCTH NMEPNEHANKYJAPEH OCH MydKa, T. €. KOTAa YroJ aTaku
¥ = 90°. Onnako B IpPaKTHKE He MeHee yacTH ciaydau, Korga ¥ << 90°.
Ipome Bcero H3MeHeHHe TEMJOOTAAUM NPH H3MEHEHWH yrjia aTakd Mo-
XKeT OHTh YUYTEHO NyTeM BBeJeHHsi NONPaBOYHOrO KOS(pdHUHEHTa £y,
npejcTaB/Isomero cofoil oTHomenne Kos(pHIHeHTa TeNJ00TAAYH MPH
yrie arakn ¥ k kospduumenty renyioornaun npun ¥ = 90°. IIpn stom
pacuyetTHass QopMmyJa HMMeeT C/AefYIOWHH BHA:

Fogy =B gl o (3-57)

Ha ocroBanuu psaga ucclef0BaHHH YCTAHOBJEHO, YTO 3HAYeHHE KO-
a(punmenta ey sBAserca ynkuueid yraa araku ¥ (puc. 3-41):

i, PP 90 80 70 60 50 40 30 20 10
ey o ooo- 0 1 1 0,98 0,94 0,8 0,78 0,67 0,52 0,42

Mpumep] 3-8. Onpenennts cpefunfi KoaQPHUHEHT TeNNOOTHAauM B nomepey-
HOM TIOTOKe Bo3ZyXa Ias TPYGH HHameTpoM d = 20 MM, eclH TeMmneparypa Bos-
nyxa tx = 30°C u ckopocte w = b m/c,

[lpu ty = 30°C Ax = 0,0267 Br/(m-°C);

wd _ 5.0,02
vk  16,0.1075

~ Tlpu rakeM 3HaueHHH Regy NanbHeHWHH pacueT NMPOHSBOXMM me dopmyJe
(3-50a). Tlecne moxcraHOBKH 3HAaueHHS Regx noayuaem:

Nt g = 0,245 Re: — 0,245 (6,2-10%)% = 45,6,

vy = 16,0.107% M2/c;  Reyy = =6,2.10%,
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OTKyJa

o= mdml—: = 45,69(’-% = 60,4 Bt/(m2.°C).

Ecnu gomonnHTenBHO 3ajaHo, uTo yroa araku ¥ = 60°, Torza moayueHHoe
3HAaYeHHe ¢ Hall0 YMHOKHTh Ha €y M3 puc. 3-36 npu ¥= 60° e= 0,94. Oxon-
qaTeJbHO HMEeM:

o = aeq = 60,4-0,94 = 57,0 Br/(m2.°C).
Mpumep 3-9. Onpepenuts cpefunii KoshPHUHEHT TenJOOTHAUH B momepey-

HOM TOTOKE BOXHI JasA TPyGKH d = 20 mM, ecnH Temmepatypa BORH #yx = 20°C;
TeMneparypa creHkH f. = 40°C, ckopoets w = 0,5 m/c.

TIph tx = 20°C Ay = 0,599 Br/(m-°C); vx = 1-1075 m¥/c; Prg = 7,02;

Ipu . = 40°C Pr, = 4,31; Prx/Pr. = 1,63.

IlogcraBnss 3TH BeqHYHHB B gopmyay (3-50), 0

: —
noJiyuaem : _5"’ \
Nug,, = 0,28Re%% Prg’(aﬁ(Pr,K/Prc)G’Qs = 8 \\
= 0,28 (1-10%)"%.7,02%% (1,63)%% = 160, % N\

1 ¥
OTKyZa - 7%&‘" ¥

Ho 1600599 _ 4780 Bryqur.oc) .

d 0,02
Puc. 3-41. 3aBHcHMOCTB

Mpumep 3-10. Onpenenuts cpefnnii Ko3hdHIUH-  TeNNOOTHAYH B Ny4YKaX OT
€HT TEeMJIOOTAauH JJisl BOCBMHPALHOIO KOPHAOPHOrO yrjaa aTak.
NyuKa, cocTosmero H3 Tpy6 JHaMerpoM d = 40 Mm;
xlfd: l,8 H xgld == 2,3. _

Cpenpussi Temnepatypa Bosfyxa fx = 300°C, cpefuas cKopocThb B y3KOM
ceyenud @ = 10 m/c m yron artakm P = 60°,

3HaveHHs (H3HYECKHX CBOMCTB BOSAyXa MpPH fx = 300°C:

&=N_ud)x

A = 0,046 BT/(M:°C) 1 vy = 48,33-10~5 m2/c;

Regy =24 — 10:0,04 = 8,29-10%; Re%> = 353,

vk 48,33.10~° e

[lofcraBasia 3TH 3nauenusi B Bepawenue (3-53a), mosmyuaem:

Nuy, = 0,194Re% —0,194.353 = 68,5,

OTKYZa CpeliHee 3HaueHHe KO3(OHIHEHTA Tena00THAYK AAs TPY6 TPETHErO W Beex
noc/ielyOmuX palos:

- = A 68,5-0,046
e = Niggp—b = 2~ 7 2.9C).
dx 4 0.04 9 B1/(m2-°C)
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Cpeguufi Ko3dpuunenT TennooTAayu NyyKa mpH yriae ataku ¥ = 90°

—
al’lyll p— w__9’z_+6.2_3_ = 0'938 a,’ = 74 BT/(MZ_CC)'

Tenephb clefyer BHECTH HMONPABKY Ha yroa araku. [Ipu ¥ = 60° ey = 0,94,
c/IeOBaTebHO,

gy = 0,94:74,0 = 69,5 B/(m2-°C).

FNABA YETBEPTAR
TENNOOEMEH NMPH KMNEHMM MU KOHAEHCALIMMU
4-1, TEMNOOBMEH NPMU KMNEHWM

1. OGwHe npeacraBieHdsi o npouecce KuneHusi. KunmenueMm Haswbl-
BalOT mpolecc o6pa3oBaHuA Mapa BHYTPH 00beMa KHIKOCTH. ¥YCIOBHA
TPOTEKaHHs 3TOro mpoliecca CBOeoOPasHbl U CJI0XKHEL

Jlnsi BOSHMKHOBEHHs KHIEHHs Bceria HeoOXOIHUM HEeKOTOPHIA me-
perpeB KHAKOCTH, T. €. MpEBLILIEHHE TeMnepaTyphbl KHIKOCTH fy OT-
HOCHTE/IBHO TeMIIepaTyphl HachlleHHs f; NpH 3aJaHHOM JAaBJEHHH p.
DTOT mneperpeB, KakK TOKa3hIBAIOT OMBITHE, 3aBHCHT OT (PH3HUECKHX
CEOMHCTB KHJKOCTH, €€ WHCTOTHI, JaBJeHHsl, a TakxKe CBOHCTB rpaHuy-
HBEIX TBEPABIX MoBepxHocTell. UeM unle KHUIKOCTh, TeM Oosiee BBICOKHM
OKa3hIBaeTCsl HavyaJbHBIH neperpes, HeoOXOMUMEIR 1 BOSHHKHOBEHHS
Kunenns. M3BecTHEI ONBITHL, B KOTOPHIX TLIATENbHO OUMIIEHHBIE IKH[-
KOCTH, JIMIIEHHBIE PacTBOPEHHBLIX I['da30B, Yy/laBajoch Ieperpeparts 6es
BCKUIIAHHA HA JECATKH IpajycoB NMPU HOpMaJbHOM JaBiennu. OpHaxo
B KOHIE KOHLIOB TaKasl Ileperperas KH/IKOCTb BCE e BCKHMAeT, NpHYeM
KHMEHWe TMPOHCXONHT Kpaline OypHO, HamoMuHasi B3pLIB. Temiota me-
perpeBa KHIAKOCTH PacxojlyeTcsi Ha mapoo0pasoBaHue, »KHJKOCTb Obl-
CTPO OXJIAXJaeTcsa N0 TeMrepaTyphl HachluieHHus. Bricokuit HayannHbIHR
neperpes, HEOGXOAHMBIA A/ BCKHNAHMA YHCTOH KHAKOCTH, 0OGbAC-
HAEGTCA 3aTPYAHEHHOCTBIO CAaMONPOH3BOJBLHOTO 06pa3oBaHKs BHYTPH
JKHUIKOCTH HauyalbHBIX MaJeHbKHX MY3HIPBKOB Napa (3apopabllieii) us-aa
3HAUHTENLHON SHEPrHH B3aHMHOIO NPHUTAMEHUS MOJEKYJ B KHJKOCTH.

Muaye o6CTOMT Jes0, KOTJa UAKOCTL COJEPIKHT DPacTBOPEHHBLH
ras (Hampumep, BO3AYX), a TaKiKe MeJb4yafllHe B3BEIIEHHHIE YACTHILHI.
Ilpu ee HarpeBaHHH Mpolecc KHNeHHs HaYHHAETCS MOYTH cpasy nocje
JOCTHIKEHHA MKHIKOCTbIO TeMneparypsl HacklmeHus. Ilpu srtom kume-
HHUe HOCHT CHOKOHHBIH XapakTep. B naHHOM ciydyae ofGpasyiompecs
MpH HarpeBaHHH ras3oBble NMy3bIPbKH, a TaKkKe HaxoIdllHecd B KHJIKO-
CTH TBEpJble YACTHILBI, CAYXKAaT TOTOBBIMH HA4aJbHBIMH 3apOABIIIAMH
naposoil ¢ashl.

HauanbHeifi neperpeB cHHMIKaeTcs W B TOM Clyuae, KOTJIa CTEHKH
cocyja, B KOTOPOM NMPOHCXOAMT HarpeBaHHe JKHIKOCTH, HMEIOT ajacop-
O6upOBaHHBIAl HA MMOBEPXHOCTH ra3, MHKPOIIEPOXOBATOCTb, a TaKKe Pa3-
JIMYHBIE HEONHOPOJHOCTH M BKJIOYEHHS, NOHHKAIOIHE MOJIeKYIsApHOe
CIeMVIEHHE JKMAKOCTH ¢ noeepxHoctbio. Ilpu moasone remmorsl uepes
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TaKyl TOBepXHOCTb 00pa3oBaHHe MY3bIPHKOB HaGMIIONAETCS B OTHEMb-
HBIX TOYKAX INOBEPXHOCTH, TAaK Has3hblBaeMBIX HeHmpax napoodpasosa-
Hus. Takum o6pa3oM, MpoOLECC KHMEeHHs B 3TOM C/ydyae HauHHAeTcs
B CJOAX JKHIKOCTH, KOHTAKTHPYIOIHMX C MOBEPXHOCTHIO H HMMEIOIIHX
OIHMHAKOBYI0 ¢ Hefl Temneparypy. /s NpaKTHKH 3TOT BHI KHIEHHS
npencraBiseT HauGoNblIMi uHTepec. PacCMOTPHM €ro OCHOBHEIE Xa-
PAKTepUCTHKH.

ITo mepe yBesqmueHHst TeMnepatypel NMoBepXHOCTH Harpepa #, M CO-
OTBETCTBEHHO TeMmmepaTypHoro Hamopa Af = f{,—{, uncio meficTByIO-
LMX IEHTPOB mapoolpasoBaHus

pacrer, mpouecc KHIeHHsI CTaHo- ;tg
BHTCSI BCe GoJlee HHTEHCHBHBIM.
IlapoBbie My3BIPLKH NEPHOTHYECKH 106

OTPBIBAIOTCS OT TOBEPXHOCTH H,
BCMJBLIBAS K CBOOOAHON MOBEpX-
HOCTH, MPOJOKAIOT PAcTH B 00b- 106
eme. Tlocnennee 06LACHAETCS TEM,
YyTO TeMmneparypa B o6BbeMe KHIf-
el >KHIKOCTH, KaK MOKa3bIBaloT
OMEITHLIE JaHHEE, He paBHA TeM-
nepaType HachblileHHsl, a HeCKoJib-

S

Temnepamypa
3

=
S

KO mnpeBhiliaeT ece. Hanpumep, 1z Talepamis
LIS BOABI TpPH  aTMOChepHOM m _| Bota | todw /
JABJIEHHMH TIeperpeB B 0OBEMe X e
cocrapaser 0,2—0,4°C (puc. 4-1). 100 ] t
Ha puc. 4-2, a cxemaTHyeckH 0 1 2 3 4 & b Tmé
TNOKa3aHa KapTHHA My3LIPHKOBOTO Paccmonnue om nobepznocmu Kazpeba

pexumMa KuneHus xugkocru. Ilpu
NOBBIEHHH TEMIEpPaTyPHOTO Ha- Puc. 4-1. Pacnpepenenne TeMmmepartyp

B obbeMe KHOfIEH XHAKOCTH (fo=
nopa Af 3HayHTeNnbHO BO3pacTaer  _ 109,1°C; ps = 1-108 [la, q=
NOTOK TeNJOThI, KOTOPBIH OTBO- = 22 500 Br/m?).

JATCS OT MOBEPXHOCTH HAarpesa
K KHIsmel »Kuikoct#. Bes sta Temiora B KOHEYHOM CueTe pacxo-

Ayercsl Ha o6pasopanue napa. Ilostomy ypaBHeHHe TenJsioBoro 6GaJiaHca
NpH KHIEHHH HMCET BHI:

Q=r¢", (4-1)
rae Q — remniosoil noToK, BT; r — Temiaora ¢asoBoro nepexoja KHA-
KoctH, Jl#/Kr; G — KoauuecTBO napa, o6pasyioLerocsi B €QHHHILY

BpeMeHH B pe3y/braTe KUMEHHs KUAKOCTH H OTBOAMUMOTO OT ee CBOGOI-
HOH NOBEPXHOCTH, Kr/C.

TennoBoii nmotok Q npH yBeJTHYEHHH TeMmepaTypHoro Hanopa At
pacrer He Gecrpenennho. Ilpu nexkoropoM 3Hauenun Af OH JOCTHraer
MaKCHMAaJIbHOTO 3HAueHNs, a NMPH JajbHelillleM noBbllueHHH Af Hauyu-
HaeT yMeHbUIAThCH. HO MOMEHTa JOCTHXKeHHUS MaKCHMaJIbHOr'o TeIuio-
BOTO T0TOKA PeXHM KIINMEHHS HA3LIBAIOT Ayavipokoseim. MakcHMaibHYIO
TeIUIOBYI0 HAarpysky NpH ny3HpPbLKOBOM KHNEHHH HAa3BIBAIOT Nepeoil
KpUmu4eckoill nAOMHOCMbI0 Menio6ozo nomoxka W 0603HAYAKT (ypq.
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Inst Boawl mpu armochepHOM MAaB/JeHHM TNepBas KpUTHUYeCKas IJIOT-
HOCTH TEIUIOBOTO TOTOKA COCTaBAfeT Gypy &~ 1,2.10% Br/mM%* coor-
BETCTBYIOIee KPHTHYECKOE 3HAUeHHe TeMIepaTypHoro Hamnopa Ay, , =
= 25=-35°C. (2TH BeNHUYHHBI OTHOCATCH K YC/OBHAM KHIIEHHS BOJHI
npu cBoGONHOM ABHKEHHH B Goabwiom obbeMe. [l Apyrux ycaosuii
H JPYTUX KHAKOCTeH BEJIMYMHBI OYAyT HHBIMH).

ITpu 66nbmmx 3navenusax Af HacTymaer BTOpo#, nepexoOxeii pe-
UM Kunenus (puc. 4-2, 6). OH xapakTepH3yeTcsi TeM, 4TO KakK H Ha
camo# MOBEPXHOCTH HArpesa, Tak H BOIH3H Hee MYy3bIPHKH HENpPEPHIBHO
cauBaloTes Mexkay coboit, ofpa3aytorca GoJblIHE NapoOBbie TOJMOCTH.
H3-3a 3TOro ROCTYN MKHUAKOCTH K CaMOH TNOBEPXHOCTH MOCTENEHHO BCe
Gonee sarpyausercd. B OTAeNbHEIX MecTax MOBEPXHOCTH BO3HHKAIOT
«CyXue» MATHA;, HX YMCJO M Pa3Mephbl HEMpepHIBHO PacTyT 10 Mepe yBe-
JIHUEHHS TEMIEpaTyphl NOBEPXHOCTH. TaKHe Y4acTKH KaK Obl BBIKJIIO-
YaloTcsl M3 TemJIoOGMeHa, TaK KaK OTBOJ, TeIVIOTH HeNocpeiCTBEHHO
K [1apy NMPOHCXOJHT CYUIECTBEHHO MeHee HHTEHCHBHO. DTO H Ompejedser
pe3koe CHHXKEHHE TeIJIOBOrO MNOTOKAa H Kos(hHIHeHTa TemIooTAauH
B 06JIaCTH NEpeXONHOT0 PeHMa KHIIeHHs.

Hakonel, np# HEKOTOPOM TeMIEpaTypHOM Hamope BCSA MOBEPXHOCTh
Harpesa OGBOJIAKMBAETCA CIVIOWIHOH TIEHKOH mapa, OTTecHSomeH
JKUAKOCTh OT moBepXHOCTH. Tak Hacrynaer TpeTHH, nAeHOYHbIL PEXHM
kunenus (puc. 4-2, 6). Ilepenoc TenaoThl B pexuMe MJIEHOYHOTO KHIIe-
HHUS OT NOBEPXHOCTH HarpeBa K HAKOCTH OCYILECTBJSETCS NMYTEM KOH-
BEKTHBHOTO TemjooOMeHa H H3JyyeHHS 4epe3 mapoBylo IieHKy. Ilo
Mepe yBeauueHHs TEMNepaTypHOro Hamopa Bce GOMblIas 4acTh TEMIOTHI
niepefiaeTcs 3a CueT H3JaydeHHs. MIHTeHCHBHOCTL TemnoofMeHa B pe-
JKHME TIJIEHOUHOTO KHIIEHHS JOCTAaTOYHO HM3Kas. IlapoBas mieHKa uc-
NBITHIBAET MYJbCAlMH; Nap, MEepPHOAHYECKH HaKam/JIHBalOUWHHACA B Hei,
OTphIBaeTcs B BHAE GOMBIIMX Ty3pipeii. B MOMeHT HacTymneHHs miie-
HOYHOrO KHMEHWS TEeIJOBasi HArpysKa, OTBOAHMMAS OT NOBEPXHOCTH,
M COOTBETCTBEHHO KOJIHYECTBO 00pasylomerocs napa HMeloT MHHHMANb-
Hble 3HaueHHs. MHHHMa/bHOE 3HAYeHHe TEenJIOBOH HArpysKH INpH mJe-
HOYHOM KHIIEHHHM HAa3bIBAETCS 6MOpoli KPUMUMECKOLL MAOMHKOCMbBIC men-
2106020 NOMOKA Gyp - [IpH aTMOC(HEPHOM JlaBJIeHHMH AJISl BOAHI, KHMsImef
Ha TEeXHWYECKHX METa/VIHYECKHX MOBEPXHOCTAX, MOMEHT Hauana Iuie-
HOUHOTO KHNEHHWS XapaKTepH3yeTcs TeMmmepaTypHHIM HamopoMm Af =
= {.—1, ~ 150°C, T. e. Temmeparypa nOBepPXHOCTH f, cOCTaBlsieT
npumepHo 250°C.

Takum 06pa3oM, NpH KHIIEHHH XKHAKOCTH Ha TOBEPXHOCTH HarpeBa
B 3aBHCHMOCTH OT TeMmreparypHoro Hamopa At = t.—#; MoryT Habumo-
NlaThCA TPH pasiUyYHbIX pexxkHMa Kumenus. Obuas KapTHHA H3MEHEHHs
IVIOTHOCTH TEMJIOBOTO MOTOKA ¢, OTBOAHUMOTO K KHMsefl KHIKOCTH,
NPH YBEJHUEHHH TeMneparypHoro Hamopa Af nokasaHa B JiorapHpMH-
YeCKHX KOOpAHHATax Ha pHC. 4-3. DTOT rpadHK OTHOCHTCS K Mpoieccy
KHNeHHs1 BOAB TMpH armocdepHoM AaBieHnu. Takoi ke xapakrep 3a-
BHCHMOCTB ¢ OT Af MMeeT M /1A APYTHX JKHAKOCTeH, KHNSIHX B ycIo0-
BHAX CBOGOAHOTO JBHKEHHSI B GoJbIIOM oOBEMe Ha MeTalTHYeCKHX
TIOBEPXHOCTSIX Harpepa: Tpy0ax, INIHTax H T. A.
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Puc. 4-3. 3aBHCHMOCTh MNJOTHOCTH TENJA0BOro
MOTOKA g OT TemmepaTypHoro Hamopa Af npH
KHNEHHH BOJHL.

Puc. 4-4. Xapaxrep HBHKeHHS NapOBONAHOH cMecH B Tpy6ax.
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Bce Tpu peHMa KMIeHHA MOXHO HabmonaTh B o6paTHOM NOPSALKE,
ec/H, HamnpHMep, pacKaleHHO® MaCCHBHOE MeTa/NIHYecKoe H3JelHe
ONYyCTHTh B BOAY AJIA 3aKajkH. Boja 3akumaeT, BHaya/le OXJamJeHHE
TeJla HIEeT OTHOCHTeILHO MeJieHHO (IJIeHOYHOe KHIEHWE), 3aTeM CKo-
pOCTL OXJIakAeHusi GBICTPO Hapacraer (nepexolHbIH pexuM), Boja Ha-
YHHAeT MepHOAHYeCKH CMayuBaTh MOBEPXHOCTb, H HauOOJbINAf CKO-
pPOCTL CHHMIKEHHS TEMNeparyphl MOBEPXHOCTH JOCTHIAeTCs B KOHEYHOH
CTafMH OXJaxIeHus (mysblpbKOBOe KuneHue). B 3ToM npumepe Kume-
HHe MpOTeKaeT B HECTAlHOHAPHBIX YCJOBHSIX BO BpeMeHH.

CranMoHapHOE KHMEHHEe B NepexofHOM peKHMe Ha npaKTHKe Mo-
eT HabnonathbCs B TOM cJydYae, KOTJa TeMmnepaTypa MNOBEpXHOCTH
Harpepa NOJJIEPIKHUBAETCA HEH3MEHHOH 3a CYeT KOHTaKTa 3TOH moBepX-
HOCTH C BHeIIHeH CTOPOHBLI € JAPYTHM TEerJIOHOCHTeNIeM, HMetoLuM Gonee
BLICOKYIO TeMNeparypy ¥ 3HAUHTEJIbHYI0 HHTE@HCHBHOCTH TemIooTaauH.!
Takue yclioBHSI noJBOAA TEmNOTHl MOXKHO KpPaTKO XapaKTepH30BaTh
Kak ycaoBus oborpesa mpu f, = const. Ha npakruke, oanaxo, yacro
BCTPEYaloTCsl TaKiKe YCIOBHA, KOIJa K NOBEPXHOCTH TOABOAMTCA (BHK-
CHpOBaHHBI!l TemJaoBOH MOTOK, T. e. ¢ = const. 1o xapakrepno, Ha-
NMpHMep, A5l 3MeKTPHUeCKOro oforpeBa MNMOBEPXHOCTH, A oborpeBa
3a CYeT TenJIOBLIAEIEHWSI B pe3yJbrare siflepHOfl peakllMH B aTOMHOM
peakTope W NpuOIMIKEHHO B cjyuae JyducToro oforpeBa MOBEpPXHOCTH
OT WCTOYHHKOB C BechbMa BLICOKOH Temnepatypoii. B ycnoBusax g =
= const Temneparypa moBepXHOCTH f, H COOTBETCTBEHHO TeMIeparyp-
Hblii Hanop Af 3aBHCAT OT pexuMa KuneHus xupkoctu. OxasuiBaercs,
YTO NpPH TAKHX YCAOBHSIX MOJBOJA TEMJIOThI NEpeXOJHbIH peHuM CTa-
[HOHAPHO CYIIECTBOBaTh He MOMKET. BcielcTBue 3TOro mpomece Kume-
HUA 1npHoOpeTaeT HOBHE creuHpHYCKHEe YepThl, HMelolHe BaKHOe
NpHKNafHoe 3HayeHHe. PaccMoTpuM HMX moapobuee. [lis 3Toro BHOBDL
obpatumcsi K puc. 4-3. Ilpy nocreneHHOM MOBBIUEHHH TENJOBOMH
HAarpys3kH ¢ TemreparypHbi Hanop A# Bo3pacTaeT BCOOTBETCTBHH CJIH-
HHeH NMy3blpbKOBOTO pexXHMa KHNeHus Ha puc. 4-3, u mpouecc pasBH-
BaeTCsl Tak ke, Kak 3TO 6bl10 onucaHo Bbiue. Hoswie yCJI0BHA BO3HH-
KaloT TOrja, Korja nofiBOAMMAas NJIOTHOCTh TEMJIOBOTO TOTOKA JOCTH-
raeT 3HayeHHsl, KOTOPOe COOTBETCTBYeT IepBOil KPUTHUECKOH IJIOTHO-
CTH TEMJIOBOTO TIOTOKA §ypy. 1€Nepb MpH JI060M He3HaYHTeJNbHOM
(maxe cnyyaHHOM) MOBBIIEHUHM BEJHYHHBI ¢ BO3HHKaeT H30BITOK Me-
K1Y KOJMYECTBOM MOABOAMMOH K MOBEPXHOCTH TEMJOTH H TOH MaKCH-
MaJbHOH TEMIOBOH HAarpysKoli ¢y,,, KOTOpas MOXeT ObITh OTBeJleHa
B KHMALYIO JKHAKOCTh., JTOT U3OBITOK (§—(yp;) BBI3BIBAET YBeNHYEHUE
TeMmepaTyphl NMOBEPXHOCTH, T. €. HAUMHAETCH HEeCTallHOHAapHBIH pa-
30rpeB Marepuasia cTeHKH. TemmepaTypa NoBepXHOCTH f, OKasbIBaeTcs
GoJiee BBICOKOH 1O CPaBHEHHIO C f. 51, Ha TOBEPXHOCTH YCTAHABJIH-
BAETCS MEepexXOoiHbIil PeXXHUM KHIIEHHS, W OTBOJ| TEMJIOThLl HAYHHAeT CHH-
)KarbcA. B HTOre pasHOCTh MeXAY MOABOAWUMBIM H OTBOJAMMBIM KOJIH-

1 TIpHMepOM MOMKET CNYKHThb 060rpeB MOBEPXHOCTH HACHIEHHHIM NapoM
HeoOGxoqHMOM TemmeparypHl H JaBjeHHA. B mpouecce ero KOHIEHCAIHH HHTEHCHB-
HOCTh TENJOOTRAYH K MOBEPXHOCTH BechbMa BhicoKa (cMm. § 4-2).
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YeCTBOM TErJIOTHl GbICTPO Hapacraer Bo BpemeHH. COOTBETCTBEHHO yBe-
JUYMBAETCS CKOPOCThL pasorpeBa MOBEPXHOCTH. PasBuTHe mpouecca
npuoGperaeT KpH3HCHBLIA XapakTep. 3a JOMM CEKYHJL TeMieparypa
MaTepuajia TOBEPXHOCTH HarpeBa BO3pacTaeT Ha COTHH TIpalycoB,
M JMIIb TPH YCJAOBHH, YTO CTEHKa JOCTaTOYHO TYromJaBKas, KpH3HC
3aKaHYMBAeTCs GNarono/NyyHo HOBBIM CTAlMOHAPHBIM COCTOSIHHEM, OT-
BeyaomuM 06/1acTi MJIeHOYHOro KHIEHHs NpH BecbMa BBLICOKOH Temrie-
parype noBepxHoctH. Ha puc. 4-3 3rToT Kpu3HCHBIE nepexox OT
Ny3bIPbKOBOI'O PEKHMa KHIIEHHS K MJIEHOYHOMY YCJIOBHO MOKa3aH CTpes-
Koil KaK «MepecKoK» ¢ KPHBOH My3bIPbKOBOTO KHMEHHS Ha JIMHHIO Ie-
HOYHOTO KHIMEHHSl TPH TOH e TelIoOBOH Harpyske (. OnHako
06LIYHO KPHU3HC COMpPOBOXKAAETCA paCIUIaBIeHHeM H paspylueHHeM Io-
BEPXHOCTH HarpeBa (ee MepexoroM).

Bropasi 0coGeHHOCTb COCTOHT B TOM, YTO €C/IM NPOM30LIeN KpPH3HC
W YCTaHOBHJICSI IJIEHOUHBIl DeXUM KHMEHHs (MOBepXHOCTh He paspy-
IMAach), TO NMPH CHHUXKEHWH TEeNJIOBOH HArpy3KH IJIEHOYHOE KHIeHHe
Gy/IeT COXpaHATbCA, T. €. 0OpaTHbIi npouecc Tenephb 6yaeT MPOUCXOAUTD
o JHHHH TJeHouHoro KuneHus (puc. 4-3). JIumwb npu JoCTHKEHHH
Jyp2 MHUAKOCTb HAuHHaeT BHOBb B OTAENbHBIX TOYKAX NEPHOAMYECKH
JIOCTHraTh (CMauMBaTh) MoBepXHOCTL Harpesa. OTBOJ TEeNJIOTbl PacTeT
H [PEBHILAET MOABOJ TEIJIOTH, BCAEACTBHE uero BO3HHMKaeT OhICTpOe
oXJaxJeHHe MOBEPXHOCTH, KOTOpOe TaK:Ke HOCHT KpPH3HCHHIN Xapak-
tep. [IpoucxoauT GhicTpasi CMeHa DEXHMOB, M YCTaHABIMBaeTCs CTa-
LHOHApHOE Iy3biPbKOBOE KHMeHHe. DToT obpaTHblii nepexox (BTopoii
KpHU3HC) Ha pHuC. 4-3 TaKxKe YCIOBHO NOKA3aH CTPEJKOH KaK «[epecKoK»
¢ KpUBOH TJIEHOYHOTO KMMEHHs Ha JIMHHIO My3bIPbKOBOTO KHNEHHS NMpPH
q= qu2‘ %

Hrak, B ycIoBHAX (DUKCHPOBAHHOIO 3HAYEHHWS TMJIOTHOCTH TemJio-
BOrO MOTOKA ¢, TOJABOJAMMOrO K NOBEPXHOCTH HarpeBa, o6a mepexoja
OT My3LIPLKOBOTO K IJIEHOYHOMY H 00OpaTHO HOCAT KPH3HCHBIA Xapak-
tep. OHH TPOHCXOAAT NMPH KPHUTHYECKHX IJIOTHOCTAX TEMJIOBOLO IO-
TOKA (yp1 M Gypp COOTBETCTBEHHO. B 3THX YCIOBHAX nepexoiHblii pe-
UM KHIEHHS CTAUHOHAPHO CYIIECTBOBATL HE MOXKET, OH HABJSETCH
HEYCTOMAYHBBIM.

OTBoJ, TERJOTHL B pEXKUME IY3EIPLKOBOIO KHIEHHS SABJISETCS Of-
nuM H3 Haubosiee COBEpLIEHHLIX METOIOB OXJawJeHHs NOBepXHOCTH
narpesa. OH HaXOIMT IIMPOKOE MpPHMEHEHHe B ATOMHBIX peakTopax,
NpH OXJXKJEHHH PEaKTHBHBIX JBHraTeleil, a Takke B psje JApYrux
TEeXHHUECKHX YCTPOHCTB.

Ha npakTHKe IHMPOKO NPHMEHSIOTCS MeTONbl OTBOAA TENJIOTH TPH
KHTIeHHH JKUJKOCTH, JBHXYULeHicsi BHYTPH TPY6 WM KaHA/OB pasiud-
HO# (opMBI. Tak, MPOIECCH TeHepaluuH Mapa Ha COBPEMEHHBIX TemJIo-
BEIX 3/JEKTPHYECKHX CTAHLUMAX OCYUECTBJSIOTCA 3a CYeT KHNeHUS
BOZBI, JABHIKYILEHACA BHYTPH KOTENLHBIX TPYO NPH BBHICOKOM JaBJEHHH.
Tensota K MOBEPXHOCTH TPY6 MOABOAMTCS OT PacKasleHHBIX MPOJYKTOB
CropaHus TOMJHBA 32 CYET H3JYYeHHS H KOHBEKTHBHOTO Temioo6MeHa.

Jlns mpouecca KHNEHHS XKHAKOCTH, ABHXKYIiefics BHYTPH OrpaHH-
yeHHOro o6beMa TpyOwl (KaHasia), ONHCAHHbBIE BBILIE YCJIOBHS OCTAIOTCH
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B CHJle, HO BMecTe ¢ 3THM TOsBJseTCs psAA HOBHX ocobGeHnocreii. Ha
pasBUTHE MPOLECCa MOKET BJAHATH CKOPOCTb BBIHYXKIAEHHOTO JBHIKEHUS
JKMKOCTH WJIH NMapoBOAsIHOM cMecu. Kpome Toro, cama CTpyKTypa IByX-
(asnoro motoka (XapakTep pacmpeneneHus napoBoil ¥ XKuAKoOH da3s
BHYTPH KaHaja) TaKke HMEeT BaXKHOe 3HayeHWe VI PasBHTHS NpPO-
lecca KHNeHHs W BO3HHKHOBeHHA KpusHca kunenus. Ha puc. 4-4 no-
Ka3aHbl XapaKTepHLE PEXHMbl TeUeHHs MapoBOASHON cmech B TpyGax.
B 3aBHCHMOCTH OT COJEpXKaHHA Napa, CKOPOCTH JBHKeHHS CMecH, Jua-
Merpa TPYOHl M ee PACONOXEHHS B MPOCTPAHCTBE XapaKTep ABH-
JKeHWS OKa3blBaeTcsl PpAas3IMYHBIM: B BHJE OXHOPOIHOW 3MYJbCHH
(puc. 4-4,0), B BHIe IBYX CaMOCTOSTEIbHBIX
MOTOKOB BOAH W  mnapa (puc. 4-4, 6, 0).
B onuux cayvagx npu 3TOM BoAa JBHKe-
TcA mo nepudepuH y CTeHKH B (opme NJeH-
KM, a map B LEHTpPadbHOH uacTH TPYOH!
(puc. 4-4, 6), B ApYrHX no/ayuaercs pasjelb-
HOe JBHKEeHHe — JKHAKOCTh B OJHOH, a nap
B JIpyro# yactu Tpy6ul (puc. 4-4, d). Ilysupnko-
BbIH peXXHM TeueHus: cMmecH (puc. 4-4, 8, 2) pas-
JU4YeH TIPH BePTHKaJbHOM H TOPH30HTAJbHOM
NONOMKEHHAX TP YOHL.

ITpouecc KUNEHH MOMKET MPOUCXOMNTL TaK-
JKe IIPH TeyeHUH B Tpybe HelorpeTroif 1o TeMmile-
paTypbl HACHUIEHHS XHUAKOCTH, €CIH HHTEH-
CHBHOCTbL MOJABOJA TEMJOTHl K CTEHKaM TpYOLl
JI0CTaTOYHO BbicOKa. TaKoit mpouecc BO3HHUKaeT,
KOrjia TemnepaTrypa CT€HKH f, NpeBbIlIaeT TeM-
NlepaTypy HachHlleHUsl [; OH OXBAThIBAaeT IIO-
FPaHHYHLIH CJIOH JKHIKOCTH OKOJNO  CTEHKH
(puc. 4-5). IlapoBble mnysbipbkH, mNonazaoIye
B XoJlojHoe SAPO TMOTOKa, GLICTPO KOHJAEHCH-
pyloTcsi. 2TOT BHJ, KHNEHHS HAasbLIBAIOT Kune-
uuem ¢ Hedozpesom.

2. TennooGmen npu my3bipbKGBOM KHneHuu. Habmopenna nokasbi-
BalOT, YTO NPH yBeJIWYEHHH TeMnepaTypHoro Hamopa At = f,—I1,,
a TakXe JaB/eHHs p HA NOBEPXHOCTH HarpeBa YBEJIHYMBAETCH YHCJO
AKTHBHBIX LEHTPOB napoobpasoBaHus 2. B uTOre Bce Gosbllee KOJMH-
YeCTBO NY3BLIPbKOB HeNpepLIBHO BO3HWKAET, pPacTeT M OTpLIBAETCs OT
[I0BEPXHOCTH HarpeBa. BCJI€JCTBHE 3TOrO yBeJMYHBaIOTCH TypOy/au3a-
IUsl M [epeMellkBaHWe MPHCTEHHOrO IOrPaHUYHOTO CJIOSI KHIKOCTH.
B npomecce cBoero pocra Ha NOBEPXHOCTH HArpeBa NY3BIPbKH TaKMkKe
HHTEHCUBHO 3a6HpAIOT TeIJIOTY M3 MOrpaHHuHOro cios. Bee sto cno-
cobcTBYeT yJYUIIEHHIO TerIJ'IOOT.U.a‘m-"B LEJIOM MPoLecc NMysnipbKOBOIO
KHIIeHHS HOCHT JOBOJIbHO XaOTHYHBIH XapakTep.

HcclenoBaHns MOKA3bIBAIOT, YTO HAa TEXHUYECKUX IIOBEPXHOCTSIX
HArpeBa 9MCJIO LEHTPOB NMapooGpasoBaHHs z 3aBHCHT OT MaTepuana,
CTPOEHHS. H MHKDOIIEPOXOBATOCTH MOBEPXHOCTH, HaIHYH5 HEOXHOPOA-
HOCTH COCTaBa NOBePXHOCTH M aicOPOHPOBAHHOrO MOBEPXHOCTHIO rasa

Puc. 4-5. Tlpouecc ku-
MeHHS C HeJOrPeBOM.
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(Bo3ayxa). 3aMeTHOe B/HMSHHE OKa3blBAlOT Pas3jNyHBIE HANEThi, OKHC-
Hble IUIEHKH, a Takxke Jo0ble ApyrHe BKJ/IOYEHHS, TPHBOASALINE K IIO-
HIDKeHUo pa6otel ajresuu. [lotpab6oTo# ajresnn HOHHMAOT
pa6oTy, KOTOpyl HeoOXOAMMO 3aTPaTHThb ISl OTPLiBA KHIKOCTH OT
TBEpAOH TOBEPXHOCTH Ha eIUHHLE IVIomMAAu. D1a BeJHUYHHA XapaKTe-
pH3yeT Mepy MOJEKYJSPHOro CHENVIeHHsl KHUAKOCTH C IMOBEPXHOCTLIO
¥ CBfi3aHa C ABJEHHEM CMauMBaHHA. YeM Jydile XKHIKOCTE CMauHBaeT
JaHHBIH YyYacTOK MOBEPXHOCTH, TeM Bbiule paGora aaresun. HaGnione-
HHS [OK43LIBAIOT, UTO B pealbHBLIX YCJIOBHSX LEHTpaMH napoobpasoBa-
HH5T OOBIYHO CJYKAT OTJAETbHbIE 371eMeHThl HepOBHOCTH M MHKpOILepo-
XOBATOCTH IOBEPXHOCTH (NPEANOYTHTENLHO pasiudHble YIyOaeHus
H BIIAIWHLI), TPHYEM B TEPBYIO ouepeb, HO-BHAMMOMY, Te U3 HHX, AJIA
KOTOphIX pafoTa airesny MMeeT HaHMeHbllee 3HaueHue,

OGbIYHO Ha HOBHIX TOBEPXHOCTSIX YHCJIO LEHTPOB TiapooGpa3oBa-
HHS BBILIE, YEM HA TeX e MOBepXHOCTAX Noc/e AIUTENbHOTO KUMEHU .
B oCHOBHOM 3T0 OOBACHSeTcsl HajJHuHeM aJcopOHpPOBAHHOTO MOBEPX-
HocTbio rasa. Co BpeMeHeM ra3 MOCTeNeHHO YalseTcsl, OH CMEMInBaeTCs
C mapoM, HaXOJsUUMCH B PACTYIIMX NMy3bipbKax, H BLIHOCHTCA B Ma-
poBoe mnpoctpancTBo. IIpouecc KunmeHus H Temuiooriaya NPHHHMAIOT
cTabuIbHEIH BO BPEMEHH XapaKTep W HHTeHCHBHOCTD.

Ha ycnoBusi o6pazoBaHusi mapoBbIX MY3bIPbKOB GOJMBILOE BAHSHHE
OKa3bIBaeT NMOBEPXHOCTHOE HATs2KeHWe Ha I'paHule pasiena JKHIKOCTH
H napa.

HanomHuuM, 4TO MOBEPXHOCTHHIM HATfAXKEHHEM Ha3blBaeTcHl cHJa, Mol feficT-
BHEM KOTODOH CBOGOXHAS NMOBEPXHOCTb YKHAKOCTH CTPEMHTCSH COKPATHThCH; 5Ta
cHla JeficTByeT mO KacareNbHOH K TNOBEPXHOCTH. 3a eIHHHIY MOBEPXHOCTHOIO
HATAKEHHS NPHHHMAKOT CHJAY, MPHXOLAIMYIOCH HA eNHHHIY AJIHHE MPOH3BOJb-
HOM JIHHHH Ha MOBEPXHOCTH XHIKOCTH. JTa BeNMHYHHA o603Hauaercs o, H/mM, H 98-
asetca ¢H3HUYECKOH XapaKTepHCTHKON AanHoro Bemectsa, C yBelHueHHEM TeM-
neparypel BeJIMYHHA O yGbIBaeT H NPH KDHTHUeCKOH TeMmepaType CTAaHOBHTCH
paBHOH HYJIO.

HaMeneHre MOBEPXHOCTHOTO HATAXKEHHS C TemMmepaTypofi Moxer OHITH Omnpe-
neneno mo dopmyne Bauunckoro

o=c(p"—p")", (4-2)

rie p’ — NJOTHOCTb JKHAKOCTH; ' — NJIOTHOCTH NMapa NPH TeMIepaType HacH-
HIEHHS; ¢ — KO3(@HIHEHT TPONOPUHOHANLHOCTH.

Ipu temneparype 20°C noBepXHOCTHOe HaTsKeHHe BOXu pasHO 0,068,
Gensona 0,0288, stunosoro cnupra 0,0222 u pryru 0,47 H/m.

Beanencteue [NOBEPXHOCTHOTO HATSIZKEHHS JaBJIEHWE Tapa BHYTPH
Ny3bIPbKa Py, BLIIIE JaBJeHHS OKPYXKalomef ero XuaKocTu p,. Mx pas-
HOCTL onpejensiercsi ypaBHeHneM Jlannaca

20
Ap=pu—Px="7"» (4-3)
rlie 0 — IOBEPXHOCTHOE HATSIKEHHEe;, R — pamuyc nysoippka (B8 06-
leM caydyae — CPeiHHi PaJuyC KPHUBH3HBLI OBEPXHOCTH pasfiena Mu-
KOCTH M mapa).
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Ypasuenune Jlannaca BbipakaeT YC/IOBHE MeXaHHYECKOTO pPaBHO-
Becusd. OHO moKasbiBaeT, 4TO IIOBEPXHOCTHOE HaTAMeHHe Hanojobue
ynpyroit o60JI0YKH «CXKHMaer» Tap B My3blpbKe, MPHYEM TeM CHJbHee,
YeM MeHblle ero pauuyc R.

[Mpencrasienue o NMOpSJKe BeJIHYHH nepenaja AaBiexus Ap u a6-
COJIFOTHOTO JABJEHHS Mapa p, BHYTPH Ny3bIpbKa IS BOALI MPH HEH3-
MEHHOM BHeIIHEM JaBleHHu p, = 1,0-10° ITa paer ta6n. 4-1, paccuu-
TaHHasi Mo ypaBHeHHIO (4-3).

. Ta6nuua 4-1
3nauenua Ap n pg-105, Ila, paa Boam

R, MM Ap Pn R, mm Ap Pn
1,0 0,0012 . 1,0012 0,01 0,12 1,12
0,1 0,012 1,012 0,001 1.2 2,2

[NpuBeeHHble UHGPHI MOKA3LIBAIOT, YTO TP paguyce MeHblIe He-
CKOJMILKHX JIeCATKOB MHKPOH JIaB/ieHHe Mapa BHYTPH INy3blpbKa yxke
3aMETHO TpeBHIaeT BHELIHee JaBJeHHe.

3aBUCHMOCTb JlaB/JeHUs Mapa B Ny3bIpbKe OT €I'0 pasmepa HaKJIaibl-
BaeT OCOGEHHOCTH HAa YC/IOBHE TEIJIOBOTO WM TEPMOIHHAMHUECKOrO
paBHOBECHST MaJblX MY3bIpbKoB. I1ap B myswipbKe M XKHAKOCTB Ha €ro
MOBEPXHOCTH HAXOASITCS B PAaBHOBECHH, €C/NH NOBEPXHOCTh KHIKOCTH
HMEeT TeMNepaTypy, PaBHYIO TeMIepaType HachIeHUs NMpH JaBJeHHH
napa B nyswipbke', f; (p,). Ota TeMneparypa Bbllle, 4eM TeMieparypa
HachlleHNsi NMPHU BHeIUHeM JaBJEeHHH B IKHUAKOCTH f, (p,). Caenosa-
TeNBHO, VIS OCYIIECTBJIEHHS TEMNJIOBOTO PABHOBECHS MHAKOCTb BOKPYT
ny3bipbKa J0J:KHA ObITh Teperpera Ha BeAHUHHY [ (p;) — £, (Py)-

B kauecTBe npuMepa pacCMOTPHM JiBa My3bIpbKa B BOJE TMPH aTMOC-
depHOM IaBieHHH ¢ paauycamu, paBHbiMu 0,01 u 0,001 MM coorBerct-
BeHHO. [laB/ienne napa B 3TUX My3bIpbKaX NpuBeleHo B Tabu. 4-1, oHo
cocraraser 1,12-10° u 2,2.10° Ila. Ha nuuuM HacHIeHHs BOILI 5THM
JlaBJIeHHSAM COOTBETCTBYIOT TeMneparypsl Hacemenus 102,8 u 123, 3°C.
HMeHHO Takue 3HAYeHHS TeMIepaTypbl JONXKHA HMeTb BOJa BOKPYT
3THX IY3bIPHKOB ISl CYLIECTBOBAHHA DaBHOBECHS.

Cuenyioutasi 0co6eHHOCTb 3aKJIOYAeTcsl B TOM, UTO 3TO paBHOBeCHE
OKasblBaeTcsl Heycmotuusoim. ECIN TeMIeparypa KHAKOCTH HECKOJBKO
NPEeBLICHT PAaBHOBECHOE 3HAYEHHE, TO INPOM3ONJAET HCTapeHHe YacTH
JKHKOCTH BHYTpPb NY3bIPbKOB M ero pamuyc ysemusutcs. [Tpu stom
corsiacHo ypaBHenH!o Jlansiaca JaBieHue napa B My3bIPbKe NMOHH3HTCS.
DTo npHUBEJIET K HOBOMY OTKJIOHEHHIO OT PaBHOBECHOTO COCTOSTHHS.
[TyselpeKk HAYHET HeOrpaHHYEHHO pacTH. Tak Ke NMPH He3HAYUTENLHOM

1 Pagm ynpomeHHS H3JOXEHHS 3LeCh HE YYHTHIBAETCH 3aBHCHMOCTH ZaBJe-
HHS HACHULEHHOrO Mapa OT KPHBH3HLI NOBEPXHOCTH JKHIAKOCTH, ompejesiseMas
ypasuenneM TomcoHa. I8 paccMaTpHBAaeMHIX YCJOBHH CBf3aHHas c STHM MNo-
rpemHocTb B KOJHUYCCTBEHHOM OTHOLIEHHH HE3HAYHTEJELHA.
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MOHHKEHHH TeMIepaTypbl JKHIKOCTH 49acTb napa CKOHIEHCHpYeTcs,
pasmMep NysblpbKa YMEHLUIHTCH, [aBJeHHe Napa B HeM MOBBICHTCS.
Sro noeaeder 3a colofi nanbHefillee OTKIOHEeHHe OT PaBHOBECHBIX Yyc-
JIOBHH, Tenephb yxe B JpYryw cropoHy. B urore mysbipek MOMHOCTBIO
CKOHJIEHCHPYETCSl H HCYe3HerT.

CnenoBate/sibHO, B NEPErpeToii KHUAKOCTH He JM0OBE clyyaino Bo3-
HHUKILME MaJieHbKHe NYy3blpbKH 00/1afaloT crnocoGHOCTLIO K JaibHei-
meMy pocTy, a TOJBKO Te, PajHyc KOTOPBIX MpeBblllaeT 3HaueHue,
OTBeYalolee PacCMOTPEHHBIM Bhblillle YCJIOBHSAM HEYCTOHYMBOrO MeXaHH-
YECKOTO W TEMJIOBOTO PABHOBECHS. ITO MUHUMAAbHOE 3HA4YeHUe Pajiyca
nys3slpbka R,,, YacTO HasLIBAIOT TAKKe KpumuuecKum paduycom na-
poBoro 3apoiemua. BeanunnHa R,,, 3aBHCHT OT CTenmeHH TNieperpena
UAKOCTH, T. €. OT PasHOCTH TeMmeparyp At = t,—1,, roe f, — TeM-
nepaTypa HacbIIEHHs NPH JaBJeHHH B KHIKOCTH. Bripakenue mis

MHHHMMaJbHOIO pajiiyca napoBoro MysbipbKa MOXKHO MOJYYHUTh H3 ypaB-
Henus Jlammaca:

20
leﬂ = A_p ’

eCJIH y4eCThb IpH 3TOM, YTO PasHOCTb JaBJIeHHH MexXJAy NapoM H Kui-

KOCTBIO [I/Ifi TAKOIro My3bIpbKa COIVIACHO YCJOBHIO TEIJIOBOTO paBHOBeE-
CHS COCTaBJISIET:

Ap=p,(t,+ At)—p, (ts) ~ p.At,

rae p, = (dp/0t); — npousBojHas JaBJIeHHS NO TeMnepaType Ha JH-
HHHM HaCBIEeHHS.
Takum obpaszoMm, HMeeM:

2
Ryun=— (4-4)
pAt

HAH C y49eTOM 3aBHCHMOCTH JABJI€HHS! HACBIIIEHHOIO Imapa OT KPHBH3HBI
NMOBEPXHOCTH pasiena

20 !
RMHH= ; ,p PR (4-43)
pat P —p
e Npou3BOAHAsA p; npejcrabaser coboil GU3HYECKYI0 XapaKTePHCTHKY
JaHHOrO BellecTBa, OHa ompeaensieTcs ypaBHenHeMm Kianejipona —
Kanaysuca
) rp!pﬂ
p= 2 45
S Te(e —p")] (4-5)

T. €. Bbpaxaercs yepe3 Jpyrue (U3HYECKHE NOCTOSHHBIE: TEMJIOTY
¢asoBoro mepexoja r, MIOTHOCTH Mapa p'' H XKHIKOCTH p’ H aGCOMIOT-
HYyIO TeMnepaTypy HacwieHus T.
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¥YpaBHenHe (4-4) noKasbiBaeT, YTO ec/IM B OTHENbHBIX TOYKax IO
BEPXHOCTH HarpeBa NOABJAIOTCS NAPOBbIe 3aPOABIIH, TO CIIOCOGHOCTBIO
K JajdbHeillleMy CaMOLTpPOM3BOJMBHOMY POCTY O06G/MafaioT JHIIL Te H3
HHX, pajiMyC KpPHBH3HBI KOTOPHIX npeBbluaeT 3HaveHHe R,,.. Ilo-
CKONBKY ¢ poctoM Af BeqnunHa R, CHHKaeTcs, ypaBHeHue (4-4)
06BSICHSIET 3KCNepUMEeHTalbHO HabmiofaeMbl (akT yBeJMYeHHs yHCaad
LeHTPOB napoobpasoBaHus 2z TMPH TNOBLILIEHHH TeMNepaTypbl NOBEpX-
HOCTH.

YBeNuyeHHe YHCJa 1EHTPOB Mapoobpas3oBaHHsl z C POCTOM IaBie-
HHS TakKe CBfI3aHO C yMeHblUeHHeM R, W60 NpH NOBLIIEHHH 1aB-

JIEHHR ps pacteT, a ¢ cHuxkaercd. O mopsizke BeNHYHHBI R,,, [AaeTr
npejcTaBieHne caenyiomui pacuer. s Bomel, KumsiieH mnpu armoc-
depHOM JIaBJIeHHH, MOBEpPXHOCTHOE HaTsuKeHHe o = 5,87-1072 H/m,

npousBofHaa ps = 3,500 IT1a/°C u rtemneparypHbifi Hamop Af HaMe-
Hsiercs B uHTepBage oT 5 1o 25°C. TlonctaBuB 3TH 3HaYeHHs B ypaBHe-
Hue (4-4), naiineM, uto mpu Af = 5°C R,,, = 6,7 MM; npu Af =
= 25°C Ry = 1,3 MEM.

Ha6niozenus, npoBeleHHble ¢ TPHMEHEHHEM CKOPOCTHOH KHHO=
CBEMKH, TMOKA3HIBAIOT, YTO MPH (UKCHPOBAHHOM peXHME KHMEHHS da-
crota 06pa3oBaHUf NMAapOBBLIX MY3HIPBKOB OKAasblBAaeTCsl HEONHHAKOBOMH
KaK B Pa3/HYHBIX TOYKAX MOBEPXHOCTH, TaK H BO BpeMeHH. DTO NpH-
JaeT Mpoleccy KHIEHHA CJIOKHBIA cratueTuyeckuil xapakrep. Coot-
BETCTBEHHO CKOPOCTH POCTa H OTPHIBHBIE PasMephl PasiHYHBIX MY3bIPb-
KOB TaK¥Ke XapaKTepu3yIOTCS CAyuyafiHBIMH OTKJIOHEHHSMH OKOJO He-
KOTOPEIX CPEIHHMX BEeNHUHH.

Ha puc. 4-6 npuBeleHb ONMHITHBIE JIAaHHBIE, KOTOpble MOKAa3blBAIOT
H3MeHeHHe pajauyca R pasHMUHBIX NMy3LIPLKOB B 3aBHCHMOCTH OT Bpe-
MEHH T NMpPH KHIEHWH BOJBI HA FOPU3OHTAJNBLHON MJIACTHHE TPH PasHbLIX
IaBJEHHSX, TOJYYeHHbIE TIPH TOMOIIH CKOPOCTHOH KHHOCBEMKH (/s
KaJI0r0 My3bipbKa BpeMs OTCYUMTHLIBAETCS OT MOMEHTA €ro MOsIBJIEeHHS).
JluHHM, NpOBeieHHEIE HA 3TOM rpaduKe, ONpenesiOT NPHMEPHbIe cpell-
HHE 3aBHCHMOCTH R OT T NpH (PUKCHPOBAHHBIX PEXKHMaX KHNEHHS. DTH
3aBUCHMOCTH MMeloT BuA: R = ¢;}/T, T. e. T[OKasbIBAWOT, YTO pasMep
My3bIPbKa pacTeT B CPeJHeM NMponopuuoHanbeo /. IIpu noBbimennu
JlaBJIeHHS] CKOPOCTh POCTA NMY3bIPHKOB 3aMETHO CHHUKaeTcs. Pe3yabTaThl
TaKHX HCC/IeIOBAHMI JUIsi Psija »KUJKOCTEH NpejicTaB/IeHsl Ha pHc. 4-7
B BHJIe 3aBHCHMOCTH CPEIHHX BeanunH R/} at or napamerpa cp'At/rp"’
[14, 32]. OnuiTHBIE AaHHBIE TP 3HaueHuAX cp'At/rp’' <20 ypoBnerBo-
PHTEJbHO OIHCHLIBAIOTCA CTENEHHOR 3aBMCHMOCTBIO, KOTOpas NPHUBOAHT

K YpaBHEHHIO
R=35 ]/ 22, (4-6)
P

rae A 4 a — KoapHIiHeHTb TENIONPOBOAHOCTH H TeMIepaTyponpoBoa-
HOCTH KHJIKOCTH.
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Puc. 4-7. 3apucumocTs cpefnnx Benuudn R/} at ot napaMerpa

cp’At/rp" npu xunenun sofsl (/), Gensosa (2) u sTHIOBOrO cnHpTa

(3) na cepeCpsiHoit H HHKeNHPOBAHHOH MOBEPXHOCTAX (3auepuen-
HBIE TOUKH — HHKENHPOBAHHAA TIOBEPXHOCTD),



3T0 COOTHOLIEHHEe ONpefe]sieT CKOPOCTb POCTa NapoBbX MY3bIPb-
KOB Ha NOBEPXHOCTH Harpesa.!

IToce mocTHkeHHS] MY3LIPHKOM ONpPEIEJIEHHONO pasMepa OH OTpHI-
Baercs ot nosepxHocTH. OTpbIBHON pasMep onpefessiercsi B OCHOBHOM
B3aHMOJIEHCTBHEM CHJI THAMKECTH, MOBEPXHOCTHOIO HATSXKEHHS] H HHEP-
uuu. Ilocnennsis BelMYHHA NpEICTaBJsieT COOOi AHHAMHYECKYIO pe-
aKUMIO, BO3HHKAIOLIYI0 B KHJAKOCTH BCJEACTBHE GBICTpOrO pocTa IIy-
3bIPbKOB B pasmepax. OObYHO 3Ta CHJIa TPENsTCTBYET OTPHIBY TY-
3bipbKOB. Kpome Toro, xapakrep pasBuTMS W OTpbIBa Iy3bIPHKOB
B GOJIbILOH Mepe 3aBHCHT OT TOTO, CMayHBAET JKHAKOCTb NOBEPXHOCTb
WIH He cmayuBaeT. CmauMBarolas cnocoGHOCTD XKHAKOCTH XapaKTepH-
3yercs KpaeBhIM yriioM 0, Koropblii o6pasyercsi MeK1y CT€HKOH M CBO-
GonHoOll MOBEPXHOCTBIO KuAKocTH. Yem Goiblne 0, TeM XyxKe CMauH-

2

il
il

111

SO

|

4
DOUNINENN NN NN

Puc. 4-8. ®opma menucka Puc. 4-9. Popma NapoBEIX MNy3bLiph-
H Kpaesoii yronm O npm xos Ha cMaunBaemofi (@) B Hecmauu-

cMayHBaHHM (a) H HecMa- Baemofi (6) MOBEpXHOCTAX,
uHBaHHH (6) NMOBEpPXHOCTH

KHILKOCTEIO,

Baiomas crnoco6HocTb kuakoctH. IlpuHATO cumrarh, uro nmpu 0<<90°
(puc. 4-8, @), XKuAKOCTH CMayHWBaeT MOBEPXHOCTb, a mnpH 6>>90°
(puc. 4-8, 6) — He cMauuBaer. 3HaueHHe KPaeBOTO yIJa 3aBHCHT OT
TPHPO/bl JKHJAKOCTH, MaTepHanaa, COCTOSHHS M YMCTOTHI MOBEPXHOCTH.
Eciu Kunamias :KHAKOCTb CMayHBAET NMOBEPXHOCTb Harpesa, TO Iapo-
BHIE NMY3BIPbKH MMEIOT TOHKYIO HOXKKY M OT NOBEPXHOCTH OTPHIBAIOTCS
Jerko (puc. 4-9, a). Eciu e KMAKOCTb HE CMAYHBAET I1OBEPXHOCTb,
TO [ApOBble My3LIPbKH HMEIOT WHPOKYI0 HOXKKY (pHC. 4-9, 6) W oTphl-
BalOTCA MO MNepellleiKy, WIH NapoobGpasoBaHHe MPOUCXOAUT MO Beed
[IOBEPXHOCTH.

OGbIyHBIE KHJKOCTH: BOJA, COMPTHI, GEH30J, aleToH M Ap.— cMa-
YHBAKOT YHCTHIE METa/JIMYecKHe NoBepXHocTH Harpesa. CmauymBaromias
crocoGHOCTh BOJLI 3HAYHTEJIBHO CHHIKAETCS, eclM MeTajl/iMyecKasl mo-

1 Tlpu 3uauenusx napamerpa cp’A¢/rp’’ ©> 20, yTO OTBEUaeT YCNOBHAM KH-
NeHHs JKHIKOCTEH NpH JaBJeHHAX OKoJo arMocdepHOro H HHXKe, IeHcTBHTENbHAA
CKOPOCTb pocTa cTaHOBHTCH 6oJiee BLHICOKOH, ueMm omnpele/eHHas Nno ypaBHeHHIO
(4-6).
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BEPXHOCTb MOKPHITa XHpPHOH mnJjeHkoi. IlpumepoM HecMaumnBaome
AHJIKOCTH MOXKET CJIYKHTb PTYTh (0 &~ 140°).

Ilpn xuneHuu OGBIYHBIX KMAKOCTEH HAa METAJJIHYeCKHX MOBEPXHO-
CTAX HarpeBa CpeiHHe OTPHIBHbIE JHAMETPhl NY3LIPbKOB D, mpHu aTMoc-
tdepHOM JlaBJeHMH cocTaBJ/AlT npumepHo 1—2 mm. Ilpu yBenwueHun
naBieHus 3HaueHuss D, ymenbmaiorca. Ha puc. 4-10 nmpexncraBieHs!
sHauyeHus D, npu KuneHuu Bojpl B 60JIbIIOM 06beMe Ha MOPH3OHTANBbHOM
noBepxHocTH [32, 119] B tuanasone AaBienwii (0,2-+-100)- 10% ITa. Ka-
YECTBEHHO TaKHe K€ 3aBHCHMOCTH OBbLIH NOJYYeHBl W JJIS APYTHX JKHJ-
Kocteil. Peskoe yBenuueHue D, IpH CHHMKEHHH JABJIEHHS HMIKE aTMOC-
(epHOro oO6bSCHfETCS BO3pacra-
HUEM BJUAHUA CHJBl HHEPUHH, wy

OpensATCTBYIOMER  OTPLIBY my- g f?)lﬂ_‘ | 11 | L Lt ]
sblppkoB. Jlna  npouecca my- § S e
3BIPPKOBOTO KHIIEHHA TIpeacTaB- 4 Y T =1
JsIeT HHTepeC TaKkKe BeJHUHHA 7 | ,i%\io | t ok
cpejiHeil YacTOTHl OTPHIBA NMY3LIPb- bl bl L L
KOB OT NOBepXHOCTH Harpea f. [} N ‘»«J*q—i—‘h{——‘
B Ta6n. 4-2 npuBeleHbl SKCNepH- U4 W n —E%S-____g \
MEHTA/ILHO M3MEPEHHbIE 3HAYEHUS] 02 SETERAAAC i hﬁ‘
f, D, u mpousBenenusi D f npu g | | | [ |

1] . :
KMIIEHHH D$illa XKMIKOCTeH Ha ro- ar 4z 0405 1 2 G0 20 40000

PH30HTAJbHOH IOBEPXHOCTH TNPH
atMocepHoM naBiexun [119].
[Tpu yBeJHUYEHHH TemmepaTtyp-
HOTO Hanopa (HJH TemJIoBOro Mmo-
TOKa) TOCTENIeHHO HayHWHaeT pas-
BHBaTbCA  MpOLecc  CIHAHHA
OTHENbHLIX MNY3BIPBKOB ¢  00-
pasoBaHHeM
«CTOJI60BY.

6OJBIIMX BTOPHYHBIX
OK0JI0O NOBEPXHOCTH CpejHee

p107% N

Puc. 4-10. MameHeHHe OTPRIBHEIX JAHa-
METPOB MapOBEIX Ny3blphKoB D, B 3a-
BHCHMOCTH OT JaBJeHHs p NpH KHme-
HHH BOIH HAa TOPH30HTAALHHIX IO-
BepXHOCTAX H3 cepebpa (1), menu (2),
Gponsnsl (4) u mepmamnos (4).

nysplped M LEJIBIX apOBHIX

o6beMHOe  CcoflepaKaHHe

napa Bospacraer 1o 60—80%. OnHako, Kak MNOKasblBalOT HCCIeE-
JIOBaHHSA, B OYeHb TOHKOM MOBEPXHOCTHOM CJIO€ Y CaMOH CTEHKH IIO-
npexkHeMy mnpeobnajaeT kujkas ¢asa. Tepmuueckoe conpoTHBAEHHe
3TOr0 C/I0f B OCHOBHOM H OIpele/sieT HHTeHCHBHOCTb TelJIOOTAauH
NpPH Pa3sBHTOM Iy3bIPbKOBOM KMINeHHH. D(PeKTHBHAs TOJMIIHHA CIOS
N0 Mepe YBEJHYEHHHA TelJIOBOH HArpy3KH CHMIKAETCH, YTO NPHBOJMT
K YBEJHYEHHIO HHTEHCHBHOCTH TeMJIOOTIAauH.

KosdpunueHT TenaooTiaud o NPH KHMIEHHH IIPHHSITO OTHOCHTh
K TeMnepatrypHomy Hanopy Af = f.—Ii:

q

oL = .
fo— 1

(4-7)

Ha puc. 4-11 B Buae nmpumMepa NMOKa3aHbl ONbITHbIE JaHHBIE A5 pas-
BHTOI'O Ny3BIPbKOBOI'O KMIIEHHS BOJBI B GOJBIIOM OGnheMe NpH pasHbX
nasnenusix [15]. PesyabraThl ONbITOB OOBIYHO MPEACTABJSIOT JHGO
B (opme cBfI3M BeJM4YHH ¢ M Af, Kak 3To nokasaHo Ha puc. 4-11, a,
/160 B BH/le 3aBHCHMOCTH @ OT ¢, KoTopasi npuBejeHa Ha puc. 4-11, 6.
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Ta6aunua 4-2
3nauennn f, Dy u Dyf pas xupkocrei

XKuaxoers f. e Dy MM D.f, mMM/c
Boia: o5 5 ¢ v ¢ s @@ @ % 5 8 4 62 2,5 155
@peon-12 . . . ... 91 0,7 64
YeThIpeXXJOPHCTHI yraepox . . . . 108 1,1 119
DTHAOBHEA COHPT . - « « « + + « .« 108 1,1 119
Byrunoentlt cnupr - - . . . .. L 106 1,05 111
BeHsoxr . - . . . ... 0] 99 1,0 99

OKcnepHMeHTANbHEIE JaHHbIE TMOKA3LIBAIOT, YTO HHTEHCHBHOCTb TEIJIO-
OTJlayd pacTeT NPH YBeJNMYeHHH IJIOTHOCTH TEMJIOBOI'O NOTOKA W 1aB-
JeHusi. DTa 3aKOHOMEPHOCTb XapakTepHa I JIOGBIX XKHIKOCTeH,
CMAYHBAIOIIUX OBEPXHOCTb HarpeBa. [TyHKTHpHEIe MMHUK HA puc. 4-11
OnpefieN 0T BEPXHIOID TPAHHIYy CYLUIECTBOBAHHS NY3bIpbKOBOTO pe-
xnMa KuneHus Boaxl. COOTBETCTBYIOIIHE 3HAYEHHA (ypi, Okpi H Afips
B ¢yHKUHM IaBNeHHS MOKasaHbl Ha puc. 4-12.

HcenenoBanusi 1nokaselBalOT, 4YTO 3aKOHOMEPHOCTb TEMJIOOTHAYH
NpPH Pa3BUTOM MNY3bIPHKOBOM KHIIEHHH TNPAKTHYECKH HE 3aBHCHT OT
pasmepoB H GOpMbl TEMIOOTAAIOWEH MoBepXHOocTH.! BMecTe ¢ TeM onbITh
0o0HApyKHBAIOT, YTO WHTEHCHBHOCTb TeillooOMelia MOMKEeT MeHSThCA
B 3aBHCHMOCTH OT COCTOSIHHMS, MaTepHalia W YHCTOTHl IOBEPXHOCTH Ha-
rpeBa. BinsiHHe 3THX (DaKTOPOB Ha TeIJIOOTAAYyy NPOABJ/ISAETCS, NO-BH-
AMMOMY, B OCHOBHOM 3a CYeT H3MeHEeHHf IJIOTHOCTH LEeHTPOB napool-
pasoBaHHf. YJyUlleHHe TemJI00TAayH HaGmofanoch B psifie OMbITOB
NpH YBENHYEHHH MHKDOIIEPOXOBATOCTH META/IIHYecKoil NMOBEpPXHOCTH,
a TaKXKe MPH YBETHUYEHHH TEIVIONPOBOJHOCTH MaTepHanta CTeHKH.
Hmeloress JaHHBle, MOKasHIBAIOUIHE, YTO BEINAJeHHe Ha MOBEPXHOCTDb
HarpeBa B HE3HAUHTEIbHOM KOJHYECTBE HANETOB H OKHCJIOB TaK¥ke
MOXKeT Crnoco0CTBOBATE HEKOTOPOMY YBeqWYeHHI0 TemnooTaaun. On-
HAKO 3HAUHTE/bHOE 3arps3HeHHe [0BePXHOCTH CHHXKAeT UHTEHCHBHOCTh
nepeflayd TEMJIOTH 3a CUET MOSIBJIEHHS AONOJHHTENBHOTO TEPMHUECKOI'O
COMNPOTHB/IEHHS CJIOS 3arps3HeHHil. DKcnepuMenTasbHo nokasauo [51,
4TO MpH YBeJHUYEHHH KpaeBoro yria 0 (B obnacTH cMauHBaHHSA) TemJIo-
obmeH yBenuuuBaercsi. IIpH oueHb YHMCTHIX MOBEPXHOCTAX M UHCTOMH
JKHAKOCTH OTMeyaeTcsl CHHyKeHHe Ternooraaud [151.

OGryHO Ha NpakTHKe MNepeync/IeHHBle BbIE NOBEPXHOCTHHE 3¢-
(eKTH NPOSBJIAIOTCA OJHOBPEMEHHO. DTO 3aTPYAHAET TOYHOe ompeje-
JeHHe TemnooTAaun. OnbThl MOKasblBAIOT, YTO H3-3a PA3/IHYHfA B IO-
BEPXHOCTHEIX YC/IOBHSIX BEJIHYHHHI o TMPH (PHKCHPOBAHHHIX ¢ H P MO-
IYT OTKJIOHATHCA OT HEKOTOPOro CpejHero i JaHHOH JKHAKOCTH
ypoBHA mpumepHO 0 35% (puc. 4-13).

1 Bto cnpaBelIHBO, €clH PasMepbl NOBEPXHOCTH CYUIECTBEHHO Gosbile HJIH
no KpafiHefi Mepe COH3MEPHMbLI ¢ pasMepaMH cpellHero OTPHLIBHOIO jaHaMeTpa my-
36l pbKOB.
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Puc. 4-11. Tennoo6mes npH pPasBHTOM Ny3bpbKOBOM KHMNEHHH BOILI Ha
NOBCPXHOCTH rOPH3OHTANBHOA cepebpsanoll Tpy6el D = 5 mm.
a -- 3aBHCUMOCTL § OT tcmt ; 6 — 3aBHCHMOCTb @& OT ¢.
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Puc. 4-12. Hameneune qupy, Afxp,
B 3aBHCHMOCTH OT JaBJeHHS TpH
KHNEeHHH BOJAbLI H a-}(p-




IIpu pasBUTOM KHNEHHH CBSI3b MEXAY o0 H § OOBIYHO MOXET GbITh
NpeJCTABIeHa B BHJE CTENEHHOI 3aBHCHMOCTH C NOKA3aTeJeM CTEeNeHH
oKoJo 2/3:

o=cq". (4-8)
CoOTBETCTBEHHO 3aBUCHMOCTh Af OT ¢ ONpeNeNsieTcsi COOTHOLIEHHEM
| T
At=—gq>, (4-9)
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Puc. 4-13. Tenmoothaya npH KHIEHHH BOALI NPH aTMOC-
CI)(BPHOM JaBJeHHH N0 JaHHBLIM PasJHYHBIX aBTOPOB.

I — $Iko6 u JIMHKe, XPOMHPOBAHHAA IVIHTA, YHCTafA, AJIHTENb-
Hoe Kuneuwe; 2 — Yukenau ¥ DBoHHJIa, XPOMHPOBAHHASN TNJHUTA,
He3HauuTe/MbHblli HaneT; 3—6 — KoJb4uyrHH W Ap., HepKaBelouan
cradb, HHKeNb, XPOM, cepeGpo COOTBETCTBEHHO, TFOPH3OHTA/AbHbBE
Tpy6Gel D = 5 MM, uncThle; 7, 8§ — DopHmaHckuit H Ap., HepKaseio-
ulan CTajdb ¥ JATyHb COOTBETCTBEHHO, TOPH3OHTANbHbBIE TPpYOul D =
= 4 +5 MM; 9 — Munuenko, jgaryunass tpy6a D = 9 mm; [0 —
Kyratenanse, rpacduTORbI crepxenb D = 2 mM; 11 — Max
Apnamc, meauas Tpy6a D = 13 mm.

rae ¢ — Kos(dHIMeHT NpPONnoOpLUHOHANBHOCTH, 3HAU€HHe KOTOpOro 3a-
BHCHT OT POJa JKHAKOCTH H JaBJIeHHf, a Takike B HEKOTOPOIl CTeneHw
OT NOBEPXHOCTHBIX YCJOBHIL.!

BenesierBue C/IoKHOTO CTaTHCTHYECKOTO XapakTepa mpouecca ny-
3bIPLKOBOTO KHIIEHHS, 4 TAK¥Ke BJIHSHHA MOBEPXHOCTHHIX YCJOBHil 3a-
Iauya oGoOIeHHsl JAaHHBIX TI0 TeMJIOOTAaue fABJAETCH BeChbMa CJIOMKHOIA.
OnpejeneHHble 3aTpyAHEHHA BO3HHKAIOT YK€ IIPH YCTAHOBJIEHHH YpaB-
HeHHH nojoGus. M3BecTHO HECKONbKO NOAXOAOB, OJHAKO HH OJHH M3
HHX He sIBAsieTcsl BrojHe cTporidM. M3 HMewomuxcs npemnoxenui

1 B HeKOTOpPHX ONBITAX NPH H3MCHEHHH MOBEPXHOCTHBIX YCJOBHE oTMeua-
70Ch TAKKe H3MEHEHHe TIOKasarelds CTeleHH B ypaBHeHHAX (4-8) m (4-9).
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B 3TOM HallpaBJI€HHH HaHb6omee nocjaenoBaTe/NbHbIM HABJAAETCA aHaJH3,

nposenenubli B [45]%. Artop [51] mpepnoxun npsaMoll npuGIHKeH-
HBIH METOJ OINHCAHHS TEeIIOOTIauH.

B menom npH HOCTATOYHO PA3BHTOM KHIIEHHH, KOrja BOGJIH3H IIOBEPXHOCTH
pHarpeBa 00beMHOe INapocoJepiKaHHe CTAHOBHTCS 3HAYHTENbHBIM, BHICOKAS HH-
TEHCHBHOCTb TCMJIOOTAAYH NPH KHIIEHHH ONpelesisieTcsi MAJbIM TePMHYECKHM CO-
NPOTHBJIEHHEM TOHKON XHAKOCTHOM mpocsiofiKH, ocralomeficss Ha caMof IOBepX-
HOCTH HarpeBa. Hanmune takofi npociofiku Bo Bcell 06JacTH Ny3HPbLKOBOTO KH-
NeHHsi TIOATBEPIKNACTCH pe3yJabTaTaMH psAja 3KCMepUMeHTalbHBIX pafor, CBS-
3aHHBIX C H3yUeHHEM MeXaHH3Ma KHIIeHHS.

[lepexoc TemJoTH 4epe3 3TOT HPHCTCHHBIA CJOH JKHAKOCTH BCJEACTBHE €ro
MaJIOH TOJUIHHBI OCYILECTBJASETCS B OCHOBHOM, NMO-BHIHMOMY, NYTeM TEIJONpO-
poguocTH. [TostoMy ecan 0603HAaYNTh HEKOTOPYIO OCPeJHEHHYIO BO BPeMEHH H IO

noBepXHOCTH 3PeKTHBHYIO TOJNUIHHY TaKoH IJeHKH uepes Oypp, TO MOXKHO 3a-
nHcath, YTO

& ~ Mbagg- (a)

Onnako crporuii pacuer BenHuHnbl 8sgq 3aTpyAHeH H3-3a cnOXKHOMR, XaOTHY-
HOH NPHPOLE! caMOro npouecca ny3HpPLKOBOI0 KHIIEHHS; B Nocje[ylollem aHaan3e
NPHXOZHTCS NMpHuOeratb K MPHOJMHXKEHHBIM KauecTBeHHBIM oueHkaM. EcrecTBexHO
noJIarath, YTO BeJHYHHA Sspp NMOMKHA yMeHBIIATBCS: MPH YMEHBUIEHHH KHHEMa-
THuecKoro KospdHuHeHTa BA3KOCTH KHAKOCTH V, IPH YBEJIHYEHHH HHTEHCHBHOCTH
6GecrnopsOYHOr0 ABHIKEHHA NapOKHAKOCTHON CMECH y TpaHHIB 3TOro cjos
BCJe[CTBHE IIpollecca NMapoo6pasoBaHHusl H NpH yBeJHYEHHH IVIOTHOCTH IEHTPOB
napoo6pasoBanisi Ha camofi nosepxHocTH. Mepo#t AByX nocnegnux sthdekToB
MOTYT CJYXKHTh: IpHBeJCHHAA CKOpocTh mapoobpasoBanus w'’ = g/rp” un Be-
JMHYHHa, ofpaTHas KPHTHYeCKOMY pajHycy IapoBoro 3apofmllia, 17RM“. Ha-
Jlee MOXKHO paccMaTpHBaTh NpOLECCH PocTa OTAENbHBIX NY3bIPbKOB mapa M ABH-
KeHHe BCeH MapoXHAKOCTHOH CMECH OKOJIO TIOBEPXHOCTH Kak COBOKYMHOCThL lLie-
J0ro paja nepHolHYECKHX NPOLECCOB; NO3TOMY B IEJOM TAKOe c/0oXHOoe H Gecno-
pPALOYHOE ABHKEHHEe MOKeT GHLITh HHTEPIPETHPOBAHO KAK HEKOTOpOEe NepHONHYe-
CKOe JBHIKeHHe ¢ XapaKTepHLIM CpeJHHM nepHofgom T. Torza H3 coobpakeHHH

pasMepHOCTH CJIEIyeT, YTO BeJHyHHA 63¢¢~Vvt, a nepuol, T ~ Ryuyn/w'’,
T. e

Ospgp = const V'\)RMHH/W” . (6

Ecnn tenepr nojcraButh Bhipamenue (6) B (a), yuectb ypasuenus (4-4a),
(4-5) n onpenenenne xoshduuHeHTa TengooTaauH o = g/Af, To nocne npPocThHX
npeo6pa3oBaHHii MOJNYUHTCH 3aBHCHMOCTH

3
M
a=b]/ —2— b, 8
Vvo‘Ts % o (=)

CBA3bIBAIOMAA KOI(QOUIHEHT TEMIOOTAAYH 0. ¢ NJIOTHOCTHIO TEMJOBOIO NOTOKA ¢
H (H3MYEeCKHMH CBOHCTBAMH xHAKOCTH. Beanunsa b B cooTHOmeHHH (B) ecTh
GespasmepuEIfi unciaoBOli Kospduuuent. BenexcrsHe npubankensoro Xapakrepa
OLEHKH CKOPOCTH XAOTHYECKOTO NBHIKEHHS NapOXKHIKOCTHON CMECH H IJIOTHOCTH
LUEHTPOB napoolpa3oBaHHs 3TOT KO3(DHIHEHT MOKET 3aBHCETh OT OTHOLIEHHS
nyotHoctell ¢as p’’/p’ u cneunduyecKHX NOBEPXHOCTHHIX YCJAOBHH, BJAHSIOMAX
Ha BO3HHKHOBEHHE IEHTPOB napooGpa3oBaHHA.

CooTHowenHe (B) C yYeTOM TNPHBEACHHHIX BHILE COOGpaXKeHHI MOMKET GLITh
TIOJIOXKEHO B OCHOBY aHajk3a M 0600MEeHN S IKCIEPHMEHTANbHLIX JAHHEIX 110 TEIJI0-
OTHaye TMpPH Pa3BHTOM NY3LIPLKOBOM KHMEHHH.

* Jlpyrue npepnoxkenns no oGoOMEHHIO cM., mampumep, B [1, 9, 39, 47,
52, 90, 99]. PSSR [
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paCCMOTPEHHE NpOBEAEHHBIX HCCIENIOBAHHA H ONBITHHIX JAaHHBIX
MoKasbiBaeT, 4TO IJf pacueTa TenJaooTAauH MOKeT OLITD peKOMeH 10~

BaHa 3aBHCHMOCTb . |
a:b( X )”q“, (4-10)
voTs

rae b — xosdHIHEHT: -
—0,075[1 4+ 10— ]
=t 5[ +. (p’—p” )

gg T T i
ds— Agi’-;.! ¥ n/
aq P //
-t
gz l:r"\ - .
A4 1 ¢ 8
e — e PR ey a2 4 g
35 % = = o, 2~ L]
o1 - D 3 o0 [
ﬁ% -35% = x4 + 1|
vy v i2
004 of x 13 [
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Puc. 4-14. Tennoo6Men NpH KHNEHHH BOLH B YCJIOBHAX CBOGOLHOTO
gsuxenus (/—6) M NPH BEIHYXACHHOM JIBHXEHHH B TPY6aX H Koab-
UeBHIX KaHanax (7—12).

I—4 — onntHne pAanHbe [15] Ha nOBepXHOCTAX K3 Hepxkapeiomel crans,
HHKeNf, XpoMa H cepefpa COOTBETCTBeHHO; §—6 — onkiThHble aannbie [8] Ha no-
BEPXHOCTAX H3 HepiKapeiowlell cTaAH H GPOH3H; 7 — ONWTHHe AaHHBIE [2], He-
pHaBelouas CTajb; § — ONbLITHHE AaHHHe (81), Hepxkapeiogasa cTajdb, 9 — ONbLIT-
nble aannsie [4], sepxapelomas cranb; /0 — onuiTHbe fannbe [84], Megb; [1 —
OMHTHBE JaHHbie [B84], Hepxapelomasi cTansb; [2 — ONBLITHHE AaHHkE [69], we-

3
papeouas cTaab. Beauwunna A =y l’/va‘fs. CNJOWHASA JHHHA COOTBET-

cTBYeT ypasunenuw (4-10).

Bece ¢usnueckue csoficTBa B 3ToH opmyse crlenyeT BHIGHPATh MO
TeMIeparype HachbllleHHS.

Ha puc. 4-14 npuBesieHbI ONBITHBIE JaHHBIE Pa3HBIX HCCAEI0BaTeed
10 Tenioo0MeHy MPH KHIEHHH BOJBI HAa PasHBIX [OBEPXHOCTAX Harpesa
B ¢opme 3aBHCHMOCTH CpeJIHHX (NpH JAHHOM JAaBJEHHH) BeJHUHH
———“—-—;— OT OTHOLIEHHS NJIOTHOCTeH Napa W XujaxroctH p''/p’.
(12/'\?07‘5)%? Is
Jluaus Ha rpaduke oTpaxaer cpeinuii yposenb Temiooriayd. Oua
coorBeTcTBYeT Gopmyse (4-10). OTk/IOHeHHA AAaHHBIX pasHBIX HCCJIe-
JoBartesiell OT 3TOH 3aBHCHMOCTH B OCHOBHOM OOBSCHFIOTCS HE TOTpEll-
HOCTAIMH H3MepeHHH, a pas/MuHeM B [OBEPXHOCTHLIX YCJIOBHAX. IJTH
OTKJIOHEHHS JiexKaT B nejoM B npepenax + 35%.

Ha puc. 4-15 B Takofi e 06paGoTKe NPUBENEHB! ONLITHLIE JaHHbIE
N0 TeMJIOOTAaue NMPH KHIMEHHH B 6o/bIIOM 06beMe APYruX KHIKOCTeH
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Ha ocrose ofmero ypasuenus (4-10) 1151 KaKI0# HKUAKOCTH MOKHO
NONYYHTb Takxe Gojiee MPOCTble pacueTHble cooTHoWeHHs. Ilna aToro
CJIelyeT pacCYHTaTb 3HayeHHe KO3((HMIHEHTa, CTOSIIEro mepel MJIOT-
HOCTBIO TEIJIOBOTO NOTOKa B YpaBHeHHH (4-10), npu pasHbIX 1aBJEHHSX.

B pesysbrate Takoro aHammsa st Bojbl pacyetHas (opMynaa MoOeT
ObITh NpeACTaB/IeHA B BHjE

d 4"
=t ' (4-11)
1 — 0,0045 pq
10 T
08 cc
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Puc. 4-15. Tennoo6meH NpH KHMEHHH Pa3jH4YHBIX KHAKOCTell B yc-
NOBHAX CBOGOLHOrO ABHIKEHHS.

Bensom I—3 — paunsie [15], uep:apeomas crajib, HHKeNlb, cepeGpo co-
oTReTcTReHHo 4 — faunbie [104],” XpoMupoBannas nosepxHocTbh; 5 — AAHHBIE
[107], nepxapeloman crans; remnTtan: 6 — Aandbe [104]; 3 TuUN OB M
cnupT 7 — nanubie [104]; 8 — 10 — nanuvie [8]; b peo H-12: 1 — panusie
[77], nepxapelomas ctanb; ¢ peo H -22: [2 — pannsle [77], nepxanpeiomas
cTajnb; aM MM akx: I3 — pannsle [23], uepxaseomas cradb; AU deH B I

14 — pannwie [107], nepxasewmas ctanb, Beanuuna A = M/vo.’rs, crionm-
HafA JIMHUA COOTBETCTBYeT ypamneHuio (4-10).

rae p; — Gap; ¢ — Br/m®. dopmyna npuMeHuMa B JuarnasoHe jaabJe-
Hu# or 1 no 200 Gap. Ha puc. 4-16 OCHOBHBIE ONBITHHIE JaHHBIE LIS

BOAbl (NIpeiCTaBIeHHbE B BUJE 3aBHCHMOCTH BEJTHUMHBI &/¢"° OT 1aB-
JIEHHST pg) COMOCTaB/JEHbl C JAHHBIMH, PACCYHTAHHBLIMH [0 (opMyJe
(4-11). Bunano, urto sta dopmyna, Tak ke Kak M oOlee COOTHOIICHHE
(4-10), oTpamaer HexkoTopbli cpenHHil ypoBeHb TemjooTaauu. [leficr-
BHTE/ILHbIC 3HAUEHHUS 0. MOTYT OTJIMYAThCSl OT PACCUMTAHHLIX 110 ypaB-
HeHHusM (4-10) 1 (4-11) B yKa3aHHBIX Bhllie TpeJieiaX H3-3a BO3MOKHOTO
BJIHSIHMS TIOBEPXHOCTHBIX 3(deKToB.!

! 570 oTHOCHTCS TaKkKe K JIOGLIM HHbLIM PACUeTHHIM PeKOMCHAALHAM, NpPHBO-
AuMBEIM B JHTeparype. OnHosnaunwlii yyer mocjaefHHX noka sarpyiuen. Cefiyac,
NO-BHAMMOMY, BO3MOXKHA TOJILKO NMPHMEPHAs OLEHKAa, OCHOBAHHAH HA TpHBENeH-
HBIX BBlllIe KAYECTBCHHBIX TEHJACHIHAX BJIUSHHA COCTOSHMS MATEPHANa M UHCTOTHI
NOBEPXHOCTH HArpeBa Ha HHTCHCHBHOCTbL TenJoobMeHa.
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Onpithl nOKasbiBaloT, 4TO NpH BBIHYXKJIEHHOM JABHXKEHHUM MKHUIKOCTH
3aKOHOMEDHOCTH TEMJIOOT/aYH TPH pPasBHTOM INy3bIPbKOBOM KHIIEHHH
NOAYHHSOTCS CooTHOMIEHUsIMH (4-10) u (4-11). Dro caenyer us puc. 4-14
u 4-16, Ha KOTOpBIX NPEICTaBJIeHbl TAKMKe ONLITHHIE AAHHbLIE NMPH HH-
TEHCHBHOM KHIIEHHH HACBHIIEHHOH H HeJIOTPeTOi BOJBI, JABHIKYIIEHCs
B Tpybax M KOJbLEBLIX KaHa/ax.

HuTeHcHBHOCTD TEMVIOOTAAYH IPH PA3BHTOM Ny3bIPHKOBOM KHIIEHHH
NPaKTHYECKH HE 3aBHCHT OT ypoBHA cuJa TsukectH. Ha puc. 4-17 no-
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Puc. 4-16. 3aBucuMocTh @/¢g%° OT p NPH KHNeHHH BONEH
(o6o3nauenus ToOuek Te e, uTo Ha puc. 4-14). Cnaownas
JHHHA cooTBeTcTBYeT dopmyne (4-11).

Ka3aHbl ONLITHHIE JAHHBIE 10 TEIIOOTAAye NPH KUIeHHH BoAbl B GoJib-
oM ofbeMe TpPH H3MEHEHHWH YCKODEHHA OT YCKOpeHHs CBOGOMHOro
nagenus (g, = 9,81 m/c?) mo 135-kpaTHbIX neperpysok: g/g, = 135.
[TpuBesieHHble JaHHbIE MOKA3BIBAIOT, YTO HHTEHCHBHOCTH TemJooGMeHa
He H3MeHsieTcd. DTH OMbITHl NPOBOAKJNCL Ha UEHTpH(pyrax, rie 3a cyer
H3MEHeHHsl 4acTOTHl BpallleHHs CO3/aBaluch COOTBETCTBYIOLLME Iepe-
rpyskH. [IpH yMEHBIIEHHH CHJIBI TAMKECTH HHXKE YPOBHS CHJIbI 3MHOTO
NPHTSKEHHS TEMJIO0T]a4a, KAk [OKA3hBalOT ONbITHI, MPAKTHYECKH He
namensierca. OnHaKo NMpPH NMOJHON HEBECOMOCTH OPraHH3alus JTHTEIb-
HOTO KuneHusl B OoJbIIOM o0beMe, Mo-BHAMMOMY, HEBEHINOJHHMA, TaK
Kak B HEBECOMOCTH TNpeKpainaercs oTBOJ 0o6pasylouierocs mapa oT mo-
BEPXHOCTH Harpesa.

B o6nactu BecbMa HM3KHX JaBaenHil (py<<1-10° [1a) npouecc ku-
neHHsi npHoGperaeT psifi HOBLIX ocoGeHHocTel. OCHOBHBIE H3 HHX CO-
CTOSAT B TIOSABJEHHH HEPETYJsPHOrO, MNYJLCHPYIOIIEr0O BO BpEMEHH
npouecca BCKHIAHHS, B BO3HHKHOBEHHH 3HAYHTENbHHIX NEPErpesoB
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JKHIKOCTH H TNOSBJEHHS 3BYKOBHIX 3¢xpeKTOB (cTykoB). MHTEHCHBHOCTB
cpeliHeH TenJIOOTAAYH MPH 3TOM 3aMeTHO CHHIKAeTcH.

CpoeoGpasHble 3aKOHOMEPHOCTH TpPOSIBASIIOTCS IPH KHIEHHH MKHJ-
KOCTH B TOHKHMX IUIeHKaX (TOJMIIHHOA MeHee 1 MM), co3/laBaeMBIX Ha
MOBEPXHOCTH 3a CYeT ee OpoLIeHHs noTokoM Kanenb [106, 110].

B memoM npuBeneHHble JaHHBIE TOKasbBAlOT, YTO JVIA Ipolecca
My3BIPbKOBOTO KHMIEHHS XapaKTepPHBI BBICOKAs HHTEHCHBHOCTb TeIIo-
OTJAyH H BO3MOXHOCTb OTBOJA

C e/\MHHIIB! [IOBEPXHOCTH BechbMa g ! '

JHAUMTENBHBIX TOTOKOB Tem- 4~ ;’2 :;
JIOTHI. HOC.HE,H,HHE BeJIHYHHBI _S‘ aj a7
OrpaHHueHHl SHAUeHHeM NepBoll &, ol Wk

KPHTHYECKOH IIIOTHOCTH Tell- X9
JIOBOTO MOTOKA §yp 1-
Ol‘paHH'—[EHHe B nporecce
OTBOJA TEIJIOTHl OGbACHAETCS
TEM, YTO TPH JOCTHXXEHHH
onpeleNeHHOH HMHTEHCHBHOCTH <,
napoo6pasoBaHus yxyamawores ¢ 7
YCIOBHS  TOABOJA XKHJKOCTH - 4
K OTAeNTbHBIM YdYacTKaM Io- /

.
> >3

N

Puc. 4-17, TennoobGmen npu mny- i

20 V
3bIPBKOBOM KHIIEHHH BOALI INpH 8 1
pasHLIX OTHOLIEHHAX g/g,. 6
Touwkn . . ...... ! 2 3 4 5 /)&//
g_i_/g., .......... (} 2(?7 40860 980 4 /.
ORKE & v @ v 5 5 e
Blgy i s wn iy 100 124 135 1—40 / / /
(1; — TemnepaTypa HachblleHHS TpH JaB- a tc'-ts
JeHHH Ha TIOBEPXHOCTH HArpesa), 20

1 2 4 & 810 20 °

BEepXHOCTH HarpeBa. ;KHJIKas MeHKa Ha 3THX yYacTKax HauHHaeT [e-
pHOJMYeCKH mepechixartb. B HTore sdekTHBHAs 10Jis IMOBEPXHOCTH,
ydacTBylOIlas B NpoLecce OTBOJA TeMJIOTH, yMeHbLIaercs. PasButue
TAaKOro NMpouecca 3aBHCHT OT XapakTepa LHPKY/IAIHH XKHIKOCTH H Napa
BOJH3H IOBEPXHOCTH HarpeBa M HHTEHCHBHOCTH OTBOJA NapoBLIX 0Gbe-
MOB OT camoi moBepXHocTH. Onpejie/ieHHOe BJHAHHE OKa3bIBAIOT TAaKkKe
YCJIOBHA CMayHBaHHsA, IIEPOXOBATOCTL H JPYrHe XapakTePHCTHKH Mo-
BepXHOCTH.

Ilpn KMNEeHMH XHUIAKOCTH Ha TOPH3OHTANbHLIX TPy6ax H miHTax
B YCJOBHAX CBOGOJHOrO IBHXKEHHs1 (6GOJbLIOrO o6hema) CKOpPOCTh OT-
BOZa mapa OT NOBEPXHOCTH B OCHOBHOM ONpeJe/isieTcs CHIOH, BHI3BI-
BaeMOH YCKOpeHHeM cBOGOJHOrO najieHHs. 3HAYeHHs Gypy MIA 3THX
YCJIOBHH MOTYT paccyHThlBaThed 1o dopmyae [47]

—_— e
G =014V " Y oge'—p"). (4-12)
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D70 COOTHOWIGHHE MNOJYYAETCsl H3 CJAeNYIOUHX NpeJCcTaBJeHHH O KpH3HCE
KHNEHHS, KaK 0 YHCTO FHIpOJIHHAMHYECKOM siBjieHnH. [To Mepe yBequdeHHs niaor-
HOCTH TENJIOBOTO NMOTOKA ¢ NPH MY3bPhKOBOM KHMEHHH BO3PacTalOT NMPHBELEHHA A

CKOpPOCTh Mapoo6pasoBaHus w” = _q,; H JAHHaMuuecKu#i Hamop p'’'w’'? motoxa

o
napa, ofpasyiouerocsi oKoJo noBepxHocti Harpesa. Ilpu onpenenenxoil Benn-
ynHe (p'’w''¥)xp HACTYMaeT THAPOAHHAMHYECKAs MEepecTpodKa CTPYKTYpHl MpH-
CTeHHOTrO ABYX(A3HOro CJI0f, B Pe3yabrate KOTOPOil MoCTyn/ieHHe K NOBEPXHOCTH
KHMeHna NOCTATOUHHIX MOPUHA MKHAKOCTH OKa3bIBaeTCs 3aTPYAHCHHHIM. ITO MpH-
BOAMT K KpH3HCY KHNeHHs. MOMEHT rujpofliHaMHuecKON nepectpofiku ABYyxdas-
HOTO CJ10s JOJIKEH XapaKTepH30BaTbCs OMpeJeJeHHHIM COOTHOLICHHEM Mexay

IHHAMHYECKHM HamopoM notoka napa (p"'w''?), ., cunoft tamectn g (p'—p”') !

H CHJION NMOBEpXHOCTHOrO HaTsixeHns 0/l. Benuunna [ ectb Xxapaktepubiii nunei-
Hetii pasmep cucremel. M3 coofpamennit Teopun pasmepHocTedl  MeKLY STHMH

TpeMa BEeJHYMHAMH MOJIKHA CYUICCTBOBATh craelyiomas GeapasMepHas dyHK-
IHOHAMLHAS B3aHMOCBS3h:

(pnwﬂ'ﬁ)Kp _ ( o )

?

g —p")! gl —p)

rae f — ecThb MoKa npou3BosbHasd ¢yHKuHA. [To onbTHEIM HaGMIONEHHAM KDHTH-
yecKas MJIOTHOCTh TEMJOBOrO MOTOKA HE 3aBHCHT OT JIHHEHHEIX pa3MepoB Harpe-
Barens. [losroMy BHA GYHKUHH JOJKEH ObiTh TaKHM, YTOGE B NpEJHAYIUIEM CO-
OTHOIIEHHH pa3Mep [ cokpamajca. DTOMy YCJNOBHIO YAOBJETBOPSET JHUIb 3aBH-
CHMOCTb BHJA

(pﬂwﬂm)'{p — A2 o g ,
g —p")! g —p") 12

rie A* ecTb HEKOTOPOE MOJIOKHTEJNbHOe GeapaaMepHoe uucao. Pewas 3To coot-
HOLIEHHe OTHOCHTEJBHO BEJHUHHB ©'', NMOAYUHM:

. 4 . o
wo=AV og(p —p )"
Jxp1

p rpﬂ
nas nepBOﬁ KpHTH‘IECKOﬁ MNJIOTHOCTH TEINJIOBOI'O NMOTOKA:

— 4
aepr = ArV p" Vog (0 —0").
Uncnosolt koshdunnent A ocraerca HeonmpemeneHHHIM. OH GHJ onmpefeseH

H3 CpaBHEHHA MOCJEHEro COOTHOWEHHA C ONBITHEHIMH JIAHHBIMH H OKa3alcs pas-
HeiM npamepHo 0,14 [47]. Tak noayuvaercsi ypashenue (4-12).

"
H Janee, 3aMeHsasd W,

Ha pr = , NPHXOJHM OKOHYATEJNbHO K YPaBHEeHHIO

CootHowenne (4-12) ompenensieT HEKOTOPHIH CPETHHH YPOBEHb Be-
JHMYHHBl Gypq, TOTAA KaK JeHCTBHTE/NbHbIE 3HAYEHHA NMEePBOH KPHTHYe-
CKOH IIOTHOCTH TeIUIOBOTO IIOTOKAa H3-3a BJIHAHHSA NMOBEPXHOCTHBIX
YCJIOBHH M CTATHCTHYECKOH INPHPOABI Ipollecca KHIeHHA MOTYT OTJIH-
yaThCsi OT PACCYHTAHHBIX MPHMepHO 10 + 35%. OnbiTH NMOKasbIBalOT,
YTO BENIHYHHBI (ypy TPH KHIEHHH KHAKOCTH B GOJBIIOM OOBbeMe NpaK-
THYECKH HE 3aBHCSIT OT pasMepa NOBEepXHOCTH,! ecqH obecrieyeHbl yc-
JIOBHSI 11 CBOOOZHOTO OTBOZA Mapa OT NMoBepXHOCTH HarpeBa. Korna

! 3ro cnpaBelIHBO, eClH Pasmep NoBepxHOCTH GObIIE HIH COM3MEPHM C Pa3-
MEpOM CpelIHHX OTPHIBHHIX AHAMETPOB NapOBHIX MY3HPHLKOB,
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OTBOJ Napa 2aTpyZAHeH (Hampumep, FOPH30HTA/NbHAS IJIHTA, OOpAalleH-
Has TpPelouledl CTOPOHOH BHM3), 3HAYEHHS (yp, CYIIECTBEHHO YMeHb-
matoresi. To e HaGarofaercs B clydae KHIEHHS JKHJAKOCTH, KOTOpas
He CMauHBaeT MOBEPXHOCTb HarpeBa. ¥Y/yyllleHHe YCJIOBHH CMAauYHBaHHSA
NPHBOJMT K yBEJIHYEHHIO KPHTHUECKHX TEIIOBhIX moToKoB [3]. B psize
OMNBITOB OTM@Ya/0Ch MOBBILEHHE KPHTHUECKHX MOTOKOB MPH YBEJIHYEHHH
[1ePOXOBATOCTH MOBEPXHOCTH, 4 TaKiKe MPH BBINAJieHHH HATeTOB H Ha-
KHIIH Ha TMOBEPXHOCTH. BinsiHHe yckopenHs cBOGOJHOrO MajieHUsl Ha
BE/IHYHHBI (,;;, NpelcKasbiBaeMoe (opmysoi (4-12), B cpenseMm mox-
TBEPKNAeTCS ONMBITHBIMH AaHHBIMM [56, 68].

ITpu KuneHHH KHAKOCTH BHYTPH TPYO M KaHAlOB B YCJIOBHAX BBI-
HYXKJEHHOI0 JIBHXKE€HHA HHTEHCHBHOCTb OTBOJla mapa oOT TNOBEPXHOCTH
H COOTBETCTBEHHO BEJIHYHHA §,p, y 3aBHCAT OT CKOPOCTH JIBHKEHHS H Xa-
pakTtepa TYpOYJeHTHOro InepemelIMBaHHA B MOToKe. Boublloe BIHAHHE
B 3THX YCJIOBHSIX Ha (,p; OKasblBaeT TaKxkKe MapoCOJiepKaHHe CaMoro
noroka. OnbiTel NOKasbIBaKOT, YTO NPH YBEJHYEHHH napocoiepKaHuf
3HauYeHHSA (,p; YMEeHbalOTcs. ITpH KHIEHHH C HeOrpeBOM BC/IEJCTBHE
KOHJIEHCAIHH [apOBBIX NY3bIPbKOB OKOJIO TEMJIOOTAAMolIeH TOBEepXHO-
CTH GﬁaFOHPHHTHble YCJIOBHSA IJIs1 NMOABOJA XKHIKOCTH K TNOBEPXHOCTH
HarpeBa COXPaHAIOTCA BIVIOTH JI0 OYeHb BLICOKHMX TEIJIOBBIX MOTOKOB.
ITosTOMYy 3HaYEHHS (yp; MPH KHIEHHH C HEJOTrpPeBOM OOBIYHO OKasbl-
BalwTCA JOCTATOYHO 60J'{b1].lHMH, NMpHYEM C YBeJHUYEHHEM CTElNeHH He-
JorpeBa (OmpeneaseMoro BeTHYHHOH Aty = Iy — ty, Th€ fy — Cpel-
HAS TeMrepaTypa *KHMIKOCTH B JJAHHOM CEYEHHH) (,; YBEITHUHBAETCH.

HceneloBaHHAM KPH3HCA KHIIEHHS JKUAKOCTH, IBHXKYLIeHCS B TPY-
6ax ¥ KaHanax, TMOCBALIEHQ Goatbinoe yucso pabor. OnHAKO H3-3a CI0XK-
HOTO B3aHMHOTO BJHSHHS Pa3/JHYHbLIX (PAKTOPOB MPOCTHIX M YHMBED-
Ca/IbHbIX 3aBHCHMOCTeH IJISI gy, O HACTOAUIEr0 BPEMEHH MO/JYYHThb
He ylanock. IlosaToMy pacyer KPHTHYECKHX TEIVIOBBIX Harpysok cie-
JyeT MPOBOIHTbL MO HEMOCPEJCTBEHHLIM (YaCTHBIM) JaHHBIM, NOJYYeH-
HEIM H3 ONBLITOB C_TaKHMH K€ JKHJKOCTSMH H B COOTBETCTBYIOUIHX YyC-
JIOBHAIX.

3. TennooGmeH npu naeHo4yHoM KuneHun. [IpH NMJIEHOYHOM DeRHMe
KHINALLAs XKHIKOCTb OTAEJeHa OT NIOBePXHOCTH HarpeBa NapoBOH MJeH-
KOH, TpHYeM TeMIepaTypa NOBEpXHOCTH {. 3HAYNTEJBHO IpPEeBHIIAET
Temrepatypy HacuiieHus f;. ITosTomy Hapsay ¢ KOHBEKTHBHEIM TeILIO-
00OMEHOM MeXy TMOBePXHOCTBIO H IMapoBOH IJIEHKOH TPH BHICOKHX
TeMrepaTypax 3aMerHas 4acTb B MepeHOCe TeIJIOTHl IPHHAIJIEKHT Tel-
JIOBOMY H3JIyUeHHIO (CM. II. 5).

HHTeHCHBHOCTD KOHBEKTHBHOTO TensooOMeHa IpH IJIEHOUHOM KH-
NEeHHH ONpeensieTcss TEPMHYECKHM CONPOTHB/EHHEM MapOBOH TUIEHKH.
XapakTep JIBHKeHHS Tapa B [VIEHKE H ee TOJIIHHA 3aBHCAT OT Pa3MepoB
H (OpMBI MOBEPXHOCTH HarpeBa M €e PAcIONOXKEHHS B TMOJe THAMKECTH,
a TaKxKe OT YCJIOBHH JIBHKEHHS HIKOCTH. Tak, npH N/JIeHOYHOM KH-
NIEHHH Ha IOBEPXHOCTH FOPH30HTANBHLIX TPYO B yC/JIOBHAX CBOGOJHOTO
IBHKEHHA (B GosibioM oGbeMe) map ABHMKETCs BJOJb NepHMeTpa TPYyObl
K BepxHell ofpasyiolllefi H 1o Mepe HaKOIIEHHs TEepHOJHYecKH yha-
naercs B Qopme oTphIBarCiuuXcA nyswpeit. [Tapopas nienka nmeer
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TOJMLIHAY, H3MEepSeMYI0 JIOMAIMH MHJIHMeTpa, a JBH)KeHHe Mapa B Heil
HOCHT JlaMHHapHBIf Xapakrtep. Cpeanne Ko3(pHUHEHTH TeNI00TAauH
cocraBasior npuMepro 100—300 Bt/(M%-°C). Pacuer Temsootsaun mnpu
IJIEHOYHOM KHIIeHHM Ha TOPH30HTAJbHBIX TPy6Gax B 60JbLIOM oObeMe
c/Ielyer NPOBOILMTH N0 Gopmyse

-— 4 f’a r = "
a=0,62 ]/7“(9—9)_'3& ) (4-13)
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Puc. 4-18. Tennooraaua nmpH nNAeHOYHOM KHINEHHH Ha MOBEPX-
HOCTH FOPH3OHTAMLHBIX TPY6. BenuuuHa dpacy ONpelessiercs no
tdopmyne (4-13). OnsiTabie ganuee [103].

I — Boma; 2 — sTujOBHA cnupT; 3 — GeH3oq; 4 — YeTHIPEXXJOPHCTHI
yraepoa; 6§ — asotr (I —5 — D = 8,95 MMm); 6 —9 — nentan, D = 4,8;
6,05; 8,95 u 11,9 MM COOTBETCTBEHHO.
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Puc. 4-19. Tennmooraaua npu nNJAEHOYHOM KHMNEHHHM HA BEPTHKAJb-
HBIX TOBEPXHOCTAX. BeNHuHMHA OGpacq ONpeleasieTcs mo dopmyie
)

I — GeH3041; 2 — YeTHPEXXJODHCTHIA YyriepoA; 3 — MeTHJOBbIA cnupT; 4 —
aproM; 5 — a3oT; 6 — 3Tujonwifl 3dup; 7 — 5THAOBEI cnupT (I —7 — pasle-
HHe aTMochepHoe); 8§ — 3THJIOBHIA cniprt, Aabnenne 10-10° ITa.

rae ry =71+ 0,5 ¢, ({—t) — sbpexTHBHAA TeMN0Ta ¢asoBoro nme-

pexoa, YUHTBHIBalOLas neperpes mapa B nienke; D — nnamerp Tpy6bl.
dusnyeckHe CBOCTBAa B 3Toi (opMyJie (32 HCKJIOUEHHEM IJIOTHO-

CTH XHIKOCTH p') OTHocATcs K napoBoit ¢ase. Mx cnenyer BhiGHpaTh

no cpeaseil Temneparype napa: t,, = 0,5 (& + £).

134



Ha puc. 4-18 npuBeneHo cpaBHeHHe (GopMyJibl (4-13) ¢ ONMBITHBHIMH
JLaHHBIMH.

ITpu nJeHOYHOM KHNEHHH Ha MOBEPXHOCTH BePTHKANbHBIX TPY6
H TJACTHH TE€YeHHe Mapa B IVIeHKe OGBbIYHO HMeeT TYPOyJIeHTHBbIH (BHX-
peBoii) xapakrep. IToBepXHOCTb NVIEHKH HCHLITHIBAET BOJIHOBbIE KOJ€-
GaHHA, TOMIIMHA TUIEHKH pacTeT B HamnpaB/eHHH [BHXKEHHA [apa.
OnbITl NMOKA3biBAIOT, YTO TEMJIOOTAAaua IPAKTHYECKH HEe 3aBHCHT OT
BBLICOTHI TMOBEPXHOCTH HarpeBa, a CleloBaTeJbHO, H OT pacxoja napa
B IJieHKe. B 1enoM mpoiecc 0KasklBaeTcA BO MHOIOM aHaJOTHYHBIM CBO-
GonHOM KOHBeKUHH OJNHO(A3HOH KHIKOCTH OKOJO BEPTHKAJLHBIX IIO-
BepxHocreil. B jlaHHOM Caydae MOABEMHasi CHJa, ONpejlenisiomas JIBH-
JKeHHe napa B IVIEHKe, ONpele/isiercss PasHOCTBbIO MJIOTHOCTEH XKHMIKO-
ctH ¥ napa g (p'—p’"). Pacyer TensiooT/iaud B 3TOM C/lyyae MOXKeT Npo-
BoAMThCA MO Gopmyae [53]

3 ng n ’ _ " 4
a=0,25]/ﬂ€_(P_,L). o /o pacs of
v 2 Az |
(4-14) x3
O,
dusnyeckHe  CBOMCTBA +35% & o 2a =
napa B 3Toii ¢opmyae cae- ! x+-—1ﬁ;}7@le=&k°°o—ﬁ—
nyer BbIGHpaTh MO cpeanedt 08— =4 +, —
Temneparype napa. Ha puc. g5|[~%%%
4-19 npHBeNeHO CpaBHEHHE bt
3TOH HOPMYJIBI C ONLITHLIMH o4 00 200 0 m

JAHHBIMH IO TeIJo0TAaue
IIpH IMJIEHOYHOM  KHIIEHHH
PAsMHUHBIX JKHIKOCTeH Ha Prc. 4-20. ConocraBnenue sapucHMocTH (4-14)

C ONLITHHIMH JAHHBIMH NP NJASHOYHOM KHIIe-
HOBEP’E;IOCF(I;Q ?QPT“KaﬂbHHx HHH BoAHI (/) ¥ hpeona (2) HAa rOpPH3OHTANBHOM
TPy ; . nante 280 X 280 Mm H a30Ta Ha nOBepXHOCTH
ITpu nneHoyHOM KHNeHHH  cepnl D = 25,4 MM mpH HOPMAABLHOM YCKO-

JHJKOCTH Ha IOBepXHocTH PEHHH cBoGonoro majenis (3) u nmomuxen-
FOPH30HTA/ILHON IJIHTH 3Ha- | OF YCKOPeHiH °B°6°ﬂ“°;‘)’ nagenns glg, =

YUTEJbHLIX pasMepoB IIO- 04
BepPXHOCTb TapOBOH MJIEHKH
MCTILITHIBAET HHTEHCHBHBIE BOJTHOBbIE KOeGaHHS, B Pe3yJIbTaTe KOTOPhIX
B pas/IHYHBIX €€ TOYKaX IMePHOJAHYECKH 06pasyioTcsl BCIIIBIBAIOUIHE
BBepX mapoBbie nyswippkh. Ha pue. 4-20 npuseseno comocrassenue
(opmyJibl (4-14) ¢ ONMBITHLIME JNAaHHBIMH TIPH MJIEHOYHOM KHIEHHH BOJIBI
H (peoHa Ha rOPH3OHTAILHOM miauTe pasmepamu 280 X 280 mm [108],
a TakKKe IpPH IIJIEHOYHOM KHIEHHH a30Ta Ha IMTOBEPXHOCTH mapa D =
= 25,4 MM [IpH HOPMAJLHOW M NOHHKEHHOI CHJIe TSKeCTH. XOTH mep-
BHYHBIE ONBITHbIE JaHHbIE XapaKTePH3YIOTCA 3HAUHTENbHBIM PasépocoM,
tdopmyna (4-14) B cpenHeM coryiacyercsi ¢ 3THMH JaHHBIMH.
Ilpekpalienne n/€HOYHOTO KHIMEHHA HACTYNaeT IPH YMeHbIIeHHH
TEMNIEPATYPhl TOBEPXHOCTH HH3KE ONpENe/NeHHOr0 3HaueHHS. B 3TH
MOMEHTbI JKHJKOCTh HAauHHAeT KacaThCs (CMayuBaTh) TeNJIOOTAalowulel
NoBepXHOCTH. OnbIThl MOKA3BIBAIOT, YTO MpPEKpalleHHe MIeHOUHOrO KH-
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Ta6aunuwa 4-3

3nayenus npereAbHHIX TEMNEPATYp /n HEKOTOPHIX KHAKOCTEH

HuakocTsb te °Clig °C JKupkocts tg ° | I °C

OrHJ0BLIH COHPT . 78,3 | 195 | Bensonr . . . . . . . .| 80,1 | 226
MeTunoBuit cnup - 64,5 | 190 |Ilewran . . . . . . . .| 36,1 | 147
Aueron . . . . . 56,1 | 181 {(T'ekcan . . . . . . . .| 68,7 182
Hustunopnift spup 34,5| 144 |Tentan . . . . . . . .!198,4| 215

MeHHA MPOHCXOJHT TOT/a, KOT/la TeMIepaTypa MoBepXHOCTH Harpesal f,
OKashIBaeTcs paBHOH WJIH OOLIYHO HecKoJbKo Gollee HH3KOH, ueM TeM-
neparypa npedeasrozo nepeepesa scudxocmu t;. Ilocnenuss onpenenser
TOT MaKCHMaJbHBIH Neperpes »XHJAKOCTH, BhILLle KOTOPOro xHjaKas dasa
OKasbIBAETCH TEPMOJAMHAMHYeCKH alCoJIIOTHO HeycTOHuHBO#; OHa ca-
MOIIPOH3BOJIbHO pacrnajaercs W ucnapsiercs. B paGorax [80, 73] mon-
po6HO HcCTeOBANHCh 3HAUEHHSI TeMIepaTyp NpelelbHOro neperpeBa
}KHJIKOCTEﬁ Cc HPHMEHEHHGM pasqH4YHBIX METOJ0OB 3IKCIEpHMEHTAa. Ha
puc. 4-21 mokasaHa 3aBHCHMOCTB t, = f (p) mis Boasl [73]. Ha atom
PHCYHKe MOKa3aHa TaKyKe JHHHA HacwlueHus f; = f (p) Boabl. Xapak-
TepHOi#l 0COGEHHOCTLIO 3aBUCHMOCTH f, = f (p) ABJsercs To, 4TO OHA
6/IM3KA K [pAMOH JIMHHH, KOTOpPas 3aKaHYMBAeTCA B KPHTHUECKOH
TouKe cocToaHHs BemecTBa?. B tabn. 4-3 npHBeneHB 3HAYEHHA {, 174
paja KuaKocTeil npu aTMochepHoM JaBnennn [80].

[TneHouHOE KHIICHHE MpeKpallaeTcs, KOorja TeMIepaTypHBIH Hamop
Atype = f—1; OKasblBaeTcs PaBHBIM HJH OOBIYHO HECKOIBKO MEHb-
IIMM, YeM TeMIepaTypHBIA Hanop, COOTBETCTBYIOLIHH IpelenbHOMY
neperpeBy Af, = f,—I,.

Takum o6Gpazom,

Atpe = cAty, (4-15)

rie kosbduient ¢ obblyHO JexkuT B npepenax 0,8—1,0.

[lpu Gonee BBHICOKHX TeMmmeparypax MoBepxHocTH (f,>1,) xuu-
KOCTh He MOXKEeT CONpPHKAacaThCA C IOBEPXHOCTBIO HarpeBa, TaK Kak
NpH NPHGIHKEHHH K MOBEPXHOCTH TPOHCXOJHT CAMOMpPOH3BOJLHOE ee
pacnajieHHe M HCIapeHHe. DT0 Ompejie/isieT BO3MOMHOCTh CYIIECTBOBA-
HHS TJ€HOYHOTO KHIEeHH$S, HeCMOTpA Ha TO, 4TO MapoBafd IJIEHKa ua-
CTO OKAasLBaeTC THApPOAMHAMHYecKH HeycToHuuBoii. KpurHueckas

1 Temnepatypy NOBepXHOCTH [., MpH KoTopoil Tpekpamaercd IJIeHOYHoe
KHIeHHe, MHOrJAa B JKTepaType Ha3wBalOT TeMmnepatypoli cdepoHlanbHOoro co-
croAHHs, HAH ToukoH Jle#aendpocra,

2 Toynee, 3Ta 3aBHCHMOCTL HMEET HE3HAUHTEJIbLHYIO BHIIYKJOCTb, oOpalleH-
HYI0 B cTOpoHY ocH jasienuit. Takoii xapakrep fn = f (p) coxpansierca H Anas
IPYTHX XHIKOCTe#,
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IUIOTHOCTh TEMJIOBOTO MOTOKA MPH MpeKpalleHHH MJIEHOYHOTO peXuMa
KHIIEHHS §,po MOXKET ObIThb HalJeHa M3 COOTHOLIEHHS

qIKp'?. = aAtxpzy (4-16)
rae o — Ko3pdHIHEHT TeMIOOTAAYH B PeKHME INIEHOYHOTO KHIEHHS,
onpejensieMpiii mo gopmyam (4-13) u (4-14).

Mpumep 4-1. OnpejesHTh HHTEHCHBHOCTb TEIMIOOTLAYH H TeMnepaTypHBIE
HAnmopel NPH NY3LpbKOBOM KHNEGHHH BoAW Ans Aasaenuii 10 u 100 6ap npu Ten-
JoBoH Harpyske g = 1,5.108 Br/m2.

Pacuer nposopum no dopmyae (4-11). Ilpn nasaennn pg = 10 Gap Hmeem:

3,4.10%18 . 400
e L e f] B TR R T
= 0,0065.10 ¢ ) % o
. tﬂ ””" =~
=M.1,31.104= 300 e i )/
1 —0,045 A
= 7,05-10* Br/(m2-°C); W i
1,5-108
At =gl = =" — 9],2°C, /
e 7,05-10¢ 200 1
Ipu pasaenun p; = 100 Gap umeewm: E
3,4-100% '8 ;
& = ———————(1,5.108)s = 9
1—0,0045-100 g s¢ 10 10 200 250
= 1,86-105 Br/(m?-°C); ps107%, na
1,5-108 &
At = 1.86.10° =&C. Puc. 4-21. 3aBHcHMOCTh Temnepa-
’ TYpH NpeflelbHOrO meperpeBa Iy
Mpumep 4-2. Ounpepenuts HanGonb- BOJIE. OT ARBJICHAR 7.

IIHE NJOTHOCTH TEMJIOBBIX NOTOKOB, KO-
TOpble MOXHO OTBECTH OT MOBEPXHOCTH HArpeBa MPH NMy3HPbKOBOM peKHME KH-
neHHs BoAbl B Goabuom o6beme mpH AaBjgenuax 10-105 u 100-10° [Ta.
HanGonbme nAOTHOCTH TENJOBBIX MOTOKOB NPH NMy3LIPbKOBOM pexKHMe KH-
TeHHs COCTABJIAIOT 3HAUCHHS gypy. Pacuer BeMHYHH gxpy MPOBOLHM MO (opMyJne
(4-12). I'lpn nasnennn 10- 108 [1a pusuyeckue ceoiictsa soga: r = 2,02-108 IIx/kr;
o = 4,2.1072 H/wm, p’ = 887 kr/m% p’’ = 5,15 kr/m® (ta6n. I1-4). Tloncrasass
STH BeJHYHHH B dopmynay (4-12), mmeem:

— 4
qxpr = 0,14.2,02.108 V5,I5-]/ 4,2-1072.9,81 (887 —5,15) = 2,8-10% Br/m2.
Mpu pasaennn 100- 105 ITa dpusuyeckune cpofictsa podsl: r = 1,32.108 ITx/kr;

0=1,2.10"2 H/u; p' = 691 xr/m’, p'’ = b4,6 Kr/M®. Vmeen:

—_
Gupr = 0,14-1,32.105)/54,6.7/1,2.10~2.9, 81 (691 — 54,6) = 4,05- 108 Br/m2.

Mpumep 4-3. HaliTh kosadpHHUHEHT TENIOOTAAYH H TJIOTHOCTh TEIIOBOrO MO-
TOKa, OTBOAMMOr0 KOHBEKTHBHEIM MyTeM OT NMOBEPXHOCTH FOPH3OHTAJBHOM TPYGH
D = 12 vm B nueHoyHOM pekHMe KHIEHHS BOAH NPH aTMOC(ePHOM AaBJIECHHH,
ec/IH_TemMmepatypa noBepXHOCTH TpyOH f, = 500°C.

Pacyer kosdpuunenta rensootnaud nposoaum no dopmyae (4-13). Onpene-
asiomas temnepatypa fep = 0,5 (500 +- 100) = 300°C. ®PH3aHuecKHEe CBOMCTBA
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BOASHOrO mapa MpH 3Toil TeMnepaType # armocdepHoM faBaenu# (cM. Tabn. I1-5):
M’ = 4,43.1072 Br/(w-°C); " = 0,384 xr/’, v = 4,43.107° w¥c, o) =
= 2,01.103 Iu/(kr-°C), p’ = 958 kr/M®, r = 2,26.10% IIx/kr (cM. taba. [1-4).

ApdexTuBHan Tenaora $HasoBoro nepexona (c yuetom neperpesa napa B nacHKe)
re = 2,26-10¢ + 0,5-2,01-10* (500—100) = 2,66-106 Jlx/kr.
TMoacraBnsas 9TH BeJUYHHH B dopmyay (4-13), nmeem:

=1 o "L/(4,43-10"2)3 (958 — 0,384)-9,81.2,66-10°
4,43-105.12-1073. (500 — 100)

4 —_—
—0,627/102 108 = 196 Br/(m3-°C).
[lnoTHOCTE TEMJIOBOrO MOTOKA
g =alAt =a (. —t) = 196.400 = 7,85-10% Br/m?.

Mpumep 4-4. Pewnts npumep 4-3 npu ycnosuu, uto TpyGa pacnonoKeHa
BEPTHKANBHO.

[Ipn BepTHKANBHOM pAaCMONOXEHHH TPyOH B TPOCTPAHCTBE TeueHHe mapa
B IJIEHKe HOCHT 0ObuHO TypOyJeHTHHH xapakrtep. Pacuer npoBoaum mo dopmy.e

(4-14). 3nece onpefeasiiowas teMneparypa ta ke. [loncraBisis 3naueHHs BesH-
uyHH B dopmyay (4-14), nmeem:

3 — N2 3
% —0.95 ]/(4,43 10—%)*.2,01-10°.9,81 (958 — 0,384) _
4,43.10~5

3
= 0,25y 0,845-10? = 236 Br/(m2-°C).

[noTHOCTH TENJOBOrO NOTOKA

g = (tc —ts) = 236 (500 — 100) = 9,45-10% Br/m2.

4-2, TENANOOBMEH NMPHU HOHAEHCALMHU MAPA

1. OcHoBHBIe nipeicTaBJeHUs1 0 mpouecce KoHpeHcauuu. Ecau nap
COTpHKAcaeTCs €O CTeHKOH, TeMmepaTypa KOTOPOH HHKe TeMmepaTyphl
HAaCHIeHUs, TO Nap KOHJEHCHPYeTCH M KOHJeHCAT oCelaeT Ha CTEeHKe.
[Ipn sTOM pas/nH4aioT JBa BHAA KOHICHCAIHH: KQNEAbHYI0, KOTJA KOH-
JleHCaT OCaxKJaeTcs B BHJAe OTAeJbHBIX Kanedb (pHc. 4-22), W naenou-
HYM, KOTJa Ha TOBEPXHOCTH o6pasyercs CIJIOWIHAA IJIEHKA HHIKOCTH.

KanenbHas KoHZeHCallMsl BO3MOXHA JHUIIb B TOM CJyyae, eclH KOH-
JleHcaT He cMauMBaeT MOBEepXHOCThH oXaaxaeHus. MckyccTBeHHo Ka-
nenbHas KoHJeHcalHA MoxeT OBIThb NOJyyeHa I[YyTeM HaHeceHHs Ha
MOBEPXHOCTh TOHKOT'O CJI0f Mac/ja, KepoCHHA HJIH MKHPHBIX KHCIOT
WK NyTeM NpHMecH STHX BelllecTB K napy. IIpu 3ToM moBepxHOCTH
J0JKHA OBITH XOpOUIO OTHMONHMpoBaHa. [IpH KOHJEHCALMH Ke YHCTOIO
nmapa CMauMBAIOMIEH KHAKOCTH HA YHCTOH MOBEPXHOCTH BCerja mnoay-
YaeTcs CIVIOIHAA MVIeHKa. B NpOMEILIIEHHEIX annapatax — Koxdexca-
mopax — HHOTJIa BO3MOXKHBI TaK:Ke CAyuaH CMellaHHOH KoHJeHCallHH,
KOrJla B OJIHOH 4aCTH amnapara noJiyuaeTcs KaneJIbHasi, a B apyroii —
NJIeHOYHAsl KOHJIeHCallHs.
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,ﬂ.ﬂﬁ OpraHH3dnuy CTallMOHApHOro Mmpollecca KOHAEHCALMH Mapa
TENAOTY Heo6X0IHMO HeTpepbIBHO OTBOJHTHL OT IIOBEDPXHOCTH OXJlaxK/e-
HUs. B 1enoM HHTEHCHBHOCTb TemvIoOTAauH IpH KomjaeHcallHh mapa
OKa3bIBaercs JOCTATOYHO BLICOKOH. OAHaKO €CJIH B Tape COIEpKHTCA
MMPpHMECh Trasa (Hanpumep, Boaﬂyxa), CKOPOCTb KOHJEHCAallHH 3aMeTHO
cHuxkaercs. ['a3 mocreneHHO HaKanaHBaeTCs OKOJO NMOBEPXHOCTH, H 3TO
3aTpyansaer AOCTYIl HOBBIX HOpLLHﬁ napa K nmoBepxXHOCTH.

B onpeneneHHHX yC/A0BHAX KOHAEHCALHS MOMKET MPOHCXOLHTbH TAKKe BHY-

Tpu oObeMa mapa HJAH maporasoBoil cMecH. Tak, Hanmpumep, BbIMajeHHe AOKAA
SIBJASETCH CcJaellcTBUeM mpouecca 0O0BeMHOM
KOHJEHCANHH BONAHOTO Mapa M3 BJaXK-
HOrO BO3JyXa B €CTECTBEHHBIX YCJIOBHSX.
[Ipn pacwmpenuH napa Ha NOCJACJHHX CTY-
NMeHSX NapoBhIX TYPOMH TaKKe MOMXeT Ha-
6aionaThea npouece 06BeMHON  KOHACHCAUHH
BOJAHOTO mapa. [ns BO3HHKHOBEHHs 00b-
eMHOll KOHJeHCAUHM mnap AOMKeH GHTh me-
pechlilleH (ero MIOTHOCTh JOJIKHA NPEBHINATh
MJIOTHOCTh HachllleHHOro napa). Mepoii ua-
CHICHHA Mapa CJAYMKHT OTHOLIEHHE NaBJeHHH
napa p K JaBJEHHIO HACHILEHNHOr0 Tmapa p;
B PABHOBECHH C MKHJIKOCTbIO, MOBEPXHOCThb
kotopoit mjockas. Ilpu p/ps>>1 mnap nepe-
celmied, npH p/ps =1 nap nacemen. Crenesn
nepeculleHHs p/ps, HeoGXopuMas IS Hauasa
00beMHOH KOHIEHCAlLlHH, 3aBHCHT OT HAJHUHS
B nape MeJbuafINX NMBLIHHOK (aspoaodeit),
KOTODBIE CJYIKAT TOTOBBIMH IIEHTPAMH KOH-
neHcauun. Yem yHule nap, Tem BhlLIE AOJKHA
6HTh HaualbHas CTEMEHb MepecHIeHns,
OnweT mokaselBaer, YTO UEHTPAMH KOHJEHCA-
IIHH MOTYT CHYKHTh TAKKe 3JeKTPHUECKH 3a-
PSI3KEHHbIE YACTHILI, B YACTHOCTH, HOHH3H-
pOBaHHbE aTOMBI, MPHCYTCTByomue B mape. Prc. 4-22. Kanenbnas KoHIEH-
. Ccauus BOASHOrO Napa Ha moBepx-

2. Tennootjpaya npH TNJeHOYHON HOCTH, CMOUEHHOH KePOCHHOM.
KOHeHcauuu  napa. B nporuecce .
MJIEHOYHOH KOHJIeHCALlHH BCHA TEINJ0Ta, BhIAENAIONIA’ACA HAa BHEIIHEH
rpaHule IJIeHKH, OTBOAUTCH K MOBEDXHOCTH OXJa:KJeHHA. HPH JaMH-
HapHOM JIBUXXE€HHH JKHJIKOCTHOH IJIEHKH NnepeHoc TerJioThl 4Yepes Hee
OCYLLECTB/IACTCA JIHIIb MYTEM TEMJOIMPOBOAHOCTH. Ecan IIPpHHATDL, YTO
TeMmreparypa 4acTHl, KOHJeHCaTa, CONpHKacarwouuxca C MapoM, paBHa

TeMIepaType HachlleHHs,! TO NJIOTHOCTb TENJOBOro IOTOKa ompene-
JseTcsd BhIpAXKEHHEM

q= %(ts_tc)v (a)

rae 6 — ToMKHA TJIeHKH; A — Ko3((HLHEHT TernJonpOBOIHOCTH KOH-
IeHcaTa; f, — TeMIepaTypa MoBepPXHOCTH.

1 B geficTBHTE/IBHOCTH TeMNepaTypa MOBEPXHOCTH MJCHKH HECKOJbKO HHiKE,
uyeM TeMmepatypa Haceumedus. Ofnako AnA oObIYHHX KHLKOCTEH IPH He OueHb
HH3KOM JaBJEHHH 3TO Pa3jHuHe 10 CPABHEHHIO C TEMMEPaTypHEIM HaNnopoM B
nJcHKe mpeHebpeiHMO Malo.
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C npyroit croponst mo 3akony Hbiorona—Puxmana

g=oa (t;—1). (6)
M3 comocraBnenus BoipameHuil (a) U (6) uMeeM:

CnenoBatesibHO, ompenenenne Koah@uiHeHTa TemIo0TAa4H CBoO-
JUTCA K ONpeJe/eHHIO TOJUIHHBI IIJIEHKH KOHJeHcara 8§, Kotopas Mo-
}KeT OHITh MoJyueHa H3 aHA/NH3a YCJAOBHH ero TeueHHs.

Takoii aHanu3 15 CIyyaeB KOHJEHCAIHH Mapa Ha BePTHKAIbHOH
MOBEPXHOCTH M TOPH3OHTaNIbHOH TpPyGe Obl1 BmepBeie mpoBeneH Hyc-
cenbrom [114]. Huxe npupomurca BuBoa Hyccenbra aas miockoit
BepTHKaAbHOH creHkH (pHc. 4-23). Ocb x pacnosio:keHa B INIOCKOCTH
CTEHKH M HampaB/jeHa BHM3, OCb 4 HamnpaB/eHa NeprneHAHKYAsPHO
creHke. Temmeparypa CTeHKH [, CUMTAaeTCs MOCTOSIHHOH I10 BBICOTE.
HudpepennaibHoe ypaBHeHHe JBHMKEHHA IS €IMHHYHOTO oGbeMa
KOH/leHCaTa B IVIEHKe HMeeT BHI:

2.
g —p") +p 22 0. (r)
oy

B 3TOM ypaBHeHHH CHJIa TSXKECTH eIMHHYHOTO oGbeMa KoHJeHcara
g (p"—p’’) ypaBHoBeliHBaeTcs CuJ0OH BA3KOCTH, JAEHCTBYIOMmEH CO CTO-
POHBI COCETHHX c0eB KHAKocTH. CH/la MHEpIHH, CBA3aHHas C YCKO-
peHHeM JIBHMKEHHS KOHJeHcaTa, Kak BeJIMYHHa Majas, B pemenuu Hyc-
celbra He YyuHThiBaeTcsi. MHrerpupoBaHHe BLIpa)<eHHMS (r) NMPHBOAHT
K COOTHOLIEHHIO

2p

INlocTosiHHEIE MHTErPHPOBAHHS OINpPENeNAIOTCS M3 TpPaHHYHBIX YC-
JIOBHIA:

mp ¥y = 0 w, = 0;

npu y = 6 dw,/dy = 0, orkyna caenyer, yro C, =0 u C, =
_ & —p" 5

B e )

[loncrapnss sHauenus C, u C, B BHpaKeHHe (1), MOJNy4aeM 3aKOH
pacrmpesiesieHusl CKOpocTell B cJioe KOHJeHcaTa

’ "
wx=gp—“-‘3—(y6——iy“)- (o)
2

KosHuecTBO *XHJAKOCTH, TPOTEKANNIEH B €IHHHLY BPEMeHH uepes

ceueHHe X MpH LIHPHHE CTEHKH, PaBHOH euHHIle, onpejensiercs: dop-

MyJI0#
)

G=p' [ w,dy=pwd=g L= &% (%)

0 3v

3
oTciona 8= ]/ .y (3)
g —p")
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T. €. TOJNIHHA IVIEHKH YBeJHYHBAeTCA C POCTOM pacXxoja KHJIKOCTH
B mienke G mo cooTHoweHuo & ~ G'°.

KonuuectBo KoHJeHcata U, KOTOpoe ONpeessieTcsi COOTHOILEHHEM
(), o6pasoBaJoch 3a CYET KOHJIGHCAIIMH Tapa Ha BCeM IPOTSKEHHH
CTEeHKH, pacnoJoKeHHOM Bhillle cedeHus x. Ilostomy Benwunna G Mo-
Ker OBITh TIOJyueHa TaKiKe H3 YpaBHeHHd TemnoBoro GajaHca s
yyacTKa JJIMHOH X NpH INHPHHE CTeHKH, paBHOH eluHHIe:

X
Q=J;qu=qx=r0, (n)
rie Q — rtensioBofi MOTOK, NepelaHHLIN CTeHKe Ha yyacTke Ox.
7 B ypaBHeHuu (4) He y4MTHIBaeTcs
7 4 HeGOJIbIIOE JAOMOJHHTEJIbHOE KOJHYe-
CTBO TENJOTBl, KOTOpOe mnepeJ/aercs
7t ' CTEHKe 34 CUeT OXJIaxK/eHHS KOHJIeHCaTa
HHUXKe Temmeparypsl fg.
¥ }a,&
o
d
z
Puc. 4-23. TlacuHouHas Puc. 4-24. Hsmenenue Kosg-
KOHJeHCcallus Ha BepTH- (HoHeHTa TENJOOTAAYH & H
KalabHOil cTeHKe. TONMUHE NJeHKH O BIOAL

BEePTHKAJLHOH CTEHKH.

TMoncrapasist B ypaBHenue (i) 3Hauenne G M3 ypaBHeHMs (X) W Be-
JHYMHY ¢ W3 ypaBHeHHs (a), Mojydaem:

X
dx p’_p” s
At —t) | — =rg——— 6, K
(t—td) | S-=rg P (x)
0

D710 ypaBHEHHE COIEPKHT OJHY HEH3BECTHYIO BeJIHUMHY, TOJILLHHY
mienku 6. [Tockoabky npu x = O TOMIMHA IVIEHKH JOMKHA OBITh
paBHA HYJIO, MOXKHO HCKaTb pelienne (K) B BuJe

§=Bx". (1)
[lojcTaBiss 510 BhIpameHue B (K), HMeeM:

1—n

Mits —it) * p’—p” 3. 3n

—_— ————'B_t . M
B l—n g 3v (M)
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CootHolen#e (M) HOMMKHO BHINOJNHATHCA NpPH JIOGOM X, clefoBa-
TeJLHO, TMOKa3aTe/H CTENEHH MPH X cJieBa M CIpaBa B BbiPameHHH (M)
JOJIKHEI OBITH OJITUHAKOBHEI. OTCK)JIG HMeeM:

1—n=3n uiu n=1/4,
Jlanee u3 BopaxkeHHsi (M) Cpasy HAaXOJMTCs TakKe BeJHuHHa B:

B=i/ Mts—t)v
rg (p" —p")

Takum o6pasoM, OKOHYATENIbHO HMeeM:

4
4\ (s — 1) vx
§= ]/ (% - ) . (H)
g (0’ —p”)
3Hasi BEIpaxeHHe JUisl TOJNIIHHDI [UIEHKH, H3 BhIpaXKeHHus (B) onpeje-
JISeM JIOKaJIbHBIH KO3(HUMEHT Tena00Taayuu

_ At e =) }
o= 4 _-l/ 4 (ts— o) vx ) (+-17)

Xapaktep HM3MeHeHHsl TOJIIMHBI TJIEHKH M KosdxbuuueHnra TemJio-
OTJauH BJOIb BePTHKA/JBHOH CTEHKM NnokasaHhl Ha pHc. 4-24. Cpennee
3HaueHHe KOo3(HLHEHTa TeNI00TAauH ISt BEPTHKAJbLHOH CTEHKH HJIH
BepPTHKA/JbHOH TPYyOH BHICOTOH A ompenensiercs dhopmynoi

h 4 r 4
Geell g dx_il/_hjmp_—u 0,043 A (418)
kb 3 4 (ts— 1) vh {hm

At=t—t; A =i/w.
v

W3 ypaBuenus (4-18) cnenyer, uto cpenuuii Ko3pdHIHEHT Terno-
OTJaul YMEHbLIARTCS ¢ POCTOM BBICOTHI A M TeMnepaTypHOTO Hanopa Af.

BuiBoz, npuBeNeHHBIH Bhillle JJIA BEPTHKAJIbHOH CTEHKH, NPHUMEHHM
H 115 HakaoHHOH. IlpH 3TOM elMHCTBeHHOe OT/MHuHe GYAET B TOM, UTO
B ypaBHEHHE JBHKeHHA (I) BOHJEeT cOoCTaB/AIONas CHJIbI TAHKECTH B Ha-
npaBieHHH JBH:KeHHS mJeHKH. Ecam W — yronm Hak/IOHa CTeHKH
K TOPH30HTY, TO BMECTO YCKOPEHHSI CBOOOIHOIO majleHus g I BEepTH-
KaJbHOH CTEHKH BO BCe COOTHOIIeHHs Boijer BennumHa gsin ¥. Torna
pacuerHasi dopmysa 418 Ko3pdUIHEHTa TeNVIOOTAAYH NPHHHMAET -BUA:

— s 4 =
O = Olgepr ]/ sin'¥. (0)

BriBoA, aHAJOTHUHBIH H3M0KEHHOMY BHILE JUIs BepTHKaJIbHOH
CTeHKH, OblLT npuBefeH HyccenbTom Takke JIsi FOPH3OHTANBHON TPYOHI.
[Nonyuennass uM dopmysia st cpefHero KoadduIHEHTa TenJaooTlauu
HMeeT BHA:

rie

%=0,728——2 (4-19)
DAt
rae D — nuamerp TpYyOBL.
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BestencTBue npHHATHX YNPOMAIOMKX MPeNOChUIOK ! npuBeneHHbIe
pemenusa (4-18) u (4-19) apasmorest npubaumennoivu. OnHAKO, Kak
noKasa/ln roc/ielylouue, Gonee noapoGHble HCC/Ie0BaHKsl, NPOBe/eH-
noie aBTopamu [13, 44, 49, 541, ocHOBHble 3aKOHOMEPHOCTH Mpolecca
teopua Hyccenbra orpaxkaer npasuibno.

Ananua BIMAHHS MEPEOXAaKACHHS KOHIEHCATA, HHEPIHOHHEIX CHJI B MJEHKe
H CHJI TPEHU3 MEXKy NOBEPXIOCTBIO INIEHKH H HENOABHAKHBIM 1aPOM, NPOBeAeHHBIH
B [44, 49], noxa3siBaeT, uTo BCE

Nx‘/“” 3TH 3¢deKTE B 0GHIYHBIX YCHOBHSAX
14 BHOCAT NMOTPEIIHOCTE, H3MEpPAEMYI0
LN _lPr=1 SHNL HECEONGEUMH HPOREHTAME.
S a puc. 4-25 NOKasaHbl pe3yib-
10 \’E,.__.Es'-“ Tathl aHanusa [49]. 3xecs mo ocu
N 10~ - OPAHHAT OTJIOKEHO OTHOLIEHHE pac-
- L7 L yerHoro kosddHuuenTa TEmI0OT-
) o1 Ia4u o6 C yd4eToM INepeuyHCJAEHHBIX
NG / Boimre 3dpdextoB K kKosdpHUHEHTY
02 a) Temaooraayd  mo rteopun Hye-
cenvta y. [To ocu abeumcc orio-
N\Fr=100
14 ]
\ N e
- \W} 05N op - ;’/4'/4
b ey — Zs .
10 R i =l 29 Al V2
a5 7, / é z %3“1
I _r .
e i &l P
0z 6
g1 7 7 00 1000 g gz 0% g6 08 1

Puc. 4-25. Buausuuwe KouBekTHBHOro Puc. 4-26. Hamenenue xoadduuu-
nepenoca, CHJ HHEPOHH B TJIEHKe H  €HTA TeMJOOTAAaud NMPH KOHJAEHCALHH
TPeHHs] MexAy IUIeHKOH M NapoM Ha  Napa B 3aBHCHMOCTH OT H3MEHEHHS
HHTEHCHBHOCTH TEIJIOOTAAYH Ha BepTH- A H U ¢ TeMneparypo#l. Benuuuua
KaJqbHOH TOBEPXHOCTH (@) H TOPH30H- Oy, cp — pacdeT mo dopmyne (4-17)
tranbHO# TpyGe (6). - npH onpefensiiowed Temmneparype

tep = 0,5 (s + o).

r
wesa OGe3apa3MepHas BeJHYdHHa k= ———— YHuciao Pr Koujencara gB-

¢ (fs —tc}
asgercd napamerpoM. Tak Kak Ha npaKTHKepoﬁbmlo £>5u Pr>>1, us puc. 4-25-
cleflyeT, YTO B 3THX YCJOBHSIX MONPaBKa He3HAUYMTEJNbHA W MOMKET B pacyerax
HE YUHTHIBAThCS.

Bausune 3aBHcuMOCTH KO3(OHLUHEHTOB BA3KOCTH W H TeHJIOTPOBOAHOCTH A
KOuJleHcaTa OT TemmepaTypel Gbio HceaemoBano B [13, 49]. B obuwem cayuae
9TH ¢(arTOpHl Ge3ycNOBHO BJHSIOT HA MHTCHCHBHOCTh TemaoortAaun [13]. Xapak-
Tep 3TOro BJHSHHS NDH OTHeCeHHH BejHuuH A u w B gopmyae Hyccensra (4-17)

1 Stu NpeANnOCHJIKH TAKOBBI: TeYEHHE IMJCHKH HMeeT JlaMHHapHHﬁ Xapakrep,
CHJIbI HHEPHHH, BO3HHKAIOIUIHE B IJIEHKE, npeueﬁpemumo MaJjibl TI0 CDABHEHHIO
C CHJIAMH BI3KOCTH H CHJIAMH THIKECTH; KOHBEKTHBHBIN nepeHoc TenJOTHl B MJeHKE,
a TaKiKe TeMJONMPOBOAHOCTE BAOJbL HEE MAJbI MO CPABHEHHUIO C TEMJIONPOBOJHOCTLIO
nmomnepeK MJEeHKH; TPeHHe KOHJeHcaTa O map OTCYTCTBYeT; TeMIeparypa BHeIHed
MOBEPXHOCTH MJIEHKH paBHA TeMIcpaType HACBIUEHHOrO mapa; mJIOTHOCThL U KO-

s¢uIHenTE TENJIONPOBOAHOCTH H BF3KOCTH KOHACHCATA OT TeMMeparyps He
JABHCAT-
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K cpefineii temneparype nitenku fop = 0,5 (¢ 4 #.) ¥ Temneparype nachimenus t
COOTBETCTBEHHO NMOKA3aH Ha pHC. E—EG u 4-27 [49‘]. [Tockoabky Temneparypa ua-
CHILEHHA f; 06LIYHO GbiBACT H3BeCcTHA, ee BHOGOP B KauecTse ompelensiome oka-
aeBaeTcs Gojiee yNoGHBIM B NpaKTHYecKHX pacuetax. [Ipm 3ToM nonpaBka &,
YUHTHIBAIOWAS] MIEPEMEHHOCTh (PU3HYECKHX MapaMeTPOB C TeMNepaTypoil, Kak 3To
BHJIHO H3 puc. 4-27, moxeT GHTL npeAcTaBjieHa B GOpME MPOCTOrO MHOMHTENA

S e [(ﬁ)s ﬁ]" ¢ (4-20)

%y, s As ] P

rJic HHAGKCHl ¢ H § 03HAYAIOT, YTO 3HAYeHHS A H |L BHGHPAIOTCS COOTBETCTBEHHO
NMpH TeMnepatype CTeHKH f; H TeMmneparype HacblueHHS fg.

B reopun Hyccenbra mpusumazoch Takime NpeANOJOKeHHe, YTO TeMIepa-
Typa TOBEPXHOCTH HeW3meHHa: fo = const. Mccaenmosanne BAHSHHA nepemen-
HOCTH fc BAOJb MOBEPXHOCTH KOHAGHCALHH Gbl10 BhinoJaHeHO B [54]. PesyasraTh

e e | |

N il e

7 " ﬁréﬂv_ M

ﬂg +_.*_+_A-u-¢=+“ﬁr+°&£

¥ Pacyemrsie moynu

a4 + A o v X e
As_ (Ac)S, Hs

2 L B 1 W8 )

o1 2 4 6801 02 04 06081 2. 4 6810

Puc. 4-27. Mamenenne KoabhHLUHeHTA TENIOOTAAYH TIPH KOHACHCAIHH

nmapa B 3aBHCHMOCTH OT H3MEHEHHA A M |1 ¢ Temmepatypoii. Beau-

yHHa &y, s — pacueT no dopmyne (4-17) npu onpepensowmeii Tem-
neparype f;.

MoKasanu, 4To A5 BePTHKaNbHLIX H HAKJOHHLIX IJIOCKHX MOBepXHocTefl cpenHHi
KO03(hHIHEeHT TEMJIOOTAAYH, OnmpelensieMblii Kak

_ 9

lo— 1l

(rae f. — cpelHsii MO MOBEPXHOCTH TeMNEpaTypa CTeHKH), BooGule He 3aBHCHT
OT XapaKrepa H3MeHeHHS f. BJ0OJb TMOBEDPXHOCTH; OH OCTaeTcs TAKHM Ke, Kak
B pemennn Hyccenwra (4-18).

Ha ropusonTanbHofi TpyGe H3MeHeHHe [, BJOJb OKPYMKHOCTH TPyGHbl OKa3bl-
BaeT HEKOTOpOe BJHSHHE Ha CPelHION Tem100TAady. B wacTHOoCcTH, NpPH mepemeH-
Ho#i f., oTBevawmel yciaoBHIO ¢. = const (370 MMeer MecTO Ha mpaKTHKe, Korja
TepMHYeCKoe CONPOTHBJEHHE €O CTOPOHBI KOHAEHCAIHH CYUECTBEHHO MeHbILe
o6Iero TepMHYECKOro CONMPOTHBJEHHS Tensonepefay), GopMmynaa IJas CpeiHero
Ko3(ppHIHEHTA TEMJOOTAAYH HMeeT BHJ:

o=

- A
otg =0,693 7———, (4-21)

V DAt
rae At = t,— f¢; fo — cpenusas mo nepHMeTpy TPyGH TeMnepaTypa MOBepXHOCTH,
CpaBHHBafl 3T0 cooTHoIUeHHe ¢ pewenHeM Hycceanra (4-19), MoxHO BHAETb,
YTO MHTEHCHBHOCTH TEMJOOTAA4YH IJsI FOPH3OHTAaJbHOH TPyOB MpPH ¢. = const
OKa3siBaeTcs npuMepHO Ha B5Y wuuxe, uem npu f, = const.
Pacuer TEMA00TAa4H [pH KOHJICHCAIlMH I1apa Ha l‘DpHSOHTE]JIbHOf!
TpyOe 1enecoobpasHo npousBoiuTh Mo Gopmyne Hyccenpra (4-19)
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npH OTHECeHHH BcexX (HM3MYECKHX CBOHCTB K TeMmeparype HaCHIIEHHS
H BBeJeHHH MOMpPaBKH (MHOXKHTENA) &,

oa=ay, & (4-22)

Tle Gy, — KOI(p(hHIHEHT TEeMJIOOTAAUH, PacCYHTaHHBIH no dQopmyae
(4-19) * npu onpenensiiomed Temneparype f; & — nonpaBKa, y4HThE-
BaloIlasi 3aBUCHMOCTD (PH3HYECKHX CBOHCTB OT TeMmmepaTyphl H paccyH-
ThiBaeMass no ypasHenHio (4-20).

Ha NOBEPXHOCTH BePTHKaNbHBIX IJIACTHH H prﬁ HHTEHCHBHOCThb
TEeIVIOOTAAYH, KaK II0Ka3blBAIOT OMBLITHbIE JaHHBIE, OOLIYHO OKAa3biBaercs
Gomee BRICOKO#, ueM BbluHcsaeHHasi no ¢opmyne Hyccenbra (4-18).
310 obbAcHAeTCA TEeM, 4TO B HEﬁCTBHTBJ’IbHOCTH B 3THX YCJIOBHAX Ha-
6ai0aeTcs BOJIHOBOE TeueHHe IUIeHKH KoufeHcara'. II. JI. Kanuua
[34] nokasan, uTo Takoil XapakTep CTeKaHUsl JIAMHHAPHON MNJIEHKH
KHIAKOCTH fBJsieTcs GoJiee yCTOHUHBEIM.

IIpn BOJIHOBOM TeUeHHH CPeAHss BO BPeMEHH TOMMMHA NJeHKH 8¢p okaswl-
BaeTCsl HECKOJNLKO MeHblneil, ueM no ypasnennwo Hyccennra (3) npu ToMm xe pac-
xome WHAKocTH G. OmHAaKo yBeJHW4EeHHEC TENJOOTAAadYH 3JeCh OINpelesfeTcsl He
CTOJILKO yMEeHbLUEHHeM CpefHell TONMMHLI NJICHKH, CKOJNBKO BO3PACTAHHEM Cpej-
Heft TemnoBoit nposojumoctH (A/8)cp, BonHHCTON nueHKH. DTO CBS3aHO C TeM, 4TO
B Te MOMEHTH, KOTrjla AefiCTBHTeNbHAN TOJNUIMHA TJeHKH O MeHbue cpepneil Tou-
munet 8cp, Tennosas nposoanumocts A/8 Bospacraer Golee 3HAYNTENBHO, YEM OHA
yMenbiaercst B Momentrl, koraa 8 > 8¢p. Tloatomy B cpennem peauunna (A/6)c
yBennuHBaerca. B TeoperHueckoM HccsejoBaHuH [34] paccmarpuBasock H3oTep-
MHYeCKoe CTeKAHHE NJEHKH XUJKOCTH 10 BEPTHKAJNbHOH NOBEPXHOCTH ¢ NOCTOSH-
HBEIM pacxofom. ITokasano, uro B mepBoM MpHGIHIKEHHH OUCPTAHHE MOBEPXHOCTH
TJIEHKH NPH BOJHOBOM pEXHME HMEeT BHJ CHHYCOMJBI, KOTOpasi NmepeMeliaercs
B HanmpaB/JeHHH TeUeHHS XHAKOCTH. MrHoBeHHad TOMMHKHA MAeHKH O Hap mwo6oit
(GHKCHPOBAHHON TOYKOH NMOBEPXHOCTH CTCHKH H3MEHSETCS BO BpeMeHH T = (/f,
(ty — nepHOl NMPOXOXKAEHHS BOJIHEI) IO NEPHOAMYECCKOMY 3aKOHY:

6 = d¢p (1 + asin2nT).
Bennuuna aMnautyibs @ B nepsoM NPUOIHIKEHHH nocTosiHHA W paBHa 0,46,
CPelHsIsl TOJNUKHA NJEHKH ch = 0,93 65 [r. e. npumepuo na 7% MeHbIue, geMm

no ypasuennio Hycceanra (3) npH Tom e pacxoje xupakocts]. Pacwer cpepHet
TEIJIOBOH MPOBOAHMOCTH IJVIEHKH JaeT:

1 1
(_’L) z\id‘r= L Y_d‘___=
8 /p ) 8 chb 14 asin2nt

Takum o6pasomM, JHWE 33 CY4ET BOJHHCTOCTH NMOBEPXHOCTH IVIEHKH €e Temio-
Bas MPOBOAKMOCTh yBesuuuBaercs Ha 13%. B uenoM yBeanueHHe HHTEHCHBHOCTH

* Tlpn ycaoBuu g, = const xosduunenr 0,728 B dopmyae (4-19) cornacuo
tdopmyae (4-21) crenyer samenuts na 0,693.

1 Ha ropusonrannubix TpyGax BonHOBOe Teuenue o6buHO e HaGmopaetcs,
4TO ofbfcHAETCA Ma/0ii NPOTSKEHHOCTHIO IJIEHKM KOHJeHcaTa.
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TEIJIOOTAAYH Yepe3 TAKy NJAEHKY Mo CPaBHeHHIO C pacyeToM HYCCQJIBTE onpeje-
JAeTCA COOTHOLUeHHEM

a=(3“_) 1 B A ol
6 cp ﬁcp 0‘93 6N

T. €. cocrasasier 21%.

Kaxk nokasmiBaioT onkitel [35, 102], B HeficTBHTENLHOCTH BOJIHOBOE TeyeHHe
HocHT o6blyHO GoJslee XaoTHYHGIN, GecrnopsifiouHklfi. xapakTep, mMpHYeM Mo mepe
yBeJHUeHHS pacxolia aMIJAHTYNL BOJH HapacraioT.

Bripaxkenue ajisi nompaBku K ¢opmyae Hyccenbra, yuuThiBaromei
pasBuTHe BOJHOBOro TeueHusi, no [49] umeer Bux:

g, = (Rey/4)"%, (4-23)

rne Re, — uyucno PelfiHonbaca KOHAEHCATHOH IVIEHKH.

[Tpu sHauenusax Re << 4 ¢, = 1, Tak KaK BOJHOBOE TeUeHHE IJIEHKH
otcyTcTByeT. [lo Mepe yBesiMyeHHS pacXofia KHMAKOCTH B IIIeHKe (WM
uhpcsaa Reg mileHKH) BoJHOOOpasoBaHHE NOCTENIEHHO HapacTaeT M 3Ha-
uyeHue €, ysenuuuBaercd. Hanpumep, npu Re; = 100 e, = 1,14; npu
Re, = 400 &, = 1,20; npu Re, = 1600 ¢, = 1,27.

Yucno Re ana nuenku B ofieM cilyuae onpefiensieTcss COOTHOILle-
Huem !

G
Re=4--, (4-24)

rae G — maccoBhIff pacXoll XMIKOCTH B IJIeHKe, NPHXOAALMiCA Ha
eIMHHILY JUTHHBI NMOBEPXHOCTH 10 HOPMaJH K HamNpaB/IeHHIO TeyeHIs
KHIKOCTH, Kr/(M-C).

B ycioBHsX KOHJEHCAUWH [apa MaccoBLIH pacxosi KoHjeHcara G

B ceueHHH x—Hh OJ]HO3HAYHO £BsA3aH C TEIVIOBBIM NOTOKOM @ = gh, nepe-
IAHHBIM CTeHKe Ha yuactke Oh, ypaBHeHuUeM TemJoBoro Ganauca (u).
[TosToMy npH KOHAEHCAUHH YHCIO Re MOkeT ObITh BHLIPAXKEHO uepe3
TerJIooOMEeHHbIe XapaKTepHCTHKH Ipolecca

4 g, aAfh
Re,=4-2-=4 S —. (4-25)

C yueToM NONpPaBKH &, Ha BOJHOBOE TeYeHHE PACYETHOE COOTHOILEHHe
JUIs] TEIVIOOTAAuM NPH KOHIEHCAILMH Napa Ha NOBEPXHOCTH BEPTHKANbL-
HHIX TPYG H IJIUT HMeeT BHJ:

G =N, & (4-26)

rae Gy, — Ko3QHIHEHT TenJooTAayH, onpejessieMbil No ¢opmy.e
(4-18) mpu oTHeceHHH BceX (H3HYECKMX CBOHCTB K TeMmepaType Ha-
ChIllleHHs [ €, — NONpaBKa Ha BOJIHOBOE TeyeHHe, Ompeje/seMas no
dopmyse (4-23); &, — nonpaBKa, YuuThiBaioliasi 3aBHCHMOCTb (PH3H-

1 3ro cootHoweHHe caelyeT U3 obwero onpefeneHus gicaa Re uepes sKBH-
BaldeHTHBI! AHaMeTp da: Re = pwydsy/p. Tas nnenxn dsgy = 48. Cornacuo
ypaBHeHHIO (K) BeduuHHA pw,-40 = 4G,
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YECKHX CBOMCTB KOHJeHCaTa OT TeMmepaTyphl H onpefeaseMasn mo dop-
myae (4-20).

YpaBuenue (4-26) Xopowo TNOATBEPIKIAETCH MHOTOYHCIEHHBIMH
ONBITHBIMH JJaHHBIMH 110 KOHIEHCAallHH NapoB pPAasaHYHBIX MKHIKOCTeH
Ha BePTHKaNbHHIX MJIacTHHaX M Tpybax pasHoil BeicoT [49].

Ha npakruke uncao Reg sapanee oGbuno HemasectHo. [Tostomy pekomen-
Ayercs CJeAyIOWHH NMOPANOK pacuyera: BHauane no dopmyae (4-26) paccuutw-

BaeTcs &' NpH €p = l; Mo 3TOf BeJHunHe onpelensiercs yHcno Res mo dopmyae
(4-25) w nmanee no dopmyne (4-23) -

BeJIHYHHA TMONPAaBKH €,  VICKOMBIH ]
K03 HIHEHT TENJ0OTAAYH PaBeH: s e
— e H] [
o = a’gy. £
Bunsinne 3aBHCHMOCTH PH3HUECKH X T ‘g‘
cBOfiCTB KOHJleHCaTa OT TeMmepatypul 58
Sk
§
1 = S
08l & Rey
8= = L B
1 o - — N
¥ O £, E
4 Es
d B g3
\ As) fe 3
| Sh
Lo oy LASLE
gz 4 6 8000 2 4 i ) Fi]
Puc. 4-28. Bausinne 3aBHCHMOCTH BfA3- Puc. 4-29. Xapakrep TeueHns KOH-
KOCTH H TEeNJONPOBOLHOCTH OT TeMile- IeHCcAaTHON MUIeHKH (@) H M3MeHeHHe
parypel Ha TEMJAOOTAAYY TPH MJEHOY- Koapdunuenta rengoorhaun  (6)
HOH KOHJeHCAllHH TNAapoB TrJHLUEpPHHA BIOJb BEPTHKAJNLHON TUIHTH GOMb-
Ha BepTHKaiabHOH TpyGe A = 0,97 m. woit BuicoThl. IlpH hgp Teuenue B
JInnna — pacuer no dopmyne (4-20). naexke npuoGperaet Ty pOyJIeHTHbIH
ToukH — onuiTuble Nanusle [28]. xXapakrep.

Ha MHTEHCHBHOCTb TelJIOOTAAYH B OGBIYHBIX YCJHOBUSTX KOJHYECTBEHHO HEBEeJHKO.
HanpamMep, nas Bomsl 3Ha4YeHHs MONPABKH &; MPH PasHBIX TeMmepaTypHHIX Ha-
nopax Af W JaBJeHHAX HACBIUIEHHA napa ps, NPUBeJeHHbe B TaGn, 4-4, noKaswl-
BawoT, uyTo gaxe npH Af = 50°C BeJHUMHA €; OTAMYAETCHA OT CAHHMIH He Golee
yem Ha 10%.

Tonbko Ans odeHL BA3KMX KHAKOCTeH (HMEIOMHX OGLIYHO KPYTYIO 3aBHCH-
MOCTb [t OT {) NONpaBKa €; npH CONLIUHX TEeMIepaTypHeIX Hamopax Af Momxer
crath 3uagurenbHoil. Ha puc. 4-28 npusenentl onuitHeie fanubie [28] mgns kou-
JleHcalMH NapoB IIHIEpHHA.

Ta6anma 4-4
3HayeHHe MONPAaBKH &; AAS BOABI

p-10—5, Ia
At
1 5 10 100 | 150
10 0,985 0,990 0,990 1,01 1,02
20 0,967 0,982 0,985 1,01 1,03
50 0,900 0,950 0,960 1,02 1,04
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B aTHX onmmTax TemmeparypHHE Hanmope Af gocTHrand 3Hauzenns 100°C,
a BA3KOCTh JIMUEPHHA mpH 3ToM H3Menanack B 250 pas. JIuuna Ha rpaduke
COOTBETCTBYeT pacdeTy mo ¢opmyJe (4-20); oHa XOpOLIO COTAcyercs ¢ ONBITHBIMH
AaHHBIMH,

Ipu GoJbllofi BHICOTE BEPTHKAIBHOMH MOBEPXHOCTH M 3HAYHTENBHBIX
TEMMepaTypHbIX Halopax pacXol KOHJeHcaTa MOXKeT BO3pacTH Ha-
CTONBLKO, UTO BO3HHKAET mypbyrenmuolii pexxuM teueHus nieHkd. Cre-
uHanbiele ucenenopanus [102] mokasamu, yrto TypGyJeHTHOE TedeHHe
CBOGOJIHO CTEKAWIUX KHUIKOCTHHIX IJEHOK HacTynmaeT oGHYHO IpH
3HaueHHsX yucaa Re, GOJBIIMX HEKOTOPOrO KPHTHYECKOTO 3HayeHHd:
Re,, =~ 1600.

IEIa puc. 4-29, a nokaszana KapTHHa TeYyeHH$s] KOHJEHCATHOH NJIeHKU
BJI0/1b BePTHKaJbHOH cTeHKH Goablioi BhicOTH. IlpH HekoropoMm 3Ha-
ueHHH h,, uucio PeifiHonbAca IOCTHraeT KPHTHYECKOTO 3HAuYeHHs
Re,,. Jlanee Teyenne KonjaeHcara B IUIEHKe MPHHUMAaeT TYpOyJeHTHHIH
xapakrep. Ilpu TypOyJeHTHOM TeyeHHH JIOKaJbHas HHTEHCHBHOCTD
TEINIOOTAAYH pacTeT nNpH yBelHueHHH pacxoXa G ¥ uucna Re mo coor-
Howenuio [49, 501

o [vE a Y . 2 ,
2 (X2 2 _)*—0,023Re"* Pr®?, (4-27)
k g pr . p”
yTO OOBSCHAETCA BO3PAaCTAHHEM HHTEHCHBHOCTH TYpOYJEHTHOTO ne-
pPeMelIMBAHHUS JKHIKOCTH B MJIeHKe. XapakTep H3MeHeHHH TenJooTIauu
BJIOJIb BePTHKAJbHOH NMOBEPXHOCTH OOJMBIIOH NPOTSIIKEHHOCTH NOKa3aH
Ha puc. 4-29, 6.

3navenus (hAf).p, NPH KOTOPHIX BOSHHKAaeT TypPOYJIEHTHBIH peKHM
TeyeHUsi B IJIEHKe, ONpPEeeNsioTcs COOTHOLIEHHEM

2 r l"a
(i p—p”,) : (4-28)

— 9300 s
(hAt)p = 2300 2 | o= —E

]

KOTOpOe NOKasklBaeT, Yto BenHyHHa (AAf),, 3aBUCHT JIHIIbL OT (pH3HYe-
CKMX CBOHCTB KOHJeHcaTa M YCKOpEHHuHA cBOGOIHOTO l'IaILEHHH.l

B rta6a. 4-5 mpeacrasaenbl sHaueHusi (hAf),, nna Boubl, paccyu-
TaHHbIE 10 ypaBHeHHIO (4-28) npH HOpMaJBLHOM YCKOpeHHH CBOGONHOIO
nagenus (g = 9,81 m/c?).

TouHo Tak ke MOKHO paccyuTaTb N0 ypaBHeHHIO (4-28) Be/uuuHEHI
(hAf)gp m nast mOGOH APYroH KHAKOCTH.

Ecnu wussecrna senwuumsa (hAf)gp, TO Bcerza MOMNHO cKasath, Gyler JM
B NaHHBIX YCJOBHSAX BO3HHKaTh TYPGYJEHTHHH XapaKTep TeueHHA B IJIEHKE.
HanpuMep, npH KoHIEHCamHH BONSIHOTO Mapa NpH arMochepHOM NABJCHHH Ha
NOBEPXHOCTH BEPTHKANbHOH TPYGhl BHICOTOH h = 2 M TpH TeMmepaTypHOM Ha-
nope At = 10°C Beanuunna (hAf)gp = 20 M-°C; 310 MeHbwe, ueM (hAf)x, =
= 44,6 M-°C. CnepoBarenbHo, TYpOyJeHTHOe TeuyeHHe B MJIEHKE BO3HHKATh He
ponxuo. Opnako npu Af = 30°C Ha HMKHeM ydacTKe Tolt ke TpPyGH NOJIKEH
BO3HHKATEL TypOyaeuTHHl DeXKHM TeueHUs, Tak Kak Temeps hAt = 60 M-°C, uro
Gonbwe KpurHueckKoro sHauenus (hA#)xp.

1 Coornomenne (4-28) sBuBoputcs U3 coorHowenns (4-20) u coorBercTRyer
sHauennio Regp = 1600.
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fIpu Hanuuuu Ha BepTHKalbHON NOBEPXHOCTH yuacTka ¢ Typly-
JIEHTHBIM PEXKMMOM TeYeHHs KOHJeHcaTa B TJIeHKe pacyeT CpenHed Ter-
n00TRAuM 1o (4-26) mpousBoxuTb yiKe HenpasoMepHo. Jlna 3Tux ycio-
BHi pacyeTHasi GopMyJa IS OTNpeleNeHus CPeIHero no BCeH MoBepx-

HOCTH  Koo(pHUMEHTA TEmnIooT-
JIayn HMeeT BH]:

@ = 400 T ll ”
hAt
0,5 hAE - ““.
0,625 Pr [7;35:; 1}}
(4-29)

10 COOTHOLIEHHE ! NPUMEHHMO
npu hAt>(hAt),,. Bce ¢pusnue-

Puc. 4-30. CpaBHeHHe 3aBHCHMOCTH
(4-29) (nHHHMA) C OMBITHBIMA JNaHHLIMH
Mo KOHJGHCAHH TapoB KHAKOCTEH.
! — poga; h = 6,1 m; 2—sona, h=3,66 mM;
3 —mopa, h =2,9m (I—3 — Prg=1,15 +

1,19); 4 — xunkuit Boagyx, h = 0,94 M,
Prs = 1,3; — pudenun, k= 3,66 M,

Prg = B.

A o : =4ﬂ
¢ Reg=47az- Pr5
’ Y|
/J/PTI
2 VAL
&
§ ik s /
i AT
4 . /T Taz ]
+
4 n L R
" |
2Irem ] |
Y | Ath
10° : i (qth),p-
0§ 05 081 s 6810 X

CKMe TapaMerpbl B ypaBHeHHH (4-29) BmiGupaloTcsi 1o Temmeparype
naceinieHns .. Ha puc. 4-30 nokasano cpaBHeHHe 3TOi (POPMYJIHI C OMKIT-

HBIMH JaHHBIMH.

Ta6auwuma 4-5

4 13 rg( r_ .'.')
3uavenns seanunn (hAf)yp u Ag= M T8 P) nug Bopm
Vs

iy °C 105, (hAf),  M-°C Ag-1073,
s pg-10 Ma Kp B}'/(u7/4-nc3/4)
100 1,01 44.6 12,2
120 1,99 32,7 12,7
150 4,76 21,5 13,0
180 10,0 15,3 13,2
210 19,1 11,7 13,0
250 39,8 8,8 12,3
280 64,2 7,4 11,0
310 98,7 6,3 9,8
340 146,1 5,0 7.9

1 Vpasuenue (4-29) BHLIBOAMTCSI W3 COOTHOWICHHS A5 JOKajbHOH Temio-
otnaun (4-27). 3ror BHBOA collep:xkurcA, Hanpumep, B [30, 49, 50].
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Vpasuenus (4-18), (4-26) u (4-29) Ans BepTHKaJAbHOM NMOBEPXHOCTH MOMHO
npelcTaBHTh B GeapaaMepHoM Bue. [Ip 5TOM B 3aBMCHMOCTH OT TOTO, KaKYI0 H3
BeJIMUHHB: Af WIH q — CYHTATh BEHHHHOﬁ, BhIpaxKeHue JAad olnpelesfiolero
yHcla MoXoGHs GYAeT PasHBIM. _

a) [Ipu 3amaunom Temneparypuom namope Af B KauecTBe omnpelesifiouiero
yHcsa nofoGHs BHICTyMaeT mapameTp Z, XapaKTepHU3YIOmHH TPHBENeHHYIO BHI-
COTY NOBEPXHOCTH:

B MR (4-30)
ruly
rpe
2 r 1 '
fy (L P_) !
g p—p"

B xauecTse ompejesisieMOro 4yucja nofoGHsA B 3TOM caydae MOKeT GHITh MpH-
HaTo JHG0 uwncao PefinonblAca Re = 4gh/ri, auGo Geapasmepuwelii napamerp

alg/h, KoTOpHIA paBeH —i—Re;’Z.

Takum ofpa3om, NPH 3aJaHHOM TEMIIEPATYPHOM HAMOpe ypaBHEeHHe nmogoGus
HMeeT BHI:
Re = f, (Z, Pr) uan alg/A = fy (Z, Pr). (4-31a)

[TpuBenem KonkperHsle ypaBHenus. ®opmyna Hyccensra (4-18) sanuwercs
B BHJIe

Re =3,77 2% pau'alg/h = 0,043 2705 (4-18a)

Ta xe dopmysna, HO C y4eToM MOTPABKH HA BOJHOBOE TeYCHHEe [IEHKH 3a-
numeTcs:

Re=3,82""® yau alg/h=0,952"0%. (4-26a)
ITpn Regp = 1600 u3 ypasuenus (4-26a) umeem:
Zyp = 2300 unn (alg/A)yp = 0,173.

[IpH CMEIIAHHOM DeXUMe TeYeHHs MISHKH (HaBepXy JaMHHADHOE, BHH3Y
Typ6ynentHoe) pacueTHoe cooTHolueHue (4-29) B GeapaamepHOM BHJe 3alUIUETCA:

R e [1 4 0,625Pr°'5(i - 1)}"’

Rexp Kp
HITH (4-29a)
By oo A0 [1 + 0,625Pr0’5(——z — 1)] L

A Z Kp

Coornomenue (4-29a) cnpasegnuso npu Z > Zyp.
6) Ilpu 3ajanHOf NJOTHOCTH TENJIOBOrO MOTOKAa ¢ B KayecTBe OMNpefensio-
mero yHcsaa nofoGus BeicTymaer yucsao Re, a B kauecTBe onpejejnsieMoro — ma-

pamerp Elg/l. ¥YpaBHenue MOROGHA Temepb HMeeT BHA:
alg/h=f (Re, Pr). (4-316)
[TpuBefeM KOHKpPeTHbIC BEIDAXKEHHS U I 3TOro cayuas: gopmyna Hyccensra
(4-18) mpuHuMaeT BHA;
o lg/h = 1,47 Re™0% . (4-186)
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Ta xe dopmyna, HO C MOMPAaBKOH Ha BOMHOBOE TEUEeHHe, HMEET BHIL:

alg/h=1,38 Re 0%, (4-266)
[Tpu Re P> Rekp coorHomenne (4-29) MOXHO mpelcTaBuTh B BHAE
algm‘ — 0,173 Pr0»5(Re/Rer) (4-296)

Pr% 1 1,6 [(Re/Rexp)™ — 1]

Ecnu Re » Reyp (30Ha TypGyJeHTHOTO TeueHHWs MJEHKH 3aHHMaeT GOJb-
WYK 4aCTh NOBEPXHOCTH) M3 ypaBHenus (4-296) umeem:

alg/\ = 0,017 Re%% pro5,

Xapakrep H3MEHEHHS BeJHYHHEI o?!gli\ B 33aBHCHMOCTH oT yHcex Re u Pr,
OTBEYAKOUHA 3THM ypPaBHEHHsAM, NOKasaH Ha pHc. 4-31. [IYHKTHDHAS JAUHHSA

&l

o
—I_L 2514
10 e i
e 1 5
B [ st
4 —~ hd L l; /?.“
'1 ‘:‘ 7 'W / L ——1 [
ez <8 ~F 3 ﬁ%f&%* 1]
= EY Y SRR G
o4 el S
85 <11
01— »§
8
¢ i 2

66M 2 4 68MF 2 4 68M° 2 4 68W° 2 4 68

Puc. 4-31. Sanucumocrhag,fl or Re u Pr npu KOH/JIeHCallHH NMapa Ha BepTHKalb-
HOH TMOBEPXHOCTH MO JlaHHBLIM Pa3NHYHLIX aBTOPOB.

1, 2, 3, 9, 10 — popa; 4 — aueron; 5 — GeHaos; 6 — 3TaHoN; 7 — aMMHAK; § — XMHAKHH
po3payx; Il — payrepm.

npeficraBasier ypasnenue Hyccennrta (4-186). Cnoomnsie auund npH Re <% 1600
u npu Re > 1600 coorsercraylor dopmynam (4:266) u (4-296). Ha stom pucynke
HaHeceHbl TaKXe OMbITHHIE JAHHBE Da3HEIX HcclefoBaHHi, PH3HYecKHe napa-
MeTphl B YHcJaX nofoGHs OTHECeHB! K TeMNepaType HachilleHH#A. B onmiTax mo-
npaBKa, YYHTHBAWOWAA NepeMeHHOCTh GH3HYECKHX CBOIicTB, He mpeBnimana 10%;
3Ta MOMpaBKa 3Jech OMylleHa.

Pacuernsie cooTHomenus (4-22), (4-26) u (4-29) cnpaBenuBel npu
KOHJIeHCallHH YHCTOTO HaCHIIEHHOTro napa U Ha YHCTOH IOBEPXHOCTH.
ITosToMy npu onpenescHHH 3HaueHHs] KO3(hGHIHEHTa TEIUIOOTAAUM IO
BO3MOXKHOCTH HeOOXOZMMO YUHTHIBATB PSijl JONOJHHTENBLHLIX 00CTOS-
TeNbCTB, BJAHAOMIHX Ha TENJI00TAAuY.

a. Banussnue meperpena mapa Ecau temneparypa
CTEHKH HM3KEe TeMNepaTyphl HACHIIEHUS, TO MPOLECC KOHAEHCALHH me-
perperoro napa npoTeKaeT Tak ke, KaK H HacklmeHHoro. Koneuro, ato
He 3HAYHT, YTO MEeperpeThiil map cpasy CTAaHOBHTCA HAaCHIUIEHHBIM BO
BceM o0beme; HACHILUEHHBIM Nap CTAHOBHTCA JIMIIL y CTEHKH Mo Mepe
€ro OXJIaXKJeHHs, a Blal¥ OT CTEHKH OH MOXeT H GYIeT ocTaBaThCsl
neperpeThiM.
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Ipu KoHneHcalHH NeperpeToro mapa HeOOXONMMO YUHTHIBATH Tefl-
JIOTy lleperpena q:, = ip—is, JIXK/KT, M BMECTO TeIIOTHI (hasoBoro
nmepexoia r B pacyeTHyio GopMyJTy NOACTaBJIATL 3HaueHHe r' = r + ¢,
rae i, W i, — 3HTa/bIHH NEPerperoro M HaCHIIeHHOro Mapa COOTBETCT-
BEHHO. 3a pa3HOCTb TeMNepaTyp [pH 5TOM [O-NpPeKHeMy MpHHHMaeTcs
At = t—I..

Tak kKak r'>r, TO npu KOHIEHCAUHH IEPErpeToro napa TemJo-
OTZlaya HECKOJIbKO BbIlE, YEM NPH KOHJAEHCAlHH HaCHIIEHHOro napa.

OnHako pasHHIa OGLIYHO He3HAYHTENbHA

Y > Pﬂ H B NMpakTHYECKHX pacyeTrax €10 YacTto
2 BIMOJIHE MOXHO MpeHeGpeys.
4 6. BausHHe cocTosHUS
Al MOBEPXHOCTH. Tennootnaua
o /'”” " NpH KOHJEHCALMH Tapa 3aBHCHT OT
Y SR , COCTOSIHHSI MMOBepXHOcTH. Ecau  no-
& ||||| Abuacenue
% fadnngea napa 10 .
I o T
O— Ii T z il
¢ l”] finenna nondencama 26 'k
iz o tn hil & A
el 0% f—o ‘Sﬁs
i Q! 0
/ t.! gz [
t,_é I L L L L [ A L 21
(4
3 a1 2 3 4 5 F 7T 87
¢ L4
Puc. 4-32. Xapakrep us3- Puc. 4-33. 3aBHCHMOCTb OTHOCH-
MEHEeHHA mnapuHajJbHBIX JaB- TE€JbBHOTO KOS(qu)HH.HeHTa TEIJM00T-
NIeHHu napa H BO3JlyXa, Jdayd OT KOHIEHTpPaluHH BO3AyXa
a TaKxe TeMIepaType mnapa. B mape.

BEPXHOCTh 1IepOXOBaTa HJIH MOKPHITA CJOEM OKHCJa, TO BCIEACTBHE
JOTMOJHHTEJNLHOTO  CONPOTHBJIEHHS  TeUeHHIO  TOJUIHHA  IJIEHKH
yBeIHUKBaeTcsl, a Ko3bGdHUHEHT TelIooT/auyH MpH 3TOM CHHKaercd.
3neck GoJibllIOe BJIHSIHHE OKA3HIBAET TaKKe TePMHUECKOe COMpOTHBJIE-
HHEe OKHCHOI MJeHKH Ha MOBepXHOCTH.

B. Bnusanue conepxaHusg B Nape HEKOHOECH -
cHpylomuxcsa rasosB. [lpy HamuuuH B nape BO3AyXa HIH
JPDYTHX HEKOHIEHCHPYIOMHUXCA Ta30B TEMJIOOTHAaua MPH KOHAeHCAUHH
CHJILHO CHHIKAeTCsl. DTO MPOMUCXOAUT MOTOMY, YTO Ha XOJMOJHOH CTEHKe
KOHIEHCHPYETCsl TOJILKO Nap, a BO3AyX octaercsi. IIpH OTCYTCTBHH KOH-
BEKIHH C TeUeHHEeM BpeMeHY BO3AYX CKalJHBaeTCs OKOJIO CTEHKH H OKa-
3LIBAEeT 3HAYMTEJNLHOE MPENATCTBHE NPOJIBHIKEHHIO Mapa K CTEHKe.

B camom gene, Ha ocHOBaHMM 3aKoHa JlanbToHa ofllee JaBJjeHHe
CMECH p, COCTaBJISIETCS H3 NaplMa/ibHLIX JaBJeHHH mapa p, W BO3AyXa
Pey T. €. Dy = Py + pg. BeiencTBHe KOHAEHCAUMH napa p, y CTEHKH
MeHbllIe, yeM B ocTaJbHOM o6beMe. IlosToMy B HampaBJeHHH K CTEHKe
P HENmpepwIBHO Majiaet, H ueM OJHXKe K CTeHKe, TeM ObICTpee, a Py,
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HaoGopor, Bospacraer (puc. 4-32). CnenoBaTenbHO, Y CTeHKH MOJY-
yaeTcs 30HA C IOBLIIIEHHBIM COJAEPIKAHHEM BO3/lyXa, Yepe3 KOTOpYIO
MOJIEKYJ/IBl [1apa MPOHHKAIOT JHIUL myTeM auddysuu. CnencTBHEM 3TOro
ABJISIETCA CHHXKE€HHE TEMIIepaTypHOro Haropa, ts_tcf TaK KaK H3-3a
yMeHbIlIEHHsl MaplHaJbHOTO AaBJeHHsl TMapa Yy MOBEPXHOCTH IJIEHKH
TeMrneparypa HachillleHHsl /; BCEerfia HHXKE TEMMepPaTyphl HaCBILEHHS
NPH JaBJEHHH p,.

OnbiTHAasi KpHBasi W3MEHEHHS OTHOCHTENBHOrO Kos(pHuHeHTa Ten-
JIOOTHAUH B 3aBHCHMOCTH OT KOHIEHTPAUHH BO3/lyXa B Mape 1Mo JAaHHLIM
[20] npuBenena ua puc. 4-33. 3nech Mo ocH aGCIHCC HaHeCEHO 3Haue-
HHe MacCOBOM KOHIIEHTpALMH BO3AYyXa B mape x = my/my, %, a no ocu
OpIHHAT — OTHOLIeHHe ag/a, TIae m, — Macca Bo3ayxXa, Kr; m, —
Macca mnapa, Kr, cojep:kaipecs B efuHuie obbema cmecH. Kostpdu-
ILHeHT TEMJIOOTAAYH ¢, OTHECEeH K PasHOCTH TeMmmeparyp [,—I,, Tae
[, — TemnepaTypa MNapoBO3JAYLIHOH CKMecH BJaJH OT MOBEPXHOCTH,
°C. OnmeITH NPOBOJHJIKCH HA FOPH3OHTAJBHBIX TpyGax. Kak BHIHO H3
PHCYHKa, NMpH colep:kaHHH B nape jaaxe 1% Bosayxa koshduiuHeHT
Tenyiootaaun cHuxkaercs Ha 60% . Ilpu paGote npoMbIIIIEHHBIX KOH/IEH-
CaTOpOB BO3JYX HENpPepbLIBHO OTCACHIBAETCS, XOTA 3[€Ch BCJIEACTBHE
XOpOLlero nepeMelllMBaHUA HaJIHUMe BO3JyXa CKasblBaeTcsl MeHbLIe,

rr-BiusHHe CKOPOCTH H HampaBJAeHHS Te-
yeHUs napa. IlpuBeleHuble BhHIlle 3aBHCHMOCTH CIIpaBelJIHBhI
AJIA HETOJABHIKHOIrO rnapa HWJH KOrja CKOpPOCTh €ro TeyeHusi MaJa. HPH
3HAUHTENBHEIX CKOPOCTSIX MOTOK I1apa OKashBaeT NHHAMUUECKOE BO3-
JleicTBHe Ha KOHJEHCATHYIO NMJeHKY. Ec/iM nBH)KeHHe mapa cOBMajaer
C HamnpaBJIeHHeM TeueHH: IMJIEHKH, IOTOK Iapa YCKOpfAeT [BHIKEHHe
KOHJleHCaTa B IJIeHKe, €e TOJIIMHA YMeHbInaeTcs, H Ko3(HUHEeHT
TENnJIo0TAauH BO3pacTaeT. HpH JABHKEHHH Mapa CHH3Yy BBepX, T. €. B 00-
paTHOM Hanpap/eHHH, TeyeHHe IVIEHKH TOPMO3HTCSl, TOJIIHHA ee yBe-
JAUYHBaercs, a KoabdUIHeHT TerooTAaud yMeHbluaercs.§OnHaKO Ta-
KOe fIBJIEHHe IMPOMCXONHUT JIHIIL J0 TeX MOp, IOKa NHHAMHYECKOe BO3-
JeHCTBHe Mapa He NpPeBHICHT cHay TsikecTH. Ilocsie sToro nseHka na-
pa yBJIeKaeTcs BEePX M UaCTHUHO CpHIBaeTcst ¢ noeepxHocTd. [lpu
3TOM € YBeJHUeHHeM CKOPOCTH mapa Koa((}HUHEHT Tel100TAa4YH BHOBb
pacrer.

A. BaiussHue KOMNOHOBKH NOBEepPXHOCTH Ha-
rpesa. Ilpu nmpoekTHpPOBaHHH KOHAEHCAUHOHHHIX YCTPOICTB 6O/b-
Iloe BHHMaHHe JOJUKHO YIeNsThCSl NMPAaBHJILHOH KOMIIOHOBKE IOBEpX-
HOCTH HarpeBa. TensiooTfaua Ha rOpH3OHTANBHBIX TpyGax HMeeT GOJb-
Y0 HHT@HCHBHOCTD, UeM Ha BePTHKa/JbHHIX, T2K KaK B IIepBOM cJyyae
TOJIIHHA MJIEHKH KOHJIeHCaTa MeHLIe. O,IlHaKO 3TO CnpaBe/IHBO JIHIIb
IJis1 ONHOM TPYOKH HJIM JUIsl BEPXHEro psina B Myuke. B MHOropsiAHbIX
MyuKax KOHJEHCAT C BepXHHX PSJIOB CTeKaeT Ha HIDKHHE, [03TOMY
M IJIeHKa 3llech noJyuyaercst 6osee Tosictofi. OAHAaKO B peasbHBIX yc-
JIOBHSIX KOHJEHCAT CTE€KaeT B BHAE OTAEeJBLHBIX Kanejb HJIH CTPYﬁKaMH,
UTO BEI3LIBAaeT OJNHOBPEMEHHO 3HAuyMTeNbLHBle BO3MYLIEHHS M Aawme Typ-
Oynusauuio nieHkd. Kpome Toro, mpH KOHJAEHCAllHH Mapa Ha MHOTO-
pAMHOM NyyKe HEOOGXOIHMO YUHTHIBATbL BJIHSIHHE CKOPOCTH JBHXKEHHS

153



nocTynaioiero napa B 3asopax Mexay Tpy6aMH, KoTopas MoOxer H3-
MEHSITb XapaKTep CTeKaHHMs KOHJIeHCaTa.

Jlns BepTHKaAbHEIX TPYO KO3G(HUIHEHT TEIIOOTAaUH KHH3Y yMeHb-
laeTcs BCJENCTBHE YTOJIIEHHS NJeHKU. B 3ToM ciyuae cpenHee 3Ha-
ueHHe TeMJI0OTAa4YH MOXKHO YBeJHYHTh MyTeM YCTAaHOBKH IO BLICOTE
TpyOBl KOHIEHCATOOTBOAHBIX KoJjmaykoB (puc. 4-34). YcraHoBKa Ta-
KHX KOJMauykoB uepe3 Kaxible 10 cm Ha Tpy6e BEIcOTOH h = 3 M yBe-
JHUMBaeT cpelHee 3HaueHHe KO3(@HIMeHTa TemnJooTnaud B 2—3 pasa.

Eme Gosblee yBelWueHHe TENVIOOTJAYH TMOJYy4aeTCsi NpH mnojaue
napa B BHIE TOHKHX CTPYeK, ABHKYIIMXCA ¢ OOJBIIOH CKOPOCTBIO.
Ilpu ynape TakuX CTPyeK O CTEHKY MPOHCXOAMT paspyLUeHHe IUIeHKH
H pa36phisrHBaHHe KoHzeHcata. [lo onbITHBIM AaHHBIM [78] TepMmuye-
CKOe CONPOTHBJCHHE TEIJVIOOTAAYH NPH 3TOM yMeHbllaetcss B 3—10 pas.
[Nocnennee, KoHEYHO, B 3HAUMTENBHOH Mepe 3aBHCHT OT
IMaMeTpa CTPYyeK, HX KOJUUECTBAa, HAMpPABIEHUS U CKOPOCTH
HeTeueHUs. HMMerores H Apyrue cpefcTBa HHTEHCH(HKAUHH
tenyootTnaud. OnHako 5Ta 3ajgaua B GOJBIUIMHCTBE CJYydaes
He OYeHb aKTya/bHa, TaK KakK NpPH KOHJEHCAllUH napa Ten-
JIOOTIaya H TaK AOCTaTOuHO BbicoKa. IToaromy mpu mpoek-
THPOBAaHHM KOHIEHCATOPOB OOJBIIOE BHHMAaHHE CJeayer
yAeJTh NpodHIaKTHYECKHM MepaM NMPOTHB CHHIKEHHS Ten-
JIOOT/|auH BCNE[CTBHE, HanpHMep, HAaJHuHs BO3lyXa, He-
NPaBUIBLHOIO OTBOJA KOHJeHcaTa W TIOfayd napa B an-
napar, OTJOXEHHS Ha [OBepXHOCTH coJeff, Macna H
IpYTHX 3arpsisHeHHH. MMeHno 3TH o6CTOSITENHCTBA MOTYT

0Kas3arbCsl NPHYHHOH HEYJOBJAETBOPHTENBHOH paboThl KOH-
JIEHCATOPOB.

Puc. 4-34. Cxema ycTaHOBKH KOHJAEHCATOOTBOAHHIX KOJNAYKOB Ha
' BEPTHKa/NbHLIX TPy6ax.

3. Tennoortnaua npu KohjaeHcauwu mapa B Tpy6ax. Ecam B Tpy6Gy
C OXJaxJaeMOH MOBEPXHOCTHIO MONBOAMTCSA Nap, TO IO Mepe MPOX0XK-
JleHHs1 no Tpy6e nap MocTeneHHO KOHJEHCHPYyeTcs W Ha cTeHKax obpa-
3yeTcsl TMieHKa KoHzueHcata. IIpu saTom pacxoa napa G’ u ero ckopocTb
@'’ majaror no AAMHe TPYGH, a pacxol KoHaeHcata G’ yBeJHUHBaercs.
OcHoBHOH 0COGEHHOCTBIO Mpolecca KOHJeHCAUUH B TpyGax sBaAsfeTcs
HaJHYyHe [JHHAMHYECKOTo B3aMMOJeHCTBHS MeX/Jy MapoBbIM [OTOKOM
H neHko#d. Ha nueHKy KoHAeHcaTa IeHCTBYeT TaKiKe CHJIa TAMXKECTH.
B uTore B 3aBHCHMOCTH OT OpHEHTaUHH TPYObl B MPOCTPAHCTBE H CKO-
pOCTH Napa XapakTep [BHIKeHHS KOHJEHCAaTa MOXKEeT ObiTb Pas/HYHbIM.

B BepTHKaJbHBIX TPyGax NpPH JABHXKEHUH mapa CBEpXY BHH3 CHJIH
TAMECTH M JIMHAMHYECKOro BO3NEHCTBHS MapoOBOro MOTOKA COBMAJaloT
MO HaNpaBJeHHIO H [UVIEHKa KOHIeHcaTa CTeKaeT BHH3. B KOpOTKHX Tpy-
6ax npH HeGOJLIIOH CKOPOCTH NMapoBOro NMOTOKAa Te4YeHHE MJIEHKH B Oc-
HOBHOM OMNpeJessieTcsi CHJIOH TAKecTH aHaJorHYHO CJy4Yalo KOHJIeHca-
IHH HeMOJBHXKHOrO NMapa Ha BePTHKaJbHOil cTeHKe. Takoil ke oKasbl-
Baercsl H HHTeHcHBHOCTh Teriooraaud [31]. Tlpu ysenuuenun CKOPOCTH
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napa HHTEHCHBHOCTb TEMJIOOTAayH pacTeT. JT0 OOBACHAETCH YMeHb-
IIeHHeM TOJIMMHLL KOHJIeHCAaTHOH MJIeHKH, KoTopasi Moj Bo3jeHcTBHeM
MapoBOro MOTOKa TeueT GeicTpee. B anuHHBIX TpyGax npH GOJBIIHX
CKOPOCTSAIX JABHXKEHHs Iapa KapTHHa npollecca ycloxHuserca. B aTux
YCJAOBHSIX HAOMIONAIOTCSl YaCTHYHBIH CPBHIB JKHIKOCTH C MMOBEPXHOCTH
IJIeHKH W o0pasoBaHHe NMapOXHIKOCTHOH cMecH B snpe moToka. [lpu
3TOM BJHSIHHE CHJBI THAKECTH MOCTENEHHO yTpauHBaeTcs, H 3aKOHOMEp-
HOCTH Mpolecca INepecTarwT 3aBHCETh OT OpPHEHTAUHH TpyOHl B MpO-
CTpaHCTBeE.

B ropusonTanpHHX TpyOax NpH He OueHb GOJIBIIHX CKOPUCTSX Ma-
poOBOro MnoToka B3aHMOJIEHCTBHE CHJI TSMKECTH H TPEeHHs napa O IJIEHKY
TNPHBOIMT K HHOH KapTuHe TeueHHs. [lox BJIMsIHHEM CHJIBI THAMKECTH
MIeHKa KOHJEHCaTa CTeKaeT Mo BHYTPEHHeH NMOBEepXHOCTH TPYOBl BHH3.
3/ech KOHJeHCaT HakKamnnuBaeTcs W obGpasyer pyueill. Ha 3to nBuike-
HHe HaKJajLBaeTcs ABHKEHHEe KOHIEHCaTa B MPOAOJBLHOM HanpaBJeHHH
Moji BO3JIeHCTBHEM MapoBoro IoToKa. B urore WHTEHCHBHOCTH TeNJOOT-
Jlayd OKasblBaeTCs NepeMeHHOH 110 OKPY:KHOCTH TpyOHl: B BepXHei ya-
cTH Goslee BLICOKasi, ueM B HHKHel. l3-3a aaTonnenus HHxkHER yacTH
CeyeHHs] TOPH3OHTANBHOH TPYOB KOHJEHCATOM CpeJHssl HHTEHCHBHOCTD
TEIVIOOTAAuH NpH HeOOMBLIMX CKOPOCTAX Mapa MOXKET OKasblBaThCsl
Aaxe Oojiee HH3KOH, yeM NPH KOHJEHCANHH HEMOJBHIKHOIO fapa CHa-
PYXH ropH3oHTa/NbHOH TPYOH Toro xe nauamerpa [48].

ITpu konjencauun B Tpybax pasnHualOT PeXXUMbI NOAHOL H Hacmud-
HOUl KOHJeHcanHH napa. B nepeom ciyyae Bech mocTynaioumui B Tpy6y
nap KOHJEHCHpyeTcA LEJHKOM, M Ha BBIXOJAe M3 TPYOBl J[BHIKETCS
CIVIOLIHOH NOTOK KOHjAeHcara. IIpH yacTHYHO! KOHJEHCalHH Ha BBI-
Xo/le U3 TpYOH TeueT MapoKHAKOCTHAS CMECh.

IMockosbky mosHbIEl pacxox mapa ¥ KoHjeHcaTa G no njHHe TpYGH
He M3MeHseTcs, ypaBHeHHe MaTepHasbHOro GajiaHca s Jioboro Io-
NepeytHoro ceyeHust TPyOh HMeeT BHI:

G" 4 G’ = G = const.

Oruomenne pacxona napa G, MPOXOAslIEro Yepe3 JaHHOe ceve-
HHe TPYyOBl, K MOMHOMY pacxofy (G Has3bIBAIOT PacxoOHbiM MACCOBbLM Na-
pocodepacartiem NBYyX(asHOrO NOTOKAa B 3TOM CEUEHHH; €ro MpPHHATO
0603HayaTh CHMBOJIOM X:

x=G"/G.

Tax, ecnu na Bxox B TpyGy nOCTYmaeT HaCHIIEHHBIH map, TO BO
BXOIHOM CEYeHHH DacXOIHOe MaccOBOE Iapocojiepi<KaHie PaBHO elH-
Huue (x, = 1). Ilpu nopave B TpyGy B/aXKHOro mapa pacxoiHoe Mac-
COBOE napocojiepzkaHHe Ha BXoJe MeHblle efuHHIMB (x,;<<1). Ilo mepe
ABHIKEHHSA TMOTOKa Mo prﬁe BCJIeJICTBHE KOHJIeHCAllHW COJiepiKaHHe
napa ymenbiuaercss. IIpy mosHOH KOHZJeHCAnWH Mapa B BHIXOJHOM ce-
YeHHH X, = 0, mpH wacTHuHOR x,>0.

YpaBHeHHe TemyioBoro Gananca Ajisi sJeMeHTa TpPy6bl JIMHOH dl
HMeeT CJELYIOMMH BHA:

gnD dl =rd@,
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rje g — IJIOTHOCTh TEIJIOBOTO MOTOKA B JAHHOM CeYeHHH TPyObl; D —
BHYTPEHHUH jauaMeTp TPYObI.

Ecau 310 ypaBHEHHe MpOHHTerpHpoBaTh no Anune oT 0 10 [, To mo-
JYYHM ypaBHeHHe TenJosoro GanaHca Anisi BeeH TPYOHI:

qnDIl=rG (x,—Xx,),

rjpe -C-] — CpenHsss no JAJHHE prﬁlﬂ [IJIOTHOCTE TEIJIOBOTO [I0TOKA;, X
H X, — BXOLKHOE M BBIXOJIHOE pAcXOAHBle MACCOBBIE NapOCOjepKaHHA
NOTOKA.

M3 nocnenHero ypaBHEHHS BHIHO, YTO CyMMapHBIH MaccoBHIH pac-
X0/ napa ¥ KoujeHcara G, mpoXoAslHii yepe3 Tpy6y, OJHO3HAYHO CBS-
3aH C TeMJIOBOH Harpyskoi, pasMepaMu TpyObl H 3HAUEeHHAMH PacXoj-
HOTO MacCCBOrO NapoCcojiep KaHus NOTOKA Ha BXOJle U BHIXOJle H3 KaHana.

Ilpu 3TOM uyeMm BHIllle TemJOBasi Harpy3ka ¢ ¥ 4eM J/HHHee Tpy6a, TeM
BHILlIe JIOJI2KHBI OBITH PAacxoj H CKOPOCTh NMOTOKA B TpyGe.

B 3THX ycl0BHSIX TeueHHe KOHINEHCATHOH MJIEHKM B OCHOBHOM Of-
peﬂenﬂerca JHHaMHYECKHM BOSII,_E;ICTBHEM CO CTOpPOHHBI napomro no-
TOKa, MPHYEM Ha GOJIblleH YacTH JAJTHHH (33 HCKJIOYEHHEM Haua/bHOro
YyuacTKa) peXKMM JBHIXKEHHsI KOHJeHcara B IJIeHKe HOCHT TypOyJeHT-
Hblii xapakTtep. [IpouMcXonsuiuil NpH 3TOM HHTEHCHBHBIH CPBIB MKHAKO-
CTH C IJIEHKH B MOTOK H 06pa’muﬁ nepeHoc kKanejek KHJIKOCTH H3
fipa NMOTOKa Ha IVIEHKY CHocoGCTBYeT rpomeccy TypOyaeHTHOro nepe-
MeIIHBaHHSA KOHJEeHcaTa BHYTPU MJIeHKH. Pacuer Tennoornaud B 3THX
YCIOBHSIX CJeJYyeT MPOU3BOAUTL MO (PopMyJie, MOJYUeHHOH aBTOpaMHu
[6] B pe3ysbTaTe TEOPETHYECKOrO aHAMH3a, OCHOBAHHOrO Ha aHAJIOTHH
Peitnonbaca:

=) 0 loy, (4-32)

rie o, — KoahdHIHEHT TEMI00TIauH, pacCUMTaHHBIH Mo dopmyne (3-38)
npH TypOyJE€HTHOM JBH:KEHHH XXHIKOCTH (KOHJeHcaTa) B TpyOe ¢ pac-
xonoM G; p,, — CpelHAs MJIOTHOCTh MapOMKHAKOCTHOM CMeCH B JaHHOM
ceueHHH TPYOHL.

CootHouuenne (4-32) onpenensier MOKalbHYIO HHTEHCHBHOCTD TeIJIO-
OT/lauH /1g NaHHOTO CeYeHHs KaHana. B KoHne yuacTKa KOHAEHCAHH
CpenHss IVIOTHOCTb MapOMKHAKOCTHOH cMecH p, = p’ U o — a,. IIpH
3aJlaHHOM DPAacXOIHOM MACCOBOM MapOCONep:KaHHH X OTHOLIEHHE IJIOT-
HOCTeil XKHJKOCTH H NapoBOASHON cMecH, BXOojALIee B ypaBHeHHe (4-32),
MOXKHO BbIpasuTh (opwmyJoi

A RN (4-33)
Pm p

Cpeznnit kKoapHILHEHT TemJI00TAAUH MO BCeH JAHHEe TPYOBl onpeje-
JIFETCHA COOTHOILIEeHHEM

SV @AV )
%o 2 Pm 1 Pm /g
rie BeJIHYHHB p’/p,,, paccuHTaHHBE 1O ypaBHeHHIO (4-33), oTHOCsTCH

COOTBETCTBEHNO K BXOMHOMY H BBIXOJHOMY CeYeHHFM TpPYOHI,
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Conocrapnenue (4-34) ¢ ONBITHBIMH JAHHBIMH [0KA33HO HA puc. 4-35.
Ombiter [6] nposonmanch ¢ Tpy6amu AnumHOl 2,5 M NPH AaBNeHHH OT
12-10° no 90.10° Ila kak npH MOJNHON KOHAEHCALHH napa (x; = 1,
Xy = 0), TaK H B pe:KMMax C YaCTHYHON KOHAeHcauueil (v, = 1, Xg =
= 0,2+0,5 u x; = 0,3+-0,6, x, = 0). Kpome Toro, 6uutH npose-
JeHBbl ONBITHL ¢ TPYGOH AnHON 12 M npu naBnenusx 60- 105 u 90- 10° I1a
B peXHME MoNHOH KoHAeHcauuu. CpefHHe Tensiosble HarpysKH ¢ Ha-
MeHsitueh oT 1,6-10% no 1,6-10% Br/m2.
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Puc. 4-35. 3asucumocts K = f (Re) npH KOHAEHCALHH BOLAHOTO
napa BHyTpH Tpy6.
1 —d=16 X 1,5MM; 2 —d=20X 1,5mM 3 —d =13 X 55 mm;
1—3 —1=25MuM; 4 —d =16 X 1,5 My, [ = 12 m.

OKCnepHMeHTabHbe JaHHEIE Ha pHC. 4-35 MpencTaBjeHbl B BHAE
3dBHCHMOCTH

Nu pr—04

_KH ——3
0.5V 0 /om)s + V (0 Iom)s

] =f(Re),

rae Nu = aD/h — uncso Hyccenbra; Re — uncno Pefinonbaca, pac-
CYHTAHHOE MO MOTOKY KOHJAEHcaTa NpH mojaHoM pacxoae G.

Bce ¢uanveckue napamerpnl, BXoasmue B wucaa mopobusi, oTHe-
CeHbl K TeMneparype HacwienHsi. [isi GoJblIell HarIsAHOCTH B Mpej-
CTaB/IEHHH ONKITHEIX TOYEK Ha rpaduke / MO OCH OPIHHAT OT/IOKEHA
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BesnunHa K, Ha rpaduke [/ — seanyuna 2K u T. A. TadreHc yraa
HakJoHa rpadukoB [—IV paeen 0,8. Orciona cnenyer, uto Ko3dbu-
ILHEHT TEeMJIOOTAAY¥ NpPONOpLHOHANeH BejuuHHe Red,

3aBucumocTh (4-34) nonTBepKIAeTCsl TaKKe ONMBITHEIMH JaHHBIMH
JIPYTHX HccaefoBaTene.

[lpu Gonee HUBKUX TEMJIOBBIX MOTOKAX, KOTAA Ha XapakTep IBHKe-
HHSA KOH,IIEHC&THOﬁ [JIEHKH OKa3bIBaeT BJHAHHE TaK»Ke CHJIa THXKECTH,
3aKOHOMEPHOCTH TemJIOOTAauH I/l BePTHKANbLHBEIX M TOPH3OHTANbHBIX
Tpy6 HOCAT Gosee cJI0XHBIA Xapakrep. Takue Hcc/efOBaHHSA OMHCAHBI,
B wactHocTd, B [12, 31].

4. Tensoornaya npu KaneabHOH KoHJeHcauun napa. Ecau KonjeH-
caT He CMayMBaeT MOBEPXHOCTh OXJaXJEHHS, TO KOHAeHcalHf mnapa
npuoGperaer kanenbHeI xapaktep. Ha moBepxaocTH o06pasylorcs
H PacTyT OTAeNbHBle KanaH KoHJeHcaTa. CKOpOCTHAsi KHHOCheMKa I10-
KasblBAeT, YTO POCT BO3HHKAIOMUX KamnejeK B HAYaJbHBIH nepHoI HAET
C OYeHb BBICOKOH CKOpPOCTbIO. 3aTeM 110 Mepe yBeJHUEHHS pa3Mepa Ka-
mesib CKOPOCTh HX POCTa NOCTeNneHHo cHHkKaeTcd. Ilpu sToM onHOBpe-
MeHHO Hal/JIOfaeTcsl HeNnpephbIBHO HMAYLUIMH [pomecCc B3aHMHOTO CIHS-
HUA Kanedb. B HTOre, Korja OTHeNbHBle KamJW JOCTHTAlOT pasmepa
MPHMEPHO OJHOTO WJIH HECKOJBKHX MHJ/JIHMETPOB, OHH CKAaThLIBAIOTCS
C NOBEPXHOCTH MOJ BJHAHHEM CHJBL TsKecTH. OO6Lias MJIOTHOCTbH Ka-
Nelb Ha MOBEPXHOCTH KOHIEHCAMH yBeJHuHBaeTcsl Mo Mepe BO3pacTa-
HUA TeMnepaTypHoro Hanopa Af = f—i,. Habmonenusa noxashlBalioT,
Y4TO MPH MajblX Af KaneJabKH KOHJIEHCaTa 3apOXAAlOTCs ‘B OCHOBHOM
Ha pPasHOrO poja MHKDOYI/IYG/IeHHSX M JPYTHX 3JIeMeHTaxX HeoJHOPO.-
HOCTH MOBEPXHOCTH (MpHueM B MEpPBYIO ouepelb Ha Tex, A/ KOTOPBIX
JIOKaJIbHBIE YC/IOBHS CMauyHBaHWA M paboTa aare3ud HMEIOT MOBLILIEH-
Hoe 3Havyenue). Ilpu yBenrnueHHHM Af Ha MOBEpXHOCTH KOHJIEHCAIHH
MOXET BO3HHKATh, KPOME TOrO, OUeHb TOHKas (OKOJ0 1 MKM H MeHee)
HeyCTOHUHBas KUAKOCTHAS miaeHKa. OHa HenpephlBHO pasphIBaercs,
CTATHBAsACh BO BCe HOBHIE KameJbKH, M BOCCTAHaB/JIHBAETCS BHOBb.
Ilpu sTOoM yHC/IO Kanedp Ha MOBEPXHOCTH PE3KO yBEeJIHYHBAETCH.

3aBHCHMOCTb KO3(DHIIMEHTA TenJoOTAaud o IpH KarneJqbHOH KOH-
JeHCalMK BOASHOTO Mapa OT TeMIepaTypHoro Hamopa A{ npuBeleHa
Ha puc. 4-36. Iror rpaduk nonyuer [30] B pesynprare ananusa u 0606-
IIeHNsI ONBITHHIX NaHHBIX. CrnexyeT oOpaTHTh BHHMaHHe Ha TO, 4YTO KO-
sG¢uIHeHTHl TENJIOOTAAYH MPH KamneJbHOH KOHIEHCAIlHH HMEIOT OYeHb
BbICOKHE 3HAYeHHs. 3aBHCHMOCTH, NMpHBEJEeHHbIe Ha pHc. 4-36, moryT
ObITh PeKOMEHJOBAHbl JJIsl MPAKTHYECKHX PACYETOB.

l'Ipn KaneJabHOH KOHIEHCAIHH mnapa Ha NOBEPXHOCTH nyuKa ropHu-
30HTA/bLHBIX TpY6 CKAaTHBaHHE Kaneab ¢ TpyOr Ha TPyOy, KaK MOKasbl-
BalOT OMBITHBIE JIaHHLIE, NMPHBOJIHUT K HEKOTOPOMY CHMIKEHUIO MHTEHCHB-
HOCTH TenyiooTaaud. OHAKO 3T0 CHHKeHHe oObyHO He npeBbimaer 10—
15% . OnbiTel MOKa3bLIBAIOT TaKiKe, YTO M3-3a OYEHb BHICOKOH HHTEHCHB-
HOCTH TEeHJIooTaa4Ya npH KaneJbHOH KOHJEHCAllUH BeCbhMa ‘-lyBCTB‘PlTEJIbHB
Jaxe K HHYTOXHBIM NpHMeCAM B Nape HeKOHIEHCHPYIOIMXCA ra3oB
(Bosayxa). ITOT BONpoc NMOKa €me HCC/eoBaH HEJ0GTATOYHO.
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Mpumep 4-5. Onpegenute KosphHNHEHT TenNooTaaun NPH KOHAGHCALlHH BO-
AAHOrO mapa arMochepHOro NaBJeHHS HA MOBEPXHOCTH TOPH3OHTAJbHOM TPYOGH
Anamerpom D = 16 MM, ec/iH TeMmeparypa MoBepXHOCTH TPyGul fe = 80°C.

M3 ypaenenns (4-22) o = oy s&;. Benuuuny ap ¢ onpenensem mno ypaB-
HeuHwo (4-19):

As
R —
v DAt

Iona Temnepatypnl Hacumenus fs= 100°C, w©3 Tabny. 4-5 Ag
= 12,2-10% Br/(M"*.°C¥%), rorga
Gy, = 0,728 12210
v 16-10~3 (100 — 80)

@y =0,728

= 11800 Bt/(m2-°C).

Br/tm2-°c)
L /

] | l L
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tsslw G -\‘
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Puc. 4-36. TemnoorAaua npu KanenbHoll KOHICHCALHH BOIAHOrO
napa B 3aBHCHMOCTH OT f5 u Af,

[lonpaska &; onpeneasiercst mo ta6n. 4-4: e, = 0,967. B urore nmeem: @ =
= 11 800-0,967 = 11 400 Br/(m?.°C).

NMpumep 4-6. [na ycnosuit npumepa 4-5 onpegeduTh TenaoBoll NOTOK Q

¥ KONHYecTBO 06pasyiolierocs KoHJeHcaTa Ha MOBEPXHOCTH TpyOnl AnHHON [ =
=1 wm

Q= G.F (ts—1t¢), rme F — naomame MOBEpPXHOCTH TenaoobGMeHa:
F=nDl=3,14-16-10"3.1 =5,02.10—2 m2.
Mpu ¢, = 100°C r = 2,26-10° Iw/kr; ps = 2,82-10~* [la-c.
Q =11 400-5,02-10~2 (100 — 80) = 11 450 Br.
Koanuecrso o6pasyomerocs Kouzescara onpeflensem o dopmyne (u):

Q11450

F. 2’26 108

=5,08-10~3 kr/c.
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fipumep 4-7. Jlaa ycnosufi mpumepa 4-5 onpemennts xosdpduuuent Tenilo-
oTAayH, ecnd TpyGa pacmoJoxkeHa BePTHKaJLHO H HMeeT BHCOTY: a) = 1 M;
6) h =3 wm. ’

[To ta6a. 4-5 ompenensiem Bennunny (hA{)x, TpH aTMOCHepHOM HaBJeHHH:
(hAt)p = 44,6 m.°C.

a) h =1 wm. Bemnumua hAf = 1 (100—80) = 20 wm-°C; hAL<G (hAf)kp.
CiiefioBaTe/bHO, TeYeHHE IVIEHKH HOCHT JlaMHHapHO-BOJIHOBOIl xapakrtep, W pac-
yet npousBofuM mo dopmyae (4-26). Koapdumuent Tennootaauu oy s, ONpene-
aserca mo dopmyae (4-18) -

duedB

Gy = 0,943 s o g43 12
V hat V' 1.20

=5,6-103 Br/(m2-°C).

[TonpaBKa &; onpenensierca u3 tabn. 4-4, g; = 0,967.
Crauana noicuMThiBaeM Ko3(p@HUMeHT TenmooTAauu &', NMpPHHHMAN €y ==

@ =ay & =5,6-10%0,967 = 5,42.10° Br/(m2-°C).
3arem onpejessieM MONPABKY Ha BOJHOBOE TeYEHHE £y, JLJ1d 3TOrO Mo gopmyne
(4-25) paccuuThiBaeM yncno Re:
o'hAt _,  5,42-10°.20-1
Tibs 2,26-10%.2,82-10*

Re =4 = 682.
[To popmyne (4-23) BHIUHCHSIEM £y
£y = (Re/4)"% == (682/4)"% = 1,23.
Hckombiit kosunHenT TenaooTRauH:
@ = o'ey = 5,42-10°. 1,23 = 6,68-10" Br/(n2-°C).

6) h = 3 M. Beanuuna hAf = 3-20 = 60 m-°C; hAf > (hA{)gp. Cuenosa-
TeJbHO, TeueHHe IJEHKH HMeeT CMElaHHBI XapakTep: B BepPXHeil yacTH /1aMH-
HapHO-BOJIHOBOH, B HHHell — TypGynenTHbifl. Pacuer mponssoaum no gopmyne
(4-29). Ilpu t5 = 100°C Prg = 1,75 (cm. Taba. I1-4);

= 400 iﬁ‘é-{ I + 0,625Pr" [_’“3_‘_, - } .
hAt (h Al)gp

2,26-10%.2,82.10~¢
— 400 { 14 0,625.1,75% [%_1]} o

60

= 5,92.10% Br/(m2-°C).

FNABA NATAS

TENNOBOE M3NYYEHME

5-1. 3AKOHbI TEMNOBOTrO M3NYYEHMA

Kaxk H3BECTHOQ, HOCHTEIAMH JIy'-IHCTOf:{ IHEPIrHH SABJAAIOTCA JEKTPC-
MArHuTHEIe KoJeGaHus C JJHHOH BOMHBEL OT MAasjbiX joJeil MHKpOHA J10
MHOTHX KHJIOMETPOB. B 3aBHCHMOCTH OT JAHana3oHa JHH BOJH TaKHe
H3JIYYEHHsI H3BECTHBI I1OJ pasHbIMH HasBaHHJAMH: PEHTTCHOBCKHE,
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yJabTpadHo/IeTOBbIe, CBETOBLIE, HH(ppakpacHble Jy4YH, PaaHOBOJHHL.
[Tpumepnas knaccudukanus ux cnenyromas [181:

JInuHa BONHH Bua Hanydenus
0,05-100% mkm . . . . . . . . . Kocmuueckoe
(0,5+1,0)-107% Mmxm . . . . . . y-uanyuenue
1075—20.10~2 Mkm. . . . . . . PenTresonckoe
20-1073—0,4 Mmkm . . . . - . . YasTpadHoseToBOE
0,4—0,8 MKEM. . . . . . . . . . Buagumoe
0,8 Mkm—0,8 MM-. . . . . . . . Tennosoe (nHppakpacHoe)
0,2 MMm—X kM . . . . . . . . . Panuosoann

ATo JeNeHHe C/I0KHIOCH HCTOPHUECKH: B IeHCTBUTENbHOCTH KaKoii-
JIHGO Pe3KOH IpaHHMIEI [0 JJIHHAM BOJIH He CYIIeCTBYeT.

C KBaHTOBO#I TOUKH 3peHHs JYYHCTHIHl NOTOK MpeACTaBisieT coGoH
NOTOK HEKOTOPHIX 4YacTHI-QOTOHOB, 3HEPrHs KOTOPHIX paBHa hv, rie

h = 6,62.107%* [Ixk-c — nocrosiunas Ilnanka W v — wacTota KoJe-
OaHHH 3SKBHMBAJIGHTHOrO 3JIEKTPOMarHuTHOro nonas. HanomuuM, uro
JJTHHA BOJHH A CBsizaHa ¢ 4yaeToTofl KoJieGaHHus v COOTHOIIEHHeM Av =c,
Tle ¢ — CKOPOCTb pacnpocTpaHeHHs KojeGaHuii (B Bakyyme ¢ =
= 3-10® m/c).

Ilns nac HauGoMBIINA WHTEpeC MpPEeACTaBJAIOT Te JYYH, BO3SHHKHO-
BeHHE KOTODHIX ONpefeNnsieTcs TOJbKO TeMnepaTrypol H ONTHUECKHMH
CBOHCTBAMH H3/yualoumero Tesa. TakuMH cBOHcTBaMH 06/1ajaioT cie-
TOBble H MH(ppPaKpacHble Jy4H, T. €. JIY4H C JJHHOH BOJIHBI NPHOIH3H-
Tenbuo ot 0,6 no 800 MM, DTH JAyyH H HA3HIBAIOT TEIVIOBEIMH, a IIPO-
LecC X PAacnpoCTpaHeHHs — MenA08biM UBAYUEHUEM.

ITpupona TenyoBLIX M CBETOBHIX M3JYUEHHH OfiHA H Ta e. PasHuua
MeXJy HHMH JIUILIb B JJIHHE BOJHEI; CBETOBBIE JIYUH HMEIOT IJIHHY BOJIHEL
0,4—0,8, a TennoBbie 0,8—800 MKM. 3aKOHBI e PaclpOCTPaHEHHs,
OTPaXKeHH:A H IPEeJIOMJICHHSI, YCTAaHOBJEHHBIE JJIf CBETOBHIX JYueH,
CTpaBe[IuBLL H s TemsoBhIX. IlosToMy, uToGHl Jyullle cebe npejcTa-
BHUTh KaKHe-THOO CJIOXKHEE ABJEHHS TEIJIOBOTO H3JyUeHHs, BCeraa
3aKOHOMEPHO NPOBOIHTL AHAJIOIHIO CO CBETOBBIM H3JNYyueHHeM, KOTO-
poe HaM GoJibllle H3BECTHO M JAOCTYNHO HEMNOCPEeNCTBEHHOMY Habiiofe-
HHIO, :

TennoBoe u3nyueHHe CBOMCTBEHHO BCeM TejaM, M KaXKAoe H3 HHX
H3J/lyuaeT SHEPrHI0 B OKpyKamomee npoctpaHctBo. IIpu nomananuu Ha
ApYrHe Tejia 3Ta 3HEepPrus YacThiO NOIVIOIIAETCst, YacThi0 OTpaXKaercs
H 49acTbl0 MPOXOJHT CKBO3b Teslo. Ta 4acTh JIYYHCTOH SHEPTHH, KOTOpas
TMOTJIOLAeTCsA TeJOM, CHOBA NpeBpallaeTcs B TEIVIOBYIO. Ta wacTh
5HepruM, KoTopas OTpa)aeTcs, MmonajaeT Ha JApyrue (OKpYKalouiHe)
Tejla M MMM mnorjouiaercs. To e camoe NPOMCXOJHT H C TOH YacThio
SHePTHH, KOTOPas MPOXOMAUT CKBO3L Telno. Takum o6pasoM, mocie psaja
TOTVIOLIEHHH SHEprHsi M3/y4eHHs MOJNHOCTBIO pacnpeiesisieTcss Mexay
OKpy:KatluMH TeaaMi. CrnenopareNbHo, Kaxioe TeIO He TOJMLKO He-
NPePLIBHO H3/1y4aeT, HO H HENPEepPHBHO MOTJIOIAET JYYHCTYIO SHEpTHIO.

B pesysbrare 5THX siBleHHI, CBA3AHHBIX C JBOHHBIM B3aHMHBIM Mpe-
BpalleHHEeM 3HEPTHH (TemIoBasg—JlyYHCTasi—TeIJioBasi), M OCYIIecT-
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BJSeTCA Tpolecc JYYHCTOTO TensiooOmena. KosuuecTBo oTaaBaemoi
HJIH BOCNPHHHMAaeMOil TENJIOTH ONpefenseTcs PasHOCTHIO MEXIY Ko-
JHYECTBAMH H3/1yyaeMOH M TMOIVIOIIaeMOH TelOM JIyYHCTOH SHEpPruH.
Takasi pasHOCTb OT/IHYHA OT HYJIS, €CJH TeMNepaTypa Tesl, YYacTBYIO-
IHX BO B3aHMHOM OOGMeHe JIYYHCTOH SHeprueil, pasjinyHa.

Ilpn ofMHAKOBOH TeMmmepaType 3THX TeJl BCA CHCTEMa HAXOIUTCSA
B TaK Ha3biBaeéMOM MOJBH:KHOM TEIJIOBOM HJH TEDPMOAMHAMHYECKOM
paBHOBecHH. B 3TOM ciyyae Bce Tesla CHCTEMH TaKiKe H3JydaloT W IO-
[JIOIAOT, TOJABKO IS KaXIOro M3 HUX NPHXOJ JYYHCTOH 3HeprHM pa-
BeH ee pacxony.

Buagbs nyuncTHX noToKoB. CyvMvmapHoe HalnyyeHue,
NPOXoAslIee yepe3 NPOH3BOJNBHYIO MOBEPXHOCTL F B eIHHHILY BPEMeHH,
HaspIBaeTCs nomokom usaydedus Q, Br. Jlyuu-
CTHIH TOTOK, HCIYCKaeMblii C eMHHIIBI MOBEpX-
HOCTH MO BCeM HampapJdeHHsIM mnoaychepuuye-
CKOTO NPOCTPAHCTBA, Ha3bIBAETCH RAOMHOCHLLIO
nomoka usaywenus E, Bt/m*:

E=dQ/dF.

l \”n [ToTok u3/yueHHs W MJIOTHOCTH TOTOKA W3-
Jy4YeHHsl COJAepiKaT JYyYd PpasJHUHBIX [JIHH

Puc. 5-1. Cxema pac-
npeenenms magaio. BOYTH, TOSTOMY 3TH XapaKTEpPUCTHKH H3JTyue-
med ayuncroft sneprun. HHA  TAKXKe HA3BIBAIOTCA  UHME2PAAbHBIMU.
Hanyyenue, COOTBETCTBYIOUIEE Y3KOMY HHTep-
Ba/ly H3MEHeHHs JJIMH BOJMH OT A 1o A -+ dA, HaskiBaeTcs MOHOXpOMA-

MUYECKUM.

ITycTe M3 Bcero Konmyecrsa sHepruu Q,, Mafatouel Ha TeJI0, YacTh

Q4 morsomaercsi, yactb Qg OTpaxkaeTcsi H yacTb Qp NPOXOIHT CKBO3b
Teso (pHc. 5-1), Tak urto

Qa4+ Qr+Q@p=0Q,.
Jlenst o6e yacTH 3TOrO paBeHCTBA HA Q,, MOJMyyaeM:
QA/Q0+QRIQ0+QD/Q0=1 (a)
HITH
A+4+R+D=0.

IlepBhiit yien cooTHOLIeHHs (a) xapakTepusyeT coboi noziowjament-
Hyto cnocobrocme A, BTOPOH — ompaxcamensHyto cnocobHocme R W
TPeTHH — nponyckamenrvuyto cnocobrocms Tena D. Bee 3TH BeAHYHHBI
HMEIOT HYJIeBYIO Pa3MepHOCTb H H3MEHSIOTCH JIHIIb B npefenax oT 0
o 1.

Ecim A =1, To R = 0 u D = 0; 310 03Hauaer, yTo BCA Najaro-
masi JyyucTasi SHeprusi MOJHOCTBIO MOTJIoNlaeTcs TeJqoM. Takue Tesa
HashBalOTCS abCOJIOTHO YEPHBIMH.

Eciu R =1, To A = 0 u D = 0; 370 03Hayaer, uyTo BcA MNajaro-
masi Jy4YHCTasi 3HEPrusi MoJHOCThio orTpaxaercsd. Ilpu stom ecan ot-
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paKeHUe NpaBUJIbHOe,! Tela HA3LIBAIOTCS 3€PKaJbHBIMH, €C/IH Ke OT=
paxeHnue auddyasHoe — abcoNOTHO GeNbIMH.

Eciu D =1, 70 A =0 u R = 0; 310 03Hauaer, 4YTO BCS Majalo-
I1as JTy4HCTasi SHepTHsl MOJHOCTBIO NPOXOIAUT CKBO3L Teso. Takue Tena
Ha3LIBAKOTCA HpOBpa'—leIMH HJIH ,l],l/IaTEpMH‘:IHbIMH.

AGCOMOTHO YepHBIX, GeNbIX W NPO3PauyHbIX TeNl B NPHPOJE HET;
-B NPHMEHEHHH K peaNbHHIM TejaaM 5TH NOHATHS YCJIOBHH. 3HayeHHs
A, R w D 3aBHCAT OT NMPHPOJHI TeJa, €ro TeMIepaTypsl H CNeKTpa na-
Aaiomero usnyvedusi. Hampumep, BosnyX ANsl TEIJVIOBBIX Jyuei Ipo-
3payeH, HO NPH HAJHYHH B HEM BOASHBIX TapOB WJH YIJIEKHCJIOTHI OH
CTAaHOBHUTCA IIOJIYIIPO3PauyHEIM.

Teeparie Tena W HEKOTOPLIE XKHJAKOCTH (Hampumep, BoOAa, CIHPTHI)
LN TEIVIOBHIX JIyYeH NPaKTHYECKH Henpo3paunbl (aTepMUuHB), T. €.
D = 0, B 3TOM Cayuae

A+R=1. 6)

M3 coornoweHnus (6) clefyer, 4To ecJqH TeJO XOPOIIO OTpaKaer
JIYYHCTYIO SHEPTHIO, TO OHO ‘IVIOXO TOTJIOILaeT, H HaobopOT.

Bwmecre ¢ 5THM HMeIOTCSA Tes1a, KOTOPbIE NPO3PayHEl JIHIIbL A1 Onpe-
JeJeHHbIX JUIMH BosiH. Tak, Hanpumep, KBapil AJs TENJOBHIX Jydeh
(A>4 MKM) Henpo3paueH, a AJIA CBETOBBIX H YJbTPa(UONETOBBIX MPO-
spaued. KameHHast conb, HaoG6opor, Npo3payHa AAsl TEIJIOBHIX H He-
npospayHa s yabrpaduoserosbry ayyel. OKOHHOe CTEKJIO NPO3pauHo
TOJIBKO JJIs CBETOBBIX Jyue#l, a M YyJAbTpadHOJETOBHIX OHO MOYTH
HenpospayHo.

To ke oTHOCHTCH H K MOHATHAM TNOTJIOIEHHA H OTpa}KEHHH. Benas
N0 [BETy MOBEPXHOCTb XOPOIUIO OTpaxaeT JHIIb CBETOBHIE JIYYH.
B H3HH 3TO CBOHCTBO HIHPOKO HCNOMB3yeTcs: Gesble JJeTHHe KOCTIOMHI,
Genasi OKpacka BarOHOB-JIEHHKOB, IIHCTEDH M JDPYTHX COOpYxeHHii,
IJle HHCOJALMA HexesnarealbHa. HeBuaumble ke TeIJIOBbie JyuH Genbie
TKAaHb M KpacKa MOTJIOWAIOT TaK 2Ke XOpollo, KaK u TeMHble. Jlas mo-
TJIOLIEHHS H OTPaKeHHsl TEIVIOBBIX JyyeH GoJblllee 3HAYEHHE HMEeT
He [[BEeT, a COCTOsIHHe NoBepXHOCTH. HesaBHcHMO OT 11BeTa OTpaxKarenb-
Has CNOCOGHOCTb TJIAJKHX H IIOJHPOBAHHBIX MOBEPXHOCTEH BO MHOIO
pa3s BHIlIe, YeM HIEPOXOBATHIX. JIJIA YBETHYEHHS MOTNONIATeNbHOMH cno-
COGHOCTH TeJl HX MOBEPXHOCTh NOKPHIBAETCS TEMHOH LIEPOXOBATOH Kpac-
Koii. Jlna s1oft nesn o6bMHO NpuMeHsieTcs HedTsiHast caxa. Ho u caxa
noryomaer Beero qutllb 90—96% mnaparomes syyncTOd 3HEPrHH, 3TO
eme He abCoJIOTHO yepHoe Tesio. Takoro Tesa B NPHPOJE HET, HO ero
MOXKHO €03/1aTh HCKyccTBeHHO. CpoiicTBoM abCOJMIOTHO YEpPHOTO Tesa
o6jlafaeT OTBepcTHE B CTE€HKEe INOJOro Tena. JIs 9TOro OTBEpPCTHSA
A =1, ub0 MOXHO CUMTaTh, YTO SHEPTHs Jyuya, NONAJAIONIEr0 B 3TO
OTBEpPCTHEe, NMOJHOCTBIO NMOTVIOMAeTCsi BHYTPH moJioro Tenia (puc. 5-2).
B nanbHelimieM Bce BelHYHHBI, OTHOCANIHECS K aGCONIOTHO YEpHOMY
TeJly, MHl GyjneM oTMeuats uHuekcoMm 0.

! IlpaBHibHbiM Ha3nBaeTcCsi TaKoe OTPaj){eHHe, KOTOPOe CJAeAyeT 3aKoHaM
reoMeTpH4yecKofl onTHKH,
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Ecau Ha Teno u3BHe He NajaeT HUKAKHX JIyYell, TO C eHHHIBI [O-
BEPXHOCTH Tesla OTBOAMTCS JYYHCTHIH NOTOK sHepruu E,, Br/m®. Omn
NOJIHOCTBIO OMpefensieTc TeMNepaTypod H (pM3MUYeCKHMH CBOHCTBAMH
Tena. 310 cobcmeennoe usaydenue tena. OIXHAKO OGHYHO €O CTOPOHHI
APYTHX TeJl Ha PacCMaTpPHBAaeMOE TeJO MNajaeT Jy4HcTasi SHEPTHS B KO-
anuectse E,, 3710 nadarowjee usny4erue. UacTb Najaiomero u3ayyeHus
B KonuuectBe A;E, TNOTJIOMAETCS TeIOM — NO2A0UEHHOE UBAYHEHUE,
ocranbHoe B Kosuyectse (1—A,) E, orpamkaercs — ompasennoe us-
aydenue (puc. 5-3). CobGeTBeHHOe M3MyyeHHe Teda B CyMMe C OTpasKeH-
HbIM  H23BIBACTCS  S(hbeKmu6Hbim  usaydenuem Tena, Eypy = Eq +
+ (1—A,) E,; 310 dakTHyecKoe HalyyeHue Tena, KOTOPOE Ml OMIY-

£y
El'

NNNNY

e 5
Epes~EiAiE2™ Y2

>
\1.3"
ALRRRRRS ANRNRRRNY

= (1-A,) £,

B EH171)E;

Puc. 5-2. Xon ayua B Puc. 5-3. K onpenenenuio
NnoJIOM TeJe. BHJIOB TENJIOBOrQ H3Jyue-
HHSA.

maeM HJH H3Mepsem npuGopaMu, OHO GoJibllle COGCTBEHHOIO Ha Be-
muunny (1—A,) E,.

Sbdektnproe uanyyenne E,gp, 3aBUCHT OT (DU3HYECKHX CBOMCTB
M TemmepaTypel He TOJIBKO LaHHOTO H3J/y4arollero Tesa, HO H APYIHX
OKDY3KalOIIHX €To TeJ, a TaKxe OT (hJOPMBI, Pa3MepPOB H OTHOCHTEILHOTO
pacrnoJioxKeHHs TeJl B pocTpaHcTBe. Tak Kak najaioinee uanydeHue E,
onpefiensieTcss TeMIepaTypol W CBOHCTBAMH OKDPYIKaKWIMUX Tes, To ¢u-
3MYECKHE KayecTBa COOCTBEHHOIO M OTPAXKEHHOTrO H3JyYeHHs HEOJHHa-
KOBBl, HX CNEKTpbi pasiuyHbl. ONHAKO 1/s TEIVIOBHIX DPacyeToB 3TO
pasjMyHe yacTo He HMEeT 3HAYEHHs, eCJTH PACCMaTPHUBACTCS JIHIUbL SHep-
reTHYecKasi CTOpPOHa Ipoiecca.

Pesyaomupyroujee usaysenue Ep., mpencraBiaser coboii pasHOCTDb
MeX/ly cOOGCTBEHHBIM H3JyYeHHeM Tesia H TOH 4acThiO Majaloulero BHeLl-
Hero HanyueHus: E,, KoTopasi MOTJIOMAETCs JAHHBIM TeJIOM, TIoC/AefHsIs
paBHa A.E,. Takum o6pasom:

Epe:;: El—A]_Eg-

Bennyuna E,., OnpejiensieT NOTOK 3HEPIHH, KOTOPHIH JaHHOE TeJO
nepejiaeT OKPYKalolluM ero Tej1aM B Ipollecce JYYHCTOro Tensoo6meHa.
Ecnu Benmnuuna Ep,, oKashBaercsi orpuuarenbHolt (Ep.,<<0), sto
3HAUHUT, YTO TEJIO B HTOTe JIYYHCTOTO TemIoOOMeHa IO0JydaeT SHePTHIO.

Tenepb paccMOTpHUM OCHOBHBIE 3aKOHH TEIJIOBOTO H3JIy4YEHHS.

164



3akoHn Ilnauka CobeTBenHoe uanyuenue E; — 3T0 KOJH-
4ecTBO SHEPTHH, H3JyyaemMoe elHHHIIeH NMOBEPXHOCTH Tesla B eAHHHIY
BpeMeHH LA BceX JJIHH BoJIH oT A = 0 1o A = oo, OnHako 114 HeTallb-
HOTO H3YyYeHHs SABJEHHS Bay{HO TaKKe 3HAaTh 3aKOH pacnpefelleHHd
SHEPIHH H3/Ny4yeHHs N0 AJHHAM BOJH NpPH pasjHYHBIX TemIeparypax
E, =f(, T). Bennuuna E, npexacraensier cofofl OTHOLIeHHE IIIOT-
HOCTH TIOTOKa H3JY4eHHs, HCIYCKaemMoro B HMHTepBaje JJIHH BOJH OT
A 1o A + dA, K paccMaTpHBaeMOMY HHTepBaly AJHH BOJH

E, =dE/d) (®)
H Ha3sbIBaeTcHd cnexmpaﬂbnoﬁ ARAOMHOCMBIO NOMOKA U3AYHEHUA.

3aKOoH H3MeHEHHs CﬂEKTpaJIbHOﬁ IJIOTHOCTH IIOTOKA H3NYYEHHA OT

IJIVHEL BOJHBI M TeMNepaTyphl Asis aGcosioTHO yepHoro Tena IlnaHky
yAal0Ch YCTAHOBHTH TEOPETHUECKH:

o 161078
on:—L, (5'1) a‘i )
T 1 25
rie A — JAauHa BOJHH, M; T — ab- \ \
COMIOTHas  TeMmmeparypa Tena, K; 20

€y H Cy— TNOCTOSTHHEE  H3JTy- &
YeHHs,  COOTBETCTBEHHO  DaBHBIE .
3,74-107'° Br.m® u 1,44.107° m-K. <
Ha puc. 5-4 3akom [Ilnanka
npexactaBied rpaguueckn. W3 pu-
CYHKa BHJHO, 4TO npu A — 0 nJot-

"
—
]

\
N\

S
T=1400 K
b
4

S/ |~

N
HOCTB TIOTOKA H3JyYeHHs CTPeMHTCS 3 e \\Q:§ 2
kK Hymo. C yBenHuenuem A pacter / 600 =~
E ¥ TIPH HEKOTOPOM 3HAUEHHHU Ayaye 01 2 3 45 6 7 8 mm

JIOCTHTaeT CBOEro MaKCHMyMma, 3a-

TeéM YOBIBAT H NPH A — oo CHOBA  Ppyc. 5-4. 3aBucumocts Egp = f (A,
cTpeMHTCA K HY/M0. C NOBHIIIEHHEM T) no 3akony Ilnauka.
TeMnepaTypsl MaKCHMyM IIJIOTHO-

CTH TNIOTOKA HM3JYYeHHsl CMEIAaercs B CTOPOHY Go/iee KOPOTKHX BOJH.
Ceasb Mexay TemnepaTypoll T M My,cc YCTAHABIHBAETCA 3aKOHOM
Buna:

A‘MSKCT =2,9- 10_3' ()

Efunnma u3MepeHHs NpoH3BeleHHs Ay T — M-K.

Ha puc. 5-4 njomajb, orpanuueHHas Kpusod T = const, ockio
abeiee ¥ opauHaramM A B A -+ dA (1a pHCYHKe 3Ta NJoLlanb 3alTpH-
XOBaHa), JaeT KOJMYeCTBO 3HeprHH dE,, Hajyyaemoe yyacTKOM JJIHMH
BoaiH d\; cnenosatennho, dE, = Egdh. TlonHoe ke KOJHYECTBO JTY-
YHCTOH SHEpPTHH, H3/JIyuaeMoe BCeMH JUIMHAMH BOJH, OYeBHJHO, PaBHO:

Eo = "‘ Eux dh. (ﬂ)

0

M3 pHcyHKa TakKe BHAHO, YTO NPH TeMneparypax, ¢ KaKHMH HMEHOT
ZeNo B TeXHHKe, sHeprus suaumoro uanyuenus (b = 0,4-+-0,8 MKM)
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N0 CpaBHeHHI0 C 3Hepruedl HH(pakKpacHoro uaayyenus (A =
= 0,8-+800 MKM) npeHebpexkumMo MaJad.

Jlns peanbHBIX TeN HM3MeHeHHE IJIOTHOCTH IOTOKA H3JYYEHHS OT
JUITHHBEI BOJIHBI M TEeMIIepaTyphbl MOXKeT ObiTh YCTAaHOBJIEHO TOJBKO Ha
OCHOBE ONKLITHOrO M3yuyeHHs WX cnekrpa. IIpu sToM, ecaH cnekTp us-
NyyeHHsi HenpepbiBeH W KpuBasi E, = [ (A) nopoGHa cOOTBETCTBYIO-
mefi KpuBo# AIs1 aGCOMIOTHO YepHOTO Tesa NPH Tofl ke TeMneparype,
T. €. ecqH JVIsl Beex JUIMH BOMH E,/E, = const, To Takoe H3nyyeHue
HaspiBaercsi cepbist. ONBIT NMOKA3LIBAET, YTO M3JyyeHHe MHOIMX TeXHHU-
YeCKHX MaTepHasioB NpPaKTHYECKH MOXKHO paccMaTpHBATh KaKk cepoe
H3JIyyeHHe.

@opmyna (5-1) onpenensier pacnpeneseHHe CneKTpalbHOH NJOTHO-
CTH TOTOKA HM3JYyueHHS uepHOro Tesja Mo JJIHHAM BOJHBI H TeMIepary-
paM. HMHorza nmpu onHcaHHM ymIOOGHO HMCMOAB30BAaTh HE JJIMHEI BOJIH A,
a COOTBETCTBYWUMe WM uacTothl v = c/A. Ilpu 3ToM cnekTpalibHas
NJIOTHOCTDL IOTOKa H3/TYUYEHHA Ev OTHOCHTCA K E,IIHHH'-IHOMY PIHTEpBaJIy
YacTroT

E,=dE/dv,

a 3daKOH HJ’IaHKa ﬂpHHHMaET BH]:
2rthv3/c2
hVIET __ |

= \ (5-1a)

IJle ¢ — CKOpOCTL cBeTa, M/c; h U k — nocrosinusle Ilnanka u Boabi-

MaHa, paBHLIE COOTBETCTBEHHO 6,62-107* Iik-c u 1,38-1072 IIx/K.

3akon Crepana—BoabumaHa. 3akoH OGbul ycra-
HOBJIeH OonbITHEIM nyTeM CrecanoM (1879 r.) U 0GoCHOBaH TeopeTHYeCKH
Bonbumanom (1881 r.). OH ycraHaBiHBaeT 3aBHCHMOCTbL IJIOTHOCTH
[I0TOKa HHTErpaJbHOrO H3JYdYeHHsl OT TemnepaTypnl. s aGcomoTHO
YepHOro Tesaa u3 ypaBHeHuil (1) u (5-1) umeeMm:

o o0

Eo= Endm=j7?(—°ﬁk—~—- (©)
i 0

p e(.'g_’?»T _— 1)

B pesyabTatre HHTErpHPOBaHHsI YpaBHEHHS (€) MOMKHO IIOJIYUHMTh:
EO = UQT4, (5'2)
rle 0, HasbBaeTcs mnoctosiHHo# Credana—DBonbumana, oHa paBHa

—8 2 4
5,67-107° Br/(M*- K"). Vpasuenne (5-2) HOCHT HasBaHue sakoHa Cre-
tdana—DboabiMana. B TexHHuecKHX pacyerax 3TOT 3aKOH IPHMEHSETCs

B Gosiee ynoGHO# hopme:
LY :
Eo_c.,(m) , (5-2a)

rie ¢o — Ko3puLHeHT H3ayyeHHs aGCOMIOTHO YEpPHOTO TeJja:
cp=0,-108=15,67 Br/(m*-K*).
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CrnenoBarenibHO, 3HEPTHsT H3JYUeHHS] NPONOPHHOHANbHA YeTBepPTOH
crenenn abeconorHolt Temnepatypbl. Crporo sakon Credana—Bodbi-
MaHa CNpaBelMB TOJNbKO AIs abco/oTHO yepHOro Tena. OJHAKO OMNH-
tamu Credana W Apyrux uccesaenoBaTeseii ObII0 NOKa3aHO, YTO 3TOT 3a-
KOH MOXKeT ObITh MPHMEHeH H K peanbHbIM TelaM. B 3ToM ciydae oH

IIpHHHEMAaeT BHA:
T 4
E= 0(100) ' (-3)

Jlnsi pasnuuHbiXx Ten KoshdHUMEHT u3ayueHHs ¢ pasninuyed. Ero
3HayeHHe OnpeleNsieTcss NPHPONOH Tesra, COCTOSHHEM [OBEPXHOCTH
W TeMNepaTypoil; BEIHUHHA ¢ BCEr/a MEHbIIE €, U MOXKET H3MEeHSThCS
B mpeaenax or 0 no 5,67.

CorocTaBiAs IJIOTHOCTE IIOTOKA COGCTBEHHOTO W3JYUeHHS Tesa
C IJIOTHOCTBIO TOTOKA H3JydeHHs aGCOMIOTHO YepHOro Teaa NpH TOH

Je TeMnieparype, MoJyuaeMm JpYryi0 XapaKTePHCTHKY Tela, KOTopas
HA3LIBACTCS CMIENEHbI0 HePHOMbL €.

E c.
E=—=—=" p: 9
: ()

3nauenne & uaMeHsiercs B npenenax ot 0 mo 1. Jas TexHuyecKu
Ba)KHLIX MaTepHa/loB 3Ha4eHHsi € npuBeleHbl B TaGn. [1-11. 3uas e,
JIETKO TOJCYUTATh H TOTOK cobcTBeHHoro uaayuyenus E. B stom ciyuae
pacueTHoe ypaBHeHue (5-3) NMpHHHMaeT BHI:

E=¢eE =¢ec, (%)4 " (5-4)

CreneHb YepHOTH & XapaKTePH3YeT MOJHOEe HJH HHTErpajbHOE H3-
JIydeHHe Tesla, OXBaTLIBawollee Bce JJIHHLI BoiH. Dosee neranbHo# Xa-
PAKTEPHCTHKONR Tesla ABJSETCH CHEKMPANbHAS CMENeHb 4epHOmeol

€)= E?\,'I‘Eﬂ?\,- (3)
Ilpu ¢ukcupoBaHHOH TeMnepaType BequuYHMHA €; B o6meM ciayyae
3aBHCHT OT JVIMHBLI BOJIHEI A M MOXKeT H3MeHsIThCA B npejenax ot 0 1o 1.
Insi ceporo U3/nyueHHSI COTVIACHO OMNpeie/IeHHI0 ClIeKTpalbHasl CTeleHb
YepHOTHEl eCTb NMOCTOAHHOE YUCTIO.
3akon Kupxrod¢a. 3akon Kupxroda ycranaBnusaer cBA3b
MeX1Yy COOCTBEHHBIM H3JydeHHeM Tesia H ero MorJoiarenbHofl cnocob-
HOCTBIO. DTY CBSI3b MOXHO MOJYYHTh M3 PacCMOTPEHHS JYYHCTOro 06-
MeHa MeX1y IBYMS moBepxHocTsMU. [lycTh uMeloTes JiBe NOBEpPXHOCTH,
OlIHA M3 KOTOPHIX — abCO/IIOTHO 4epHas. PacnosoKeHbl OHHM mapad-
JIeIbHO M Ha TakoM G/JIM3KOM pacCTOSIHMM, YTO HM3/JYyYeHHe KaxKIoH M3
HHX o6s3aTenbHO momanaeT Ha JApyrylo. TemnepaTyphn, coGCTBEHHOE
H3JyuyeHHe, MOIVIOLLATeJLHBIE CNOCOOGHOCTH STHX TNOBEPXHOCTEH COOT-
BerctBeHHo paBun T, E, A, Ty, Eo u Ay =1, npuuem T>T,
(puc. 5-5). CocraBum sueprernyeckuit Gasanc. C eluHHUBI JeBoH Io-
BEDXHOCTH B €IHHHIY BPeMeHH H3JyyaeTcsi 3HEPTHs B KosuuecTBe L.
Ilonanas Ha yepHYI0 NOBEPXHOCTh, 3TA 3HEPTHUsl IOJHOCTLIO €0 MOIJIO0-
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uaetcs. B cBoio ouepenpb yepHasi NOBEPXHOCTh H3JIY4YaeT SHEPTHIO B KO-
augectBe E,. [Tomanas Ha cepyro MOBEPXHOCTb, 3Ta 3HEPTHA YaCTHYHO,
B Konmuuectse AE,, norJjoigaercs e, OCTalbHasi 4acTh, B KOJHYeCTBE
(1—A) E,, otpaxaercsi, CHOBA NONajaeT HAa YepHYIO TOBEPXHOCTb H
NOJIHOCTBIO €0 morJomaercs. Takum oGpa3oM, AJIsi J1eBOW . IOBEPXHO-

CTH NPUXOA 3Hepruu papen AE,, a pacxon E. Crenosartenbso, GanaHc
Jy4HcToro obMeHa:

Epe;=q9=E—AE,. (n)

BaanmHoe TensioBoe H3Jy4yeHHe Mex1y MOBePXHOCTSMH IIPOHCXOLHT
unpu T = T,. B arom cnyyae cucreMa HaXOAMTCS B TEPMOAMHAMHYe-
ckoM paBHoBecHH H ¢ = 0. Torna u3 ypaBHenus: (i) umeem:

E/A=Eo. (K)

ITonyyennoe cooTHoIeHHEe MOXKeT GLITh PacnpoCTPaHEHO Ha JoGbie
TeJa, a NOTOMY ero MOXHO HaMHCATh B BHJE

Exf Ay ==Eg/Ay=EgJAy=: . ;=2 EJAe=Ei=F(T). (5-5)
B Takoit opme 3akon Kupxroba dopMmynupyercs Tak: IpH TepMo-
JUHAMHYECKOM paBHOBECHH OTHOILeHHe COOGCTBEHHOrO H3JYueHHS K
NIOTJIOIATeTbHOH CIIOCOGHOCTH AJ1A BCeX TeNl OJHHAKOBO H PaBHO cO6CT-
BEHHOMY H3J1yYeHHIO aGCOJIIOTHO YEPHOTO TeJ1a MPH TOH 3Ke TeMmnepartype.
Boamoxubl u uHBle (opMEI 3anucH cooTHollenus (5-5). CorsacHo
ypasrenuio (5-3) E = ¢ (T/100)%; noxcransisi 370 3HAauUeHHe B ypaBHe-
HHe (5-5) u coKpalulas TeMnepaTypHLIE MHOXKHTENH, MOJYYaeM:

Ci/Ay=ColAg=C4lAs=. . . =c,. (1)
Orciofa cnenyer, uTo
Cl = A lcﬂ: Cg = AgCO H T. R. (5'53)

Janee u3 conocraplieHusi ypaBHeHuit (k) u (1) ¢ ypaBHeHueM (5-4)
HMeeM:

Ai=¢;, Ay=¢;, u T. L (5-56)

B rtaxoit ¢opme 3akon Kupxroda noxasniBaeT, 4TO NPH TEPMOAH-
HaMUYeCKOM paBHOBECHH IoOIJoLlaTelbHasA CIOCOGHOCTE H CTeNeHb
YepHOTHI TeJla YHCJIEHHO pPaBHH. Tak Kak AMs peajNbHBIX TeJ MNOrJo-
maTesapHas CHOCOGHOCTb BCErJa MeHblle eMHHIBI, TO H3 COOTHOIIEHHS
() cnenyer, yro coGCTBEHHOE H3Jy4YeHHe STHX TeJl BcerAa MeHbille CoG-
CTBEHHOI'0 M3/yueHHs aGCOMIOTHO YePHOro TeJa NpH TOH Ke TeMIepa-
Type. CnenoBatenbHo, npH J0GOH TeMnepaType uajaydeHue aGCOIOTHO
YepHOTO TeJa fBJAAeTCH MaKCHMAaJbHBIM.

W3 sakona Kupxroda taxxe cienyer, 4To cOBCTBEHHOE H3Jy4eHHE
TeJ TeM GoJiblue, yeM GoJblle HX MorJomarenbnas cnocobHocTk. Ecnu
norJomareabHas crnoco6Hocte A Tesna mana, TO H ero coGCTBeHHOe H3-
nyuenue E Mano. [lostoMy Tesla, KOTOpLIE XOPOIUO OTPAXKAIOT JYYHCTYIO
3HepPrui, cCaMH H3JydaioT oueHb MaJo.

B ypaBnenuu-(5-5) 3akon Kupxroja npuseneH AAs HHTErpajbHOro
uanyuennsi. Ho oH moxer GbITh NpUMeHEH H A1 MOHOXPOMATHYECKOro
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ussydenus. B sToM ciygae on opMy/aHpyeTcsl TaK: OTHOLIEHHE COBCT-
BEHHOTO M3JyYeHHs ONpe/eNeHHONH AJHHBI BOJHEI K MOTJIOMATENbHOM
CrocOGHOCTH NPH TOH Ke JAJIHHE BOJIHBI JJIsi BCEX TeJ OJHO H TO Xe H
siBJIsieTcsl (bYHKIHeH TOJNBKO JVIHHBI BOJHBI M TEMIIEPaTypsl, T. €.

EIA/AH‘:Eglngl:"—- e e = EO}..',A()A: .Em‘_=f(?\-, T). (5'6)

Hmesi cnexTp uenyckanus (puc. 5-6, @), Ha OCHOBAaHHH BBIPaMKEHH I
(5-6) MOXKHO MOCTPOHMTH CNEKTP HorJouleHus (puc. 5-6, 6), H HaoGopOT.
OcHoBaHHeM ]I MOCTPOEHHS CIIEKTPOB CJYMKHUT COOTHOILIEHHE

A;\./Agl"—"Al/]. =“-EL/E01= 81/1. (M)
£ !
T T
2 N
4 r E &
4 K A
<0 A 1
10 ’ T
%
vy -'1:"-? / - /_-/ ./E.
< < = 1%
/ = 7 / N
7 § % 7 A
7 g g)
Puc. 5-5. K BHI- Puc. 5-6. Cnextpnl uanyuenus (a) u
BOLY 3aKOHA norgowenus (6) Tea.
Kupxroda. 1 — a6conwTHO dYepHOe Teso; 2 — cepoe
Teno; 3 — ras.

Ilnsa mo6oii anuEbl BoMHBL OTHowlenue E,;/E, H3BeCTHO H3
puc. 5-6, a. Ha puc. 5-6, 6, 1uHHA, Napa/jjeabHasd OCH A, pacnojo-
JKEeHHAasi Ha PacCTOSIHHH OT Hee, PaBHOM €JMHHIlE, COOTBETCTBYET KpH-
Boit mor/iomeHuss a6COMIOTHO YEPHOTO Tela. YMeHbillas Ha 3Toit aua-
rpaMMe OpAMHATBI JJIsi KaXJO# JJIHHBI BOJIHBI B TOM OTHOIUEHHH, KO-
TOpOE ONpefleNsieTCsi W3 CIeKTPa UCNYCKaHHs, Mbl MOJy4YaeM CIEKTp
NOIJIOWIEHHsI JaHHOTO Tesa.

H3 cootHowenus (M), a Takxke H3 pHc. 5-6 BHAHO, YTO eCJH NPH Ka-
KOH-HHOY/b ANHHE BOJHBI TEJNO He IOIVIOIAeT SHEPTHIO, TO OHO H He
Hanyyaer ee. [losroMy Teno, KOTOpoe NMPU AaHHOH JJIHHE BOJIHBI fB-
nsercsd abcomoTHO GebiM HJIH NPO3PayHBIM, MPH STOH AJIMHE BOJHBI
SHEepPrHIi0 He H3Jy4aer.

Bakxon Jlam6eprTa. 3akonoMm Crepana—Bonbumana onpe-
NessieTcs KOMMUEeCTBO SHEPTHH, H3/IydYaeMmoe TeJIoM N0 BCeM Hampasie-
uusiM. Kaxnoe Hanpapjenue onpenenseTcs YIJIOM ¢, KOTOPHIH OHO
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o6pasyer ¢ HOPMalbio K ToBepxXHocTH. Mamenenue uajiyuenns mo or-
JIebHBIM HaTpaBJeHHsAM onpelensercs sakoHom JlamGepra. CornacHo
3TOMY 3aKOHY KOJMYECTBO. SHEPTHH, H3JyuaeMoe 3JIeMEHTOM MOBepX-
HoctH dF, B HanpaB/enun snementa dF, (puc. 5-7), nponopiHoHANBHO
KOJIHYECTBY SHEPruu, H31ydaemoll mo HopMamu E,dF,, yMHOXeHHOMY
Ha BeJNMYHHY 3JeMeHTapHOro TesecHoro yraa dQ u cos @, T. e.

d*Q, = E,dQ cos @dE,. (5-7)

CnenoBaTenbHo, HauGoJbllee KOJHYECTBO SHEPTHH INOBEPXHOCTDHIO
H3JIyuaeTcs B Hampap/ieHuH HopMaau npu ¢ = 0; c yBeJuyeHHEM @
KOJIHYECTBO M3JyyaeMoil SHePrHH yMeHblaetcs, H npu ¢ = 90° oHo
CTAHOBUTCH DPAaBHBIM HYJIO.

YpaBuenue (5-7) siBasieTcss HanbGosee MOJHON MaTeMaTHUecKoH Qop-
My/aupoBKoili 3akona JlamGepra. OnHako B 3TOM ypaBHeHHH NoKa He-
H3BecTHO 3Hauenue E,. Jlns ero onpejeneHusi HeoOXOAUMO YpaBHEHHE
NIPOMHTErPHPOBATL MO TOBEPXHOCTH nosycdepsl, Jexauell Hag mio-
CKOCTBIO dF;, W moJyueHHOe BbIpa:KeHHe CONOCTABHTb C ypaBHEHHEM
(5-3).

ITnockufl yron ¢ B aGCOMOTHBIX eIHHHLIAX H3MEPSAETCs OTHOLIEHHEM
s/r, rae r — pajHyc Kpyra, [EeHTD KOTOPOro JIEXHT B BeplliHHEe Yria,
a s— Jlyra, Ha KOTOpYW ONHpaercss 5TOT yroj. DBeckoHeYHO Manblii
NJIOCKHI yro/l HamepsieTcsi OTHOWeHHeM ds/r. AHanorudmblii crocoG
IpHMeHsIeTCS M AJs M3MepeHusl TelecHOro yria Q, elMHHna usMepe-
HHs KoToporo crepauuad (cp). Has storo BoseMeM chepy paauyca r
c uenrpom 0 B BepmuHe 3T0ro yraa. Ha nosepxHoctu 3Tolt cepsl Te-
JIECHBIH yroJ {2 BhIpexeT Y4acTOK, HMeloIui niolaie f; Torna

Q=f/r® unn dQ=dfir.

Ecnu B cheprueckux kooppunatax ¥ oGosHauaer NoAroTy, a ¢ —
nonsipHoe paccrosiHue, To Hanpasienus ¥, ¥ 4 d¥ u ¢, ¢ + do
onpegensioT 6eCKOHeYHO Malsiil yroa d€2, KoTopHIii Ha chepe paxuyca r
BbipesaeT cepuyeckuil ueTeipexyroibHHK df (puc. 5-8). CoorBercr-
BEHHO CTOPOHBI 5TOTO YeThlpeX yrofibHHKa paBHul rdp u pd¥ =r sing d¥.
CnenoBaTenbHO, TelecHeI yroal paseH:

dQ=singpdpd¥.
INoncraBass nonyuenHoe BbipamkeHue B Bhipamenue (5-7) m HHTETr-

pupysa no yriam ¢ u ¥, umeem:
2n /2

dQ=E,dF, | d¥ [ singcosq dp;
=0 o=0
dQ = E,dF;2n [(sin® 9)/2)"* = nE ,dF, = ndQ,. (n)

CornacHo ypaBeenuto (5-3) sHeprusi, H3jyyaeMas 3/J1€MEHTOM NoO-
BepxXHOCTH dF; B moJynpocTpaHCTBO, paBHA:

T \¢ T\¢
szEdFlzc(iaa) dF, = ec, (166) dF,. (0)
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Tak Kak JeBble UaCTH ypaBHeHH# (H) # (0) paBHbI, TO, IPHPABHH-
Bas JApYr APYrY HX NpaBble YacTH, ONpeJeisieM HEH3BECTHYIO BEIHYHHY

E,, a HMEHHO:
E 1 T\ & T\
s =—Cy [—] . 5-8
En n ”C(loo) R (IOO) ©9)

Us ypasuenns (5-8) cienyeT, uTO MJIOTHOCTb NOTOKA H3JYy4YEHHs
B HanpaBJieHHH HOPMAlH B Tt Pa3 MeHble NMOJHOM IVIOTHOCTH MOTOKA
uanyueHHs Tena. [loc/ie NOACTAaHOBKH 3HadeHHsi E, W3 ypaBHeHHs
(5-8) B ypasuenue (5-7) nocjefHee MPHHUMAET BHJL:

*Qy=—co (%)‘ dQ dF, cos . (5-9)

aF’ 0

Puc. 5-7. K BhiBolly 3akona Puc. 5-8.

Jlambepra. Hanyuenue sie-

menta dF; B HanpaBJIeHHH
saemenra dF,.

K onpenenenuio npocrpas-
CTBEHHOrO TeJecHoro yria B chepHue-
CKHX KOOPHHHATAX.

10 ypaBHEHHe HCNONb3yeTcs AJs pacuera Jy4yHCTOro TennoobMeHa
MeK/y TOBEPXHOCTAMH KOHEYHBIX PasMepoB (CM. HHIKe).

3akon JlamBepra cTporo cnpaseiiuB s aGCOMIOTHO YEPHOTO TeJja.
Jlsist 11epOXOBATHIX TeJl 3TOT 3aKOH ONBITOM MOJATBepK/AaeTcs JHIb [
¢ = 0+60°. B kauectBe npumepa Ha pHc. 5-9 B NOJSPHBIX KOOPIH-
HaTax INpeJCTaBjieHa 3aBHCHMOCTb &, = E /Eg, = [ (p) 1A Heko-
TOPBIX MaTepHa/oB. B ciyyae cnpaBennuBocTH 3akona JlamGepra 3ua-
yeHHe &, JOJIKHO OCTaBaThCA IIOCTOSIHHBIM JUIS BCeX 3HauyeHHH .
B JNefiCTBUTE/BHOCTH 3K€ OKa3blBaercs, 4YTO MAJA IIePOXOBATBIX TeJ
(kpuBbie 1, 2 1 3) npH ¢=>>60° 3nauenne €, yMEHbIIACTCA H CTPEMHTCA
K Hy/mo. OXHAKO 3TO YMeHblIeHHe MPaKTHYECKOro 3HAaYeHHsi He HMeer,
no cpeinee sHaueHHe e, & €, _,. DoJlee peakoe OTK/IOHEHHE OT 3aKOHA

JlamGepTa HnaGuiofaercsi A1 NOJHPOBAHHBIX MeTa/lioB (KpHBble 4
5 u 6). Ilpn 40°<<p<C80° snauenwe ¢, yeeanunsaercs, a npu ¢=>>80°

OHO CTPEMHTCSl K HYJIO; B3TOM CJydyae Cpe/inee sHavenue g, = 1,20
X &q_pr
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KonuuecTBo wu3NyuaeMoil 3HEPTHH O CHX INOP MBI ONpeNENIsIH,
HCXOJ5l H3 BEJIHYHHEI [IOTOKA 9HEPrHH COOCTBEHHOro H3/yyeHHs Tena E.
Ho napsny ¢ 3THM 06 HHTEHCHBHOCTH Jy4eHCNYCKaHHA Kakoro-aunoto
HCTOYHHKA MOMKHO CYJAHTb 110 KOJHYECTBY SHEPrHH, NpHXOAAlleHCSH
Ha emHHHNY 06GJy4yaeMoi MM INOBEPXHOCTH, IO Tak HaswBaeMoil oGny-
yaTesbHOM CIOCOGHOCTH HCTOYHHKA, YTO B CBETOTEXHHKE COOTBETCTBYET
NoHsATHIO ocBellenHocTH. O6nyyaTenbHasi crnocoGHOCTh OMpejeNsieTcs
pasMepaMH HCTOYHHKA HM3JIyUEHHS H €ro pacCTosHHeM 1o oGaydaeMoi
HOBEpXHOCTH, BEpHEe COOTHOILIEHHEM 3THX BeJHYHH,

Eme Kenaepom 6v1o ycranoBieHo, uto obiyuatenbHasi Ccrocol-
HOCTb € TOYeYyHOro HCTOYHHKA oOPaTHO NpONMOpLHOHANbHA KBajapaty
paccrosinusi. B camoM jiesie, ecin TOYEYHBI HCTOYHHMK H3JTyYaer 3Hep-
THIO BO BCE CTOPOHBI PaBHOMEPHO
B kKosnuuectee W, Brt, 10 mia
cheprl panuyca r

e= W/4nr?, (5-10)

Puc. 5-9. 3aBucumoctb ¢ = f (¢) Puc. 5-10. K BniBOAy mnoHSA-
OIS WepoxXoBaThlX H NOJHPOBaH- THS ob6ayuatelbHOR cnocoG-
HBIX Tedl. HOCTH TOYEYHOr0 HCTOYHHEA.

1 — pepeso; 2 — KOPYHA; 3 — OKHCJeH-
Has Menb; 4 — BHCMYT;, &§ — aJllOMH-
HHOGpOH3a; 6 — JATYHb.

Ecau npu 3ToM obnyyaemasi niomanka dFf pacnojioxkeHna Tak, 4To
nepnenuKy/AAp K Hefl ¢ pamuycom obpasyer yron ¢ (puc. 5-10), To
KOJHYECTBO 3HEPruH, najamuledi Ha 3Ty IVIOUAJKY OT TOYEYHOro He-
ToyHHKa A, paBHO:

w
dQ =ecos cde—mcoscde. (5-11)

3akon 06paTHOf INPONOPUHOHAJIBHOCTH KBajApaTy PacCTOSHHS TeM
MeHee NPHMEHHM, ueM GoJibilie pasMepbl HCTOYHHKA H3JIYYeHHS IO
CPaBHEHHIO C PacCTOAHHEM r. OTO B3aHMOOTHOLIEHHE HETPYAHO Npo-
C/eIHTh PacueTHHIM MNyTeM. B mpenene Jisi GeCKOHEYHO GOJBIIOrO
WCTOUHHMKA o6jyuaTesibHasi CIIOCOGHOCTb OT PAaCCTOSIHHS HE 3aBHCHT.
Hmenno Ha 3ToM PakTe OCHOBAHO H3MEPEHHE TeMnepaTyphsl NPpH MOMOILH
paJMaUEONHOr0 NHPOMETPa; MOKA3aHHs IHPOMeTpPa He 3aBHCAT OT
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paccTosiHHA A0 TeX MOp, MOKa NOBEPXHOCTb, TEMIEpaTypa KOTOpPOH
H3MepsieTcsi, NOKPHIBAeT Bce [0J1€ 3PeHHsi MHPOMEeTpa.

O6ayyaTesbHasi CNOCOGHOCTH TeJ, KOTOPHIE HE MOTYT paccMarpH-
BaTbCsl HH KaK TOUEYHHIE, HH KaK GeCKOHeuHO GoJibline, B 3aBHCHMOCTH
OT COOTHOLIEHHSI MEXJY pa3MepaMu Tejla H PACCTOSIHHEM 7 U3MEHSeTCS
B rpaHHIax, onpeaessieMblX 3HAUEHHSIMH ITOKa3aTeJisl CTENeHH PaccTos-
Hua r (Mexay 0 u 2).

5-2. NYYUCTLIA TEMNOOBMEH MEXAY TENAMM

3Hasl 3aKOHbI H3JyYeHHs, MOIVIOUEHHS] H OTPaXKeHHs, a TaKkKe 3a-
BHCHMOCTb H3JYYeHHS OT HanpaB/ieHHs, MOXHO BBIBECTH paCyerHble
dopMyJiBl A5 JIYIHCTOTO Tenaoo0MeHa MexX1y Helpo3payHbIMH TeJaMH.
K pelunennio nmocraB/ieHHO!H 3afayd MOXHO NMONOATH mo-pasHomy. Ecau
TeJNo paccMaTpHBaTh 060co6/IeHHO OT APYTHX, TO B 9TOM cjyuyae 3anada
CBOJAUTCA K ONpefe/ieHHI0 KOJHYecTBa SHePrHH, TepPsemMoro TeJoM B OK-
pyxatomyio cpeny. CocraBiss sHepreTHyecKHd Oananc, mnoJyyaem
(puc. 5-3):

§=E; spo—E3 500 = E1— A1E3 50 (5-12)
rie E;j — cobctBennoe H3nyuenne Tena; Ejapg = Ei + (1—
— A,) E; .49 — 3bbextuBHOE H3NydeHHe Tesa; Eg.4p — H3BHE Ia-
Jlaloiee Ha Teno 3(xpeKTHBHOE H3JyYeHHe OKPYKAIOHX Ted.

DHeprus Najaiollero H3JAyuyeHHs NMPH 3TOM MOXKeT GIThb onpefeseHa
JHIIb NYyTEM H3MepeHHs] NPH NOMOIIH CrelHalbHBIX npHOOpPOB — pa-
JIHOMETPOB HJIH aKTHHOMETPOB.

IpuBenennnifi cnoco6 pacuera npHMeHsieTcs B TeX c/ydasax, Korja
TEMNEpaTypa H IVIOTHOCTb MOTOKa H3JYYEHHs OKPYXKaoUWHX Tea He-
H3BeCTHBI. B TensoTeXxHHYeCKHX e pacyerax obblyHO Tpefyercs pac-
CYMTATh JYUHCTHIfl TeNI006MEH MEXKIY TeJaMH, KauecTBO IOBEPXHOCTH,
pasMepsl H TeMmepaTypa KOTOPHIX H3BeCTHbI. 1o 3THM JaHHBIM SHeprus
H3JyyeHHsi 06OMX Tesl BCerja MoxeT ObITb ONpeje/ieHa Ha OCHOBAHHH
sakona Credpana—bBonbumana. B aToM ciyyae sazmaya CBOAHTCS K
yueTy BJHSIHHA (POPMBI H pa3MepOB TeJsl, HX B3aUMHOI'O PAaCIOJIOKEHHS,
PacCTOSIHUSL MeX]y HHMH H HX CTeNeHH YepHOTHI.

SIBenne JyyHCTOrO, TeN/J00OMeHa — 3TO CJIOXKHBI NPOIECC MHOrO-
KPaTHBIX 3aTyXaloUHX NorJomeHHH H orpaxenuii. Yactb sueprum,
6yAy4YH H3/]yuyeHa, BHOBb BO3BpallaeTcss HAa NEePBOHCTOYHHK, TOPMO3s
9THM Tpouecc TemgooOmena. B KauecTBe mpuMepa paccMOTpHM mepe-
HOC JIYUHCTOH 3SHEPrHM B npocTefllieM Caydae TemIooOMeHa MEXAY
IBYMsl napa/eJbHbHIMH TOBEPXHOCTSIMH, CIEKTP H3JyYeHHs KOTOpPBIX
ABasiercss cepbiM. Temmeparypbl, IVIOTHOCTH IOTOKOB H3JIYYEHHS H
TnorJioareabHbie CrocoGHOCTH 3THX MOBepXHocTed 3amamwr: T,, E,,
Ay, Ty, Equ A,

Ileppasi moBepXHOCTb H3Jy4aeT

E;. (a)
M3 srtoroe konuuectBa BTOPasi NMOBEPXHOCTb MNOTJIOMAET

E,A,
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H o6paTHO OTpaxkaer

E, (1—A,).
I/IB 3TOrO nepBaﬂ HOBerHOCTb [norJouaer
Ey(1—4,) A, (6)
H oTpaxaer
E;(1—Ay)(1—A4,). ' (8)

BTOpaH [IOBEPXHOCTh CHOBA IIOIVIOLI[AeT
Ey(1—A) (1—Ay) 4,
H OTpaxKaer

Ey(1—Ay)* (1—A)).
i 11
uy [Sn
—_ D
hl vr ! i
= @8_ Loy ;
< a7 1Yz //ﬁn’
oy 7 n0
3.5— /;/‘ﬁ;
- 2 e U
:.U qo“ /4/ u,-}
= or - —
T 12 ] a2
5 of e &2~01
'F | £
oo 1 i L ! L L L L 1
< g 41 g2 43 g% 45 46 6!’7 a5 43 10
Puc. 5-11. Cxema ay4HcTOTO Puc. 5-12. 3aBucuMocTs € =
Tengoo6MeHa MexAy mJjoc- = f (e, €g).
KHMH napajjeJbHBMH T0-
BEPXHOCTSIMH.

I/IB 3TOro KoJHdYectBa HepBaH CHOBAa HOI‘JIOi.L{BE’I‘
E (1—A)*(1—A)A, (r)

H T. I. 10 GECKOHEYHOCTH.

Touno Takue e pacCyxJeHHS MOXKHO IPOBECTH H 1O OTHOILEHHIO
K H3JyueHHIO BTOPOH MOBEPXHOCTH, a MMEHHO: BTOPas IOBEPXHOCTH
usaydaer E,; H3 3TOro KojqHYecTBA neppas norJomaer E,A, u orpa-
xkaer E, (1—A,) u 1. A. Cxema paccmaTpHBaeMoro npouecca rpagpu-
yecKH HM3o0pamena Ha pHc. 5-11.

YTo6bl HAlTH NJOTHOCTh NOTOKAa pe3y/bTHPYIOMEro H3JIydyeHHs ¢,
KOTOpOE NepBasi NOBePXHOCTb NepejaeT BTOPOH, HAJ0 H3 MepBOHAYalb-
Hoil mcmyckaemofi anepruu E; BbluecTb, BO-NepBHIX, TO, 4YTO BO3Bpa-
maercs H CHOBa NorJouaercsi, H, BO-BTOPBHIX, Ty 3HEpPrHIO, KoTopas
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MOTJIOIAeTCS H3 H3JYydYeHHH BTOpOil moBepXHOCTH. IlepBoe BHIuHTae-
MOe MOXeT ObiThb MOJyueHo nmyteM cymmuHpoBanus (6), (r) u T. 1.:

Ex(14+p+p+..) (1—Ay) Ay, ()

rje s COKpameHHs sanucH npuHsaro (1—A;) (1—A,) = p.

Tak kak p<<1, T0 cyMma GeCKOHEYHO yGhIBalolleH reOMeTPHYECKOMH
MPOTPECCHH MOXKET ObITh NpeACTaB/jeHa B BHJE

l+p+p*+...=1(1—p).

[MoacraBasst sT0 3HayYeHHe B (1), mMosyyaem:

Ey(1l—A)A; @
l—p
BTOpUE BbIYHTaeMO€ HMeeT 3HadYeHHe
EsA (14 p+p2+...)=EAJ(1—p). ()
Hwmes st JJaHHBIe, HAXOJHM:
O Ey(1—A) A,  E,A _ )
1—p l—p
[TpuBoas K oblieMy 3HaMeHATeNql0 H YYHTBIBas, YTO
1-_'p= 1*‘(1—A1‘—A2+A1A2)=A1+A2"—'A1A2,
OKOHYATE/IbHO NOJYYaeM:
_ _EAr B, g
1=t Ak, (>-19)

BriBon ypaBHenH# (5-13) ocHOBaH Ha pacCMOTPEHHH SIBJIEHHS MHOTO-
KPaTHBIX MOIVIOWEHHH H OTPaXKeHHH INOTOKOB COGCTBEHHOIo H3JIy4YeHHs
nosepxuocreii. Tor ke pe3ysbraT MoxeT GbITh NONyueH Gonee KOPOTKHM
NyTEM, €CJIH HCIO/b30BaTh NMOHATHe 3((eKTHBHOTO H3/yueHHs MOBepX-
HOCTH. JIyuHCTBIN Tens006MeH MeXJYy NOBEPXHOCTSMH ONpejessieTcs

COTJIaCHO ypaBHeHHIO (5-12) pasHOCTBIO NOTOKOB 3dbdeKTHBHOrO H3Jy-
YeHHS:

9= E1 50— Ea sgr ()
rze
Ey sy =E1+(1— A1) Ey gy } -
H E; 590 =Es+ (1 —As) Ey s
Pemas cucremy (k) OTHOCHTENBHO Ej .44 H Ej 44, NONYyYaEM:
E,+ E,— AE
E s o 1 2 1 2; a
BT A — 4,4, @
E,+ E,— A,E
E 1 2 21 M
0T A+ A—AA, "
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IToncraBnas ypaBHeHHs: (1) H (M) B ypaBHeHHe (H), HMeeM:
E A, —E,A,

= A A —ad,

yTO CcoBmajaer ¢ ypasHenneM (5-13).
,U,JIH CEepbIX T&JT PpaBeHCTBO norJyioniatre/JibHOH CrnocoOHOCTH H CTe-
[eHH 4YepHOTH

A1='-81, Ag=3g (H)

HMeeT MEeCTO He TOJIbKO NMPH TepMOJHHAMHYECKOM PaBHOBECHH (3aKOH
Kupxroda), Ho M B yClIOBHAX JYUHCTOrO Temaoo6mena, koraa Ty 5= T 5.
[Mostomy ecsin moicTaBuTh B ypaBHenue (5-13) BhIpaxkeHHA

Ty \* ' %
E =g, HE=EC(—3—
1 10(100) 2 20100

M yueCTb yc/ioBHe (H), MOXKHO INOJIyuHTDb MOC/]e npeoGpasoBaHuil COOT-
HOllIeHHe
T, \4 5 4]
=ge.60|(=2L) —(=2) |, 5-14
9= &n "[(100) (100) (-14)

1
T ey ey —1

rje

€n (0)

10 M ecTb pacyeTHas GopMysa JJisA JYYHCTOro TemnooGMeHa Me-
KAy napajJielbHbIMH cepbiMH MuockocTaAMH. Koadduumenr e, Hasbl-
BaeTCs NPUBEOEHHOL CMENeHsr0 4epHOMms: CHCTEMBI TeNl, MEXAY KOTO-
PbIMH MPOHCXOLHT IpolecC JYUHCTOro TemjooOMeHa. Benuunua ero
moxkeT HaMeHsaTbes oT O no 1. IlpuBenenHas cTeneHb 4epPHOTBEI CHCTEMEI
onpenessieTcs HIH [0 YpaBHEHHIO (0) HJIH 110 KPHBBIM Ha pHc. 5-12.

Korza enekTpel H3/yyeHHS NOBEPXHOCTEH 3HAYHTEIBHO OTJIHYAIOTCA
OT Ceporo HsnyueHHs, pacuer no ¢opmyJe (5-14) HenpaBoMepeH, OH
MOXKET NPHBOJHTb K 3HAYHTEJbHBIM IOTpellHOCTAM. B 3toM ciydae
HeoOXOJJIMO 3HATh CHEKTPaJbHYIO IJIOTHOCTb MOTOKA H3dyueHusi Ej
H TIOIVIOLLATENbHYIO CNOCOGHOCTH A; TeNT NPH COOTBETCTBYIOUIHX TeM-
nepatypax Ty # T,. OTH cBelleHHs MOI'YT ObITh [OJYYEHBI 3KCIIEPHMEH-
TalbHBEIM IMyTeM. Pacuer nyuHcToro TemnoofMeHa MeXAY TAKUMH ILIO-
CKOCTSIMH TPOBOJHTCSI 10 COOTHOIIEHHIO

q=jﬂ AEA..IAL.z'—Ei\-.zAi\..l dh. . (1'[)
0

M1+ An, 2 — Ax, 14%,

OnMcaHHBIM METOJOM TaKiKe MOKeT GbITh pelleHa 3ajiaua JyyHCTOoro
TenviooGMeHa MeXJy JABYMA CepbIMH IOBEPXHOCTSIMH B 3aMKHYTOM
IPOCTPAHCTBE, KOTAa OJHA H3 IIOBepXHOCTeH o6JeKaeT Jpyryio
(puc. 5-13, a). B 3ToM cnyyae Ha nepBYIO NOBEPXHOCTD MONALAET JHIIb
HeKoTOpas uyacTb 3HepPruH, H3/JydaeMoil BTOPOi MOBEPXHOCTHIO, OC-
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Ta/JbHOE KOJIHYECTBO NPOXOJHT MHMO H CHOBA NonajaeT Ha BTOpPYIO Io-
Bepxnoctb. OKoHuaTesqbHAs pacyeTHas (opMy/aa HMeeT BHI:

[ I

1

I § L_l)'
€1 + Fz ( €9
@opmyasl (5-15) u (p) npuMeHHMB! s Tes M000H GopMbl, JIHIIbL

Obl MeHbLlee H3 HHX ObIO BBIIYKJBIM. B yaCTHOCTH, OHH MPHMEHHMBI
IS pacueTa JIYYHCTOrO Temaoo6-
MeHa MeX1y JVIHHHBIMH UHIHHAPaMH,
a TaxkKe, KOTla BEIYKJOE H BOTHY-
Toe Tesla 06pasyloT 3aMKHYTOe Ipo-

rae

En=

(p)

Puc. 5-13. Cxema nyuyHcTOro tenjoo6MeHa Puc. 5-14. K BouiBOIy opmyan s
MEXIY TeJaMH B 3aMKHYTOM MpOCTpaH- pacuera Jy4HCTOro TensaoobMena
CcTBeE, Mexny anemMentamMmi dFy u dFy u

HJIIOCTPanHsl rpaduyeckoro cmo-

cofa ompefieJleHHsi 3JIEMEHTAPHOTO

yrJ0Boro KosuuHeHTa H3Iy4eHH .,

crpanctBo (puc. 5-13, 6, 6). Bo Bcex cayyasix B KauecTBe pacueTHOH
NpHHHMaeTcsl MeHbLIas H3 MOBEPXHOCTEH.

OnHako faxe TaKHe CJOXKHble H KPOMOT/IHBHIE CrOcoGH pacyeTa
MOr'yT GbIThb NPHMEHeHbl K peIleHHIO JIHIIb OMHCAHHBIX MPOCTEHIIHX
‘cJIyuaeB JIYUHCTOTO TemJiooOMeHa; JJiA GoJjiee CJIOKHBIX CHCTEM Tesl OHH
nenpumeHHMBl. [losToMy AN GONBIIMHCTBA TeXHHYECKHX 3aJay BO3-
MOKHBI JIHIIb NPHOIHKeHHble pelleHnsi. OXHO H3 TaKHX peIleHHH MbI
paccMoTpHM TofipoGHee.

[Mycts umeloTcsi ABa si1eMenTa dF; u dF, cepbix Tenm (puc. 5-14),
TEMIIEPATYPHLI, NJIOTHOCTH NOTOKOB H3JIYYeHHS H NOIVIOLIATENbHEIE CIIO-
cOGHOCTH KOTOpHIX cootBercTBeHHO Ty, Ty, E;, E,, A4, A,. DneMeHTH
PacnoJioXKeHbl [POM3BOJIBHO, PACCTOSIHHE MEXAY HHMH DaBHO r, a
YIVIBL MeXAY JHHHel, coelMHAIONeH HX [eHTpajlbHble TOUKH C HOpMa-

JISAMH 11 H Ny, PaBHLl Q1 H Qg (Q3 H @4 MOL'YT JIeXKATh B PasHbIX MJIO-
CKOCTS1X).
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CornacHo 3akony JlamGepra [ypaBHenue (5-9)]1 xonuuecTBo 3Hep-
THH, H3J1yuaemoii anemMenToM dF ; B HanpaBJenun sjieMenta dF,, paBHo:

d2Qy = E; cos g, dQy dF,
rje dQ — s/eMeHTapHEI TEJIeCHBI Yros, MOJ KOTOPhHIM H3 ToukH A
BuzieH ayieMeHT dF,, T. e.
dQ, = dF, cos @,/r.
CiefioBaTenbHO,
Q= By <2928 F dF,

M3 storo xosmuecTBa 3HEPruH 3jemeHTOM dF, moriolaercs:

$Q, ., = A,d'Q, =~ A,E; a0 GF . (©)

Tak kak nas GONBIIHHCTBA TEXHHYECKMX MarepualoB mNoIviolla-
TelbHAs CNocoGHOCTL JocTaTouHO Besauka (npumepno 0,8—0,9), 1o
MOXHO OTPAHHUYHTLCA YYETOM JIHIIDL MEPBOro MNOrJVIOLIEHHS.

AnanornyneiM o6pasoM MOJAYYHM BhIpaxKeHHe ISl KOJHYECTBA IHEP-
ruH, usjiydaemoro dF, u normnomaemoro dF, a UMEHHO:

dQy . = AiEy EBEE% 4F, dF, (1)

Ecnu 43 ypaBHenHs (c) BHYECTb ypaBHeHHe (T), TO IOJYYHM 3Hep-
THIO, TepelaHHyl0 [yTeM JIYUYHCTOro TensjooOMeHa MepBLIM 3J1eMeHTOM
BTOPOMY:

d°Q = (AsE— Ay <8228 dF,dF, (y)

Tak kak

T, \* Ty \4
Ei=ecy ||, Ez=eyy(—=
1= &1 0(100) 2 250(100)

u e =A, g=2A, (cepre Tena),

TO, TMOJCTABHB 3TH 3HayeHHsl B ypaBHeHHe (y) U NpoH3Bens npeoGpaso-
BaHHE, MOJIYYHM:

4
d2Q = e4eac, [(%) —(1%20)'] L3 BE0 % 4F,dF, (5-16)
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Jls1 KOHEeYHBIX INOBEPXHOCTEH KOMHYECTBO NepefaHHON TersoThl
onpenejsercs IyTeM HHTerpHpoBanusi ypaBHeHusi (5-16) mo F, H F,:

Q=¢, [(1%‘0)‘— ()] ,j j U g gF,,  (5-17)

e &, = €,€, €CThb NPHBEJEHHASA CTENeHb YePHOTHI CHCTEMBI.

B JmTeparypé H cnpaBouHHIX nocobusix ¢opmyna (5-17) o6ruHO
3alMCHIBaeTCs B BHJE

T\ [Ty \4

=euCo|[—==) —[—=%) | F1a. 5-17a
Q= “[(100) (100)] » ( )
Benuuuna Fi,, M?, Ha3bIBAeTCS 63QUMHOL NOBEPXHOCHIBIO U3AYYe-

Hus. OHAa SIBAsIETCST YHCTO NeOMETPHUECKHM IapaMeTpoM, KOTOPHIA om-

pefensiercs pasMepaMH H (oOpMOH MNOBepXHOCTeH TeJ, HX B3aHMHBIM
pacrno/iokeHHeM H pacCTOAHHEM MeX1y HHMH:

Fip= ngl SLﬁeﬂlszr" j(p’ dFy = @pF;. (5-18)
Fy Fy

Fy

Benuuuuel ¢’ U @, NPEACTABAAIOT COGOH COOTBETCTBEHHO AOKAAb-
Hotli U cpednutl yanosvie Koagppuyuermeor.

YucsieHHoe 3HaueHue @ NOKashiBaeT, Kakas JIOJAs SHEPruH, HsNy-
yaeMmoii snemeHToM dF, 1O BCceMy NOJYNPOCTPaHCTBY, IONajaer Ha
nmoBepxHocTh F,. 3HaueHHe ke @, ABIAETCH OCPeJHEHHBIM 3HAYEHHEM
¢’ mo Bceil noBepxHocTH Fj.

B HekoTOpHIX c/lyyasx 3HayeHHe ¢’ MOXHO ONpENeNTHUTh I'padHuecKu
(cm. puc. 5-14). ITpoBenem yepes siemMeHT dF; KacaTeJabHYIO MIOCKOCTh
W M3 LeHTpaJbHOil ToukH A nocrpouM noaycdepy pajHycoM, PaBHBIM
e/liHHIe. 3aTeM M3 LEHTPa cepbl HA ee NMOBEPXHOCTb CIIPOEKTHpPYEM
snemMeHT dF 5. OueBHHO, 4TO 5T NPOEKUHs paBHa dFy = (dF ,/r?) cosgy
Ilocsie sToro snement dFs MPOEKTHPYETCSl HA OCHOBHYIO KacaTelbHYIO
IJIOCKOCTh, TPOBeleHHYK uyepe3 sjemeHT dF,. Bemuuuna dF, paBHa

dFy, yMHOXEHHOH Ha KOCHHYC YIJIa MEMXIY HHMH, PaBHOTO ¢,. Takum
obpasom,

. COS @y COS Py
dF,=dF, ey
Ceuenne ctepbl ¢ OCHOBHOH MJIOCKOCTBIO 06pasyeT Kpyr paauycoM,
PaBHBIM eJMHHIE; IIOMANb 3TOro Kpyra pasHa n. M3 oTHomenns mpo-

eKuHH dFy; K TJIOIAAH KPyra Tt ONpelensieTcs dAeMeHmapusill y2a0808
Koaghpuyuenm usayqerus de’:

s £OS @y COS @y dF,

de v @)

1 Tak Kak nmpH BbiBolle GOPMYJB YUHTHIBAJOCH TOJNBKO NePBOE MOrJOIEHHE,
TO NoJyueHHOe 3HayeHHe € ABJAETCH MHHHMAJbHEIM; OHO HECKOJNLKO MEHbUIE
NefdCTBHTENLHOr0 3HAYEHHS,
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UToG6kl NOMYYHTH 3HAUEHHE JIOKAJABHOIO YIVIOBOro Koadduuuenta ',
HeoGXoHMO Beipaxenue (¢p) mpounterpupoBarb no F,. I'paduuecku
9TO BBLIPA3HTCSl TeM, YTO ONHCAHHBIM CNOCOGOM HAXOAUTCH TPOEKLHS

Fy u Gepercsi ee OTHOIIEHHe K IVIOMANH KPyra ¢ paaHycoM, paBHEBIM
emuHune (puc. 5-15). Takwe nocTpoeHmst NPOU3BORATCH /IS KaXKIAOTO
M3 3/1EMEHTOB, Ha KOTOphie pasbuBaercs noBepxHocTh F,, W HaxomaTcs
coOTBeTCTBYlomMe 3Hauyenus ¢@’. MurerpupoBanne no F,; MOXHO 3a-
MeHUTb CYMMHpOBaHHeM; IpadHuecKu 5TO CBOJMTCA K HAXOXKIEHHIO
o6beMa HEeKOTOpOro Tesa, Y KOTOpOro OCHOBaHHE NpejcTaBiser coboiH
pasBepHYTYIO moBepXHocTh F,, a BhicoTa paBHa ¢’. Haxowen, aens
3TOT 00beM Ha NOBepXHOCTb Fy, moJjiyyaeM cpefHee 3HAYeHHe @j,.
st C/IOXKHBIX CHCTEM
BBIYHCJIHTL 3HAUEHHE YT-
JIOBOTO Kos(dHIHeHTa 10
TAKOMY METOJY OuYeHb
TpyaHo. B o6xom sTHX
TPpYJAHOCTEH OBUIH CO3-

¥ ' 2

Puc. 5-15. Tpaduueckoe onpepenenue yrao-  Puc. 5-16. Cxema™pacno-
BOro Kosdduinenta. JIOMEHHS] TOHKOCTEHHOro
9KpaHa MexIy mnapana-
JeJbHBIMH noBepXHo-
CTSIMH.

JaHbl AHANHTHYECKHE MeTOJIbl, 3aMeHsIOllHe JIBOAHOe HHTerpHpoBa-
HHE YHCTO airebpanyecKHMH onepanusMu, kak meron . JI. [Tonsika
[76]. C GosbiikM ycriexoM 37eCh MORYT GBITh HCNIOJI30BAHLI SKCIEPH-
MEHTaJIbHble MeTO/bl. [l/151 reomMeTpryecku nOAOGHBIX CHCTEM YIJIOBHIE
KosbuiHenTE paBHbl. [103TOMY HX 3HaUeHHs MOryT GHITH Onpee/eHs
Ha OCHOBE ONBITOB C MOAEAAMH. I/ HEKOTOPHIX TeXHHYECKH BAMKHBIX
C/Iy4aeB JIYYHCTOro TensooOMeHa 3HaueHHsl YIVIOBBIX KO3(xbHIHeHTOB
npuBefienbl Ha puc. [1-1—I1-4, '

YUto6bl MHTEHCHOHIHPOBATh JIYYHCTHIl TENJI006MEH, OYEeBHJIHO, He-
OGXO/lHMO YBEJIHYHTb TEMIIEPATyPy H3/IY4alollero Tela H YBeJH4YHTh
CcTeneHb YepHOTH! cucteMbl. HaoGopor, uto6el yMEHbUINTD Tennoo6MeH,
HEOOXOJUMO CHH3HTb TEMIEPATypy H3/yYaloUero Tela H YMEeHbUIHTh
cTeneHb 4YepHOTH. B Tex xke cayuyasx, Korja Temmeparypy H3MeHATb
HeJIb3sl, LISl CHHMKEHHS JIYYHCTOrO Tensoo6MeHa OOBIYHO NpPHMEHSIOTCH
sKpanbl. Po/Ib 5KpaHOB paccMOTPHM Ha MpocTelilieM npHMepe.
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Hym HMeEIOTCS JiBe IIJIOCKHE napaJJieNbHble TOBEPXHOCTH H MEXAY

HHMH TOHKOCTEeHHBIH 3KpaH (puc. 5-16), mpHueM CTeNeHH UYepHOTHI 3K-
paHa ¥ MOBEPXHOCTEHl OJIMHAKOBHI.

IlpH OTCYTCTBHH 3KpaHa TeIJIOOOMEH H3JYUEeHHEM MEXAY MOBepX-
HocTaAMH 1 M 2 onpenensiercs ypaBHeHHeM (5-14)

4
= o) i) -
100 100
HDH Ha/THYHH 3KpaHa HHTEHCHBHOCTb JIYYHCTOrO Tennoo0MeHa Me-
HKAY STHMH NOBEPXHOCTAMH H3MECHHTCH. Benencteue CTalHOHAPHOCTH

nporecca MOTOKH H3JMYuYe€HHS, NepelaBacMble OT HEpBOﬁ NOBEPXHOCTH

K 9KpaHy H OT 5KpaHa KO BTOPOH IOBEPXHOCTH, OYIYT OAHHAKOBHI.
CrnefoBaresbHO,

Tl 4 Tg Tg 1 Tg 4
=8 C e.C —_— —— .
= °[(100) (100)] o “[(100) (100)]
I/IB 3TOr0 COOTHOIIEHH A OHPE,I[EJIH[OTC?I HeH3BeCTHas TEMHepaTypa
3KpaHa
= lis) Hiel |
100 2 100 100

H Janee HCKOMas IIJIOTHOCTH IIOTOKA pPE3YJAbTHPYIOUIErOo H3MAYUYECHHS
[MpH HAJHYHH 3KpaHa

a=e (i) = ()]

= iz
9="3

Takum o6pa3som,

[NocnienHee o3Hayaer, YTO NMPH HAJHYHH ONHOIO 3KpaHa KOJHYECTBO
nepefaBaeMoil SHePrHH yMeHbluaercs B 2 paza. MOXKHO TakKe NoKa-
3aTh, YTO IPH HaJHUKM ABYX SKPAHOB KOJHYECTBO NepelaBaeMoil Tem-
JIOTBl yMeHbluaercda B 3 pasa, NPH HaJIHYHM £ 3KPaHOB — B
(n + 1) pas.

Eme Gonbuinii s(xpekT CHHIKEHHS MONTYYAeTCH, €CMH MPHMEHSIOTCS
SKPAHEI C MaJIoil CTeNeHbI0 YepHOTHL. Tak, ecli MeXAy ABYMS IIJIOCKUMH

NMOBEPXHOCTAMH CO CTENEHbIO YEPHOTHI &€ YCTAHOBJIEHO 71 3KPAaHOB CO
CTENEHbLI0 YEePHOTbI &,, TO

e 1
0 2—¢ ’
2 14n &“— 8y E
2—¢e gy
CrenoBaTesibHO, HalpHMep, YCTaHOBKA JIMLIb OJHOTO 3KpaHa CoO
cTeneHbio uyepHOTHl &, = 0,1 Mexny nosepxHoctsivu ¢ e = 0,8 naer
CHHMKEHHe JIYYHCTOTO TemaooOMeHa NMpHMepHo B 14 pas.
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B pane caydaeB IpHMeHEHHe 3KpPaHOB COBEpILEHHO HEOﬁXO,IIPIMO;
B YaCTHOCTH, OHM HeoOXOJMMBI TNpPH H3MEepeHHH TeMIlepaTypel rasa
BO/MHSH TOpsYMX MM XOJOJHBEIX moBepxHocTed. Ilpumenenne skpamna
U3 amomuHuMeBol (osbrH (anabdoss) mo3BosifeT HCNoNb30BaTh B Ka-
YeCTBE TEIIOBOH H3OJSILHM BO3AYIUHBIE NPOCHOHKH.

Mpumep 5-1. OnpenenuTs MOTEPIO TEMJOTH MYTEM U3JIYYEHHS C MOBEPXHOCTH
craabHOl TpyGh HHameTpoM d = 70 MM W IJHHO# [ =3 M npH TeMmmepaTtype mo-
BepxHocTH t; = 227° C, ecau sta Tpy6a HaXolMTCA: a) B GOJNBIIOM KHPIHYHOM
noMelleHHH, TeMiepaTypa CTeHOK KoTtoporo £, = 27° C; 6) B KHDIHYHOM KaHale,
niomage koroporo pasua 0,3 X 0,3 m npu TeMmmepartype creHok f, = 27°C.

a) CoraacHo ycioBuiw Fy € Fy, mostomy ep = &; [ypasuenne (p)l.

Hanee naxoium, 4TO IJas OKHcaeHHOA craan €; = 0,79. Torpga cormacuo
ypaBuenuio (5-15) umeem:

Ty \4 Y
= g.CnF s e =
Qra 101[(100) (100)]
=0,79-5,7-3,14-0,07-3 (5,04 — 3,0%) = 0,79.5,7-0,66- 544 = 1620 Br.

6) F; = 0,66 M2, F, = 3,6 m® u Fy/F, = 0,182; nna kupnuua g, = 0,93.
Cornacuo ypasueHHI0 (p) HMeeM:

1 _ 1 . 0.78
1/ey 4 (F1/Fy) (/e — 1) 1,27 4 0,182.0,075 1,284
INopcraBasas TH 3HaueHHs B ypaBHeHHe (5-15) moayuvaewm:
Q2 =0,78-5,7-0,66-544 = 1595 Br,
HJH HAa eQUHHLY AJHHB TPYOhl

q,=% =%95=532 Br/u.

5-3. TENNIOBOE M3NYYEHHME TFA30B

I'aspl Takxke 06/1afaloT cnOCOOHOCTBIO HCNYCKATh H MOTJIOMIATD JIY-
YHCTYIO 3HEPIUI0, HO JJIf Pa3HBIX I'a3oB 3Ta CNOCOGHOCTL pas/IHYHA.
st oHO- M JBYXaTOMHBIX ra3oB, B YaCTHOCTH AJ1s asoTa (N,), Kucio-
pona (O,) u Bomopona (H,), oHa HHUTOXKHA; NPAKTHYECKH STH raskl
VI TEMJIOBHIX JIydeH TIpo3pauHbl — JIHaTepPMHUHBI. 3HaUYHTeNbHOM
CIOCOGHOCTBIO M3JyuaTh M TNOIVIOWATH JIYYHCTYIO SHEPrui 061aganT
JIMOIb MHOTOATOMHEIE Ta3bl, B yacTHocTH yraekucyaora (CO,), BoasiHo#
nap (H,O), cepuuctniii anruapujn (SO,), ammuak (NH;) u ap. Has
TenJIOTeXHHYECKHX pacyeToB HaHGOJBILHE HHTEpeC MpPeCTaB/sIoT yrie-
KHMCJBIH Ta3 U BOASHOH Nap; 3TH rasbl 006pasyloTcsi IpH TOPEHHH TOII-
JIHBA.

[Nponeccsl TenJOBOrO H3JyYeHHs H IOIVIOIEHHS Ia30B HMEKT psij
ocofeHHOCTeH MO CPABHEHHIO C TENJIOBHIM H3JYYeHHeM TBEpALIX TeJl.
Teepibie Tesia HMeIOT OOBLIYHO CIJIOMIHEIE CIIEKTPBI H3/MYUeHHS: OHH H3-
Jy4aioT (M MOTJIOWAIOT) JYYHCTYIO SHEPrHio BceX AJIHH BoJH oT 0 Jo
co. I'asbl ke MOCTOAHHO H3/YYaloT H MOTVIOULAIOT 3HEPTHIO JIHIUb B OI-
pelleNleHHBIX HHTepBajiaX JUIMH BOMH AM, Tak HasbiBaeMBIX no.0cax,
PACTIONIOXKEHHBIX B Pas/IHYHBIX YacTAX CHeKTpa; AJfA Jydedl JpPyrux
JUIMH BOJIH, BHE STHX NOJIOC, T'asbl MPO3PayuHbl, H UX SHEPPUs H3Jyye-
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HuA paBHa HyJio. TakuMm o0pasoM, H3/JyyeHHe H TOTJIOUIEHHE ra3oB
uMmeer usbupamenvusbitl (cesexmusnoui) Xapakrep. B sueprerHueckom
OTHOIIEHHH /ISl YIVIEKHCJOTH H BOJASHOIO Napa OCHOBHOE 3HAYEHHE
HMEIOT TIOJIOCH!, NPHMepPHbIE IPaHHLbl KOTOPHIX NpPHBEIEHH B TaGa. 5-1.

TaG6annma 5-1
OcHoBHble nmonocsl mornomenuss CO, u H,0

CO, H,0
M MKM AL, MKM A MKM | Aks MM
2,4—3,0 0,6 2,2—3,0 0,8
4,0—4,8 0,8 4,8—8,5 3,7
12,5—16,5 4,0 12—30 | 18

Ilanee mpouecchl HCIYCKaHHSt M TOIVIOUEHHS JYYHCTOH SHEPTHH
B TBEpABIX (HENpO3payHbIX) TeNaxX NMPOHCXOJSAT HAa MOBepXHOCTH. B ra-
3ax XKe H3JYUeHHe U TOTJIOLUIeHHe gceeda hpomekaom é obveme.

CeNleKTUBHEIH CeKTp M 0ObeMHBIH XapakTep H3/1YyyeHHS onpege-
JIAIOT 0cOOEHHOCTH mpoliecca JYYHCTOro Temjoo6MeHa B rasax. YUrtoOwl
HarJIsJHO NpeiCcTaBUTh ceGe MeXaHM3M 3ITOro Ipolecca, yIoGHO pac-
CMAaTpHBATh M3JyYeHHE KaK IIOTOK YacTHl (OTOHOB WM KBAHTOB, JBH-
XKYIHXCS TIO PAsNHYHBIM HANpPaBJeHHAM NMPOCTPAHCTBA CO CKOPOCTBIO
cBeTa ¢ H 00J31al0MIUX PA3JHYHOH SHepruel hv.

[Tpu npoxoxneHnu GoTOHOB yepe3 o6beM rasa HeKOTOpAsl HX YacThb
TOTJIONIAETCA MOJEKY/JaMH rasa. DHeprus (OTOHOB NepefaeTcsi MoJe-
KyJlam, BCJIEICTBHE Yero ras HarpeBaeTcsl, NPOMCXOMHT MO2A0WeHUe
ayaucmoti snepeuy B oGbeMe rasza. [lpu 3ToM noryiomawTcsl TONLKO Te
(OTOHBI, SHEPTHs KOTOPHIX AV OTBEYaeT 4acToTaM v (HJIH, Y4TO TO e,
JUIHHAM BOJIH A = ¢/v), COOTBETCTBYIONIHM NOJIOCAM TOTJIOIIEHHS rasa.
@DoTOHB! APYrHX 3HEpPTHi IPOJeTAloT yepe3 ra3oBhi o6beM Ge3 morJio-
IEeHHS.

OnnospemeHHO B o0beMe rasa Hjer M Apyroi mpouecc. MoJeKyJTEl
rasa nepHoJuyecKy TepsioT HeGOJIbIIYIO YacTh CBOeH TenJIoBOH 3Hepruu,
KOTOpasl M3/yqaerci B OKpYaiolllee NMPOCTPAaHCTBO B BHAE (OTOHOB.
Huaue rosops, B ofbeMe rasa Bcerjla NpoTeKaeT TAKXKe MPOLECC «POK-
JeHusi» GOTOHOB, MpHUeM MOCJeAHHA HMeeT TeM GOJBIIYIO HMHTEHCHB-
HOCTb, YeM BBhIllle TeMIepaTypa rasa. ToT npoLece onpejensier cobcm-
8eHHOoe u3Ay4eHue ra3oBoro o6beMa. PoToHB, BO3HHKAWIHE B 00beMe,
HMEIOT 3Hepruio, KOoTopas COOTBETCTBYeT IOJI0CAM M3JYy4YeHHs rasa.
BcrencTBie XaoTHuecKoro XapakTepa TeIJIOBOTO JBHIKEHHS 4YacTHIL
rasa coG6CTBeHHOE H3Jy4yeHHe rasoBoro o0beMa uMeeT 0OLIYHO XapakTep,
O/IM3KHH K H30TPONHOMY: KaXIblH 3/1eMEeHTapHBIH 00beM rasa uajiyuyaer
(OTOHBI IO BceM HallpaBJIeHHsM C OAHHAKOBOH HHTEHCHBHOCTBIO.

Pe3y/pTupyIOMKA NOTOK H3/NIYYEHHA ONPEleNsercsl COBMECTHHIM

BIHAHMEM 060MX 3((EeKTOB: TNMOIJIOMEHHsT H COGCTBEHHOrO H3JYyYeHH:
¢)OTOHOB Ta3oBHIM 0GHEMOM.
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Ms/okeHHas KapTHHA NMOKA3LIBAET, YTO AJISL KOJHYECTBEHHOTO ONH-
CAHHS SIBJIEHHS] HYXHO TMOC/TeJ0BaTe/bHO PacCMOTPeTh NPOUEECH me-
peHoca (OTOHOB MO pPa3HbIM HAalpaBJEHHSM [POCTPAHCTBA H YueCTh
NpH 3TOM H3GHpaTe/bHbI XapaKkrep CHEKTPa UX MOIVIOWIEHUS H HCIYy-
ckauus. [l 3Toro BBOAATCS cjeiyloLiHe NMOHSTHA.

HuTeHcHBHOCTDb H3JYyUeHHs. Yepes eMHHIHYIO VIO-
maaky (puc. 5-17) mox pasiuuHBIMH YIVIaMH TPOJNETAIOT (DOTOHBI C
sHeprueii Av. MoXKHO BBLIEJHTH M3 BCEro 4Mc/ia (OTOHOB Te, KOTOphie
ABHXKYTCSl BHYTPH KOHYyca, OGPa30BaHHONO 3JEMEHTAPHLIM TEJECHBIM
yrioM AQ, ockio KOTOpOro siBAsieTc HOPMalb K IIOBEPXHOCTH. DTOT
NOTOK (OTOHOB /M Jiyuell TepeHocHT SHepruio uaiyuenus AE,,
Br/(M*-c¢™"). Tpenen ornowenns AE,/AQ npH yvenblienud pasmepa
s/ieMeHTapHoro TenecHoro yraa AQ ompe-

HeNsieT CHeKTPaJbHYK HHTEHCHBHOCTB H3-

&
JyYeHH
i AE
J,=lim—=—==. (a)
A
z
a%
I"{E}Pm
Puc. 5-17. K onpeneneuuio Puc. 5-18. K pac-

HHTEHCHBHOCTH H3JIYUEHHS. 4eTy IJIOTHOCTH 1Oo-

TOKa noaychepuue-
CKOTO H3JIyueHHS.

Urobel yuecTb hOTOHBI pPasnuyHOi SHeprHd (WM JiyuH pasHOH

JIUTHHBL BOJIHBL), B&JIHYHHY J, HYXKHO NPOMHTErPHPOBATH MO BCEM Ya-
cTOTaM v:

J =j° J,dv. (6)

Benuunna J, HasblBaeMasl UHMEHCUBHOCMbIO USAYHEHUS, onpelensieT
MOTOK 3HEPIHH H3JYyJYeHMS, MepeceKalomuil eAHHUYHYIO MJIOMALKY
H pacrnpoCTpaHAIOUMACS B HampaBJeHHH HOPDMaJd K ee MOBepXHOCTH
BHYTPH 3JIeMeHTapHOTro TejlecHoro yrJjia. [loHsiTne HHTEHCHBHOCTH H3JY-
yeHHsl ecTb HauOoNee NOAPOGHAS XapaKTePHCTHKA TOJS H3Jy4YeHHS
B JaHHOH ToYKe mpoctpaHctBa. Ilpy u3BecTHoM pacnpefesleHHH HHTEH-
CHBHOCTH I10 HANpaB/eHHSIM MOKHO HaHTH CyMMapHble NOTOKH MOJY-
cepHyeckoro H pe3yJBTHPYIOUIETO H3JyueHHs B 3ToH Touke. Tak,
IJIOTHOCTh TOTOKa nodychepuueckoro uanyuenust E, Br/m?, npoxons-
ero yepes eIMHHYHYIO TJIOUAAKY B IOJOXHTEJbHOM HAaNpaBJeHUH
ocu x (puc. 5-18), onpenensiercs BhIpakKeHHeM

E= chosﬂdQ, (8)
(@5

rae J — HHTEHCHBHOCTb H3JIydeHHs B HEKOTOPOM HAaINpaBJ€HHH N,
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¢ —yroJ Mex1y HanpaBJ/ieHHeM n H ockio x. HMuTerpuposanue B ypas-
HeHuH (B) pacmpocTpaHsiercss Ha noaychepy Q = 2m.
s aGCoMIOTHO YEPHOTO H3JYYeHHs HHTEHCHBHOCTb J, HEHM3MeHHa

B pas/MYHBIX HanpasJIeHHsIX; U3 COOTHOLIEHHS (B) cliefyeT, uTO B 3TOM
ciyyae

Ey=nJ, umu Jos—‘j-_‘:—T“. (r)

PesysbTHpyloulee H3JTyyeHHe, MPOXOAdlLee yepe3 eIHHHYHYIO IIO-
IAIKY BJIOJb OCH X, TIPeICTaB/sieT coGoil pa3HocTh NOTOKOB E, mepeHo-
CHMBIX B IOJIOKHTEJIbHOM H OTPHUATENbHOM HanpaBJeHHH OCH X:

g=Et—E9= [Jcos0de; ()
(47)
HHTETPHpOBaHHEe B ypaBHeHUM (I) oxBaThiBaeT Bcio chepy & = 4m.
Ilpn HeHsMeHHOH 1O HampaBJeHHAM HHTEHCHBHOCTH H3JyYeHHS
noroku E u E ™) uncnenHo ojMHAKoBBI, a TJIOTHOCTH NOTOKA pe-
aynbTHpylomero Haayyenuss ¢ = 0. Ilostomy ana abGconoTHO YepHOTO
HanyuyeHHsa g, = 0.

CootHowennss (B) H (1) cnpaBefJMBBl TaKxkKe A5 CHEKTPaJbHBIX
XapakTepHCTHK H3/YyYeHHs.

KosddbuuumeHnt normomedus. I XapakTepHCTHKH
06BLEMHOI'O XapaKTepa MOIVIOIIEHHS Ia30B NMPHMEHACTCH CIEKTPaslbHBIH
KO3(p(HIHEHT NOIJIOUIeHHS!, [TOKA3LIBAIOIHHA OTHOCHTEJbHOE YMeHblle-
HHe CIeKTPaNbHOH HHTEHCHBHOCTH M3/YueHHd Ha eIHHHIE JLJIHHBI NYTH
Jyua

a,=— 1 dﬁ . : (e)
Jy dl

BenuuuHa a,, 1/M, npH 3ajaHHOi YacTOTe Vv 3aBHCHT OT MPHPOABI
rasa, ero TeMmneparypsl H JAaBieHus. s pasiiMUHEIX MOJIOC MOIJIOMIE-
HH$ 3HAYeHHS @, Pa3/HYHbI, BHE 5THX MOJOC T'a3 npo3paueH JJIs Tel-
JIOBHIX JlyueH, H KosbdHIHeHT norjoueHHa paeeH Hyuawo. O6partHas
BesinurHa l/a, ompenensieT cpelHIO MJIHHY cBoGoiHoro npoGera ¢o-
TOHOB B rase J0 MOMeHTa HX morjoueHus. C pocTOM IVIOTHOCTH rasa
H3-32 YBeJHUYeHHs KOHLEHTpPAUMH MOJeKYJ JUIHHA CBOGOJHOTO NpoO-
Gera ¢oTOHOB majaer, a Kos(pdHIHEHT MOIJIOUIEHHS pacTeT.

Ha ocnoBauuu 3akona Kupxroda MoxHO 10Ka3aTh, YTO CMEKTPalb-
Has HHTEHCHBHOCTb COOCTBEHHOTO M3/JYYeHHs eIHHMYHOro Tra3oBOTO
o6beMa B J11060M HanpaBJeHHH TPOCTPAHCTBA PaBHA a,J g, T. €. Ompe-
JlessieTcsl TONBKO KO3DpUIHEHTOM IOIVIOIEeHHs rasa U CneKTpanbHOH
HHTEHCHBHOCTBIO YEePHOI'o M3JydeHHsl Jo, NPH TeMmeparype rasa.

OcHOBHO!i 3aKOH nepeHoca JYYUCTOH 3HEPrHH B TOIJIOMAONIeH
cpelie HMeeT BHI:

dl,=a, (Jo,—J.,)dl. (5-19)

310 ypapHeHHe TIpelCcTaB]sieT co0Ofi ypaBHeHHe SHePTeTHUeCKOro
Gananca JJ1s 3JAeMeHTapHOro o6beMa rasa B BUjle UMJIHHApA ANHHOA dl,
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nokasanuoro Ha puc. 5-19. Benuuuna dJ,, B JeBoii wacTu ypabHenus
(5-19) ectb n3MeHeHHe HHTEHCHBHOCTH H3JyuYeHus J,, NOCTynaioulero
B 3TOT ra3oBblff 06beM H3BHe (JIHGO OT COCeJHHX CJ0eB rasa, JuGo oT
rPaHMIBl TBEPJOTrO Tesa). DTO H3MEHeHHe CBS3aHO C MPOLECCAMH IO-
TJIOmEHHsl H COGCTBEHHOTO H3JYUeHHs, MPOTEKAIOUIHMH OJHOBPEMEHHO
B obbeme rasa. CoGcTBeHHOE H3JTydYeHHEe 3JIEMEHTAPHOTO  TA30BOTO
obbema ayJ o,dl B HanpaBJeHHH OCH [ ompejieNsieTcs JUIb TeMnepary-
poit rasa u ero ¢usuueckumu cpoiicteamu. [loryomennoe usnyseHne
— a,J,dl 3aBHCHT OT HHTEHCHBHOCTH M3JIyYeHHS, NPOHHKAIOWEro
B 3TOT OGbeM u3BHe. YpasHenwe (5-19) sanucano 18 CHeKTpasbHBIX
BeJqHgnHt.

CooTHolenHe Mex1y TOIVIOIEHHEM H COOCTBEHHBIM H3JyYeHHeM
3HepruH B oGbeMe rasa MoxkeT ObITh pas/iHYHEIM. B 3aBHCHMOCTH OT
3TOr0 HMHTEHCHUBHOCTb H3JyUYEHHS
0 Mepe IPOXOXKJeHHS Tras3oBOro
cmos Moxer Jubo Bospacrarhb,
Ju60 yMeHblLIAaThbCsi, JHOO oOCTa-
BaTbcs HeHsMeHHoH. PaccMorpum
XapakTepHble 4epThl TAKHX TpoO-

LIeCCOB  HAa INIpUMEpe TJIOCKOro

Puc. 5-19. Hamenenne MHTEHCHBHOCTH  noo NOTJIONIAIONIEr0 I'asa.

H3Jy4yeHHss Ha JAaune dl BcaeAcTBHE E

MOTJIOMEHHS H COGCTBEHHOTO H3Jyue- C/IH Ha [IOBEPXHOCTD CJ104 ra-
HHA rasa. 3a TajlaeT BHelllHee H3JydeHHe, HH-
TEHCHBHOCTL KoToporo J,, (0) 3Ha-
YHTEJbHO NpEBHbIAeT HHTEHCHB-
HOCTb BO3HHKAIOILEr0 B 0GbeMe ra3a COGCTBEHHOTO H3J/1YUeHHST, TO MOCAE/]-
HEe MOKHO He YYHTHIBAaTh. FI3MeHeHHe HHTEHCHBHOCTH H3Jy4YeHHs Gyger
OnpeleNATbC B OCHOBHOM npoyeccom nosaouwjenus sueprum. Ha npak-
THKE TAKOe NOJIOKEHHe HMeeT MecTo, eC/H BHelllHee H3JIyueHHe HCXO-
JQHT OT HArpeToil 10 BEICOKOH TeMmepaTyphl MOBEPXHOCTH TBEPJOro
Tesa, TOrja Kak cJoil rasa noAfep:KHBaercs NPH HH3KOH TeMmeparype.
B 9THX yC/JOBHAX OCHOBHOE YypaBHeHHEe NepeHOCa JIYYHCTOH SHepruu
(5-19) ynpowaercs 3a CueT MCKJIOUEHHA CJIAaraeMoro, Onpee/siioliero
coOCTBEHHOE H3JyUeHHe: I/ CJIOf Ta3a ToNmHMHOH dx (puc. 5-20) umeem:

dJ,=—ayJ, dx. (5-20)

D10 CcoOoTHOLIeHHWe HasbiBalT 3aKoHoM bBbyrepa. Ero pe-
lieHHe HMeeT BHI:

1,0 =T, (0™ ()
Ono MoKa3sblBaeT, 4YTO BCJIEACTBHE TMOINIOUIEHHS HWHTEHCHBHOCTD
M3Jy4eHHS] YMEHbINAeTCH MO SKCIOHEHIHANbHOMY 3aKOHY. Brixopsmiee
—a,,l
H3 CJI0Sl M3JyYeHHe MeHble Majaiollero B e ° pas:

- I, (O, (0)= ™",

1 B ypaBnenusn (5-19) He yuurhiBaeTcs npouecc paccesHHs H3JYUCHHH, KO-
TOPBIl MOXeT MPOHCXOLHUTh M3-33 HAJNHYHHA B rase YacTHIL MbLAH, CAXKH H T. A.
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Bespasmepuas Bemnunna ay! HasbiBaercs cnekTpatbHON onmusue-
CKOU MoAuwuHOU TA30BOTO CJIOS; OHA NpeACTaBJseT coGoil OTHOIIECHHe
TOJIIHHDI Ta30BOro cosi [ K cpeiHell Anune cBoGoJHOro npoGera ¢o-
TOHOB 1/a,,.

_Ilpu orcyTcTBHH BHewHero u3/nyueHns HarpeThifi CJIOH rasa Bejer
ce0st KK H3/yuaTe/b; C ¢ro IPAaHHUHBIX TIOBEPXHOCTEH B OKPYIKAIOIIee
NPOCTPAHCTBO H3Jyyaercs: sueprud. [locrennas cknajbiBaercs us suep-
THEL COOCMBeHHO020 UBAY4eHUA KAMKIOTO SJEMEHTAPHOTO CJIOS Ta30BOTO

Jylee)
Jyﬂ".l ‘70\’ |

Puec. 5-20, HameHeHnHe HHTEHCHB- Puc. 5-21, CoGcrBenHoe H3-
HOCTH BHEIIHEro H3JY4YeHHs BCaeN- JlyueHHe IJIOCKOTO ¢JIos rasa.
CTBHE TOIVIOLEHHA SHEPrHH B MiIoC-

KOM cJioe Trasa.

ob6vemMa. OpgHaKo BKJAJ H3MYY4eHHA pPasIHUHBIX CJIOEB B CYMMapHoe
U3JiyyeHue, BHIXOJdIIee ¢ OBEPXHOCTH, Heo/lHHAKOB. UeM pajblie pac-
NIOJIOJKEH CJIOA OT rpaHul, TeM 6osbllas A0J5 ero H3Jy4eHHsA NorJo-
I1aeTcs COCEIHHMH Y4YacTKaMH H He JocTuraeT moeepxHocTH. Haiinem
HHTEHCHBHOCTL H3JIy4YeHus, BRIXOAAUIEIO € IIOBEPXHOCTH pPaBHOMEpPHO
HATPeTOoro ¢/10s rasa B MOJOXKHTeNLHOM HanpaBJeHHH ocH X (puc. 5-21).
B sTOM csyuae MHTEHCHBHOCTL COOCTBEHHOTO H3JyueHHs a,J,, B OC-
HOBHOM ypaBHeHHHM nepeHoca JyuucToii 3Hepruu (5-19) ecTh BeanunHa
NOCTOSIHHASA; pellleHHe 3TOr0 YPaBHEHHs HMEEeT BHJ:

Ty (£) = Joy (1—€~). (3)

Ilpu x = [ cootnowenue (3) onpefeaseT CyMMapHYI0 HHTEHCHBHOCTh
H3Jy4eHHs Ha rpauulie rasoBOro clod

I, ()=J, (1—%). (5-21)

M3 ypaBHenus (5-21) BHIHO, UTO C POCTOM CIIEKTPaJbHOH ONTHUE-

CKOH TOMIHHBI €0 @,/ CyMMapHas CHeKTpajbHas HHTEHCHBHOCTb
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H3/yJeHHsa c moBepxHoTcH J, () pacTter W npu a,/>3 npakTHYeCKH
JOCTHraeT CleKTPalbHOH HMHTEHCHBHOCTH H3Jy4eHHS a0CONIOTHO uep-
Horo Tena J,, MpH TeMmepaType, paBHO# Temneparype rasa B oGnheme.
BHe nosoc cmekTpa norsioumeHus rasa BesinuMHa a, = 0; H3 COOTHO-
menns (5-21) cimeayer, 4To B STHX Y4YacTKax CIeKTpa H3JydYeHHe raso-
Boro ofbeMa OTCYTCTBYeT. Bripamenue (5-21) omnpemesisieT MHTeHCHB-
HOCTb M3JIyYeHHf 1O HaNpaBJeHHIO HOPMAa/JH K MOBEPXHOCTH IJIOCKOTO
cnos. IlnoTHocTb moOTOKa mnosycepHYecKOro H3JydYeHHs C TIOBEPXHO-
ct E, MOXHO HafTH, ecliH paccMOTpPeThb TaKKe JpYrue HanpaBJeHHd,
Mo KOTOPHIM H3JIyyeHHe TlepeceKaeT IPaHHYHYIO NOBEpXHOCTh. Bripa-
JKEHHe A5 MHTEHCHBHOCTH M3JY4eHHsI B NMPOH3BOJBHOM HANpaBJeHHH

n (puc. 5-21) onpepensieTcss TeM ke

U ypaBHenneM (5-21), ecam B HeM

pr] s TOMIOHHY cJ0s rasa [ 3aMeHHTb Ha
/ LJIMHY NYTH Jlyda B STOM HanpaBJeHHH

L I 1, = llcos §. Ecaum moacraButh - 510

% / COOTHOLIIEHHe B YypaBHeHHe (B), TO

02 o3 1oc/ie BBIYMCJAECHHH MOJYdHM:

) 1 . 2 J 4

1
E,=Eo|1—{e®""dz), (u)
Puc. 5-22. 3aBHCHMOCTb CIEK- 0
TPaJbHOH CTENEHH YEPHOTH Ey
MJIOCKOTO CJIOA Tasa OT ero om- E
THYECKOH TOJNIIHHBL ayl. rje oy — CIIEKTpaJibHas JIoT-

HOCTh TOTOKA H3JIy4eHHS C IO0BepXHO-
cTH a6CoMIOTHO YEpPHOro Tela NpH TemIeparype, paBHOH TeMmeparype
rasa B cynoe. BeiparkeHHe B cKoOKax B ypaBHEHHH (H) 3aBHCHT JIHIIb
OT ONTHYECKOH TOJIIMHEI Fa30BOr0 CJOSA; HHTErpaj B 5TOM BhIDAXKEHHH
Obl1 BriunciaeH flko6oM rpadguuecKHM MeTOAOM (2 — mepeMeHHas HH-
TErpPUPOBAHHS).

CooTHoLleHHe (H) NOKasbiBaeT, UTO AJA XapaKTePUCTHKH COGCTBEH-
HOTO H3JIyyeHHs T'a30BOTO CJIOS MOXKHO, TaK e Kak M B cJydae TBep-
JBIX TeJl, BBECTH INOHSATHE CHEKMPAAbHOU CMENeHi HepHOMmbL

g,= BB, =gl (5-22)

CniexTpa/ibHas CTemeHb YepHOTHl Ta30BOTO CJIOA 3aBHCHT JIHLIb OT
ONTHUYECKOH TOJIIHHB /oA a,l, TpaguK 3TOH 3aBHCUMOCTH NpHBeJEH
Ha pHc. 5-22.

Ha ocHoBe ypaBHeHHSI (H) MOXHO BELIYHC/HThL TAK¥Ke IIOJHOE H3-
JIy4eHHe ¢ eJMHHYHOI IOBEPXHOCTH ra3oBoro cjios E. Jlas 3Toro HyXHO
3HATh 3aBHCHMOCTb KO3(pHIMeHTa NOrJIoIeHHs @, OT YacTOTHL vV B IO-
Jocax MOIVIOUeHAsI — W3JydeHHA AJfA JaHHOro rasa NpH 3alaHHBIX
TeMnepatrype H AaBjieHHH. Beulc/IeHHe CBOJAMTCSI K HHTErpHPOBAHHIO
o0eHX yacTedl ypaBHeHHs (M) MO BCeMy CIHEKTPY, NPAKTHYECKH — IO
10JI0CaM MOIVIOLIeHH s, TAK KaK BHE HX H3JydeHHe oTcyTcTByer. B urore
IJIOTHOCTb TMOTOKAa H3JYYeHHS C IOBEPXHOCTH FasoBOro CJIOsfi MOXHO
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TIPe/CTaBUTh:

T \4
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Puc. 5-23. 3aBucumocTb €co, = i (¢, pl) Zns yraekucnors.

TAe &€ — CTelleHb YepHOTLI razoBoro cJjosd, onpeznesseMas BHIPaxKeHHEM

1 T \4
e=— | e,Epydv; Eq=0,T¢=c (._) ,
EoS‘ v ov 1] 0 0 100
0

3aBHCHT OT TeMIepaTypbl, JaB/JIe€Hua H TOJIUIHHEI c/1os rasa [, [TocKoabKy
rasbl M3/1y4aloT TONbKO B OTAENbHBIX MOJOCAX CIEKTpa, CPeAHAs MO
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CHeKTPY BeJHUHHA CTEleHH YePHOTHI rasa & (B OTAHYHE OT CleKTpaabHOMH
CTeNeHH YepHOTHI €,) Jaxe JJI OuUeHb TOJICTHX CJOEB Trasa 3aMeTHO
MeHbllEe eiMHHIBL. Hanpumep, npu mupHHe ciof 1 M BoasHoH map H
yraIekHcabil ra3 mpH atvocdepHoM AaBiennH H Temneparype 1000°C
HMEIOT CTerneHb YepHOTH €, paBHYI0 npumepto 0,6 u 0,2 cooTBeTcTBeHHO.

HUanoxenHasi IOCJE0BATENIbHOCTE pacueTa COGCTBEHHOTO H3Jyues
HHS MJIOCKOrO 'a30BOro ¢JIosi MOXeT ObiTh MpHMeHeHa TaKKe AJsA ra-
30BBHIX 0GBEMOB CaMOi Pa3/IHUHOH (OPMbI; B 3TOM COCTOHT JOCTOHHCTBO
Takoro Merona. Ero HeJOCTATKOM SABJfETCS TO 0OCTOATENbCTBO, UTO
HeoGXOoHMEIe B pacyeTe CBEJEHHS O CNEKTPalbHOM Ko3(puuHeHTe mo-
[VIOLLeHHS JaJeKo He BCEerja HM3BeCTHBI.

Insi npubMHMKeHHBIX TeXHHYECKMX pacyeroB OCHOBHOH HHTepec
npescTaB/sieT CTelleHb YepHOTHI ra30BOro o0nema €. ITa BelHYHHA MO-
eT ObIThb OIpejeNieHa TaKke
MyTeM HeMmocpeACTBEHHOro H3-
MepeHHs1 OOIleH SHEpPrHH H3-
nyyenus. Jna BojsiHOro mapa
H YIJIEKHCJIOrO I'asa H3BeCTHBI
HaleXHble H3MepeHHsi 3TOH
BeMHYHMHBL. PesynbTarbl Hec/e-
JOBaHHil TNpHBEIEHBI Ha pHC.
5-23 — 5-25 B (opme HOMO-
rpaMM, yIOOHBIX AJisi NPaKTH-
yeckux pacueroB. Crenenb
yepHOTHL & Ha pHc. 523 H .
5-24 ans yraekucsioro rasa m  Péc. 5-26. Kﬂ;"geﬁ-’l;ﬂi? cpeltueit JLIH-
BOAAHOrO napa npenc*raBneHa a — H3aJlydeHHe raaznoﬂ nznyccbepbl. npoxojs-
B (l)yHKI.LHH TEeMIOepaTypsl  uee uepes eHHHUHYIO MUIOMajKY B UeHTpe ee
raza f, a mnapameTrpoM Ha ocHoBaHuA; & —ra{;ggzg o6beM  CAOKHOMN
rpadbuKax  CAYKHT  BeJH-
yHHa pl, Tlie p — napuualbHOe AaBJeHHe rasa, [ — JJIHHA MyTH Jayya.
Jlns BOAAHOrO napa BJHSIHHE p HECKONbKO CHJIbHel, yeM [, mosToMy
3HaueHHe &y, HaHJeHHOe M3 pHC. 5-24, HEOOXOIMMO YMHOXKaTh Ha

nonpaBoyHbiil Kos(duunent P (puc. 5-25), 3aBucamuii or mapuuanb-
HOTO J|aBJIeHHS Py .

Ilocsie onpezeneHusl cTeleHH YEPHOTH € MO 3THM rpadukaM cobeT-
BeHHOe H3JyUYeHHe rasa paccuuteiBaercss no copmysae (5-23). Homo-
rpaMMbl IOCTPOEHB! TaKHM 00pa3oM, 4TO BEIYHC/IEHHAs 10 3Toi dopmyde
IVIOTHOCTB TIOTOKA H3AydeHHss E Gyner onpenensiTb H3JydeHHe, Mpo-
Xoifilllee yepe3 eNHHHUHYIO IUIOMANKY H3 OKpYKalouleli ee rasoboi
noaychepbl paanycoM /, Kak MokasaHo Ha puc. 5-26, a. B stom cayuae
JJIHHA MYyTH Jy4Ya [ mo BceM HanpaBJeHHsM OJHHaKoBa. [/ rasoBbIX
00beMOB HHOH (OPMBL IJIHHA NYTH Jy4yeH [0 pas/HYHBIM HaNpaBJAeHHAM
pasHas (puc. 5-26, 6). B pesynbrare ananusa GLUIO YCTAaHOBJIEHO, YTO
B 3TOM CJyyae H3JydeHHe JIOGOTro rasoBoro oGbeMa MOMKHO 3aMEHHThb
H3/yYeHHeM 3SKBHBaJeHTHOH rasoBoii noaycoepw. Pamuyc rtakofi mo-

ayctepsl, paBHBIH cpejHeH NJHHE NMYTH Jyuda [, ompegensiercss U3 MpH-
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OIHKEHHOTO COOTHOIIEHHS
= 4V
1=0,9—, (k)

rae V — ob6wem rasa; F — miomasnb NoBepXHOCTH €ro OGONOYKH.

Jlns HeKOTOpbIX Ta30BbIX Tes CpelHHe 3HaueHHs [ TpPUBeJeHbH B
Tabn. 5-2. Ecan B rasoBoil cmecu BOJAAHOH nap ¥ yIVIEKHCJOTa Cofiep-
JKATCH OJHOBPEMEHHO, TO CTeleHb YepHOTH TAaKOil CMeCH paBHA & =
= &, + €co,- CTpPoro roeops, CyMMapHOE H3JyYeHHE CMECH He-
CKOJMILKO MeHblle CYMMH H3JlyyeHHH YIVIEKHCJIOTH H BOJSHOIrO mapa,
cojepxamuxcst B cmecH. OfiHaKo NpH OOGBIYHBIX COOTHOIIEHHSX KOMITO-
HEHTOB, Kakue Hal/IOfaloTCs Ha MpPAKTHKe, MONpPaBKa B KOJHYECTBEH-
HOM OTHOIlIEHHH HeBeJHKa, H B pacyeTax MOXHO NPOCTO CYMMHPOBaTh
H3/yYeHHe KOMIIOHEHTOB CMeECH.

TaG6auna 5-2
Cpennsis aAMHA NYTH JAyYa AAS rasoBbiX Tea pasanuHofi Gopmbil

dopMa rasoporo Teaa -1
Cq)epannamerpomd.................. 0,60 d
Ky6 co croponoita . . . . . . . . 0,60 d
Hununap auamerpoM d, GecKOHeuHO nnunﬂbm o ‘ 0,90 d
LLHnHH,up BHICOTOH A= d H3nydeHHe Ha GOKOBYIO noaepxnocwb. . 0,60 d

» h=d, wanyuyeHne Ha UEHTP OCHOBAHHA . . . 0,77 d
U,n.nuﬁ,mp, h=00, OCHOBaHHe—IOJAYKpPYT pannycoM r, HSJTY‘IEHHE
Ha MNJOCKYIO 60K013yio TOBEPXHOCTH 1,26 r
[TnockonapaanenbHelll cJofi GeCKOHEYHBIX paauepoa 'romummn 6 1,8 8
ITyuok Tpy6 AuMamerpom d ¢ pacCTOSTHHEM MeXAY MOBEPXHOCTSIMH
TPpYy6 X M NpH DACMOJOXKEHHH Tpy6:
MO TPEYTOJABHHKY X=d . + +« + « « « + « + « + + « 4 & 2,8 x
no TpeyroabHHky x=2d. . . . . . . . 3,8 x
nmo kBagpary x=d. . . . . . . . .. 3,56 x

t [laa cpefHHX 3naveHHA napametpa pl

C nomompio ypaBHeHHS (5-23) M HOMOTpPaMM MOMKHO ONpeNeNHTb
COGCTBEHHOE H3JyUeHHe ra3oBoro ofbeMa, HMEKLEro NOCTOSHHYIO TeM-
nepatypy. EciH ke M3JyvaloluH ra3 OKpyKeH TBEpPALIMHM CTeHKaMH,
TeMIepaTypa KOTOPHIX OTJHYHA OT TeMIepaTyphl rasa, TO MexAay ra-
30M M CTEHKaMH MPOMCXOAHT MPOLECC Ten10o6MeHa. ITOT MPOMEeCe OKas
3pIBaeTcsl CJA0XKHBIM, TAK KaK IoJe TeMIepatyp B aze oORIMHO nepe-
MeHHO M 3aBHCHT OT XapakKTepa U peuMa JBHUKEHHS Ta3a H reoMerT-
puueckoii ¢opmbl 0GomoukH. Kpome Toro, Mekay rasoM H CTEHKOH
Hapsily ¢ JYYHCTHIM TenJooGMEHOM NMPOHCXOAHT TaK¥Ke KOHBEKTHBHBIH
TenJaoo6MeH, M, CTPOro IOBOps, 5TH SIBJEHHS B3aHMOCBS3aHHL. TaKoH
COBMECTHLIHi NEepeHOC TeIVIOTH H3/JydeHHeM H KOHBeKIHeHl 4acTo Ha-
BBIBAIOT CAONCHIM menaoobmenom. JIo HACTOAIIETO BpeMeHH Mpoc-
TOro H oO0llero Meroja TOYHOIrO pacyera CJIOXKHOro TensoofMeHa He
CO3/1aHO.
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Ha npaktike 0GBIYHO BCTpeyaeTcsi TYPOYMEHTHDIA PeXKHM JBHKeHHS
M3/IyUalomero rasa; NpH 3TOM OCHOBHOe H3MEHEHHEe TeMIeparyphl Ha-
GnrofiaeTcss B OTHOCHTENBHO TOHKOM INpHCTeHHOM ciioe. Jlisi npuGin-
JEHHOTO pacyera TeIOoOOMeHa B 3THX YC/JOBHSIX NPHMEHSETCS MeTox
pa3leqbHOTO (He3aBHCHMOI'O) yYeTa IepeHOCa TeIIOTHl KOHBEKIHeH g,
H H3JTyUYeHHEM (,:

§=3yx+q,- (1)

Bennuuxa g, onpenejisiercsl N0 COOTHOIIEHHsAM V1. 3 Ges yuera H3-
Jayyenus. Benuuuna g, moxer ObITh Haijiena mo npuGnmxeHHOH ¢op-

MyJie
T To\4
12= Enplo [(10';))‘I (IOB) ]' 2)

gr€
LE — TIpPHBEJIGHHASA CTeNeHb YePHOTHI.

e+ er (1 — &)

CootHoleHne (5-24) onpenensiloT fOTOK TeNJIOTH, NepelaBaeMbl
H3 oGbema rasa kK Gosee xonofuoit creHke (T,>T,.). Benuuuny e,
IIPH 3TOM cJIefyeT BHIOHpaTh NpH TeMnepartype rasa B ooveme T,. Ecin
XKe TEeIJIoTa Nepefaercs oT Harperblx creHok K rasy (T.>T,), To Be-
JIHYUHY €, Lenecoo6pa3HO BEIGHpPATh NpH Temneparype T; Takoi npHem
MO3BOJISIET NPHGIMKEHHO YYecTh TO 00CTOSATENLCTBO, YTO MOTJIOWATE b-
Hast crocoGHOCTE r'asa 10 OTHOLUEHHIO K M3J1YUeHHUIO OT CTeHKH He paBHA
€ro CTeNeHH YepHOTH. BenuunHa &, €CThb CTENeHb YEPHOTH CTEHKH.

Ecan B rase MMer0TCA B3BelUEHHbIE YaCTHIbI CaXKH, 30J1bI H ApPYrHe
MeJKHe MeXaHHYeCKHe IpHMecH, TO CTelleHb YePHOTHI TAKOro 3amnblieH-
HOTO [I0TOKa 3HAYHTE/NbHO BO3pacTaeT. B Tonkax KOT/IOB H APYTHX Ka-
Mepax CropaHHsl Ha TemIoo6MeH, KPOMe TOro, 3HAaYHTENbHOE BIHSIHHE
OKasblBaeT uanyuenue nyiamenu. Pacuer rersioofMeHa B TONKaxX H Ka-
Mepax CropaHHsi IPOBOAHTCS MO CMEelHaJbHBIM 3MIHPHYECKHM HOpMa-
BHBHBIM MeTOJaM, KOTOphIe NepHOJAHYECKH YTOYHSAIOTCS H COBEpILEHCT-
BYIOTCS. :

rae epp=

TNABA LUECTAR

MPOLIECCHI TEMJIONEPEAAYM
6-1. CNOXHLIA TEMNOOBMEH M TEMNOMNEPE[AYA

1. Caoxnpiii TennooOmeH. Pasfnenenue ofmiero mpouecca nepeHoca
TEIVIOTEl HA 3JIeMEHTapHble SBJEHH — TeIJIONPOBOJAHOCTh, KOHBEK-
IHI0 H TEIVIOBOE H3JyYeHHe — IPOH3BOAHTCA B OCHOBHOM H3 METO/O-
JIOTHYECKHX cooOpakeHHi. B JeHCTBHTENLHOCTH XKe 9TH fABJEHHS Npo-
TEKal0T OIHOBPEMEHHO M, KOHEYHO, KaK-TO BJIMSAIOT APYr Ha jpyra.
KonBekuusi, Hanpumep, 4YacTo CONpOBOXKJAeTcA TeIJIOBLIM H3Jyde-
HHeM, TeIlJIONPOBOAHOCTL B NOPHUCTHIX TeJaX — KOHBEKUHeH H H3ay-
4eHHEeM B IIOpax, a TelJOBOE H3/1y4YeHHe — TellJIONPOBOAHOCTBIO H
KOHBeKIHefl.

B npakTHueckHX pacuerax pasjleleHHe TaKHX CJOMKHBIX NPOLECCOB
Ha 3JIeMEHTapHbIE SBJEHHA He Bceraa BO3MOXHO H LesecoobpasHo.
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OGBIYHO pe3yJbTaT COBOKYNHOTO JEHCTBHSI OTAEJNbHBIX 3JEeMeHTapHbIX
AIBJIEHHHl MPHIHCLIBAeTCS OJHOMY M3 HHX, KOTOpO€ H CYHTaeTcs IJaB-
HbIM. BiiHsiHMe 3Ke oCTalbHBIX (BTOPOCTEIIEHHEIX) fBJIEHHH CKa3bBaeTcs
JHLIb HA KOJNHYECTBEHHOH XapaKTepHCTHKe OCHOBHOro. Tak, HampH-
Mep, NpH PacnpocTpaHeHHH TEeNJOTH B MOPHCTOM Teje B KadecTBe OC-
HOBHOTO SBJIEHHA NPHHATO CYHTATh TENJONPOBOJHOCTb, a BJHSHHE
KOHBEKUHH M TENJIOBOrO HM3JYUeHHs B MOpPaX YUYUTHIBAGTCH COOTBETCT-
BEHHBLIM YBEeJHYEHHeM 3HaueHHsl Ko(dHLHEeHTa TenIonpoBOXHOCTH.

Ilpomecc mepeHoca TemJOTH MeXIY MOTOKOM H3/Ydalollero rasa
H CTEHKOH TakiKe fBJIAETCS Pe3yJbTaToM COBOKYNHOTO AeHCTBHS KOH-
BeKTHBHOTO Temyioo0MeHa H TemJOBOro H3Jy4yeHHs; 3TO TaK HashbiBae-
MBIl CJIONKHBIA TemmooGMeH. 3Jiech B KayecTBe OCHOBHOTO SIBIEHHS
o6BIYHO NPHHHMAeTC KOHBeKuHs. B 3ToM cayuae KomnnuecTBeHHOH
XapakTepHCTHKOH npouecca sBsiercss Kos(pHLHeHT TeIIooTauH oy =
== @, + o, TJ1e o, YYHTHIBAeT JeHCTBHEe KOHBEKIHH H TemJIonpoBOJ-
HOCTH, a o, — JefiCTBHe TEIIOBOr0 H3JYYeHHS.

Ecau f, — Temneparypa rasa u f, — Temneparypa TemJOBOCIpH-
HHMarouell CTEeHKH, TO KaX[0H eJHHHIe NOBEPXHOCTH 3TOH CTEHKH Te-
penaercs Teml1oTa NYTeM CONPHKOCHOBEHHS

Gy = Qg (tx{—tc) (a)
H IyTeM TENJIOBOrO H3JAYyUeHHs
T\t Te \4
= el W 052 I I 6
G =Bl [(100) (i) | 3
Cymmupys 'BepaxkeHHs (a) u (6), nMeeM:
N . _ (Tx\* [T\
Go= QK+qﬂ = 0Ol (t:x tc) +eco l(lﬂﬂ) (IOO) ] : (B)

Tak kak t, —f. = T, —T., TO, BLIHOCSl 3Ty PasHOCTb B BbipaMe-
HHH (B) 3a CKOOKH, moJy4yaeM:

iy

=\ &C,
o 1(“'1' 0 T:K—Tc

(r)

HJTH

q0=(ax+an) (t:vx_tc) =g (tm'_tc), (6'1)
rae o, — KO3(pHIHEHT TelIOOT]auH CONPHKOCHOBEHHEM; o, — KO-
SHUUHEHT TEIVIOOTAAYH H3JyYeHHeM; o, — oOuuil (CyMMapHbIi) Ko-
adHIHEHT TelI00TAauH.

Hs ypasrenuit (6-1) u (r) umeem:
oty =20y 1078 (Ta—To)(T—T)=
=0y [107° (Th 4 TaT+ TuTe + T)] =ecf, (6-2)

rie € — INPUBeJeHHAasa CTeleHb YEPHOThI CHCTEMBI;, ¢, — KosddpuimeHT
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M3/yYeHHs aGCOMIOTHO YEPHOrO Tena, paBH 5,67 Br/(m?. K¢); 6 —
‘TeMnepaTypHbeli KoadbdHIHEHT.

3Havuenne O 3aBHCHT TOJBKO OT Temmeparyp f, u f, (pHc. 6-1).
3HayeHHe e & BLIOHPAeTcsl COr/IacHO JIaHHbIM, NPHBEISHHHM B T, b.
OGosnaunm (T + T.)/2 = T,. Torma, ectn 0,9 =T JT. < 1,1,
MOKHO CYHTATb, 4TO

0 ~ 0,04 (T_"')S
100

o, = 0,04ec, (Zﬂ)“ .
100

Ilpy rakom pomyuieHMH oOWHMGKa mnonyyaercs Menbwe 1%,
Haxkonen, korna cTeHKa OMBIBAeTCH Kame/bHOH JKHAKOCTBIO, Ha-
NpHMEp, BOAOH, TOrAa O, ==

= 0 u @y = a,. B nanvhei- W 8
1eM, ecs.rm HeT ocoﬁoﬁd oro- | 72’6
BODKH, GykBoi o Mbt Gysem ,,b—___L___ =g =
0003HaYaTh OOWMA WM cym-  |1000°C ??/ /;/
MapHbil  KO3OHUHEHT Temao- g ? /A:,/'-// //
OT[auYH, YYHTHIBAIOWIHE  Kak 500 // /
KOHBEKIHIO, KaK H TemjoBoe g 7)&13'/ /:’//".
H3JyYeHHe. :;““ T
B cnyyae ke, ecan B ka- : rL“L/Z,/ !
YeCTBE  OCHOBHOrO  HPHHAT A // |
TPOIIECC TEMJIOBOrO H3JyUeHH s, ; 7A !
%
|
I Z
Puc. 6-1. 3asucumocts 0= g | ]
= [ (tx, to). 0 e w0 6w 600 °C 1000

PacuetHas QopMysa cyMMapHOH TemmooTAauH GOyAeT HMeTb BHA:

weros[G-(E] e

YuacTHe B mpolecce KOHBEKTHBHOTO TeMJIOOGMeHa 3jech YUYHThI-
BAaeTCsl yBEJIHYEHHEM NPHBEJEHHOH CTeNeHH YEePHOTHl CHCTEMH! 3a CYeT
&y, OmpejensieMoro no gopmyJe:

=l s )
R

2. Tennonepenaua. Ilpu paccMoTpenun mponecca nepeHoca Ten-
JIOTHI OT Hal‘pE’I‘O[‘O TENJOHOCHUTRJIA K XO.HO,I[HOMY qepes TBEPAYIO CTEHKY
sajlava eme Goslee ycJIOXKHAETCA. 34ech nporecc onpejensieTcss CoBo-
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KYNHbIM JefiCTBHEM DPaCCMOTPEHHBIX 3JIeMeHTapHBIX sBJeHHH. B ka-
yecTBe MpHMepa BO3bMeM [aporeHeparop. 3J1ech OT TOPAYHX Tra3oB
K BHeIUHeil MOBEpXHOCTH KHNSTHABHBIX TPYO nepeHoC TEMJIOTHI OCY-
LECTBJISIETCS] TEMJIONPOBOAHOCTLIO, KOHBEKIHeHl M TemJoBbIM H3Jayye-
HHEeM; uepe3 CTeHKY TPYObl — TOJIbKO TEeIJIONPOBONHOCTLIO; OT BHYT-
peHHefl MOBepXHOCTH K BOJe — KOHBEKIHEeH H TenaonpoBOJHOCThIO.
Orciona csienyer, yTo TEMJIONPOBOAHOCTb, KOHBEKIIHsl H TEIJIOBOe H3-
JyuyeHHe ABJAAIOTCA JIHIUL YaCTHHIMH YCJIOBHSIMH OOLIEro npouecca ne-
peHoca Temyothl. KoJHuecTBEHHO! XapaKTepHCTHKOI 3TOro mnpoiecca
ABAsiercss KoapdHIHEHT Temonepeayl R, 3HauyeHHe KOTOpPOro onpene-
JISIeT KOJIHYECTBO TenJIOTHl, NepejlaHHoe B eJHHHIlY BpeMeHH 4epes efiu-
HHILY MOBEPXHOCTH CTE@HKH OT OIHOH JKHIKOCTH K ApYro#l mpH pasHo-

CTH TeMnepaTyp Mexx1y HUMH B ofuH rpajyc. [Ipu sToM pacyernas ¢op-
MyJla HMeeT cJefyIoUHi BHA:

Q=k (t:xl-'tx&) B, (e)

®usnueckas CTOPOHA CJOXKHOTO Mpollecca Telvionepenayd BCelleso
onpejiesisiercst ABJEHHSIMH TEeNJONPOBOAHOCTH, KOHBEKIHH H Terio-
BOTO H3JTyYeHHs, a Koa(dHIHeHT TensonepefauH sIBJseTCs JHIlUbL KO-
JIHYECTBEHHOMH, YHCTO pacyeTHOil XapaKTepHCTHKOW npolecca. Biaum-
Has CBA3b MeX1y Ko3(hdHIHEHTaMH Temjonepenayt, C OfHOH CTOPOHHI,
H KO3ppHIHEHTaMH TenJONnpOBOJAHOCTH H TEMJIOOTAAYH — ¢ JPYroH,
3aBHCHT OT (OpMBI CTEHKH, OTAeNAImEeH ropAYYI KHIKOCTb OT XOJOM-
HOM; 3Ta CBAI3b PacCMaTpPHBAETCSl HHIKe.

6-2. TENNONEPEAAYA YEPE3 CTEHKM

1. OpHocnoiinas miockasi credka. Vmeercs oJHOpOAHAst NJocKas
CTeHKa ¢ KoadxpHiHeHTOM TeronposoanocTH A 1 TommuHo# 8. Ilo oxny
CTOPOHY CTEHKH HaXOJMTCSl ropsiyas cpeja C TemmepaTypoH fy,, no
JIPYTyl0 — XOJlofiHas ¢ TemmepaTtypoil f,, TeMmmeparypbl MOBEpXHO-
CTell CTEHKH HeH3BeCTHbI, 0003HauHM HX OYKBaMu f.; U I, (puc. 6-2).
3anaHo sHayeHHe CyMMapHOro KoadxpHIIHEHTa TemIoOTAayH Ha rops-
ueil CTOpPOHE o, Ha XOJOAHOH — C,.

Ilpn ycranoBHBlIEMCSi TeNJIOBOM COCTOSIHHH KOJHUYECTBO TEIJIOTHI,
TIePelaHHoe OT Topsiuefl KHUIKOCTH K CTeHKe, PaBHO KOJHYECTBY TeIl-
JIOTBI, NMepefaHHOMY 4Yepes CTeHKY, H KOJIHUECTBY TelJIOThl, OTIaHHOMY
OT CTEHKH K XoJogHOH Xuaxkoctu. CrepoBaTenbHO, I INJIOTHOCTH
TENJIOBOro noToKa ¢ MOXKHO HanucaTb TPH BbIpaxKeHHuM:

q=04 (t}it.l__ tcl) 3
A
g= (la—ta); (a)

q =20l (tch x:‘.’.)-



M3 stHX ypaBHeHHHl OMpenessloTCA 4YacTHble TeMmepaTypHbie Ha:
Mnmopel, a HMEHHO!.

1
tm—“fc1=q?1';

&
tcl'_'tc'&:q—}\"‘; (5)

1
tc2'—tm2$q'a;'

CkniajsiBas HX, TOJydaeM TOJHEI TeMnepaTypHbIA Hanop:

1 8 1
tml'_tm2=Q('a+T+a): (8) e
o,
H3 KOTOPOTO OMpejensieTcss 3HaueHue MJIOoT- Bt
HOCTH TEIJIOBOTO NOTOKA &, g
1
= (tyr— ) = R (Lxa— tca) /
=ttt bt
oy A %y (6-4) — -
H 3HaueHHe Ko3ddHIHEHTa Teruonepeaun -yl Z
1
k= 1 8 1 (EB) Puc. 6-2. Temnonepexaua
e Yepea OJHOCAOMHYIO TIOC-
A o Kyl CTeHKYy; Xapakrep

HTh . H3MEHEHHS TeMMepaTyphl
Takum o6pasoM, 4ToGk! quuu}e il e s Bl ol L,
HHe KOI(HIHEeHTa TeNUIONepEefatHt &k V1A IIOC-  ~ yonaomed Hx crenke.
KOH CTEHKH, HEOﬁXOllHMO 3HATb TOJIIHUHY 3TOH
cTeHKH O, Ko3(QpULHEHT TemnJonpoBOAHOCTH
A H 3HaueHHsi KOIPGDHIHEHTOB TEMJVIOOTHAUH Oy H Clgy.
Benuunna, ofpaTtHas Koa(HIHEHTY TenJionepelayH, HasblBaeTca

06WUM MepMULECKUM conpomusaeruem menaonepedadu. Vi3 ypaBHeHus
(6-b) 3Ta BeJHYHHA paBHa:

~1_1t., 8. .1
R_k_a1+l+oc,' (r)

W3 storo coorHOUeHHSA CJIenyer, 4To ofmee TEPMHYECKOE COmnpo-
THBJ€HHE paBHO CYMME YAaCTHBIX!

R= Rm I3 R;\.+ Rom,

rne R,, = l/a, — yacTHOe TepMHUYECKO€ COMPOTHBJEHHE TEIIOOTHAuH
CO CTOPOHBI TOPSIYEro TenyoHocHTens; R, = 8/ — uwacTHoe Tepmuue-
CKOE CONPOTHBJEHHE TEeNJONPOBOLHOCTH (CTeHKH); R,, = l/o, — ua-
CTHOE TepMHYECKOE COMPOTHBJIEHHE TEMJOOTAAaYH CO CTOPOHBI XOJOJ-
HOTO TEeIJIOHOCHTEeNA.

2. Muorocaoiinas njockas creHka. PaccMaTpHBaercs cTeHKa, co-
cTosillasi H3 HeCKOJbKHX, HalpHMEp ABYX, cioeB (puc. 6-3). Toamuubl
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cnoeB 8, H &§,, KO3HUIHEHTH TEMIONPOBOAHOCTH A; H A,. C ofHoil
CTOPOHBl HAXOJMTCS ropsiuasi cpefa ¢ Temneparypoil f,,, ¢ Apyro —
XOJIOZHAS C TeMNepaTypoil f,,. 3HaueHHe CYMMapHOro KoagduuueHTa
TEMJIOOTNIaYH C TOpsAYel CTOPOHBI Gy, T XOJOMHOH oty.

[Tpu ycraHOBHBIIEMCA TEMJOBOM COCTOSTHHH CHCTEMbl MJIOTHOCTB
TeMJIOBOrO MOTOKA IMOCTOAHHA H MO3TOMY MOXHO HAamHCaTh:

q =04 (t)ul _tcl)'v

A
q= _iiL (fa—tea)s
1
3 (m)
q= BL (tc‘a_ lfc3) )
2

q = 0y (Eez— a)-

M3 3THX ypaBHeHHH OmNpele/sioTCsA YacTHBIE TeMnepaTypHble Ha-
NOpBI:

1
taa— =y 5

6
cl c2 Al

F (e)
teo—1tes=¢q ﬁ )

1
tca—"thZQ'a—z 3

CxkiianbiBas pasnenbHo JeBble U NPaBble YacTH YPaBHEeHHIH, NoJydaem
NOJNHBIH TeMnepaTypHBI Hamop

1 s b 1
tml_tm2=4(a_l+l_:+f+a—g),

H3 KOTOPOro Ompeaesisgercsa 3HaYeHHe MJVIOTHOCTH TeIMJIOBOro MoTOoKa

9= ——— (ba—ta) =k (a—t)  (66)

1,84, 8 1
al+l1+Ag+a2

H 3HaueHHe Kox(pdHIHeHTa Tenjonepefaud s ABYXCJAOiHON njockoi
CT€HKH

1
k= ‘ 6-7
T e & &8
w Tt T
Pacripeniesiensie TeMnepaTyp TpH TemJonepefaye uepes IMIOCKYIO
OJHO- H MHOFOCJ]OI.:!HYIO CT€HKH TIpeACTaB/IEHO COOTBETCTBEHHO Ha
puc. 6-2 u 6-3.
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Heussecrrele Temneparypsl £y, f.o H f,3 MOTYT GHITH OmpeneseHb!
U3 ypaBHeHH# (e):

1
ta=1tu—q 05—1;
8
tea= tc1‘—4‘ii~:

1
tca:_"tm?‘l'qa_z'

Ec/n creHKa COCTOMT H3 HECKOJbKHX CJIOeB TOMILHHOM 04, 8, .
8, ¥ KO3(pHIHEHTHI TEMVIONPOBOJAHOCTH HX COOTBETCTBEHHO Ay, Ay, . . . ,
Ay, TO ofiee TepMHYECKOE COMPOTHRJEHHE Temionepeaud §y/leT paBHo:

1 1 8 & 8y , 1

P i B e ]

t

()
B stoMm cayuae ypasHenue (6-5) npu-
HHMaeT BHI:
L R : 5 I
R e S e n Puc. 6-3. Tenaonepenaya
oy + M SiF Ao T8 v % + oy gepes MHOTOCHOAHYIO mnJjoc-
) KYIO CTeHKY.
HJITH
k

(6-7a)

. 1

N 1 5 o) 1 ‘
YL
o i Oy

=l

TemmepaTypbl CTEHKH MOXHO Onpefeauts H rpaduueckn. OmuH
H3 TAKHX €roco6oB Gbu1 onucaH B rJ1. 1. ITostoMy Ml 371ech pacecMOTpHM
BTOpPOH, KOTOpPHIfi OCHOBAaH Ha 3aMEHE TEPMHYECKOro CONMpPOTHBJIEHHS
ropsyell U XOJOAHOH cpeAbl TEPMHUYECKHM CONPOTHBJIEGHHEM TBEepJIol
CTEHKH C TAKHM e K03((HIHEHTOM TENJIONPOBONHOCTH, KaK H JeficT-
BHTEJbHasl CTEHKa.

ITycrs TemnepaTypbl HapyXKHBHIX MOBEpXHOCTell BooGpakaemoii
CTEHKH COOTBETCTBEHHO pPaBHHI TeMneparypam ropsiueii H XOJOIHO
cpelbl fy, H fy, (puc. 6-4). KomuuecTBo nepejnaBaemoii TensoThl OC-
Taercsi 6e3 uaMmeHeHHs. Torna ofumas TonumuHa A 310it BOOGpaxKkaeMoi
CTeHKH oOIpeJe/sieTcsi H3 COOTHOLUEHHS

A
g="Fk (tx1—1tw) = 5 (ta1s—taa)s (3)
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OTKyJa

A=AL:1(_L+1+_1_)=_A_+5+L_
k o A [ oy Oy

3nech BeMHUYHHE A/oty M A/ct, HMEIOT pPasMepHOCTb JVTHHBI, M, OHH
onpelensoT cofod SKBHBaNeHTHBIE TOMIHHBL [Ipu rpaduyeckoM no-
CTPOEHHH CHayaja CTPOUTCS peasibHas CTeHKa TOMIHHOH & (B J10GOM
macirale), 3ateM IO OJIHY CTOPOHY OT Hee B TOM ke Mmaclurabe oTKJa-
ABIBaeTCs 3HaYeHHe A/ay, @ Mo APYryio — 3HaueHHe Mo, M3 kpaitHux
TOYEK @ H b 10 BepTHKANH B HEKOTOPOM MaciuTabe OTKJajLBAIOTCH 3Ha-
UEHHS TeMIEPATYP fyy H tx,. [lonyuennsle Toukn A n C COeIUHSIOTCS
npsiMoii JiuHued. TOuKH mepeceuenHs sTOH NPAMON ¢ NMOBEPXHOCTSMH

15":"6!

Puc. 6-4. Tpaduuecknfi cnoco6 Puc. 6-5. TI'paduueckoe onpepge-
OmpelieIeHHA  TeMIepaTtyp Ha JleHHe TeMNeparypel Ha MOBepX-
MOBEPXHOCTH CTEHKH. HOCTH H B IIJIOCKOCTH COIPH-
KOCHOBEHHSl CJIOEB JBYXCJOHHOM

CTEHKH.

AeHCTBHTEbHOM CTEHKH JAIOT 3HAYEHHST HCKOMBIX TEMIIEpaTyp f., H f,.
IleficTBuTENIbHO, H3 TOROGHS TpeyroibHHKOB ABC u ADE uwmeeM,
uro DE/BC = AD/AB, otkyaa

A
BB s BEY. o (et L gt b
s B I % %
% o
CornacHo ypasHeHuto (6) ¢ el e fy1—HEc1; CJ€JoBaTeNbHO, OT-

pesok ME = MD—ED = #,, — (tx1— t,1) = le1- Takum xe my-
TeM MOXKHO I0OKasaTh, 4TO oTpe3ok NG B BHIOpaHHOM MaciuTabe TeM-
neparypel paBeH f.q.

Ecain creHka mHorocsoiiHasi M TpeGyeTcs ONpelenHThb JIMIIb TeMIe-
paTypy HapyXHBIX MoBepXHocTefi, TO MOCTPOEHHEe NpPOH3BOAAT TOYHO

200



TaKHM ke 06pa3oM, Kak H I/ OJHOCJOHHOH CTEeHKH, UMesl JeJo JHLIb
n
2
cO cpefHHM KO3(HIHEHTOM TEIIONPOBOAHOCTH A, = ~—£:'— MHOTO-
!
coiiHo# cTeHKH (puc. 6-5). TemnepaTypa ke Mexay c/osiMH B TOouke A

onpelessiercsl MO NepecedyeHHIo ABYX JydeH (cnocod nocTpoeHHs BHIEH
H3 pue. 6-5).

NMpumep 6-1. Onpenenuts noTepio TemsoThl yepes 1 m? Kupnuuxo#i obmy-
POBKH Kotsa ToamuHo#k 6 = 250 MM W TeMmepaTypsl CTEHKH fo; H fog, €CJH TEM-
neparypa rasoB ty; = 600° C, temnepatypa Bo3lyxa fy, = 30° C, koaddHuH-
eHT TEeMJOOTHAaYH cO cTOpoHbl rasos &; = 20 Bt/(m®.°C), KoabdHuHeHT Temio-

OTAauH CO CTOPOHBI BO3AyXa &y = 8 BT/(M2-°C) H Ko3hdHUHEHT Ten0npOBOJHO-
ctu obmyposku A = 0,7 Br/(m-°C).
Cornacuo ypasHenHo (6-5)

1 1 1
k = == == ==
ety ++ 8/A + 1oy 1/20 4+ 0,25/0,7+41/8 0,054 0,36 -} 0,125
1 :
= ——— = 1,87 Bt/(M2-°C).
0,535 " )
IMoacrasnas 3To 3HaveHHe B ypaBHenHe (6-4), HMeeM:
g =k (t;x1 — two) = 1,87 (600 — 30) = 1065 Bt/m2.
Hakounen, u3 ypasnenus (6)

1 1065 &
tc1=tm1—q?l*600'—w=546 Gy

1 1065 5

3. OjnHopoaHas UMIHHApHYecKas creHka. [IycTh HMeeTcs LWHAHHIPH-
yeckasi CTeHKa (TpyGa) ¢ BHYTDPEHHHM [IHaMeTpoM d,, BHELIHHM d,
u annuoit [. Crenka TpyGbl OfHOpPOAHA; ee KO3(P(PHIHEHT TENJonpoBOA-
HocTH A. BuyTpu TpyGBl ropsyasi cpefa c TeMneparypoll f,,, a CHa-
py:KHu — XOJIoHAaa ¢ TeMnepaTypo#d f,,. Temmeparypsl noBepXHOCTeH
CTEHKH HEeH3BECTHBI, 0G03HAYHM HX uyepe3 f.; H fy (pHc. 6-6). Co cro-
POHBI ropsiuel cpeflbl CyMMapHBIH KO3(pHLUHEHT TEIIOOT]AYH &, a CO
CTOPOHBI XOJIOAHOM oL ,.

ITpu ycTaHoBUBIIEMCS TEIIOBOM COCTOSIHHH CHCTeMHl KOJIHYECTBO
TeNJOThl, OTJAAaHHOe ropsaYefi W BOCHPHHATOE XOJOMNHOH Cpefoit, 0JH)
u 1o xe. CliefloBaTesibHO, MOKHO HalHCATh:

q = "?‘ = oy ndy (f1—Ee)s

2aM (feg —tes) .
dy ? (n)

In =
d

g = OlgNdy (£ o — 1t a).

q, =
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M3 3THX COOTHOILUEHHI OnpejeasieM YacTHBIE TeMnepaTypHble Ha-
TOPHL:

¢ L
pes cl p afldl ’
a1 do
tg—te=——In—"2; K
e T d, (&)
q; 1
bog—1ya=—
c2 w2 n C‘zd:‘.
t
ot A
| kot
it . ¢
by
HL \
t.::z
g z
S rz ——

Puc. 6-6. Tennonepengaua Puc. 6-7. Tennonepellaua uyepes
yepe3 OJNHOCJAOHHYIO IH- MHOTOCJHOHHYI0  LHJHHIpHYec-
JNHHIPHYECKYIO CTEHKY. KYI0 CTEHKY.

CrkJiafbiBasi ypaBHeHHS CHCTeMBl (K), TMOJyyaeM MOJHBIA Temmepa-
TYpHBIH Hanop

q; 1 1 d. 1
. — /. —In=% ;
t;xl t;KE - ( ‘11‘11 + 2 n dl + aﬂda ) (JI)

s ypasnenns (n) ompenensercs 3HaueHHe JHHEHHOH NJOTHOCTH
TENJIOBOro MOTOKa ¢;.

7 (fy — Txe)

q = N N 4 T kiﬁ (txcl_'t:xﬁ)' (6'8)
4+ —In—=2
a’ldl 2\ dl agdz
OTKyZa JHHeHHbIH Ko3(pHIlHeHT Tensonepenaun (Ha 1 M AJHHBI TPYObI)
1
k= ‘ (6-9)
Lo, Ldy !

ayd; 25 d, agd,

Benuyuna, obparHasi JHHEHHOMY KO3(ppHIHEHTY Teljonepenaud,
1/k, Ha3biBaeTcs JIMHEHHBIM TEPMHUYECKHM COMNPOTHBJEHHEM TenJorne-
penayH.
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W3 ypaBHenus (6-9) umeem:
RI 1 1 e 1 In—dl—{— 1

Tk agdy 9 dy | agdy

ITocnennee osHavaer, yro obuiee TepMUYECKOE CONMPOTHBJIEHHE PaBHO
CyMMe YacTHBIX — TePMHYECKOTO COMPOTHBJIEHHSA TeIIONPOBOAHOCTH

d “
CTEHKH Eln«jL H TEPMHYECKHX COMpPOTHBJIeHH# TemtooTnaun 1/a,d,

H /o ,d,. SHaveHus .1 H t., ONIPENENSATCS H3 ypaBHeHHI (K).

4. MuorocjoiiHag yMAMHApUYeCKasi cTeHKa. B srom ciyuae pac-
cMaTpHBaercsl [Mepefaya TeMJIOTH 4Yepe3 MHOTOCJOHHYI0, Halmpumep
IBYXCJIOHHYIO, IIHIHHAPHYECKYIO CTeHKY. JlHameTpwl u Ko3hHIHEHTH]
TeIJIONPOBOJHOCTH OTAENBHBIX CJI0eB H3BecTHBI (puc. 6-7). Temnepa-
Typa ropsaueil Cpeabl fyq, XOMOAHOH f,,. Kosdpduuuent remnmooraaun
CO CTOPOHHI TOopfAueil CPeanl 6y, a CO CTOPOHBI XOJOAHO! ¢, Temmnepa-
TYpHl noBepxHocTeil fy U f3 a TakK:Ke TeMeparypa B MeCTe CONpH-
KOCHOBEHUS PA3HOPOAHBIX IHJIHHAPHYECKUX CJIoeB f{., HEH3BeCTHHI.

an YCTaHOBHBLIEMCA TEMJIOBOM COCTOAHHH CHCTEMbl MOKHO 3a-
MUacaTh:

gy =oundy (f1—1aq);
A (fey— lea) .
g = (lc1 ;2 :
TR
vl 1
_ Gilles—Ten) | ()
W= g
—n-2
Ny dy
q, = candy (13— ,3)-

OnpepnenisieM 4yacTHble TeMMepaTypHbE HaNoOpHI:

4q; 1
Bt = ;
w1l cl = Gf.1d1

g 1 d
ty—ty—=—t L pde .
cl c2 a1 211 dl (H)

a1 d
to—Ilg=——In—2;
@I, dy

q; 1
tcﬂ"_t:u(z:m*

T Oadg

CkJianpiBas JieBble H TPaBble YacTH YpaBHeHHH (H), noJyuaeMm moJ-
HBIl TemmepaTypHHIH Hanop

a1 Y g 1, d 1
- =—( L Inf )
*TET 0\ oy dy + o9,  d, + Ny dy | ody
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H 3HaueHHe JHHEHHOH INJIOTHOCTH TENJIOBOIO MNOTOKA
R _ 7 (fay — o) ) (6-10)
1 1 dy 1 dy 1
+— In—= 4+ —1In—
% d; 2M dy 2hq dy %ydy

Pacnpefienienne TeMmepaTyp TpH TeIJOnepefaye Yepe3 OXHOCION-
HYI0 M MHOTOCJONHYIO UHJIMHIPHYECKHe CTEHKH IOKasaHo Ha puc. 6-6

H 6-7 COOTBETCTBEHHO.
JIMHefiHBIA KOS(MGOUIHEHT Temyionepefay JJIA ABYXCJOHHOH CTEHKH

|
ki"—'-" H (0)
L gy L ]
aldl 23-1 dl 2;\-2 dg % agdg

a ofuee TepMHYecKoe CONpOTHBJIeHHE R; = 1/k;.
Jois MHOTOCJNOHHOH CTEHKH TpYOhI

n
1 1 1 di+1 1
Ri=—= —+ — In - (m)
i ky  ayd, 2=1 2); d; agdp g
By - - : (6-11)
1 diy 1 '
e o g T ol

Uto6bl ONpelesHTh HEH3BECTHHIE TEMNEPATYPbl CTEHKH Iy, fes,
.3, HAMO 3HaueHHe ¢; U3 ypaeHeHHA (6-10) moxcTaBHTH B ypaBHEHHA
(n). Pemas ux, nomyuyaem:

9 1

by = ty——r
¢ = noogd; ’

q 1 1 d
td=f,,‘1—--;f-( . —|——2TI n‘&j‘); ba="lya+— (p)
Cnoco6 OnpefiesIeHHs TeMrepaTyphl MeXAy CI0AMH omucaH B ra. 1.
PacuerHnsle GopMyJIEl TENJIONIEPENAYH A TPY6 NOBOJIBHO IPOMO3JKH,
N03TOMY NPH NMPaKTHYECKHX pacuerax NPHMEHSAIOTCS HEKOTOpHeE Yrpo-
menns. EC/IM TOMIHEA CTEHKH He OUeHb BeJHKa,TO BMECTO (OpMYJIsI
(6-8) B pacuerax npuMensercs GopMysa Iia miocKoii credku (6-4), ko-
TOpasi B 3TOM cJyyae (B IpUMEHEHHH K Tpy6e AnuHo# 1 M) npuHHMaeT BUJ:

ndy (Faey — o) (5—12)
1 6 1]
51 * A + oy
rae k — ko3pdHUIHEHT TemJIonepefiayn Jis IVIOCKOH CTEHKH, paccuH-
TauHbifi no ¢opmyne (6-5), d, — cpenHHH AHamerp CTeHKH; & — ee
TO/IHHA, PaBHAA TOJYPAa3HOCTH JAHAMETPOB.
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[Ipu stom ecau d/d,>0,5, TO morpeiiHocTh pacuera He NpPEeBHI-
waet 4% . Ora norpelmHOCTL CHUXKaeTcs, ecyu NpH BbiGope d, co6io-
Jlath cJaeaylouniee npaBHJIO! :

1) eciu oy > oy, TO d,=d,;
2) ecsin oy = oy, 10 d,=0,5(d,+d,);
3) ecan oy K oy, TO d,=d,,

T. €. IPH pacyeTe TemonepeAayu no gopmyse (6-12) emecro d, Gepercs
TOT JiHaMeTP, CO CTOPOHBI KOTOPOrO KO3(()UIHEHT TEMJIOOTAAYH HMEeT
MeHbllee 3HayeHHe. EcJH iKe 3HaUeHHS KO(DHIHEHTOB TEMIOOTHAYH
G, H 0L, OJHOTO TIOPAAKA, TO d, PaBHO CpeHeapH(OMETHUECKOMY MEXKIY
BHYTpeHHHM (d,) ¥ BHemHHM (d,) Auamerpamu TpyOul. Ilpu mposene-
HHH pacueToB Kak no dopmyae (6-8), Tak u no dopmyse (6-12) Bcerna
cJie/lyeT UMeTh B BUAY, YTO B LENAX YNPOLUEHUS PacyeTa OTHOCHTENIBHO
MaJIBIMH COTIPOTHBJIEHHSIMH MOXXHO H CJIellyeT npeHeOperath.

Mpumep 6-2. Taponposox puamerpom 200/216 MM NOKPHIT c/loEM COBEJIHTO-
BO¥l H3onsumH ToMmMHOR 120 MM, Ko3pHIHEHT TenJonpoBOXHOCTH KOTOpOH
Ay = 0,1 Br/(m-°C). Temnepatypa napa ty,; = 300°C u okpyxaomero Bosgyxa
twe = 25°C. Kpome Toro, 3ajaHbl KOI(QHIHEHT TenJONPOBOZHOCTH CTEHKH
Ay = 40 Br/(M-°C), a; = 100 u a, = 8,5 Br/(M%.°C). TpeGyercs onpejeauts
NHHeHHEH KOo3hpHUHEHT TenjonepefauH, JHHeHHYIO IJIOTHOCTE TEMJMOBOrO MO-
TOKAa M TEeMIEPaTypy B MecTe CONPHKOCHOBEHHSI maponpoBoAa ¢ H3oJjsiuelt.

Cornacuo ycnosuw 3agauu d, = 0,2 m, dy = 0,216 m u dg = (0,216 4
+ 2.0,120) = 0,456 m. [lanee Ha ocHoBaHHH opMmyan (6-9) umeem:

1

k= =
1 <+ L In Ez_ +L In d_3 &, !
o, d, 2\ dy 2, d, olydg
— 4 e
1 2,3 . 0,216 2,3 . 0,456 1 -
+ -8 + 1

100-0,2 ' 2.40 0,200 ' 2-0,1 ~ 0,216 8,5-0,456
1
" 0,05 4 0,0009 4 3,73 - 0,258

= 0,248 Bt/(m-°C).

[lepsble ABa uieHa OGIIEro TePMHYECKOTO CONPOTHBJAEHHS 10 CPaBHEHHIO
¢ ocTalbHLIMH MaJbl, MPH PacyeTax HMH MOXHO OHNO Gl mpeneGpeus. Ha ocwuo-
BaHHH Gopmyasl (5-8)

Gy = kgt (g, — Ly,) = 0,248:3,14 (300 — 25) = 214 Br/u.

M, nakonen, cornacuo popmyne (H):

1 214
teg = fxs+ '%*

=25
oy dg T 3,14

-0,258 = 25 4- 17,5 = 42,5°C.

5. Wap. [lycte BHyTPeHHHH AWaMeTp 1Iapa paBeH d,, BHEIWHHH
d, ¥ KO3pGHILMEHT TEMJONPOBOAHOCTH CTeHKH A. BHyTpW wapa na-
XOIUTCA rOpsiyasi MHAKOCTb C TeMNepaTypor f,,, CHapyKHU — XOJOI-
Hafg C TEMNepaTypoil fy,. 3HaueHHA KO3(HIIHEHTOB TEMIOOTAAYH CO-
OTBETCTBEHHO 0Ly H &y, TeMreparypsl MOBepXHOCTel CTEHKH HEeM3BECTHHI,
0603HaYUM UX Yepe3 fo, H Iy (pHc. 6-8).
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[Mpu cTaiMoOHapHOM TEMIOBOM COCTOSIHHHM CHCTeMBl KOJHYeCTBO Tell-
JIOTHI, MEpPEJaHHOe OT ropsiueil KHAKOCTH K XOJIOJHOM, MOXKHO BHIpa-
3UTh TPeMs ypaBHEHHAMH:

Q= ’11“‘1? (txr—1a);

2
Q=—— (fa—ta);

ey (c)
d  dy
‘ 2
Q = %nda (tc2 = t}KZ) #
M3 stux ypaBHeHHWil ompejensercs sHaueHue Q:
’ a G= T (ty — i) _
2
n oty l_%LG4H+1
! 2 a,d? 20 \dy  dy a,d2
t lh
“’1‘ . = Tt (faa—ta)- (6-13)
4 1 |t %q__ CaenoBaresbHO, KO3(DOULHEHT Teronepe-
2 naym AR MApOBOH CTEHKH ONpeNeasercs
4 COOTHOILIEHHEeM
1
d, k. =
2 w 1 1 ( L1y, 1
Puc. 6-8. Tennonepenaua 2 d—__) 2
yepe3 MapoBYK CTEHKY. adj 2 1 a2 Gotdy
(6-14)

O6parnana BenuuuHa 1/k, HaswBaercs OOLIUM TEPMHYECKHM CO-
TIPOTHBJIEHHEM TelJionepeNauyn MIapoBOH CTEHKH:

1 1 1 1 1 1
e -t
= kw ald% 22 \d, dy + azdg

Ilpu npakTHyecKHX pacyerax Hafo NPOBEPATh COOTHOLIEHHE TepMH-
YeCKHX COMNPOTHBJIEHHH; OTHOCHTENLHO MAJEIMH H3 HHX BCErJa MOXKHO
npeHebpeus.

6-3. TEMJIONEPEQAYA YEPE3 CJIOMHBLIE CTEHKM

1. PeGpuctbie nosepxHoctd. I[Ipu Tensonepelaue yepes MJIOCKYIO
CTEHKY TepMHYECKHEe CONMPOTHBIEHHA TENJIOOTAAaYH ONpPEeesioTcs uye-
pes l/a; u l/ay. Tlpu Tensonepenaue yepes HMUIHHAPHYECKYIO CTEHKY
TEPMHUECKHe COTNPOTHBJIEHHS OMPENeNSIOTCA HE TOJbKO 3HAYeHHSAMU
KO3((dHIIHEHTOB TEMJIOOTAa4YH, HO H 3HAUeHHAMH JHaMeTpoB, T. e. l/a,d,
i 1/a,d,. Ilpu Tenmonepenaue uepes INApOBYIO CTEHKY BAMSAHHE JHa-
METPOB CKa3biBaeTcs elle CHJbHEee; 3/1eChb TePMHUYECKHE CONpPOTHB/IEHHS
TENJIOOTAAYH COOTBETCTBEHHO lfaldf H 1/cc2d§. 310 06CTOATENBCTBO
06yCJIOBJHBAETCA TEM, YTO BHELIHSA MOBEPXHOCTL TPyOhl M MIapa
Gosbie BHyTpeHHei#. M3 sToro caenyer, yro, yBEIHUHMBAsA MOBEPXHOCTh
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nyreM opeGpeHHs, MOMHO CYLIECTBEHHO YMEHBUIHTb ee ofliee TepMH-
YeCKO€ COTPOTHBJEHHE H TeM CaMBIM HHTEHCH(QHIHPOBATH MPOLECC Tel-
Jioniepenaun.

PaccMOTpHM TJIOCKYHO CTEHKY TOMIMHOH O, KosdduuueHT Temio-
MpoBOAHOCTH KoTopoit A. OfHa cTopoHa 3TOH CTEHKH cHaG:xeHa peG-
pamu M3 Toro ke marepuana (puc. 6-9). C ruankol CTOpPOHBI MoBepx-
HocTh paBHa F,, a c opeGpenHoit F,, mocnefnss cocraBiasercs H3 Io-
BEPXHOCTH pefep W MOBEPXHOCTH caMOil cTeHKH Mexny peGpamu. Tem-
nepatypa ropsiyeil KHAKOCTH, OMBIBAIOIIEH TIJIaJKYIO CTOPOHY, [y,
a TeMmneparypa STOH TOBEPXHOCTH f.,. Temmeparypa e XoJOAHOH
JKHIKOCTH, OMBIBaloleii opeOpeHHYI0 CTOpOHY,
fx2, @ TEMIeparypa 3TOH TOBEPXHOCTH [gq.
3HayeHUs KO3(PHIHEHTOB TEIJOOTAAYH COOTBET-
CTBEHHO 0Ly U O,, TIPHUEM Oy K O,

Ilpu ycraHOBHBIIEMCH TEILIOBOM COCTOSIHHH
CHCTeMBI KOJIHYECTBO NepefaHHOH TensoThl Q Mo-
XKeT GBbITh BEIPAYKEHO TPEMA YPaBHEHHAMU:

Q= F; (tya—1a1);

A
Q= F Fl (tcl_tcz); (a)
Q = azFﬂ (tc2_"'tns2)‘

Puc. 6-9. Tennonepeaua yepe3 peGPHCTYIO CTEHKY.

Onpenenssi OTCIONA YacTHBIE TeMIepaTypHBIE Hanopsl, MOJIYyYaeM:

1
tml'_tc:l:Q % F )
5 1
tcl—tcz=Q“l——}:l—, (6)
1
ta—tya= .
c2 X2 Q aFs

CknanpiBasi ypaBHeHHs cucTeMbl (6), nosyyaeM TOJHHH Temnepa-
TYpPHHH Hanop

1 6 1 1
bar— Ly = - )
K1 w2 Q(alFl + l Fl + a2F2) (B)
Vs ypaBHenus (B) onpenesisercsi anauenne Q:
1
Q= : - T (tra—ta) =y (taa— ), (6-15)

wFy A Fy ' agF,

a TaKKe 3HaueHHe KO3(pdHUUMEHTa TenJonepenaun k,:

B 1
By=— ¥ i T (fe6)

o Fy A F oyFy ]
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Ecnu pacuer BeCTH Ha €IHHHILY TIVIaJKO{i NOBEPXHOCTH, MOJYYHM:

gy = g =Fky (tx1—1txo) (r)
H
1
k]_: F . (ﬂ)
_+ + Ly Fz

Ecnu xe pacuer ecTH Ha eJUHHILYy OpeGpeHHOI MOBEPXHOCTH, TO
pacueTHoe ypaBHEHHE TPHHHMaeT BH:

i =L =k (ha—tra) (©
2

1
ky= . K
S e
=51 Fl A Fl Qg

Takum o6pasoM, ecnu peGpHcTas NOBEPXHOCTh 33JaHa M 3HAYeHUs
KO3(MpHIHEHTOB TEMJIOOTAAYH Oy H Cl, H3BECTHHI, TO PacyeT TemjIonepe-
JlauH Yepe3 TakKylo CTeHKY TpyAHocrel He npeacrasiaser. [Ipu stom He-
06XOZMMO CJIENTD JIHLIb 33 TeM, MO KAaKOH MOBepXHOCTH BEJETCS pac-
yer, H6O B 3aBUCHMOCTH OT 3TOTO YHCJEHHBbIE 3HAUEHHs Ko3dduuHenTa
Tensionepenaun GymayT Pa3/UYHbI. OrHoluenne miowaneii opeGpeHHom
nosepxHocTH F, u rnagkofi F, HasbiBaeTcsl koaghghuyuernmom opedpe-
HUSL.

IlpuBeneHHBIR 37€Ch pacyeT Tenyonepefayd yepe3 opeGpeHHYIO Mo-
BEPXHOCTbL OTHOCHTCA K C/yYalo, Koraa opebpenue sanano. Ho Hapsany
C TaKHMH pacyeTaMH JOBOJILHO 4acTo, TpeGyercs cHayana pacCuHTaTh
camo opeGpeHHe, T. e. YCTAaHOBHTb pasMepHl, KOJHYeCTBO H Crocol pas-
MelieHHs peGep. B 3aBHCHMOCTH OT MX Ha3HaYeHHA TYT MOrYT GHITh
MOCTaBJEHHl pas3/iHyHLle TPeGOBaHUA: B OAHHX ciaydasX TpeGyercs 3¢-
(eKTHBHOE HCNOJB30BaHHE MaTepHala, B JPYrHX — MaKCHMalbHas
Temyonepefaya, B TPETbHX — MHHHMAJbHAs Macca HJIH MHHHMAaJlbHBIE
pasMephl, T. €. KOMIAKTHLIE TenJOOOMEHHHKH.

Ilpu pacuere Tensonepefayu Mbl ToJarajd, 4YTO Temneparypa f.,
OJIMHAKOBa 1715 Bcefl opeOpeHHOfi MOBepXHOCTH. B JeficTBHTENBbHOCTH
e BCJEICTBHE TEePMHUECKOro CONPOTHBJEHHs Temneparypa pefpa y
BepIUHHbI HHMKe, ueM y ocHoBauusa. Kpome Toro, npu opeGpeHuH mo-
BEPXHOCTH MEHAIOTCA TaK»Ke H oOlHe YCI0BHA Temnoo6MeHa KakK BCJe]-
CTBHE H3MEHEHHs XapaKTepa JBHIKEHHS MKHIKOCTH, TAK H H3MEHEeHH:
B3aHMHOH 06G/Iy4eHHOCTH 4YacTefi moBepxHocTH HarpeBa. IIpaBusibHoe
3HaYeHHe KO3(pHLHEHTa TEIVIOOTAAa4YH ¢, H pacnpejesieHHe Temmepa-
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TYpHl 10 BCeil OpeGpeHHOM MOBEPXHOCTH MOTYT GBITh YCTAHOBJIEHLI HA
OCHOBe 3KClepHMeHTa.

OpeGpenyue NnoBepXHOCTell Harpesa NPHMEHAETCS KaK JJfl BbIpaBHH-
BaHHA TEPMHYECKHX COTMPOTHBJEHHH, TaK H /ISl HHTEHCH(HKAIWH TIpo-
1eccoB Teronepenays B IenoM. MmeoTes Tennoo6MeHHble yeTPOHCTBA,
HanpuMep OTONHTE/NbHBIE pagHATOPhbl, KOTOpHIE HAarpeBarOTCHd BO,I[Oﬁ
[, = (2=+-5)-10%], a oxJaxpgaiorcd  BO3AyXoM  [o, = 10—
50 Br/(M?-C)]. B Takux cayyadx [jif HHTEHCH(HKAILHH Termjorepe-
JayH CO CTOPOHBI MEHbILNEro KospuiueHTa TeMJIOOTAAYH, T. €. BO3AYII-
HOIl CTOPOHBI, MyTeM opefpeHHs YBEJHYHBAETCsA MOBEPXHOCTH HArpesa.
HHorna opefpenne nmpoH3BOAUTCS ¢ OOEHX CTOPOH, TaK JeNalT B Tex
cayuasix, Korza TpeOyeTcsi yMEHbIIHTh pasMephbl TemnJOOOMEHHHKa, a
3HAYEHHA Ly H Oy MAJIBL

HsroroBndiorcsi pe6pHCThie MOBEPXHOCTH MO-pasHoMy. B opHHX
cayuyasx OHH SBJIAIOTCA CIVIOIIHOH OTJHMBKOH H3 4YyryHa, B JpYrHX
pe6pa H3TOTOBJAIOTCS OTAENBHO M 3aTéM NMPHUKPENJIAIOTCS K COOTBETCT-
BylOIel MoBepXHOCTH. B noc/iefHeM ciyyae HMeeTcsl TO PeUMyIecTBO,
yTo pe6pa MOXKHO H3rOTOBJATHL H3 JpPyroro, Gojee TemIONPOBOAHOIO
MmarepHasia, 4YéM cama CTeHKa, H BCA KOHCTPYKIIHSA MOXKEeT OBITH BBITOJ-
HeHa Gosiee serkoH. IINOTHEI KOHTAKT MEXKIY CTeHKOH M pebpamu
OCYLLEeCTB/JeTCA NMyTeM HacaakH pebep B ropsdyeM COCTOSIHUH H TIO-
crenyomeil mponadkH MecT coeiuHeHus. Kak mnpaBHsIO, MIOCKOCTH
pe6pa no/KHA ObLITh HamnpaBjeHa MO JBHXKEHWI0 paGouell KHAKOCTH,
a npH cBoOGOLHOM JBHKEHHH — BepTHKalbHO. OfHAKO MHOrAA C 1LeJIbI0
HCKYCCTBEHHOH TYpOyJH3allMH NOTOKA XKHUAKOCTH H pa3pylleHHA BfA3-
Koro NONC/IOA HH3KHe H ILIHPOKO paccTaB/ieHHble peGpa ycTaHaBH-
BAOTCA H MNOIIEPEK II0OTOKA.

2. Tasoeble u xupKocTHBIe nNpocaoiiku. HMmea B Buay nuoxyio Ten-
JIONPOBOJHOCTh BO3JyXa, YacTo C IEbI0O CHHXKEHHS TEeIJIOBHIX IOTEpPhb
B CTEHaX JKHUJILIX TOMeINeHHH ¥ B O6OMYpPOBKAax TeIIOBLIX YCTAHOBOK
OCTaBJIAIOT BO3LYLIHbIe Npocsofikd. OJHAKO 3TOMY Ha3HAYEHHIO BO3-
AYLIHBIE npoc.noﬁxn YAOBJIETBOPAIOT JIHIIL NPH NPpaBHJABHOM HX yCT-
pofictee u pacuere. Ilpexpae Bcero Takue NPOCHOHKH JOMKHEI OLITh
repMeTHYHLIMH. B nMpoTHBHOM c/ydae B HMX BO3HHKaeT MPOTOK BO3AyXa
U cosjatoTca 6saronpHATHLIE YCJIOBHA Il HHTEHCHQUKAUUH npolecca
nepeHoca TemJoThl.

Ilepenoc TensoThl uepes JBe TBepALle CTEHKH H MPOCIOHKY MEXKAY
HHMH MOXHO DPacCMaTPHBaTL KaK NEePeHOC TeIVIOThHl Yepe3 CIAOKHYIO
TPeXCJOHHYI0 CTeHKY. Besl 3a7aya npu 3ToM CBOAHTCS K MPaBHJILHOMY
BBIGOpY 3HaueHHs1 3(PQPEeKTHBHOro Koah(hHIHNEHTa TEeMIONPOBOAHOCTH
npociofiku. Ilosromy ycloBHS mepeHoca TeIVIOTH 4epes MPOC/IOiKH
cJefiyeT paccMOTpeTb nojpobHee.

ITycth MeXIy MNJIOCKHMH CTE€HKaMH, TEeMIepaTyphl KOTOPHX fgy
u f.,, HMeeTcsi rasoBasi mpocsoika. TosuHa 3Toft mpocsoiiku 8, a
Ko3(pHIHEHT TenIonpoBOAHOCTH 3anovHAlmeNR cpeasl A (puc. 6-10).
Tax Kak yepes Npoc/JoHKy TErioTa NepefaeTcs He TOJIbKO IyTeM Tell-
JIOTIPOBOJIHOCTH, HO TaKiKe KOHBEKIHEH .M M3/JyYyeHHeM, TO KOJHYECTBO
TENAOTH, TNepelaHHoe B EIHHHIY BPEMeHH OT TOpsueil MOBepXHOCTH
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K XOJIOIHOI 4epe3 mpoc/ofiKy, paBHO:

Q= ky(ta—ta) F+cF [ (%)‘ - (%’)‘]

HITH
Q= (Rn+0s) F (tex—tca), (6-17)

rpe F — nuomaab MOBEPXHOCTH TemyiooOMeHa; ¢, — Koa(pHIIHEHT
TennooTnaul usnyueHueM [em. (6-1)]; &, — KoapduimeHT Tensonepe-
Jaud Yepe3 MPOCTIOHKY NMyTeM CONPHKOCHOBEHHS.

[Ipu OTCYTCTBHH KOHBEKIHMH k, = A/8; mpW HalTuuuH ke KOHBEK-
nuu k,>MA/8.

Jlns obneruenus pacuera M yNpoUIEHHA o6pabOTKH ONBLITHHIX JaH-
HBIX CJIOXKHBIH NPOLECC NepefayH TEmJIOTHl Yepes3 rasoByio WJH KHUIKO-
CTHYIO MPOCJAOHKY MyTeM COTNPHKOCHOBEHHS NPHHATO pacCMaTpHBATh
KaK 3JeMeHTapHEIl Npolecc nepefayd TeNJOThl MyTeM TEIJIONpPOBOX-
HOCTH, BBOJSI NMPH 3TOM HEKOTOPBIii SKBHBAJEHTHBIH KOI(QHIHEHT Ten-
JIONIPOBOJHOCTH Agy. B 3TOM ciiyuae KOMIHYECTBO TEIJIOTH], MepefaHHoe
MyTeM CONMPHKOCHOBEHHSA (), NOJNKHO ONpPENeNATbCA CJAEAYIOWHM Bbi-
paXKeHHeM:

Qe=kaF (ta—ta) =22 F (fu—tea), (6-18)

OTKYAa hyx = Rpd.

Crnenosarenbio, Ay, SB/As€TCS TAKHM 3HaueHHeM Koa(uiHeHTa
TEMJIONPOBOAHOCTH CPelbl, MPH KOTOPOM dYepe3 IpOCJOiKY mNepejaBa-
Jioch GBI TAKOE K€ KOJHYECTBO TEMJIOTHl MYTEM TEIIONPOBOAHOCTH, U4TO
H NpPH CJIOXHOM TIpolecce MNepeiayd TeMIoTh. 3HaueHue A,, onpese-
JsieTcsl HEernoCpPeJCTBEHHO 10 JaHHLIM, NPHBEACHHLIM B Ivl. 3.

O603Hayas OTHOLIEHHE A, /A uepe3 €,, MOKHO MPHBECTH CJENYIOIHE
pacuerHble (HOPMYJIbL:

a) And IJIOCKHX TPOCTOEK

A A
% =q= (BKT +a.u) (tcl'_' tcs) =8 ry (tcl._tc!) +
Ter \* [ Te \*]. _
+cn[(—-—~m0 ) (—wo ) ] (6-19)
6) n/is UHJHHIPHYECKHX TNPOCJIOEK

&_ e 2RBKA1 . Tﬂl "— Tcg & 3

CTr s ety | () =] 620
dy

3uauenue e, Gepercs u3 rpaduka puc. 3-31 HIH BHIUHC/ISETCS MO
dopmysam (3-44) u (3-45).

Eciu TpeGyercs onpenennTb NepeHOC TEMJIOThl TOJBKO yepes Ipo-
cJ/I0iKY, TO pacuer no ¢popmynam (6-19) u (6-20) naer KoHeuHslil pesyJib-
tar. Ho ecniu mpociofika siB/isieTcsl JIHIIb YacThIO CJOMKHOH CTEHKH, TO,
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4TOOB HMETb BO3MOXKHOCTH NMPOH3BECTH PacueT mo GpopMyJaaM Aasi MHO-
TOC/JIOHHOH CTEHKH, HeOGXONMMO OmnpefenuTb SMPEKTHBHBIA KoIdbH-
UHEHT TEIVIONPOBOAHOCTH Aypy TPOCTOMKH C YYETOM Mepefayl TenaoThl
nyTeMm HanygeHHs. st IUIOCKHX MPOCTOEK OH ompeensiercs no ¢op-
MyJie

Qd

?\, R e————

PF (o — o)

a ANs UHIHHAPHYECKHX
%M:qj+j%Lm%1. (6-22)
1

Ecau npoc/ofikKH 3anmoHEHB! KamneJbHOH JKHAKOCTBIO, TO BTOPHIE
yneHsl B dopmynax (6-21) u (6-22), yunTHIBaOmKe BIAHSHHE TEMJIOBOrO
H3JyYeHHs], OTNAjAIOT; B 3TOM C/yyae
t Aopp = &ch. B BosaywHBIX Xe mnpo-
N C/IOHKaX OTHOCHTENBHOE BJHSHHE Tell-
JIOBOTO  H3JIYYEHHS  MOXKeT  OHITh

(.'5K "%“ + fxn) 6=¢el a8, (6-21)

N TG B

P ET TS TS

tez
I P—
/
Puc. 6-10. Ilepenoc Tten- Puc. 6-11. Cnoco6ul ykaagkH anb-
JOTHl Yyepes KHAKOCTHYIO dons B BO3AYWHBIX mnpocaoiikax
npoc/ofiKy . € LeJbI0 CHHXEeHH A TemyonepeiayH.

cyliecTBeHHBIM. Ilo3ToMy ecnH OHM NpeAHASHAYAOTCH NIl YMEHb-
IIEHHsI TEMJOBBLIX TOTEPh, HEOGXOLAMMO, UYTOGHI TENJIOBOE H3/yUECHHE
GBUIO MHHHMAJBHBIM. 3TOTO MOXKHO NOGHTBCSH CHUMKEHHEM H3JyyYeHHs
creHoK. OznHako HauGojee 3(hEKTHBHBHIM CPEICTBOM B 35TOM clyyae
ABJIAIOTCA SKPaHbl H3 KaKOTO-THGO TOHKOTO MaTepHajia (JKECTH HJIH
¢onbru). IIpy 3ToM OGHIYHO yMEHBIIAETCS TaKKe KOHBEKTHBHBIH Te-
PEHOC TEMJIOTHI, TaK KAK 3KPaHbl CHHKAIOT HHTEHCHBHOCTb KOHBEKTHB-
HOro ABHeHHsA rasa. Takoi cnoco6 Halles LIHPOKOE MPHMEHEHHe A5
H30JIALLMH  BaroHOB-XOJIONH/IbHHKOB, CaMOJIETOB, NapoOXOLOB H .p.
B xavectBe 3KpaHOB Gepercsi OGHIMHO TOHKasi aJlOMHHHeBas (oJibra,
KOTOpast HaK/aJblBaeTCs PAAAMH HJIH B CKOMKaHHOM BHJe (pHc. 6-11).
ITpenmyluecTsa Takoil TENJIOBOH H3OMALUMH — BBICOKAsA 3bEKTHBHOCTD
H Majnas Macca.

Mpumep 6-3. OmpepfenHTh MIOTHOCTH TENJOBOTO MOTOKA uepes CTeHKY, XoO-
JIONHAA CTOPOHAa KOTOpo# opeGpeHa H KosddHuUMeHT opebpeHus F,/F, = 13.
Tonmuna crenkn 8 = 10 MM H KosdduukeHT TemnonpoBoaxocTH MaTepHala

A = 40 Br/(M-°C). KosdpdpHuHeHTH TemnooTAaUYH COOTBETCTBEHHO o, = 200 u
@y = 10 Br/(M2-°C) u remmepatyphl ty; = 75°C u fy, = 15°C,
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Onpegiennm KosdppHIHeHT Tennonepefaun no dopmyne (m)
1 _ 1 -
1 0,01 1 0,002 + 0,00025 +- 0,0077

200 40 10-13

1
= ——— =177 B1/(M%-°C);
0,013 Rl

by =

H MJOTHOCTh TeNJIOBOrO MOTOKa no ¢opmyne (r):
g1 = Ry (1 — ta) = 77 (75 — 15) = 4620 Bt/m2.
Ilpu otcytctBuH peGep HMeaH GObl
b= : - : -
1/200 4 0,01/40 4~ 1/10 0,005 4 0,00025 4 0,1
1

= ———— =9, Br/(M2.°C).
0,10525 HRg)

Takum oGpa3om, opeGpeHuHe MOBEPXHOCTH MO3BOJISIET YBeJHYHTh TelJOnepe-
nauy Gosiee uem B 8 pas.

6=4, MHTEHCMDMKALMA NPOLECCOB TEMJOMEPEQAUYM

[lpu peleHHM NpakTHYECKUX 3ajau TelJionepejaud B OJHHX CJy-
yasfgx TpeGyeTcs HHTeHCH(HLHpOBAaTh Npouecc, B APYrHX, HaoGopor,
BCSIYECKH TOPMO3HTh. BO3MOXKHOCTH OCYLIECTBAeHHS 3THX TpeGoBaHHi
BLITEKAIOT H3 3aKOHOMepHOCTell MPOTeKaHHS OCHOBHHIX CNOcOGOB mnepe-
JaYH TEIIOTH, PACCMOTPEHHHIX B TNpeAbAYIHX IJaBaXx.

TepMuyeckoe CcONPOTHBJEHHE CTEHKH MOXKHO YMeHBIIHTb TNyTeM
YMEHBIIEHHS] TOJIUHHBI CTEHKH H yBeJIHYeHHA KOs(duiHeHTa Temnio-
NIPOBOZIHOCTH MaT€pHaja; TEmIo0T/aya CONPHKOCHOBEHHEM MOXKeT GbITh
HHTeHCH(HIHPOBaHA MyTEM NepeMellNBaHHA HAKOCTH H YBeIHYEHHS
CKOPOCTH JBHMEHHS; NMPH TEIJIOBOM H3JYUeHHH — IIYyTeM MOBHILIEHHS
CTeNeHH YepHOTHl M TEMIepaTyphl H3Jyyalolled MOBEpXHOCTH.

Bonpoc o nyTax HHTeHCHOHKALMH Npouecca Temjionepenayd Gouee
CTIOXKHBIH; NPABHJIBHOE €ro pelleHHe MOKeT ObITb NOJYYeHO JHUIb Ha
OCHOBE TIATEJbHOIO aHaIH3a YaCTHBIX YCJOBHH Tenyoneperay.

B kauecTBe nmpuMepa paccMOTPHM (opMyay Kos(pdHuHeHTa Temsio-
nepefayd AJs IVOCKOH CTeHKH. EclH TepMHYeCKHM CONMPOTHBJAEHHEM
CTEHKH mpeHeGpeub, T. €. moaoxuth 6/A = 0, To dopmyaa (6-5) mpu-
HUMaeT BHJ:

1 Oy 0Ly
ko= 1+_1_=a13ra=' @

o, Qg

OTKYyJa C/AedayeT, yTo KOI(xpHIHEHT TemJIoNepenayH BCerja MeHblie ca-
MOI'0 MaJIorO H3 KO3(p(hHIHEHTOB TEIJIOOTAAYH.

B camom gmene, mycts oy = 40 H a, = 5000 B1/(M2.°C), torma k, =
= 39,7 Br/(M2-°C). YBelHueHHe ¢, HA BeJHYHHE K, MPAaKTHYECKH HHKAK HE OT-
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pasutcsi; npH @y = 40 B oy = 10 000 Br/(M2.°C) &k, = 39,8 B1/(M2.°C). 3na-
YyHTeJIbHOE H3MeHeHHe k) MOXHO NONYYHTb TOJABKO NMYTeM H3MEHEHHS 3HAYEHHS
MeHbINEro H3 €, B JAHHOM cayuae oy. Ecan, wuanpumep, o, = 5000 u o, =
= 80 B1/(M?-°C), 10 ky= 78,8 B1/(M2-°C); ecau ke NONOKHTL o, =
= 200 B1/(M2-°C), 10 ko = 192 Br/(M2-°C).

3aBucHMOCTE ky = f (o, o.,) npuBesieHa Ha puc. 6-12, U3 KoToporo cirenyer,
YTO NPH YBeJHYEHHH 00y OTHOCHTENBHO OBICTPLIfi poCT Ry MPOHCXOXHT JIHIbL JO
Tex Nop, MOKa G, H G, He CPaBHAKTCA Mexkay cobofi. [Ipn nanbHefimmem yBenuue-
HHH Oy pocT ko 3aMe]/ifieTcsi U 3aTeM NMPaKTHYeCKH coBceM mpekpamiaercs. Cre-
IoBaTe/NbHO, €CH G = Gy, TO HHTEHCHOMIHPOBAThH TeMJonepefayy MOMKHO My-
TeM yBelHYeHHs Kaxporo u3 o. Ecan ke oy < oy, TO HHTeHCHPHKALHSA MOKET
GuiTh NOCTHTHYTA TOJABLKO NMyTeM yBeJAHYeHHS MEHBIUETO0 H3 HHX, B JaHHOM Cly-
qae o,.

Br/m*°c)
] T
_;g'-’.ka T T La// (5///
& A
L ey % 0
8 kﬂ—_L.q,_L—“""“z // d"l- 15 Lt
B o e, /
] 7 S 10 =y
: gl
4 /S 5
217 >
B // /—-—"‘"_-—- 3
“-/ — 2 —
Z e 7103
3 | 1 1 1 1 oc,'{ﬂ'
/) 2 4 § 8 10 2 %15
Br/ime)

Puc. 6-12. 3aBucumocts ky = f (2tq, @y).

B npopeneHnoM aHalu3e pajH YNpPOIUleHHS BHKAAJ0OK TepMHYECKOe COMpO~
THBJIenHe CTeHKH GBIJIO MPHHATO PaBHBIM HyJi0. B psafie ciyuaes 3T0 BOMYCTHMO
JesaTh H B TEXHHYECKHX pacyeTax, OJHAKO BCerha Haj0 3HATh JOINYCKaeMYIO NMpPH

gfom norperrHocts. IIyerh A KAKOro-TO KOHKPETHOTO cayuas ky= —————— .
/e, + 1/a,
Ecnn yuecTb TepMHyeckoe conporHBienHe creHkd §/A, To 3HaueHHe KOB(PHIH-
eHTa Tejomnepelayd H3MeHHTCH:

k= . = ! . (6)
oy + Veag+ 8/ 1/ky+ 8/A
PazjenuB JeBYIO H MpPaByl0 YacTH 3TOTO PaBeHCTBA Ha k,, MOJAYUHM:
k 1

o 1+~i—ku

(6-23)

[MTocnenusiss 3aBHCHMOCTh B BHIE KPHBHIX NpeictaBieHa Ha puc. 6-13, rae
no ocH aGenHce oTJOXKeHO 3HaueHwe O/A, mo ocH opmuHAaT klk,, a 3nauenue R,
BuGpano B Kavectse napamerpa. M3 pucynka BuaHO, 4TO ¢ BospacTaHHeM TepMH-
YeCKOro CONpOTHBJIEHHS CTeHKH 3HaueHHe B CHHIXAeTCd TeM CHJAbHee, yeM GOJblue
HavanbHOe 3HaueHHe Ry, B KauecTBe WJIJIIOCTPAalMH 3TOro BHIBOJA PACCMOTPHM
HECKOJIbKO 4HCAOBHX mpHMepoB. Mmeercs Tennoo6MeHHHK, B KOTOPOM MOJOrpe-
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Baercs BOAA; cO CTOPOHB BOAH %y = 5000 B1/(M2.°C), TonmnHa CTanAbHOHA CTEHKH
8 = 3 mm n A = 30 B/(m-°C); cnenobatensho, 8/A = 1-10—* u2.°C/Br.
a) Ecan oorpes nponssogutca rasom n o, = 40 Bt/(M2-°C), 10

1
oy + 1/ag  1/40-- 1/5000
H no gopmyne (6-23)

e

== 39,7 Br/(m2-°C)

_ 39,7 39,7
14+1-107%39,7 1,004

~ 39,7 Br/(m2-°C),

kg“f BT/{M‘?'T)
10 170
k ]
ko N S~ --._‘-""“-———. S0
AN e 2 -
| x \ ‘\.\ 100p
i \\\ ~
0 < e
’ l—Lz ! t T'\‘__
ky 1+ &k, S~ ~—3 |
42 /77
| 10
1 1 1 1 L 1 1
g 1w 20 0 40 50 60 W 80
m2°C/Br

Puc. 6-13. 3asucumocts k = | (k,, 8/A).

6) Ecin  oGorpes npouagb,umc:ﬁ KOHNEHCHDYIOIHMCSL TapoM M @, =
= 10 000 Bt/(M2.°C), TO

1

ky = = 3300 Br/(M2.°C)
1/10 000 -}~ 1/5000
H
— 2500 Br(m2.°C),
140,333

T. e. k= 0,75 k.

B) Ecnu oGorper npoM3BOAMTCA KOHJAEHCHPYIOMHMCS napoM, HO cTaJbHas
creHka samenena meauoft [A = 300 Br/(m-°C)] Toft xe Tommunm, To

8/A=0,003/300 = 1-10~5 (m%.°C)/Br;
kg = 3300 Bt/(M2-°C)

R 33005 = 3240 Br/(M2-°C),
1+ 1-10—5.3300

T. e. k= 0,97 k&,.
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Taxue e pe3yJbTaThl MOJYYHM H MO KPHBBIM pHc. 6-13.

H3 stux mpHMepoB cjelyeT, YTO MPH GOJbIIHX 3HaueHHAX R, TePMHYECKHM
CONPOTHBJICHHEM CTeHKH npeHe6perath Heab3si, IIo3ToMy B TeXHHUeCKHX pacue-
Tax ero BJAHfAHHE JNOJIKHO GHITh COOTBETCTBYIOUIHM 06pa3oM yyTeHO. STH BBHIBOLHI
NPHMEHHMBl JJ51 OLEHKH BJIHAHHS KaK TePMHUYECKOTO CONPOTHBJEHHA  caMofi
CTeHKH, TaK H TEPMHUECKOTO CONPOTHBJEHHS OTJOXKeHHH camn H Hakunu. Taxk
KaK Ko3(hHUHEHTH TeNJONpPOBOXHOCTH HAKHNH H B OCOGEHHOCTH CaXH HMeIOT
HH3KHE 3HaYeHHH, TO Jake He3HAUHTeJbHHIR cjioff 3THX oT/IoKeHH A coafaer GoJib-
woe TepMHueckoe conportuaeHHe. Cioli Hakumu ToamMHOA B 1 MM mo TepMHye-
CKOMY COTPOTHBJIEHHIO 3KBHBaNeHTeH 40 MM, a 1 MM camu — 400 mm cranbHoM
cTeHKH. [TOMHMO CHHMKeHHS TelljloNepefayH, oca}leHHe HAKHIH Ha CTeHKe BPefHO
eule H MOTOMY, YTO MPH 5TOM MOBHILAETCs TeMIeparypa creHKH. B Hekorophix
cayyasx 3To o6CTOATENBCTBO MOMET OKa3aThCsl NMPHYHHOA aBapHH. [TosatoMy npH
IKCIVIyaTalHH TemI00GMeHHBIX yCTPOMCTE HeoGXOZHMO MNpeJoXpaHeHHe HX OT
BCAKOrO pPOLA OTJOXKeHHI HAa NMOBepXHOCTH Harpesa.

BbISIBHB 4acTHBEIE TEPMHYECKHE COMPOTHBJEHHS, JIETKO HalTH H pe-
meHHe 3anayd o6 HHTeHCH(HKauHH Tensonepenayd. Ecau yacTHBIE
TEepPMHUYECKHE CONPOTHBJIEHHS] Pas3/HYHBbI, TO, YTOOLl YBEIHYHTh TEIJIO-
nepenayy, NOCTaTOYHO YMeHBLINThL HaHOoJblliee H3 HUX. Ecau xe Bce
YacTHble TePMHYECKHE CONMPOTHBJEGHHA OJHOTO MOpsAKa, TO YBEJHYe-
HHUE KOBQ}(‘I)HHHEHTE TENJONEPENAaYH BO3MOXKHO 3a CUCT YMCHBILIEHHSA
JI000T0 M3 CONPOTUBJEHHH. F3MeHEHHEe KaXXIOoro U3 HHX BHI3LIBAET TEM
Gosiblliee M3MEHEHHe TenJonepenaud, yem Gosblile GBIIO NepBOHAYalb-
HOE OTHOIIEHHE 3TOr0 TEPMHYECKOTO COMPOTHBJEHHH K OCTaJbHEBIM.
Ilpn pemennn mocraB/ieHHOl 3afaud GoJablIOe 3HauYeHHe HMEeT Mpa-
BHJIbHAsi KOMINOHOBKA MOBepXHocTH HarpeBa. [locsenusis no/mxHa GbITh
Tako#, 4ToGBl NEHCTBHTE/JbHEIE YCJOBHS TENJONEpeNauyd COOTBETCTBO-
BaJIH 33aJlaHHIO H yTo6El BO BpeMs 3IKCIayaTalud OHH He yXYAIIaJHCh.

M3 BBILIEH3N0EHHOrO OYEBHAHO, YTO BHIABHTH Y3K0OE MECTO TEMJIo-
nepejayd M HaMeTHTh Crocolbl ero ycTpaHeHHs BO3MOXKHO JIHIIb Ha
OCHOBE 3HAHHS M aHA/NIM3a YAaCTHHIX TEPMHYECKHX CONMpPOTHBJIEHHH. 3Ha-
HHe e TOJbKO KO3(HLHeHTa Telsonepenaud HJH o6ILEero TepMmHye-
CKOTO COMpPOTHBJIEHHS B 3TOM OTHOIUGHHH HHYero He jxaer. Bor mouemy
NPH H3JOXEHHH Kypca MBl HE OTPaHHYHIHCh PacCMOTPEHHEM TOJBKO
NPOLIECCOB TENJIONEpe]ayd H pDEKOMEeHAalHeH 3HaueHWit k, a moapol-
HBIM 06pa3oM pacCMOTDPEIH YacTHBIE YCJIOBHS TEMI00GMeHa.

B camom jiene, nycTh HMEIOTCS JBa COBEPIIEHHO OJIHHAKOBHLIX TeMJIO-
ofMeHHHKA. B pesyabraTe HX HCNBITaHHs OKasanoch, YTO /IS OJHOTO
H3 HHX 3HaYeHHe Ko3(HIHeHTa Tensonepenayn ky, a As Apyroro k,,
npHYeM ky=>k,. MMesi TOJbKO 3TH JaHHbE, HEBO3MOXHO YCTAHOBHThb
NPHYHHY MI0X0H pabGoThl TensooGmeHHHKa. [losToMy Bce HenbiTaunus
TenJI0OGMEHHBIX YCTPOWCTB AOJKHBEI NPOBOAHTBECA TAKHM 06pasoM,
4T06bl, OMHMO KOS(HIIHEHTa Tensonepenayn k, MOXHO GHLIO mosTy-
YHTb 3HaYeHHS BCEX COCTABJAIOLIMX €r0 BEIHYHH Oy, Oy, Ae, O, ¥ Ap.
3HaHHE 3THX BEJHYHH MO3BOJISCT BLISIBHTH NPHYHHY NJIOXOH paGoThI
TENJIOOGMEHHHKA, HAMETHTb NYTH €ro PEKOHCTPYKUHH, 0GOGLIHTE pe-
3yJbTaThl ONbITa H PAaCMpPOCTPAaHHTh HX Ha JAPYrHe YCTPOiicTBa, aHa-
JIOTHYHBIE HCTBITAHHOMY.

Ho ans Toro yToGH ONpenenuTs 3HAYECHHS 0y H O,, IOMHMO TEMIIE-
patypel ropsiyei H XOJOAHOH KHIKOCTH HEOOXONHMO 3HAaTh elle TeM-
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nepaTypy CTeHKH — MOBEPXHOCTH Teryioo6MeHa. [IpH HenbiTannH yxe
paboTaloliX YCTAHOBOK B TIPOH3BOJACTBEHHBIX YCJOBHSAX H3MEPUTH
TEMIepaTypy CTEHKH He Bcerfla BO3MOXKHO HJH CIe1aTb 3TO OYeHb
TpyAHO. B TakHX cayyasix M3 OMBITA ONPENesieTcsi TOJAbKO KOoaddpHIu-
€HT TelIoTepefaut k2, 3HAYEHHA XKe @y M 0.y YCTAaHAB/HBAIOTCS Ha OC-
HOBE H3BECTHHIX yKe 3aKOHOMEDHOCTEH IJIsi 3/EMEHTapHHIX SBJeHHi
TenaoobMeHa.

6-5. TEMJIOBAS U30nNALMA

Ecnu tpeGyercs cHH3UTh TemJonepefady, To A5 3TOro HeoGX0LHMO
YBEJIHYHTL TepMHuecKoe comporHsieHue. IIpH stoM jocraToyHo ybe-
JHYHTh KaKoe-THOO M3 YaCTHRIX TepMHYeCKHX COMPOTHBJIEHHH, d9TO
MO3KeT GhiTh CleslaHO No-pasHoMy. B GosblIHHCTBE ciyyaeB 5TO JOCTH-
raeTcsi MyTeM HaHeCeHHS Ha CTEHKY CJIOS TemJIOBOH M30JISIUH.

1. Buasl usoasnuu. Tennoso# H3oaALHel HAa3bIBaeTCHs BCAKOE
BCIIOMOTaTENbHOE MOKPHITHE, KOTOPOE CHOCOOCTBYET CHHIKEHHID MOTEpH
TeMJIOTH B OKpYyXKawmyio cpeny. lleseBoe HazHaueHHe H3OJALHH pas-
JIHUHO — 3TO HJH S35KOHOMHS TOIJIHBA, HJIH CO3J1laHHE BO3MOXKHOCTH
OCYIIECTBJIEHHA TEXHOJIOTHYECKHX IMpOLIECCOB, HJH CO3JlaHHe CaHHTap-
HBIX ycsioBHE Tpyna. Ilonxon K BEHGOPY H pacuyeTy H30JSILHH B KaXKAOM
ciydae fo/keH GHTh pa3nHyHHIM. B nepBoM ciyuae Ha mepBHIE nJaH
BHICTYNAIOT COOGpaKeHHs 3KOHOMHYECKOro XapakTepa, a BO BTOPOM
H TpeTbeM — TpeGoBaHHsA TEXHOJOTHH H CaHHTapHH.

Jas TeVIoBOH H30JSUHH MOTYT NPHMEHATLCH JOGBe MaTepHallbl
C HH3KOH TensJonpoBoAHOCTBI. OnHAaKO COGCTBEHHO H30/AIHOHHBIMH
OGLIYHO HA3bIBAIOT TaKHe MaTepHa/bl, KO3(HUHEHT TEnJOonpoBOAHOCTH
KOTOpHIX MpH Temneparype 50—100°C mensue 0,2 Br/(M-°C). MHorue
H30/ALMOHHBEIE MaTepHaael GepyTcd B MX €CTECTBEHHOM COCTOSIHMH,
Hanpumep, ac6ect, chaoaa, AepeBo, Npob6ka, ONHJAKH, Topd, 3emis
H 7Ap., HO GOJBLUIHHCTBO HX TMOJy4yaeTcsi B pe3yJjbTarte CHElHATbHOH
06pabOTKH eCTeCTBEHHLIX MaTepHaJioB H NpENCTaBisieT co0oi pasivy-
Hble cMecH. B 3aBHCHMOCTH OT TeXHOJOrMH 0OpaGOTKHM HJM NpPOLEHT-
HOTO CcOCTaBa OTHAEJBHBIX KOMIIOHEHTOB TEIJIOH30JALHOHHbIE cpoficTBa
MaTepuanoB MeHsoTcsi. K chIMyynM H30/ALHOHHBIM MaTepHaiaMm Io-
yTH Beerja J0OaBJISIOTCH CBA3YIOLIME MaTepHalbl, KOTOpHE yXYALIAioT
H30/AIHOHHEE cBOHCTBA.

AccopTHMEHT H3ONALMOHHBIX MaTepHasoB pa3HoobpaseH. Muorue
U3 HHX HOCAT CTeuHalbHHE Ha3BaHHS, HanpHMep ILLJaKoBasi BarTa,
30HOMUT, acGo3ypHT, acGocniona, HbloBelb, coBequru ap. lllrakosas
BaTa NOJy4aeTcsl U3 LIaKa, KOTOPHIH pacn/aBJIsieTcsi H 3aTeéM NapoBoH
crpyeil pasGpei3ruBaercsi. 30HOJNHT TOJYYaeTCss H3 BEPMHKYJHTa (COPT
CJIIO/IEI) TIyTEM MpokasuBaHus ero npH Temneparype 700—800°C. Ac-
Gocuona mnpeicTaBisieT cooil cmeck acGecTa U CHIOASHOH MEJIOYH.
CoBesHT SIBJISIETCS TMPOAYKTOM XHMHueckoro npousBoicTBa. Illupokoe
NpHMEHEHHe MOJyYH/JIa TaK HasbiBaeMasi anbgoseBas H3oasuusa. B ka-
YeCcTBE H3OJALMH 3JeCh HCIOJB3YETCA BO3AYX, H BeA 3aboTa cBOAHTaf
K YMeHbLIEHHIO Ko3hpHUHeHTa KOHBEKUHH M CHHXXEHHIO TeINIOOTIauH
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H3J/IyYeHHEM I1yTeM 9KPaHHPOBAHHSA aMIOMHHHEBOH (osbroit (puc.6-11).
KosdpriuenT TensonpoBoAHOCTH MaTepHaloB B CHJABLHOH Mepe 3aBH-
CMT OT HX mopHctocTH. Uem 6o/bllle NOPHCTOCTh, T€M MEHbILE 3Haye-
HHe s¢gdexTHBHOrO KosdipHuHenTa TemnonposoaHoctH. O NOPUCTOCTH
MaTepHajia MOXKHO CYAHTBH IO BeJHUHHE ero IJIOTHOCTH, C YBeJHYeHHeM
MOPHCTOCTH IVIOTHOCTL MaTepHasa YMEeHbIIaeTcs.

[lpu BriGope Marepuana A5 H3OJMALHH HEOGXOAMMO NpPHHHMATD
BO BHHMaHHe MeXaHHYeCKHe CBOHCTBa MaTepHaJ/IOB, a TaKKe HX crocob-
HOCTb MOTJIOIATh BJIary H BbIIEpXKHBaTh BRICOKYIO TeMneparypy. Ecan
TeMIepaTypa H30JHpyeMoro o0beKTa BEICOKas, TO OOBIYHO MPHMEHSETCH
MHoOrocJioiHasi H30JIAUMSA: CHayajla CTaBHTCA MaTepHa/l, BBIEPIKHBAIO-
WUA BBICOKYIO TeMrepaTypy, HampHMep aclecT, a 3ateM Yxke Gojee
3((EeKTHBHBIH MaTepHas C TOUKH 3PEHHSA TENJIOH30JIALHOHHBIX CBOMHCTB,
Hanpumep npo6ka. Ilpu stoM ToamuHa ac6ectoBoro c/osi BhIGHpaeTcs
H3 TeX ycsioBHH, 4TOGEI Temnepatypa mpoGkH He Obia Bhime 80°C.
CepbesHEIM J1€710M SIBJISIETCS H30JMALHS OGBEKTOB B CHIPHIX MOMEIEHHSAX
H NP HU3KOH Temneparype. IIpu HachllleHHH MaTepHasa BJaroii ero
TEIJIOH30/IAIIHOHHEIE CBOHCTBA pesKo cHHxkalorcsi. Jlas npenorsparue-
HHA 3TOrO SiBJEHHS OOBIYHO NMPHHUMAIOTCS CMelHaJbHBIE MEphI.

Ho cux mop MBI rOBOPHJH 06 H30JSIIHOHHBIX CBOHCTBAX OTHE/ABHBIX
MatepHanoB. Ho korpa Matepuan HaHOCHTCS HA OOBEKT, TO BCJEINCTBHE
npumecefi ¥ cnoco6a HaHeCceHHS W30JALHOHHBIE CBOMCTBA MarepuaJa
MeHsiloTes. B 3TOM ciyyae mpaBHJLHOE npejcraBleHle 00 H30JSUHH
AAaeT He Ko3(hdHIHEHT TEMJIONPOBOLHOCTH MaTepHana, a Ko2(pHLUHEHT
TEMJIONPOBOIHOCTH BCEH KOHCTPYKIHH B I1€JIOM, KOTOPBIH JJ/151 TPAKTHKH
uMmeer Oosplee 3Hauenue. IlpuGiauxeHHo KOS(PHIHEHT TeNJONpOBOA-
HOCTH KOHCTPYKUHH OnpejesnsieTcsi pacyeTHbIM myteM. OJHaKo ToyHoe
€r0 3HAYeHHe MOXKHO ONPENeNHTh JHIIL nyTeM ombita. IlocnenHee
MOXKHO ¢Jle/1aTh KaK B 1a60paTOpHH, TaK H B NPOMBILIJICHHBIX YCJIOBHAX.
Inist pacyera TenyioBO# M3OMSLHH TIPUMEHSIOTCSE OGBIYHO GOPMYJIBI Ten-
JlonepenayH, KOTOphie MOAPOGHO OBIIH pacCMOTPEHBI BHIIE;, BCe CKa-
3aHHOE TAM OTHOCHTEJbLHO HX YNPOIIEHHH MOJHOCTHIO COXpPAHSAET CHIY
H 31eck. IIpu pacuere H30MANHH CeLyeT NPHIEPKHBATLCS CJIEAYIOUErO
nopsnka. CHayana ycTaHaBIHBAIOTCS JOMYCTHMBbIC TENJIOBbIE TOTEPH
O0BEKTa NMPH HaJHYMH H30JMAUHH. 3aTe€M BHIGHPAIOT COPT H3OJSAIHH H,
33/IaBIUHCh TEMIIEPATYpPOli Ha MNOBEPXHOCTH H3OJSALHH, OIpPENessIOT
CPEeNIHIO TeMmnepatypy nocaeauei f,,, Mo KOTOPOi ONpenensieTcsi co-
OTBETCTBYIOLIEE 3HAYEHHE KO3(DHLHEHTa TEMJIOMPOBOAHOCTH Ay,. Ilpu
pacuere H3OMANMH TEPMHYECKHM COMPOTHBJIEGHHEM TEIJIOOTJAuH OT
ropsAyell KHIKOCTH K CTEHKE M caMoH CTeHKH MOXKHO MpeHeGpeys.
Torpa Temmepatypy H3oaHpYyeMOll MOBEPXHOCTH MOXKHO MPHHSATH pas-
HOH TeMnepartype ropsiueil HIKOCTH. 3Hasi TeMnepaTypsl Ha BHYTPEH-
Hell M BHEIIHEH NOBEpPXHOCTAX H30JALHH H KO3(DGhHIHEHT TENJI0oNpoBoL-
HOCTH, ONpeAensioT TpeGyeMylo ToMuuHy H3oasuun O,,. Ilocne storo
IIPOH3BOJMTCS NMOBEPOUHBLIH PACUET H ONPEE/IAIOTCS 3HAYCHHS CpefHed
TeMIepaTypel H30JSLHOHHOrO CJI0f H TeMNepaTyphl Ha MOBEPXHOCTH.
Ecu noc/iennue ot npeisapuTeNbHO NPHHSNTOrO 3HAYEHHsT OTJIHYAIOTCH
CYLIECTBEHHO, T® BeCch pacyeT NOBTOPSAT CHOBA, 3afaBIIHCh HOBBIM
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3HaYeHHEM TEeMMepaTypsl Ha MOBEPXHOCTH H3oasuiH. M Tak no Ttex
nop, MoKa pacxoxJeHHe TemnepaTyp He OyJeT B JONYCTHMBIX Tpeje-
Jax.

Ilpu Tennootnaue B ycJOBHSIX CBOGOHOM KOHBEKIHH U TeMIeparype
OKpYyKalomeit cpefibl fy, = 20° C TOMIHHY H30JAUHA TPYGONPOBOAOB
¢ ToyHOCTBIO 10 3—5% MOXKHO onpenenuTs mo dopmyse [67]

1,291,35,1,73
dt A'm: tcl

—_ 6-24
q},B ( )
rae 6, — TommuHa u3onsAuUMH, MM; d, — muaMerp TpyGompoBoAa,

MM; f.; — ero Temmepatrypa; Ay, — KO3QHUHEHT TEMJIONPOBOAHOCTH
M30JISUHH; §; — JMHEHHash NJIOTHOCTh TEIVIOBOTO IMOTOKA.

Ha puc. 6-14 npusenen rpa-

8,,=2,75

5 dHK, Mo KoTopoMmy Ges mojcue-
po 3 = TOB MOXKHO OMNpEJNEJNHTh 3Haue-
p BRa 4%, AM0, q}"". Ecnu

- W TeMmeparypa OKpyKatomen
N

N LS S

Puc. 6-14. BcnomorarensHuifi rpa- Puc. 6-15. Tpy6onposox
duk mas onpegenenns d*2, (17 ¢ OHOCJIOMHOM H30MALHeH.
‘?5'5 u A1:35.

cpeapt He 20°C, a BeIle, TO TEMJOBBIE TNOTEPH YMEHBLIAIOTCH:
Ha Kax/ple 5° C NoBBILIEHHS TEMIEPATyPhl TEMJIOBLIE IOTEPH CHHIKAIOTCS
npu6ausutensio Ha 1,5%.

2. YcnoBHS panmHoOHanlbHOro BHGOpa MaTe-
puada AN TENJOBOH H3OJNSAINMHH TPYGONMPOBO-
noB. IlpH HanOXeHHH TENJOBOH H30JANHH Ha TPYGOMPOROX TeEmJo-
Bbie TOTEPH YMEHBILAIOTCSi HE NPOMNOPIHOHAJIBHO YBEJHYEHHIO TOJI-
INHHBl H30/1siHH, GoJiee TOro, NMPH HENMpaBHJIbHOM BEIGOpE MarepuaJsa
H30J/ISIIUH TEMJIOBbIE NIOTEPH BO3PACTYT. DTO CBSI3aHO C TEM, UTO Yy H30-
JUPOBAHHOTO TPYGONpPOBOJA BHEILIHSS [OBEPXHOCTb YBEJHYHBAETCSH
H YCJOBHS TENJOOTBOJA YJY4IaioTcsi. AHa/lH3 TMOKasbBaeT, Y4TO Ma-
TepHal H30JALHM BHIOpAaH NPAaBHJIBHO, €CMH Ay, YIOBJETBOpPSieT He-
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pPaBEeHCTBY

Mgy < 0t /2, (6-25)

rae d, — Hapy:HHIH JxnameTp TpyGonpoBofa, a oy, — KOMPHIIHEHT
TEMIOOTAAYH OT BHEMIHeH MOBEPXHOCTH K OKpyKawueH cpene.

IlpuBeneHHOE YyC/IOBHE MOXKHO MOHATH, €CAH PacCMOTPeTh obee
TEepMHYECKOe COMPOTHBJEHHE TemJjonepenaud TpyOGONpoBoja, Ha Ko-
TOPHIH HAJOXKEH CJ0H M30aAuUH (pHc. 6-15):

1 1 d 1 d 1
R,= + In—=% In 2. .
oy dy 2her dy 2hua dy %zdus

Jlo HaloMeHHs CI0S H3O/AIHH O6IIEee TEPMHYECKOE CONPOTHBIIE-

HHE TemJjoneperayH TPyGONpoBojia COCTABJISIIO:

1 1 d 1
Ryp= In—=% .
o oy dy i 2er dy ¥ %y dy
M3 cpaBHeHHsl BeJHYHH R, H R;, BHIHO, 4TO NpH HaJOXEHHH H30-
JSAIHH TEPMHYECKOE COMPOTHBJIEHHE H3MEHHJIOCh Ha BEJHYHHY

1 d, 1 1 1
AR o Ry B s I I —
R[ Ri Rm 2hys In dy Oy (dz dﬂa) (3)

3TO COOTHOLIEHHE MOKAa3blBaeT, YTO NPH HAaJOXKEHHH H30JALHH

1 d

TEPMHYECKOE COMNPOTHBJECHHE CJIOsA H30MAIHH —— In 22 BO3pacTaer
H3 2

H CnOCO6CTBy€T CHHXKCHHIO NMOTEPb TENJIOTHI, HO ONHOBPEMECHHO TCPMH-

YecKoe COMPOTHB/EHHE TEMJ00TAAYH B OKPYXKAIOMYI0 Cpely YMeHb-
1 1 1

IIAeTCsi Ha BEJHUYHHY (?— - 9T CBSISAHO C yBENHYeHHEM
o 2 a3

BHELIHeH TOBepXHOCTH (dy,=>d,).

Jlnsi CHHXKEHHS TeMJIOBHIX IOTEPh HYXKHO, YTOGHI TEPMHYECKOE CO-
NPOTHBJIEHHE H30JHPOBAHHOrO TPyGONpoBoAa R; GLUIO BhIlIE, YeM
HEH30JIHPOBAaHHOTO R;q, T. €.

AR, >0. (6)

TloacraBasis B cooTHomeHue (6) sHaueHHe AR; W3 COOTHOLIEHHS
(a) u pemiasi HEPaBeHCTBO OTHOCHTEIbHO BEJIHYHHBI A,,, MOJydYaeMm:

r»m<% dyd,k,
Aus.

d
rle k= ——*— — Ge3pasMepHbI YHCJIOBOH KO3(HIIHEHT, HauMeHb-
]

dus

»
Iuee 3HayeHHe KOToporo paeHo I npH d,, — d2. Manoxenusie coo6pa-

* Mpudyy - dy Benunna In Gus _ _dl*;’_d:‘_f_’_.’ C/IElOBATENBHO, B =dyg/dy— 1.
] 2
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JKEHHS ONpejessioT OCHOBHOe ycioBue (6-25) paumoHasbHoro nopGopa
MaTepHasa AJIs TEnJoBOil H30JAIHK TPYGONPOBOJIOB.
Ecan ycnosue (6-25) He BEIMONHEHO, T. €. BHOpaH MaTepHaln, AnA

KOTOpOro Aya=>0tyd4/2, TO TIDH €10 HAHECCHHH HA TpyGonpogo], Temo-
Bble moTepH OYAYT He CHHXKaThCs, a, HAaoBOpOT, pacTH; MPH HEKOTOPOH
TOJIIHHE CJIOSi MaTepHasa TOTepH JOCTHTHYT MaKCHMyMa H JHIIb TPH
ele GoJiee TOJICTOM CJI0€ HAYHYT [OCTENEHHO CHHIKAThCH. XapakKTep
H3MEeHeHHs TeNJIOBBIX MOTeph TPYGOMpOBOAA §; B 3aBUCHMOCTH OT TOJ-
uuHb caost 8,, = 0,5 (d,; — d,) NpH panHOHANLHOM H HEBEPHOM TIOJ-
Gope MarepHa/na H3OJAIHH MOKasaH Ha puc. 6-16.

HaunGonbmue TenJoBble MOTEPH NPH HEMpaBHJILHOM BHIGOpE Mare-
pHala H30/ALHH HMEIOT MeCTO NPH 3HAYeHHH JHaMeTpa
) % . L. ()

Qo

3T0 COOTHOIUEHHE MOJYYaeTcs IToc-
Je quddepeHIHPOBaHHS BbIpaxeHHs (a)
1o dy, ¥ TIPHPaBHUBAHHS TPOM3BOJHOH

HYJ10. 3HaueHHE dy,, OTNPENETSIEMOE CO-
0 - OTHOIIEHHEM (B), YacTO Ha3BIBAIOT ¢KPH-

THYECKHM JIHaMETPOM TEMJIOBOH H30JI4-
5:; ?&%pSHBT‘;%";‘;[CJ;B;;:“:; WHH> (5TO Ha3BaHHE HE OUEHb YJaumo,
oT tonmuun clos wsonsuux TAK KaK B JIaHHOM ciyyaé H30/ALHSA
Oya = 0,5 (dys —d,) npu panwo- BbIﬁpaHa HEeBepHO).

?;)ﬂzgggtopg)M:Te!;{:?;LE;BH:laboT;E Mpumep 6-4. TpyGompoBoj € BHEMHHM

" IHAMETPOM dy =15 MM  Heo6XOoJHMO

nay. MOKPHITE TenaoBoil u3oasmueir. Ileneco-

o0pa3Ho JIH  HCNOJL30BaTh B  KayecTBe

H3ONALMH  aclect, KO3(HIHEHT  TEMIONPOBOAHOCTH  KOTOPOTO Ay =

= 0,1 Br/(m-°C). KoabdHuunenT TennooTAaud OT BHEWHEH NOBEpXHOCTH H30Jd-
uu¥ B OKpy:xaomylo cpelly &, = 8 Br/(m*.°C).

Hcnoansys ycnosue (6-25), nmeem:

%;2 _ 8‘0;”5 — 0,06 Br/(3:°C).

Tak Kak ®3 ycnoBHit 3afauy A,y = 0,1 Br/(M-°C) u, caefoBatenwHo, Has
acfecta Ayg >0,dy/2, TO B laHHOM cJyuae 3TOT MaTepHaJ HCNOJb30BaTh A
TenJ0BOH H3onANHH TpyGompoBoja HenesecoofpasHo. M3 ocHoBHoro ycioBHs
(6-25) cnepyer, uTO B 3TOM CJyyae HYKHO HCNOJNB30BaTh MaTepHandel, AN KOTO-
PHX Ayy < 0,06 Br/(m:°C) [manpumep, BoiloK weperarofi, MAs Koroporo A =
= 0,06 Br/(u-°C)].

FNABA CEfbMAR

HECTALMOHAPHAS TEMJIONPOBOAHOCTDL
7-1. ONUCAHHKE MPOLECCA

Bhilite GbIIH pacCMOTPEHBI YC/IOBHS pacnpoCTPaHEHHs TEIVIOTH NpPH
CTAUHOHAPHOM peXHMe, KOrja TeMrnepaTypHOe MoJjie BO BpeMeHH He
MEHSJIOCh, OCTaBasich MOCTOSIHHBIM. Ecii ke TemneparypHoe mnoJfe

220



MeHsieTCsi BO BpeMeHH, T. €. ABJAserTcs (yHKIlHeH BpeMeHH, TO mpoTe-
Kalolle B TAKHX YCJOBHAX TEIVIOBLIE NPOIECCH HA3BLIBAKOTCS HECTAallHO-
HapHBIMH.

HecranHoHapHOCTL TEMJIOBBIX MpOIlecCOB O6YC/IOB/JAMBAETCA H3Me-
HeHHeM 3HTaJbIIMH Tela W BCErja CBs3aHa C ABJEHUSMH €ro nporpesa
WIH OXxJaxJeHus. B kauecTBe npHMepa pacCMOTPHM TaKoH ciydai.

i s t
.. i
te /b
t=f(c)
T
aq ¢
0=f(c) AN\
/ g
%
T / /“/-‘ e,
" W2z
&)
q 4,
\ au
jg' E’_
0 )

Puc. 7-1. TenaompoBOAHOCTE MPH HECTAUlHOHAPHOM pe-
JKHMe: XapakTep H3MEeHeHHMA TeMNepaTyp H KOJHuecTBa
nepelaHHOH TENMJOTH BO BPEMEHH.

Teso BHeceHO B cpefly ¢ Gosiee BLICOKOH TeMmepaTypoif; cpasy ke me-
JKAY CpeloH M TeJOM BO3HHKaeT npoilecc Tennoo6MeHa, W Tel0 HauM-
Haer nporpeBarbc. CHayasna HarpeBalOTCsl MOBEPXHOCTHHIE CJIOH, HO
MOCTENEHHO MpOLECC NporpeBa pacrnpocTpaHsieacs H B rayGb Tena.
O xapakTepe H3MeHeHHsl TeMIepaTypHl TeJla 32 BpeMs MpOTpeBa Aaior
npeicTaB/]eHHe KPHBHIE Ha pHC. 7-1, a, rae f, — TeMmeparypa Ha Mo-
BEPXHOCTH H f, — TeMmneparypa B ueHrtpe Teaa. Ilo ucreuenun Hekoto-
poro BpeMeHH (TeopeTHYeckH OeckoHeyHo OGOJBILIOTO) TeMmmeparypa
BCeX yacTeil Tesla BHIpAaBHHBAaeTCA M CTaHOBHTCS pPaBHOIl TeMmmeparype
OKpYyKaioleH cpeipl, T. . HaCTYMaeT TeN/JOBOe paBHOBECHe.

IIpy HeCTAUHOHADHOM peXKHMe HHTEHCHBHOCTB MOJABOJA TEMJIOTHI
TaKie HemnocrosHHa Bo BpemeHH. O Xapaxkrtepe H3MeHEHMs 3TOH Be-
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JIMYHHE JaeT NpeicTaBJenne KpuBas Ha puc. 7-1, 6. Ilo mepe nporpesa
Tela MHTEHCHBHOCTh TMepefayd TervloTH [OCTENeHHO YyMeHbIaeTcs
M B Tpejeie CTaHOBHUTCA paBHOH Hy/io. Ilnomanw, sakawouennas me-
KJy OCSIMH H KPHMBOH, onpeze/nseT co60i NMOMHOe KOJHYeCTBO TEMJOTHI,
nepefiaHHoe 3a BpeMs T. DTa TemIoTa aKKyMyJHPYeTCsl TeJOM H HAeT
Ha MOBHILIEHHE €ro 3HTaJbMHH. AHAJOrHYHEIM 06pa3oM MNpOTEKaeT
MpOLEece MPH OXJaxKAeHHH Tesla; NPH 3TOM ero 3HTalbNUA YMeHblllaeTcs,
a BBHIENIEHHasl TeljoTa NepelaeTcsi B OKPYKaIOILYIO cpeny.

B kauecTBe BTOpPOro NMpHMepa pacCMOTPHM NpPOLECC TerIonepenayH
yepes creHKy. Ilycth BHawase mpouecc Gbl1 CTalHOHAapHBIM, TeMmIepa-
TYypa ropsiyei cpennl £, ,, XoJNoqHOH f , U cTeHKH f, W ¢, (puc. 7-1, 6).
Eciu Temeph H3MEHUTb DEXHM TeNJonepeiayd, HanpHMmep, cpasy

Pe3KO MOBHICHTDL TeMNepaTypy ropsuefi cpeas 1o £, ,, TO Ha HeKOTOpoe

BpeMsl MPOLeCC CTaHOBHTCS HeCTallHOHapHBIM. TeMmeparypHas KpuBas
b by — g — Lo GYNIET M3MEHATHLCS [0 TeX MOp, NOKa CHOBA He

YCTaHOBHTCS CTAaUHOHApHBIH pexuMm f, —f —1t,—t ,. F3meHeHne

BO BPeMEHH f., W f., OTJAEIBLHO MNpejicTaB/JeHo Ha puc. 7-1, 2. O xa-
paKTepe H3MEHEHH s BO BPEMeHH KOJIMUeCTBa NepefaBaeMol TEemaoOTH AJs
paccMaTpHBaeMOro cly4as AaloT NpeCcTaB/leHHe KpUBLle Ha puc. 7-1, d.
3necs Q' ¥ Q' — Ten/oBEle NMOTOKH MPH CTallMOHAPHBIX peXUMaX,
Q. 1 Q, — TenJOBHE TOTOKH Yepe3 FOpsAuyi H XOJOIHYIO MOBEPXHO-
CTH CTEHKH NPH HECTAILHOHADHOM pekMMe, 3alUTpUXOBaHHAA MJIOILAKa
npezcrasaser co6oi KOJHYECTBO TEMJIOTHl, 3aTPAauyeHHOEe Ha H3MEeHEeHHe
SHTAJLIMH CTeHKH (aKKyMmyJfupoBaHHas Temnora).

Takum o6Gpasom, HeCTallHOHAPHEIA TEMJIOBOH MpOIECC BCerga CBf-
3aH C M3MeHeHHeM SHTAJbNHH Tella H UM 0o6yc/ioBaHBaeTcA. Tak Kak
CKOPOCTb H3MeHEeHH$ SHTa/JbIMH NMPSMO MPONOPILHOHANBHA COCOGHOCTH
Marepuana MOPOBOIMTBE TEMJIOTY (T. €. KO3hGhHIHEHTY TEemIonpoBOi-
HOCTH A) W 06paTHO MPONOPLUHOHA/NbHA €r0 aKKyMyJupylomell cnocob-
HocTH (T. e. 06BEMHOH TENJIOEMKOCTH CP), TO B LEJIOM CKOPOCTh TEMNJIO-
BOr0 Mpouecca MPH HECTAUMOHADHOM pEXHME ONpelensercs 3Haue-
HHeM Koagpuyuenma memnepamyponposodrocmy a = A/cp, KOTOPBIH
3]leCb HMEeT TaKOe Ke BaxKHOe 3HaueHHe, Kak U KO3(DpHUILHEHT Temnso-
NPOBOJHOCTH NpPH CTAlUOHADHOM peXKHMe PacnpoCTpaHeHHS TeNJIOTH.

OnucanHulfi BhIlE XapaKTep H3MEHEHUS TeMIeparypbl M KoJudue-
CTBa TepejaHHOH TeMJIOTHl CNPaBeiJIUB JHIIbL I8 TBEPALIX TeJl. Ilpu
HarpeBe HIKHX HJH ra3oo0pasHbIX TeJ B OOlIeM clyyae Hen3GexHO
BO3HHKaeT KOHBEKIIHA, KOTOpas crnocoGCTBYeT BBIpaBHHBAHHIO Temre-
patyphl. B 3THX c/yuasix MOXKHO rOBOPHThL 06 H3MEHEHHH BO BpeMeHH
JIHIIb CpeJHel TeMIepaTyphl KUJKOCTH.

PemuTe 3amauy HecTallHOHapHOH TEMIONPOBOAHOCTH — 3TO 3HAUHT
HafiTH 33aBUCUMOCTH W3MEHEeHHUsl TeMIepaTyphl M KOJHYEeCTBa IepelaH-
HOH TenJIoThl BO BpeMeHH A/ J060H TOuKH Tesa. Takue 3aBHCHMOCTH
MOTYT OBITh NOJIyyeHbl MyTeM pellleHHs JubdepeHIHalbHOTO ypaBHEHHS
TeMIONPOBOAHOCTH (cM. § 2-2). AHajauTHyecKasi TeOpHs CTaBHT cebe
LeJIBIO MOJTydeHHe OOILIero pellleHHs 3afaui. Takue pelleHUsl NoJyyaioT-
¢ JIOCTATOYHO CJIOXKHBIMH ja)ke AJf Tes NpocTodl ¢opMbl: MJIacTH-

222



HBl, UMJIHHApA u wapa. [Ina psaa TenoBHIX 3a1ay Takue peLleHHs
umetorcss B [18, 59 u ap.].

Ilpu peuleHHH KOHKDETHHIX TEXHHYECKHX 3aJay MPaKTHYECKH MpH-
eMJeMbIM fIBJISieTCS MeToJi KOHeuHBIX pasHocTeit E. IlImuara wau me-
TOX 3JMeMeHTapHBIX GanancoB A. I1. BannueBa. 9TH MeToABl OCHOBaHHI
Ha JOMYLIEHHH BO3MOXHOCTH 3aMeHbl HEMpPepHBHOTO MpOIEecca CKauKo-
06pasHbIM KaK BO BpeMeHH, TakK H B NPOCTPAHCTBE.

Jlio6oit mpolecc HarpeBaHHA HJIH OXJAXKAESHHUA Tela MOKHO YCAOBHO
pasnenuTh Ha TPH pexuma. IlepBhlif M3 HUX OXBaThiBaeT HayaJo Mpo-
uecca, Korpa xapax'repﬂoi& 0COGEHHOCTBIO ABJISETCH pacnpocrpanenne
TeMNepaTypHEIX BO3MYLIEHHH B MPOCTPAHCTBE U 3aXBaT BCE HOBHIX H HO-
BHIX cJ10eB Teja. CKOpPOCTh U3MeHEeHHSs TeMrepaTyphl B OTAENLHBEIX TOY-
Kax NpPH 3TOM pasjiiyHa, W MOoJIe TeMIepaTyp CHJIbHO 3aBHCHT OT Ha-
YanbHOTO COCTOSTHHSI, KOTOpPOe, BOOOILE TrOBOpfA, MOMKeT OBITh pas3iHy-
HeIM. IlosToMy nepBuIii peRHUM XapakTepusyeT HauwaJbHYIO CTafHIO
pa3BUTHSA npounecca. C TeueHHeM BpeMeHH BJHUsSHHEe HadalbHBIX HepaB-
HOMEPHOCTEH Cr/Ia)KHBaeTCH M OTHOCHTENbHAs CKOPOCTb H3MEHEHHS
TeMnepaTypsl BO BCEeX TOYKAaX TeJa CTAHOBHTCH TMOCTOSHHOMH. 910 —
pexum ynopsimouenHoro mpouecca. ITo npolecTBHH AIHTENBLHOTO Bpe-
MeHH — aHATHTHYECKH MO MCTeYeHHH GeCKOHeuHO GOMBIIOTO BpeMeHH—
HacTynaeT TPeTHH, CTALlHOHAPHBIH PeXKHM, XapakTepHOH 0CO6eHHOCThLIO
KOTOPOro fBJISE€TCA MOCTOSAHCTBO pachpefeieHHsA TeMIepaTyp BO Bpe-
MeHH. Ecnu mpu 3TOM BO BCeX TOYKax Tesna TeMmeparypa OfHHaKOBa
H paBHa TeMmeparype OKPYMKaloWei Cpeisl, TO 3T0 — COCTOSHHE Tell-
JIOBOTO paBHOBECHS.

AnanuTHyeckoe pellleHHe NOJy4aeTcsi CJOXKHBIM MOTOMY, YTO CTa-
BHT cefe menbi0 MONYYHTh OOLIYI0 3aBHCHMOCTB Cpasy IJIfi BCEX Tpex
pE)KHMOB. Ecau ke orkasarbcs OT 3TOro, TO 3ajaya 3HayHuTeJbHO YII-
pomaetca. MMeHHO no 3TOMy NyTH NOIIMH MHOTHE HCC/IeNOBaTesH.

Ilpu pelreHuH MHOTHX MPAKTHYECKUX 347y MO OXJAMXMIEHUIO U Ha-
TPEBAHUIO TeN HaYaJbHLIM HJIH MEPBHIM PEXKHMOM TMPOIecca MOXKHO
npene6peub. Toraa ocraercsi TOJNBKO BTOPO, KOTOPHIH MOJYHHSAETCS
NPOCTOMY 3KCMOHeHUHaapHOMY 3aKoHy. . M. Konapatber HasBal
STOT PEXHM peeyaspHbim; OH CO3NaJ TEOPHIO PEryJIsipHOro peHMma
H NPeaJIoNKHJ PAA CMOCOGOB HCMONb30BAHUA ITOH TEOPHH JJIS pelleHusi
npaktuyeckux sanay [40].

Bmecte ¢ 3THM 3HauHTeNbHBIE YCNEXH HMEIOTCSI B 4acTH pa3paboTKH
9KCMEePUMEHTANbHBIX METOJOB pelleHHsi. MX MOXHO NpHMEHHTH A
TeN Mo6oit GopMBl H MPH JIOGOM 3alaHMH KpaeBBbIX YCJIOBHil (MpH aHa-
JIHTHYECKOM e pellleHHH KpaeBhle YCJOBHS JOJIKHBI 3alaBaThCs B BHJE
aHaJHTHYeCKUX 3aBUCHMOCTel). DTH MeTOIbl OCHOBAHLI Ha AHAJOTHH:
MEeXJy ABMEHHSIMH PAaCHpOCTPAaHEHMs TEMJOTH M JaMHHAPHOTO JBHXKe-
HH5 JKHJKOCTH — MeTO]| THApoTemIoBoii anaxoruu [68], mexpy Ten-
JIOBLIMH M 3JIEKTPHYECKHMH MpPOLECCAaMH — MeTOJl 3JIEKTPOTENJIOBON
aHajsorud [21].

B nacrosmee BpemMsi MHOTHE CJ/IOXKHBIE 3aJlayH HECTAalHOHAPHOH
TEMJIONPOBOLHOCTH YCMEIIHO PelllaloTcs TaKXKe C MOMOLLBIO 3/1eKTPOHHO-
BLIYHCJIUTENBHEIX MAaIIHH.
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HeoGxonumocTs pacyeta TernviooOMeHa TIpH HecTallHOHapHOM pe-
JKHMe OMpeeNsieTcs ero 3HaYMMOCTbIO B pafodyeM MPOILEcce PacCUHTh-
BaeMoro arperara. Tak, Hanpumep, B pafoTe nmapoBbIX KOTJIOB H GoOJb-
IIHHCTBA AaNNapaTtoB SJEKTPOCTAHUHMA HecTauHOHApHBIA peXHM BO3-
HMKaeT JIHIIb NPH NYycKe B paboTy, BBHIKIIOYEHHH H M3MeHeHWH pexuMa
pabotel. B paGore ke HarpeBaTe/bHBIX Meyell HeCTAHOHAPHBIA peHM
SIBNAICTCA OCHOBHEIM; NPH pacyere MPHXOAMTCHA ONpenensTh BpeMs,
HeoOXo/lMMoe IJisf HarpeBa MeTasJja JI0 3allaHHOM TeMmepaTyphl, WU
TeMIepaTypy, A0 KOTOpOil MeTasnJ Harpeercs B TeUEHHE ONMpeNeNeHHOTO
NpPOMEXYTKa BpPeMeHH.

7-2. AHANMUTHMECKOE PELUEHME
HNuddepennuanbioe ypaBHeHHe TEIUIONPOBOJHOCTH JUIS TBepPABIX

TeJl MMeeT BUJ:
ot et ot o
ot a(—a;- o "3"2?)' (1)

Il aHAMTMTHYECKOTO pelieHHs 3TOro ypaBHeHHs HeoGXOAHMO 3a-
JlaHHe ClIeLYIOIMX KpaeBhIX YcJoBufi: 1) HaganbHOe pacnpeneneHue
TeMnepaTypsl B TeNe; 2) JeficTBHe Ha MOBEPXHOCTh OKP yKalomledl cpespl.
ITocnennee ycnoBue MoxeT ObITh 3aJaHO TPeMs CrocoGaMu.

a) Ilo nmepBoMy cnocofy 3ajaeTcsl TeMmnepaTypa MOBEpXHOCTH f;
rpaduyecky 3To YCJAOBHE BRIpaxkaercsl 3agaHueM Touku A (puc. 7-2, a).
Konuuectso Tennorel dQ, npoxoasiiee uepe3 sjieMeHT noBepxHocTH dF),
OPH 3TOM HEHW3BECTHO, TpaduueCcKH 3TO BHIpaKaercss TeM, 4TO HEH3-
BECTEH HAKJIOH TeMIepaTypHOH KpHBO# B Tejle OKOJIO IOBEPXHOCTH,
T. €. yron ¢ (g ¢ = — dt/dn), ubo cormacHo 3akoHy Pypre mIs
Jo60r0 MOMEHTa BpPEMEHH KOJHYECTBO TEIVIOTHI, IIPHTEKalollee H3HY-
TPH Tela K IOBEPXHOCTH, PaBHO: :

dQ= _nc_%dﬁ. | (a)

6) I'lo BropoMy crnioco6y, HaoGopoT, 3anaeTcsi KOJHYECTBO TEMJIOTH,
NPOXoJslueli yepes MOBEPXHOCTH (T. €. B KOHEYHOM CueTe YroJa @), HO
HeMsBecTHa ee TeMneparypa f. (puc. 7-2, 6), T. e. NMoJIOKeHHEe TOYKH A.

B) Haxonen, no tperbemy crnocofy 3allaloTcsl TeMIepaTypa oKpy-
KalolWeH cpelbl £, ¥ KoadbHUHeHT TeNIOOTAAYH MeXJAYy cpelod H Io-
BepPXHOCTHIO . TaK Kak /sl KOIMUecTBa TEeIoThl dQ, mpHTeKaiolei
M3HYTPH H OTHAIOWEHCH OT MOBEPXHOCTH B OKPYMKAIOWLYIO cpefly, Io-
MHMO BhlpakeHusi (a), MOxeT OLITh HalMCaHO ellle BhIpaXKeHHe, OCHO-
BaHHOe Ha ypaBHeHWH Hptorona—Puxmana [cM. ypasuenue (2-1)1,

dQ = & (t,—t,) dF, (6)
TO H3 CONOCTaBJeHusi ypaBHeHH# (a) u (6) umeeM:
ot a
_— = (t,—1y)- 7-2
= et (7-2)
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YpaBueHHe (7-2) aABasdercs MaTeMaTHUYecKo#f (OpMyJHpPOBKOH rpa-
HMYHOTO YC/IOBHsI TpeTbero popa. Ma puc. 7-2, 8 umeem:

th):__:__: c s tc_tx(

CrenoBarenbHO, TPAHHYHBIM YCJIOBHEM TPETbEro poja onpenelsercs
Toyka (), uepe3 KOTOPYIO JO/KHHI IIPOXOAHTh Bce KacaTe/bHbie K TeM-
nepaTypHoi KpHBoii B TOUKe, Jexallei Ha noBepxHocTH Teaa. Touka O
HasBIBaeTcs HaNpaBJAOWEH W JeXHT Ha paccTosHHH s = AJa oT no-

1
I
By |
By :
By~ ¢ lA__
|
|
|
| 48
|
|
dF n
a)

Puc. 7-2. TI'papuueckas HHTepNpeTanHsi TpPex CHOCOGOB 3aja-
HHS TPAHHYHBIX YCJAOBHH.

BepXHOCcTH. TakuM obpasoM, s siBsieTCsi MOAKacaTelbHOM K TeMnepa-
TypHOH KpPHBOH; OT (popMBI IIOBEPXHOCTH OHA He 3aBHCHT.

B pesyaerare pemeHHs ypaBHeHHs (7-1) Jo/mxkHa OuITh HafifieHna
Takas (yHKIMA, KOTOPas OJHOBPEMEHHO YJOBJeTBOpAJaa Obl STOMY
YPaBHEHHIO U KPaeBBIM YCJOBUsM. PellleHne ypaBHeHHA IPOH3BOLHTCA
npH noMomH psfoB Pypre. Jl1s pasiHyYHbIX KPaeBbIX YCJIOBHI pe3yiib-
TaThl NMOJYYAlOTCS Pas3/JHYHBIMH, HO METOJOJIOTHS PEILeHHS B OCHOBHOM
oauHaKoBa. JIs TeXHHUEeCKHX leseil B GOJBIIHHCTBE CJy4aeB MOMKHO
OrpaHHYUTBCA PACCMOTPEHHEM TEueHHs Npolecca JHUbL B OJIHOM Ka-
KOM-THGO HampaBJeHHH x. B 3ToM caydae ofinee pelieHHe nMeeT BHJ:

AJA TJIOCKOH CTEeHKH

i -'-ant
t=bx+c+ 2; A, (cosmx+p,sinmx)e " ; (7-3)
n—
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s I.LHJIHHIlleIECKOﬁ CTEHKH
o3 “0"]21
t=blnr4c+ ;ﬂA,,[J.,(m,,r)er,,Y.,(mnr)}e L (T-4)

rae J, u Y, — dyukuun Beccens mepsoro M BTOporo pojpa HYJeBOro
nopska.

[MocTosinHble b M ¢ ompenensioTCs H3 YCJAOBHH CTAlMOHAPHOCTH pe-
XKuMa (NpH T = ©0); p, ¥ M, — U3 TPAHHYHHX U A, — H3 HaYaJbHBIX
(npu T = 0) ycnoBui.

[ToxpoGHOe H3NOXKeHHe pellleHHH 37leCh He NPHBORWTCS; NOBOJLHO
MOJHO MaTeMaTHyecKHe olMcaHusi pemeHuii umeiorcs B [18 u 59].
31ech e B KauyecTBe NMPUMEPOB MBI OTPaHHYAMCS PacCMOTPEHHEM JIHIIb
KOHEYHBLIX Pe3yJbTaTOB pelleHus /A MJIHTH, IHJIHHAPA H 11apa B Cay-
yae BHE3aMHOr0 H3MeHeHHs Temmepatyphl cpeibl. M3 ypasuennit (7-3)
u (7-4) cnenyer, yro ucKoMmasi QYHKIHS 3aBHCHT OT GOJIBIIOTO 4HCJA
napamerpoB. Ofnako npu Golee r1yGOKOM aHalH3e pellieHHH OKasbi-
Baercs, YTO 3TH BeJHUYMHBI MOXKHO CTPYNNHPOBaTh B JiBe Ge3pasMepHEIe
BesHUMHBL : al/h,; at/l®. DTM BeJIMUHHBI ABAAIOTCS YHCAaMH MofoOHs,
OHH noayyaiorcsi U3 ypaeneuuft (7-1) u (7-2):

al
Ae

= Bi—uncno Buo;

%T- = Fo—unucyio Pypoe.

Ha ocnoBanu# BTOpPO# TeopeMbl TeopHH noao6us (cMm. § 2-3) HckoMas
dbyHKUHS B BHE 6e3/paamepuoﬁ temneparypsl 3/’ B pasiuyHBIX CXOA-
CTBEHHHIX TOYKax X/l = L MoxKeT GLITb NpeCcTaB/IeHa B BHIE 3aBHCHMO-
CTH

%=® (Bi, Fo, L). (7-5)

1. Maockasi creHka. [lycTh TOJUMHA HeOTPaHWYEHHOH IJIOCKOH
cTeHKH cocrasiaser 28 (I = 6). Eciu 3a Havamo orcyera Temrneparypsl
NPHHATH TEMNeparypy oKpyxaiomell cpeasl f, H H3OLITOUHYIO Temre-
paTypy CTeHKH 0603HAuHTh & = f,—¢, TO ypaBHeHue (7-1) npunu-
MaeT BHI:

o (o]

o % (=)
I'pannuHble yc/10BHAA: MPH ¥ = + &
0% a
—= =29, r
ax Ao (r)
Hauanbuoe yciobue: npu © = 0
0=10. (®)
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Ilpu pemenun TeXHHYeCKHX 3ajauy B GOJBLIMHCTBE CJy4aeB JoCTa-
TOYHO 3HaTh TeMNEpaTypy Ha NMOBEPXHOCTH O, ¥ B CpeaHell MIOCKOCTH
CTeHKH ¢ o. B 3ToM ciyuae ypaBHenue (7-5) ynpoiaercsi, W60 aprymeHT
L cTaHOBHTCA MOCTOSAHHBEIM 4YHCAOM (pH X =0 L =0 u npu x = §
L = 1). CnenoBatennHo,

-:f—=®c (Bi, Fo) )
H
gf =®, (Bi, Fo). (%)

Kpome pacnpenenenuss Temneparyp, 4acTo Tpe6Gyercs 3HaTh KO-
JIMYECTBO TEMIOTH @, NepelaHHoe 3a BpeMms T.

Ornowenue Q, K Temnore Q', Koropas Moxer ObITh OTAaHa (WJIH
BOCIIPHHATA) TeNIOM 3a BpeMs MOJHOTO OXJaXJeHHs (HarpeBaHHs),
TakKe fBAserct dYHKUHeH TOMbKO ABYX uucen mojaobus Bi u Fo:

Sj — @, (Bi, Fo). (3)

3aBucuMocTH (e) — (3) mpuBeneHbl Ha puc. 7-3 — 7-5 B BuAe rpa-
¢ukoB. Ilpu ompeneneHu# HCKOMBIX BeJNHYHH HeoOXOIHMO CHayaja
BBIYHC/IHTL 3HayeHus yucen nonobusi Bi = ad/A, u Fo = at/8?, no
KOTOPHIM U3 rpadukos onpenensiores 9/¢' 1 Q/Q'. Tak kak 4’ u Q'
H3BECTHbI, TO JIETKO BBIYMCJSIOTCS H 3HaueHus &, O U Q. Beanunna
Q" = cpd'26F, rne F — nnomanb GOKOBOH NOBEPXHOCTH IJIACTHHEI.

ITo 3THM NaHHBIM NPUGIHKEHHO MOXKHO MOCTPOMTH BCIO KPHBYIO
pacnpejie/leHHsl TeMnepaTypel B Tejde, NMOJb3YfACh TEM, YTO Hampasie-
HHe KacaTellbHHIX K 3TOll KPHBO#l M3BECTHO B TpeX TouKax (puc. 7-6).
B camom menme, u3 Touek x = + O KacareJbHBEIE MPOXOAAT yepe3 Ha-
npasasomue Toukn O u O,, PacnosioXKeHHble Ha PACCTOSHHH + Aq/fo
or cTeHKH. B Touke xe x = 0 KacarenbHas TOPH30HTANBHA B CHITY CHM-
MeTpHH TemnepaTypHo# KpuBoii (00 /dx = 0). Takum o6pasoM, MOXHO
MOCTPOHTL KPHBYIO pacnpefiefleHdsl TeMnepaTypel B Tejle LJA J0GOTO
MOMEHTa BpEeMEHH T.

AGcomoTHEle 3HAYEHHS TEMIEpaTyp Tela Ha NMOBEPXHOCTH H B MJIO-
CKOCTH CHMMETPHH AJsl JI0GOr0 MOMEHTa BpeMeHH OIpeJessloTcs H3
CJIENYIOMHX COOTHOILEHHH:

B tx—1e
R T

H H
i) _ tx—1 ( )
¥ ty—t

rie t, — TemMmepaTypa OKpy:Kaiouled cpefnl; ' — HaualbHas TeMie-
parypa Tena; {, — Temnepatypa TIOBepXHOCTH; {, — TeMIeparypa
B cpenHeHd IIOCKOCTH Tena.
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Puc. 7-3. 3asucumocts %/ = @, (Bi, Fo) maa naockofi mue-
orpaHH4YeHHOM CTEHKH.

: 0
= - a0 ]
- N i %
S, h ry G 7
5 e NP 105
2 AY N
I =7
\NEAVAVAN N i |
- \\ \__
N N i 7
7 8§ .2 6. 2 &
oo © Cgon? Cam? P 1 ] -

Puc. 7-4. 3asumcmmocts 9/¥ = @, (Bi, Fo) nana naocko#t
HeorpaHHYeHHOH CTeHKH.

I 10

| 9’4 - iU

[y ‘\:7& Qf%/ &
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Puc. 7-5. 3asucumocth Q/Q’ =P (Bi, Fo) nna nnockoil HeorpaHu-
YeHHOR CTEHKH.



[lpuBefienntie AaHHBIE NPHMEHHMBI I8 OXJaKIeHHS H Harpepa-
HM#, a Takxe JJIs ABYCTOPOHHEro H OfXHOCTOPOHHEro mpoueccos. B mno-
ceaHeM caydae 6 Gyier o3HayaTh NONHYIO TOJIUIHHY CTEHKH.

2. Wuaunpp. s GeckoHeuHO JJIHHHOrO UHJHHAPA (CTEpPXKHSA) C pa-

aHycom R nuddpepeniiManbHoe YypaBHEHHEe TeMJIONPOBOXHOCTH HMeeT
clefyiomui BUA:

0% a2% 1 9%
—_—=a(—t—— K
av (aﬂ + roor )’ ()
rpaHHYHOe YCJIOBHe: MpH 7 = R
# e %l WAV,
_B_zy @ ¥ 07
ar Ae 091
08t
HayaJbHOe ycjoBHe: nmpH T =0 ok
- ,
8=1". M) o ] X
, 5t / \
Pemenne otHocHTenbHO 8./8, g 14 A
94/8' u QIQ rmawke smaserca gl / W\
dyHKuHeli ToABKO ABYX unced o\ I/ L\
nofo6us: Bi =aR/A. u Fo= | ,// \\\\%
=at/R®. DT 3aBHCHMOCTH B BHJIE "o 4’ /u il LI
rpapukoB  npeAcTaBJeHnl  Ha ¥ Vi p
pHc. 7-7—1-9. I

Beauunna Q" nns yuacTka

UHIHHIpPA JVIHHOMA [ paBHa: Puc. 7-6. Mamenende Temneparypuoro
nmoas NPH  OXJAaKUEHHH  MJOCKO#H
Q' = nR%ply’ (1) HEOrPaHMYEHHOH CTEHKH.

3. Wap. Ina wapa paguycoM R nuddepeHiHanpHoe ypaBHeHHe
HMeeT BHJ: ‘
% o 2 0%

—-—=a —_—. 0

at (ar5 + r or ) ()

'pannunoe ycioBue: npu r = R

a9 a
%2 _ %9, i
ar Ao 2 ( )
HauaneHoe ycnoue: npu t = 0
4=19". ()

r
B nauHOM ciyyae pelieHHe oTHOcHTeNbHO O /8, 04/8  n Q/Q
TaKKe siBIsiercsl pyHkuueil TonbKo ABYX uHces nofo6usa: Bi u Fo. Oru

3aBHCHMOCTH B BHJe TpadHKOB MNpeicTaBleHBl Ha puc., 7-10—7-12.
Bennunna Q' pns mapa paBHa:

Q’=%nRspcﬂ’. (c)
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Puc. 7-7. 3asucumocts /% = @, (Bi, Fo) A1s Geckoneuno
LNHHHOTO LHJIHHApA.
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Puc. 7-8. 3aBucumocts %,/d’ = @, (Bi, Fo) aas Geckoneuno fauu-
HOrO UMAHHIpA,.
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Puc. 7-9. 3asucamocts Q/Q = g (Bi, Fo) ans Geckoneuno pnuu-
HOTO IHJAHHAPA.
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@, (Bi, Fo) nna wapa.

Puc. 7-10. 3aBucumocts /8’
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®, (Bi, Fo) gna wapa.

Puc. 7-11. 3aBucuMooTh &,/3
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Puc. 7-12. 3asucumocrs Q/Q" = @q (Bi, Fo) ana wapa.



4. 3aBHCHMOCTb MpolEcCca pacnpocTpaHeHus TemnmoThl OT dopmbl
H pasmepoB Teja. CKOPOCTb MpOTeKaHHd Tmpouecca AAs Kakoro-aun6o
Tesia TeM GoJiblie, yeM GoJble OTHOWEHHE ero NMOBepXHOCTH K OGLEMY.
B stom Jlerko yGeluTbcs, eCaH AJsl Tel PasNHYHOH (IOPMBI CPAaBHHTD
3HayeHHe O, NpPH OAHHAKOBHIX 3HaueHHsiX Fo. Takoe comocraBienue
NpUBEEHO Ha pHC. 7-13, rae ANA pasaHYHBIX TeJ JaHbl 3aBHCHMOCTH
¥ o/8’ = [ (Fo) npu Bi — oo. M3 pucynka BujHo, 4T0 An1s1 miapooGpas-
HBIX Tel CKOpOCThb mpoliecca Gonblie, yeM A5 JIOOHX Apyrux. [as
LMIHHJAPHYECKHX H NPH3MAaTHUECKUX TeJ CKOpPOCTb npolecca B CHIb-
HOM Mepe 3aBHCHT OT HX ANHHBL. YeM MeHblUe JJIHHA, TEM BhIE CKO-
pOCTb.

KopoTKHe LHIHHAPbI, PAMOYTo/bHbIE PH3MbI H TapaJieentie/bl
MOXKHO paccMaTpHBaTh COOTBETCTBEHHO KaK Teja, 00pasoBaHHbIE mepe-

10
s S T~ | -
Ko e T~
“\“\‘ 1
RN N
25 \Q\,.‘._ \\ 2439 ---""!-._
, p, G NN LA —
56 \ ':.\“» S
\‘“‘"'-:-"- e Fﬂ:ac_
— e i vl L
0 *-k:
g1 gz a3 0% as

Puc. 7-13. 3aBucuMocts 3y/3 = @, (Bi, Fo) aas
TeNl passiHgHOR dopMbl npu Bi—-co,

1 — nnacruHa; 2 — KBajpatHas Gajaxa GecKoOHeUHO# ANHHMI;
3 — UHJHHAP GecKoHeyHOH ANUHH; 4 — Ky6; 5 — muIHHAD,
JANHHA paBHa AuamMerpy; 6§ — wap.

CeyeHHEM B3aHMHO NEPNEeHAHKYJSPHBIX UHIAHHAPA H IUIACTHHH, ABYX
IJIACTHH H TpeX IVIaCTHH HeOIPaHMYEHHHIX pasMepoB, HO KOHEYHOfl
TOMOUHBL. [N UHJHHIPa KOHEYHOH MIHHBI TOMILMHA MJAcTHHBI 26
Gepercst paBHO# AauHe uuAHHApa [. OTHOCHTe/NbHAs Temneparypa /%’
INs1 KaKO#i-Tn60 TOYKH LUMIAHHAPA PaBHA NPOH3BEJIEHHIO OTHOCHTENbHBIX
TeMnepaTyp 3TOH TOYKH, MOJYYEHHHIX /i GECKOHEYHO JHHHOrO LiH-
JHHJApPa H IUIaCTHHBI GeCKOHEYHOH MPOTSIXKEHHOCTH.

ITOT METOJ NepeMHOMKeHHsI OTHOCHTENbHBIX TeMIlepaTyp NMPHMEHHM
TaKKe L5l NPSMOYroJbHBIX NMPH3M H mapanseienuneno. Hanpumep,
OTHOCHTE/IbHAsl TEMNepaTypa Ha MOBEPXHOCTH CEpPeNUHH JUIMHBL LH-
JHHAPA PaBHA MNPOHM3BEIEHHIO OTHOCHTEJbHON TeMIepaTypHl IOBepX-
HOCTH GECKOHEYHO JUIHHHOTO WHJIHHIpA © /O ' Ha OTHOCHTENbHYIO TeM-
nepatypy B CepefHHe HeorpaHHYeHHOH MIaCTHHBI ¢ o/¢ '; TOUHO Tak xe
OTHOCHTE/IbHAsl TemliepaTypa Ha OCH B Cepe/liHe LHJIHHApa paBHa Mpo-
H3BEJICHHIO OTHOCHTEIbHOM TeMIepaTyphl ocH @ /0’ GeckoHeyHOro uH-
JMHJPA HA OTHOCHTENbHYIO TeMmnepaTypy ocH /@’ HeorpaunueHHzoi
TIJIaCTHHBI.

Mpumep 7-1. Onpenenuts TeMnepaTypy B HeHTPe H Ha MOBEPXHOCTH CTajb-
Horo nHAHHApa guamerpoM d = 0,3 M u gaunofi [ = 0,6 M gepe3 wac mocae no-
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cajlki ero B ne-u: Hauanbuas -reunega-rypa uHAHHApa .= 20°C, TeMIeparypa
BHYTDH TeUH iy = 1020°C, o« = 232 Br/(M2-°C), kc— 35 BT/(M °C), ¢ =
= 680 Ix/(kr-°C) u p = 7800 Kr/M. _

Cﬂaqana npoBejeM pacyer, mpeAnoaaras OHIHHAD GecKOHCYHO JJHHHBIM.
Onpegeasis Ko3(pGhHUHEHT TEMNEPATyPONPOBONHOCTH METajja, HMeeM:

a= i"’.- = ——L =6,6-10—% m2/c.
cp 680-7800
3HaueHHs yHcea nonobHsA:

aR  232.0,150

Bi=—="C"2 =
Ae 35
_6
Fo— O% _ 6.6:107°-3600 _,
R? 0,152

Ilo 3ThM AannEM no pHc. 7-7 H 7-8 HaXOJHM 3HAYeHHS
$o/¥ =0,16 u $,/8" = 0,26.

Tak kak 9§ = fu—1t' = 1020—20 = 1000°C, T0 %= (tx — £o) ==
= 0,16-1000 = 160°C u {.= 1020—160 = 860°C; &, = (tx—tp) ¥ =
= 0,26-1000 = 260°C n #, = 1020—260 = 760°C.

Teneps yurem BAHMAHHE QJHHE UHJHHAPA MO OMHCAHHOMY BhHIE NMPaBHJY.
Toamuna naurel 28 = [ = 0,6 M u § = 0,3 M. Tak Kak (u3HUeCKHE CBONCTBa
NJAHTHL T€ XK€, UTO H JUIsl LHJHHApPA, TO

_ad _ 23203 _

= at  6,6-107%.3600
0=

42 0,09
Mo 5THM HauHLIM O PHC. 7-3 H 7-4 HAXONHM 3HAYEHHS
$e/8" = 0,43 u 98" = 0,88.

ITyTeM mepeMHOXKeHHSI COOTBETCTBYIOIMHX 3HAYeHHH Ge3paaMepHLIX TeMmmepa-
TYP HaXOXHM HMX 3HaUEHHs JId MEepHMeTpa Topua %4,, cepelnHnl Topua #,, ce-
pennHb G0KOBOH MoBepXHOCTH $3 H cepefiuHnl ock H,:

= 0,26.

A = (Be/Y )y Be/¥)n=0,16-0,43 = 0,069 u ¥, = 69°C;
/8 = (%9/9)y (8¢/3 )n = 0,26-0,43= 0,112 u 9§, = 112°C;
Bg/B = (Be/d')y (%o/4)n = 0,16-0,88 = 0,140 n 33 = 140°C;
/8" = B/ )y (%0/%")a = 0,26-0,88 = 0,228 u &, = 228°C.
Tak kak $; = #x—1;, 10 t;= tx—9%;; caegoBarenbHo:
t; = 1020 — 69 = 951°C (no nepsomy pacuery f, = f; = 860°C);
t, =1020 — 112 = 908°C (mo nepmomy pacuery f, = {, = 760°C);
tg = 1020 — 140 = 880°C (mo mepBoMy pacuery f, = fo = 860°C);
fy = 1020 — 228 = 792°C (mo nepsoMy pacuery f, = fy = 760°C).

Taxum o6pa3oM, B ciyuyae KOHeYHOH HJAHHBI UHJHHLPA TNpPOLECC €ro Harpe-
BaHHSl TIPOTEKaeT 3HAYHTENLHO GBICTpee,
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7-3. NPHBNMKEHHLIE METO[Mbl PELLUEHMA

1. Meron xoneunwix pasHocted Ulmuara. B cayyae neo6xoauMocTH
pelleHHsl 337aU4 HECTAIHOHAPHOH TenJIONPOBOJLHOCTH B NPAKTHYECKHX
pacuerax uyacTo NPHMEHSeTCSi MeTOJ, KOHeYHHIX pasHocTeH. IToT Me-
TOJl OCHOBAH Ha JIONYIIEHHH BO3MOXKHOCTH 3aMeHBI HeNpPEpBIBHOTO MpO-
llecca cKauyKooGpasHbEIM KaK B NMPOCTPAaHCTBE, Tak H BO BpemeHH. [lpw
sToM JH(pepeHnHanbHOE ypaBHeHHe TemjonpoBogHocTH (7-1) 3ame-
HSIeTCH YpaBHEHHEM B KOHEUHBIX PasHOCTAX, KOTOpOe JJIsl O/IHOMEPHOTO
NOJIsS HMeeT BHJ:

B i B8 (7-6)
At Ax?

TlpakTHKa MpHMeHEHHs TOTO MeTOJa K pacyeTy MJIOCKHX, UHJIHH-
JApHUYECKHX H cdepHYeCKHX Tes, a TaKxke K pacyeTy ABYMEPHOTO TeMIe-
paTypHOro noJisi BrepBble Obla paspaborana . lImuarom. PaccMoTpum
3TOT MeTOJ B NPHMeHeHHH K IJIOCKO# cTeHKe. PasneluM CTeHKY Ha CJIOH
onuHaKoBOH TonmmMHK Ax (puc. 7-14), koropuie GyaeM oGo3HauaTh HO-
mepamu (n—1), n, (n -+ 1) . . . BpeMsa Takxe pa3ofbeM Ha HHTepPBaJ/IBI
At, Kotopule GyneMm o6o3HauaTh HomepamH k, (R + 1)... B Takom
cnyvae f, , 0G03Hauaer TeMnepaTypy B CepelHHe n-ro closi B Teye-
HHMe BCero k-ro NpoMeXyTKa BpeMeHH; TemrnepaTypHas KpHBas npef-
CTaB/sieTCs JIOMaHOH JHHHe.

M3 puc. 7-14 caenyer, uTo B mpefienax clos n TeMnepatrypHasi KpH-
Bas HMeeT JBa Hak/oHa. CJefoBaTe/lbHO, NPOH3BOAHAsI OT TeMmepa-
TYPHI IO KOOpAHHATE JAOJI:KHA HMeTh ABa 3HAUeHHS, 4 HMEHHO:

(AI ) . tr|+l. e in
&

Ax Ax

H
AN
Ax |~ Ax ’

COOTBETCTBEHHO JJIsi BTOPOi NPOHSBOAHOM TONYYHM:
2 A At 1
o =-—l-—-[(—€-)+-—( ) ]: (Ent1, et ta—1. e—258). (2)

Ax? Ax Ax Ax Ax2
HPOHBBOJ.IHHH OT TeMnepaTypel Nno BpeMEHH IJist CJIOA 71 HMeeT BHI:.
At tp i —ln e 6
e (©)

At At

IMoncrasnsas ypaBHeHus (a) u (6) B ypaBHeHHe (7-6), nmeem:

tn, kt1—tn 2 = topr, o T lay, o — 20,4
At Ax?
HIH

t t
R TRl
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Takum o6pasom, 3Hasi pacnpenejeHHe Temnepatyp B Teie AJf
k-ro uHTepBana BpeMeHH, Ha OCHOBAHHH ypaBHeHHs (B) MOXKHO HafTH
pacnpejie/ieHHe TeMneparyp AJsi MOCJAEAYIOWEro HHTEepBajla BpeMeHH
R+ 1D urt n

Ecnn uHrepBansl Bpemenn At M pasmep cioeB Ax BHOpaTh Tak,

q106h 22— =1, 10 paBHeHHe (B) NPHHHMaeT BHA:
Ax? ’ y P )

1
tn, k+l=?(tu+1.k+tn—l. k) - (r)
| | | :
| | |
5_-,;—;-.-—1};;--—*51* ‘
| | |
| | ! d
| ' I
: 2 ! "i:rr,.-f
I
| : I
: I'm' ] I
s/l 1| A
| I I |
1 [ | !

Puc. 7-:14. Mertox Koueynmx Puc. 7-15. Tpaduueckuii meron pemenns
pasHoctefi: yc/aoBHHE 0603Haue-  3ajau HECTAUHOHAPHOH TENJOI POBOLHOCTH.
HHf H rpajHuyeckas HHTepnpe-

TauHs.

U3 ypaBHenus (r) cienyer, 4rto L. 4y fABJAETCA cpeaHeapHpme-
THYECKHM 3HaueHHi f, ., , u f,_, ,. [losTOMy TexHHKa pacueTa OueHb

npocra. Takxe npocTo ypaBHeHHe (r) pellaercst H rpadgHyeckH. 3Haye-
HHe HHTepBa/jia BpeMeHH AT onpejensieTcsi H3 COOTHOLUEHHS

Av= Ax*/2a. (m)
Ecan, Hanpumep, paccMaTpHBaeTcsi GeTOHHasi CTeHKa (a =

- 2 -
= 0,765-10~° M’/c) 1 TonmMHa cos GepeTcs paBHOH 50 MM, TO HHTEp-
BaJ BpeMeHH AT moJjiyyaer 3HauyeHHe

Ax? 0,052
A = e = o0 2100 ¢

Taxum o6pasoM, NMpH pelIeHHH KOHKPETHOH 3ajjauM CHayajla Hajo
BHIGpaTh 3HaueHwe Ax, yaoOGHOe AJisi rpapHyecKoro nocTpoeHHs, 3a-
TeM MOCTPOHTH HayajJbHOE pacrpelie/ieHHe TeMnepaTyp B BHJe, HanpH-
Mep, JiomaHo# suHuK 0123 . . . (puc. 7-15). Coenunsisi Teneps Touky [
¢ Touko# 3, mosy4aioT TOUKy 2'; COeMHHAS TOUKY 2 C TOYKOf 4, noay-
yaloT TOUKy 3" H T. I.
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Jlnst nonyuennsi Touek 0’ u I HeOGXOAUMO yuecThb BIHSIHHE BHeLUHefl
cpensl. CorniacHO cKasaHHOMY Bbllle (§ 7-2) KoHell TemMneparypHOH KpH-
Bo# (B Hawem chayuae I/'0’) maeTcsi COOTBETCTBYIOIEH HanpaBAasitolei
TOuKo# R, OpAHHATa KOTOPOH Ompe/eNsieTcss TeMnepaTypol OKpyKalo-
HieH cpenbl fy, a abcuucca — noAkacatedbHOH s = A a. Ilostomy
JIOTIONIHHTENLHO HAHOCHTCA Hanpasnisiomasi TOYKa R M mapajsiebHo
TIOBEPXHOCTH TPOBOJHTCH BCromorarteibHas JHHHS MN*, orcrosimas
OT Hee Ha paccTosiHHH Ax/2. Ecnu Tenepb To4Ky O COEJHHHTH C HaNpas-
asomeit R, To npsAMasi, COeIHHSAIONAs 3TH TOYKH, ONpeNeNuT Ha JIH-
HHH MN Touky a. JIuHHA, coefHHAIOAS TOYKY @ H TOYKY 2, naer
Touky /’ HOBO#1 TemneparypHo#t kpuBoii. ITociennuit orpesok 1'0" Tem-
nepaTypHOH KpPHBOH J0JKeH ObITh HaiileH TaKXe No Hampasasioweh
Togke R,

BriGpas pacnpenenenue temneparyp 0'1’2'3" 3a HayanbHOe, HYKHO
NOBTOPHTL ONHCaHHOE NocTpoeHHe. TakuM ob6pasoM GyAyT HalfeHH
kpuBble 0''1'2"'8"" ... 0""'1""'2"""8""" .. . u 1. A. Ecan npu stom 3ua-
yeHHe o B TeyeHHe Npolecca H3MeHsAeTcs, TO 3TO MOXKHO Y4YecThb COOT-
BETCTBYIOIHM H3MEHeHHeM TNOJIOXKeHHs HanpaBasiolued ToOYkH R.

Ilpu pacuere MHOroc/I0fiHO# CTEHKH TeMnepaTypHasi KpHBas JOJkKHA
CTPOHTbCSI B MaciuTaGe TepMHYECKHX CONPOTHUBNEHHH, T. €. MO OCH
abcice BMecTo Ax JoJxHO OHITH OTJoXKeHO Ax/A.. Takum o6Gpasowm,
TNPH TOMOLIM OMHCAHHOTO METOAA MNPOCTHIMH CPENCTBAMH MOXKHO pe-
IIUTh MHOTHe TeXHHYecKHe 3aJlayd HecTalHOHAPHOH TenJOonpOBOAHO-
CTH NpH J060M 3aJaHHH TPaHHYHBIX ycaoBHH. CnaGoe MecTo 3TOro
MeTofa B TOM, 4TO (M3HUeCKHe CBOHCTBA Tesja NPHHHMAKOTCH MOCTO-
STHHBIMH. _

- 2. Mertopn anemenTaphbix O6asnancoB. [ToctaBHB nepen coGol 3anauy
HafiTH MeToZ pacyeTa HeCTAallHOHAPHOH TeMJONPOBOAHOCTH C YYeToM
3aBHCHMOCTH OT TeMIepaTtyphl KO3(HIHeHTa TenJONpOBOAHOCTH H
ynensHOl TennoemkoctH, A. Il. Baunues [10] paspaGoran meron sne-
MeHTapHbIX GasnaHCOB, CYIIHOCTh KOTOPOTO 3aKJIOYAeTCsi B CJIEAYIOLIEM.

- PaccmaTtpuBaemoe Tesio pa3GuBaeTcs Ha PSA 3JeMEHTapHBIX TeoMeT-
pHUeCKHX (OpM, B mpejesax KOTOPHIX 3aKOH H3MEHEHHsI TeMneparyphl
C H3BECTHOM CTeNeHBIO TOYHOCTH MOKeT OHITh NMPHHAT JHHefHEIM. B Ka-
yecTBe 3JeMeHTapHoro o6GbeMa Iesecoo6pasHo NpHHAThL Napalnene-
nunen co cropoHaMH Ax, Ay, Az. CepHell TakHX napajienenunenon
MOryT GRITH OmHcaHbl KOHTYpH JioGoro Tesa. PacueTHEIMH ToyKaMH
NpH 3TOM SBJSIOTCS MecTa NepeceueHHs NJAocKocTell pasGHBKH, T. €.
yIJIBl napajnefenuneaos.

TemnepaTyphl B pacueTHHIX TOYKaX CHaGJHM HHJEKCaMH, Xapakre-
PH3YIOIHMH BpeMsi H MecTo. Temneparypy pacyeTHOH TOUKH B JaHHBIH
MOMEHT BpeMeHH 0603HagHM npocTo {. TeMneparyphsl B JaHHBIHi MOMEHT
BpEMeHH B COCEJHHX TO4YKaxX, HaXOAAWMXCA Ha paccTosHHH Ax, Ay,
Az, 0603HAYAIOTCS COOTBETCTBEHHO 4Yepe3 [, .., t,.ays fya, - TeM-
mepatypa pacuyeTHOH TOYKH B TNOCAEAYIOHA MOMEHT BpeMeHH, T. e.

yepes NPOMEXKYTOK BpeMeHH AT, 0603HayaeTcsi f. ...

* Jluaes M N Heo6XoiHma A HaxoxleHus towek I, I', 1" ...
236



ITycTs 3a7aHe! H3MEHEHHS MAaPAMETPOB ¢ H A B 3aBHCHMOCTH OT TeM-
nepaTypul M KpaeBble ycnoBHsi. Tpebyercs OnpenenHTs TeMmnepatypy
BO BCEX pacyeTHHIX TOYKAX BO BCe MOCJeNYIOIHe MOMEHTHl BPeMeHH.
Pacuernble hopmyiisl nosyuum, nprmensis sakonsl ®ypre n Hooorona—
Puxmana K cocTaB/ieHHI0 TENJIOBHIX GalaHCOB TPYNMBl SJEMEHTapHBIX
napajJieseNunenos, Ha Kotopsle pa36uto Teso. IIpu sTom MoryT BeTpe-
THTbCA pPa3HooGpasHble BapHAHTHl PaclOJNOXKEHHsi PACYeTHHIX TOYeK.
OHH MoOryT Haxoauthcsi B NHpejesiaX OJAHOPOAHON Cpe.nl, JexaTh Ha
TpaHHLE ABYX H Gosiee TBEPABIX TeJl, MOTYT GbITh TaKxKe PacroJOMeHbl
Ha rpaHHle C XHAKOCTBIO HIH rasoM. IIpu Beskoii KOHKpeTHO!H 3anaue
HMeeTcsl OrpaHHYeHHOe H OOBIYHO He OYeHb GOJBILOE UHCJIO BAPHAHTOB
PACrONOKeHHSI TOYEK.

Jlns Kaxkaoro TaKoro BapHaHTa, OOGBEMHSIOUIEr0 OJHY MJIH He-
CKOJIbKO TO4YeK, HeoOXopuMa CBOS pac-
yeTHas opmyaa. . S —— P

Paccmorpum cayuaft, korpa pac- -
YeTHas TOYKa OKpYy»XeHa CO Bcex ‘ I
CTOPOH OfHOPONHOH TBEpPAOi cpexoi.
Ilpouecc pacnpocTpaHeHHst TeMJIOTH
onpefesisieTcs YHCICHHBIMH 3HAaYeHHAMH
TpeX napameTrpoB: KO3(hdHUHeHTa Ter-
JIONPOBOAHOCTH, YJAeJbHOH TemnjoeM-
KOCTH H maoTHocTH. IlnoTHocTh H3-
MeHseTcsi He3HauHTeJbHO H BO BCeX
JanbHeHIIHX PacCyKAEHHAX CUHTaeTcs
nocrosuHo#. Kosdduiuent rennonpo-
BOJAHOCTH H YJelbHas TeNJ0eMKOCTb
gg:r?:p]\;il;;iﬁ flzezﬂngtngcK inghf: Puc. 7-16. Cxema pa3GuBKH TeAa

Ha SJIEMEHTHI.
-+ Dt. Cxema pacrofloKeHHsi pacueTHOH
TOYKH NpeAcTaBjieHa Ha puc. 7-16. ?

To o6croATenbcTBO, YTO paccMaTpHBaeMble NapalJielenHnelbl He-
BeJIHKH B CPaBHeHHH C pa3MepaMH BCEH CHCTEMBI, MO3BOJIAET HCMOJb30-
BaTh B JaJbHEAIIHX BHIBOJAX CHeAYIOUHE NOMYIIEHHS: a) H30TepMHue-
CKHe TOBEPXHOCTH B Npejenax AaHHOTQ 3/1eMeHTa NpPeACTaBJASIOT CO-
60fi napajnenbHble IJIOCKOCTH, PAaBHOOTCTOSIIHe OAHAa OT JpYro#;
6) cpenunii 3a Bpemsa At TensoBo# moToK AQ d€epes Kakyio-aH60 mno-
BEPXHOCTb NPONOPILHOHAJNEH HayaJbHOMY B TpeJielaX 3JIeMeHTa Bpe-
MeHH AT 3HAYEHHIO TeMNepaTypHOrO rpajHeHTa; B) YBeJNHUYEHHe 3H-
TaJbMHH TIPONIOPIHOHAJBHO TPHPAIEHHIO TeMNepaTyphl B CpelHeil
ToYKe ero obbema.

Hasi nonydyeHusi pacueTHO# (OPMYNEI COCTaBHM TEMVIOBOH GanaHc
sneMeHTa co cropoHamH Ax, Ay, Az, TemnepaTypa B LeHTpa/ibHOH
TOYKe KOTOPOrO sIBJISIETCs PACYeTHOM ! W f,, , . D/IEMEHT pacronoxeHn
B LeHTpe IPYNNBl H3 BOCBMH TAKHX e 3JieMeHTOB. KonuuecTso Tem-
JOTHI, BOMIEAIIee B 3JeMeHT 3a BpeMms AT yepes JieByio rpaHb, mapasn-
JeqbHyl0 miockocTH YOZ, T. e. rpaHb, JexXallyio B IUIOCKOCTH, BH-
pakaeMoHl ypaBHeHHeM X = — Ax/2, Ha OCHOBAaHHH 3akoHa ®ypbe
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paBHo:

AQ, = —A() __—-""—Ai Ay Az Av=

= — (A + Bty_axp) ;‘“ AyAzAt.

3a To Ke BpeMms uepes HpOTHBOHOJIO}KHy[O rpaHb 3JIeMeHTa MOCTy-
naer

t—1
AQy= — (A+ Bty ap) —— 2 Ay Az A
Ko/nuecTBO TEnJIOTHI, BOLUEMlIee B 3/eMEHT yepe3 YeThipe Jpyrue
rpaHH, napaajeiasHsle naockoctd XO0Y u X0Z, onpepensiercss aHano-
THYHO:

AQy= — (A+ Bity—ayp) #— Ax Az A,
AQy= A 4 Bty o) -————Et:—f’-“—”—- Ax Az At
AQy= — (A+ Bt,_ azp) ;ﬁ‘z Ax Ay A,
AQg= —(A+ Bt: 1 azp) —“’ Ax Ay Ax.

B cHny nuHefiHOro xapakTepa H3MeHeHHs TeMnepaTyphl B npejejaax
pacyeTHLIX 3J1EMEHTOB CNpaBeLJHBBI pPaBeHCTBA

I tx— Ax
tx-—AX,’2=_'_'a
2
{ t+tx+Ax i
XFAx2= """
2
Pty 4
ty_Ay;z=% H T R
C yuyeToM 3TMX paBeHCTB BhipaxeHus 1 AQ,, AQ,, ..., AQ,
MOT'yT OHITH TEepenucaHb! B Bujle :
¢ foiile .
AQ1=——(A-|-B 2 Ay ) = A Ay AzAr;
X

t— 1t
8% AyAzAr,
Ax

AQ2=-—(A—!—B ‘+f;+m )

4t \ t—1¢
AQ3=—(A +B w 2”“*” ) A"”A” Ax Az A
y
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t4-t t—1t

AQ4=—(A-|—B + oty ) yTA¥ Ay AzAr;
2 Ay
[ R ¢ t—1

AQ5=—(A+B + z— Az ) z2— Az AxAyA‘r; (e)

2 Az
t4t t—t

AQﬂz—(A+B +;+A2 ) ;'HZ Ax Ay A,
4

Anreﬁpauqecxaﬂ CyMMa KOJH4yecTBa TEnJIOThbI, BOLIEAIIEro 3a BpeMs
Av Yyepes BCce rpaHd B 3JIEMEHT, paBHAa YBEJHYECHHIO €ro 3SHTAaJbIIHH.
310 MOMKET GLITH BBIpaXKE€HO B BHJI€ paBE€HCTBA

ZAQ;=AQ: +AQ+AQs +AQy +AQ; +AQg=c (t) p AV At =
=(C+ Dt) p Ax Ay Az (fr 4 ac—1).
IoncraBnssa B 3T0 paBeHcTBO BMecTo AQ,, AQ,, ..., AQs panee
HafileHHble 1Jf HUX BBIpaXKEHHS (€) M pelIass NMOJYYEHHOE ypaBHeHHE

OTHOCHTEJIBHO HHTEPECYIOIIEro Hac 3Ha4YeHHs TeMnepaTyphl B CleAylo-
LMH MOMEHT BpeMeHH [ aps TOJyHaeMm:

- Wx (tx—- Ax) tx—-Ax Wx (tx-i- Az) tx-}- Ax
tepac=R ()t + e i
e L (ty— Ab) tu— Ay Wy (ty+ Ay) Lyt Ay v, (tz— AZ) t2—Az s
N (8 N (9 N (t)

Wz (tz+ Az) I"2:~|--.v.";z
bt e (7-7)

rue
Wx(t) =

At 1 .
pAx2 (A +?Bt) !
A

T
Wy(t) = 0 Ayt

(A +%Bt);

At 1
W, ()= A+ —Bt);
)= (A + 5 BY)
N (t)=C+H- D¢,
R(l‘):l——Q[Wx(t)—}-Wy(n ’}L Wz(f) ]
; N ()

[Nonb3ysce HafinenHofi GOPMYJOH, MOXHO MO H3BECTHOMY Haya/lb-
HOMYy pacnpefiefleHHIO TeMnepaTtyp NocJeloBaTeJbHO HaHTH 3HaueHHs
TeMnepaTyp BO BCeX pacyeTHHIX TOYKax B MOMEHTH BpeMeHH T - Art,
T + 2Av, v 4 3AT M T. A. BIVIOTb 0 HHTEPECYIOLIEr0 HAC MOMEHTA.

Haiizennas gopmysa cripaBeJyIHBa JHIIb B TOM C/yyae, ecliu Cpesa
ONIHOPOIHA, T. €. BCe PACCMATPHBAEMOE TeJI0 COCTOMT M3 OJHOTO H TOTO
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JKe BeulecTsa, a FPaHHYHBIE YCJOBHA 3alaHbl B BHAE TeMMepaTryphl
noBepxHOCTH. B ciydae, ec/iH OT/JENbHHE YYaCTKH CHCTEMBI COCTOST
M3 Pas/MMYHBIX BElIECTB, a TAKKe B Clyuae 3ajjaHHs PaHHYHBIX YC/0-
BHii B BHJIe TeMnepaTyphbl OKpY»Kalollleil cpelill H 3aKOHa TenJiooOMeHa,
clieflyeT HCNOJb30BaTh HHblE 3aBHCHMOCTH, KOTOpble MOAPOGHO H3Jo-
xensl B [10].

Jlns NpaKkTHYeCKOro NpHMEHeHHsI MeTo/ia JOMKeH GHTh paccMOTPeH
ele BOMpPOC O BEJIHYHHE NMPOMEXKYTKAa BpeMeHH At, KOTOpH# 0 cHX
NOp CYHTAJCA MNPOH3BOJBHLIM.

Pacuetnas dopmyna (7-7) MoxeT GbIThb NpeicTaBlieHa B BHIE

t‘r+A1: = Alt + A2tx-—Ax + Astx+Ax + A:tty—-Ay + A5ty+Ay +

+ Agt,_a.t+ A1tz+Az' ()
rae
1 AT@AEBY (1 1 1\,
A=l p (C+Di) (Ax=+ ap T Azn)'
A% (A £ % Bt,_ Ax)
1 oA (C+Dh (a)

PR . . D

A (A +_2—Bt,+,,z)
pA22 (C - Dt)

dopmya (k) npeacrapisier coGofi NOJIHHOM NepBOfi CTENeHH ¢ Ko-
sdpunenTaMi A,;, 3aBUCAMUMH OT (PH3HYECKHX CBOMCTB, KOOpAHHAT-
HBIX OTPe3KOB H AT; OT TeMmniepaTyphl OHH 3aBHCHT JHIOb B CHJY H3Me-
HeHHs1 (H3HYeCKHX cBOficTB. Takyio CTpYKTYpy pacueTHhle (opMyJiBl
HMeloT H B GoJiee CIOKHHX Cyyasx.

Ha BuGop At noKa HHKaKHX OrpaHHYeHHfI HaJloXeHO He OBLIO.
YBesIHueHHe ero 3HayeHHsi MOXKET 3HAYHTeJNbHO COKPaTHTh OGbEM Bbi-
YHCJIHTENbHBIX PaboT, a NOTOMYy BecbMa 3aMaH4HBO. OlHAKO ec/id mpH-
1ath At upeamepHo GoJbllOe 3HayeHHe, TNOTPEIIHOCTh, BLI3LIBaeMast
BTOPBIM JIONYILIEHHEM, T. €. TeM, YTO CPeJHHH TenJOBOH NOTOK 3a BpeMs
At cunTaercsi NPONOPIHOHAIBHEIM HayaJbHOMY BO BPeMEHH IPafiHeHTy
TEMIepaTypsl, MOXeT CTaTb BecbMa 3HauHTeJabHOH. KHaue rosops,
npH GoJbLIMX 3Ha4YeHMAX At olHMOGKa SKCTPanoJIsAUHH Pe3KO BO3pac-
Taer, YTO HeMeAJIeHHO CKa3HBaeTCsi Ha TOYHOCTH BHIYHC/IEHHS TNOCJIe-
JYIOIIHX TeMNepaTypHHIX TNOJeH.

Ilns ompeneneHHss MakCHMajbHO AONYCTHMOH BeaH4HHB At oGpa-
THMcsl K dopmyne (k). Ilpu onpenenennoii pasGHBKe CHCTeMBI Ha pac-
YeTHble 3JIEMEHTH H TpH 33JlaHHOM 3aKOHe H3MeHeHHs (DH3HYECKHX
CBOMCTB 3HaueHHs KoadpHuHeHTOB A; 3aBHCAT JHIIb OT AT H TeMnepa-
Typ. Cpean TemnepaTyp, OTHOCALIMXCA K JaHHOMY MOMEHTY BpeMeHH
H BXOIAIIHX B cOCTaB (GOPMYJIbl, HMEIOTCS HaHMEHbIass H HauGOoJbIIAs
temneparypsl. Jlis Toro 4ro6ul mepexoj K nocaeAyiomeMy TeMneparyp-
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HOMY NOJIIO He NpeACTaBIA] cO60i COMHHTENBHYI0 SKCTPaMOJSIHIO,
HeoOXxoIHMO, yTOGBl HCKOMasl TeMIlepaTypa He OKasajach HHiKe NepBOH
HJIH Bhile Bropo#. MHBIMH ciioBamH, Heo6xoauMo, 9To6bl TeMnepaTyp-
Hble H3MeHEHMsl, MPOUCXOoAsIMe 332 BpeMsl AT, ONpelesiIuCh TeMIepa-
TYPHBIMH Pa3HOCTAMH, CYIIECTBYIOIIMMH B PacCMaTPHBAaeMOM y4acTKe,
H Jexanu Obl B Tex xe mpenesax. B ciyyae npoH3BOJIBHOrO TeMnepa-
TYPHOTO NOJISI 3TO yCJOBHe cobuiofaercsl JHIIL B TOM cjydae, Korja
Bce Koa(ppuuHentsl A; nmonoxurencHu. Kospduumentn A,, Az A,
Ay, Agu A,y o cBOEH CTPYKTYpE MOTYT HMETh TOJBKO MOJIOMKHTENbHOE
sHauenue. Koagpdunuent xe A, [ypaBHenue (3)] B 3aBHCHMOCTH OT
BEJTMUHHBI AT MOXeT NMpHHUMaTh JitoGoe 3HayeHHe B npejenax or + 1
10 — oco. MakcHManbHO JomycTHMOH BenuuHHO# At, oGo3HauaeMoi
B nanbHedimeM At,,.., ABJAsercs Takas, npu kKoropoit A, oGpamaercs
B HYJb.

Ilpu 3ananumix Ax, Ay, Az, p, A, B, C u D BenuunHa A, 3aBHCHT
He TOJBKO OT AT, HO H OT TeMnepaTypHl, BIHSIHHE KOTOPOH MOMeT GHITh
Pa3iHYHO, B 3aBHCHMOCTH OT BEJHYHH H 3HakoB B u D.

Cpenu Temneparyp, BCTPEUAIOMHXCS MPH 3aAaHHH HadyaJbHEIX H rpa-
rPakHYHBIX YCJAOBHH, HMeeTcsl HaHMeHbLIash H HauGoablias, 0603HAYHM
HX fygg U fyaxe- 1EMIEpaTypa Jo6oft TOUKH B /11060H MOMEHT BPeMEHH
He 6yJer BHIXONHTh H3 IPaHHIl 3TOTO HHTepBaja. PaccMOTpHM H3MeHe-
uue A, (f) ¢ Temneparypoii. Hafinzem nponssoanymo

dAl(t)_qBC——ZAD( 1 1 1 )A‘l:_ K

dt — (CtD \ B T ag T Az )P Tt D

rie BeJMYHHA K He 3aBHCHT OT Temieparyphl. Mul BHauM, uro A, us-
MeHsieTcs: MOHOTOHHO, HOO ee IPOH3BOAHAS HHIZE He MeHseT CBOH 3HaK.
3HayHT, MaKCHMa/JbHOe 3HaueHHe A, MOXET COOTBETCTBOBAThH JHILbL
OfHOMY H3 KOHIIOB paccMaTpHBaeMOro TeMNepaTypHOro HHTepBaJa.
INosToMy npakTHYecKH MpoIle BCEro MOCTYNaTh TaK: HAHTH BENHUHHY
ATyaye 3 YCIOBHSL Ay = 0 IpH ¢ = fyage H NPH £ = fyuq H H3 JIBYX
HaHleHHBIX 3HaYeHHH

T e p (C + Diuaxe) 2
MAKC (24 + Biyaxe) (1/Ax2 + 1/Ay? + 1/Az2)’
. p (C + Dtyun) (1)

Tyake = (24 + Biygug) (1/Ax2 4 1/Ay2 - 1/A22)

BBECTH B pacueT HaHMeHblllee, TaK KaK IPH 3ToM yciaosHe A > 0 Gyzer
BHINOJTHEHO JJIsl BCEX TEMNepaTyp, BO3MOXKHEIX B cHcreMe. Jlaxe mpu
He3HAYHTEJbHOM MOBHILIEHHH 3TOH BEJHYHHBI H3MEHEHHSI TeMIepatyp
HAYMHAIOT HOCHTb GecropsioYHbIH CKaykooOpasHBIfi XapakTep M pac-
YeT CTAHOBHTCA HeBepHBIM. EcJH cHCTEMa COCTOMT H3 HECKONBLKHX
BEIleCTB HJIH OKPYIKeHa XKHAKOH cpeflofi, BEeJHUHHA ATy,,. AOMKHA
6uIThH HalifleHa JJIs BeeX CJIyYaen, BCTPEYAIOIHXCSA B CHCTeMe, U H3 Haii-
JIeHHBIX 3HaYeHHH B pacuere JOMKHO OBITh MPHHATO HAHMEHbIIee.
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7-A. PETYNAPHbIA TENNOBOW PEXMM

PaccmotpuM mpomecc oxsaxiaeHHs (MJIH HarpeBaHHs) TBEpJOro
TeJa, KOrja ycJIOoBUSA OXJaxJeHHs, TeMnepaTypa OKpyKatwoleid cpenbl
ty ¥ Ko3(MpHIIHEHT TenJ00TAa4H o, BO BPEMEHH OCTAIOTCS NMOCTOSHHBIMU
H BHYTPEHHHE HCTOYHHKH TEIUIOTH B Teje OTCYTCTBYIOT. B oTHOLIeHHH
HayaJlbHOTO pacnpefie/leHHsl TeMmeparyp B Tele He GyleM JenaTb
HUKaKHX OTrpaHHuYeHH{l, 32 HCKJIOUEeHHeM TOTO, YTO NMPHMEM YCIOBHE:
Pa3HOCTh MeXJY TeMnepatypoil B n106oil Touke U TeMIepaTypoil okpy-
JKaiomeil cpefibl B HauaJbHbIH MOMEHT HMEET OIMH H TOT e 3HakK. Ilpu
3THX YCJOBHSIX HECTalHOHAPHBLI Mpolecc oxJsaxaeHus (HarpeBaHHs)

Tesla MOxKeT GHITh pasjiesieH Ha JiBe CTafHH:

Aln HauarbHyo cmaduio U cmaduio peeyaapHoeo
pesxuna.

" IMepBas cTanusi XapakTepH3yeTCs TeM,

e J 2 YTO HU3MEHEHHe TeMnepaTypHOro moJsi BO

4 BpPEeMeHH CYLIeCTBeHHO 3aBHCHT OT ocofeH-

. HOCTeli HauaJbHOTO TEIJIOBOTO COCTOSTHHSI
und Tesla, M TOSTOMY Xapakrep mpolecca He

onpejessercs OAHO3HAYHO YCJIOBHAMH OX-

¢  JlaxneHuss u cBoificTBamu Tesna. Opnako
7 P~ P MOCTENEHHO BAHAHHE HauyaJbHBEIX YCJIOBHI
Bce Gosee H GoJiee yTpauHnBaeTcsl; Hampo-

Puc. 7-17. Usmenenne Temme- THB, BO3NEHCTBHE YCJIOBHH OXJaXeHHs
paTypsl Bo Bpemend npu H (PH3HUECKHX CBOFCTB TeJa CTAHOBHTCA
OXJaMACHUH Teaa. onpefiensiiomuM. Hacrynaer peryisipHblii
TenyoBoi pexxuM. Ilpu aToM 3aKOH H3Me-

HEeHHSl TeMIepaTypHOro IOJsi BO BPeMeHM NpPHHHMMaeT TpocToll M
YHHBEpCAJbHBIH BuA: JorapHdM H36HITOUHOH TeMmmepaType ! Tena
B N1000# €ro TouKe M3MEHSETCsl BO BpeMEHHM IO JIMHEHHOMY 3aKOHY

In®t=—mr+4C, (a)

T. €. 3Ta TeMmneparypa yGhHBaeT BO BPEMEHH MO 3KCIIOHEHIHaNbHOMY
3aKOHY

4=Ce™, (6)

Besnnuuna m, l/c, ecTh nosoKuTeNbHOE UHCNO, He 3aBHCSIEE OT
KOODIHHAT H BpeMeHH. 3Ta BEJIHUHHA XapaKTepH3YyeT HHTEHCHBHOCTBb
oXJaxileHHs1 (HarpeBaHHs) Teja U HAa3bIBAETCH MEMNOM OXAQHCOEHUS
(nazpesarus).

I'paduueckasi uHTepnperauHss paccMaTpHBAeMOTO Ipouecca NOKa-
3aHa Ha puc. 7-17; 3mech npuBeleHBl KPHBblE H3MEHEHHS BEJIWUHH
Ing, uIn$, Ana 18yx GuKCHpPOBAaHHBIX TOUEK Teda | H 2 BO BpeMeHH
Ha TpOTSIKEHHH BCero Ipollecca oxJaxaeHHa Tena. Hacrynaenune
peryJIsipHOrC pe:KHMa XapaKTepH3yeTcs TeM, UTO COOTBETCTBYIOIIHE KPH-

1 Ms6uiTounoit TemmepaTypoit 4 Ha3HBalOT MOAYJb PasHOCTII MeXAY Temne-
patypoil Tena { u TemMmepaTypoll OKpyKawomweidl Cpembl ly % = |{ —fx|.
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BHle NEPEXONAT B TNpsAMblE JHHHH, HMEIOIHe OAHHAKOBHI YIJIOBGH
KoapuinenT Ha rpaduke, T. €. OHH OKA3bIBAIOTCH MNapasJe]bHbIMHU
Mexny coGoi.

IlpumenuM ypaBHeHHe (a) K JBYM IPOH3BOJNLHBIM MOMEHTaM Bpe-
menn v u T’ (puc. 7-17) W, MCKJIIOUHB MOCTOSIHHYIO C, TOMYYHM:

Ind —Ind”
m= v

dopmysa (7-8) maet cnoco6 onpeneneHHs BETHYHHBI TEMIA OXJax-
JIGHHS1 /. M3 OMNBITa; AJA 3TOr0 Heo6XOAMMO H3MepeHHBIe B KaKoOMH-HH-
6yabL Touke Tena remnepaTtypel ¢ = [ (t) npeacTaBHTH B mogyJorapHd-
MHYECKHX KOOpJAMHATaX, Ha IpPSIMOJHHEHHOM YYacTKe I10Jy4YeHHOMN
3aBHCHMOCTH BLIOpATh JiBEé TOUKH H COOTBETCTBYIOIIHE HM BeJHUHHEI
In9 ¥ t noncraBuTh B dopmyay (7-8).

OcHOBHbIE 32KOHOMEPHOCTH PeryJ/isipHOTO TEIJIOBOTO pexkuMa GBuTH
noppoGHo HcenepoBanbl I'. M. KonaparbeBrim [40], kotophiit onpene-
JIHJI OCHOBHHIE CBfI3H, CYLIECTBYIOIIHE MEXKIY TEMIIOM OXJaKIeHUs m,
C OJIHOH CTOpPOHBI, H (U3HUECKHMH CBOHCTBAMH Tena, ero ¢opMoii, pas-
MepaMH H YCJOBHAMH OXJaXJeHH — ¢ APYrof. 3ro MO3BOJHIO pas-
paGoTaTb MeTOnbl NPHOJHKEHHOTO pacuera HeCTAILHOHAPHBIX TeMIepa-
TYPHHEIX TOJIeH, METOALl MOJe/MPOBAaHHS HECTAlHOHAPHBIX MPOILECCOB
B CIOXHBIX O0OBEKTaxX, JaTh OLEHKH HepaBHOMEPHOCTH TeMIepaTypHBIX
nosieil B pasiHYHBIX YCJOBHAX H T. 1. Ha oCHOBe TeopHH perynasipHOro
peuMa OBIIH TIPENJIOXKEHBl M MOJYYHJIH UIHPOKOE pacmpocTpaHeHHe
Ha MpakTHKe HOBHIE METONbI ONpeneseHHs TemaoGH3HYeCKHX CBOMCTB
BeIleCTB: @, A, ¢, TEPMHUECKHX CONPOTHBJEHHH R, CTeNeHH YepHOTHI
TeN &, KO3(pHIlHEHTOB TemaooTaaun o. IIpeMMylnecTBOM TakHX MeTo-
JIOB SBJISAETCHA npoc*ro’ra TeXHHKH SKCHEPHMEHTE[, BBICOKasd TOYHOCTb
NOJyYaeMbIX pe3y/nbTaToOB H Mafasi 3aTpaTa BpeMeHH Ha IpOBejieHHe
5KCTEPHMEHTA.

JIlns perynsipHOTO TeMJOBOTO peXHMa XapaKTepHbl Clelylouiue
OCHOBHLIE TOJIOKEHHS:

1. OcHOBHOe COOTHOLIEHHE (a), OmpeiessIolee HACTYIJIEHHE Pery-
JASIPHOTO pEXKHMa, BHIMOJNHAETCA He TOJBKO A/ OXHOPOIHBIX MPOCTHIX
TeJ, HO TakxKe JJA JIOOHIX CI0XKHBLIX CHCTEM H3 PasHOPOAHBIX TeJ,
T. €. sIBJIEHHe peryJsipusallid TeMnepaTypHOro mnoJs HMeeT o6uIHil
XapaxTep.

2. Temn oxna)kieHHs OAHOPOJHOTO TeJa /M NMPH KOHEUHOM 3Haue-
YeHHH KO3(xpHIHEHTA TEIIOOTAAuH TNPONOplHOHAAEH Ko3DdHIUEHTY
TEMJOOTAYH ¢ H BHeEIIHeH NoBepPXHOCTH Tela F 1 ofpaTHO MpomopIiyo-
HaJleH TOJIHO# TersioeMkoctd Cy = cpV:

——1 (8)

(7-8)

3. Ilpn @ - co 3HaueHHe m_ AAs JOGOH CJ0MKHOH CHCTEMBI KO-
HeYHO, MpHYeM BeJIHYHHA M IS OJHOPOAHBIX Te MPOMOPIHOHAJbHA
KOo3(h(HIHEHTY TeMneparypONPOBOJHOCTH @ MarepHana:

a=Km,. ()
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CooTHolleHHe (B) ecTh BbIpaMKeHHe 3aKOHA COXPaHeHHS 3SHEPTHH
I/l YCJOBHH DPEryjisipHOTO PeXHMa OXJa)JeHHs (HarpeBaHHs) Tel.
Bennunna ¥ B 3TOM ypaBHEHHH NpejcTaBasieT co6oil oTHOLIeHHe Cpel-
Hel 10 MOBepXHOCTH H3GLITOYHOM TeMnepaTyphl ¢ ¢ K cpenHeil o o6beMy
BeJHuHHE &y, T. . ¥ = & g/ . D10 OTHOUleHHe B TeyeHHe BCETO Te-
pHona peryJsipHOrO peXHMa OCTaeTcsl NMOCTOSHHBIM M Has3bIBaeTcsi KO-
apuIeHTOM HepaBHOMEPHOCTH pacnpejie/ieHHs TeMmIepatypsl B Tele;
BeauunHa ¥ moxer usMenathes ot 0 no 1 (mocnexnuit ciyyadi orse-
yaeT PaBHOMEPHOMY MOJIIO TeMnepatyp B Tene).

KoadduuueHT K B COOTHOLIEHHH (I) 3aBHCHT JIHLIL OT TEOMETpHUYE-
CKHX CBOHCTB — (popMbl M pasmepa — Tena. Ero HaswiBator xoaghgu-
yuenmom ghopmet. Ins Ten npocroit popmbl Bennunnbl K GbUTH Onpene-
JIeHBl aHATHTHYECKH:

IJ1A 1apa
R\2,

- (&)

OIS UWJIHHApA IAMHOH [
K= 1 ; ©)

2,405)’+ EAY

(o) (%)
ISl TapaJeendnesa co CTopoHamH [y, [y, I

K= : : ()

2
B+ )
L 2 Iy
Ilpu u3BecTHOM 3HaueHHH Ko3(duiuenta dopmel K cooTHOIIEHHE
(r) sBNsIETCA OCHOBOH /IS IKCTIEPHMEHTANBHOTO onpenenedns Koaddu-
IHEHTAa TeMNepaTypPONpPOBOAHOCTH @ MaTepuanoB. [las Tea C/I0XKHOH
(OpMEI Ha OCHOBE COOTHOILIEHHS (I) MOXeT GLITh ompeleneH Ko3(phH-
uneHT ¢opmbl K ombITHHIM NyTeM. [Iasi 3TOro M3 MartepHana ¢ M3BECT-
HBIM KO3(pHIHEHTOM TeMIepaTypoNpOBOJHOCTH H3TOTABJHBAETCA MO-
IleNlb, TeOMETPHYECKH MoA00Has peanbHOMY OOBeKTY CJIOKHOH (OpPMBL;

IKCIIePUMEHTANbHEIM ITYyTeM AJIA MOJAENH ONPENeseTCcs TeMNn oXJaxKae-
HUA m_ B YCIOBHAX BBICOKOH HHTEHCHBHOCTH TEeMJJOOTAA4YH o — o0

U U3 cooTHOWweHHs (r) onpenensiercs Kyo,. Torna xosdduunest gopmul
o6bekra paBen K= ;;K..on. rjie n — OTHOLUEHHE JHHeHHHX pa3-

MepoB Mojieli H 06beKTa.

CootHoulenHe (r) eCcTb mpefenbHbll caydafi obiuero ypasHeHHs (B),
Korga o — oo, ¥ — 0. KauectBeHHbIi XapakTep 3aBHCHMOCTH m =
= f («) mokasan Ha puc. 7-18.

CoorHowenusi (B) # (r) MOXHO 0GbeJUHUTb, €CNH HX MPENCTABHTE
B OGespasmMepHOM BHJE:

M=YB, ()
rie M= mﬂ = -’g— K — OTHOCHMTENbHBIH TeMn oxJaxaeHus; B = % K_VF

-

o
— mopuduuHpoBaHHaA ¢dopMa 3anucH 4ucaa buo.
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Beauunna ¥ nois Tena 3ajaHHoH GOPMB SIBAsSeTCA ONHO3HAUHON —
dynxuueirt gncna B. Hcenenoanns [40] nokasanu, uro pas ten pas-
nuuHOll Kongurypanun kpuBee ¥ = W (B) Hactosnpko 61M3sko pac-
rnoJiaraloresi Ipyr K ApYyry, 9To NPaKTHYECKH BCe CeMEeHCTBO HX MOXKHO
3aMeHHTh OfiHOM KpuBOiH. [IpHOaHIKeHHOe ee aHAJHTHYECKOe BHIpaXKe-
HHe HMMeeT BHI:

¥ = (141,44 B4+ B, (x)

CootHoieHHs: (M) H (K) MOTYT GbITh HCMOJMb30BaHb! /ISl OUEHKH He-
paBHoMmepHocTH noss TeMmnepatyp ¥ pasnnuHbix 06bEKTOB; Ha MX OC-
HOBe pa3paGoTaHbl 3KCINEepHMEHTAJbLHbIE METONbl onpeneNeHns: KoahbH-
IIHEHTA TEIVIOMPOBOAHOCTH, KO3((HIHEHTA TEMIOOTAaYH H AP.

4. Jlnsi cUCTeMBI, COCTOAIEH H3 PANA MKECTKO CBA3AHHBIX TeJ C pas-
JIHYHBIMH CBOACTBaMH, TEMIN OXJaXAEHHUS m OJHO3HAYHO OTpENeNseTcs
COBOKYMHOCTBIO TeIVIO(PUSHYECKHX CBOHCTB
STHX TeJ, HX pasmepamMH H (opMoi,
a Takxke YCJOBHUSAMHM OXJaxjeHus. [las
TAaKHX CJOXHBIX CHCTéM MOTYT 6HITh mO-
Jy4eHH YpaBHeHHs, aHaJOTHYHHE COOT-
HOLIEHHAM (B) M (r) /S NPOCTHIX TeJl.
Oco0uift HHTEpeC MpeicTaB/seT CHCTeMa,
cocTosimasi M3 sigpa MPOH3BOJBHOH KOH-
¢urypauun H TOHKOH 0GOJIOYKH H3 MHOTO Puc. 7‘2; E%;;’"““M"c“
MmarepHrana. [Iyg TaKHX yc/IoBHH ypaBHeHHe :
SHepreTHUecKoro GanaHca CHCTEMBl B NEPHOA DPeryJsipHOTO pexKHMma
HMeeT oTHOCHTeNbHO npocroit Bui [40]. Ha stolt ocHoBe Gbliu mpen-
JIOXKEHB! ¥ TOJNYYHJH pacrpocTpaHeHHe BecbMa 3(hGdeKTHBHBIE METOJbI
onpefieNieHHA TeMIo(H3HYECKHX NapaMeTpoB Pas/HYHLIX BEIIeCTB.

5. ToHsTHe peryjasipHOro peKHMa INPHMEHHMO TaKKe K TeslaM
C BHYTPEHHUMH HCTOYHHKAMH HJIH CTOKAMH TEIJIOTHl MOCTOSIHHOH HH-
TeHcHBHOCTH. Bce NMPpUBENEHHBIE BhHINlE COOTHOWEHHSA H 3aBHCHMOCTH
CrpaBe/l/IUBBl H B 5THX caydasix. Pasnuuue nuIIb B TOM, YTO NpPH Npo-
CTOM OXJIaXKJeHHH 3aKOH (opMyJHpyeTcs AJA H3CHTOYHOH TeMmepa-
TYphl ¢ = | f—1y|, @ IPH HANHYHH UCTOYHHMKOB TENJIOTHI — JJIsi pas-
HOCTH Temneparyp & = |f—f,| npHu cramuoHapHoM (#,) M HecTamHo-
HapHOM (f) pexMMax CHCTEMbl B OJHOH M TOH K€ TOUKe.

m Acumnmema

0

TNABA BOCBMAS

TENNNOOBMEHHBIE AMMAPATDI
8-1. OBIWIME MOJNIOMEHMS

TemyooGMeHHBIM aNnapaToM HasblBaeTCsl YCTPOMCTBO, B KOTOPOM
OCYLIECTB/ISIETCS TIPOLLECC MNEPEJauH TEMJIOThl OT ONHOTO TEMJIOHOCH-
Teast K Apyromy. Takue annaparbl MHOrOYHC/IEHHEI H IO CBOEMY Tex-
HOJIOTHUECKOMY Ha3HAYEHMI0 H KOHCTPYKTHBHOMY OQOPM/IEHHIO BeChbMa
pasnoo6pasuel. Ilo npuHUMNY [AEACTBHA TenJoo6MeHHble annaparhl
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MOTYT OBITh pa3leNeHbl Ha PeKynepaTHBHBHIE, pereHepaTHBHBIE H CMe-
CHTEJIbHBIE.

Pexynepamuensimu Ha3HBAIOTCSl TaKWe ammaparbl, B KOTOPHIX Tem-
JIOTA OT TrOpsYero TEIVIOHOCHTeNsl K XOJIOJHOMY NepejaeTcsl 4epes pas-
JeJsionyio uX creHKky. IlpumepoM Takux anmapartoB SIBJSIOTCS Napo-
reHeparopbl, MOAOTPeBaTeNH, KOHAEeHCaTophl | T. 1.

Pezenepamusnsimyu Ha3bIBAlOTCA TaKHe annaparhl, B KOTOPHIX OfHA
H Ta )K€ NOBEPXHOCTh HATPEBa OMBLIBAETCA TO TOPAYHM, TO XOJOIHBIM
TenJioHocHTesieM. IIpH mpoTeKaHWH ropsyed >KHAKOCTH TemioTa BOC-
NPHHHMAeTcs CTEHKAMH annapara M B HHX aKKyMyJHpyercs, IpH mpo-
TeKaHHH XOJOIHOH JKHJKOCTH 3Ta aKKyMyJIHpOBaHHasl TeIJoTa el BOC-
npunuMaercd. IlpuMepoM TakHX amnapaToB SBJSIOTCH pPereHeparopbl
MapTeHOBCKHX H CTEKJOMJVIaBM/IbHBIX mneued, BO3NYXONOJOrpeBaTenu
JIOMEHHBIX MeYeH u Jp.

B pekymepaTHBHBIX M pereHepaTHBHBIX annaparax Nporecc mepe-
Ja4d TensoThl Heu3GexxHO CBfA3aH € MOBEPXHOCTHIO TBEPAOro Teja.
ITosromy Takue annaparthl HasbIBAIOTCSl TaKXke MOBEPXHOCT -
H Bl M H.

B cmecumensroix annaparax Nponecc TeMJoONepenayd MPOHCXOAUT
NyTeM HENnoCPeACTBEHHOrO CONPHKOCHOBEHHSI M CMeIIeHHS ropsvero
H XOJIOZHOTO TeNJIoHocHTedeH. B 3Tom ciyuae Temyonepenada npoTte-
KaeT OJHOBpPEMEHHO C MarepHalbHbIM oGMeHoM. [lpumepoM Takux
TelnJJOOOMEHHHKOB SBJSIIOTCH GallleHHLle OXJajurenu (rpajupHH),
CKpy66eper M 1p.

CnenuanbHble HasBaHHS TeNJIOOOMEHHBIX annaparoB OGbIYHO Ompe-
JeIA0TCA MX Ha3HadyeHHeM, HanpHMep, NMaporeHeparophl, IedH, BOJAO-
noJiorpeparesiH, MCnapHTe/NH, MNeperpeBaTenH, KOHIEHCATOPH, jea3pa-
TOpHl U T. A. OnHaKo HecMmoTps Ha Gonbluoe pasHooGpasHe TenjoobMeH-
HBEIX anmnapartoB M0 BHAY, YCTPOMCTBY, MPHHLILHNY AefCTBHA U paGoYHM
TeJlaM, Ha3HayeHHe HX B KOHIle KOHIOB OAHO H TO e, 3T0 — nepeada
TEIJIOTH OT OZHOH, ropsAuel, KUAKOCTH K Apyro#, xonopHo#i. ITostomy
H OCHOBHEI@ TT0JIOKEeHHS TEeNJI0BOTo pacyeTa JJjis HHUX OCTaloTCs OOLIHMH.

8-2. PEKYMEPATMBHLIE AMMAPAThHI

1. OcHoBHBlEe nNOJIOXEHHS TeNJoBOro pacuera. TemnsoBo# pacuer
TeIVIOOGMEHHOrO amnmnapaTta MOMKeT OBITh KOHCHIPYKMOPCKUM, IENbI0
KOTOpOro sBJsIeTCSl OnpejiesieHHe MNJONaAH MOBepXHOCTH TemnyoobMeHa,
H 1osepotHsim, NPH KOTOPOM YCTAaHABJIUBAETCH PeXHM paGoThl annaparta
H onpefensiioTcs KOHEYHble TeMIepaTyphl TemJoHocHTenell. B oGoux
CIy4asiX OCHOBHEIMH PAcYeTHHIMH YDPABHEHHSIMH SBJAIOTCSH:

ypaBHeHHe Teljonepenayt

Q=FkF (t;,—1,) (8-1
M ypaBHeHHE TErvIoBoro GajaHca
Q=Q+AQ, (8-2)

rae ) i
Q[ :Glﬁil =G1Cp|6t| = G[Cp] (f1-—-—t1)
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— KOJIHYECTBO TEILIOTH, OTJaHHOE TOPSUHM TEMIOHOCHTENIEM;
Q2 = GyBiy = Gocpobty = Gocyo (13— 1)

— KOJIHYECTBO TENJIOTH, BOCNMPHHSATOE XOJOAHBIM TEMJIOHOCHTEJIEM;

AQ — moTepH TEMJIOTH B OKPYKAaOLIYIO cpeny; G,, G, — maccoBbie

pacxo/ibl TOpPSYero H XOJOJAHOTO TerloHocureneil; 8i,, 6i, — H3MeHe-

HHE 3HTAJBIHH TEIJIOHOCHTENeH; Cyq, Cpy — Y/AENbHBIE TeNJ0eMKOCTH
r L

TeNNIOHOCHTe/Iell NPK MOCTOSHHOM JaBJieHuu; f» {4 — TeMmmeparyphl

ropsiYero TErJIOHOCHTENsl Ha BXOAE M BhIXOAe M3 anmapata; fp f —
TeMrepaTypsl XOJOAHOTO TEIUVIOHOCHTENS Ha BXOZe H BBIXOJE €ro Hu3
annapara. .

Ilpn BHIBOZE pacueTHHIX (GopMyJ Tensonepenaud (cM. ri1. 5) 6bl10
NPHHATO, YTO B JAHHOH TOYKE MM CEYEHHH Ternno06MeHHOro YCTpOH-
cTBa TeMreparypa paboueil KHAKOCTH NocTrosHHa. OIHAKO 3TO moJo-
JeHHe JJisi BceHl NMOBEPXHOCTH CMpPaBeNJHBO MPHUOMMMKEHHO JHIIbL NpH
KHIIEHHH JXXHJIKOCTH H KOHJEHCaluu napoB. B ofmem cnydae temmepa-
Typa paGouux XHAKOCTeH B TemJOOOMEHHHKax H3MeHsieTcs: ropsyas
OXJIAXKJAeTCs, a XOJI0AHAA HarpeBaercs. BmecTe ¢ 3THM H3MeHsieTcs
H TeMmrnepaTypHBIA Hanop Mexay Humu Af; = (f;—t¢,);. B Tagkux yc-
JIOBHSIX YpaBHeHHe Temnvionepenayd (8-1) mpumeHuMo JHLIbL B Audibe-
peHunansHOH (OpMe K 3/eMeHTY MOBEpXHOCTH dF, a HMEHHO:

dQ= k,AtdF,.

OG6liee KOMMYECTBO TEIJIOTH, MepelaHHOe yepes BCIO NOBEPXHOCTh,
onpenenaercs HHTErpaJioM 3TOTO BbIpaxkKeHHs

F
Q= J kAt dF, =kAtF. (8-3)

1o 1 ecTh pacyeTHOEe ypaBHeHHe Temjonepenayn. 3peck At — cpen-
Hee 3HaYeHHe TeMIepaTypHOTO Hamopa no Bcel MOBEPXHOCTH Harpesa.

B TemnoBHIX pacueTax BaKHOe 3HAYeHHE HMeeT BeJIHYHHA, Ha3bl-
BaeMasi BOJASHBIM 3KBuBasentoM, W, Ix/(c-°C), B1/°C:

W =Gc,, (8-4)

rae G = pwf — MaccoBHIi Pacxoji TeIJIOHOCHTeNs; @ — CKOPOCTh
TENJIOHOCHTENS; O — IUIOTHOCTh TEeIVIOHOCHTeNs; [ — IJIomans ce-
YeHHs1 KaHana.

Ecnn pennunny W BBEeCTH B ypaBHeHHe TerJioBoro GanmaHca (8-2),
TO OHO TPHHHMAET BHI:

W, (tl._tl) =W, (f2—f;),
oTKyna

=l (8-5)

ITocnennee osHayaer, yTO OTHOLUEHHE H3MeHEHHH TeMueparyp pa-
Gounx KHAKOCTER 06paTHO MPOMOPIHOHAIBHO OTHOIIEHHIO HX BOASHBIX
9KBHBA/IEHTOB. Takoe COOTHOLIEHHE CNPaBeNJIMBO KaK Jjsd Bceil no-
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BepXHOCTH HarpeBa F, Tak W AJd KaxIOro ee sjeMmenra dF, T. e.

dy Wy ;i
TR (8-6)

rae dfy u df, — HU3MEHEHHs TeMnepaTypsl pabounX JKHAKOCTeH Ha 3Je-
MeHTe TOBEPXHOCTH.

Xapakrtep H3MeHEHHs TeMnepaTyphl paGoyHX MKHAKOCTell BIOJBL MO-
BEPXHOCTH HarpeBa 3aBHCHT OT CXeMBbl HX JIBHXKEHHS H COOTHOIUEHHS
Benuuud Wy v W,. Eciu B Temioo6MeHHOM amnmapaTe ropsdas H XoO-
JIOZHAsl XHIKOCTH MNPOTeKaloT Nnapa/lyiebHO H B OJHOM HanpaBJeHHH,
TO TaKasl cXeMa JABHXXeHHsi HasklRaercsi npamomoxom (puc. 8-1, a).

a) d) 8 g W, > W, ) Wy >,
1 ! ty — g —
7 2 ! ! 1 4
2 " ty
2) 3= =l = t; \ 1
———p x > ¢ ’ ¢,
—es | 1 A F
2o 0 — 7 -
’ l
F o e e v gl W< W, W< W,
! 4 L
p=r - I N P R
) i oty t'
tz' g ZF \- t?

v a) a 6)

Puc. 8-1. Cxemn npmkeHus paGounx Puc. 8-2, Xapakrep H3MeHeHHs TeM-
KHIAKOCTell B TenJ0OGMeHHHKAX. neparyp paGoYnx IKHAKOCTe#i npH
npsiMoToKe (@) H nmpoTHBOTOKe (6).

Ecsin XHIKOCTH MPOTEKAOT napaijelbHo, HO B MPSAMO NPOTHBOMOMNOX-
HOM HanpasJeHHH,— npomusomoxom (puc. 8-1, 6). Hakonen, ecnn
JKHIKOCTH NPOTEKAIOT B NEPEKPECTHOM HANpPaBIeHHH,— nepeKkpectiusim
moxkos (puc. 8-1, 6). IloMMMO TakHX NpOCTHIX CX€M NBHXEHHS, Ha
NPAKTHKE OCYLIECTBJSIOTCA H CJOMHBIE: OJHOBPEMEHHO IIPSIMOTOK H
nporuBoTok (puc. 8-1,2), MHOrOKpaTHO TEPeKPecTHH  TOK,
(puc. 8-1, 0—x) u T. n.

B 3aBHCHMOCTH OT TOTrO, OCYIIECTBJSIETCSt JIH MPSAMOTOK HJIH TPOTH-
Botok u W, GoJjblle uaH MeHblle, yeM W,, moaydyaiorcsi yeTbipe Xa-
pakTepHble Mapbl KPHBBIX H3MEHEHHSI TeMIepaTyphl BJOJb NOBEPXHO-
CTH Harpesa, NpejCTaBJeHHble Ha puc. 8-2. 3xech Mo ocaAM aGeuyce Or-
JIO}KeHa TJIoNIaAb NMOBEPXHOCTH HarpeBa F, a mo ocsiM OpAHHAT — TeM-
neparypa paGounx KHAKOCTeil.

B coorBeTcTBHH ¢ ypaBHenyeM (8-5) na rpadukax GoJbliee H3Me-
HeHHe Temnepartypnl {—1'' = 8f nosyyaercst JIS TOH KHIKOCTH, y
KOTOpOH 3HaueHHe BeqHuHHH W MeHblie.
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W3 paccmorpeHuss rpadHKoB cleayeT, uTo NPH NPSIMOTOKE KOHeu-
Has TeMNepaTypa XOJIONHOH MHAKOCTH f, BCerja HHXKe KOHEYHOH TeM-

nepatypsl ropsyeil xuakoctu #. Ilpn mpoTHBOTOKE e KOHEUHas TeM-
nepaTrypa XOJIONHO# JKHIKOCTH f, MOXET GHTh BHIlUE KOHEUHOH TeMmire-
parypsl ropsiveit £;. CnenoBarenbHo, npu OAHOH H TOMH Ke HauaJbHOI

TeMnepatype XOJOJHOH MHUAKOCTH NMPH INPOTHBOTOKE €e MOXKHO Harperb
no Gosee BEICOKO# TeMneparyphl, YeM TPH NPAMOTOKE.

TemnepaTypHBIii Hanmop BAOJL NOBEPXHOCTH NPH NPAMOTOKE H3Me-
HAETCH CHJIbHee, UYeM NpPH NPOTHBOTOKe. BMecTe ¢ TeM cpenHee 3Haue-
HHe TeMNepaTypHOro Hamopa NMpH MPOTHBOTOKe GoJbllue, YyeM NPH Nps-
MOTOKe. 3a CYeT TOJNBKO 3Toro akTopa NpH NPOTHBOTOKE TenaooOMeH-
HHK NOJy4aeTcsl KOMNaKTHee [cM. ypaB-
Henne (8-3)]. OnHako ecain TeMmmnepa-
Typa Xxorsl 6ul OHOH H3 paGoyux KHA-
KOCTEH MOCTOAIHHA, TO Cpe/Hee 3HaUeHHe g
TEMIIEPATyPHOTO HAmopa He3aBHCHMO
OT CXeMbl IBHXXEHHs OKasbiBaeTcsl Ofi-
HHUM H TeM 3e. Tak UMEHHO MoJTy4aercs
NpH KHNEHHH KHAKOCTEH M INPH KOH-
JeHCalHH mapoB, JHOO KoOrja pacxoj
onHOH paGouell IKHIKOCTH HaCTOJBKO
BEJHK, YTO ee TeMIeparypa u3meHsiercst
OuUeHb MaJio. t,

PaccmotpeB  ofmue  ypaBHeHHST 0
TeNJIOBOTO  pacyera  annapartoB H
YACHHB  TeMnepaTypHEle  YCJOBHS
paboThl TemI00GMeHHHKOB, mepeiizem CHC. 8-3. K suBony gopmyau
Tenepb K Goee moApoGHOMY paccmo- CCPeAHERHA Ti,“;‘;g?*"‘”’“"m e
TPEeHHIO BeJHYHH, BXOMAIIHX B YpaB-

HenHe (8-3).

2. Cpennuii Temnepatyphbiii Hanop. [Ipu BhiBoje opMyJsl ocpen-
HeHHSl TEMNEPATYPHOTO Harnopa PacCMOTPHM NPOCTEHAIIHH Tenaoo6MeH-
HBIH annapar, pa6otatomufi mo cxeMe npsiMoroka. KonudecTso Tensiorh,
nepejaBaeMoe B €JHHHIY BpeMeHH OT Tropsued KHIKOCTH K XOJOXHOH
yepes 3JIEMEHT noBepXHocTH dF (puc. 8-3), onpenensiercs ypaBHeHHEM

dQ = k (t,—ty) dF. (a)

Ilpu 3ToM TeMmeparypa ropsiueil KUJKOCTH TOHH3WTCH Ha di,, a
X0JI0ZHO#M moBbicuTcs Ha di,. CienoBaTenbHo,

‘n’f

ey

At

\\ -eﬂf—-//

1

~—F

dQ = —Glcpldtl — chpgdtg, . (6)

OTKYZa
dtl = —“dQ.’Glcpl = ‘-'-'dQIWl; (B)
dty =dQIGycpy =dQ/W ;. (r)

HsMenenue TeMrnepaTypHOro Hamopa NPH 3TOM
dt,—dty=d (t;—1;) = — (1/W,+ 1/W,) dQ = —mdQ, (m)
re m= 1/W, + l/W,.
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[ToncraBasis B ypaBHeHHe (1) 3HaueHne dQ u3 ypaBHeHHs (a), mo-
JayuaeM:

d (t,—ty) = —mk (t,—1,) dF. (@)

O6o3nauuM (f,—?,) uepe3 Af ¥ Npou3BeleM pasjieNieHHe TepeMeH-
HBIX:

d (At)/At = —mkdF. (x)

Ecnu 3nauenuss m u k MOCTOSIHHBI, TO, HHTETPHPYS ypaBHeHHe (K),
nosyuaem:

At F
d(8) _ __ mp j dF
At
Atl' 0
HJAH
At
In A_f’— - —mkF, (3)
OTKyza
At = At g™ F, (1)

rie Af — MecTHOe 3HaueHHe TeMrepaTypHoro Hamopa (#; —f,), OTHO-
csleecsa K 3JeMeHTY IMOBE€PXHOCTH TenaoobMeHa.

M3 ypaBHenus () BHIHO, YTO BJOJbL MOBEPXHOCTH Harpesa TemIe-
paTypHBIH Hamop HM3MEHSeTCS M0 3KCNOHEHIHAJbHOMY 3aKOHY. 3Had
3TOT 3aKOH, JIETKO YCTAHOBHTh M CpeJHee 3HAUeHHe TeMIIepaTypHOro

Hamopa A{. Ha ocHoBanuu TeopeME! 0 cpenHeM (npu k& = const) nmeem:
~ 1 A & _mer At kF
R e b T e [ T
f=— ﬁfAtdF = (J)"e _mkF(e 1) (x)

Toxctapnsis B ypaBHenue (k) 3nauenue mkF u e~™F u3 ypasuennit

(3) u (u) m UMess B BHAY, YTO COIVIAaCHO pHC. 8-3 B KOHIe MOBEPXHOCTH
narpeea At = A{"', okoHuaTelbHO HMeeM:

S o ’ r__ "
At:At At =At At (8-7)
At At
In — In —
AV At”

WJTH

I
i,

: (8-7a)

ln L "
L —1

Takoe 3HaueHHe TEMIepATYPHOro Hanopa HasblBaeTcsl cpeduenoza-
pughmuteckum v 4acTo B JuTeparype oGosHavaercs At

TouHo TakuM e oGpa3oM BLIBOAMTCA (hopMyJia OCPelHeHHS TeMre-
paTypHOro Hamopa M AJsl NpoTHBOTOKAa. OTJIHYHE JHIIL B TOM, YTO
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B NpaBOii YaCTH ypaBHeHHA (T) celyeT NOCTABHTb 3HAK MHHYC, H 1O03-
Tomy 3nech m = 1/W,—1/W,. OkonuarenbHasi dopMmyna ans cpen-
HEro JIorapH(MHYECKOTO TEeMNepaTypHOTO Hamopa NPH MPOTHBOTOKE:
HMeeT BHA:

]
1 —1
In—2

(8-8)
f—1,

IIpu paBenctBe Bennunn W, u W, B ciyyae nportuBoroka (m = 0)
U3 ypaBHeHus (u) umeem: Af = Af'. B 31oM ciyuae TeMmepaTypHBIi
Hanop mo Bceil NMOBEPXHOCTH MOCTOSHEH:

At=At =t|—ty= At =t—t,. ()
@opmyant (8-7) u (8-8) MOXKHO CBECTH B OfIHY, €C/TH HE3aBHCHMO OT
HayaJla M KOHLA MOBepXHOCTH uepe3 Afy 0603HAauUHTL GOMbIUHiL, a ye-
pe3 Af, MeHBIUHH TeMNepaTypHBlE Hamopbl MeXJy PaGOuHMH KHJIKO-
cramu. Torja okoHuaresbHas Gopmynaa cpefHesorapudMUUIECKOTO TeM-
nepaTypHOro Hamopa AJsi NPAMOTOKA H NPOTHBOTOKA MPHHHMaeT BHA:
Al — Atg — Aty _ Atg — Aty . (8-9)
Alg Alg
M Aty

In

2,31g

BriBon, ¢opMys ass cpefHenorapH(pMHYECKOro TeMnepaTypHOro Ha-
nopa cjielaH B NpeAnoJOKeHHH, YTO PacXo H TelJIOeMKOCTh pabounx
JKHAKOcTel, a Takxke KO3(phHLHeHT TenJonepefayd BJOJb MOBEPXHO-
CTH HarpeBa OCTAIOTCAl NOCTOSIHHBIMH. TaK KakK B JefCTBHTEIbHOCTH
3TH YCJNIOBHS BBHINOJHSAIOTCA JHIIL NPHOIHKEHHO, TO H BHIYHCJIEHHOE

no ¢opmyanam (8-7), (8-8) unu (8-9) snauenne Af Takxe npHOTHKEHHO.

B Tex caywaax, xorza Temmeparypa pabouHX MKHAKOCTeH BJOJb
MOBePXHOCTH HarpeBa H3MeHsieTCsi He3HAYHTeNbHO, CPelHHH Temnepa-
TYPHBIH HANOP MOXHO BHUYKC/IHTL Kak cpelHeapu(pMeTHUeCKoe H3 Kpaii-
HUX HanopoB At u At'":

Ai=-L (Ar 4 A =4~ AN, L
Bi=— (At +AL') 2(1+M,) (8-10)

Cpenneapudmernueckoe 3HaYeHHEe TeMIepaTypHOro Hamopa Bcerja
Gonbuie cpeanenorapugmuyeckoro. Ho npu A#''/A#'>0,6 onn omiu-
yaioTcs JpYr oT Apyra Menblue yeM Ha 3%. Taxast norperiHocTs B Tex-
HHYECKHX pacyeTax BNOJHE JOMYCTHMA.

Jlia annapaToB ¢ mnepeKPecTHHIM H CMEIUaHHBIM TOKOM paGounx
KHAKOCTeH 3aj/laya 06 yepelHEHHH TeMIepaTypHOro Hanopa oT/HYaercs
CJIOXKHOCTBIO MaTeMaTHYeCKHX BHIK/IaNok. [lostomy jns HauGonee ya-
CTO BCTPEYAIOUIUXCsl CAyuYaeB pPe3y/bTaThl pelleHHs OOLIYHO MNpeacTaB-
JsA0TCs B BHAe rpapukos. [1ns pana cxeM Takue rpaHKH NMpHBeJEHH
B npujoxenud. Ilpy nmoMomu HX pacueT cpejHero TeMIeparypHOro
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Hanopa NpPOH3BOAHMTCH caelyiomuM obpasom. Cragana no dopmyie
(8-8) ompenensiercA cpenHenorapHpMHUeCKHH TeMIepaTypHBIH Harop
KaK JJIfl YHCTO NPOTHBOTOYHBIX anmnapaToB. 3aTeM BLIYHUCHSIOTCS BCIO-
Morare/ibHEe BeMHYHHBE P U R:

y
P it S, (8-11)

e e (8-12)

ITo 3THM NaHHBIM H3 COOTBETCTBYIOIIErO BCIIOMOraTe/NbHOrO Trpa-
duxa (cM. puc. I1-5—TI1-15) Haxonutca mompaBka &,,. HMrak, B o6imem
clyyae cpelHMH TeMrepaTypHBIH Hamop onpefenserca GopmyJoi

R = e, 1) =(120), (8-13)

a2

t,—1y
Npumep 8-1. B xomoguibHOA ycTaHOBKe HEOGXONHMO OXJNAJHTb MKHAKOCTb,
pacxon koropoli G, = 275 kr/u, or f, = 120°C fo t; = 50°C. TenmoemKoCTh

KHIKOCTH Cp; = 3,05 x[Mx/(xkr-°C). JIns oxXJnamIeHHs HCNoOJb3yeTcss BOja C
ty= 10°C. Pacxon oxnaxnaiomefi Boner G, = 1100 xr/y. TennoemKocTb BOXH

cps = 4,19 xJIx/(kr-°C). Onpefenuts mjaomans NOBEPXHOCTH HATPeBa MpPH Mps-
MOTOKE H NMPOTHBOTOKE, eCJIH Koaq)cpuuuem tennonepenaun k& = 1000 Br/(m2-°C),
PaccuuteipaeM BenuudHel W, 1 W,

Wy = 212305 —0,23 kB/°C;
3600
Wy = -1% 4 19— 1,98 kBr/°C.
3600
IMoxcrasnsas HX B ypaBHeHHe (8-5), monydaeM KOHEYHYH TEMNEpaTypy BOIH
12"0—50 _ 1,28 : 2#1 + 70 — 92.6°C.
to— 10 0,23 5,56

IMo dopmyne (8-7a) onpelenHM cpefHIOId PA3HOCThL TeMMmeparyp MpPH MpPsMO-
TOKe !

_ (120—10)— (50— 22,6) _

B= 120 — 10 bC
2,31g s .03
50 — 22,6
[Tpu npotuBoTOKE NO popmyae (8-8) momyunm:
/.Tf _ (120—22, v‘;i)c'—(5202—6 10) — 64,7°C.
231y 20
50 — 10

KonuyecTBO mepelaHHON TEMNOTH Onpeiensiercs mo ypasuenuio (8-2):
Q=Gpe, (H,—1) =W, (t, —1;) = 0,23-70 = 16,1 kBr.
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Hmes snavenns Q u Af, mo dopmye (8-1) MOXKHO ONpeleIHTh HCKOMHKE M0~
manH MOBEPXHOCTH Harpesa:

B o 0L HULTE =0,273 m%
= kAL, 100059
F::= Q po 16.1'105 =0'249 M’.

kAL,  1000-64,7

3. Kostduuuent tennonepenaun. Ilpn pacdere TenJo06GMeHHBIX
annaparoB BO3HHKAIOT TPYAHOCTH C Onpefle/leHHeM 3HaueHHs Koaddu-
LLHEeHTa TenJionepenadn k. OTH 3aTPyJHEHHS] B OCHOBHOM ONpeNeATCA
H3MeHeHHeM TeMnepaTyphl pafouHX MKHIKOCTEH H CJIOMKHOCTBIO FeoMer-
pHYECKOH KOHQHIypauHH NOBePXHOCTH TenaooGMena. ToyHo ydgecTb
B/IHIHHE 5THX (PAKTOPOB OYeHb TPYJAHO, MOITOMY NMpaAKTHUECKH OIpele-
JleHHe 3HaueHHsA Ko3hdHUMeHTa Temyonepenayd MPOH3BOIAMTCS MO Gop-
MyJsaM, nmpuBefeHHbIM B . 6. Cnenuduueckne xe 0coGeHHOCTH Npo-
mecca TemJooOMeHa B pacCYHTHIBAEMEIX anlapaTax YYHTHIBAIOTCA NPH
BHIOOpe 3HAaUeHHH KO3(h(HUHEHTOB TEINIOOTAAYH ¢, KOTOphLlE BXOAAT
B dopmyny Js KoshdHIHEHTa TenIoneperayt.

ITpu pacyere & B mepBYIO ouepelb HEOGXOIAHMO TTPOH3BECTH AHAMH3
YaCTHBIX TEPMHYECKHX COMpPOTHBJIEHHH, H €ClH BO3MOMHO, TO CJelyer
IIPOH3BECTH YNpolleHHe pacyeTHor dopmyJabl. Ilpuembl u npasuia ym-
pOILeHHS] TaKXKe U3JIOKeHH! B IJ. 6.

Janee Heo6XOAHMO YYHTHIBATHL BJAHAHHE Ha KO3(PHIHEHT Temnso-
nepejayd H3MEHEHHS TeMmnepaTypel pabGouyuX xKuukocTeil. Bouabinei
YacTblO TAaKOH YyeT CBOAHTCH K OTHeCeHHI0 Ko3(pHLHEeHTOB TemnaooT-
Jaul K CpefHHM TeMmmeparypam pafouynx kuakocred. JIis »KHIKOCTH
¢ GOJBIIHM BOASIHEIM 3KBHBAJIEHTHOM CpelHAs TemmepaTtypa OepeTcs
KaK cpeljHeapH(MeTHUeCKOe H3 KpafiHHX 3HaueHH#, Hampumep, fs =
=0,5 ( t, + t') [Tpu stoM ans Apyrofi XKUAKOCTH, C MEHBIUHM BOIS-
HbIM SKBHBAJIEHTOM, CPEIHSISi TEMIIEpaTypa ONpejelIsieTcsi W3 COOTHO-
menus f, = tg+ Af. 3pech Al sBAfeTcss CpeAHesOrapHPMHUECKHM
TeMIePaTypHBIM HAmNoOpPOM; 3HAK «—» NMPHMEHsAETCA B TeX CJayyasx,
Koraa fs O3HayaeT TeMNnepaTypy ropsyeH KHAKOCTH, a 3HaK «-+» B TexX
clydasx, KoTZa fg 03HAUaeT TeMNepaTypy XOJOLHOH KHIKOCTH.

Huorna BhuHCIeHHe KOS(XpHIHEHTA Temjonepesayd IPOH3BOJAAT
Nno TemneparypaM paGouMX >KHJKOCTeil B HayaJjle H B KOHIe NOBepXHO-
cTH HarpeBa. Ec/iu mosyueHuble sHaueHus k' W k'’ gpyr or mpyra or-
JIHYAIOTCA He OuYeHb CHJIBHO, TO CcpelHeapH(MeTHYeCKOe H3 HHX IpH-
HHMaeTcsl 3a cpeflHee 3HaueHHe R, a MMEHHO:

r "
o B RD (8-14)
2
B Go/bLIMHCTBE NPAaKTHYECKHX C/YyaeB TaKoe OCpPelHEHHe ABJIAETCA
JIOCTaTOYHEIM. B ciyyae ke CHJIBHOIO PacXOKIeHHS MeXAy coboi 3Ha-
ueHHH k' M k'’ Heo6XONMMO pa3je/IHTh NOBEPXHOCTb HArpesa Ha OT-
Ie/IbHble YYacTKH, B INpejlenax KOTOpHIX KoadxpuuueHT TemJonepepadu
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H3MEHAETCA He3HAYHTeNbHO, H JJA Kax/Joro TaKOro yyacTka pacyer
TenJjoneperaud NPOU3BOAHTL pPasfieJbHO.

Tak e mocTynaimoT H B TeX cjayyasx, KOrja pe3sko MeHsIIOTCSl yCJio-
BHSl OMBIBaHHSI TMOBEPXHOCTH HarpeBa paGouefl >KHAKOCTBIO, HanpHMep,
B HIbKHeH 4acTH NOBepXHOCTH HarpeBa IollepeyHoe OMBIBaHHe, B cpef-
Heil — NpOAOJBHOE H B BepXHeH — CHOBa momnepeyHoe. Ecau npu stoM
TeMneparypa paboueil KHAKOCTH H3MEHSeTCA HE3HAYHTEJNLHO, TO MpH-
MeHsieTCsl OocpelHeHHe:

_kyFy+ ko Pyt bsFy
Fy+ Fy+ Fy

rae Fy, Fyu Fy — orfenbHBEIE YUaCTKH IVIOIMLATH OBEPXHOCTH HAarpeBa;
kq, ky v ks — cpenHHe 3HaueHus KosdduumeHTa Temsonepesaun Ha
THX Yy4YacTKax.

4. Pacuer KoHeyHoH TemmepaTypbl paGouux kuakocteil. Brine
KOHEYHOil Le/Nbl0 TemJI0BOro pacyeTa fIBJAJIOCH OnpejeseHiie NJIOMalH
NOBEPXHOCTH HarpeBa H OCHOBHBIX pPa3MepOB TemJOOOMeHHHKA /ISl ero
JanbHeHIlero KOHCTpyHpoBanufA. [lpeamonoxkum Temepb, 4TO Temio-
OOMEHHHK YiKe HMeeTcs HJH Mo KpailHel Mepe CpoeKTHpoBaH. B stom
clyyae Lelbi0 TENJIOBOTO pacueTa fBJseTCA onpejeleHHe KOHEUHBIX
TemMneparyp paboyHX XHAKOCTeH. DTO — TaK Ha3biBaeMBIi TOBepoy-
HBEIf pacuer.

Ilpn pemwleHHH Tako# 3afayd H3BECTHHIMH ABJSIOTCS CJENYIONIHE
BeJIHYHHEI: NJIOLAlb MOBEPXHOCTH HarpeBa F, KoahduuueHT Tensone-
penaun k, Bemuuunet W, u W, H HaualbHele TeMmnepaTyphl f H fp,
a HCKOMBIMH: KOHEUHBIE TeMNIepaTypHl f; H f, H KOJHYECTRO NepeJaHHOMH
TemJIoTH Q.

B npuGauKeHHBIX pacueTax MOXKHO HCXOAHTbL H3 CJAeNYIOmHX Npei-
craBjeHuii. KouaHyecTBO TeMNIOTH, OTAaBaeMoe ropsyell KHUIKOCTBIO,
paBHO:

, (8-15)

Q=W (t—t1), (8-16)
OTKVJa KOHeyHas TeMmneparypa ee f; onpenensieTcs COOTHOLLIEHHEM
fi=t—Q/W,. (a)
COOTBETCTBEHHO A XOJIOILHOI"'I KHIAKOCTH HMeEeM:
Q=W (t—t) (8-17)
H
ty =ty 4 Q/W,. (6)

Eciu npuHATb, 4YTO TeMnepaTyphl paﬁoqnx KHIKOCTE!l MeHsoTCA
MO JIMHEHHOMY 3aKOHY, TO

Q= kF(

£ t;-;-t;)_ ®)

2 2
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BMecTo HEH3BECTHBIX #] M [, NIOJCTaBHM HX 3HAYeHHS W3 YDaBHEHHil
(a) u (6), Toraa noayunm:

Q=FkF (t,—QI2W, — t;— Q/2W»)- (r)
Tlpoussens nanbneﬁmee npeoﬁpasonanue, TIOJ1 yUUM:
L S - ot =t —t,
P e e It e S

OTKY/la OKOHYATeJbHO MOJyYaeM:
L —1y

1 1 1

T 2w, T oW,

3Hasi KOJHYECTBO NepejaHHoi TenoTel Q, oYeHb NpocTo no Gopmy-
naM (a) 1 (6) onpeneNHTh H KOHEYHbIE TeMIepaTypbl paGouHX KHAKO-
cTeil t U 12,

anBEJIEHHaSI cxXeMa pacyera XOTA H TMpOCTa, OJHAKO NMpHMeHHMa
JIHIIb JJIs1 OPHEHTHPOBOYHHIX PACUerToB H B clyuyae HeGOJBILHX H3Me-
HeHHI TemnepaTyp Kuikocreil. B ofieM ke ciyyae KOHeuHas Temre-
patypa 3aBHCHT OT CXeMbl JABHiKeHHA paGounx xkuakocted. [lostomy
JJIsl NPSMOTOKA M MPOTHBOTOKA MPHBOAMTCA BhIBOL OoJee TOUHBIX (op-
MYJI.

a) [IpamorTok. Briuue 610 NOKazaHo, YTO TeMIeparypHbIi
Hanop H3MeHAeTCHA MO 3KCTOHEHLHAJbHOMY 3aKOHY

At = At ™ F, (8-19)

Q= (8-18)

Himess B BHLY, 4TO

m=1/W,+1/Wa;, At =t,—t,
H 9TO B KOHIle NIOBEPXHOCTH HarpeBa .Af = f|—tf,, mojACTaBUM 3 TH
3HayeHHA B ypaBHeHue (8-19)

£—& ,
|72 = (WWrkliWa) kF (8-20)
t,—t,

Onnako 3TO ypaBHeHHe AaeT JHMLIL PasHOCTH Temneparyp. UToGbl

OTCI0Ja NMOJYYHTb KOHE€YHBbIE TeMIepaTypbl B OTAE/JIbHOCTH, He00X0/IHMO
obe yacTH paBeHCTBa BBIYECTb H3 €IHHHILBI:

f; —1

— 11—~ WWe ;W) kF (8-21)

t,—ty

(i—t)+ (a—t) =(fi—8) [1—e" WFFUFIRF]  (8.90)
Tak kak [cM. ypaBnenne (8-5)]

to—ty = (ti—1)) z‘

HJIH

255



TO, IOACTABJIAA 3TO 3HaYeHHe B JIEBYIO 9acTh ypaBHenus (8-22), mony-

qaem: .,
dty=t,—t)=

| — o= (Wi W) (kFIW,) L,

= (t,—15) I (8-23)

r r
=(h—t)
( 14+ W,/W,
[MocsienHee ypaBHeHHEe MOKasLIBAaeT, YTO H3MEHEHHE TEMIeparyphl
ropsiueil xkuakoctu 87, paBHO Hekoropoii nose I1 pacmosaraeMoro Ha-
’ r
YaJbHOTO TeMNepaTYpHOro Hamopa fj—fp; 3Ta AOJA 3aBHCHT TOJBLKO
oT ABYX Ge3paamepHbix mapamerpoB W,/W, u kF/W,.
AnanoruysbiM o6pasoM H3 ypaBHeHHA (8-22) MOXHO IONYYHTH BHI-
pakeHWe H JJisi M3MEHEHHS TeMIepaTyphl XOJOAHOH JKHIAKOCTH

Sty =ta—ty=
’ i 1 — g— (W Wy) (RF/Wy) , )
= (i—£) - — = (fi—15) 22 1. (8-24)
W' 1 + W].IIW' WE

OnpenenyB H3MeHeHHs Temmeparyp pafouHX KHAKOCTeH M 3Has
HX Haya/bHble TEMNEPATYpPHl, Jerko ONpeAeNHTb KOHEeYHbIe:

t=t—8t; n ty=1t,+ 8ty (8-25)

KonuyecTBO TemIoTHl, NepejiaBaeMoil 4epes MOBEPXHOCTb TeIJo-
oOmeHa, ONpenensieTcs:

Qu=Wdt,=W, (t,—2) . (8-26)

3uauenue ¢ynkuuu 1 = f (W,/W,, kF/W,) npuseseno Ha puc. 8-4.
Qopmyasl (8-24) — (8-26) moryt 6biTh NMpUMeHEHB! W JJIA pacuera npo-
MeXYTOYHBIX 3HaueHHH TeMrepaTyphl paGouHX KHAKOCTEH M KoJHde-
cTBa TemoThl. B 3TOM ciyyae B pacyerHwle ¢opmyanl BMecTo F nazo
NOJACTaBHTL 3Hayenue F,.

Mpumep 8-2. Hmeercs BoAsiHOf XONOAHNBHHK C MJOWAALI0 MOBEPXHOCTH

Harpesa F = 8 m®. OnpeleJHTh KOHeyHHE TeMNePaTYpPH XHIKOCTefi H KonaHde-
CTBO mNepellaBaeMofi TenaoTH Q, ecaH sajaHn cjAelylOmHe BeJHYHHB: G; =

= 2925 xr/u; ¢, = 3,03 k[lx/(xr-°C) u #; = 120°C. Jlna oXmaxmenus B pac-
nopskeHHH HMeeTcs Bola ¢ pacxofom G, = 1000 kr/4 npu Temneparype i; =
= 10°C. TenuoeMKocTb BOIH cpy = 4,19 xIlx/(kr°-C). Kosappuunent remo-
nepefgaun k = 35 Br/(m2.°C).

W, = —222_.303=0,19 xB1/°C;
3600

Wy = 2% 4 19— 1,16 xB1/°C;
3600
P2 009 _oge B8 5
Wa 1,16 W, 0,19-102

{8 Co%ngrcmymmee sHayenne ¢yskuun II naxogum m3 puc. 8-4: IT (0,16;
) = 0,72,
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Hamenenne (nonuxenue) TeMIepaTyphl ropsavell XULKOCTH COrJIaCHO ypas-
HeHHI0 (8-23) paBHo:

Bty ==t — 1) = (£, — 1) I = (120 — 10).0,72 = 79°C.
CaefoBatenbio, KoHeynas temnepatypa ee paspa:
t; =120 — 79 = 41°C.
Konuuectso nepenannoii temiors onpefenuTca no ypasHenuio (8-26):
Qp = W,-8¢; =190.79 = 15000 Br.

Al ] I

S ?N:\"“ AlpAmomar

08 T

o

! X
06 17~ N\

A N
o T— T\
' 03 h‘"“%

42 :
0',2 - S

a1 N\__‘&
) L P
o1 ge  4ms a4z 45 10 20 &0 100

Puc. 84. N = f(W,/W,; kF/W,) — scnomMorateannas
QYHKUHS Il pacuera KOHeYHOH TeMIepaTypel MpPH NpsMo-
TOKE.

Mamenenue Temneparypsl XoJ04HON MHAKOCTH ONpEeJeseTca Mo YPaBHeHHIO
(8-24). Ho aTo uaMeneHHMe MOMHO TaKie ONpele/IHTL U H3 COOTHOIIEHHA Q =

= W, (ty—t;), orkyma ty—ty = Qu/W,= 15000/1160 = 13,9°C u =
= 10 + 13,9 = 23,9°C. :

6) IpoTusoTok. [ NpOTHBOTOKAa pacyeTHble OpMYIBI
BBIBOAATCS TaK XK€, Kak H J1s1 npsaAMoToka. OKOHYATENbHO OHH HMEIOT

BHI:
Sti=t—t =

1—e— (1—=W, /W) (kFIJWl)

=) rywye s~ )% @20

6t2 = tz--tg =
| — g— =W,/ Wa) (kF/W,)

=(ti—t;) V1
Wﬂ I_(WI/WQ)E— (l—WJJW-;) (kF|

— (4 _ £\ W, .
W_@—mifzwm

Q=Wdti=W,(t—1)Z. (8-29)
9 3Zakas M 1177 257



B vactHoM cnyuae, korma W,/W,=1, 1. e W,=W,=W
popmyan (8-27) — (8-29) HpHHHM:HO‘TzBPIILZ ' * '

Bttt il T‘;“m (8-30)
Sty=ty—ty= (£, —1)) m; (8-31)
—(f W
Q= (fi—1) 14+ W/(kF) o)
" KF/W; = oo
z a |
. .126 \ \{Ipﬂmﬂd’amax
5 =P
o T~ N\
' 27 TSN
76
o4 I \Q
13 —
22 02 P |
01 ]
, 0,03 Wi/ We

gor goz qos 41 g2 g5 10 40 50 1m0

Puc. 8-5. Z = f(W,/W,; kF/W,) — BenomerarenbHnas QpyHK-
unsa Aasi pacuera KOHeYHOH Temnepa'rypbl TpH ﬂpOTHBOTOKE.

3nauenue pyukuun Z = f (W,/W,, kF/W,) npuseneno na puc. 8-5.

Jlns pacuera NpPOMEXYTOYHBIX 3HaAuyeHHH Temmeparypbl paGouHx
JKHIKOCTeH M KOJHMYECTBa IepellaHHOH TemIoThl B ¢opmysax (8-30) —
(8-32) snauenmne F samensiercs Ha F,; B ¢opmynax xe (8-27) — (8-29)
Takasi 3aMeHa NPOH3BOJHTCS B YHC/HTeNe, a B 3HaMeHaTesle OCTaercs
3HaueHHe MOJHOH NoBepXHOCTH F.

Mpumep 8-3. Ecan B3ATh TOT e TemJooGMeHHHK, KOTOPHH GhlJ paccMOTPeH
B YCJOBHSAX NpPSAMOTOKA, H HOMYCTHTh, YTO_YCJOBHS Teljonepefadn OCTAOTCA
Ge3 namenenns [k =,35 Br/(M2-°C)], 10 mnonyunm cootHomenus: W, =
= 190 B1/°C; W, = 1160, B/°C; W ,/W, = 0,16; kF/W, = 1,5.

Hs pHe. 8-5 naxojum 3xaueHHe GyHKuuH Z:

Z(0,16; 1,5)=0,75.
Hamenenue temmepatypsl ropsiuefl XHAKoCcTH no ypasnenuio (8-27) pasuo:
8t = (t; — ;) Z = (120 — 10)-0,75 = 82,5°C.
Koneunas temneparypa ee
£ = 120 — 82,5 = 37,5°C.
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HaMenenne TeMmepaTypsl XOJOXHOH KHIKOCTH NO YypaBHeHHio (B-28):
Bty = (1, — 1) % Z=110-0,16-0,75 = 13,2°C.
2

Koneunas temneparypa ee
ty = 10 + 13,2 = 23,2°C.
KonHuectBO nepeflaHHOM TEmJOTH oONpejeisercs MO ypaBHeHHw (8-29):
Q7 = W0t = 190-82,6 = 15680 Br.

TakuM o6pasoM, B ClIyuae NPOTHBOTOKA B TenmnooGMeHHHKe MPoHCXOLHT Go-
Jee rnyﬁoxoe oxXJaxJeHue ropﬁqeﬁ XKHAKOCTH.

B)CpaBHeHHEe MPAMOTOKAa C MPOTHBOTOKOM,
Yro6Ll BHISIBHTbL INPEHMYIIECTBO ORHOH CXeMbl Mepes ApYro#, AoCTa-
TOYHO CpaBHHTb KOJHYECTBO nepenasaemoﬁ TEIJIOThl MpPH TNpAMOTOKE
H TMPOTHBOTOKE NPH PaBeHCTBe MPOYHX YCJOBHi. [las 3roro Heo6xo-
AMMO ypaBHeHue (8-26) pasmenuth Ha ypaBHeHHe (8-29). B pesyabrare

9TOro JEHCTBHsI MBI IOJIyuyaeM HOBYIO (PYHKIHIO TeX ke IBYX Oe3pas-
MEpHBIX apryMeHTOB

W,/Wy u kFIW,,

XapakTep M3MeHeHHs KOTopoil mokasaH Ha puc. 8-6. M3 pucynka cie-
JYeT, UTO CXeMbl MOXHO CUMTaTh PaBHOLUEHHEIMH B TOM CJyuae, eCllH
BenmuuuHel W, 0 W, o6eHx XHIKOCTeHl 3HAYUTEJbHO OTJIHYAITCH APYT
ot apyra (mpu W /W,<<0,05 u mpu W,/W,> 10) uan eciu 3HaueHHe
napamerpa kF/W, (nu6o kF/W,) mano. IlepBoe yc/oBHEe paBHO3HAYHO
TOMY, YTO H3MEeHEeHHe TeMmmepaTyphl OLHOfl KHAKOCTH He3HAUHTeJ]bHO
10 CpaBHEHUIO C H3MeHeHHeM TeMnepaTyphl Apyroii. lanee, NOCKOJbKY
kF/W , = 8t,/At, BTOpoe yC/IOBHE COOTBETCTBYET CJydalo, KOTja cpel-
HHH TeMIlepaTypHBIHl Hanop 3HAUHTENbHO MNpEBHIIIaeT H3MEHEHHe TeM-
nepatypel paGoueii xKkuAKOCTH. Bo BceX OCTaNbHBIX CIyyasix NpH OAHOH
H TOH »Ke NOBEpXHOCTH HarpeBa H OMHAKOBBIX KpafHHX TeMmeparypax
TeNJIOHOCHTeJlell IPH NpSIMOTOKe IepelaeTcss MeHble TEIJIOTH, dYeM
npH npoTHBoTOKe. [lo3TOMY € TenJOoTeXHHYECKOH TOYUKH 3peHHs BCerja
c/lejyeT OTAaBarh NpeANOYTEHHe NPOTHBOTOKY, €CJAH KaKue-THOO Jpy-
THe NPHYHHBL (HanpHMep, KOHCTPYKTHBHEIE) HE 3aCTaBJSIOT PHMEHSATh
npsamoTok. IIpu 3Ttom cienyer HMeTb B BHAY, YTO NPH [IPOTHBOTOKE
cospalotcs Gosee TseNble TeMIepaTypHble YCJIOBHS I MeTasna, HOo
OJLHH H Te e YYaCTKH CTEeHOK TelooOMeHHHKa C 06elX CTOPOH OMbI-
BaloTcsl pabOYHMH XKHAKOCTAMH ¢ HanboJiee BHICOKOH TeMmIepaTypoit.

Ilpu KoHJZeHCauMH H KHMIIEHHH TeMIeparypa KHAKOCTH MOCTOSHHA.
ITo 03HayaeT, YTO BOJASHOH 3KBHBAJEHT TAKOH JKHIKOCTH GECKOHETHO
BeJIHK. B 3TOM cayyae npsIMOTOK M NPOTHBOTOK PaBHO3HAYHEI, H ypaB-
HeHuA (8-26) u (8-29) cranoBsTCs TOXKAeCTBeHHBIMH. KoOHeyHasi Temme-
paTypa TOH KMJAKOCTH, AJsl KOTOPOil BOASIHONH SKBHBAJIEHT HMeeT Ko-
HEUHOe 3HayeHHe, ONpeesIsieTcs CJeAYIOIHM 06pasoM.

Ipu KoHzeHcaluH mapa

Wi=oo; h=h=1;
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" fo=t—(t; —t2) (1—e& %) (8-33)

Q=W (i<t (1= ), (8-34)
[Tpu kumeHuH KUAKOCTH

Wo=o0; ty=ty=1t;
ti=t+ (t1—1b) eI (8-35)

Q=W (t—ts) (1—e*™), (8-36)

Bwmecto 3nauenuit ¢, u fy B ypaBHeHus (8-33) — (8-36) MoxHO noz-
CTaBHTb TeMIepaTypy CTeHKH, 3HayeHHe KOTOpOH IpH 3TOM TakKKe INo-

H

CTOAHHO. 3HaueHHs: PYHKIHH ¢ V' = ¢ npusesens B Ta6a. I1-13.
. B cnyuae mepekpectHoro ToKa
10 ‘ KF/Wh=01 KOHEYHBIe TemrepaTypsl  paGoumx
’ E/}'\\ \\@ / XKHIKOCTeHl HaXolsTCsi MeXAy Ko-
g9 < 7 HeYHbLIMH TeMNepaTypaMH sl mpsi-
qg_ \ J{i / MOTOKa M mpoTHBOTOKa. Ilostomy
i \ 7 ‘ B NpPHGIMKEHHBIX pacueTax MOXKHO
97 \ '0'/ NOJIb30BAaThCSI  METOIOM  pacuera
- \eo| / OflHOH H3 YyKa3aHHHX cxeM. Ecnu
g6 OflHa M3 IKMAKOCTel [BHIKETCSl Ha-
B Wi /Wy

15 : BCTpeuy  Jipyroff 3uraaroo0pasHo
ooz o5 07 6z 45 1 2 & W (cmewaHHBI TOK), TO pacyeT MOKET
Puc. 86. Qq/Q = [ (W4/Wy; GhITh NPOU3BENieH, KaK s MNpOTH-
kF/W,) — cpaBHemue npsmotoka BOTOKa.
H NPOTHBOTOKA. 5. BausiHue TemJoBbIX noTrepe H
NPOHHIIAEMOCTH CTeHOK. Bce BHI-
menpuBeseHHble (GOPMYJIBl ClpaBelJUBLl /5 cJyuasi, Korja Temio-
Bhbi€ MOTEPH BO BHELUHIOW CPELY PaBHEI HYJIO. B IefCTBHTEIbHOCTH OHH
Bcerga MMeloTcsl. YUecThb HX BJHSHHE MOXKHO, OJHAKO pacueTHhe dop-
MyJbl IPH 3TOM CTaHOBATCS JOCTaTOYHO CJOMHEIMH. [lostomy zand
yyeTa BJHSHHUS TeIJIOBBIX MOTePb B MpaKTHKe OObIMHO NpHMeHseTcs
NpHOGAHIKEHHBIH MeToJi, KOTODHIH COCTOMT B CJIELYIOLIEM.

TensioBBlE MOTEPH TOpsAYeH KMAKOCTH BHI3BIBAIOT 0GoJiee CHJBHOE
najeHHe ee TeMMNepaTypbl. DTO PABHOCHJBHO CJyyalo, Korla TemlooT-
Jaioniasi XHUIKOCTb B ammapaTe 6e3 notepb B OKPYMKAWOULYIO cpeny
HMesia Gbl MEHBILee 3HaUeHHe BOJfHOTO SKBHBaNeHTa. IlosToMmy BiusHME
NoTeph B OKPYIKAIOMNIYIO CPELY MOMKHO YUecTh, HM3MEHHB BOJSIHOH 3K-
BHBAJ/IEHT TEIJIOOTAalouiell XHAKOCTH B TelJIOBOM annaparte TakuM 06-
pasoM, 4To6bl B NOC/EAHEM MPOHCXOAHJIO TAKOE Ke TIOHHXKEeHHE TeMIie-
paTyphl, KaKk H NPH MOTOKE C JeHCTBHTe/NBHLIM BOASHHIM YHCJIOM NpH
Ha/lM4U{ TeIVIOBBIX NOTepb. Ten/oBele NoTepH cO CTOPOHBI XOJIORHOMH
JKHIKOCTH OKasbIBalOT 06paTHOE BAHAHHE, OHH YMEHBILAIOT NOBHILIEHHE
TeMneparypbl MHUAKOCTH, YTO NPHBOIMT K KaXKyliemycsl yBeJHYeHHIO
ee BOJSIHOTO 3KBHBaJIeHTa.

Hanuuwe nmpucoca Hapy»KHOTO XOJIONHOTO BO3/yXa OKashBaeT Ta-
KO JKe BJIHSIHHEe, KaK W BHelIHAs noreps TemoTl. IIpHcocaHHBIH BO3-
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JyX Ha ropsueil CTOPOHe NOHHKACT TeMNEpaTypy KHAKOCTH (rasa) TOYHO
TaK e, Kak ecan Obl TenaooOMeHHbIH annapat 6bl1 aGCoMIOTHO Henpo-
HHLl2eM, HO JKHJKOCTb HMesa Obl MeHblllee 3HaueHHe BOASHOTO 3KBHBa-
nenra. [Tpucoc Bo3jyxa Ha XOJOXHON CTOPOHE NOHHXKAeT TEMNepaTypy
XOJIOZIHOH MKHAKOCTH, YTO PaBHOCH/JIBHO YBEJIHYEHHIO 3HaYeHHs BOAA-
HOTO 5KBHBaJeHTa.

Ecsnu norepsi TensoThl cocrasisieT p % K oOlieMy KOJHUECTBY me-
penaBaeMoil TeMJIOTH, TO BMECTO JieHcTBHTeNbHOrO 3Hayenus W B pac-
yeTHble (OpMyJIbl CJefyeT NMOoACTaBHTh 3HaueHHe W', KoTopoe ompefe-
JfieTcsi caefylouM o6pa3om:

W’ =W (1 + p/100). (8-37)

3Hak «—» Gepercs Iaf ropsAyeil, a 3HAK «-+» LA XOJONHOH KHJ-
KOCTH.

IIpu Takom cnocofe yuyeTa BHEUIHHX TEIVIOBHIX MOTEPb BCE NPHBE-
JleHHBle Bbllle (GopMyJabl AJs pacyeTa KOHEYHBIX TeMIeparyp MOXKHO
NPUHATL 63 KaKoro-1ubo H3MeHeHHs.

8-3. TENNOOBMEHHBIE PETEHEPATUBHBIE M CMECHTEJIbHbIE
ANMNAPATbHI

1. PerenepatuBHbie anmapatbl. PerenepaTHBHBIMH HAa3blBalOTCA Ta-
KHe TemiooOMeHHEIE anmnaparhl, B KOTOPHIX NpoOIEce Tenjaonepeaaun
OT TOPSYEro TEIIOHOCHTENIsI K XOJOLHOMY BO BpeMEHH pasjielisercs
Ha JBa nepuoja. B TeyeHue nepBoro nepHoja yepes anmnapar npoTekaer
ropsAYuil TENJIOHOCHTENb, TEIIOTa KOTOPOro nepefaeTcs CTeHKaM H
B HHX aKKyMYJHPYETCs. an 3TOM TENMOHOCHTE&Ib O0XJaxaaeTci,
a CTEHKH amnmnapara HarpeBalTCsi — 3TO TaK HasbiBaeMblii Nepuoj Ha-
rpepandss. B TeyeHue BTOpOro mnepuosa uepes anmapaT IpOTEKaeT
XOJIOJHBI  TENJIOHOCHTEIb, KOTOPBIl OTHHMAeT aKKyMYJHPOBaHHYIO
B CTeHKax Temsaoty. [IpM 5TOM TenJOHOCHTeNb HarpeBaercs, a CTEHKH
OXJaxJaloTCsd — 3TO TEepHOJ, OXJaxKAEeHUd.

Takum ofpasoM, B pereHepaTHBHLIX amnnapatax ropsyuii U XoJoj-
HLI TEMJOHOCHTENH MPOTEKaloT B OXHOM M TOM JKe KaHale H nomnepe-
MEHHO OMBLIBAIOT OJLHY M TY Ke NMOBePXHOCTbL Harpeea. B pereHeparus-
HBIX annapartax Ipolecc TeMJonepefayu HecrauuoHapeH. Ilo Mepe
HarpeBaHusl W OXJaXKJAEeHHs TeMreparypa cTeHKH MeHsiercs. O xapak-
Tepe ee M3MeHEHHS 3a MEepUOJ OXJaKACHUA JAIOT NpeicTaBJeHHe KPH-
Bole Ha puc. 8-7. Ha puc. 8-8 mpuseneHs KpuBble H3MEHEHHH TeMIepa-
TYpHl f. HEKOTOPOTO YydYacTKa TMOBEPXHOCTH 3a TMepHOibl HarpeBaHHs
U oxnaxkieHns. Bmecte ¢ u3MeHeHHeM TeMNepaTyphl CTEHKH, KOHEUHO,
H3MEHHETCs BO BPEMEHH H TEMNepaTypa KHIKOCTH (32 HCKIIIOYEHHEM
TeMIeparypol ee Ha BXoJe B annapar). Kpome H3MeHeHHsI BO BPEMEHH
BCE TEMNEPATYpHl B pereHeparopax H3MEHSIOTCA TakKkKe H BJOAb IO-
BEPXHOCTH Harpesa.

ITycth mmeeTcss pereHepaTop AJIs NOJOTPEBa BO3AYXa: BHYTPEHHASA
Hacafka /Il aKKyMYJSLWH TemIoThl COCTOHT H3 KHpmHYa u o0pasyeT
npsAMele Kanajel (puc. 8-9, a). opsune rasbl ABHAKYTCS CBepXy BHH3,
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a XOJOAHEI BO3AYX — CHHM3Y BBepX. KpHBHIE H3MeHeHHH TeMmeparyp
KaK BO BpeMeHHU, TaK H BJOJb MOBEeDPXHOCTH NpHBENEHH Ha puc. 8-9, 6.
Temneparypa rasoB #; B HayaJie NepHojla HarpeBaHHS NPeJCTAaBJIAETCA
KpHuBol 3, B KOHIe mepHona — KpHBOH | H cpefHAA 3a NEepHOJ Harpe-
BaHHsA — KpuBo# 2. Temneparypa noBepXHOCTH f, B KOHIle NepHOJA
HarpeBaHHsl H HauaJ/e NepHoJa OXJIaXK/eHHs NpeAcTaBJsercss KpHBo# 4,
B Haya/le NepHojia HarpeBaHUs H KOHIlE NepHOAA OXJaXKAEHHS — KpPH-
BOH 7, CpeiHfs 3a MepHOJ HarpeBaHHA #,; — KpuBo# 5, cpenusas 3a
nepHoa oxnaxkleHHs f., — KpHBOH 6. Temneparypa Bosnyxa ¢, B Ha-
yaje TNepHofia OXJakIeHHs TpeACTaB/JseTcss KpHBOH &, B KOHuE me-
pHona — kpuBoft /0, cpepHas 3a NePHON OXJaXKJAEHHS — KpHBo# 9.

op Ilpn TakoM cnoxHOM pacnpe-

450 JeJIeHHH TEMIEPaTyp H H3MeHeHHH
% ¢ TeMIeparypHoro Hanopa Bo Bpeme-
/ HH H NPOCTPAHCTBE TOYHEBIN TEnJo-
400t /
350k ';////}///f:ﬁg'}._}_ & T T T .
T it
7//‘%;’, ~ ﬁaapﬁ&aﬁuﬂ
oot A
260t 5//,/{%?%’44”/ N
wl GF S e
IR
PS4 I 7H LIV Nepued b
1501 T S Lt S OTNOHTLHUA —ae—i
0 0 20 3Gmm S
Puc. 8-7. Mamenenne pacnpefene- Puc. 8-8. Xapakrep
HHS TemMnepaTypsl B CTeHKe pere- H3MEeHeHHS TeMnepary-
HEpaTopa 3a MepHOX OXJaxJIeHHd, phl NOBepPXHOCTH Ha-

CajlkKH  pereHepartopa
(TeMnepaTypHOe KOJb-

BOii pacueT pereHepaTHBHHIX annapaTos BeCh- :2",3: ‘l}ﬁlp“?f :ea;p?gi

Ma saTpyAnHTeNeH. OHAKO eCU IONBL3OBATECH  oxnawients foy.
CpeHHUMHU TeMIepaTypamu 3a Hka (puc. 8-10),

TO TENJIOBOH PACUYeT pereHepaTHBHEIX aNMapaToB MOXHO CBECTH K pac-
YeTy peKynepaTHBHBIX, OCHOBBI KOTOPOrO OBLIH PacCMOTPEHEI BBILLE.
ITpu 5TOM B KayecTBe pacyeTHOrO HHTepBana BpeMeHH GepeTcsa JIHTENb-

HOCTh LHKJI4 To = Ty + T, H YpaBHeHHe TelJonepefadd TNPHHUMAET

BHJ:

Q= Fky (h—1), (8-38)
rae ky, — KosdduuueHT TemaonepesayH LHKAA, 3HaYeHHe KOTOPOTO
onpefieaifeTcs BhHIpaXKEHHEM

oy =— ; — e, (8-39)

“un + %gTy




rie o; — CyMMapHbIH Ko3dHIMeHT Tena00TAauH 3a NMepHOJ Harpesa-
HHS (C YYEeTOM H3JyyeHHS Ta30B); Gy, — CYMMapHLIli Ko3(dHUHEeHT
TEMIOOTAAYH 328 TMEPHOA OXJaXJEHHs; T; H T, — NEPHOJ HarpeBaHHS
H OXJaXJeHHs; €, — monpaBoyHelfl Ko3h@HIHEHT, yYUTHBAOIMH TO
00CTOSITE/ILCTBO, YTO CpejHMEe TeMnepaTyphl NOBEDPXHOCTH 3a NepHOJ
HarpeBaHusi f,; M TEPHON OXJamAeHHs f., He paBHBI Mexay. cobof,
ep = 1 — (fey—1.5)/(t,—1t,); oObiuHO 3HaueHWe ¢, =~ 0,8. Perenepa-
TOPHI, /IS KOTOPHIX €, = |, Ha3LIBAlOTCA WAEaJbHBIMH.

JlansHefiinii ‘pacuer pereHepaTropoB MoKeT ObITL NPOU3BENEH NO

dopMyJiaM, BLIBJEHHHIM BHIIE JJisi PEKYNePaTHBHLIX TEMJOOGMEHHBIX
annaparos.

W —
Z 7 St
% % /__ =
7 by “4___ |
1 Z \
, _
] 7
/ ¢
T —a—
v 2
/ﬁ al &)
Puc. 8-9. XapaKkrep H3MeHeHHA B pe- Puc. 8-10. Conocrasaenne
reHepatopax Temmnepatyp paGouHx MpOLeccoB  TemJonepenayn
KHJKocTell £y H {; H MOBEPXHOCTH Ha- B pekynepaTHBHbX (a) ®©
rpeBa {. B POCTPAHCTBE H BO BPeMeHH. pereHepaTHBHHX (6) TemJso-
ofmMeHHHKAX.

PereHepaTiBHbe anmnapaThl NPUMEHSAIOTCA TJIaBHBIM 06pasoM B Ta-
KHX OTpac/ifiX NpPOMBILJIEHHOCTH, TAe TeMneparypa YXOASLHX TasoB
BHICOKA H TpeOyeTcs BHICOKHI MONOrPEB Bo3ayXa (HampHMep, TOMEHHOe,
MapTEHOBCKOE, KOKCOBAJbHOE, CTEKJOIUIABHJBLHOE H JPYrHe NpOu3-
BofcTBa). B KauecTBe akkymyaupyroue# Hacankud O6bUHO Gepercs
IIAMOTHBIH WJIM CHJIMKATHBIH KHPNHY, KOTODHIA YRJIA[BLIBAETCA HJIH
B BHJIe CMJIOIIHLIX KAHAJOB, WJIH C MPOMEXYTKaAMH B KOPUIOPHOM IO-
pAlKe, HJHU C MPOMeKYTKaMH B IIaXMaTHOM NOpPsiiKe, KpOMe TOro, B Ka-
yecTBE HacalKM NPUMEHSIOTCA MeTalJIHYecKHe JIHCTBI, ajloMHHHeBas
donera u mp.

Pa6ora pereHepaTopoB 3aBHCHUT OT MHOTHX ()aKTOPOB, B YaCTHOCTH,
OT TOJIIHHBI HacaJKH, ee TEeMJIONPOBOAHOCTH H aKKyMYJIHPYIOmEH Ccro-
COOHOCTH, OT JJIHTEJLHOCTH TEPHOMOB, TEMNEPATYpPHl JKHIKOCTEH, cTe-
NeHH 3acopeHHs H Ap. JIHTeNbHOCTH NEepPHOAOB GHIBAET pPasMMYHOH —
OT HECKOMbKMX MHHYT [0 HecKOJBbKHMX yacoB. HaubGosee yacro 1, =
=1T,=00 u (1= 1 u). [Ina BuGopa TOMUMHL HACAJKH TaKKe
HMEIOTCS IIHPOKHe BO3MOXHOCTH, HO AJA KaMKNOTO annapara HMEeercs
CBOSl HAUBHITQAHeHIIAsl TOJNIIMHA; AN OOBIKHOBEHHLIX CHJ/IHMKATHEIX pe-

263



reHepaTOpPOB C MMOJYYacOBLIM MNepek/ioueHHeM Haubonee Gmaronpust-
HoO#l siBafeTca TosmuHa Kaaaku 40—50 mm.

B npakruyeckux pacuyetax Kos(dUUMEHT Tensonepefayd IHKJA
MHOTJ|a ONMpeLeNnercss W3 COOTHOLIeHHS

T L o =) (8-40)

QT 3Ty cop 2\T,

rjie ¢ — TEMIOeMKOCTh;  — IJIOTHOCTh; A — Koa(hhHULHEHT Teno-
TPOBOAHOCTH; § — TOJIIMHA KHpPTHYA.

Koa¢pduuuent TennooTiays CONPUKOCHOBEHHEM /IS JbIMOBBLIX Ta-
30B M BO3/yXa IPH JBHXKEHHH MX B KOPHAOPHOH Hacalke MOMKeT OhITh
onpeziened no qopmyie

0.8
P Y (8-41)
403

rjie W, — CKOPOCTb rasa HJH BO3JyXa NPH HOPMANbHLIX VCJIOBHAX
(0°C u & 1,01-10° Ila); d — nuamerp KaHana.

B cayuae maxmaTHOro pasMelleHHst Hacaiku Koa(hdHIMeHT Temo-
oraaun Ha 16% Bbime, yem no gopmyse (8-41). Ins cymMmapHOro Ko-
a(duHeHTa TENI00TAAYH HeoGXOMMO elle ONpele/HTh 3HaueHue Ko-
s((HIHEHTa TENI0OTAAUN H3JyUEeHHEM.

B neficTBUTENbHEIX YCIOBHSAX KO3((ULUHEHT TEeNIoNnepenayn MOKeT
HU3MEeHATBhCH BC/AEACTBHE HAMWUMs JOropaHus ra3oB B pereHeparopax,
sacopeHHst HX Jeryueit som0if u Jp. Ouenp Gonblloe BAMAHHE HA pPa-
60Ty annapaToB OKa3blBAaeT TaKikKe HepaBHOMEPHOEe pachpejeneHne
rasoB W HEMNOJHOE OMBIBAHHWE TMOBEPXHOCTH HArpeBa.

Ha snexTpocraHuusfx pereHepaTHBHbLIN MPUHIHI TenJonepesaut
HallleJ] NpuUMeHeHWe B BHJIe BO3JyXONOJOrpeBaTensi, KOTOPBLIH OJHOM
CBOEH MOJOBWHOH COEMMHSIETCS! ¢ Ta30xo/oM, a JAPYroil — ¢ BO3AYX0-
npoBojioM. AKKYMYyJHpYyIOlas HacajKka 3jiech co6Hpaercs 13 npodHuib-
HBEIX JKeJe3HBIX JIHCTOB C Y3KHMH NPOXOAaMH JJs Ta3oB H BO3LyXa
H MOHTHpPYeTCS TaK, UTO MOXKET Bpauiarhes. Hepea oHY yacTh HacalkH
NPOTEKaloT rOpsiyme rassl (IepHoj HarpeBaHHs ), yepes Apyry — X0JioA-
HBIH BO3AYX (nepuoj oxnaxnenusi). Bcrencrsue BpalleHHsi Hacajika
HENpepLIBHO IlepeMellaeTcsl; Ta 4acTh, KOTOpas B HAacTOSIIHH MOMEHT
HarpeBaeTcst ra3oM, B CJEAYIOUHI MOMEHT MepejBUraeTcst B BO3/LYLUHBIH
NOTOK M oXJamjaercs. Takum o6pa3oM, YCTPOHCTBOM Bpalaiouefics
Hacajlku B BO3JlyXOHAarpepaTeje OPHTHHAIbHO paspellleH BONPOC OHO-
BPEMEHHOTO H HENPEPLIBHOTO ABHXKEHHSA BO3JAyXa H ras’oB uepe3 OJAHH
H TOT e pereHepaTHBHBIfl amnapar.

2. CmecHTenbHble annapatbl. CMecHTeNBHBIMH Ha3BIBAIOTCH TakHe
TEHJIOOGMEHHHKH, B KOTOPBLIX Tenjaonepenradya mMexjny FOpH‘iEf:I H XO0J10/1-
HOH KMIKOCTAMH OCYIIECTBJAAETCH TYTEM HX HelOCPeICTBEHHOro Co-
NPHKOCHOBEHHST U TepeMmellluBanus. TakHe anmapaTbl HMEIOT 1OBOJLHO
LIHPOKOe pacnpocTpaHeHHe H NPHUMEHSIOTCs IVIaBHBIM 0Gpa3oM i
OXJIAXK/AEHUS W HarpeBaHUA ra3oB NPH NOMOIIH BOABI HJIH OXJax/eHHSA
BOJLI NPU MOMOIIH BO3AYXa. B yacTHOCTH, OHM NMPHMEHSIOTCA B Taso-
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BOM MNPOW3BOACTBE, NPH KOHAMIMOHHPOBAHHHU BO3JYXa, NPH OXJax/Ie-
HHH BOJbl B TPAJHPHAX, NMPH KOHJAEHCAUMWH mapa H T. A. (puc. 8-11).

OnuuM u3 onpenensomux GakTopoB B paboTe CMECHTEJBHLIX Tell-
JJOOOMEHHHMKOB fIBJISIeTCSi [OBEPXHOCTb COMPHKOCHOBeHHA. C  3roiff
LENbI0 HJAKOCTH OObIYHO pas30pbI3ruBalOTCA Ha MENKHEe KamnelbKH.
Onnako cremedb ApoGeHHs B KamkAOM caydae J0/KHA BHIOHpAThes
B COOTBETCTBHM C KOHKDETHBIMH YCJOBHsIMH paboTbl anmapata. Uem
MeJIbue Kaniu, Tem Gosbllle MOBEpXHOCTh COMPHKOCHOBEHHS, HO BMecTe
C 3THM MeHbIlle W CKOPOCTh NajeHust Kaniau. IIpu sToM H cKopocTh rasa

1|.H_T_
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Puc. 8-11., Cxewma CMECHTEJNILHOro TenJoobmMeH-
HHKA.
1 — Hacajka; 2 — cenapatop Baard; 3 — BeHTHJAATOP.

RoxkHa ObITb Majna; B MPOTHBHOM C/yyae Kanau GyIyT JHIUb BHTATh
WIH YHOCHTBCsi ¢ BO3AyXoM. [lostomy crenenn pasGpraruBaHHs BoMb
A0MKHA GHITH B COOTBETCTBHH CO CKOPOCTBLIO BO3/yXa H NPOH3BOAHTEb-
HOCTBIO ammnapara.

B cmecHTenbHBIX TEIVIOOOMEHHWKAX HapsAy C NPOLECCOM Temioos-
MeHa HMEIOT MeCTO H Tpolecchl Maccoo6mena. Hampumep, npu compwu-
KOCHOBEHWH C BOJOH CYXOTO rasa MPOMCXOJHT MCTapeHWe BONHL B ras,
T. €. yBlaxHenue rasa. IIpu cMeumsanuu ¢ Bosoii rasa ¢ 6oabmuM co-
lepKaH1eM BOASHOTO Napa NPOHCXONUT KOHJEHCAIHS napa HiH oCyIIKa
rasa.

Ilpn pacuere CMECHTENBHBIX annapaToB OGBIYHO MOMB3YIOTCA ycra-
HOBJICHHBIMH W3 TMPAKTHKH HOPMaMH JOMYCTHMOIl Harpy3KH eMHHILBI
oGbema. OJHAKO OMHIT MOKA3LIBAET, YTO PaboTa W MPOUSBOAUTENLHOCTD
TaKHX annaparoB B GONBILIOH Mepe 3aBHCHT OT CTENEHH HCMOJb30Ba-
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nus o6bema. IlyreM paBHOMEPHOTO pacnpejie/leHHs rasa NO CEYeHHIO
annapara MOXHO De3KO MOBLICHTh €r0 NMPOH3BOIHTENBHOCTb HJH CO-
KpPaTHTb pasMephl.

C uenbio obecrievennsi GOJIbIIEH NOBEPXHOCTH COMPHKOCHOBEHHS
pabounx »KHAKOCTEH anmapaThl 4acTO 3arpy:KaloTcsi KYCKOBLHIM MaTte-
pHanoM, HampHMepP KOKCOM, Ko/bllaMy Pamura wiu JepeBSHHBIMH pe-
werkamu. [ToBepxHOCTBIO TenyiooGMeHa ABAAETCS KHAKOCTHAs IJIEHKa,
KoTopasi o6pasyeTcs Ha NMOBEPXHOCTH KYCKOBOH Hacanku. Takwe anna-
paThl HasbIBAlOTCS CKPy6OepaMu; OHM INMPOKO NMPHMEHSIOTCS B XHMH-
yeckoil MpombinwieHHocTH. JInsi ciyyas OXJakKAeHHs BO3AyXa BOAO#
B ckpyGGepe H. M. )KaBoponkoB [25] momyunsn o6o6lueHHYIO 3aBHCH-
MOCTD

Ki=0,01 Re>” Re% Pr2?, (8-42)

rie Ki = kd,.,/A. — uncno KupnuueBa; Re, = 4w,V/v.F — yucio
PefiHonbaca ansi rasoB; Rey, = Gd,,./vx — uucio PeiitHonbaca ans
xuaKoctH; Pr. = v, /a,— uucno Ilpanaras s rasos; k — Kosddu-
OHEHT TenyonepeNayd, YHCJIEHHOe 3HaueHHe KOTOPOro OrnpejesieT
coboil ycnoBuA TemnooOMeHa MEMAY I'a3oM H XKHAKOCTBIO; W, — CKO-
pOCTh BO3yXa MO CBOGOAHOMY CeueHHI0 annapara; G — HHTEHCHBHOCTh
opouenusi, M*/(M%-c); dy, = 4V/F — sKBuBaJieHTHHIA nuamerp; V —
cBoGoaublii o6beM Hacanku, M3/M3;, F — muomanbs NOBepXHOCTH Ha-
calKi B enuuunme ob6bema, M2/mE,

AHanornynble 3aBHCHMOCTH MOTYT GHITH MOJYUYEHBI W JJIs APYTHX
annaparos.

Bosnee moppoGHEIE NaHHBE MO CMECHTEIbHBIM TENIOOGMEHHBIM an-

naparaMm CM. B CHeIHaJbHOH JuTeparype.

8-4. TMAPOMEXAHMYECKHMA PACYET TEMNOOBMEHHbLIX AMMAPATOB

1. Tuppabanyeckoe conpoTHpjeHHe. [IpH NMPOEKTHPOBAHHU Temso-
oOMeHHHIX annaparoB 6oJbIOe 3HAa4YeHHe HMeeT NPaBHJIbHOE NMpeicTaB-
JIeHHEe O XapakTepe NBUXkeHUA pabGouux xuakocrei. Hexoroprie cae-
NEHHA MO 3TOMY BOMpoCY OBUTH MPHBENEHB BBHILE TPH PacCMOTPEHHH
TeIJIOOTlauH B syiemeHTax. Ho 3Toro HenocTaTouno; B CIOXKHBIX YCTpOH-
CTBaX JBUKEHHe XKHUJKOCTH ONpefieifeTcd He TOJbKO paccMaTpHUBAEMBIM
3JEMEHTOM, HO TakKXe TMPeJLecTBYIOMHUMH H NocaeaywomuMi. Tak Kak
coyeTaHHe 3JEMEHTOB B anmaparax MoxeT GbiTh camMoe pasHooGpasHoe,
TO 3apaHee yyecTb HX B3aHMHOE BJIHSIHHE OYeHb TPYHHO.

Ha ocHoBe y»xe uMelomierocsi ONbiTa MOXKHO YTBEpJaTh, YTO pa-
6oTa TenmooOMEHHBIX annapaToB B OCHOBHOM OMpejesisercs Xapakre-
poM JiBHXKeHHs1 pabouux KUJAKocTeHd. 3HaHHe YCNOBH{l JBHXKeHHS Jaer
BO3MOXHOCTh NpPAaBHJIBHO BHIOpPAaTh pacueTHble (OPMYJBI TemJIOOTAaYH
H MO3BOJISIET J0CTATOYHO TOYHO OIpPENeNHTh THAPABIHYECKOe CONpPOTHB-
nenne. IMocnennee HeoGXOAHMO KaK JUIsi pacueTa MOUIHOCTH BeHTHJSA-
TOPOB M HACOCOB, TaK H JUISl OLEHKH DallHOHAJLHOCTH KOHCTPYKIHH
anmnapara ¥ yCTaHOBJIEHHSl ONTHMAaMbHOTO peXHMa ero paGoThl.
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OcHoBnoit 3ajaueli rHAPOMEXaHHYECKOro pacyera. TenaooGMeHHBIX
annap4rToB ABJASETCS ONpefie/leHHe NOTepH NABJIEHHS TEIJIOHOCHTENs
NpH MOXOXKJAEHHH €ro yepes ammapar. I1pu TeueHHM >KHAKOCTH Bcerpa
BO3HHKAIOT CONMPOTHBJEHHs, npenaTcTBylomue ABHxeHuio. Ha mpeo-
JioNleHHe 3THX CONPOTHBIIEHHH 3aTpauyHBaeTcsi MeXaHHuecKas SHeprHd,
nponopuHoHanbHas nepernany fAasieHuss Ap. ConpoTHBleHHS B 3a-
BHCHMOCTH OT MPHPOJEI BOSHHKHOBEHHS PasfeNfloTcsl Ha COMpPOTHBIIe-
HHSl TPEHHsI U MECTHBIE CONpPOTHBJEHHS.

['unpap/inyeckoe COMPOTHBAEHHE TPeHHs OOYCJAOBJIHBAeTCH BsA3-
KOCTBIO KHJKOCTH H TNPOABJSAETCS JHIIL B MecTax Ge30TPHIBHOIO Te-
UEHHA UJAKOCTH BJIOJb TBepjof cTeHKH. IIpu sToM cHaia HaBieHHs

paBHa cuJe TpeHus, T. e. Apf = sF, orkyna Ap=s~—fF—. Tak kKak s=

dw o
= ],I.T , TO 3TO 0O3Ha4yaeT, 4TO 4YeM 60Jibllle BSI3KOCTh NpoTeKareH
n

JKMIKOCTH, TeM GoJblie ¥ conpoTHBieHHe. Kpome Toro, comporusie-
HHe 34BHCHT OT CKOpPOCTH . EcaH CKOpPOCTb HHXKe KPHTHUECKOH, TO
COMPOTHBJIEHHE MPONOPLHOHANBLHO NEPBOH CTENeHH CKOPOCTH; €CJH JKe
CKOPOCTb BBIlIE KPUTHYECKOH, TO COMPOTHB/EHHE NPOMOPIHOHAIBHO
kBajgpary ckopoctu. Ilorepu jaB/ieHHsi Ha NpPeONOJIEHHE CHJI TPEHHS
NpH TeYeHHH HeCXKHMMaeMofl JKHAKOCTH B KaHanaxX Ha y4yacTKe Ge30TphIB-
HOTO JIBHKEHUS B OGLIEM CJIy4ae pPaccuMTHIBAlOTCA Mo Gopmy.ie

Ap,= (E =+ §o) = (8-43)

rie ! — nonHaa JJMHA KaHasla; d — THADaBJIWYeCcKHil AHaMerp, Ko-
TOPHIi B o6uieM caydae Ha#nercs Kak d = 4f/U (f — nonepeunoe ce-
yeHHe KaHana; U — nepuMeTp mnonepeyHoro ceueHus); & — kosddu-
[IHEHT CONPOTHBIIEHHA TpeHHs, 6e3pasmepHas BeIHYHHA, XapaKTepH3yIo-
Ias COOTHOIIEHWE CHJ TPeHHS W MHepUHOHHBIX CHJI MOTOKa; §, — mo-
npasKka Ha TUAPOJMHAMHYeCKHil HaYa/JbHBIH YYacTOK: TPH HaJHYHH
nepen BXOAOM B TPYOY YCIOKOMTe/bHOTO yuyacTKa [y = 0, mpu orcyrer-
BHH YCIOKOHTENLHOTO y4YacTKa M PaBHOMEPHOM pacrpeflesieHHH CKO-
pocreii Ha Bxone {, = 1,16 ana kpyrao# Tpy6u u §, = 0,63 pas mio-
CKOTO KaHaNa; p ¥ W — CPelHAs MJIOTHOCTD H CPENHSASN CKOPOCTh MKHJ-
KOCTH MJH ra3a B KaHaJe.

B mnpakrtuyeckux pacyerax mnomnpaBka {, OOBIYHO HecCyLIeCTBEHHA

W COMPOTHBJIEHHE TPeHHs B TpyOaX H B KaHa/lax onpepensiercs mo ¢op-
MyJe

I puwt?
Ap. =t p? ’
p. =t == (8-44)

MecTHEIe COTIPOTHBJIEHHS OGYCJIOBJIHBAIOTCA BUXPe06pa3oBaHHEM
B MeCTaX H3MeHeHHs CeyeHHs KaHalla M MPeoJOJIeHHs] OTAEJbHBIX Mpe-

NATCTBHIl, HAaNpHUMep IPH BXOAE, BHIXOJAE, CYMKEHHH, pacCUIHPEHHH,
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MoBopoTe H T. . MecTHEIE CONPOTHBIEHHS ONPEJeNSIOTCs No (opmyae
2
Ap,=¢ p—z— A (8-45)

rae § — Kos(HLUHEHT MECTHOro CONMPOTHBIEHHUS.

B cayuae HeHW30TeDMHYECKOTO NBHIKEHHS JKHIKOCTH JIO HEJaBHEro
BpPEMEeHH COTPOTHBJIEHHE MOJICYHTHIBAIOCH TAK XKe, KaK H NPH H30Tep-
MHYECKOM, H M0 TeM 2Ke cambiM ¢GopmynaMm. BansHue xe H3MEHEHHS
TeMneparypbl MPH STOM YYHTBHIBAJIOCH JIMIIb TEM, YTO BCE PacyeTHbIe
BEJHYUHBI — CKOPOCTb, MJIOTHOCTH M BA3KOCThL — OTHOCHIH K Cpefl-
Hell Temneparype XHIKOCTH. OHAKO OMBLITOM YCTAaHOBJIEHO, YTO €C/IH
COMpOTHBJIEHHE TEMIOOGMEHHEIX anrnapaToB PacCUMTHLIBAETCs MO BeJIH-
UWHAM, OTHECEHHBIM K CpeJHeH TeMmneparype KHAKOCTH (YTO BMOJHE
nenecoo6pasno), To Ko3()HIHEHT COMPOTHB/IEHHS TPEHHSA B 5TOM CJIy-
yae sBaferca (QYHKUHell He TONbKO uHcaa Re, Ho Takxke uucen Gr
u Pr (cMm. Huke).

KpoMme TOTO, NMpU HEH3OTEPMHUECKOM JBHXKEHHH Tas30B JBHKEHHE
CTAHOBHTCS HEPaBHOMEPHLIM BCJIEJCTBHE H3MEHEHHM§ HX MJIOTHOCTH,
a BMECTE C TeM H CKOPOCTH. DTO BHI3HIBAET AOMOJHHTENBHYIO MOTEPIO
7aBJeHHsl Ha ycKopeHHe rasa Ap,, Kotopas NIPH JBHKEHHH B KaHale
MOCTOSHHOTO CeUeHHs paBHA Y/IBOEHHOH PasHOCTH CKOPOCTHBIX Hamo-

poB, a UMEHHO:
Ap,=2 (p2w§i2—- plwf/2) = P,W; —p, 5. (8-46)

3neck uHzekcoM 1 oTMeueHbl BENHYHMHBI, OTHECEHHBIE K TeMIeparype
B HayaJbHOM CEeueHHH, UHJEKCOM 2 — B KOHeyHOM. B ciyuae Harpesa-
HUsI rasa Ap, TOJOXKHTENBbHO, B Clydae e oXnaxeHus — Ap, or-

pHLaTegabHO.
Hpﬂ HEH30TEPMHUYECKOM JBHXKEHHH MOJMKHO TaKKe YUYHThIBATLCHA

CONpOTHBJIEHHE CaMOTHrd, BO3HHKaAWIIIEeEe BCAEJACTBHE TOTO, YTO BBIHYK-
JeHHOMY JIBHZKEHHIO Hal‘pP,TOl"/l JKHMAKOCTH B HHCXOAAIIUX Y4YacTKax Ka-
HaJa npomsoneﬂcmyer noaAbeMHasd CHJa, HalpaBJ/JeHHasd BBEPX.
TlopweMHas CHJa W paBHOE efi M0 3HAYEHHIO COMPOTHBJEHHE caMmo-
TATH OIIPE,ZLE:J'IHEOTCH COOTHOLUEHHEM
Ape =+ g (p—po) ho, (8-47)
e Py — CPeAHsAs MJIOTHOCTH XOJIOJHOH >KMJKOCTH, Hanpumep, OKpy-
JKAIOIero BO3JyXa; P — CPelHsifi [JIOTHOCTb Harperoiil 2KHIKOCTH,
HanpuMep, JAbIMOBBIX IasoB; h, — BHICOTA BepPTHKAa/IbHOrO KaHaga —

rasoxosua.
IIpH HHCXOAAIIEM JBHXKEHHH HArpeToi MHIKOCTH 3HaueHHe Ap,

SIBJSIETCS AOTOJHHTEIbHBIM CONPOTHBJIEHHEM KaHaja, NPH BOCXOSLIEM
e JBHJKEHHH HArperoil »KHJKOCTH CONMPOTHBJIEHHE KaHala yMeHb-
maetcss Ha sequuuHy Ap.. OOmiee conpoTHB/IEHHE CaMOTSTH OInpeje-
JsieTcs KaK PasHOCTh MEWAY 3HAUEHHsMU MOJeMHOH CHabI BO BCEX
HUCXOAALIMX H BOCXOAAIMX KaHanmax.

Ilpn onpejeneHHH NOJHOrO CONPOTHBJIEHHS KaKOro-au6o ycTpoii-
¢TBa B TeXHHYECKHX pacuerax NPHHATO CYMMHPOBATb OTAE/NbHbBE CO-
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nporuBJeHus. Takofl crnoco6 pacyera ocHOBaH Ha JOMYLIEHHH, 4YTO
[OJIHOE COMpPOTHBJIEHHE TIOC/EJ0BATebHO BKJIIOUEHHBIX 3JIEMEHTOB
paBHO cyMMe HX OTAeNbHBIX CONpOTHBJAeHHI. B neiicTBHTesNBLHOCTH
3TO He TakK, CONPOTHBJCHHE KaxKJ0ro 2JieMeHTa 3aBHCHT OT xapaKTepa
JBHXKEHUS] XKHJIKOCTH B MpeJUecTBYIOmMUX YyyacTkax. B uactHoertw,
Hanpumep, CONPOTHBJEHHEe TNPAMOrO YyuyacTKa 3a IOBOPOTOM 3HAUH-
TEJNBHO BBILIE, YeM CONPOTHBIEHHE TAKOTo e NPAMOTO y4yacTKa mepef
nosopoToM. TouyHO BiaUsIHHE 3THX (HAKTOPOB MOMET OBITh YCTaHOBJEHO
JIMIIBL 3KCNepUMEHTA/NIbHbIM TMYTEM.

Takum obpaszoM, mojHOe THAPABIHYECKOE CONPOTHBJIEHHe TeILIo-
OOMeHHBIX YCTPOHCTB paBHO:

Ap,=Ap.+ X Ap,+ X Ap,+ X Ap.. (8-48)
; & 707 T~ af/é%ﬁ-m'f,
~ Y 3 ]
h] :\ \\\\\\\ \\ : : m:r
5 a\ \\\\\\\\ N ajd=rm? -
2 o) \\?"“‘---._\_\ g-;ﬂrz
= \§Q-- ™~ 5107
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Puc. 8-12. Koa¢ddHuHEHT CONPOTHBJICHHS TPeHHA LJs TJaAKHX H
1epoXoBaThiX TPYO.

B s3akJaioueHuHe cleyeT cKa3aTh, YTO Bce JaHHLIE 1O THApaBIHYe-
CKOMY CONPOTHBJEHHIO, TPUBOJMMBEIE B CNPaBOYHHKAX, KaK MPaBHJIO,
MoJy4eHbl JJIsi H30TEPMHYECKOTO JBHMKeHHs KuAKOCTH. Ilpuvenenue
WX K pacyeTy COMPOTHBJEHHA TNPH HEH30TEPMHYECKOM JBHIKEHHH
JIOT?KHO TIPOBOJIHTLCS C YYETOM BO3MOKHBIX W3MeHeHMi KaK OTAeNbHBIX
BeNMYHH, TaK U COMPOTHBJIEHHSA B IeNOM. Kak yie yKasbiBaaoch, TOY-
HEIi pacyeT CONMPOTHBJEHHS — 3ajaya NPAKTHYECKH HEBO3MOXKHAS.
[MostomMy B OTBETCTBEHHBIX CJIy4asfiX CONMpPOTHB/EHHE IOJIKHO Ompese-
JNAThCS TYTEM 3KCMNEPHMEHTA.

2. Tuapapanyeckoe CONPOTHBJEHHE 3JIeMEHTOB.

a)Tnagkue TPYOB W KaHajab. IIpH ABHXKeHHH XKuj-
KOCTH B MpPsMBIX TPyOax KO3(h(HUHEHT CONMPOTHUBJIEHUS TpeHus § si-
nserca ¢yukuueit uncna Re (puc. 8-12).

Ilpu JaMHHAPHOM DPeXKHUME JBHIKEHHs

E=A/Re. (8-49)
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3ro 3akon [lyaseins. Ilocrosihnas A B 3TOM BhIpaX{€HHHM 3aBHCHT
oT OpMBI CEYeHHsi; uuClIeHHble 3HaueHuss A npuseleHsl B Tabn. 8-1.

IIpu TypGynentHoM pexuMe ABHKeHHa ans Re = 3-103+1.10°
Ko3(hHUUEHT COMPOTHBJIEHHs TpeHHs onpejensiercs gopmyJnoi bia-
3uyca

£ =0,3164/Re%3; (8-50)
npu Re = 1.105=+1-10% — dopmynoft Hukypanse
£ =0,0032+ 0,221/Re” (8-51)

HIY no enuHoii gopmyJe

1
== ¥ 8_
€ (1,82 1g Reyx — 1,64)2 (8-52)

Ta6auua 81

3HayeHHs SKBHBAJEHTHOTO AHameTpa H Kosdduuuenta A B Hopmyne (8-49)
AJS pasAHYHBIX ceyeHHH Kamana

dopMa cegyeHHS L) A
Kpyr auamerpoM d - - .« . o .t 0 o v e e e d 64
KBajpar co CTOPOHOR @ + + + « « v+ v v v v v v v v s a 57
PaBHOCTOpOHHHH TpeyroiibHMK co cTopoHolia . . . . . . . 0,58a 53
KOMBIO HIMPHHOM @ . « + + v v v v v v v v v o v v v u s 2a 96
TTpAMOYro/BHHK CO CTOPOHAMH @ H b npu: ;
gb=0 VG FRs s i F s A BN EY §EEEEE 2a - 96
@b=0,28 . i v v i % v ¥ v v wE G E s 8 6 1,6a 73
alb=0:b wsis.6 5 6 v s EEE N s § & Fow s 1,3a 62
Anaunce, a—wmanas 1 b—~OGosblas nonyoch mpH:
AIB=0.8 v s s % % % & ¢ woe o e % 8 8 a4 e @ 1,4a 73
G/h=0,B v v o0 o 0 o 4 0 v s e e e 1,3a 68
GIB=0,T v o im0 & v swme w8 s e s e e 1,17a 65

Bnusinne HEH30TEPMHYHOCTH Ha COMPOTHBJIEHHE TPEHHS MOMKHO
onpezenats 1no gopmynam [62]:
JAJisl TAMHHAPHOTO peXHMa JBHKEHH

A Pr \0:33 Gry Pry \0:15
= —=£ 14022 —=2% : -
g Rex (Pl'x:) [ +0.2 ( Rex ) ]’ (8 53)
Jisi TYpOYJIEHTHOTO PeKHMa JABHIKEHHS
0,364 _F_’_r_c 0,33
K

B ¢opmyaax (8-52) u (8-53) Bce ¢u3nyecKHe CBOACTBA OTHeCEHHI
K CpeiHell TemmepaType XHAKOCTH, Kpome Pr, OTHeceHHOro K Temme-
paType CTeHKH.

B kauecTBe JIMHEHHOrO OMpEAENSIONEro pasMepa BEHIGPaH 3KBHBa-
JIeHTHBIH JAuaMeTp d,, KaHana.
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B ¢opmyny (8-53) BXoAAT TPH KOMILIEKCA: NEPBHIM ONpelesseTcs
K03(HIHEHT COTNIPOTHBJIEHHSA TPEHHS MPH H30TEPMHYECKOM JBHKEHHH,
BTOPHIM — BJIMSIHHE H3MEHEHHF BS3KOCTH B TOTPAHHYHOM CJ0€ H
TPETbHM — BJIHAIHHE CBOGOJHOrO JIBHIKEHHS (TYypOY/aH3alHs TOTOKA).

6) llepoxoBartse Tpyo6Hu. IlllepoxoBatocTh CTEHOK Ka-
Hana ABJIAeTCS NPHYHHOH o6pa3soBaHMs BHXPeH M JOMOJIHHTEJIbHOH
notepH sHepruu. ITosTomy KosddHuHEHT CONPOTHBJEHHS TPEHHs Ile-
poxoBaThHx Tpy6 sABasercs (yHKuHeH dHcima Re W OTHOCHTe/BHOH
mepoxoBaroct 8/r, rae § — cpennsis BHICOTa OTAENBHEIX BHICTYNOB Ha
MOBEPXHOCTH H r — paanyc Tpy6ul. IIpu JamMuHapHOM JBH:KEHMH ILe-
POXOBATOCTh COBCEM HE CKa3blBaeTCs, H COINPOTHBJIEHHE TPeHHs OKa3kl-
BaeTcsl TaKHM Ke, KaK H AJs riankoi Tpy6sl. [Ipn Typ6yneHTHOM ABH-
MEHHH IIePOXOBATOCTh HAYHHAET CKasHBATbCS, KaK TOJNBKO TOJIIMHA
BAI3KOrO TOACJ/OS CTAHOBHTCSI CPaBHHMOH C BBICOTOH OTAENbHBIX BHI-
crynoB §. ITo Mepe yBesHUeHHST CKOPOCTH UHCJIO OTJENbHBIX BBHICTYIIOB,
BLHIXOASIHMX 33 Mpejeabl NOrpaHHYHOrO CJOsi, YBeJH4YHBaeTcs, M THA-
paBJHYecKoe colpoTHBJIeHHe Bo3pacraer (puc. 8-12). Ilpu Goabummx
qucaax Re H KOHEeYHOH IIepoX0BaTOCTH THJpaBJIHYECKOe CONpOTHBJ/IE-
HHe oONpelensiercd TOJNBKO INEPOXOBATOCTLIO H OT Re He 3aBHCHT,
B s10i1 o6sactu no gaHHbiM [112] Kos(pHLIHEHT CONPOTHBIEHHS Ompe-
Jeasiercs CAeYIOUHM COOTHOILEHHeM:

E= - = (8-54)
1,74 —
(Lre+21e)
HIH TPHOIHMKEHHO ‘

- (8-55)
(5"

3navenne Rep,,, NpH KOTOPOM KOS()HIHEHT CONPOTHBIEHH: CTa-
HOBHTCS TOCTOSIHHOW BENMYHHOM, a THAPaBJHYeCKoe CONPOTHBJICHHE
ciellyeT KBafpaTHYHOMY 3aKOHY, TNPHO/IHKEHHO MOMKET GHITh OIpeje-
JIeHO M3 corocrab/ienus GopmyJsl (8-55) ¢ dpopmynoi (8-50), a HmeHHO:

.
Repep 100 2. (8-56)

Kpusrie Ha puc. 8-12 MoryT GHITh HCIOJNb30BAHBI LIS ONPENENEHHHA
«TH/|PABIHYECKOM» IIEPOXOBATOCTH AeficTBHTENbHBIX TPYO. A 3Toro
HEOGXONHMMO TOJBKO AJIS HCIBITYeMOH TPYGHl CHATb KPHBYIO KO3(GH-
[[HEHTAa COMPOTHBJIEHHS H COMOCTABHThL €€ C KPHBBIMH Ha pHC. 8-12.
Takoii croco6 onpejeseHHsl IEPOXOBATOCTH ABJAETCS HanGosee Ha-
JEeXHBIM H HCIOJb3YeTC JOBOJBHO IIHPOKO.

B) Msoruyrse TpyG6H. B H30orHYyTHIX TPyOax JBHXKEHHE
KHIKOCTH HMeeT oueHb C/JIOXHBIAI xapakTep. ITox aeicTBHEM LEHTpO-
GeXMHBIX CHJ BeCh MOTOK OTMKHMAeTcs K BHeNIHeH CTeHKe W TeyeT C mo-
BHILIEHHO#l CKOPOCTBIO, @ B MONEPEYHOM Hamnpap/eHHH obpasyercsi BTO-
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puuHas UMpKyJasuusa. HecMoTpsi Ha 3710, KpHTHuYeckoe 3HaueHHe Re
TIOJTy4yaeTcsl BhIILle, 4eM JJIsl NMPAMBIX TPyO, H TNPHTOM TeM BhHIIE, ueM
kpyue u3ru6 (npu d/D = 1/15 Re,, = 8000). I'mxpasauueckoe co-
NpPOTHBJEHHE H3OrHYTHIX TPYO GoJblle, YeM MpsMbIX.

r) [ToBopoTw W kouJaeHa. IloBopoTh, OTBOABI H KOJIEHA
MOTYT GLITh CAMBIMH PasHooOpa3sHBIMH, M JAHHEE JJIS pacyera HX Co-
MPOTHBJEHHS HMEIOTCA B /1I060M cnipaBouyHHKe. OHH JalOTCA WIH B BHAE
Ko3(hUIHEHTa CONPOTHBJEHHs §, HIH B BHJE SKBHBAJEHTHOH JJIHHBI
npsimoro yuacrtka. Ilpum nosb30BaHHH 3THMH JaHHBIMH HeOGXOJHMO
CHayaJa BBISICHHTb, N0 KaKOMY Ce4yeHHIO Npou3BeleH pacueT. B ciyuae
HEOJHHAKOBOCTH BXOJHOTO M BHIXOJHOIO CEUEHHH 3TO HMeeT 6O0JbIIoe
3Havenue. IIpHBeJleHHBIMH B CNPABOYMHHKAX 3HAYEHHSIMH { MOXKeT yuH-
THIBATECA JHOO TOJBKO COMPOTHBJEHHE CaMOro OTBOAAa, JHGO BMecTe
C HUM YBeJIHYEHHe CONPOTHBJIEHHS MOCJAENYIOUMX YUYacTKOB, SIBJISIO-
meecs CJeACTBHEM MOBOpPOTA.

Uem Gosbllle paiuyc 3aKpYIJIeHHf, TeM MeHbllle CONPOTHBJEHUe,
B Tex cayuyasx, Korja nJaBHBIH [OBOPOT HEBO3MOXKEH, IEJec006pasHo
JelaTh MpsIMOe KOJIEHO ¢ HampaBJflomMMH Jonatkamu. Ilpu momomu
HAMpaBJSIOMIMX JIONATOK HE TONBKO YMEHBIIAETCS THAPABIHYECKOE
COMpPOTHBJIEHHE, HO H OfecrneyHBaeTCs PaBHOMEPHOEe OMBIBAHHE MOBEpX-
HOCTH KaHaJsa 3a MOBOPOTOM.

n) ITyuku tpy6 Ilpu nponosbHOM OMBIBAHHH MYYKOB TpYG
BJOJIb OCH COINIPOTHBJIEHHE MOJACYHTBLIBAETCH 10 q)opmy.naM AJIsA TIPSIMBIX
KaHaJIoB, NpHYeM B (GOPMYJLI MOJACTABIAETCS SKBHBAJNEHTHHIA THADAB-
Juveckuit nuamerp d,, = 4f/U. Ilpu mnomepeyHoM OMBIBAHHH I[YYKOB
COHPOTHB.HEHHE B OCHOBHOM MOXHO paCCMaTPHBaTB KakK CyMMYy MeCT-
HBbIX COTIPOTHBJIEHHH CYy:KeHHf H paciunpeHnsi. COnpoTHBJIEHHE e Tpe-
HHfA COCTaBJIsieT He3HAYHTeJbHYIO foyio. OIHAKO B TeXHHUYECKHX pac-
YyeTaxX TaKOTO pas/efeHHsT He JeJaaioT, a Cpady ONpelensioT MOJHOe
conporusJense no dopmyse (8-45). Ilpu sToM 3HaueHue Ko3ddHUIHEHTA
COTPOTHBJIEHHA JOCTATOYHO TOYHO OMPEAEIAeTC CJENYIONHMH COOT-
HOIUEHHSAMH:

AJs MIaXMATHBIX NYYKOB NPH X,/d<x,/d

L= (4-+6,6m)Rex"*; (8-57)
JJIsl IIAXMATHBIX MYYKOB NDH X,/d>X,/d
= (5,4+ 3,4m) Rex"®,; (8-58)

JJIS1 KOPHAOPHBIX NYYKOB
E=(6+ 9m) (x/d) ™% Rex"™. (8-59)

B sTHx ¢dopMmy/nax CKOPOCTh OTHECEHA K Y3KOMY CE4YEHHIO MyvKa,
a (M3uYecKue CBOACTBAa — K CpelHel Temneparype MoTOKa; m — 4HCIO
pPAIOB B Iy4Ke B HaNPaB/JeHHH NBHKEHHS.

Dopmyasl (8-57) —- (8-59) naioT Ko3(HILHEHTH CONPOTHBEHHS TIPH
yrie ataku P = 90°. C yMmeHblIEHHeM yrjla aTakH KO3(p(hHIHEHT cOo-
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NPOTHBJeHHs yObiBaeT. 3HaueHHsl MONPaBOYHOro KohdHUHEHTa &y, =
= Apy/Apyy clenywuue:

v ...... 9 8 70 60 50 40 30 10
Bpp v ooovo- 1 0,9 0,8 0,69 0,5 0,38 0,15

3. MouwHocTb, Heo6xonumasi aasi nepemenieHus xuakoctu. Onpene-
JIHB MOJIHOE THAPABJHYECKOEe COTPOTHBJEHHE H 3HAA pacxoj XKHIKOCTH,
JIETKO OMpeleNHTh H MOLIHOCTh, HEOOXOLHMYIO IJIf NepeMelieHus pa-
fouell KUIKOCTH yepe3 amnapaT. MouHOCTb Ha Bajqy Hacoca HJIH BeH-
THAATOpA onpefesserca no dopmyie

N =V Ap/n=G Aplpn, (8-60)
rae V — oGbeMHBIH pacxofl *HAKOCTH; G — MaccOBHIH pacXop KHAKO-
CTH; Ap — TI0JIHOE COl’IpO’THBJ’!EHHE; P — IJIOTHOCTb HKHIKOCTH HJH
rasa; 1 — K. I. Jl. Hacoca HJIM BEHTHJATOPA.

ITpu BHIGOpE ONTHMANbHBIX (GOPM M pPasMepoB MOBEPXHOCTH Harpepa
Ten006MeHHHKAa TNpPHHHMAIOT HaWBHITOJHEHIIee COOTHOLIEHHe MeKALy
HOBerHOCTbIO TEHJ1006MEH3 H pacxo,uom SHQPI‘HH Ha JBHIKEeHHe TeIl0-
HocuTesedl. Jlo6uBaloTcst, uToOBl yKasaHHOE COOTHOLIEHHE OLLIO OMNTH-
MaJbHBIM, T. €. 3KOHOMHYECKH HaHGOJee BHITOJHEIM. DTO COOTHOINEHHE

yCTaHABIHMBAeTCsl HA OCHOBE TEXHHMKO-5KOHOMHYECKHX pacuetos [37,
71, 791.

TNABA LOEBATAS

MOJENUPOBAHME TEMNNOBLIX YCTPOHUCTB

9-1. MOCTAHOBKA 3ALAYM

Ilna pacuera W MPOEKTHPOBAHHSA TeMJOOOMEHHBIX AaNnapaToB He-
06XOAHMEI YHCJIeHHble 3HaYeHHS Ko3(hGdUIMEeHTOB TEeNJOOTAauH ¥ THI-
paBaHyeckoro conporusieHns. Ho najexueie dopMmyssl aas onpene-
JeHHsT 3THX KO3(pHUHEHTOB JalleKo He OXBAThIBAIOT BCETO MHOTOOGpa-
3ufl CJYYaeB, BCTPEUANOUIMXCHA B NpakTHKe. [IpHMeHeHHe B TexXHHYe-
CKHX pacuerax TakMX (OpMY/J HJIH NPOU3BOJBLHEIX KOMOHHALMH M3
HHUX YacTO MPHBOJHT K GOJBIIHM PacXOXJIeHHAM C JAeHCTBHTEIBHOCTHIO.
['1aBHOH MPUYHHON 3THX PacXOoxkJAeHHH ABAAETCHA TO, UTO YCJIOBHS JBH-
MEHHSA KHAKOCTH H Teryoo0MeHa B JEHCTBHTEJNbHBIX TEIVIOBHIX YCTpPOii-
CTBaX OTVIHYHBI OT YCJOBHH, HaAOGMONABIIHXCA B SKCIEePHMeHTax, Ha
OCHOBE KOTODBIX MOJNYYeHHl 3TH (HOPMYJIBL.

OGBIYHO 3KCMEepHMEHTaNbHble YCTAHOBKH CTPOAITCSL TaK, YTOOHI JIBH-
eHne pabouedl MKHIKOCTH MPOHCXOJHIO MOJHBLIM CEUeHHeM C PaBHO-
MEPHLIM paclpefieleHHeM CKopocTel, uTo6bl He GBIO HCKYCCTBEHHBIX
3aBUXpeHHHl MoToKa H T. A. B [efCTBHTEJbHBIX TENJOBBIX ammapaTax
YCJIOBHS JIBHXKEHHS H Tem/JooOMeHa B 60JblIOH Mepe 3aBHCAT OT pac-
NOJIOXKEHHS [IOBEPXHOCTH HarpeBa, Ha/JHuHMs [OBOPOTOB H OCOGEHHO-
creil kondurypauuu kananos. [loapo6uoe uccnenoBanue pasiHUYHBIX
TEIVIOOGMEHHBIX YCTPOHCTB MMOKa3alo, YTO, pacnpefesieHHe CKopocTel
MO CEYeHHIO KaHANOB, KaK NMPABHJO, HEPABHOMEPHO, 3 3a MOBOPOTAMH

273



Bcerna ofpasyioTcs 3acTOHHBIE YYacTKH, CJe[0BATeNbHO, pasHble 3je-
MEHTHI MOBEPXHOCTH HarpeBa paGoTalOT B HEOJAHWHAKOBBIX YCJIOBHSX.

Ecnu yenoBua aBuxeHusi paGouell KHJIKOCTH B amnaparax CpaB-
HHTb C YCJIOBHSIMH JBHXKEHHS MKMAKOCTH B J1aGOPaTOPHLIX YCJIOBHSX,
TO OKaMKercs, 4To MexAy coboii oHH He nojo6HuI. IlosToMy 3aKOHEI
Termoo6MeHa, MNOJNy4YeHHble M3 ONBITOB B TaKHX HJealu3MpPOBAHHHIX
YCJIOBHAX, HEMOCPeACTBEHHO MEePeHOCHTh Ha TPOMBIIIIEHHBIE TENJIOBhIe
YCTAaHOBKH HEJb3d. Mexannueckoe NMpHMEHEHHE HX TMNPHUBOJHT K
HElpaBUJIbHOH OIEHKe 3HAYEHHH KO3(pUIIMEHTOB TEIJIOOTAAYH H THIDAB-
JIHYECKOro conpoTusieHusi. MayueHue 3akoHOB Temsoo6MeHa, THApaB-
JIHYECKOrO CONMPOTHBJEHHS M HAaXOKIEHHS SMIHMPHUECKHX 33aBHCHMO-
cTel, HeoOXOAMMBIX A5l pacyera TEILIOBBIX arperaTtoB, JOJ/KHO NPOH3-
BOAWUTBCA HA TAKHX 3IKCIepHMEHTaJbHBIX YCTAaHOBKAaX, B KOTOPHIX
reoMeTpHYecKHe H TenJoBhle YCJIOBHA ObLIH Gbl MOJOGHEI TAKOBHIM B
NeHCTBUTENIbHBIX TENIOOGMEHHBIX annapaTax.

Hrak, 4To6B cO31aTh palnHOHATBHYIO KOHCTPYKLHIO KakKOro-aH6o
TEINJIOBOrO yCTPOHCTBA, B MEPBYIO ouepelh HeoGXOLUMO HMETh NpaBHIIb-
HOE TpeJCcTaBJIeHHe O XapakTepe JBHKeHHS B HeM paboueit XKHJIKOCTH,
H VIS pacyeTa CONPOTHBJIEHHS H TennooOMeHa CJelyeT NOJb30BaThCA
TAKHMH 3aBHCHMOCTSIMH, B KOTODHIX BCE€ OCOGEHHOCTH JBHIKEHHS YiKe
HAllIH CBOe OTpakeHHe. 3HAaHHe XapaKTepa W 3aKOHA JBHKEeHHs IO-
3BOJISIET KOHCTPYKTOPY cO34aTh (ojiee COBEPLIEHHYIO KOHCTPYKUHMIO, a
NPOH3BOJCTBEHHHKY — 3KCIJIYaTHPOBAaTh YCTPOHCTBO ¢ HauGoJblIeH
sppexTHBHOCTBIO. [ToaTOMY AOMKHBEI GBITH HCNONB30BaHBI BCE METOAH,
KOTOpPBIE MOTYT JaTh NpeJCTaB/JeHHe O ABHXXEHHH »KHJKOCTH H rasoB
B annaparax.

Uro6bl BHIICHHTBL BJHSHHE OT[eNbHBIX (aKTOpoB Ha pafory amma-
para, MOXHO ITPOH3BECTH PAJ NOAPOGHBIX HCC/IeN0BaHUH €ro B 3KCIIya-
TaUHOHHBIX YCJAOBHAX. TakKue HCC/IeIOBaHHA KPOMOTJIHBHL, TPeGYIOT
GonbLIOH 3aTpaThl TPY/Aa M CPEACTB H He BCerJa JaloT HalexHble pe-
ayaeratel. Kpome Toro, BeleACTBHE psAjia TeXHHYECKMX TPYAHOCTEH,
BO3HHKANOIUX IIPH HCNBITAHHW, H HEBO3MOXHOCTH HENOCPeJCTBEHHBLIX
H3MepeHHH MHOTHE CTOPOHBI SBJIEHHS OCTAIOTCA COBEpPIIEHHO HeH3yueH-
HbIMH. OnHCHIBaeMbIH HHKE METOJ MOJENHPOBaHHSA TIO3BOJIAET XapakTep
IBHKEeHHSl paGouell KMAKOCTH, THApaB/JHYeCKOe COIPOTHBJEHHE raso-
XO0A0B H TernyioobMeH B HHX H3Y4aTb Ha YMEHbIUEHHbIX MOJEAAX. ﬂpﬂ
3TOM BMECTO H3Y4UeHHMA B annaparax JABHXKEHHUS I'OpAYHX I'a3oB B MO-
JleTd MOXKHO H3yuaTh JBHKeHHe XOJIOJHOTO BO3/lyXa HaH BoAbl. Mozens
MOKHO H3TOTOBHTB C NPO3Pa4YHbIMH CTEHKAaMH; B 3TOM c/ydYae XapakTep
IBHKeHHs paboyefl JKHIKOCTH MOXHO HaG/I0JlaTh BH3yaabHO H ¢oTo-
rpadupoBatb. Ilpu BHIMONHEHHH oOnpeleNeHHLIX YCAOBHH MojeaHpo-
BaHUA JBHMKEHHE XKHJKOCTH B MOJEJIH OKashiBaercs MoJOGHBIM JIBHXKe-
HHIO TOPAYMX ra30B B ofpasue. YCJIOBHA MOJAENHPOBAHHS BHITEKAIOT
U3 TeopuH mnonobus (cM. § 2-3).

Brnepsrie Teopusi momo6HsA K H3YYeHHIO TEIVIOBBIX annaparoB Ha
MoJensiX Gbli1a mpumenena akaid. M. B. KupnuueBniM eme B 1923 r.
3a nocnennde JeCcATHJAETHS ero LIKoJoH Oblia mnposeleHa 6ogblnas
pa6ota mo paspaGoTke TeopuH MojeaupoBanusa [24, 371, ee skcnepu-
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MEeHTaNbHOH TIpOBepKe W mpaKTHuecKoMy mnpuMeHeHuio. B uacrosmee
BPEMA METOJ MOJIe/IHPOBAHHS ABJAETCSA HaJleXKHBIM H MOUIHBIM CpeicT-
BOM, NPH MOMOIIY KOTOPOro MOXHO H3y4aThb paGoTy KaK CYIeCTBYIO-
IHX, TaK H BHOBb NPOEKTHPYEMBIX TeNOBBIX annapaTtoB, B CoBerckoM
Cotose MeTOZ MOZIETHPOBAHHS NMOJYYHJ LIHPOKOE NPH3HAHHE H ¢ 60Jb-
LIHM YCTEeXoM MpPHMEHSeTCs BO MHOTHX Hay4HO-MCCIEN0BATENIbCKHX
HHCTHTYTaX, NPOEKTHLIX 6IOPO M IMPOMBILIIEHHBIX TPEANPHATHAX.

9-2. YCNOBHMA MOJAENHPOBAHMA

Hcroprueckn nonuiTok Habalofath [ABHMKeHHe paGoueil MKHIKOCTH
B NPOMBILIIEHHBIX annaparax Ha yMeHbUIEHHBIX MOAeNAX 6LIIO clenaHo
MHOTO, HO NPH MOCTPOEHHH HX HHKOrja He COGIIOJANHCH YCIOBHS,
HEeOGXOJHMbIe I TOTO, YTOOhl KapTHHA ABHXKEHHS B MOJENH MoJyuda-
Jacb nopoGHOH KapTuHe JBHXKeHHs B oOpasue. [lostoMy Ha ocHoBe
M3YueHHs MoJieslell 4acTo MPHXOAMIM K OLIMGOYHBLIM BHIBOZAM. B ombl-
Tax ¢ MOJeNSIMH CJHHIIKOM Ma/oi oOblYHO Gpasach CKOPOCTb JABHXKEHHS
MHAKOCTH, OHAa YMeHbIIaJach B COOTBETCTBHH C YMEHBIIEHHEM TeOMeT-
PHUECKHX Da3MepoB.

Yro6bl KapTHHbBI ABHIKEHHS KHJKOCTell B Mojien H o6paslie B TOU-
HOCTH COOTBETCTBOBA/NH APYT APYTY, AONKHO GhITh BHIMONHEHO OCHOB-
HOe YCJIOBHE MOJe/HPOBaHHS — paBeHCTBO uHcen Peitnoabica o6pasia
H Mmozenu, T. e. Re, = Re,, ulu

Wl /v, =w,l,/v,=idem (onHO u TO XKe). (9-1)

M3 3TOro COOTHOLIEHHSI MOXKHO ONpeleNHTh HeOGXOAUMYI0 CKOPOCTh
NpOTeKaHHs KHAKOCTH B MOJEJH

Wy =W, — —. (a)

IMonoxkuM, 4TO B MOZIeIH W oOpasile MPOTeKaeT OfHA H Ta XKe KHA-
KOCTb (Torpa v,/v, = 1) u uto Mozenb mnocTpoeHa B MaciutaGe 1/10
(roraa [,/l, = 10). Ioxcrasass 310 3HaYeHHe B ypaBHeHHe (a), MOJY-
4uM, yT0 W, = 10 w,. DT0 3HAYHT, YTO AJA YAOBJETBOPEHHS YCIOBHS
(9-1) B paccMaTpHBaeMOM CJy4ae CKOPOCTb *KHJIKOCTH B MOJIENH HaJo
He YMEHbIIATh, 8 YBEJIHYUBATH BO CTOJIBKO Pas, BO CKOJIBKO YMEHBIIEHbI
reoMeTpHueckHe pasmepel MofienH. Ecnu ke ycnosue (9-1) He Bhinoa-
HAETCS, TO KapPTHHA JBHIKEHHS MOkKeT MNOJYYHTBCS DE3KO OTJIHYHOM
OT JeiCTBUTENLHOMH.

[lpaBuabHAasA KapTHHA [BHXKEHHS XKHIKOCTH H COOTBETCTBYIOLIHE
3aKOHOMEPHOCTH TH/IPABJIHYECKOrO0 COMPOTHBJEHHS H TemJaoobMeHa
MOTryT OBITh MOJYYEHL! TOMBKO B MOAE/IAX, PACCUHTAHHBIX MO MpaBHJIAM
MOJe/MHPOBaHHASA, 06ecneyHBaIOMHX nojo6ue aBneHuil B o6pasue H Mo-
nenu. Ilpu sToM HEeoOXOIHMMBIMH H JOCTAaTOUHBIMH YCJOBHSAMH TeNJo-
BOro mnojoGHusi SBISHOTCA cjelyromue: 1) reoMerpHueckoe monoGue;
2) nono6ue ycnoBHi ABHKEHHS XKHIAKOCTH NpPH BXofe; 3) nmomoGue du-
3HYECKHX CBOMCTB B CXOJCTBEHHBIX TOUKAaX MOJeJiH ¥ o6pasua (mocTosH-
CTBO OTHOLIEHHS IJIOTHOCTEH, KOSpHIHEHTOB BA3KOCTH M 1p.); 4) no-
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JoGHe TeMmepaTYPHBIX 1oJieil Ha paHHNaX; 5) 0OAHHAKOBOCTb 3HaueHwil
onpeensioHX yices nofo6ua (Kpurepues nopo6us) Re u Pr npu Bei-
HyxkaenHoM u Gr 1 Pr npu cBoGOIHOM ABHIKEHHH XKHIKOCTH. [IpH sTOM
OJIHHAKOBOCTb UHCEJ MOAo6Hs JOCTATOUHO YCTAHOBHUTH B KaKOM-JHGO
OJIHOM CXOJCTBEHHOM CEeYeHHH.

TouHOe OCYIIECTBJIEHHEe BCeX YCJOBHH MOJENHPOBAHHS JOBOJBHO
CJIOHO ¥ MOXKET OBbITh BBINOJIHEHO JIHLIb B PeIKHX cayuasx. ITostomy
6bu1a paspaboTaHa MeTOAHKA NMPHGIHIKEHHOTO MOJENHPOBAHHSA JBHIKE-
HHSA Tas30B H KHJAKOCTH M fBJIEHHH TermnoobMeHa B amnaparax. Ilpu-
GIHKEHHOE MOJe/]HpPOBaHHE O0Kas3a/joch BO3MOXHEIM 6Jarojapsi oco-
6LIM CBOMCTBAM JBHKEHHA BA3KOHA MHIKOCTH: CTaOMJIBHOCTH H aBTO-
MOJIEJILHOCTH.

SBnenseM cTaOMILHOCTH HA3BLIBAETCH CBOMCTBO BA3KOH MKHAKOCTH
NpH JBHKEHHH NMPHHMMAThL BMOJHE ONpejeleHHOe paclpeieneHue CKO-
pocreil. Dto pacnpeleseHHe onpelenserca 3HayeHHeM uxcaa Re, dop-
MOH KaHalla M OTHOCHTEIbHOH JJIHHOH NPOHAEHHOrO YYacTKa IYTH.
B cayyae TOXKAECTBEHHOCTH 3THX (DAaKTOPOB pacrpeie/eHHe CKOpocTeH
noJyyaercs MoJA0GHEIM.

C yBenuueHHeM Re BHauane pacnpeesieHHe CKOPOCTEH H3MeHSETCs
OueHb CHJILHO, HO 3aTeM 3aMelJIsieTcsl M, HAKOHEll, OCTaeTcs MOCTOSH-
HeIM. HesaBucumocTh Xapakrtepa JABmxeHHsi ot Re HasbiBaercs siBJe-
HHEM aBTOMOJEJBHOCTH. B o06JlacTH aBTOMOAEJILHOIO JABHAKEHHS
AKHAKOCTH yeaoBHe ofobusi Re = idem mMoxHO He co6moath, yto ofer-
uaeT MpPOBefeHHE JKCMEPHUMeHTa., B C/IOMKHBIX KaHallaX aBTOMOJENb-
HOCTh HACTYMaeT OYeHb PaHO, MPH STOM 3HAaueHHe KodbdUIMEeHTa THI-
PaBJAHYECKOTO CONPOTHBJIEHHSA CTAHOBHTCH IOCTOSTHHBIM, YTO MOXET
CJIYKHTb OJHHM H3 NPH3HAKOB HACTYIJIEHHS aBTOMOJEIBHOCTH.

[MTokaxem Tenmepb, KaK BhilleNepeyHc/eHHble YCIOBHS MOJENHpOBa-
HUS OCYHIECTBJSIIOTCH [PAKTHYECKH.

[TepBoe ycaoBwue TeoMerpuueckoe mnono6ue Bceria Mo-
KeT OLITh BHIMOJHEHO MOCTPOEHHEM MOJE]H 10 KOH(HTypaluH, TOYHO
Konupymome#i obpaseil. KoHeuno, sjech HMeercsl B BHAY He BHELUHSs
dopma uzyuaeMoro arperara, a BHYTPEHHAS KOH(HIypamus KaHaJoB,
0 KOTOPHIM ABHXKYTCSI Tashl H JKHIKOCTH.

Bropoe ycaoBue. Ilogofue ycnoBuii BXoaa KHAKOCTH
TaKxKe BCErfd MOKeT OBIThb BBIMOJHEHO MYTEM YCTPOHCTBA BXOAHOrO
yyacTKa PeOMeTPHYeCKH MOJOGHBIM BXOJHOMY yyacrky obpasua. Ha
OCHOBE CBOMCTBA CTabH/IBLHOCTH 3TOTO BIIOJIHE JOCTAaTOYHO, uTOOBI yc-
JIOBHSA JIBHKEHHS XHIKOCTH NPH BXOJe B MOJeJab H ofpasel] GbLIH MO-
Jo6HBE Mexay coOo#.

Tperne ycaoBue. Ilogobue Qusnyeckux CBOHCTB p, W,
Au €, NPH MOAENHPOBaHHH TEIJIOBLIX anmaparoB ABJadercs HauGoJee
TPY/HO BHITIOJHUMEIM ycaoByeM. COIJIacHO 5TOMY YCJIOBHIO HeOGXO/UMO,
yTo6L BO BCEX CXOJACTBEHHBIX TOUYKaX 00pasua M MOJENH OTHOILEeHHe
COOTBETCTBYIOMHX (pH3HUECKHX CBOMCTB ObLIO mocrosinno. Eciu B 06-
pasue JABHIKEHHe MKHAKOCTH HJIH rasa NpOTeKaeT H30TePMHYECKH, T. €.
B npeiesax HCC/eIyeMOro amnmapara TemnepaTypa WX He MeHsercs,
TorAa Aad nio6oit paGouelt KHAKOCTH B MOJE/IH 3TO YCJOBHE YIOBJe-
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TBOpsleTcA BCerja, JHiub Obl JBHAKEHHE H 3/lech NPOTEKal0 H30TEPMH-
gyeckd. [Ipy H3MEHEHHH TeMMepaTyphl 3HaueHHs (H3HYECKHX CBOHCTB
MeHsAIoTCs. B TakuX cayuasX Jis yAOBJETBOPEHHS YCJIOBHH Nomobus
Heo6Xxo1Mo, uToOb! B Mofiesin U B ofpasue ¢u3HUecKHe CBOHCTBA H3Me-
HAJIHCh MOf00HBIM 06pa3oM. OIHAKO OCYLIECTBHThH 3TO MOjA06HE B MOJ-
HOM oObeMe HeBO3MOXHO. IJo3TOMY MNpH BEIHYAIEHHOM JBHIKEHHH
MKHJIKOCTH TpeTbe YcJaoBHe NoAo6us cobaiofaloT Munib NpHOIHKEHHO,
OCYUIECTBJ/IAA B MOJEH HSOTepMH‘IECKHﬁ nponecc ABHIKEHHSA (COOT—
BETCTBYIONIHH KaKOH-TO CpelHeH TeMmrnepaType pafoueil XHIAKOCTH B 06-
pasue).

YUetBepToe ycnosue. [Ilogo6ue TemneparypHelXx mnoJei
Ha TpaHHNAX B IOJHOM 00bEME OCYHIECTBHTh TaKXKe OueHb TPYIHO.
[lostomy o0ObIYHO NpHMeHsIETCs NPHOIHAKEHHBIH MeTOJ JOKaJlbHOIo
TENJOBOr0 Moje/HpoBaHusi. OcoGeHHOCTh 3TOr0 METOJAa 3aKJIIOYaercsl
B TOM, 4TO IoJj06He TeMIepaTyPHHIX M0Jel OCYLIeCTBASETCS JUIIL B TOM
MecTe, T€ NPOH3BOAHTCS HCCJENOBaHHE Temjonepefauyd, H OMHIT Mpo-
BOAHTCS TPH TAaKHX YCJIOBHSX, KOLJA YC/JAOBHA MEXaHHYeCKOro mofo-
6Hs B 3TOM MeCTe BEINOJNHEHB. B npHMeHeHHH K TpyGuaTHIM maporeHe-
paropaM 3TO 3HAUHUT, UTO TEIJIONepefaya H3YyyaeTcsl MNOCJel0BaTeNbHO
108 Kaxkaoi TpyOkH B oTAenbHocTH. TakuM ofpasoM, Hccaenys ofHY
3a Apyro#l Bce TPYGKH MOJEH naporeHeparopa, O4eBHAHO, MOXKHO MO-
JYYHTh KaK CyMMapHBIHl pesyJbTaT MOKasaTelH TemjaooOMeHa A
BCEro arperara B 1IeJIOM.

[IaToe ycaoBwue YcloBHE OIHHAKOBOCTH B 06pasie H Mo-
Je]H ONpelenflomuX 4YHcesn nofo6Hsa, Kak M TpeThe, fABJSETCS TOYHO
BBHIMOJHHMBIM JIHIIb B CJ1y4ae H30TePMHUECKOro ABHXKEHHA, a JJIA Tel-
JIOBBIX alliapaToB OHO MOXKeT GBITh BBIMOJIHEHO JIHUIL MPHEIHMEHHO.

[Ipu u3yueHHH XapakTepa BHIHYXKIEHHOTO [BHMKEHHSA KHIKOCTH
IOJKHO OHTHL coG/0JeHO TONBKO yeaoBue Re = idem; B cayuae aBTO-
MOJIeJIbHOCTH 3TO YCJOBHE OTIIaJaeT. HPH H3YUYEHHH Temnsoo6MeHa npu
BLIHYKIEHHOM JBHXKEHHH JOJIKHBI OBITH COOMIOAEHBl YycJoBHA Re =
= jdem w Pr=idem. Ilpu usyuenuu rennoobMena npu cBOGOLHOM
JBHIKEHHH KHJIKOCTH HeoOXoAnMo cobmiofenue ycyoBHiH Gr = idem
u Pr = idem.

9-3. NMPHUMEPbI MOMENHMPOBAHMA

JIns WATIOCTpauMH TIPHMEHHMOCTH MeToZla MOJeNel K HM3YYeHHIO
paGOThl NMPOMBLINIIEHHBIX TElJIOBBIX AaNMnapaTtoB HHxe NpHBEJEHH 1Ba
npuMepa.

1. Onuum u3 nepsuix nocrpoernbix B CCCP Bosayxomnogorpesare-
neit 6b11 nogorpeBarens I1-o6pasnoro thna. Ilocne ero usrotossenus
0Ka3aJ0Ch, YTO MO BO3JAYLIHOH CTOPOHE THIPaBIHYECKOE COMpPOTHBIE-
Hue OrpoMHo — B 2,5 pasa Gosblie pacueTHoro. JIns BeisicHEHHS npH-
yMHLl STOTO SBJEeHHS Ha 3aBoje ObLIO MPEANPHHATO ClenHAJBHOE He-
caenopanne. OHO 3aK/I0YAJIOCh B OMNPE/ie/IeHHH NOJsI CKOPOCTel W Mo
CTATHYECKHX JaBJeHHH MO XOAaM BO3JYXOMoJorpesarensi. PesyabraTel
0/IHOT'O M3 TAKHX OMBITOB NPHBEJEHE! Ha pHC. 9-1, rie HaHeCeHBb! KPHBLIE
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pacnpeiefieHusi CKOpocTeli B OTAENbHBIX CeYeHHAX Harpeparesi. 3Ha-
YyeHHE W HanpaBjeHHe CKOPOCTH yKasaHbl CTPeJKaMH. STH ONBITBI JAlOT
NoJIHOe MpEJACTaBJeHHe O XapakTepe ABHXKEHHS BO3lyXa B 3JeMeHTe.
M3 paccmoTpeHHs PHCYHKA BHJHO, YTO BO3AYX JBHXKETCA HE MOJHBIM
ceyeHHeM KaHaJia, B MeCTax [NOBOPOTOB HMEIOTCH 3aCTOHHBEIE MecTa —
MEpTBHIE MELIKH, CHIbHO CyKalolllHe XKHBOe ceyeHne KaHana. ITostomy
¥ THIpPaB/IHYECKOe CONPOTHBJEHHE arperara J0/MKHO ObITh 3HAYHTENbHO
BbILUE, yeM 1o pacuery. Ilpu cpenHedt ckopoct w, = 11,2 M/c oHO OKa-
sajioch paBHeIM okoJsio 1,6-10% [1a, B To BpeMs Kak 1o pacuery AO/IKHO
6610 ObiTh paBo 0,7-107% IMa.

OpnHoBpeMeHHO GBLTO NPOBeJeHO HecsefloBaHHe paGoThl BO3JAYLIHOIO
nojorpenarens Ha BoJAAHOH Moflenu. Ilocnennss Gbl1a H3TOTOBJIEHA
B 1/5 HaTypanbHOH BeJMYHHBI ¢ GOKOBBHIMH CTEHKAMH H3 3epKajJbHOr0O
crekna. Ha takoii Mofenu OBLTH M3y4eHB! YCJOBHS JBHIKEHHS BO3AYyXa
B 3JIeMeHTe HarpeBaTeJid W H3MEPeHO ero T'MIPaBJHUYECKOE COMPOTHB-
JIEHHE.

HPOBQAEHHOE HCCJe0OBaHHe I[10KasaJio IOJHOE COBIajieHue Xapak-
Tepa IBHKEHHS BOJABI B MOJIENH C XapaKTepOM JBHIKEHHS BO3JyXa B 06-
pasue (cM. puc. 9-2 u cp. ero ¢ puc. 9-1). B nosoporax u yraax noay-
yaloTcsl 3actofinble MecTa. OHH OCOGEHHO BETHKH B NPaBOM BepXHEM
yIJy NepBOH MOJNOBHHBI HarpeBaTesIl M NPAaBOM HHMKHEM YIVIy BTOpOH
MOJIOBHHBI — 3a meperopoAkoi. DBuarosaps mnosoporam JaBHKEHHE
KHJIKOCTH TNPOHCXOJHT HENOJHLIM CEYeHHEM, U BCJENCTBHE 3TOrO MOJY-
yaeTcsl 3HAUHTENIBHO YBeJIHUEHHOe TIHJIpaBIHYECKOE COIPOTHRJIEHHE
KaHaJsa.

I'napasinyeckoe CONPOTHBJEHHE 3JIeMEHTAa Ha BOJFHOH MOJIeNH
ObLI0 MCC/IEIOBAHO NMPH Pa3JHYHBIX 3HAueHHAX uvcia Re. PesynbraTh
ONLITOB B JIOTAPHPMHUECKHX KOOPAMHATAaX HaHeceHbl Ha puc. 9-3, rae
no ocH abeice OT/IOMKEeHbl 3HaueHHs 4Hcaa Re, a mo ocu opAHHAT —
gucsa Eu. CorsacHo Teopun nuHHH | H 2 NOJKHBEI COBMAAaTh, ¥ MpaK-
THYeCKH OHH COBNAjalOT, HO0 pacXoxIeHHe Mex1y HHMH Menbuie 10%,
YTO MOXHO OTHECTH 3a CYeT OMIHGOK H3MepeHHH B onbltax ¢ o6pas-
LOM.

Ec/iH no JaHHBIM, MOJYYeHHBIM H3 ONBITOB ¢ MOJENLIO, TMOACYHTATh
compoTHBJIeHHe o6pasia, To mosnyvaem, 4to npu Re >4-10% Ap =
= 1,7-10® Tla. Ilo pacueTy NpH NpPOEKTHPOBAHUH CONPOTHBJICHHE
rasoxoja Obu1o ouenexo B 0,7-10° ITa, a no oneiTam Ha o6pasue oHO
okasanoch pasHeM 1,6-10% TIla.

JanbHe#ne OnbITEl ¢ MOJAENbIO GBUIH IIPOBENEHH! C LENLI0 H3LICKA-
HHSl YCJOBHH AJIA yMeHblUeHHs THAPAaBIHYECKOro conporusienus. Ilo
npenoxenuio akal. M. B. KupnrueBa B MoBopoTax GblIH yCTaHOBJEHbI
HanpasJsiomue Jonatky. [IpH HalTHYHH NOCHENHHX YCJOBHS JABHIKe-
HHSA Pe3Ko MeHAloTca. BmecTo GecnopsiioyHOro JABHXKeHHs ¢ o6pasoBa-
HHEM 3aCTOMHBIX 30H B 3TOM C/JYdYae XKHJKOCTh JBHMETCH Mapaiefb-
HBIMH cTpysMH (puc. 9-4). Takoe ynopsioyeHue JBHXXEeHHS CKas3aloch
HA CONMDOTHBJIEHHH MOJOrPeBaTe/si — OHO PE3KO YMEHBUIHJIOCh (CM.
JuHHI0 3 Ha pue. 9-3). B nepecuere Ha oOpasel, COMpOTHBJIEHHE 3Je-
MeHTa C HanpasJSOIMKMU JonatkaMH paBHo JjHuwe 0,6-102 ITa. Takum
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Puc. 9-1. Cnekrpul cxopoctefi Boaxy-
xa B [Il-o6pasHoM Bo3fyxomnojorpe-
BaTesie, 3amepeHHBle Ha o6pasue mnpH

w= 11,4 m/c.
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9-2. Xapaktep HBHMeHHS
Bosayxa B Il-o6pasnom Bosmyxo-
nojorpesarefie M0 ONHTAM Ha
BOASIHOH MOJEJH.

03 15 2 I 4 6§ 8 1% 15

Puc. 9-3. Conporusnenne posayis

HOro nojorpeBarend.

I —mno onstam Ha BOJIIHON Mopenu; 2 =a

1o onkiTaM Ha o6pasie c BO3yxom; J —=

Mo oneltaM Ha BOAAHOR Mojeanm ¢ Ha-
NpaBJAOIIHMHA JIOMATKAMH,

Puc.9-4. Xapakrep ABHKeHHA BO3NyXa
NPH HAMHYHH B NOBOPOTAX HATPaBNs-

OWH X JONATOK — MO  ONbiTaM Ha

BOISTHOH MOJeJH.



0o6pa3oM, YCTaHOBKAa HAmpaBJSIOIIHX JIOMAaTOK B MOBOPOTax MO3BO-
JHJIa MOYTH B 3 pasa CHH3HTh CONPOTHB/EHHEe MOJOTPEBATeNS H BMECTE
C 3THM 3HAYHTEJBHO YJAYUILHTb €ro paboTy Kak Tem1006MeHHOTo an-
napara.

2. B KkauecTBe BTOPOr0 MpHMEpPa MpPHBeAEM pPe3yJbTATHl OILITOB
110 H3Y4YeHHIO TemJonepeaaun. TaK Kak MeToJ MOJeNeH JNOJKEeH Xapak-
TepH30BaTh JedCTBHTETbHEIE YCJIOBHA PaGOThl arperara, yuHThIBas BCe
0COGEHHOCTH €ro KOHCTPYKIHH, TO Pe3yJbTaThl OMBITOB HAa MOJENH
HYKHO COMOCTABJATHL HE C PACUeTHBIMH JIaHHBIMH, a C JaHHBLIMH 3KC-

NJIyaTalHOHHBIX  HCIBITAHHH.

IlostoMy 151 JloKa3aTenbcTBa
. NPHMEHHMOCTH MeTOJla MOJEeH-
pPOBaHHA JJIf1 U3Y4YeHHA TeIIOo-
nepejayd oOLEKTOM HCCJIeN0Ba-
HHA OpL1 BEIOpPAH XOPOIIO H3Y-
YeHHHH B KCnyaTalHOHHBIX
YCJIOBHSX BepTHKAJbHBIH BOJO-
TpYOGHHIH maporeHepaTop CH-
cteMbl ['ap6e ¢ MOBEPXHOCTHIO
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Puc. 9-5. Koren Tap6e; nyakTHpom Puc. 9-6. 3asuHcumocte Nuy =
BhbIJIeJIEH I'a30X0Jl, KOTOpPHIi O6blI H3Y- ={ (Rey) Ans BTOpPOro nyuka xorsaa
uyeH Ha MOJeJH. lap6e; cniomHas JHHHA — OMNBIT-
HHE JNaHHbIE HCC/eloOBAHHIT HA MO-
JAeNH, TOYKH — OMNLITHEIE JaHHLIE

NPOMBILIEHHEIX HCIBITAHUH.

narpesa 1200 m?. CxemaTHuecKH# yepTex TOro maporeHepatopa npen-
craBJieH Ha puc. 9-5.

[TpomblinyieHHOe HCOBITaHHE NaporeHepaTopa OBbLIO MPOH3BEIEHO
JleHHHTpaACKUM TenJIOTeXHHYeCKHM HHCTHTYToM. Ha momenu Gwin wmc-
c/e/lOBaH TOJNBKO BTOPOH MYUOK NaporeHeparopa.

Bosayuinas Mozenb H3ydyaeMoii 4acTH mnaporeHeparopa Oblia mo-
crpoena B macurraGe 1: 8. Ilas onpenenenus kosdpuuHenta Temnsio-
OTAAuYH OTAEIBHBLIX TPYG OB NPHMEHEH 3JIeKTPOKaTOPHMETPHUECKHMH
METOJL. .

Hcenenopanuio Obl1a 1NOABeprHyTa Kamjas Tpybka B OTHAeNdb-
HOCTH TpPH pPasJHuYHBIX CKOpPOCTSAX Bo3ayxa. O6paboTka pe3yJbTaTOB
ONLITOB OblIa NpPOW3BelieHa B 4HCAaxX N0J0GHS.
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OcpennenHble JaHHEIE 110 BCEMY NMYYKY H3 ONKITOB C MOJEJBIO GBLIH
CpaBHEHBl ¢ pe3yJbTaTaMH MpPOMBILJIEHHOIO HCHOBITAaHHA KoTaa, obpa-
60TaHHBIMH TaKXe B UHCIaX NOJ00Hs. Pesynbrarhl CONMOCTaBJIEHHS
npuBeleHbl Ha pHc. 9-6; 3jech CIUIOMIHOM JHHMeH HaHEeCeHH pesyJb-
TaThl HCCJIEJOBaHHMs Ha MOJEJH, a TOUKaMK — pe3yJbTaThl IPOMEILL-
JeHHoro ucenbitauks. Kak BHJIHO M3 pHCYHKa, COBNAJieHHe Pe3yJ/LTaToB
MOJIYYHJIOCh HCKIIOYHTENbHO XOPOIIHM. ITO J0KasLBaeT, 4TO, MNpH-
MeHfil MeTOJl JIOKalbHOTO TEIVIOBOTO MOJENHPOBAaHHA K H3YUYeHHIO
TerJionepeiadl B raporeHepaTope Ha MoOJENsX, MBI MOJYy4YaeM pe3yib-
TaThl, KOTOpHle XapaKTepPH3yIOT TEIVIOBYIO CTOPOHY pabOTHl KOTJa Tak
e XOpOoIo, Kak H JlaHHble CaMbiX MOJPOOGHLIX MPOMBILIJIEHHBIX HCIbITa-
HHH B 3KCIIyaTallHOHHHIX YCJIOBHSX.

Takum ofpasoM, Ha MOJeJIiX MOMHO M3yyaTh KaK Xapakrtep JBH-
JKeHHsl KHAKOCTeH M THApaBJHUYECcKoe COMPOTHBIAEGHHE, TaK H TEMJo-
nepenayy Jwo6oro TensioBoro ammapara. IIpH DpoeKTHpPOBaHHH HOBBIX
annapaTtoB 3TO JaeT BO3MOXHOCTb 3apaHee NMPOBEPHTL IPaBHJIBHOCTB
KOHCTPYKIUHH H HCPaBHTh Bce oOHapy:KeHHble B HHX HEJOCTaTKH elne
0 peanH3anHy KOHCTPYKHHH. IIpH DEKOHCTPYKIME CYIIECTBYIOIIHX
TENJOBLIX aNnapaToB C LeJblo palHoOHAaNH3alUHH HX paGoThl METOJ] MO-
Jlesiefi TIO3BOJISIET 3apaHee YCTAHOBUTh, KaKHe NepefllelKi PalHOHAJbHEI
M Kakoil HMeHHO 3¢ddekT GYIeT OT HHX NMOJYUeH.

IlpuBenenHbie BhIE TPHMEPHl YOEAMTENBHO MOKA3BIBAIOT, YTO MO-
JeJHpOBaHHe sABJsgeTcd BecbMa 3()QEeKTHBHEIM CpPEACTBOM Hay4HOIO
HCCJIelOBAHHS.

O6nacTb NMpakTHUECKOro NPHMEHeHHS Meroja MOJeNHPOBAHHA, KO-
HEYHO, He OrpaHHYHBAETCSl THIAPOMEXaHHKOH H Temaoo6MeHoM. B Ha-
cTOsilllee BPeMsi OHA 3HAYHTENbHO pacmupeHa. PaspaforaHbl YCJIOBHSA
MOJIeTHPOBAHUA TpOLEecca JBHKEHHs W THJPaBJIKYeCKOro CONpOTHBJIe-
HHA, TPOLECCOB TEIJIONPOBOJAHOCTH M KOHBEKTHBHOrO TemoofMeHa,
NpOLEcCcoB Tennoo6MeHa NpPH H3MEHEHHH arperaTHOro COCTOSIHHSA, Mpo-
leCCOB YHOCA BJIarH M ee cenapaiid, MpPOLECCOB MaTepHaJbHOro 06-
MeHa W CYIIKH, NMPOLECCOB JBHIKEHHS 3allblIeHHBIX NOTOKOB M cemapa-
UMH TBIE, NPOLECCOB BEHTHJISIUH TOMeleHNi, MPOTOUHO! JacTH mna-
pPOBLIX TYPOHH, MapoBBIX MAallKH, TONOYHLIX YCTPOHCTB, WHPKYJIALHN
pacmiaB/IeHHOH CTEKJOMacchl B Teyax, NPOIECcCOB, NPOTeKAOWKX B
3JIEKTPHYECKHX MalUHHAX M CHCTEMaX, MpoLeccoB (hH3HKO-XHMHYECKOro
NpeBpalleHys U T. 1.

B nacrosimee Bpemsi MoJleIHpOBaHHE SIBJISIETCS OJJHUM H3 OCHOBHBIX
METOIOB HAYYHOTO HCCJIEJ0BAHHS H IIHPOKO HCIOAb3YeTcsl BO MHOI'HMX
061acTAX HAaYKH M TeXHHKH. MojeiupoBaHHe Kak MeTo] HayuHOro
HCCJIe/IoBaHkA, KaK METOJ OLEHKH 3(h(eKTHBHOCTH TEXHHYECKOro yCT-
poiicTBa W ero peanusauny B HaType B HanGosblueil Mepe COOTBETCT-
BYeT 3ampocaM NpakTHKH. B 3TOM OTHOIUEHKHH €ro BO3MOXKHOCTH
elle Jaleko He HCnojb3oBaHul. OcoGeHHO IUHPOKH MEepCneKTHBH OT
IPHMEHEHHsA MeTofa Mojeneil B XHMHUeCKOH TeXHOJOTHH M MallHHO-
CTPOEHHH.
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TNABA AECATAR

OTAEJNIbHLIE 3AAAYM TEMJIOOEMEHA
10-1. THAPOAMHAMMHYECKAS TEOPHS TEMMOOBMEHA

TuaponanHamuueckass TeOpHs TemiooOMeHa ocHoBaHa Ha uiee Pefi-
HOAB/ICa 06 eJuHCMmBe NpOYEcCcos nepeHoca menaomsl w Koiudecmsa (eu-
gceHus B TYpOYJMEHTHHIX TNOTOKaX. Takoe MpejCTaBjeHHEe MO3BOJSET
VCTAaHOBHTb CBSI3b MEXNY mensoomoadeli u 2u0paBAUYeCKUM CONPONUE-
seruem. HecMoTpsi Ha YCJIOBHOCTh psijia JONYIeHH, 3HaYeHHEe THAPO-
JHMHaMHYeCKOH TEOpHH 3aK/jloyaeTcs B TOM, YTO OHA BcKphiBaeT ¢H3H-
UecKYI0 CYIIHOCTb Tpolecca H 00bACHSeT MeXaHH3M NepeHoca TemIoThHl
NpH TYpOYJNEHTHOM peXHMe TeYeHHS MKHIKOCTH.

Ilpu /BHKEeHHH HIKOCTH BCETZla BO3HHKAeT CHJIa CONPOTHBIEHHS,
o6ycnoBIeHHas HelNpepLIBHEIM NepeHocoM H OGMEHOM KOJHYEeCTB JIBH-
HKeHHA MeXIy CJAOAMH KHJKOCTH, HMEIOIHMH pasHble CKOPOCTH. 2T10T
NepeHoc NPOHCXOLHT BCJAENCTBHE TYPOY/IEHTHOTO NepeMeliuBaHus XKHA-
KocTH. Ilpu ycraHoBJeHHH CBA3H Mexk/Y TemJooT/ayell H CONpOTHBJE-
HHeM PefiHoNbAC HCXOIMA H3 CHENYIOMHX COOGpaKeHHH.

YacTuupl KHAKOCTH, HaXOJfIIHeCH B si/ipe NOTOKa M ofJjajaromue
CKOPOCTBIO w, TOMajasd B MPHCTEHHHIH CJ10H, TOPMO3ATCS H MPHHHMAIOT
TaM CKOpocTh w'. 3aTeM 5TH YaCTHLB BHITECHSIIOTCS APYTHMH H CHOBA
BO3BpaMaloTcsl B TypOyJeHTHOe siipo. Takoe mepeMelleHHe OTAENBHEIX
Macc XHAKOCTH M3 fiipa B MPHCTEHHHIH CJ10H H OOPaTHO TMOBTOPSAETCA
HeTpepLIBHO.

Ecnn KonmmyecTBO KHIAKOCTH, NOCTYNaMIleli B eIHHHLY BpeMeHH
B MPHCTEHHHIH cnofi, 0603HaUHTL G', TO Ha OCHOBAHHH 3aKOHAa HMIYJb-
COB CHJIa CONPOTHBJEHHS MABHXKEHHIO ONpPENeJIHTCS BHIpaXKeHHeM

S=G (w—uw). (a)

ITpu Hanuuuu TermsiooOMeHa TeMneparypa YacTHI[ XKHAKOCTH B siape
H IPHCTEHHOM cjoe pasanyHa. IlostomMy npu TypOyneHTHOM OOMeHe
O/IHOBPEMEHHO C MEePeHOCOM KOJIHYEeCTBA JABHXKEHHS TPOHCXOLHT TaKxkKe
nepenoc TemnoTel. Ilyers TeMneparypa B siipe noroka f,, a B MPHCTEH-
HOM cJioe £, ; TOrjJla KOJIHYeCTBO TeMJOTHl, NMepefaHHoe H3 AJipa B IpH-

CTeHHEIH CJ0H npu TYpOyJeHTHOM OGMeHe, PaBHO:
Q=Gc,(t,— tx) (6)

Ecnu pasnenntb ypaBHenue (6) Ha ypaBHeHHe (a), TO HEM3BeCTHast
BesqHUHHA G’ COKpATHTCA:

Q_, IxThx (8)
S p w___w.f ?
HIH, Tak Kak S = sF u Q = ¢F, umeeM:
g=c,s fx — Ix . (10-1)
P w_wr
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Ypasueune (10-1) npeacraBnsier coGoil OCHOBHOe COOTHOLIEHHE,
nonyuennoe Pefinonpacom B 1874 r. [118]. B nanbuefimeM oHo Gblio
HasBaHO aHanoruefl PefiHoabica.

,Eum NPHHATb, YTO TNPHCTEHHBIH CJAOH MHIKOCTH HENOJBHIKEeH
(w" = 0) u ero TemMnepatrypa paBHa TeMIepaType CTEHKH (t)K = tc),
To u3 ypaBHenus (10-1) nomyuaewm:

g= % (Ea=t) (10-2)

FMeHnHO Takoe BbipaxkeHHe JJIA TEIVIOBOTO NMOTOKAa H GBLIO MOJY-
yeHo PefiHonbACOM, KOTOPBIH Ipejnofaaral, YTo NpUCTeHHLIH CIoH KHJI-
KOCTH HeIoJBHXKeH.

B 1eficTBHTeNLHOCTH e B NPHCTEHHOM CJO€ CKOPOCTh KHJKOCTH
He paBHa HYJIO, H TemnepaTypa f, He paBHa TeMmmepaType CTEHKH f,

(cM. ra1. 3). Ato 06CTOATENBCTBO JOMKHO GBITH COOTBETCTBYIOUIMM 00pa-
3oM yuteHo. B 1910 r. JI. ITpauzgras [117] Bnepsrie npoBen Takoe yTod-
HeHne Merosa Pefinoabaca. Ilosanee sToT Bompoc paccMarpHBasCA
TakxKe B pa6oTax IpYrHX HcCeloBaTesel.

B6ausn cTeHkH B TypOYJEHTHOM [IOTOKE CYLIECTBYeT TOHKHH Bs3-
KKl Mojc/I0i, B KOTOPOM npeoG1ajialoT CHJIbl MOJIEKYJISIPHON BSIBKOCTH,
a KacaTeJbHOe HampsiKeHHe S NOCTOsSHHO. [ToatoMy Ha ocHoBe 3akoHa
HreloTona BeipaxkeHHe JJIfl § MOXKHO 3alHCaTbhb B BHIE

wl

- (x

TomuuHa BsisKoro mnoacaos §' ABAAETCs B M3BECTHOH CTENEHH Yc-
JIOBHOH BEJIHYHHOH. B IeHCTBHTEIBLHOCTH MO Mepe yAaleHHs OT CTEHKH
HHTEHCHBHOCTb TypOYJeHTHOro TNepeMellMBaHHS HapacTaeT Herpe-
PHIBHO, H TIOCTENEHHO YacTh KacaTelbHOrO HaNMpSXKeHHs S HauMHaeT
onpelesAThCsA yxe He TOJNbKO MOJEKYJASPHOH BA3KOCTbIO, HO H Typ-

6yJIeHTHBIM MEXaHH3MOM NepeHoca KoJHuecTBa ABHKeHHs. Ha paccros-
HHH, PaBHOM INPHMEPHO :

S=p

8 ~ 12—, ()
Visip _

3TH COCTaBJSICLIHE OKA3BIBAIOTCA OJHOTO MOPSAJKA; NpH eule GOJIbIIHX
pacCTOAHUAX OT CTEHKH TYpPOY/EHTHEIH MeXaHH3M mNepeHoca KoJnye-
CTBa [IBH:KeHHS OKasbiBaeTcs ocHOBHBIM. CoOTHOIIEHHe (1) MOXKHO pac-
CMaTpHBaTh Kak ONpeJesieHHe TOMIHHBI BA3KOro nojcios. Torna us

ypaBHenuii (r) ¥ (1) MOXKHO HaiiTH 3HAaYeHHE CKOPOCTH MKHAKOCTH '
Ha paccrosinnn 6:

w=12Vslp. (e)

[TockoNbKY SHaueHHe KacaTeJbHOIO HANpSKeHHS S MOXeT OHThb
BHIPaXKEHO TaKke 9Yepes KOI(HIHWEHT CONPOTHBJIEHHA TpeHHs § mo
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COOTHOLIEHHID (cM. IMI. 3)

s - pu, ()

TO 3HayeHHe CKOPOCTH @' B ypaBHeHHH (r) paBHO:
w'iw=12 ]/E,Té (3)

Eciu yuuthiBaTb 3TO BhIpakeHHe, TO ocHoBHaa ¢opmyaa (10-1)
aHajorun PefiHonbjca Tenepb MoxKeT OBITh 3amHcaHa B BHIE

L —t,
1—12V g

Jlajiee HYKHO Y4ecThb TeMIepaTypHEIH Hamop B NpPHCTEHHOM CJoe
KHUJIKOCTH. ¥ caMOH CTEeHKH IepeHOC TeIJIOTHI OeYIECTBJASETCH MyTeM
MOJIEKYNISAPHO#A TenyionpoBogHocTd. IlnoTHOCTL TemmoBoro noroka ¢
ABJSIeTCA NOCTOSHHOH BequuuHOH. ITosToMY HA ocHOBe 3akoHa Pypbe
BhIpa)KeHHE ISl ¢ MOXHO 3amucaTh B BHJIE

—1
g=r =t (x)

it
Benuunna 6; npejcTaBisgeT co00H TOJIKEHY TEMJIOBOIO IOJAC/IOSA,

T. €. TO PAacCTOSIHHE OT CTeHKH, NPH KOTOPOM MepeHOC TEIJIOTHl NMyTeM
TEIJIONPOBOJHOCTH H BCJIEACTBHE TYPGYJEHTHOTO NepeMellkBaHusl ua-
CTHL, OKasbIBAlOTCA COH3MEPHUMBEIMH; TpH elle GOJbLIEM pAaCCTOSHHH
TYpOYJeHTHBI MeXaHHW3M MepeHoCa TeMJIOTH CTAHOBHTCH OCHOBHEBIM.
B o6uwem cnysae npu Pr - | Bennuuna 8, ne cosnanaer ¢ 8'; cBsi3b

MEXIY HHMH onpeneseTcsds COOTHOLUEHHEM
' —1
8, =& Pr'®, ()

KoTopoe crnpasejyinBo npH Pr>0,6.

Pemtiv Tenepp ypaBuenusl (1) ¥ (K) OTHOCHTEJILHO TEMMEPATYPHBIX
nepenajioB:

§
=, —
q »

()

H CJIOXHM TOU/JeHHO 3TH cooTHoulennsi. Torjaa Temmeparypa f, co-
KpPaTHTCA, H B HTOTE MOJYUHM:

= c s6,
t,,(—t,;:%(l——m |/§+—*;T‘) (M)
p

Ilocsiennee cnaraemoe B CKOGKax B NPaBoOd 4acTH ypaBHeHHS (M)
MOKHO Npeo6pasoBaThb C NOMOIbIO ypaBHeHHi (1), (k) u (1) K BHAY
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12 ]/E/S Pr?®, YuuTeiBasi 510 H peluasi ypaBHeHke (M) OTHOCHTENBHO q,
OKOHYATEJILHO NOJydaeM:

1

1+12V E/8 (P23 —1)
dto ypaBHeHHe B oTaHuKe or ypaBHeHus (10-2) Temepr yuuThBaer
BJAHSHHE NPHCTEHHOTO CJOS XKHJIKOCTH.
Conocraeassa ypasnenusi (10-3) u (10-2), sameuaeM, yTO OHH pas-
JHYAOTCA MeXAY cOO0H JHIIb MHOMKHTEIEM
E= o-Jk , (10-4)
112V &8 (Pr2B —1)

KOTOPBIH Mpe/CTaB/sieT C€o60f HCKOMYIO NONPaBKY, YYHTHIBAIOILYIO
JBHIKEHHE MKHAKOCTH H NEPEHOC TelVIOTHl B NpHCTeHHOM caoe. Ilpu
Pr = | nonpaBka £ = 1 u ypaBnenue (10-3) nepexoJuT B ypaBHeHHE
(10-2). dtomy TpeGoBaHHIO NPHOIHIKEHHO YIOBJIeTBOPAIOT rassl. Ilo-
ciefiHee OOCTOATENBCTBO CHAYMKHT OOBACHEHHEM TOMY, 4TO YypaBHEHHe
(10-2) noBOJBHO XOpPOLIO COBNAJAET C ONBITHBIMH JAHHBIMH JIJ11 Fa30B
U nJ0Xo Jna KanenbHbiX xhAKoctell (Pr>1). Coornomenune (10-3),
VUHTHIBAIOILEE BAHAHNE NPHCTEHHOTO CJI0S XKHJKOCTH, Y2Ke 3HaUHTEIbHO
Jyullle COBNajaeT C ONLITHBIMH JAHHBIMH I/ Pa3/IHUHBIX JKHAKOCTEH,
umetomkx Pr > 1*. ¥Vpasuenne (10-3) MoxHO 3anmucaTh Takke B BuAE

£
8

g=cp— (tx—1) (10-3)

=

c,pwE. (10-5)

Ecnu Tenepb o6Ge 4acTH 3TOrO pPaBEHCTBA YMHOXKHKTB Ha JHAMETP

TpYOBl W pasjieNiThb Ha KO3(HIMEHT TenJONpOBOJAHOCTH KHIKOCTH A,
TO OHO NPHMET BHJ:

Nu=~i~ PeE. (10-6)

Hrak, coriacHo TuApPOJHHAMHYECKOH Teopul TenJiooGMeHa MJIdA
onpefleieHHsl Kos(dHIHEHTa TemI00TAAaUH JOCTATOYHO HMETh 3Have-
HHe KO3(pHIHEHTa TMAPABJINHYECKOTO COMPOTHBIIEHHA &, 3HaueHHs H-
3UYECKHX CBOHCTB XKMJKOCTH C,, 0, |, A H 3HAY€HHE CKOPOCTH w.

OjiHaKo cjelyeT MOMHKTb, YTO 3Ta TEOPHHA MPHMEHHMA JIHIIbL NPH
BHINOJIHEHHH CIEeAYIOIHX Ycaoruit: 1) pasButoe TypGyneHTHOe Teue-
HHe XKHKJIKOCTH; 2) OTCYTCTBHe GOJBIIOTO H3MeHeHHs NaBJleHHs; 3) Ha-
JuuHe Ge30TPLIBHOLO ABHMKEHHH KHUAKOCTH. ['mapoiuHamuueckas Teo-
pHS He YUHTHIBAeT 3aBHCHMOCTH (DH3HUECKHX CBOHCTB JKHAKOCTH OT
TeMneparyphl.

Asrop [96] noxasan, uro ypaeuenue (10-4) Moxker GuiThb 0GOGIIEHO

I pacyera TEIVIOOTAAYH NPH BHICOKHX CKOPOCTSIX [BHXKEHHS rasa
(cm. § 10-2).

* IlpakTHYeCKH TaKoe e ypaBHeHHe, KaK H ypaBuenHe (10-3), HHBIM nyTeM
6ul10 nosyyeno asropamu [75].
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10-2. TENNOOBMEH NPHU BLICOKMX CHOPOCTAX

ITpu ABMKEHHMH KHAKOCTH HJH rasa C BHICOKOH CKOPOCTBIO B IIO-
TOKe OKOJIO NMOBEPXHOCTH 1H3-3a CHJI BHYTPeHHero TpeHus Habiojnaercs
BblJie/IeHHe TeMJIOTBl. DTO BHOCHT HEKOTOpble 0COOEHHOCTH B IpOTEKa-
HHe mpoiecca TenJoo6mena. BHyTpeHHuii pasorpeB notoxa npejcTas-
asier coboii HeoOpaTHMBIA MpolLecc pacceMBaHHs YacTH MeXaHHYeCKoH
SHEPruH JBHMKEHHs BCNEJCTBHE BA3KOrO TPeHHS H Nepexoja 5ToH sHep-
ruy B Temsory. Ilpomecc 3toT HaswiBaloT Juccunayueld auepeuu 08u-
HeHUS.

KoHeuHo, AuccHmanus SHEPrHH NPOHCXOAHT H TNPH YMEpeHHBIX
CKOPOCTAIX TeyeHHs IMO0TOKa, OJHAKO KOJHYeCTBO BhJeasioleiics Temn-
JIOTBI OKasbIBaeTcs MNpH 3TOM HE3HAYHTEJIbHBIM, H npeﬂeﬁpemeﬂne HM
B pacuerax TEIUIOOTAauu BrnosHe ompabjaHo. MHoe nosoxenue ckiaa-
JibiBaeTcs MPH BBICOKHX CKOPOCTSIX, TaK KaK B 3TOM CJiyuae He Y4HTHI-
BaTb BHYTPeHHHII pasorpeB IOTOKa y¥Ke HeJb3s.

OcHoOBHOE KOJIHYECTBO TENJOTH BHIIENAETCA B NPHCTEHHOM CJIOE,
rjle CUJbl BASKOrO TPeHHs HMeloT Haubosbllee 3HayeHuwe. B pesyinb-
TaTe B 3TOM CJioe TeMrepaTypa cpe/ibl NoBHIIaeTcss. Ec/n noBepXHOCTb
TeJa TEIJIOH30JHPOBaTh, TO OHa TaKMke INpHHHMaeT OoJiee BBHICOKYIO
TemnepaTypy. Takasi Temneparypa HaswiBaeTcsi aduabamwoli memne-
pamypoii nosepxrocmu ty; OHa COOTBETCTBYeT YCJOBHSM, KOIJa nepe-
HOC TEMJIOTH yepes MOBEPXHOCTb OTCYTCTBYET.

Ha puc. 10-1 nokasano pacnpegenexue TeMneparyp B MorpaHHYHOM
cJIoe TIPH BHICOKHX CKOPOCTSX IBHeHHS moTokKa. KpuBasi I mepenaer
npodHJb TeMmepaTyp NPH OTCYTCTBHH BHelHero TtemsooGmena. Ilpu
3TOM TeMIepaTypa MOBepXHOCTH [, = f,, a TPalHeHT Temmneparyphl
Ha MOBEPXHOCTH paBeH HYM0. Temnora, BHAENSIOMAsACA B MPHCTEHHOM
c/ioe, OTBOJHTCA B Iy6bh NMOTOKAa KOHBEKIHeHl M TelIONpPOBOJHOCTHIO.

INponecc TemnooGMeHa OyJeT NPOMCXOAWTb, KOIZa TeMmmeparypa
CTeHKH I, Hé paBHa aiuabatnoii Temmeparype f,. Ecam #,>%,, TO
TENJIoTa mepefaercs OT CTeHKH B MOTOK (KpHBas 23 OGpaTHoe Hanpas-
JieHHe TelJIOBOro MOTOKa HMeeT MecTo, Koria f.<<f, (kpuBble 3’ H
3'). Cnenyer o6paTuTh BHHMaHHe Ha TO, YTO OTBOJ TeNJIOTH Yepes
NOBEPXHOCTb BO3MOXKEH He TOJIbKO B TOM CJydae, KOTJa TeMrepaTypa
NIOBEPXHOCTH f, HHXKe TemmepaTypsl HaGeraiouiero noroka f, (KpuBas
3'"), HO TaKxe W TOrZa, Korja f, Bemie f, (1uHus 3'). B mocaenxem
c/lyyae yepes NOBEPXHOCTb OTBOAUTCS B OCHOBHOM TENJIOTa, BHIAENSIO-
masicss B IOTPaHHYHOM CJIOe BCJIeICTBHE JHCCHIIAUMH SHEPTHH.

[TpuBeneHHbIe 3aKOHOMEPHOCTH NOKAa3HBAIOT, UTO JJs TensoobMeHa
MpH BLICOKHX CKODOCTAX onpeJefsiollee 3HaueHHe npHoOperaer pas-
HOCTb Temmneparyp f.—#,, Toria Kak BeJuyHHa f—1f, YXKe He Xapak-
TepusyeT HampaBJieHHe Nepelayd TEMJIOTH H BeJHYHHH TENJIOBOro Mo-
ToKa. B 5TOM H 3aK/I0uaeTCs 0cHo8HAA 0cOOEeHHOCTL TENJ00OMeHa B BEICO-
KOCKOPOCTHBIX NOTOKaXx. [lajee, OMBLITH OKAa3bIBaKOT, YTO €C/IH NPH 3THX
YCJIOBHAX BBECTH ompefiesieHHe Ko3(dulHeHTa TemIooTAayd Kak OT-
HOIIIEHHE MJIOTHOCTH TEINIOBOTO MOTOKA K PasHOCTH TeMnepatyp f.—Ifp:

(10-7)

o=

t. i " x
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TO BCe pacyeTnble GOPMYJ bl AJIA TENVIOOTAAYH NPH HH3KHX CKOPOCTAX
OKashIBAlOTCA CNPaBeJIHBBIMH TaKXKe I BBICOKOCKOPOCTHHIX TMOTO-
KOB. Teopemqecxn 53TO NOJIOXKEeHHe JOKa3biBaeTcsi B caMoM obimem
BHJle JUIsl YCJIOBHH, KOIZa TemJopH3HUECKHE CBOfCTBA TemIOHOCHTEN S
NPHHAMAIOTCS TOCTOSAHHBIMH.

Taxkum o6pasoM, 3ajlaua CBOAMTCA K ONpEIE]EHHI0 anuabaTHON TeM-
nepatypel nosepxHoctn f,. CooTHouleHne Anisi pacuera 3TOH Temmepa-
TYPHl HMeeT BH]:

w?
ty=te+r, (10-8)
2¢p
¢ 490
p 0 r o @w
te N . ?f oo
N\ 185f—== =
t{,‘ t y \\ o |O
e ; - \\ tJPC
% g
// | famunaprsii Typdynenmusid
San | ﬁc_ﬂ;
J ¥ 478\ -

i, 7 — q 2 436 &80 b4 L]
Puc. 10-1, Pacnpegenenne Puc. 10-2. Kosdduunest BoccTaHOB-
TeMNepaTyp B NOrPaHHUHOM JIeHH#A TeMNepaTypsl NPH NPOROJBLHOM
cjloe NPH BLICOKHX CKOpO- O6TeKaHHH MNJIaCTHHEI,

CTAX JOBHXKEHHWS ITOTOKA.

1 — npH OTCYTCTBHH TensooGMe-

Ha; 2 — TNpH HarpeBaHHH [OTOKA;

3’ M 3’ — NpH OXJaKAEHHH TO-
TOKa.

rae f, — TeMmmepaTypa NOTOKa BAAJH OT TOBEPXHOCTH HJIH, IIPH Te-
yeHHH B Tpybax, cpejusisi B JaHHOM CEYEHHH TeMmeparypa CMeLleHHS
NMOTOKA; @ — CKOPOCTh MOTOKAa BJANH OT NOBEPXHOCTH HJH CpeIHAd
CKOPOCTb TeYeHHs] B [@HHOM CeueHuH TPYObl;, ¢, — yeJbHas Temio-
eMKOCTb 2KHAKOCTH HJIH T'a3a NMpH NOCTOSHHOM ;J,aBJIeHHH r — 6Geapas-
MepHBIl Koa(xpHIIMeHT, HashIBaeMBIH Koaguyuenmom 80ccmaHo8AeHUS
memnepamypsl, OH XapaKTepPH3YeT COOTHOLIEHHE MeXAY UHTeHCHB-
HOCTBIO BBIIeJIeHHS] TEIVIOTHl BCJIEACTBHE BS3KOTO TPEHHS M HHTEHCHB-
HOCTbIO OTBOJA 3TOH TEMJIOTHl H3 NPHCTEHHOrO CJIOSl B SIPO MOTOKA.
Coornouenne (10-8) mokasbiBaer, uTo pasiHuHe Mexay aauabar-
HOI TeMmepaTypoli f, W TeMnepaTypoii MOTOKa f, YBeJHYHBaeTCH Mpo-
NOPIHOHANBHO KBaﬂpaTy CKOpOCTH TeyeHHsl. Pacuernl NOKasbiBaloT,
YTO PasHOCTb #,—F, JOCTHIaeT HECKOJbKHX IpajycoB OOLIYHO JIMIlb
IPH CKOPOCTAX 50—100 m/c. Tlpu Goslee HH3KHX CKOPOCTSIX Pasfidume
Mexay f, u t, okasmBaercs HecymecTBeHHeM. Ilpu sToM pasHocThb
TeMmneparyp tc—-tp B ypaBHeHuu (10-7) mepexoauT B TeMepaTypHbii
Hanop f.—1y, U KoshdHUHEHT TEIVIOOTAAYH o NPHHHMAaeT cBoe 0ObIY-
Hoe onpenesnenne. Onnako npu w> 100 M/c pasanyne Mexny anuabat-
HOH TeMrepaTypoill f, H TeMnepatypodl MXHIKOCTH f, O4eHb OHICTPO
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HapacTaeT NMO Mepe YBeJHYEeHHs CKOPOCTH H MOXKeT JOCTHTaTh JecsiT-
KOB, COTEH, a MpPH OYeHb OOJBIUHX CKOPOCTAX JAaxe THICAY TpajycoB.
B stom cayvae nss onpejiesieHHs TEIVIOBEIX TIOTOKOB ClefyeT HCIOJb-
30BaTh BhipaxeHue (10-7).

Ha npakruke TensooOMeH MpH BHICOKHX CKOPOCTAIX BCTpeuaercs
NpU TEYEHHH Ta3oBBHIX NMOTOKOB B TYpOHHAX, COMJAX, a TaKKe MpH Io-
JieTe CaMoJIeTOB M pakeT B arMmocdepe. 1 KanelbHBIX KHAKOCTeMH
O/IHHM H3 MPHMEPOB 3HAUMTENBLHOTO NposBIeHHA 3¢exTa JAHCCHIIALHH
SHEPTHH MOXET CJAYKHTL INpPOLECC pasorpeBa cJOsl KHIKOH CMasKH
B NMOJAUIMNHHKAX TIPH BBICOKHX CKOPOCTSIX BpalleHHS.

Jns Bosjlyxa Ko3(pHLIHEHT BOCCTAHOBJEHUS r IPH MNPOAOJIbHOM
00TeKaHHH J1aCTHH, UHJAHHAPOB H KOHYCOB, KakK MNOKAasbiBalOT OIbITHI,
HMeeT CJelylollue 3HAYeHHs: TPH JaMHHAPHOM TOrPaHHYHOM CJIOe
r= 0,84 40,02 [97], npu TYpGYJEHTHOM MOrPAHHYHOM CJIOE 7 =
= 0,89 +0,03. Ha puc. 10-2 nokasann onbiTHee HaHHbie [105] npu
MPOIOJBLHOM OOGTeKaHWH MJAaCTHHBI TOTOKOM Bo3iyxa. llpum momepeu-
HOM oOTeKkaHHH TIPOBOJIOK B oGnacTu uuced Re = 10*—-10° snauenue
Kos(punmenta BoccTanoBaenusa r = 0,92. Ilpu TypOyJneHTHOM HO3BY-
KOBOM H CBEDX3BYKOBOM TeUeHHH BO3/lyXa BHYTPH TPYOB KosdxpHiiHeHT
BOCCTAHOBJEHHS JeXHT B mpenenax r = 0,85-+-0,89. Jlns ten Gonee
Cl10XKHOII (OpMBl 3HAUEHHsI r ONpPENeNsIOTCs 3IKCIepHMEHTaJlbHBIM
nyTeM.

BLICOKOCKOPOCTHEIM TeUeHHSIM TMPHCYIla elle OJHa OCOGEHHOCTD.
Ona nposBasiercsi, KOrjia JaBJeHHE H CKOPOCTb MpPETepreBaloT Pe3KHe -
U3MeHeHHsl, KaK, HallpuMep, B cllyyae TOPMOXKeHHUS IIOTOKa, Haleraiwo-
IEro Ha HenojBHXKHoe npensaTcTBHe. OKasbiBaercs, YTO MPH 3TOM Xa-
paKTep H3MEHEHMS TEeMIepaTypHl B NOTOKe OyleT pasiu4yHbIM AJas Ka-
NeJabHBIX KHIKOCTeH H I'a30B.

KanenbHble KHAKOCTH SIBJSIOTCA TPaKTHUECKH HECHCUMAEMBLMU
CpfﬂiaMH; HX IJVIOTHOCTb NOYTH HE€ 3aBHCHT OT JaBJIEHHSH. I_IOSTOMY Nnpu
TOPMOJKEHHH TaKOil CpPelbl ee KHHeTHYecKas SHeprus w?/2 mepexoiut
IEeJTHKOM B 3HEPTHIO JaBleHHS p/p, TOrja Kak BHYTPEHHSS 3HEepPTHs
JKHIKOCTH ¢, [ H ee TeMnepaTypa ! ocTaloTcsl HeH3MeHHBIMH. IIpu Top-
MOMKEHHH TIOTOKa KamneJbHOH KHAKOCTH, Haberawomeil Ha HENoJBHXK-
HOe NpenaTcTBHe, NPHPOCT 3HEPruH JaBJeHHS COCTaBJser:

2%’:33, (10-9)

Temneparypa 3aTopMOeHHOH KHJAKOCTH [, NpH 3TOM OCTaeTCs
NpaKTHUIECKH HEH3MEHHOH:

fo="t. (10-10)

Wuas u Gonee cnoxHasi KapTuHa Habmiolaercs B rasoBHIX NMOTOKAX.
B ominyue OT KaneJbHBIX JKHAKOCTeH Trasbl ABISIOTCH CHCUMACMBIMU
cpejiaMu; WX TJIOTHOCTh 3aBHCHT OT JaBjeHusi H Temneparyprl. [lo-
3TOMY TIPH TOPMOXKEHHH Ta30BOTO IOTOKA €ro KHHETHYECKas 3Heprus
w?%/2 nuiub YacTHYHO pacXojyercsi Ha yBeJHUEHHE SHePTHH AaBJIEHHS
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po/po—p/p, OCTaNbHAs YAaCTh 3TOH 3HEPTHH BHI3LIBAET NOBHILEHHE BHYT-
peHHeil 3Hepruu rasa ¢, (f,—i):

w2

Po p « ks
- (T::""pé') 0, (Fs—T). (10-11)

PacueT NOBHIIIEHHS] TeMNepaTypHl NPH TOPMOXEHHH TIa30BOro Io-
TOKa JIEFKO NIPOBECTH, €C/IH HMeTb B BHJY, YTO COIVIACHO TEPMOIHHAMK-
YeCKHM paBEHCTBAaM BeJIHUHHA p/p -+ ¢,f = i — 3HTanbnus rasa, Aas
KOTOPOfi CrpaBeJJHBO COOTHOIIEHHE i = C,f, T/ ¢, — YyJeJbHas Ten-
J0eMKOCTb 'asa IPH MOCTOSIHHOM napienuu. [lostomy ypaBHenune Ga-
nanca sHepruu (10-11) npH TOpPMOXKeHHH NOTOKa rasa NpPHHHMaeT BHI:

w"/2 = Cp (tg—' t)
HJIH

Fo s (10-12)
2¢,

Temneparypa f, HasblBaeTcs memnepamypol mMopmoXcenus raso-
BOr0 MOTOKAa. 3JTa TeMIepaTypa YCTaHABJAHBAeTcsl B 3aTOPMOXKEHHOM
cJloe rasa Yy MOBEPXHOCTH NpEnsTCTBHS.

Ecau TeMneparypa NOBepXHOCTH CTeHKH {, BhIIE TeMneparypel
TOPMOXKEHHA fo, TO Temsora Oyier nepejaBaTbcsi OT CTeHKH K rasy.
Ipu {,<< 1, HampaB/eHHe TeMJOBOTO NoTOKa Oyaer o6paTnbiM. Takum
obpasoM, B STOM CJyyae HampaBJeHHE H HMHTEHCHBHOCTb Iepeladu
TEeMJIOTH! ONpPENeNsAIOTCS 3HAKOM H a6COoMIOTHOH BeNMYHHOH pasHOCTH
temneparyp f.—f,.

TMoBnlllieHHe SHEPTHH AABJEHHS B C)KHMaeMOM rase IpH €ro TOPMO-
KEHHH COCTaBJSIeT:

P p k2 (da)
rae k= ¢,lc,.

CpaBHuBas 310 BhIpaKeHHe ¢ cooTHoueHueM (10-9) ana Hecxkumae-
MO KHIKOCTH, MOXKHO BHJE€Tb, UTO B rasOBOM IMOTOKE TOJIbKO UYacTh,
paBHasi (k—1)/k oT Bcell KHHETHUECKOH 5HEPIHH, NEPEXOAHT B SHEPTHIO
nasnenus. Ilns Bosnyxa, Hanpumep, k& = 1,4, u 3Ta NOAA COCTaBIAET
aumb 0,285, OcranbHas yacTh KUHETHUECKOH SHEPTHH B KOJHUECTBE
0,715 (w?*2) uper Ha yBeJHueHHe BHYTPeHHell SHEPTHH rasa H ero TeM-
nepaTyph. ‘

Jra cnenrduKa rasoBhIX MOTOKOB, CBA3aHHaA ¢ 3((eKTaMH CKH-
MaeMOCTH, NPHBOAHT K PALY OcoGEHHOCTEH NPH TEYeHHH rasa C BHICO-
KHMH CKOpocTAMH B TPyGaXx W comiax, NMpH H3MEePeHHSX TeMIIepaTyp

U JlaBleHH# B BBICOKOCKOPOCTHHIX 'a3oBbIX NoTokaX. Takue Bompock
paccMaTpHBAlOTCA B KypcaX TasoJHHaMHKH,

3navenHe Kos(ipHIHEHTa BOCCTaHOBJEHHS r AJA TeJ MPOCTOA OpMEl MOA-
llaeTcd TEOpeTHYECKOMY pacuyery.
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Tak, masn of6TeKaHHs TJACTHHBI IIPH JIaMHHAaDHOM TOTPaHHYHOM CJoe
3. Moasraysen [116] Teopernuecku paccyutan 3aucuMocTb r = f (Pr). Peayasn-
TaThl pacyeTOB MPHBENEHbl HHKe:

Pr...... 0,6 0,7 0,8 1,0 7 15 100 1000
r....... 077 0,85 0,85 1,00 2,515 3,635 6,70 12,9

Jaunne B guanasone uucen Pr=0,6 <+ 7, XapakrepHOM [LaAsl DPAasHUYHBIX
rasoB H BOJXH, XOPOWIO HHTEPNOJHPYIOTCH NpocToi (opmyno

r=Vpr. (a)

[Ipu naMHHapHOM peXHMe TEYCHHS KHIKOCTH BHYTPH Kpyrio#t TpyGH Teo-
peTHHeCKHH pacyeT JlaeT BHIpamKeHHe

r=2Pr. (6)

ITpu Typ6y/ieHTHOM TeYeHHH B NOrPAHHUHOM ¢Jloe B TpyGax npubauKenubil
pacuer kKoaddHIHEHTa BOCCTAHOBJAEHHA MOMET GHTbL NpOBeJeH, HalpHMep, HA
OCHOBE MpeAcTaBJeHHH THAPONHHAMHuecKOH TeopHH Temdoobmena (cm. § 10-1)
nyTeMm ee 06o0umeHH s Ha YCJOBHSA TedeHHS NOTOKA ¢ BHICOKHMMH CKOpocTSMH. Pac-
CMOTPHM 3TOT MeTOJ pacuera Telyioo6MeHa Ha OCHOBe anajordd Pefinoabica nox-

o6Hee.

P OcnoBHoe cooTHOWenHe Pednoanaca (10-1) mpH yMepeHHHIX CKOPOCTAX Te-
.YeHHA MOXHO 3allicaTb B BHJE

Cpt_f-'pt’
g, (»)

w—uw

Beanunuu Cpt H Cpt' B YHC/IHTeN€e NPeACTaB/AIT 3HAYeHHN SHTAALIIHH 4a-
CTHI{ XXKHIAKOCTH (HHH raza) B AApe H NPHCTEHHOM CJIO€ COOTBETCTBEHHO. Benener-
BHe o0OMeHa 3THX 4acTHL K [IOBEPXHOCTHOMY CJAOQK IIOABOAHTCHA INAOTHOCTL TeIl-

JIOBOIO ¢.

[Ip# BHICOKHX CKOPOCTAX TeYeHH#  KamAasi YacTHNA cpelbl, YYacTByloumas
B ofMmeHe, o6/ajlaeT, KPOMe SHTAJLIIHH Cpf, TAKXKe KHHETHUECKOH 3Hepruei mo-
cTynarenbHoro RBHikenus w?/2. ITostomy B mnpouecce TypGy/eHTHOro MHepeme-
UleHHA JacCTHI B MPHCTEHHBIA CIOA XHIAKOCTH Tenepb NOXBOAHTCA MOTOK SHEPrHH
e, paBHHI:

o s lot T02) — (cpt +w%2)" )
w—uw’

¥ 210 cooTHowleHue siBasercs o6oGuieHHeM OCHOBHOTO YpaBHEHHs MeToja
Pefinosnblica Hnsi yCJAOBHi IOTOKa C BHICOKHMH cKopocTsMH [95]. Beanuunsr
(cpt + w?/2) u (cpt + w?2)" B uncamrene ypabnenHs (r) npeicrabasior coGoi
3HAYeHHA TIOJHOM SHEPTrHH YaCTHI B AJApe H NMPHCTEHHOM CJIO€ COOTBETCTBEHHO.
TloToK 3HeprHH e BKJIoYaeT B ceGf NepeHOC KaK 3HTAAbIHH, TAK H KHHETHUECKOR
SHEPTrHH YacTHIL. :

Tenepbp caefyer paccMOTpeTh YCJOBHS B BA3KOM mojcyioe. KacatenbHoe
HanpsXKeHHe TPEHHA § OCTaeTCs MOCTOSIHHHIM ToNepek 3Toro nogcnosi. CrnegoBa-
TeNbHO, KaK H IPH YMEePeHHHX CKOPOCTHX, paclipelelieHHE CKOpocTeli B BA3KOM
nopcioe umeeT AMHeHHB xapakrep. IlosToMmy, Tak xe kak B § 10-1, BenHuuna

w—w' = (1—12)/E/8), u ypasuense (r) MOXKHO Mepenucath B BHAe

s (cpt + w3/2) — (cpt -+ w %/2)
e =— — . (m)
w 1—12V &8

Ilanee pacCMOTPHM MEPEHOC SHEPrHH B MPHCTEHHOM cioe. Temephb 3lech cie-
flyeT yd4ecTh BHIJeJeHHe TEMJOTH BCJEJCTBHe IHMCCHMALNH 3HePrHH. B epuwnue
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ofbema cpeflll B MpefleJsax 3Toro MOAcaof B elHHHOY BPeMeHH BHJejaseTcs Ten-

JoTa B KOJIHYecTBe
dw \? w'\2
—_—— — — . e
»(&) = (&) ®
[MosToMy ypaBHenHe TenJioBoro Galianca oGbeMa CpDelBl HMeeT BHI:

d w' \¥
vt (5) = (%)

D10 ypaBHeHHe NMOKa3HBaeT, 4TO BHAENAIOMASACH TeNJ0Ta OTBOLHTCS MyTeM
tenaonposofHocth. Murerprpys ypaenende (x), HMmeeM:

7 \3
th——i—p(w y=const =e. (s)
dy &’

[TocrosiHnas HHTErpPHPOBAaHHA MNpelicTaBAfieT KaK pas TOT MOTOK SHEPrHH e,
KOTOpHH NOABOAHTCH B MpHCTeHHH# caofi H3 axpa moroka. ITo mepe mpuGanixe-
HHA K CTeHKe Bce GOAbIlasi 4acTh TOr0 MOTOKA MepeHOCHTCA B (opMe TEMJIOTH
nyTem TenaonposofnocTH. Ha camoft nosepxnoctd (y = 0) yixe Bech NOTOX 3Hep-
THH & MPHHHMaeT (GOPMY NOTOKAa TEMNOTH ¢, KOTOPLIH H Mepejaercs CTeHKe:

dt
npu ¥y =0 e=Hj—

= fe- (1)

Taknm o6pa3oM, NOTOK SHEePrHH ¢ B ypaBHeHHsnX (r), (X) # (3) yHCAeHHO pa-
BeH MJOTHOCTH TemJoBOro NMOTOKA g, NepelaBaeMOro K CTEHKe.

Huterpupya ypaBHenue (3), HaXOOHM pacnpeleleHHe TeMmepaTtyp B MpH-
crenHofi obaacTH

2
e Bt y\2
‘ = t _— — e s | e . K
@) =tet—y 12(6,) (k)
H3 cootHomeHH (K) caellyer, 4to pacnpefieieHHe TEMIEPaTyp HOCHT TeMepb

He AHHefinuf, a napaGoanyeckHuii xapakrep. Ha rpannue y = §; Temneparypa t',
a SHTAaABNEA cpt’

' cp ' w’s 6; a
Cpf = cptc + —-)—: eﬁt — Pr —2— -6"— . (-ﬂ)
Tax kax seansnna w (8,/8') ects snauemme cxopocts ma paccrosmmm 8,
OT CTeHKH, TO, eCllH npHGaBHTh K 06eHM yacTaM paBeHcTBa (i) Beanunny (w'?2)x
X (/6 )2, c/eBa MOAYYHM 3HAYEHHE NOJHON SHEPrHH (cpt—l— w“/?) Ha paccTof-
HHH 8 :
7

3
IMoxcraBnss 3Ty BeJHYHHY B ypaBHenHe oGoGuieHHoRA ananorkd Pefinoabica
() ¥ pemas ero OTHOCHTENBHO NMOTOKA SHEPrHH — TEMJIOTH € = ., MOXKHO IO-

cie pajla npeofpasoBaHufl ! MOAYYHTH OKOH4YATeAbHOE BLIPAKEHHE
1

1+ 12V TB(PPR 1)

1 C yyeroM cooTHowenH#A (3) B (1) B § 10-1.
13/510*

’ ; 2 6' 2
(cpt-;-ﬂ;;) =cptc+-cf—eﬁt-—(l7'r—-—l)%( ’) . ™)

ge =22 (ty—1to) (10-14)
w
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[lo ceoeMy Buny ypasmenne (10-14) modmocteio cobitafaer ¢ ypaBHeHHéM
(10-3) nna ymepedHuX ckopocreil. EZHHCTBeHHOE pasiHyHe COCTOHT B TOM, YTO
B ypasHenun (10-14) BMecTo TemnepaTypHOro Hanopa fyx—t. CTOHT pa3sHOCTb
tp—i.. 3nauenne agmaGaTHON TeMmepaTypH CTEHKH fp ONpelensiercs 06IHM
ypaBuenueM (10-8); xospdHuHeHT BOCCTAHOBJIEHHS TEMIMEPATyphHl r, OnpeleseH-
HBIff B pezyabTare NPoBeleHHHX BHUYHCJAEHHH, paBeH:

r=]+(w')“ Pr—1

w |  pos (ETe)
(o

Taknm oGpasom, pacuer mo oGoOmenHofi anancrud Pefinonblca NMPHBOLHT
K ypaBHeHHI0O IAs tenyoortaauM (10-14) u mosBoasier HAHTH MPHGAHKEHHOE BHI-
paxkerge (10-15) o5 KoappHoHeHTa BOCCTAHOBAEHHA TeMMepaTypsl B TypOyJeHT-
HHIX MOTOKaXx.

Ornowenne w'/w o6biyno cocraBasier npumepso 0,5—0,6; nosromy (w'/w)?
MOXeT GuiTb NMPHHATO paBHuM NpHmepno 0,3. IMoxcrasnssa B ypasnernue (10-15)
3TO 3HaueHHe, HAXOXMM IAs Bo3ayxa (Pr = 0,7) 3nauenue KoadduiuHenra Boc-
CTaHOBJIEHHS TeMmmepaTtyphsl r = 0,885, uTo XOpowo coBmagaeT ¢ OMBITHHIMH AaH-
HuiMH. Bripaxenue (10-15) nokasmBaer takike, uyto npu Pr = 1 kospduuueHT
BOCCTAHOBJNEHHS Temmepatypbl B TYpOyJNeHTHBIX MOTOKAaX paBeH eQHHHIE.

VsmeHeHne Temmeparypbl rasa B MOTPAHHYHOM CJO€, NMOKAa3aHHOE
Ha puc. 10-1, HapacTaeT no Mepe yBeJMueHHs CKOPOCTH noroka. s
XapaKTePHCTHKH peXXuMa TeYeHHS B ra30AMHAMHKE BBOLMTCS MOHATHE
gicia Maxa, paBHOTO OTHOIUEHHIO MECTHOH CKOPOCTH MOTOKA @ K CKO-
pOCTH 3BYKa ¢ B TOH e TOYKe [IOTOKA:

M=uwl/c.

IMpu M<< 1 TeyeHue HaseiBaercs JL03BYKOBbIM, mpu M>1 — cBepx-
3BYKOBBIM.

B cBepX3BYKOBLIX NOTOKaxX Iepenajbl TeMmepaTyp B NOCPaHHYHOM
cJloe CTAHOBATCS HACTONbKO 3HAYHTEJNbHBIMH, YTO MJOTHOCTb Tasa H
APYTHe ero TemnodusHyecKHe cBoficTBa (BS3KOCTb, TEMJIOMPOBOIHOCTD)
OKa3blBaloTCA MepeMeHHBIMH TI0 ToJiuHe cos. VX yxke HempasoMepHO
paccMaTpHBaTh Kak NocTosiHHBIE. BesleieTBUe 3TOrO IpH pacyere TemJo-
OTNlayd B CBEPX3BYKOBBIX NOTOKax JAOJKHA BBOJHTLCS INONpaBKa Ha
nepeMEeHHOCThb Tena0opH3HIeCKHX CBOHCTB:

Oy = Q.

3pech @, — KO3pPHUKEHT TemIOOTAaYM C Y4eTOM INepeMeHHOCTH
CBOHCTB; & — KO3(HLUMEHT TeIIOOTAAYH, ONpeleieHHHH 10 COOTHO-
wenuto (10-7); P — nonpaBka Ha nepeMeHHOCTb TemJIO(PH3HYECKHX
CBOMCTB rasa.

INompaBka v 3aBHCHT B NepBYyI ouepelb OT OTHOLIEHHA abCOJIOT-
Hpix Temneparyp T,/T, w TJ/T,. PacueTHbie pekoMeHjauuu Ans ¥
npusefieHsl B [48].

10-3. TENJIOOBMEH NOBEPXHOCTEH
C MCKYCCTBEHHOW LWEPOXOBATOCTbLIO

Bonpochl nHTeHCH(HKaUKH Tennoo6MeHa HMEIOT BaXKHOe 3HayeHHe
AN MHOTHX oTpaciied TexXHHKH. [losTomy HccleloBaHHs - B 3TOM
HaNpaBJeHHH NPEICTaBAAIOT GonbIuol npakTuyeckuil nutepec. [lpume-
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HeHHE MoBepXHOCTH HarpeBa ¢ HCKYCCTBEHHO CO3J4HHOH ILIEepoXoBa-
TOCTBIO fIBJASETCS OAHHM M3 BO3MOXHBIX IyTel HHTeHCHPHKAUHH TerJo-
oTaaud npH TYpOyJEeHTHOM TedeHHH TEIMJIOHOCHTeNls. BHJBI HCKYyceT-
BEHHOH IUEpOXOBAaTOCTH Moryr OwTh pasnvuHbiMH. Hekoropele
npoduH TAKHX noBepXHocrel nokasanel Ha puc. 10-3. IllepoxoBarocTh
BHJa @ H 6 co3laeTcs NyTeM HaHeceHHs pe3bObl Ha MOBEPXHOCTb TPYOHI.
[Tpoduan 6 H e moNydYaloTCA 3a CYET OpraHH3allHH KOJIBLEBHIX BBHICTY-
noB Ha ryaakoi Tpy6e. O6GblYHO BHICOTA BEICTYNOB /i HEBeJIHKa 1O CpaB-
HEHHIO ¢ AxaMeTpoM Tpy6u! d. HMurencnpukanus TenJooTAaYH NPOHC-
XOJUT B OCHOBHOM 3a CUET BO3JIeHCTBHA 11ePOXOBAaTOCTH Ha I'HJPOAMHA-
MHKY TypGysenTHoro noroka. Pomb adpexra opeGpenus (BCaeACTBHE

5 s
o l_:’l AN 1 Ts |

1 '
N
1 18 L+ L1 J 11 -
] o A L |
[ T | ) | I O T |-
LIl Ll POy I O O
aj 8)
" A\ A\ AN A A
™ [t I e e yom o v v i s B B |
FEEEER Y R e
T
] i = %! I" i VITTECLLTT | LLIL] IMEE
6) 2) -

Puc. 10-3. ITpodunu nosepxuocteli ¢ HCKycCTBeHHOH mepoxopaTo-
CTBIO.

@ — TpeyroibHas pesb6a; 6 — BOJHHCTAA pesbba; 6 — NPAMOYroJbHElE BHIC-
TYNH; & — TPeyroJbHbEE BHCTYNH.

yBelnyeHHs GaKTHUECKOH NJIOMAalH NOBEPXHOCTH Ten1006MeHa) OGBIYHO
OTHOCUTEJ]bHO HEBeJHKa.

DKCrepHMeHTaIbHOMY HCCEJOBAHHIO TeMJIOOTAaYH Ha IMOBepXHO-
CTAIX € HCKYCCTBEHHOH LIepOX0BaTOCTbIO MOCBAIEH psAj paboT, HEKOo-
TOpBIE Pe3YJbTAaTHl KOTOPHIX NPHBOAATCA HHXKe,

B uccnenoBanum, npoeeneHHoM B MOM [29), noppobuo usyuenm
pas/uyYHEIe BHIB 1IEPOXOBATOCTH THNA «pe3bObly, KOTOpas HaHOCHJACh
Ha BHYTPEHHIO NMOBEPXHOCTb KPYIJoi TpyOul AuamerpoM d = 16,7 MM
u I/d = 100. Onwitel npoBoauauchk ¢ Bofofi. Ha puc. 10-4 npusenensr
ONLITHLIE JaHHBIE, OTHOCALNHecs K pesbbe TPeyroNbHOrO NpodHAA
(puc. 10-3, a). Koadduunent rtennoornadd oOTHeceH K IOBEPXHOCTH
rnaakoii Tpyosl (6e3 yuera adxpexra opebGpenHs). IlpuBeeHHble faHHBE
TNOKAas3LIBAKOT, 9TO TAKOH BHJl HCKYCCTBEHHO# LIEPOXOBATOCTH MO3BOJSET
3HAYUTENbHO YB&IHYHTb TemIooTnadyy. B 3ToMm HccienoBaHHH OBLIO mO-
KasaHO Takme, 4TO CKpyIVIeHHas lwepoxosatocTh (puc. 10-3, 6) sHa-
q9uTebHO MeHee 3(peKTHBHA; B psjie CyyaeB OHa BOoOIle He JaeT yBe-
JIHYEHHS TeIVIOOTAaud B CPaBHEHHH C TJIaJKOH TNOBEPXHOCTbIO. 3TO
YKa3eBaeT Ha TO, YTO OCTPas KPOMKa BBHICTYMOB HMEET CYIIECTBEHHOE
.3HadYeHHe AN HHTEHCHPHUKALHH TENJIOOTAAuH.
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JIpyroii BHJ HCKYCCTBEHHON IL€POXOBATOCTH (puc. 10-3, 8, &) noa-
poGHO HCC/Iel0BaH B [16, 17, 33, 92, 101, 113]. Ilpu stom Kozblesble
BBICTYNIBl C Pa3/HYHLIM OTHOCHTE/IBHBIM Ilarom s/h cosjaBalnuCh Kak
Ha HapYKHOH NoBepXHOCTH TPYOBI NPH TEYEHHH TMOTOKA BOJBI, BO3AYXa
H TpaHcopMaTOPHOro Maciia B KOJIbLEBOM KaHalle, TaK H Ha BHYTpeH-
Heii TOBEPXHOCTH KpYIJIoH Tpy6bl. Takodl BuJA MCKYCCTBeHHOii Ilepo-
XOBAaTOCTH M3Y4a/Csi TaKXKe B IJIOCKOM INeJeBoM KaHazme. Mrtorum stux
HeclenoBaHuil 6blIH 06o6mensl B [16, 17]. Anaaus nokasan, uro s
STOro BHJa LIEPOXOBATOCTH MapaMeTPOM, HMEIOINHM pellaloliee 3Ha-
yeHHe /IS HHTEHCH(QHKALMH TEIJIOOT/lauH, fIBJSETCS] OTHOLIEHHE pac-
CTOSIHHS MEXJy BHICTYNaMH S K HX Bbicote A : s/h. OcranbHble Xapakre-
PHCTHKH, Takue Kak ¢opma BeicTyna (mpsAMOYroJibHasi HJIH TPeyroJib-
Hasi), oTHoweHwe A/d, HMeloT BropocTeneHHoe 3Hayenue. [Ipu 3TOM
BHICOTAa BHICTYNOB A JOJIKHA NpEBHINATH TOJIIHHY BASKOIO IMOJACAOS.
B [16, 17] nmokasano, 4To NpHYMHA HHTeHCHQHUKADMH Tenjaoo6MeHa
CBfi3aHA CO CPLIBOM H paspylLIeHHeM BSI3KOrO MOAC]OS BBHICTYNAMH Iile-
POXOBaTOCTH M BO3HHKHOBEHHeM BHXpeBbIX 30H. OKaseiBaercsi, 4To AJs
napamerpa s/h CyllecTByeT ONTHMaJbHOE 3HAaYeHHE, IIPH KOTOPOM HH-
TeHCH(HKALMA TeIJIOOTAa4yH MakcHMma/ibHa. B peaysabrate oGoGuenus
MHOTOUYHC/IEHHBIX OMBITHBIX AaHHBIX aBrop [16, 17] momyunn ypaeme-
HHE IJIfl TeIIOOTAAuYH

Nu,, =002 Rexy  Prify(Pr,/Pr,)"e,, (10-16)

A€ MHOXHTEJb €, YYHTBHIBACT YBEJHUYECHHE TEIIOOTAAYH BCIEACTBHE
HCKYCCTBEHHOﬁ HIepoXoBaTOCTH:

e, =1,04 Pro exp [0,85f (s/h)], (10-17)
i i s — (S/h)om ‘
“p"(h)>(h)m f(h) P

()=, 1)
h h Jonr h (s/h)onr

OnTHManbHOe 3Ha4YeHHE OTHOCHTEILHOTO MPOAOJLHOrO  miara:
(s/h)oney = 13 + 1 npu moGom sHaueHun Pr, B uHTepBame or 0,7 no
80. I'paduk 3aBHCHMOCTH &, OT s/h AJsi BOAbl mokaszaH Ha puc. 10-5.
INpuBenenHoe cooTHolLIEHHE crpaBeiaHBO npu (s/h) > 6 B Auanasone
uuces Re, ot 6-10° no 4-10%, gucen Pr ot 0,7 no 80. B ypaeuenun
(10-16) kO3puLUHEHT TeNnNOOTZAYH OTHEeceH K TMOJHOH NOBepXHOCTH
CTEHKH; onpeleisiolmiii pasMep — KBHBAJIeHTHLIH JHAMETp KaHala.

Ilpy npuMeHeHHH IIEPOXOBATOH MOBEPXHOCTH Hapsily € Temioo0-
MEHOM Bo3pacTraeT Ko3(dHIIHeHT THApPaBJHYECKOr0 CONPOTHBJEHHS &
Ilpu sTOM OGBIMHO BesqMuHHA §, He 3aBHCHT OT CKOPOCTH TEYEHHs Tell-
JIoHOCHTeNIA. BeleacTBHe yBeJMYEHHS CONPOTHBJEHHS NPH NMpaKTHue-
CKOM NpDHMEHEHHH HCKYCCTBEHHOJ IIepOXOBATOCTH MpEJICTaBJseT HH-
Tepec cpaBHeHHe 3((EKTHBHOCTH 3TOro MeToja HHTeHCH(HKALHH Terio-
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o6MeHa ¢ MeTOJAOM MOBBIIIEHHS TEMJOOTAayH B IJIafKol TpyGe TOMBKO
32 CUeT YBEJNHYEHHS CKODOCTH TEIIOHOCHTEJS.

[TpuMeHeHHe HCKYCCTBEHHOM IepPOXOBATOCTH ONPABNaHO, €CIH MNPH
OJMHAKOBOM KOJHYECTBe MepelaHHOH TeIJIOTH IIepOXOBATOH MOBepX-
HOCTBIO NIPH CKOPOCTH W H TJIA/IKOM NOBEPXHOCTHIO MPH Goilee BHICOKOH
CKOpPOCTH @', T. €. MPH YCJIOBHH

Qp (@) =Q (@), (a)

3aTpaTa MOIIHOCTH Ha nepexaqusaﬂne TerioHocutens N 6y.D.ET MEHBbIIe
IS mepoxoaa'rou [IOBEPXHO-

16 s CTH:
Vi
o s Na@<N@). O
6 Proyg (Pry/Pr)" Z = Pemenne 3Toro  Bompoca
i A MOXeT ObITb NOJYYEHO NyTeM
17 CIeNyIOMUX PacyeToB.
y. ‘;P;"/{ﬂaiﬁm
2 _/p/z,_r A :
P .
10° A ,4} e, ]
at [— 9 ' |
6 -g— g ] , . /1'\ -
4 T TN
- 5) -
) Repcdsxg B E"’)nnm i ...;}h\"'
5660 2 4 66m 2 5 810 203 W& &

Puc. 10-4. Tennoormasa B xpyraofi Puc. 10-5. Hurencupuxauus ten-
Tpy6e ¢ HCKYCCTBEHHOHl IIEPOXOBATOCTBI0  JIOOTHA4H /A BOXH NDH NPHMeHe-

B BHJIe TpeyroinHOH pe3bGHl. HHH HCKYCCTBEHHOf MepoX0oBaTOCTH
1 — ,,, = 0,0064; s/h=19 2 —h/d= B BHIe KOJBbIUEBHX BHCTYNOB Ha
=0,0!1 /h— 2,6; 3 —h/d = 0,038; s/h=1,6. NMOBePXHOCTH prﬁu_

KomuuecTBo TemjoThl, nepelaHHoe B riajkod Tpy6e, mporopiuo-
HaJIbHO CKOPOCTH mnoToka B creneHH 0,8, T. e. Q= Aw'®8,

Iasa mepoxoBaroii TpyOhl HMeeM corjacHo ypasHeHuio (10-16)
Qn = Aw’%,. Kosbduumenr nponopuuonassHocTH A BKJIOYaeT
B ce0s Bce BeJIHUYHHBHI, KOTODHE He 3aBHCAT OT CKOPOCTH (reoMmeTpHye-
CKue pasmepbl TPyOH HJH KaHala, (pH3HYecKHe CBOICTBA TeNJOHOCH-
Tesas, TemMneparypHulii Hanop). Ero uucieHHoe 3HayeHHe OQMHAKOBO
B OGOMX clyyasix. YUHTHIBafg 3TO, HaXOQUM H3 YCJIOBHA (@), 9TO OTHO-
CHTENTbHOE YBeJHYeHHe CKOPOCTH B IVIafikoH Tpy6e AOMKHO COCTaB/ATH:

w’ 1.25
"E;J— —Sm . (B)
3aTpaThl MOIIHOCTH Ha NepeKayHBaHHe TEeMJIOHOCHTeNS MOXHO 3a-
nucaTh B CJeAyIoleM BHIE:
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AaA IIHEPOXOBEITOf{ NOBEPXHOCTH

N,, = Bg,w?,
ISl Tafikod NOBepXHOCTH
N = Bt (w')w'’,

npHYeM B o6l1acTH JeficTBHs 3aKoHa Baasnyca & (w') =& (w) (w/w')*?-

Kosddumuent nponopusoHanpHOCTH B B 3THX ¢opMyJ/ax TaKxkKe YHC-
JIEHHO OfIHHAKOB. YUMTEIBas 3TO, OCHOBHOE HepaBeHCTBO (6) HeTpYLHO
npeo6pa3oBaTh C NPHBJAEYEHHEM COOTHOIUEHHSI (B) K OKOHYaTelbHOMY
BHLY:

(Egi) <(ea)™, (10-18)

rjae UHIEKC W yKasblBaeT, YTO CpaBHeHHEe !{OBQ)q)HU.HEHTOB CONIpOTHBJIE-
HHSI NPOBOAHTCS MPH CKOPOCTH MOTOKa w B IIEpoXoBaToil Tpyoe.

Hepasencro (10-18) ompenensier ycnoBHe nenecooGpasHOCTH NPH-
MeHEHHs! LIepOXOBaTCil MOBEPXHOCTH C TOYKH 3PEHHS BHIMTpLIlA B 3a-
TpaTax MOIIHOCTH Ha nepekauky. IIpun o6paTHOM 3HaKe HepaBeHCTBa
B ypaBHenun (10-18) Hcrnonb3oBaHHE HCKYCCTBEHHOR MIEPOXOBATOCTH
HeresnecoobpasHo.

Ilns paccmarpuBaeMoi IBYXpasMepHOH HCKYCCTBEHHOH IIepOXOBa-
TOCTH THIIOB 8 H 2 Ha pHC. 10-3 ONTHUMAJIbHOE 3HA4YeHHEe TIOBHIILEHHHA
TENNIOOTAAYH: (Ey)ony => 2,5, CIEIOBATENBHO, (84)onr o> 32. B onbl-
tax [17] npu sTOoM nOBHIIEHHE KO(PpHIIMEHTA CONPOTHBJIECHHSA
(enfe), =~ 4-+15. Orciofila BHIHO, YTO 1O 3aTpaTaM MOLIHOCTH TAKOH
MEeTOJ, MHTeHCH(bHKalnH Tenjoob6MeHa, 6e3yC/lOBHO, BHITONEH. VY BeJH-
YeHHe CKOPOCTH TEMJIOHOCHTeNs B ryafkoii Tpybe, Heo6Xonumoe AN
nepefayy TOrO Ke KOJHYeCTBA TEIJIOTHl, 3JleCh COCTAB/SIET COrJIAcHO
cooTHoWeHHio (B) w'/w =~ 3,2.

Ilpu sTOM MeToZe cpaBHeHHS He YYHMTHIBaeTcsl TO OGCTOSTENBLCTBO,
4TO B CJ1y4ae yBeJNUYeHHA CKOPOCTH TelJIOHOCHTeNsl BO3pacTaeT rHApasB-
JIHYeCKOe CONpPOTHBJEHHE BO Bceil cHcreme HOHPKYJAANHH TEIN/MOHOCH-
Teld, B TO BpeMsl KaK CO3JlaHHe HCKYCCTBEHHOH LIepOX0BaToCTH 0Gyc-
JIOBJIMBAeT POCT THAPABJHYECKOrO COMNPOTHBJIEHHS JHIIE B 30HE MO-
BEPXHOCTH Temjoob6MeHa.

10-4. TENNOOTAAYA PACTMNABREHHBIX METANNOB

B Tex cayuasx, Korjia HeoGXOZHMO OCeCneyHTh MHTEHCHBHBIH OT-
BOJl TEIJIOTHl OT NOBEPXHOCTH HarpeBa HJIH Korja IIPH HU3KOM jaBie-
HHH TpeGyeTcs HMEeThb BLICOKYIO Temmeparypy pabodero Ttena, B Ka-
yecTBe TeMJIOHOCHTENS NPUMEHSIOTCS paciJiaBjieHHble MeTaslJlbl.

ITo cBouM ¢H3HYECKHM CBOHCTBaM GOJBIIMHCTBO PacnjaBjeHHbIX
META/JIOB  OTJHMYAlOTCA  OT  OGBIMHBEIX  TENJIOHOCHTEJNeH — BOJBL,
macea 4 Jp. I'naBnoit ocoGeHHOCTHIO MeTaNJHYeCKUX TelOHOCHTeNlel
sIBJIfieTCS BHICOKAs TEMJIONPOBOZHOCTb H COOTBETCTBEHHO HH3KHE 3Ha-
ueHus uuciaa Ilpauarna: Pr = 0,005=-0,05. B nocnennee Bpema Kak
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B Halllell cTpaHe, TaK H 32 py6exxoM, OBUIO MPOBENEHO GOJLLIOE YHCJIO
H3MEpeHHIT 0 TenJ0oTAaYe KHAKHX METasJIOB B Pa3JHYHEIX YCJAOBHSAX.
B onbtax TpHMEHSJIMCh TaKHe TEMJIOHOCHTENIH, KaK HATDHI, Kajui,
JHTHI, 1e3H#l, PTYTh, BUCMYT, CIJIaBbl BHCMYTa CO CBHHUOM H ap. [lep-
Bble LIMPOKHE M CHCTeMaTHYeCKHe HCC/Ie/lOBaHMS TEMJIOOTHAYH M THA-
PaB/IMYECKOr0 COMPOTHUBJIEHHS OBLTH BHIMOJHEHEl B DHEpPreTHYeCKOM
uacruryre uM. [. M. KpxuxanoBckoro [72, 89].

HccnenoBanua nokasaid, 4TO 3aKOHOMEPHOCTH LJIAl TENJOOTHAYH
pacnjaBJeHHBIX METAJJIOB XapaKTepH3yloTcs psALoM ocobeHHOcCTefi.

ITpu cBOGOAHOM JBHXKEHMH TaKMX TeIIOHOCHTeNeH Iis pacuera
TEIJIOOTAAYH NOJIVUeHa CleAylomas 3aBHcHMOCTh [62, 91]:

Nu, = ¢ Gr2Pro4, (10-19)

npu Gr,,=10*=+10° ¢=0,52, n=0,25;
npu Gr, =10°+10*¥® ¢=0,106, n=0,33.

B kauecrse ompepensioumieif 3nech NpHHATA CPENHSAA TeMmeparypa
norpanuyHoro cnoa f¢,=0,5 (f{, + %y). Onpenensiomuit pasmep:
JAMaMeTp — JJIsi TOPH3OHTAJbHEIX TPYO, BHICOTA — IJIl BEPTHKAIBHBIX
JIACTHH.

IIpH BHIHYKAEHHOM IBHIKEHHH Pacl/ABJAeHHHIX METalJoB B TpyGax
NPH YUCTOH MOBEPXHOCTH HarpeBa pacyeT TeMJIOOTAa4yH MOKeT NpOBO-
autbest no dopmyne [87]

Nu,, 4 =4,36 -+ 0,025Pey;. (10-20)

B KkauecTBe ompeneisiioiel TeMmneparypsl 3lech IIPHHATA TeMmnepa-
TYpa pacnaB/ieHHOro MeTajla fy, onpefe/siouii pasmep — AHaMeTp
TpyOul. ¥YpaBeenue (10-20) npuMeHnMo npu sHaueHusx uucen [lekne
Pe,s = 20—+10 000. OHO oXxBaTHBaeT Kak JaMHHApHBIH, Tak U Typ-
OyJIeHTHBIH peXHUMBl TeYeHHH MeTaJVIMYecKoro TemjoHocuTens. Ks3-3a
BHICOKO! TEN/JIONMPOBOAHOCTH pacN/aBleHHBIX MeTaJ/IOB Mepexof K Typ-
Oy/JIeHTHOMY peXHMY He CONpPOBOXKAAeTCHA Pe3KHM H3MeHEHHEM HHTEeH-
CHBHOCTH TeIJIOOTAauH; 3aBHCHMOCTh Nu oT Pe HOCHT njiaBHBIH Xapak-
Tep. CoorHomenHe (10-20) npUMEHHMO NPH OTHOCHTEJILHOH JIHHE TPYOH!
I/d=>30. Ecau I/d Menblue, TO 3HayeHHe Ko3addullMeHTa TENJIOOTIAuH
Gyzer Buime. B 3Tom ciyyae 3Hauenue KO3(duiHeHTa TEMIOOTIauH o
BHIYHCJIEHHOE MO 3TOH ¢dopMmyne, HALO YMHOXKHTE Ha NONPABOYHBIA KO.
stpunnent e, = 1,7 (d/)™'®.

OT cOnpHKOCHOBEHHA C BO3JYXOM paclliaBJeHHbIE MeTalJ/bl CHIbHO
oxucasorcs. [1osToMy MX UHPKYJIANHOHHHE KOHTYPHl JOMMKHH OHITH
repMeTHYHbIMH H 3anoJIHeHBl HeHTpaJbHBLIM rasoM. B mporHBHOM chy-
yae Ha MOBEPXHOCTH HArpeBa OCaXKAaeTCs CJOH OKHCJOB H TEMJI00TAaua
yxyaumaercs. st pacdera cpelHHUX Ko3(pUIMEHTOB TENMJIOOTAAYH NPH
BEIHYKI€HHOM TYpOYJ/IEHTHOM [BHXKeHHH B OKHCJEHHHX Tpy6ax mo-
nyuena dopmyna [72]

N,y = 3,3 10,014 PelS. (10-21)
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Uro xacaercsi THAPABJIHY4ECKOr0 CONPOTHBJIEHHS, TO OMNHEITHI NOKa-
3LIBAIOT, YTO JJIs Paci/aB/JeHHbIX METaJJIOB OHO MONYMHSETCS OOLIHM
sakoHomepHocTam [41].

ITpu nonepeunoM o6TeKaHHH IIAXMATHBIX H KOPHIOPHBIX MyYKOB
Tpy6 NOTOKOM pAacIIaBJIEHHOTO MeTaJia JAJs pacyeTa TerIoOTAAuH
NpUMeHHMa 3aBHCHMOCTL [82, 88]

Nu,s = Pe3a, (10-22)
B KOTOpOH ONpeneNsiomHEM pasMepoM CJIYXKHT THaMeTp TPYOH, a CKo-
POCTL PacCYHTHIBAETCS B Y3KOM CedeHMH myyka. 3ta ¢opMyna cnpa-
BeJJIMBa B JuanasoHe gncea Pe,, or 100 no 4000.

IlpuBeneHHHE COOTHOIIEGHHSA NMOKA3HIBAIOT, YTO B YCJIOBHSX BBIHY K-
JIeHHOTO TeYeHHA MEeTaJJIHYeCKOro TEMJIOHOCHTENS AJIs Tpolecca TerJo-
ofMeHa onpefenfowuM spiaaerca uuciao Ilekne Pe = wd/a; BiusHue
BA3KOCTH Ha Temjootjauy orcyrcrByer. OT pacnpefienenus Temmepa-
TYp H HanpapJieHHs TeIJIOBOTO MOTOKAa TEIJIOOTAa4a pacraBiIeHHBIX
MEeTaJI/IOB NpPakTHYeCKH HE 3aBHCHT.

ITpouecc KuMeHHUS MIENOYHHX METAJJIOB, KaK MOKa3bIBAlOT ONBITHEIE
JlaHHBE, TaKKe XapaKTepH3yeTcsi HeKOTOphIMH ocobGeHHoctsmu. -TIpu
HUSKHX JaBJIeHUsiX HachmleHHBIX napoB (umxke 0,3.10% ITa) o6eiyHO
Ha6/monaeTcss HeYCTOMUMBBIA pe:HM KHNEeHHS: mapoo0pasoBaHHe MpO-
HCXONHT HeperyJsipHO, OTJENbHHIMH BCIJIECKAMH, B TIPOMEXYTKe
MeXJy KOTOPHIMH HAKOCTb neperpeBaercs. IIpH BBICOKHX TeNJIOBHIX
NIOTOKAX Ieperpep XUIKOCTH OKOJIO IIOBEPXHOCTH HarpeBa MOKeT GHITh
3HAYUTEILHBIM, JOCTHTaA JeCATKOB H coTeH rpagycoB. [Ipu Bckunauuu
neperpeB OLICTPO CHHXKAeTCA: 3TO BH3LIBAeT HHTEHCHBHEIE KOJleGaHHS
TeMrnepatyp BG Bceil cucreme. HeycroiiunBoe KuneHue MeTajljia 4acTo
COTIPOBOXKJAETCA TAKXKe 3BYKOBEIMH 3(deKkTaMu: CTYKOM, IIeTYKaMH,
TPeCcKOM H T. A. B 1eJJoM HHTEHCHBHOCTb Telyioo0MeHa NMpPH HeyCTOHYH-
BOM KHIEHHH OKa3LIBaeTCA HECKOJILKO 6oJiee BHICOKOH, 4eM TPH CBO-
Gonuoll KouBekUMH Ge3 kunenus [5H7].

Ilpu naBneHHAX, GMH3KHX K aTMocepHOMY, NpOIECC KHMEHHS Me-
Tanna npuoOperaeT YCTOHUHBHIA XapakTep; HHTEHCHBHOCTb TeMJ006-
MeHa pacTeT. 3aBHCHMOCTD & OT § NIPH PasBHTOM My3HIPbKOBOM KHMNeHHH
MeTaJlJIoB B GOJIBLIIOM OGbeMe HMeeT TaKOi JKe XapakTep, Kak H NMpPH KH-
NEeHHH OGBIYHEIX KHIAKOCTEH:

a=cq". (10-23)

Ilpu 3TOM B onbiTax GbLIO O6HAPYKEHO, YTO €CNH KHNALWMH MeTann
HAXOAMTCA MOJ JaBJeHHEM HHEPTHOID rasa, TO TEIJVIOOTAaua OOGRYHO
OKasbiBaeTcsi Gosiee BHICOKO# (nmpumepHo B 1,5 pasa), yem Toraa, Korzaa
MeTaJJ HaXOIHTcs NOJA JaBleHHeM CBOero HacHimexHoro mnapa. Ilo-
BHIAHMOMY, 3TO OOBSICHAETCS TEeM, 4TO ra3, YaCTHYHO PacTBOPAACh B
JKHIAKOCTH, o6JieryaeT BCKHUIIAHHE H YBEIHYHBAeT YHCJO NeHCTBYIOMHX
LEeHTPOB napoobpasoBanus. MHepTHHI ras Takxe cnoco6erByer Godee
paHHEeMY Mepexoly OT HEeYCTOAYHBOrO K Pa3sBHTOMY DEXHMY KHIEHHs.
TennooTAa4a NpH KHIEHHH METAJ/IOB 3aBHCHT Takike OT (PH3HKO-XHMH-
YeCKHX CBOMCTB H MaTepuaja IOBEPXHOCTH Harpepa, €e OJHOPOAHO-
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ct. Bee 370 npHBOAMT K TOMY, YTO ONEITHEE NaHHEIE, NOJYYEHHEE pas-
HBIMH HCCJIeNOBaTeISIMH, 3HAYHTEJIbHO OTJIHYAlOTCH.

OpuenTHpOBOUHBIE 3HaueHHs KoaddHIueHTa ¢ B ypaBHeHuH (10-23)
LNl HATPHA, Kalus, [e3Hsi, a TaKXKe aMaJbraM PTYTH NpPH JaBJeHHAX
OKOJIO armochepHoro GaM3KM Mexay cofofi M COCTaBJSIOT:
¢~ (4+6) Br'’/(M"®.°C). Tlepsaa KpHTHUeCKaa MIOTHOCTb TEMIO-
BOTO MOTOKA (ypy B 3THX YCJOBHSIX XapaKTepH3YeTcCS CJeyIOUHMH
BeTHYMHaMH: Jis HatpHua (2--3)-10% maa kamma (1-=-2)-10%, mas
uesus (0,7—=-1,5)-10% Br/m2. Ilpu yBennueHHH JaBJeHHs TEINIOOTAAYa
H KpPUTHYECKHEe TeIJIOBEIE HArpPY3KM NpH KHNEHHH MIEOYHEIX METaJJIoB
HECKOJIbKO yBeauunBaioTcs [85].

KoHnpeHcanus MapoB IIEJOYHBIX METaJJIOB OGEIYHO HOCHT INJIeHOY-
HEIl Xapakrep. M3-3a BEICOKOH TENJIONPOBOAHOCTH KHAKOMETAJJIHYE:
CKOfi N/IeHKH ee TepMHYeCKOe CONPOTHBJeHHe (onpejesseMoe MO Teo-
pHH nJjeHouHo#t KoHpeHcanuu Hycceawra, cMm. § 4-2) okasEBaercs
upesBHUaiiHo HH3KHM. IT03TOMYy HHTEHCHBHOCTH KOHIEHCAIHH MapoB
METaJJIOB Onpenefisiercss OOBIYHO He CTOJbKO TePMHYECKHM COMpPOTHB-
JIeHHeM KOHJIeHCAaTHOM NJIeHKH, CKOJbKO CKOPOCTBIO MOCTYIJIEHHA MO-
JIeKyJ napa K MOBepXHOCTH TJIEHKH H 3((EeKTHBHOCTBIO HX OCaxJAeHHs
(xonnencanun) Ha 3Tofi nomepxHoctH. Ilocnenuuit npouecc onpepne-
JISIETCA  MOJIEKYJISIPHO-KMHETHYECKHMH 3aKOHOMepHOCTSIMH. B 3toMm
COCTOHT OCHOBHasi OCOGEHHOCTb KOHJEHCAHH NapOB MeTaJJTHY9eCKHX
TeMJIOHOCHTeNeH.

CorylacHO MoseKynspHO-KHHeTHuecKo# Teopuu [55, 70] ckopocrs
KOHJIeHCAllHH HaCHINEHHOr0 napa NpH He o4eHb GOBIIMX pa3perkeHusx
onpeensercs COOTHOILEHHEM

Y b B 10-24
! 1—0,4B V 2aRT ( )

Tle j — KOJIMYeCTBO napa, KOTOpoe KOHJAEHCHpYeTcsl Ha eIHHHIE Mo-
BEPXHOCTH MJIEHKH B eIHHHIY BpeMmeHH, Kr/(M2-c); p 1 T — JpaBieHHe
H TEMIeparypa HaCHIIEHHOro napa B ofneme; p’ — JAaBJeHHe Ha JIH-
HHH HACHINEHHUA NPH TeMnepaTrype MOBEPXHOCTH maeHKH T'; R — HH-
IMBHAya/lbHas rasopas nocrosnuas, Ix/(kr-K).

Bespasmepnbiit kosbdunneHT P, BXomsduwi B 5T0 ypaBHEeHHe, Of-
perensier 3(peKTHBHOCTL MpOlecca 3aXBara MOBEPXHOCTRIO MKHAKOCTH
najalonkx MOJIeKYJ napa; OH HashiBaeTcsi Kodguyuenmom KoHdeH-
cayuu. Korza Bce MOJIeKyJIH Iapa, NOCTHTAIONIHE MOBEPXHOCTH MJICHKH,
3axBaTekiBaloTcs e (KoHmeHcupylorcs), f = 1. Ecam nosepXHOCTb
3axXBaThIBAET TOJBKO YacTh Mafalomux monexyn, f<<1; ocranbHble MO-
JIEKYJH B KoJHyecTBe 1—f oTpaxaloTcs OT MOBEPXHOCTH H YXOUAT
o6paTHo B mapoBoil oGbeM.

ITnorHocTh TEMIOBOrO MOTOKA, OTBOAMMAR OT MOBEPXHOCTH IMJIEHKH
K CTEHKe,

q=rj. (10-25) .

Takum obpasom, coornowenus (10-24) u (10-25) npu u3BecTHOH
TeMNeparype moBePXHOCTH KOHJEHCATHOH nueHKH T  onpefejsior Ten-
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JIOBOH MOTOK B NpoLecce KOHAeHCauWH napa. Jlas >KulkoMmerasiinge-
CKHX TEIJVIOHOCHTEJEeH TepMHYeCKOe CONPOTHBJEHHE KOHJIGHCATHOMH
NJIEHKH BO MHOTHX CJIy4asX OKa3blBaeTCA HacCTOJLKO MaJlbiM, YTO MpH-
GAMKEHHO MOXKHO CYHTaTh, YTO TEMNEpaTYpPHLIH mNepenaj B TIJIEHKE
OTCYTCTBYET H TeMneparypa CBOGOIHON NMOBEpXHOCTH IVIeHKH T’ paBHa
Temnepatype creiku Te. Torna NpHBENEHHEIE COOTHOLLIEHHS IO3BOJISIIOT
paccuuTtaTh TemIoo6MeH.

Hccnenopanusa [86] noxasbiBaror, 4TO NpH HM3KUX JaBJEHHAX Ma-
poB meJouHbIX MeTamtoB (p;<<0,01 Gap) KoaddHIHeHT KOHIeHCALHH
B = 1. Ilpu yBennuennu napienus 3HayeHus f ymenbmatorcs. [lo pan-
HeM [100, 111] B 310it OGnacTu naBjJeHUH AJI8 Kalusi U HATPUA 3aBH-
CHMOCTh P OT HaBneHHSI p; ONHCHIBAETCS CJEAYIOWEH SMIHpHYeCKOoH
dopmytoi:

B=(0,004/p,)",

KOTOpasi MOATBEPIKAAETCS ONBITHHIMH JaHHHEMH [0 JAaBJAEHHH p, =
= 1 6Gap. :

Ilpu HamMyHH B mape mpHMecell HHEPTHOTO rasa, a TaK¥Ke NpPH 3a-
TpA3HEHHH l'IOBEpXHOCTH NJeHKH KOHJieHCaTa HHTEeHCHBHOCTbH KOHJIEH-
CallMH NapoB META/JIOB pe3ko cHHxaercsi [86].

10-5. NEPEAAYA TEMNOTHI YEPE3 CTEPXXEHDb

PaccemoTpuM nepefauyy TemIOTH uepe3 NMpH3MaTHYeCKHH CTepIKeHB,
nJomanb ceyeHusi xoroporo f, a nepumerp ceuenns U. CrepxeHb Ha-
XOIUTCH B Cpele, TeMNeparypy KOTOPOH YCJIOBHO NpPHMeEM paBHOM
Hymo. Temneparypa cTep:kHA H3MeHfeTc JHIIbL MO €ro JJIHHE W fAB-
Jgsercad (YHKIHEH TONbKO HIJHHBH, T. €. O = f(x). B ocuopaHuu
CTEPIKHSA TeMIepaTypa paBHa O, J3HauyeHHA KO3(pPHUHUEHTOB Temjo-
NIPOBOJIHOCTH H TeNJIOOTAAYU H3BECTHHI H paBHH A U a.,. Tpebyerca ycra-
HOBHTb 3aKOH H3MEHEHHA TeMmepaTyphbl MO CTepKHI0 H KOJHYECTBO
nepefiaBaeMOH TEIJIOTH Yepe3 CTep:KeHb MpPH CTAl(HOHADHOM TEIIOBOM
pexHMe.

Ha paccTosiHHH X OT OCHOBaHHS CTEPKHS BBIIEJHM 3JIEMEHT JJIHHOH
dx ¥ COCTaBHM ]I HEro ypaBHeHHe Teruioporo Gamanca (puc. 10-6).

OueBHIHO, UYTO

Q—Q"=dQ. (a)
CornacHo sakony ®dypobe
A
Q - dx

Q7’=—L%(&+%dx)f.

* Jlas oObuHBIX TEeNJOHOCHTeJell noJoxeHHe oGpaTHOE: TeMmepatypHuH
nepenaj B nJeRKe o6GLYHO 3HAYHTeJALHO Gonbmie, 9eM PasHOCTh TeMmeparyp,
T—T’, ¥ nostoMy NpHGIHXKEHHO MOXHO CYHTaThb, YTO TeMmepaTypa Ha cBoGOA-
HOMl MOBepXHOCTH NIJIEHKH paBHA TeMmepaType napa.
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CnenoBarennHo,

/ " d*
QU—-Q =dQ=AEx—1fdx. (6)
C nmpyroii CTOpOHHI,

dQ =a,%U dx. (B)

Ipupasuss apyr k Apyry ypaenenus (6) u (B) ¥ npoH3Beas COKpa-
LEeHHe, MOJYYHM:

™ _alUg s i
PR 4 = m?9, (10-26)
rie o
= N A
m= m . (r)

Ecau o, ne 3aBucut or x, T0o m = const. Torna o6muii unrerpan

JuHefiHoro JAudipepeHuHanbHOrO ypaBHeHHs BToporo nopsaka (10-26)
HMeeT CJeAyIomui BUI:

=3 t

B =Cye™ +Coe™™. (10-27) ‘lta

3HaueHHS] MOCTOSIHHEIX WHTErpH- T

poBanuss C; u C, onpenensiorcs o

)

H3 'paHHYHEIX YcJoBHil. B 3aBuch- av
MOCTH OT AJIMHEI CTEPXKHS 3TH YCJO- Lowe 21 T
BHA PasJHYHBL, NMO3TOMY OHH OyAyT A ! |z
PacCMOTPEHEl PasfebHO. I e

r "
Puc. 10-6. Tennomepenaua yepes Gecko-, L a 2 }

HEeYHO LJIHHHBIH CTepKeHb. aq

a) CtTepxenb GeckoneunHo# aauus. Ilpp x =0
ﬁ’='ﬁ‘oﬂﬁo=cl+C2;an x=00‘ﬂ'=0HC18m+Cge_-m=0

uin C.e” = 0. INocneanee cnpaseauBo JHWb MpH ycaoud C, = 0.
Takum o6pasoM,

C1=0 H Cg'—_—'&o. ()],)

TloacraBnsis 3TH 3HaueHHs B ypaBHeHwue (10-27), nonyuaem
0 =0 ™, (10-28)
CnenosatenbHo, & = F (&, X, &4, A, f, U). IMes B BHay, uto mo-

Ka3saTeJb CTeNeHH mx sBJsAercss Geapa3MepHOli BEJIHYHHOH, ypaBHeHHe
(10-28) moxxHO mpencTaBHTb B APYroM, G6eapasMepHOM BHIe, a HMEHHO:

8/8,=e"'=F(K,), (10-29)
. . U a,x2 F
rae Ky =xm=x W -I/ ez
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Jlns kpyraoro crepxus U/f = 4/d, nostomy

_ a_gq/ mdx
KI_QXI/M Zl/x d’

[Mapamerpom K, onpesensercs XapakTep H3MEHEHHs TeMnepaTtyphl
no JJHHe cTepHA. B 3aBHCHMOCTH OT ero 3HaueHHs, BepHee, OT CO-
OTHOIIIEHHSI ONMpENENSIONHX €ro BeJHYHH, XapaKTep H3MEHEHHS TeM-
nepaTtyphl mosydaercsi pasiuuHbiM (puc. 10-7).

KosiMuecTBO TENJOTH, OTJAaHHOE CTEp:KHEM B OKDYKAIIyio cpeny,
paBHsieTCS KOJIHYECTBY TEMJIOTHI, MpOLIENIIEMy Yepe3 ero OCHOBaHHe.
CunefoBarenbHo,

= —M (d9/dx),_. (©)
t
£
100x5 - o
o \ A
P AN i S P > o]
N = tae | %
40 \*-‘9/;(, T ! }
3 g 0 : =z
) — 2 —= dZ =—
2y > [ — w
z — Q' A
i 0 20 30 cm 40 &7 4q
Puc. 10-7. U3menenne TeMnepatyphl Puc. 10-8. Tenaonmepefaua ue-
N0 JAHHE CTepXKHeH H3 Pa3NHYHBIX pes cTepieHb KOHEUHOH JJIHHEL
MaTepHaJoB.

W3 ypaBnenus (10-28) nmeem:
(ddldx),_,= ( — O me—mx),  =—0,m. (2x)

[ToncraBasis 5T0 3HaUeHle B ypaBHeHHe (€), OKOHUATENLHO HaXONHM:

Q=Afmdo=1, |/ chfU. (10-30)

6) CTepXeHb KOHeUYHOHN XJuHB. I8 CTepxHsA KO-
HeyHOH nyuHbl (pHc. 10-8) nuddepenuuanbHoe ypaBHenue (10-26) co-
XpaHsieT CHI1y, HO TpaHHuHble YC/I0BHS uH3MeHsaworcs; npu x = 0

o = 'ﬁ‘o H
B =C1+C. (3)

[lpu x = [ KoauuyecTBO TemnoThl @7, MOABENEHHOE MO CTEPKHIO

K TOpUY INyTeM TeIVIONPOBOXHOCTH, OTAAE€TCA B OKPYKAIOLLYI0 Cpeny
NyTeM TEIJIOOTAAYH, T. .

—A (d9/dx),_, =[O, (n)

rle o, — 3HaueHHe Ko3(HIHEHTAa TEMIOOTIAUH HA TOPLE CTEPXKHA.
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M3 ypaBnenus (10-27) umeem:

e Clemt_[_ Cze-—mt (K)
H
(d8/dx),_,= C,me™ —C,me™™. ()
TMoneraBasis sHaueHHs (K) M (1) B ypaBHeHHe (M), NOJyYaeM:
Cyine™ —Come™ = % (Cle'"’ +Cy™™), (™)

Pelnas coBpMeCTHO ypaBHeHHS (3) H (M), onpefesseM HeM3BEeCTHHIE
Cl H CQ:

—ml
C =10, (1 — a/m)) € : (1)

el ™y _;% (eml__ e—ml)

€=, (hajal) e . ©)

Ll o8 mi i E_z_x (eml ___e—ml)
m

ITocsie MOACTaHOBKH 3HaueHHii (H) H (0) B ypaBHenue (10-27) okon-
YaTeIbHO MOJYUHM:

8=, (1 — ag/mh) €™ ™™ | (1 + ay/mh)e—m%e™ (1031

ol + e—mi + %’ (eml_ e-—ml)

Temneparypa Ha KOHIle CTEpKHSI MOXeT OHTh HaiiieHa M3 ypaBHe-
Hua (10-31), ecau mnonoxHTh x = [*:

8,=19, g =0, ) (10-32)
e e % (e"" —e"""") chmi - ii;\‘ sh m!
HJIH

8 _ 1

G,, ch K; 4 Kysh K, ’

rae
Kl—’mI—IV-aIU Kg——J-:—!—E?E:_I_E.

* Hanouunu, 41O

1 i i i em::_e-—m.:
—(e —e )=shmx; = = th mx;

2 eMm* L g—mx  chmx

%(e’""—l—e‘mx):chmx,e e =1,
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IlepBEIM crnaraeMbeiM 3HameHaTelss B ypaBHeHHu (10-32) yuurhi-
BaeTcsl OXJaxJeHHe GOKOBOH NMOBEPXHOCTH CTEpPIKHS, BTOPBIM — TOP-
11€BOiA.

KonnuecTBo TENJIOTH, NepefaHHOe Yepes CTepiKeHb B OKPYIKAIOLLYI0
cpeny, PaBHO KOJHYECTBY TEMJIOTH, TNpOIMIENIIEMy Yepes OCHOBaHHE
crepxHus, npH x = 0. M3 ypasuenus (10-27) umeem:

Q=—1(Z) =—mm(C—Caf. (n)
x=0

[NoncraBnss ciona 3Hauenus C, u C, U3 ypaBHeHHH (H) H (0), To-
JyyaeMm:

22 4 thmt
=Sl ., (10-33)
14+-22 thmt
m

Herpyano yGenntecsi, uro ypasHenus (10-28) u (10-30) sasiores
yacTHEIM cayuaem ypasueHui (10-31) u (10-33).

B Tex cayyasx, Koria TeIJIOOTAa4yeH ¢ TOpLA CTePIKHSA MOXKHO npe-
HeGpeub (Q” = 0), ypaBHenus (10-31) — (10-33) ynpomatoresi. Co-
TJ1aCHO YCJIOBHIO M3 ypaBHeHHH (M) u (1) uMeeM:

Qs = 0=(a8/dr),_,= Cie™—Ce™. (p)

Pemasi ypaBHenne (p) COBMECTHO C ypaBHeHHEM (3), HaXOIHM:

—ml

Ci=t— ©
e T €
eml

Ilocne noacraHOBKH 3THX 3HA4YeHHH YpaBHEHHe TeMmnepaTypHoO#
kpuBodl (10-27) npuHMMaer BHI:

ﬂ=ﬂo 1 [em(f_n—l-«e_'m("_”] =_ﬂo chm(x—1) ) (10_34)

emI_T,_e—ml ch ml
[lpn x = [ ch m (x—I) = 1, caenosaressHo,
9, =0 (10-35)

" chml’

KonvgecTBo mepejaHHOH TEIJIOTHL B 3TOM CJy4de COTJIaCHO YpaB-
HeHHIo (1) paBHO:

emI _ e—-—ml .
i

=Y gy thml, (10-36)
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Jlerko y6eantsesi, uto ypaBHenua (10-34) — (10-36) nenocpenct-
BEHHO nosyuatorcsi W3 ypasHenu# (10-31) — (10-33), ecau noA0KHTE
B HHX a, = 0. :

Mpumep 10-1. OT TpedHS B NOAMHNHHKE BHIEISETCH TaKOe KOJHYECTBO
TeMJOTH, YTO Ha KOHIe Baja puamerpoM d = 60 MM ycrahaBiHBaercs Temmepa-
Typa BHIIIE TeMIepaTypH oKpykalomero Bosnyxa na 60°C. Kak pacnpepeasercs
TeMmepaTypa BHOJb Baja W KaKoe KOJIHYECTBO TEMJIOTH MEpegaeTcs uepes BaJ,
ecqH KoahuiHeHT TemsooTAaun &, = 6 B1/(M?.°C) u KosapduuHenT remaonpo-
BOIHOCTH MaTepHana Baia A = 50 Br/(m-°C) H Ban pacCMaTpHBATh KaK CTEPXKeHb
GeckoneHolt QAAHHBIL

Cornacro ypasrenuio (10-28) & = §e™™, rae m=7p a UM «
BH‘IHCJ!HM CHayajaa 3HauyeHHe m, KOTOPOE ans prrfor‘o CTep¥XHA PaBHO
2V ahd, u naiinem Ky =xm= 2¢ 1 6/(50-0,06) =21/ 2 x — 2,84x.
CnelloBaTenbHO, HaMeHEHHE H3OKHITOYHOM TeMnepaTyphl
no Bajy onpegeisiercsi CAelyIOUmHM YypaBHeHHeM: % =

=60 ¢ 28 % Pesygpratel pacuetoB mo stoit dopmyae
NPHBOAATCS HHKE:

1+

\

X, M ... .... 00 00 0,10 02 0,5
$°C . . ... .. bS5 52,2 43,5 35 11,8

KonunuectBo mnepefnaBaeMOfl TEMJOTH ONpefeasercs
cornacuo ypasuenuwo (10-30):

3,14 (0,06)
4

Q = Afmd, = 50 .2,84.60 = 24 Br.

Mpumep 10-2. B KomnpeccopHOH YCTaHOBKe TeMmepa-
Typa BO3JyXa B peseppyape H3Mepsercd PTYTHBIM
TEPMOMETPOM, KOTOPHIE NOMellaeTcs B  JKeJe3HYI0

r ETEIEELTELETIESEIEIEFERIEL ST FEGSITIISIPFS
T e

4
4
.
H
4

Pue. 10-9. K pacuery nOrpemHOCTH MOKa3saHHA TepMO- L
MeTpa.

TPYOKY ~(rujb3y), 3anonHednywo MacjaoMm (pHc. 10-9). Tepmomerp mnoxasmBaer
TEeMIepaTypy KOHIA THJb3b, KOTOpPas HHIKE TeMIIeDATYDPHl BO3NYXa fy BCIEHCT-
BHEe OTBOJA TemaoTH 1Mo TpyGke. Kak Benuxa omuOKa H3MepeHHSH, ec/lH MOKasa-
HHe TepMomerpa #; = 100°C, TeMmepaTypa y OCHOBaHHA THAB3H f, = 50°C,
naHHA TPYGKH [ = 140 MM, ToNmHHA ee cTenkH & = 1 MM, KosddHuHeHT Tenao-
nposofrocTd A = 50 B1/(M-°C) u kosdu1HEHT TenNOOTAAUH OT CKATOTO BO3AYXa
K TpyORe &y = 25 Brt/(M?-°C). _

Ins pewenus Bocnonnayemcs dopmynoit (10-35). B npumenennn X paccmar-
puBaeMOMY cayuail 5ta (opmyda NPHHHMaeT BHI:

tm el tD
= emt (a

rIe fy — HCTHHHAS TeMIepaTypa CXaTOTO BO31yXa; f; — TeMmepaTypa Ha KOHIE
THAB3bI, IOKA3EIBACMas TEPMOMETPOM U PaBHas 100°C; t, — Temmeparypa THAB3H
y ocHoBanus, paBHas 50°C.

W3 ypaBuenus (a) umeem:

tichml—t,

g = .
= chml—1 ©)

Belyucaum sHauenHe mil: tak Kak U = nd u f = 7 d6, 10

i ]/ﬂz = l/_m%_-o,m =3,14.
Ad 50-0,001
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Coranacuo TtaGa. I1-13 ch (3,14) = 11,6.
TMoacTaBHe 3TH 3HaueHHs B ypaBueHHe (6), MoJAyuHM:
_ 100.11,6 —50

- = 104,6°C.
- 11,6 —1 :

CnenosarenbHo, own6Ka uaMepenus Af paBmua:
At =ty — ;= 104,6 — 100 = 4,6°C.

INorpewHxocTs HeflomycTHMO BedaHKa. Jlas cHHXeHHsi OWHGKH IPH H3Mepe-
HHH TeMIepaTypsH NDH MOMOMH TePMOMETPOB, MOMemJeMHX B MeTalalHyecKHe
FHB3E, COTJIaCHO ypaBHeHHIO (6) HEOGXONHMMO: a) THAbL3Y Jenath H3 MaTepHala
¢ BO3MOJXHO MeHBIUHM K03()(HUHEHTOM TEeNJONMPOBOAHOCTH, 6) AJAHHY ee GpaTh
BO3MOXKHO Gojblue, a TOAWHHY & — MeHble; B) HHTeHCHPHUHpOBATh Tema006-
MeH MexNLy Tpy6kofi (rHab3oif) H cpenofi (HampHmep, nyTeM opeGpeHHS THAb3HI
C BHelHedl CTOPOHH); I) YMEHbLIHTh MajeHHe TeMIepaTyphl BIOAbL TPYOGKH (nyTeM
HaJloXKeHHs TelVIOBOR H30JSUHH Ha MpHJeralpmHe YacTH pe3epByapa).

10-6. NEPEQAYA TEMJOTbHl YEPE3 PEBPA

Ope6ipenyie NOBePXHOCTH HarpeBa NPOH3BOLHTCS C IHEJIbIO HHTEH-
cudHKauHu tenyonepenaud. Eciu opeGpenue 3alaHo H 3HayeHHe KO-
s(puLHeHTa TENI00TAAYH 1151 .ope6peHHOll NOBEpXHOCTH H3BECTHO, TO
pacyer Tenionepefayd uepe3 peGPHCTYIO CTEHKY HHKAaKHX 3aTpyaHe-
HHH He cocraBaseT (cm. § 6-5).

Jpyroe neno, xoraa tpeGyercsi paccuMTaTh camo opebGpeHue, T. €.
onpenenuTh Haubosee palHOHAJIBHYIO GOpPMY H pasMepsl pebpa. [lpu
3TOM B 3aJjauy pacyera BXOAMT pachpejieleHHe TemnepaTypH no pebpy,
KOJIHYECTBO CHHMaeMOH TelJOThl, FHIpaBlIHYeCKOe COMNPOTHBJEHHE,
Macca H CTOMMOCTh ope6peHHOH NOBepXHOCTH HarpeBa. Kpome Toro,
B 3aBHCHMOCTH OT HasHaueHHs peGpPHCTHIX MOBEPXHOCTEH K HHM OOGLIYHO
NperbABNAETCA PAJ JONOJHHTENbHEX TpeGoBaHHH. B oIHHX ciywasx
Tpebyercs, 4ToObl TabapuTH TenJoo6MeHHHKA OBITH MHHHMalbHBIMH,
B IpYrux, 4roObl MHHHMaNbHOH Obl1a Macca, B TPETbHX, YTOGHE HCIOJIb-
30BaHHe MaTtepuana Obl1o HanGosee 3hdeKTHBHBIM H T. A. B mosaHom
of’beMe TaKas 3azaua MOxeT GHITH penleHa TOJMBKO Ha OCHOBE SKCNEepH-
MeHTa M TO JIHIIb B TOM CJyyae, eCJIH 3aaHbl KOHKpeTHbIe YCJIOBHS pa-
GOTEl NOBEDXHOCTH HarpeBa W InpelbsBiseMble K Hell TpeGOBaHHA.
BMecTe ¢ 3THM MMEIOTCA H MaTeMaTHYecKHe pelueHus sanaud. Ilpaena,
3TH pellleHUs1 OYeHb CJIOXKHBI, H BO3MOMKHBI OHH JIHIUbL NPH [eJoM pagne
ynpouamomux npeanocklyiok. Ho HecMOTps Ha 3To, OHM LEHHH H C YC-
nexXoM MOryT GBITb HCNOJBL30BaHbl, XOTs OB B NpeJBapUTeNbHEIX pac-
4eTax, TeM 6osiee, YTO NMPH PeIIeHHH TeXHHYeCKHX 3ajnau MeToaHka pac-
yeTa MOXeT OBITb 3HAuHTeNIbHO YIPOIIEHa.

1. Mpamoe peGpo mocrosHHoM TonmuuHbL. [IycTh HMeeTcs npsMoe
pe6po, ToauuHa Kotoporo 8, BricoTa A u gnuna [ (puc. 10-10). Koagpdu-
ILHEHT TeIJIONPOBOAHOCTH Martepuaia A. Temmepatypy OKpyxkaiomei
Cpelbl YCJIOBHO NPpUMEM paBHoOH HyJ0. Temneparypa pebpa H3MeHsAeTCA
JHWb 1O BBHICOTE, T. €. ¢ = [ (x), B OCHOBAaHHH M Ha KOHLe pebpa TeM-
nepaTypnl coorBeTcTBeHHO ¥ H ¥,. [ G0oKOBOH MOBepXHOCTH pebpa
Ko3(hdHUHEHT TenJIOOTAAYH &,, a A TOPUEBOH O,
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Penienue 31ofi 3aflaud TOXKIECTBEHHO pelleHHIO npenbinymeii. dop-
MYJbl, BHIBEJIeHHLIE paHee /A CTEPXKHS KOHEYHOH JTMHBLI, CrpaBej-
JUBH H IVIA NpAMOro pebpa NOCTOAHHOH TOJIIHHEL

B cooTBeTcTBHH € NPHHATBIMH 3/eCh 0603HAYEHHAMH YDaBHEHHs
(10-32) u (10-33) mMpHHHMAIOT BHI:

8, =0, : ; (10-37)
chmh + 22 shmh
mh

22 4 thmh
mA

14+ 22 th mh
mi

v

T —| 4Z b=—

AN

Puc. 10-10. Ilpsamoe pebpo Puc. 10-11. Tlpsamoe peGpo
NOCTOSAHHOI'O CEYeHHH. TpaneHeBHAHOro CEUEHHA.
3neck m = J/ 2a,/A8, 6o nas mIoCKHX pebep
f=08l;, U2l n Ulf=2/8.
Ecan rensoornayeii ¢ Topua npeHe6peusb, TO MONTYUHM:

1
V=17
¥ 1<:hmh

(10-39)

Q = Amf®, th mh. (10-40)

B npakTHuecknx pacuerax BMmecto TouHbIX dopmya (10-37) u (10-38)
MOXXHO TOJIB30BaThes ynpomieHHHIMH — (10-39) u (10-40). Tennoor-
Jaua C TOpILA NPH 3TOM JOBOJBLHO TOYHO YUHTHIBAETCH IYTEM YCJIOBHOI'O
yBeJIHUYEHHA BHICOTH pefep Ha INOJOBHHY HX TOJIIHHBI; MOBEPXHOCTh
Toplia Kak Obl pa3BepThiBaeTcss Ha GOKOBHE rpanHH pebpa.

2. Tpamoe peGpo nepemenHoi# TonmMHbl. Pemas sajauy o HauBbl-
ronHeiimed ¢opme pebpa, 3. IllMuar mpuiea K BHIBOAY, 4TO HanboJee
BBITOJIHEIM fABJsieTc peOpo, orpaHHuyeHHOe NBYMs napabonamu. Crpe-
MACbh 1O BO3MOMKHOCTH NPHOIH3HTBCH K TakKoii dopme pebpa, oueHb
yacto peb6pa H3rOTOBJISIOT He NOCTOSIHHOTO CedYeHHs, a ¢ YTOHEeHHeM

OT OCHOBAaHHMA K TOpuy, NpHiaBasi UM TpanenueBUIHOE HJH TPEeyrodb-
HOEe ceyeHue.
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Ilycte mMeerca pe6po TpameuwueBHAHOrO ceueHHs. Ycaosus pabot Te xe,
4TO H B NpefbAYyIIeM cayyae; pasMepsl H 0603HaueHHs npuBeleHs Ha puc. 10-11.
3a HayaJo0 KOOPAWHAT LeiecooGpa3HO MPHHATh BEeDIIHHY TpeyrosbHHKa. B stom
ciyyae HampaBJeHHE TENJOBOrO NOTOKA NPOTHBONOJOXKHO HANMPABJEHHIO OCH
abciHce. ‘

[TpH cTauHOHApPHOM pEXHMEe H3MeHeHHe KOJHYECTBA TEMJOTH, MPOXOLAMEro
yepes CeyeHHN X H x -+ dx, onpelenseycs TemnooTiadell ¢ 60KOBOH MOBePXHOCTH
paccMaTpHBaeMOro 3JIeMeHTa, MO3TOMY

d da%

— (M — | =aUd. a

dx ( 4 dx) (=)
HMmes B BuRy, uTo [ = 81 n 8 = 2x {g ¢, u npoussens auddepennupopanne,

TOAY4HM:

az 1 db 1
Ll Ty e ®

Ecau BBeCTH HOBYIO [EPEMEHHYIO 2 = x, TO ypaBHeHHe (0) HpHH#-

MaeT BHI: t
d2 1 d¥ 1
—fF————%=0.
dz2 - z dz z (=)
O6mee peuleHHe ypaBHeHHs (B) HMeeT BHL:
8 =Co(2V2) +CoKo (27 2), (10-41)

rne Iy 1 K, — monupuuuposarnubie pyukunu Beccens mepsoro u BTOpOro poxa
HYJeBOro MopsAAKa. 3HaueHHs 3THX GYHKUHE npuBelens B Taba. [1-14,
Oxonyare/ibHEIe HHTEpecyIOmHe HAC pacyeTHbie GOPMyan s %3 u Q ouenn

cnoxHel. Ho ecaw rtennoorhaueii ¢ Topua npeHeGpedb, OHH HECKOABKO yn-
pomatorcsi. [IpuBelleHHeM 3THX YNpOmEHHHX GOPMYJ 3leck Ml H OorpaHHu-
YHMCS:
§— 9, 0@V K @V2)+ 1 2V2) K (21/2)
L @Vz) K 2V2) 41,2V 2) K, (V7)

rie I, H Ky — moluduukpoBanntle pynkuun Beccens mepsoro u BToporo poxa
nepBoro nopsjka;

(10-42)

= = — 10-43

"heVm KkeVR+LeVR KW Y
asy a9

Q=—M; (E)x—x =9 rl/z_llTlfp' (10-44).

rje

_LQ@Vz) K (2Vz)— 1, 2Vz) Ki2V7)
Io@V#) K 2V +1, QVZ) K2 V7))

[Ipn nosnbaoBanuu STHMH (OPMyJaMH TemiooTAa4a C TOPLA YYHTHBAETCH
yBeJiiyeHHeM BHICOTHI pe6pa Ha MOJOBHHY TOJNUIHHEI €T0 TOPLA.

Ecan peGpo umeer He TpameuHeBHIHOE, a TPeyroNbHOe CeYeHHE, TO pacyer-
Hble GOPMYJbl MPHHHMAKT BHI:

59, L 2V2).
‘e Vz)’

(10-45)
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1

T -

e, RS (10-46)

0= bl [11 (2V5])]_ (10-47)
Vatee L1, (2V7z)

Teopernuecku cy:xenue pe6pa HOMKHO CONPOBOXKAATHCS yBeJHye-
HHEM KOJIHYECTBA CHHMaeMofi TemIoThl. OfHaKo, KaK N0Ka3kBaloT Cpas-
HHTe/IbHHE pacyeThl, 3TO CNPaBeNJHBO JIMIUb /s OTHOCHTENHHO BhI-
COKHX peGep, KOrja OnpeeNfAlouHM sIB/ISIETCS TePMHUeCKOe CONpPOTHB-
JeHne camoro pe6pa. Jlisi OTHOCHTENLHO HH3KMX pefep TepMHUecKoe

CONpPOTHB/IEHHE pepa HEBENHKO H ONpeje/slouUM FAB/IAETCH TepMH-
YeCKOe CONMpPOTHUBJIEHHE TEeIJooT/a-

uH. B 3TOM cayuae cysxeHHOe ceyenue
pebpa OKa3BIBaeTCsi Xyxe MNpAMO- }
yroaeHoro. Ilpu sToMm B KavyecTse xa-

227D

IE'

.
ol B3/ 51T a——
NN %/
g 02 04 a5 a8 0

/3 Y

Puc. 10-12. &' = f(3,/8,; 8,/8,) — Puc. 10-13. Kpyraoe
BcnomoraresbHEIE rpadHK nas pac- peGpo NMOCTOSIHHOTO cede-
yera peGep TpameuHeBHIHOrO H Tpe- HUSA.

yroJibHoro CeyeHHH,

PaKTePHCTHKH OTHOCHTE/IbHOH BBICOTBI pebpa cielnyeT 6GpaTh BeNTHYHHY

h/ V'8, rne h — Buicota, a & — cpenHsas TosniuHa pe6pa. B Takom
MMEHHO COOTHOILLEHWH reoMeTpHYecKHe pa3Mepbl BXOAAT B ypaBHEHHS
(10-39) u (10-40).

I npakthueckux pacueroB dopmyabl (10-43) — (10-47) canmkom
‘cnoxHbl. Ho npu noMoius BernomoraTenbHbIX KpHBHIX pHe. 10-12 pac-
yeT nepejlayd TeIJIOTH yepe3 npsivble pe6pa W TpanelHeBHIHOTO ‘H
TPEYroJbHOro CceyeHHH MOXKeT GHITh 3HAUWTENBLHO YIPOLIeH W CBeleH
K pacuery no ¢opmyaam (10-39) u (10-40) nna peGpa npAMOYroJLHOrO
CeYEHHS] MOCTOAHHON TOJILHHBI.

B astom cnyuae

Q =¢'Fg, (10-48)
raie Q' — KOJIMYeCTBO nepelaBaeMoii TEMJIOTH B €IHHHIY BPEMEHH,
F' — noBepXHOCTL OXJIaX/EHHsI TPAIELHEBHAHOTO HJIH TPEYroJbHOro

pebpa; ¢ = Q/F — m/IOTHOCTH TEIUIOBOTO NMOTOKA VISl MPSIMOYTOJIBHOTO
pebpa, AnuHa, BHICOTA H TOJLIWHA KOTOPOTO PaBHLI JJIHHE, BHICOTE H
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cpefHefi TOJIUNHE CYXKeHHOTO pe6pa; &' — nmonpaBouHbl KoahpHIHEHT
Ha CYXeHHOCTb pebpa; &’ = f (8 4/%,, 8,/8;), ero 3Hauenue ompene-
nsercs no KpuBbiM pue. 10-12. 3neck mo ocu aGemuec HaHeceHO OTHO-
IIeHHe TeMInepaTypHHX HamopoB & 4/, MO OCH OpAMHAT — 3HauYeHHe
e’ = ¢q'/g= Q'/F' : Q/F, a ornomenne 8,/8, BuGpano B KauecrBe
napamerpa. HHXHAs KpHBasi Ha PHCYHKe COOTBETCTBYeT peGpy mo-
CTOSIHHOH TOMmMHHH, 8,/0, = 1; BepxHas — TpeyrospHOMy pe6py,
8,/8, = 0. Ornowenue ©&,/4, onperensercs no cdopmysne (10-39);
TEIVIo0TZa4a C TOPUA NPH 3TOM YYHTHIBAeTCS NMyTeM YBeJHYEHHsS BHI-
corhl pe6pa h Ha MOJOBHHY TOJIIHHB TOpLA.

3. Kpyrioe pe6po mocTosiHHOR ToaumuHbl. Kpyranie pe6pa mpume-
HAIOTCA NpH opeGpeHHH TPy6. YpaBHeHHe NepefadyH TEIJOTH Yepes
Takoe pe6po BBHIBOAHTCH C/elylomHm o6pasoM.

IMycry uMeercs Tpy6a ¢ KPyrJibIM Pe6POM MOCTOSHHOM TOJIIHHK.
Buyrpenuufi panuyc pe6pa r; H BHEWIHHH r,, TOMIHHA 8 H Ko3(dHu-
uuent TemnonpoBogHoctd A (puc. 10-13). Temneparypy okpyxxaromed
cpelbl YCIOBHO NpHHMMaeM paBHOH Hymio. Temnepatypa peGpa H3Me-
HAETCS JHIIbL B HanpaB/eHHH paauycad = f (r); 3afanbl Ko3(HIHEHT
TemIoOTAayYH & | TeMnepatyphl{, H{ 3 B OCHOBaHHH H Ha KoHUe pebpa
COOTBETCTBEHHO.

[ins s/eMEHTApHOrO KOJbHa C PajHyCaMH r W r-}dr NpA cTaRMOHAPHOM
peXHMe MOXHO HaNHCATh:

Qr — Qr+d'|" == dQ; (2)
Qr = —-2n7\6r§i:; (6)
dQ, d$ d [d%
= dr = —=2n\or — — 2nA0 — [ — ¢ | =
Q"H'. Qe+ dr dr " dr (dr r)-—
49 d dd
= —2 re— o i ,
ﬂm(dr r +dr’ rdr e dr) (»)
d2% dd
—_— == d — 2 — —_— .
Qr — Qr+dr = dQ = 2aAd ( an rdr + e dr) (r)
Ho dQ MOXHO BHIPa3HThb H uepes Kod(Q(hHIHEHT Tem/J0OTAa4H, & HMEHHO:
dQ = ot 4zrdr. (n)

[pupaBHHBas APYT APYry MpaBbie YacTH ypaBHeHHH (r) u (R), npomseens
cokpauienne Ha 2mAdr dr, monyuaem:
d 1 dd 2a
— e ————8=0.
dr? r dr Ad @

Ecan nonoxute 2a/A8 = m?, mr = z u 1/r = m/2, 10
d_a._ =m _d.i}- H t_i_sﬁ—— ﬂds&
ar - M@t drT Mg
lMopcTaBassi 9TH 3HA4YeHHA B YpaBHeHHe (e), OKOHYATeJbLHO HMeeM:

a1 dd
A + v d $=0. (x)
O6umee pemeHHe STOr0 YPaBHEHHS HMEET BHIL:
$ = Cy/ (2) + CaKo (2), (10-49)

rae fo(2) 1 K, (2) — Moauduuuposanssle gpynknuy Becceas nepaoro m BTOpOro
pona HyJesoro nopsaka; C; ¥ Cy— MOTOSIHHbIE HHTETPHPOBAHHA, Onpejelde-
Mble H3 FPaHHYHBEIX YCJOBHH.
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Ecnu Ttennoothnaueit ¢ Topua npeHeGpedb, TO pacueTHble Gopmyabt aas ¥,
%, 1 Q npHoGpeTadT CcaeAyIOlIHA BHA:

1o (mr) Ky (mry) + I; (mrg) Ko (mr)

=7 (mry) K; (mry) F I (mry) Ko (mry)* (10-50)
o Tolmry) Ky (mry) + Iy (mrg) Ko (mrs)
%2 =97 ) Ky (mra) + I (mrg) Ky (mry)’ (10-51)

Q = 2nrAdmdyp, (10-52)

_ 1y (mry) K, (mry) — I, (mry) Ky (mrs)
Io (mry) Ky (mry) ++ Iy (mry) Ko (mry) ©

ITIpy nonp3oBaHHH 3THMH GOpMYJaMH TENJOOTAAaya C TOpUA MOMKET GuTh
yuTeHa YyCJOBHHM yBeJHuUeHHeM BEICOTH pefpa, T. e.ry, Ha TNOJOBHHY TOJNLIHHE
topna. /g OTHOCHTEJEHO HEBLICOKHX pefep Ten/JooTAAaua TOpHA HMeeT BechbMa
cylmecTBeHHOe 3HaueHHe.

Jna TexHHYecKHX Iesied MeTOlIMKAa pacuera KpPYIVHIX pefep MoxKer
ObITH 3HAUMTENBHO YIIPOLIeHAa H NPH MOMOUIH KPHBHIX Ha puc. 10-14
CBOAMTCA K pacuery mpsAMoro pe6pa MOCTOAHHOH TOJIMHEL, B 3toM
caydae

rae

Q'=¢"Fg, (10-53)
re Q' — KonuuecTBO CHHUMaeMo#i Temiorhl; F'' — moBepxHOCTb OX-
JaxaeHust kpyrioro pebpa; ¢ = Q/F — KOJHYECTBO TEMJIOTH, mnepe-
IaBaeMoe B €IHHHIlY BpeMEHH eJHHHIeH MOBEpXHOCTH MPsAMOro pebpa,
TOJIUHA KOTOPOro paBHAa TOJIIHHE KPYTJOro, a IJHHA paBHa 1 M;
'’ — nonpaBounbiii KoahduuueHT, &' = f (& /01, ro/ry), ¥ €ro sHa-
yeHHe HaXOAMTCs Mo KpuBeIM Ha puc. 10-14. 3peck nmo ocu aGenmce Ha-
HeCeHO OTHOILEHHE TeMIepaTYPHHBIX Hanopos & /9 ; A5 npsmoro peGpa
NIOCTOSIHHOH TOJIUMHBEI, Onpeneasemoe no ypasHeHuio (10-44), a no
ocH oOpauHAaT — 3HayeHue &'’ = ¢''/g = Q"'/F"' : Q/F. OrtHolueHHe
ro/ry BEHIGPAHO B KauecTBe MapameTpa, BepXHss Npejie/ibHas KpuBas
COOTBETCTBYET NMpAMOMY pebpy ry/ry = 1.

Biusinne cyxKeHusa Kpyrjoro pebpa mnpuONHKEHHO MOXET OmITh
OIIEHEHO MpPH NMOMOMmH KpPUBBIX Ha puc. 10-12.

Mpumep 10-3. Kakoe KoNHUECTBO TENJIOTH nepejaeTcs yepes KeaesHoe pe6Gpo
ronmuHol 6 = 5 MM, BeicoTot A = 50 MM M OauHo# | = 1 M H KaKOB TeMnepa-
TypHB Hanop ¥, Ha Kouue pe6pa, ecnH KoappHUHEHT TENJIONPOBOLHOCTH He-
nesa A = 50 BT?(M-OC), K03QHIHEHT TENJI00PNAul &; = @y, = 10 B1/(M2-°C)
¥ H36LITOYHAs TeMMepatypa B OcHOBaHHH pefpa ¥, = 80°C.

CHayana mnpoHsBefleM pacyer NO YNPOLIEHHHM ¢opMmyaam, nperebperas
TenaooTgayedl ¢ Topua. B atom cayuae

"= ]/E= I/A=8.95 s
AS 50-0,005

mh = 8,95-0,05 = 0,447.
H3 Ttabn. I1-13 maxopum:
sh (0,447) = 0,46; ch (0,447) = 1,10 u th (0,447) = 0,42.
Hanee cornaceo dopmyae (10-39) mmeem:
80

Yp=—"—=172,7°C
1,10

an



1 coraacuo dopmyne (10-40):
Q = 50-8,95-0,005-80-0,42 = 75,5 Br.
Ecan pacuer npoussectH no TouHuM dopmyaam (10-37) u (10-38), To noay-

THM:
9, == 80 ll(] = 18(112 = 71,5°C;
1,104+ ——-0,46 '
+ 5.95-50
. N
Q = 50-8,95-0,005.80 __8,95-50 — 180242 _ 79 ;.
1 10 0,42 1,0095
8,95-50

Ecan xe pacuer npomssectn mo dgopmynam (10-39) u (10-40), a Tenaoormaqy
C Topua YUeCTb NyTeéM YCJOBHOIO yBeJ’lI‘IquHH BBRICOTHI peﬁpa Ha TIOJIOBHHY €ro
TOJIMIHHBI, TO NOJYYHM:

w | I
w € njr=10 h=0,0525 m; m=895 u—";
09 |_1_,_5__ __._.-;:,/-; mh = 8,95-0,0525 = 0,47;
ot L1
a8} | £t oz ch (0,47) = 1,12; th (0,47) = 0,44;
=] -~ 80 _
as—— L2
gs %17 71,6°C
7 =Tk H Q = 180-0,44 =79 Br.
g 42 04 gt a8 10

B nocnegseM cayuae peayabTaTtH

Puc. 10-14. &' = [ (3/%;; rofr;) — pacuera nonyuaiorcas TAaKHMH Ke,

BCIOMOTaTeNIbHHEA rpaguk AnA pac- Kak H NMPH pacueTe N0 TOYHHM Gop-
yera Kpyramx pebep mocrosHHoro wmyxam (10-37) u (10-38).

CeueHHU. IMpumep 10-4. Onpenenuts KoJMHye-

CTBO TeNJIOTH, CHHM3€MOE C MNpAMOro

pe6pa TpaneluHeBHAHOrO ceuyeHHS AJMHHOH [ = 1 M, BricoToli h = 50 mm, 65 =

= 0,7 mmM # 6, = 0,3 MM npr Kospuuuente Tenacornaun & = 20 Br/(m2.°C),

KOI(QQHUHEHT TeNAONPOBONHOCTH MaTepHana pe6pa A = 40 Br/(m-°C) u $; =

= 80°C.
[Ipu pacyere mo ¢opmynam (10-43) u (10-44) monyuum:

%, =18,0°C; Q' =176,5 Br u Q'/F" =763 Br/m2 (F’ = 0,1003 m?).

INpr pacueTe mo yNpPOmMEHHOMY METONY COOTBETCTBYIOmee peGpo npAMOYrofib-
HOT'O CEYEHHS JOJMXKHO HMeTh Toamuny 6 = 0,5 mM. [Iponasols pacueT Ans 3TOro
pe6pa no dopmynam (10-39) u (10-40), nonyuaem:

$,=16,73°C; Q =70 Bt u g = Q/F =698 Br/m* (F = 0,1005 m?).

Hanee onpelensiorcs

iﬂ;=_l_6;7§_=0,21; 9_'-!:0;3:0,43
3, 80 8 0,7

u u3 puc. 10-12 3Hauenne nompaBouHoro Kosgdunmenra &’ = 1,10.
Hcnonbays dopmyay (10-48), umeem:

Q" =¢'F'q=1,10.0,1003-698 = 76,5 Br,

T. €. B TOYHOCTH TaKoe ke KOJHYeCTBO TenJOoThl, KaK H npH pac4yere no q:oopuyne
(10-44).
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Mpumep 10-5. PaccynTaTh TenaooTAayy Kpyraoro 4yrysHoro pe6pa noctosiu-
Ho#t Tonmuuu 8 = 3,6 MM; BuyTpenHHil pajHyc peGpa ry = 60 MM H HapyxuBIA
ro = 120 MM, KosddHuneHT TemncorHau o = 30 Br/(m3-°C), KospduuHeHT Ten-
nonposofHocTH yyryua A = 30 Br/(m.°C), %, = 80°C.

Mpu pacyere no ¢opmynam (10-51) u (10-52) ¢ yuerom TensooTaaus ¢ Topua
HMeeM:

9y = 30,4°C u Q" = 89,5 Br.

Ilpu pacuere Mo ynpomeHHOMY METOAY MOJAYYHM: YCJIOBHAf BHICOTA MPSMOro
pe6pa h = (ro—ry) +6/2 = 0,0618 m; m = 23,6; mh = 1,46, ch (1,46) =
= 2,269; th (1,46) = 0,8977. Nanee, no ¢opmynam (10-39) u (10-40) 9,/8, =
= 0,44 u Q = 183,4 Br. 5

ITosepxrocTs npsimoro peGpa npu [ = 1 M pasua F = 0,1236 m?. Cnenora-
teabno, ¢ = Q/F = 1480 Br/m%. Ha puc. 10-14 npu 9,/8; = 0,44 u ry/r; = 2
naxoaum &'’ = 0,855, u tak kak F'' = 0,0706 M3, To, MOACTABAAA MOJYUCHHEE
3HAYEHHA B q)opmyng( (10-53), oxonuarensHo Hmeem: Q' = &''F''g = 0,855
% 0,0706- 1480 = 89,5 BT, T. e. TO e 3HayeHHe, 4TO H mo dopmyae (10-52).
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NMPHJIOKEHHA

Huxe npuBefeHbl MaTepHaIBl CIPABOYHOTO XapaKTepa — TaGJMHIB! (H3HUECKHX

CBOACTB, 3HAUEHHSH HEKOTOPHX (YHKUHH H PaCUETHLIX BeJHUHH, HEOGXOJHMEIX IS
pacuera Terioo0MeHa.

Mepeson ¢u3HYECKHX BeTMYHH H3 ONHHX eIHHHL,
H3MepeHHS B Jpyrue

Cuia 1 krc = 9,80665 H
1 H= 10° gun
Jlarnenne 1 kre/em® = 98066,5 H/m2;
1 xrc/em® = 736,5 MM pT. CT.;
1 6ap = 10° H/m%;
1 6ap = 1,02 krc/cm2
PaGora 1 xre.m = 9,80665 [Ix
Oueprus 1 xBr-u = 860 kkan;

1 a.c,-u= 0,736 kBt-u

1 kkan = 4,1868 k[lx

1 kkan/u = 1,163 Br

1 kxan/(m2.u) = 1,163 Br/m?

1 kxan/kr = 4,1868 xJ[x/Kr

Ko/NH4eCcTBO TenIoThH

Tennosoil noTok

[TnoTHOCTL TENJOBOro MOTOKA
Ouranbnug, Tenaora (azoBoro

nepexona

TennoeMKoCTb 1 kkan/(kr-°C) = 4,1868 x[Ix/(kr-°C

INuuamuueckuit  kosppuument 1 krc.c/m* = 9,81 H.c/m?
BA3KOCTH

Kosbduuunent TensionpoBoiHoCTH

kkan/(m-y-°C) = 1,163 Br/(mM-°C
Kospduunent rensootnaun (ren- kkaa/(m2.4.°C) = 1,163 Bt/(m2.°C)
Jonepenaux)

Kosdduuuent uanyuenus 1 kxan/(m2-9-K%) = 1,163 Br/(m2-K*)

——

TNepeBoa HeKOTOPHLIX (H3HYECKHX BeJHYHH M3 GPHTAHCKOH CHCTEMbI
eMHHI, U3MEPEHHS B JpYyrHe

Jlnuna 1 yd (yard) = 3ft (feet) = 36 in (inches) =
= 0 144 m
l in= 03048 M; 1ft= 254 ecm= 00254— M
IMTnomans 1 ycl 0,836 m?; 1 ft* = 0,0929 m?%;
1 in? = 6, 452 v
O6Bem 1 ft3 =0, 02832 M3 = 28,32 n;
1 in® = 16,39 cm3; 1 gal (gallon) = 3,7852 a
Macca , | ton (short ton) = 2000 Ib (pounds) =
= 907,184 xr;

1 long ton = 1016,06 Kr;
1 Ib = 16 oz (ounces) = 0,4536 kKr;
1 oz=28,35r
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Yaenvuuift ofbem
IMnoTHOCTH

JlaBnenHe

KosthdHuHeRT BA3KOCTH

KuunemaTHuecku it
BA3KOCTH

Kos(xpruHeHT

Temmneparypa

KonuuecTBo tensors

[1noTHOCTE TemnoOBOrO MOTOKA

TennoemkocTs

Koadduunent renmonpoeogHoctH

Kos(puunent tennootnauu (ren-
Jlonepenayn)

IMporoaxeuune

1 ft3/1b = 0,06243 m%/kr

1 1b/ft3 = 16,0185 kr/m3;

1 oz/it3 = 1,0 kr/M3

1 Ib/it2 = 4,88 krc/m® (MM Boj. CT.);

1 1b/in® = 702,7 krc/m® = 0,0703 Krc/em?® =
= 51,71 MM pT. CT.

1 1b (fts) = 1,488 re/(m-c);

1 Ib/ft? = 47,88 Kkrc/(M-c) = 478,8 nyas
1 it%/s = 334,45 m*u = 0,929 m%*c =
= 929,0 st (stokes);

1 st=1cuc= 107" n%c

t, °C= %(t, °F 4 40) — 40;

{, °F = -g—(t, G+ 40) — 40;

T, K=, °C+ 273;
t, °C=1251"R;
t,°R=0,8°C

I Btu (British thermal unit) = 0,252 kxan =
= 1,055 k/lx;

1 peu (pound cehtigrad unit) = 1,8 Btu =
= (),4536 kkan = 1,9 xJIx

1 Btu/(ft>.h) = 2 71 xkkan/(m2.-u) =

= 3,153 Br/m%;

cu/(ftB h) = 4,878 kkan/(m%-u) =

= 5 675 Bt/m?

1 Btu/(]b -°F) = 10 Kkan/(kr.°C) =

= 4,19 xJIx/(kr-°
1 Bfu/(it-h- °F)
= 1,73 Br/(m-°C);
1 Btu/(in-h-°F) =
= 20,8 Bt/(m- °C)
1 Btu/(in-ft2-h °F) = 0,124 xxan/(m-u-°C) =
= 0,144 Br/(m-°C);

I =

I

C)
1,488 xxan/(M-u-°C) =

17,88 kxan/(m-u-°C) =

I Btu/(jt2-h-° ) = 4,822 xkan/(u?-4.°C) =
= 5,68 Br/(m?.-°C
l pcul(ft* h-°C) = 4 878 kkan/(M2-u-°C) =

= 5,67 Br/(m2.°C)
Tacauna [I-1

[nothocTs p, KosddHUMEHT TeNnAOMPOBOAHOCTH ), ynedbHAs TEMIOEMKOCTb €p
H KO3 @HUHEHT TeMNepaTyponmpoBONHOCTH @ PasiHYHbLIX MATEpPHANOB

Hanmenonanme Matepmana | £, °C P, ®r/m? Brf(%;-“’C) ‘ K,ux{;.(l('l‘ ogy| #:10% Mile
Haoaayuonnere,
cmpoumensvrvie U dpyaue
Mamepuans

Anmepons . . ... L. 50 20 0,0465 — —_
AcGect JucToBolt . . . 30 770 0,1163 0,818 0,198
Ac6ect ponokno . . . .| 50 470 0,1105 0,818 0,290
Achamer . . . .., . 20 2110 0,698 2,09 0,159
Berow . . ... ... 20 2300 1,280 1,13 0,494

1=
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MTpodoaxenue mab6a. I1-1

HanMeHosanne MaTtepuana | t, °C P, Kr/m? B‘r/(a:-';.“C) x}lmf&r-"C) a-10% mc
Bofimok mepersnoi . . | 30 330 0,0524 — —
THIC 5 5 5 5 o . o v — 1650 0,291 0,88
I'nnna ormeynopuas . . | 450 1845 1,04 1,09 0,516
Tpasuit . .., ., .. 20 1840 0,361 — —
Iepeso Ganmesa . . . .| 30 128 0,0524 — e
IlepeBo ny6 | somokmam | 20 800 0,207 1,76 0,147
JlepeBo ny6 || mosokmam | 20 800 0,363 . =
Ilepeso cocua | somoknam | 20 448 0,107 2,7 —
Ilepeso cocia || BOJIOK-

HaMm . . . . . ... 20 448 0,256 —_ —
emns cyxaa . . . . . — 1500 0,1385 — —

»  BlakHas . , .| — 1700 0,658 2,01 0,192
3oHONMMT ., ., ., . 100 200 0,099 — -
Kamenunit yronn . . . 20 1400 0,186 1,31 1,03
Kapron rodprposanns — — 0,064 = —
Keapn kpHCTannuueckuft

LOCH s w o on oz s 0 | 2500—2800 7,21 0,836 3,34
Ksapn kpucrananueckuft

loew . ... ... 0 | 2500—2800 13,6 — —
Kupnuu ugonanuonusi 100 500 0,1395 — —
Kupnnu crpodtensumifl 20 | 800—1500 | 0,23—0,3 0,8 —
Kupnru kapGopymposmfi | — 1000 11,3 0,678 1,66
Knunkep . . .7, . . . 30 1400 0,163 1,42 0,114
Koxa (mogowsennas) 30 1000 0,160 — —
Koke nopowkooGpasusiit | 100 449 0,191 1,22 0,035
Konote nammoBas . . .| 40 190 0,0314 — s
Jdem .. ... .. .. 0 920 2,25 2,26 1,08
Jexg .. ..., —95 — 3,96 1,17 —=
Jlmnoneym . ., ., . 20 1180+ 0,186 — —
Marnesus 85% 8 nopomke | 100 216 0,0675 —_ —
WY 4 55 8 s 50 2000 0,93 0,88 0,531
Munepantnas mepers 50 200 0,0465 0,92 0,253
Mpamop . . .. ... 90 2700 1,31 0,419 1,15
Hakunp korenpuas . .| 65 — 0,13—3,14 = -
Onunku gpepecune . . | 20 200 0,070 e -
Mapagus . . ., . . . 20 920 0,268 - =
Mecok cyxoft . . . . . 20 1500 0,326 0,798 2,73
IMecox naxmwmt . . .| 20 1650 1,130 2,09 0,492
Tlopriangmement . . . | 30 1900 0,303 1,13 0,140
IpoGKoras mnactuna 30| - 190 0,0420 1,88 0,117
Ilpo6ka rpanynupoBaH- :

HAR & owi%is 5 5 7 4 20 45 0,0384 = =
Pesuna . ., . . .. .. 0 1200 0,163 1,38 0,0985
Caxapublii mecok . . . . 0 1600 0,582 1,26 0,278

FORA:  ocw i s % % % — 290 0,582 0,88 2,280
Cnagen,. .. ..... 100 2800 1,49 — —
Cuer . . ... .... . 560 0,465 2,09 0,398
Copemur . ., . . . .. 100 450 0,0976 =
Crekno . . . ..... 200 2500 | 0,745 0,67 0,445
CTeknsaHuas Bata . . . 0 200 8:83612 0,67 0,278
Topdomaurar . . . . . 50 220 ; = ==
¢al;%%p ....... 95 2400 1,035 1,09 0,398

B T L e e . 11055 2400 1,97 -— —
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Npodoamenue maba. I71-1

Haumenopauue martepnana | f, °C P, Kr/m? BT,’(AI:-°C) K,llm;(e('r-"C) a-10% m?fc
®ubpa (nracTHHA) 20 240 0,049 —_ —
lnakoGeTon B Kycke —_ 2150 0,43 0,88 0,495
lllnakosas Bara 100 250 0,47 — —
Wrykatypka . . . . . 20 1680 0,78 = sz
Uennynown . . . . . . 30 1400 0,210 —_
Llenoreke . . . . . . . 20 215 0,0465 —

Memaanot

Amomuruit . . . . . . 0 2670 204,0 0,92 91,3
Bponza . . ... .. 20 8000 64,0 0,381 20,8
Jlatygp . . .. . L. 0 8600 85,5 0,378 26,4
Mexs .. ... ... 0 8800 384 0,381 114,5
Hokenn . . . . . .. 20 9000 58,2 0,462 14,01
OmoBo . . . .. ... 0 7230 64,0 0,921 39,2
PIYTE o oo s s 5 5 & 4 0 13600 4,9 0,138 4,25
CBuHen, . . . . . . . 0 11400 34,9 0,129 23,6
Cepe6po . . . . . .. 0 10500 458 0,234 186,5
Craib:. o v v n v & & 20 7900 45,4 0,462 12,5
IHAE o oo s a o s 20 7000 116,3 0,394 42,3
UYLYe wonov v v % 5 20 7220 63,0 0,504 17,4

Ta6anuna II-2
Kosdpuunent tennonposopuoct A, Br/(m.°C), meraanos
H CNJJAaBOB B 3aBHCHMOCTH OT 'reMnepa'rypu

MeTanyq HAH conas

Temnepartypa, °C

o | 20 | w0 | 20| 00| 400 | 500 | 600
Amomunuii . . . . . . 202 — |206 |229 |262 |319 | 371 |422
ANIOMHHHEBEIE CILJIABHI:
92% Al, 8% Mg 102 | 106 |123 |148 — e —
80% Al, 20% -Si 158 | 160 |[169 |174 — - | — —
JiopalioMuuuii:
94—96% Al, 3—
5% Cu, 0,5% Mg |159 |[165 | 181 194 — — — —
JlaTyHb:
90% Cu, 10% Zn 102 — [ 117 | 134 |149 |166 180 | 195
70% Cu, 30% Zn 106 — (109 ({110 |114 |116 120 | 121
67% Cu, 33% Zn 100 — | 107 | 113 |121 |128 135 | 151
60% Cu, 40% Zn 106 — | 120 | 137 |152 |169 186 | 200
Mens (99,9%) 393 — |38 |378 |371 |365 | 359 |354
Momnenb-Merann: #
29% Cu, 67% Ni,
2% Fe . 6 5 s — 22,1 24,4| 27,6| 30 34 — —_
Hefizaunn6ep:
60% Cu, 15% Ni,
2% Zn  .ovow e - 25,0 | 31 40 45 49 — —
Huxpom:
90% Ni, 10% Cr 17,1 17,4| 19,0| 20,9| 22,8| 24,6 | — —
80% Ni, 20% Cr 122} 12,6 13,8 156| 17,2| 19,0| — | 22,6
HuxpoM Xenesucrhii:
61% Ni, 156% Cr,
20% Fe, 4% Mn | — 1,6 11,9 12,2 124| 12,7 — | 13,1
61% Ni, 16% Cr,
23% Fe . .. .. 11,9 12,1 | 13,2| 14,6| 16,0| 17,4| — —
Cranp MArkas 63 — 57 52 46 42 36 | 31
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®u3HYeCKHE CBOMCTBA CyXOro BO3JyXa
(Pg= 760 mm pt. cT. =~ 1,01.10° Ila)

Ta6auuna II-3

00 e | emwfice |Broeso | e | Hae | et | P
—50 | 1,584 1,013 2,04 12,7 14,6 9,23 | 0,728
—40 | 1,515 1,013 2,12 13,8 15,2 10,04 | 0,728
—30 | 1,453 1,013 2,20 14,9 15,7 10,80 | 0,723
—20 | 1,395 1,009 2,98 16,2 16,2 11,61 | 0,716
—10 | 1,342 1,009 2,36 17,4 16,7 12,43 | 0,712
0] 1,293 1,005 2,44 18,8 17,2 13,28 | 0,707
10 | 1,247 1,005 2,51 20,0 17,6 14,16 | 0,705
20 | 1,205 1,005 2,59 21,4 18,1 15,06 | 0,703
30 | 1,165 1,005 2,67 22,9 18,6 16,00 | 0,701
40 | 1,128 1,005 2,76 24,3 19,1 16,96 | 0,699
50 | 1,093 1,005 2,83 95,7 19,6 17,95 | 0,698
60 | 1,060 1,Q05 2,90 97,2 20,1 18,97 | 0,696
70 | 1,020 1,000 2.06 98,6 | 20,6 20,02 | 0,694
80 | 1,000 1,009 3,05 30,2 21,1 21,09 | 0,692
90 | 0,972 1,009 3,13 31,9 21,5 22,10 | 0,690
100 | 0,946 1,009 3,21 33,6 21,9 23,13 | 0,688
120 | 0,898 1,009 3,34 36,8 22,8 25,45 | 0,686
140 | 0,854 1,013 3,49 40,3 287 27,80 | 0,684
160 | 0,815 1,017 3,64 43,9 24,5 30,09 | 0,682
180 | 0,779 1,022 3,78 47,5 25,3 32,49 | 0,681
200 | 0,746 1,026 3,93 51,4 26,0 34,85 | 0,680
250 | 0,674 1,038 4,27 61,0 27,4 40,61 | 0,677
300 | 0,615 1,047 4,60 71,6 29,7 48,33 | 0,674
350 | 0,566 1,059 4,91 81,9 31,4 55,46 | 0,676
400 | 0,524 1,068 5,21 93,1 33,0 63,09 | 0,678
500 | 0,456 1,093 5,74 115,3 36,2 79,38 | 0,687
600 | 0,404 1,114 6,22 138,3 39,1 96,89 | 0,699
700 | 0,362 1,135 6,71 163,4 41,8 115,4 0,706
800 | 0,329 1,156 7,18 188,8 44,3 134,8 0,713
900 | 0,301 1472 7,63 216,2 46,7 155,1 0,717
1000 | 0,277 1,185 8,07 245,9 49,0 177,1 0,719
1100 | 0,257 1,197 8,50 276,2 51,2 199,3 0,722
1200 | 0,239 1,210 9,15 316,5 53,5 233,7 0,724

319



*Jp # avendoH LHYOX
-odu otodorox Humdadg eu AHXYO €3doh
‘WoxHHgrolfonsdu neHqrsrreden
H JP WOLHOWaIre AUMIN BHIWQOIIAL
OJOLOHhAIr EBehAWD BLT & eIHIHUHD
-beox otogoryf BHHIKBHE “§-I] OHJ

g s # £ 2 Y
2NN N TULK : |
\ . SR\
M
l
7Wﬁ%
NN =12
N &a‘//%%[ oy |
LN N T .
J _\Wf 27 z

‘AMHHEgroJAowedn sudeA IMHEHLY
— g '% ! iz HOdOLD WOMHIMOHLO D HMHHAroJAoWsd
— £/ ‘¢ ‘‘\iedyedad — ¢ ‘7 HMOHY — ¢ ‘] ‘H¥hOLOQO
yoHYoaodUOKUALaH XK HINMIOIKHHY20D 10 BHHIWedLO
WOLobA O MWELDOHXd280U AYMAW JHIWQOOLUHNIL WOLIHA
-Ar ndu — g—¢ ‘HWBId0HXdIEON AYMIW IHIWQOOILIAL
woldunAr wowsdu udu — p—y ‘HWELIONOOUL AWMIN
ouHBo1dded — y mdAund diewenrfm esmodold — p H]

‘unedfind unmHarorreden HWHMOOIT
AIRIN  BHAWQOOIKUAL 0JOLOHBAL BehALD BKE b
elHaunuddeon olodorif suHIRBHE ‘@11 dHJ

L 8 & 4 ¢z i Y
_t T a__. | g T T T T
\W;gs.\ﬂuu. )

20

sl Z VPN,
v/

\k. \\\\. 9

ll.“llllll AL = Q@

— . 9LS)

a7



$96°0 z'00¥ 9'z1 S91°0 4! gLl ¥99°0 6SH'¥ 8°208 0'9.8 gg'gl 061
€'l 8'7C¥ 611 eLI'0 0'esl 'Ll 2L9'0 LIF'Y £'e9L 6'988 £0°01 081
S0'l v'ebd g1l 181°0 8'291 VA 9290 08e'¥ e'6lL £'L68 z6'L 0L1
01'1 0'99% L'01 161°0 9'eLl g'L1 189°0 ove'y ¥'cL9 ¥'206 81'9 091
LI°T 9'9g¥ €01 £0z°0 $'o81 (A ¥89°0 eIe'y 7389 0°L16 9LV 081
9z'1 Z'208 | aL'6 L12°0 1'102 gLl G890 188'F 1'689 1986 19¢ 0¥1
ae’l 8'gzs | 616 £e2'0 8215 3Ll 989'0 99z'v b'ore 8726 0L'g 0g1
¥l ¥ebg | ¥9'8 zsz'o ¥'182 121 989°0 0SZ'y L'€0¢ 1‘e¥6 86°1 031
09'1 069G | 80'8 3Le'0 0'68% 0°LI 989°0 £ez'¥ ¥ 19% 0°196 eF'1 011
SL'1 9'ggg | &9°L G6Z°0 edid 891 #89°0 023y I'61% ¥'eg6 | €I0‘I 001
16'1 z'200 | 96'9 9ze‘0 6'VIE g‘91 9190 802V 0‘LLE g'go6 | €10°1 06
mmmm 6'Cz9 | TE'9 5980 1'sge g9l 699°0 GeI'FY 0‘cee 8‘1/6 | €101 08
85'g g'eb9 | 0L'¢ gIv'o 1'90¥% 191 299'0 1817 0°€62 g‘LL6 | €10°1 0L
€0'e 2’299 | I1's 8LY'0 6'69F 8'Cl 0890 6LI'Y 1'182 1‘eg6 | €10°1 09
6c'c 69,9 | 6V'F 99g‘0 ¥'6¥S g'gl 0¥9°0 vLI'Y £'602 1'eg6 | €101 09
9¢'y g'os9 | 8'¢ 639°0 £'eg9 1g1 1290 PLI'Y G291 z'z66 | €10'1 0¥
gh'e 'zl | 1g'e G08°0 g'108 L'%1 Z19'0 PLI'Y 1'qgl 1666 | £10'1 0g
€0°L 69z, | @8'l 9001 ¥001 eyl 1650 e81'¥y 16°¢8 z'g66 | €10°1 (174
Sh'6 9‘1b, | OL'0+ | 90€°l 90€1 g'el 0850 161'F ¥0'2k 1666 | €I0°I 01
g'el ¥'98. | €9'0— 68L°1 88L1 z'el 095°0 gIg'¥ 0 6'666 | €10°1 0
w | | | e | o | g | o | O ) n e | 0

Pl BEMHIEOQR L

KHHOMMOEH MHHHI' EH MU08 BaldHOED IURIIhHEH D

321



08'9 |60L'% 92 9210 699 e8‘l 8¢€°0 ze'or g'g681 | g‘och £9'013 0.g
99°Z 12°02 601 9z1°0 199 'y 1920 89'%1 S'19L1 | 0'ses ¥L'981 09¢
0L'1 91°8¢g 8‘09 9z1'0 | 9'aL 06°L 18¥°0 or‘ot PILOT | P'hLS 1e'e91 0se
vl 0.'9g F'es Lz1'o S'LL S6°8 9¥t‘0 0z's 8'¥651 1'019 80°9¥1 (129
8g'1 12'9L g'ey 1g1'o | ¥'I8 z'01 12%'0 ozl z'9z¢el | z'o¥9 $9'821 0ge
VIl 01°86 2'8¢ 8210 g'eg g1l ¥6¥'0 1S9 1°29%1 | 1299 06311 0z¢
S0'1 Lozl 6°¢ 821°0 | €'88 3zl ¥18°0 119 3'20¥1 | 1°169 086 olg
9860 FA 4! 2'6% 8z1'0 | 'l6 o‘el 2€5'0 9L'c 6'%¥el | g'zlL z6'ce 00g
7960 1'891 3'92 621'0 z'v6 L'el 8180 0s‘s 00631 | €'zeL 7 063
L16°0 g'161 PN 4 I€1°0 1'86 e'¥1 695°0 0g's 8'9231 | £'0GL 6149 082
2060 8'¥I12 9'1% eIr'o | 0'go1 L'v1 8190 zl's €'e8I1 | 6°29L 90°'eg 0.2
%680 ¥'182 L'61 SeI°'0 | 6'C0l z'q1 €65°0 86'F L'SEIT | 0°¥8L 76'9% 092
¥88°0 6'192 1'81 LE1'0 | 0'601 g'q1 €09°0 8% L'6801 | 0'66L 8.'68 08z
£88°0 g'GRT 891 1¥1°0 8'¥II 0'91 L19°0 9LV G201 | o'eIs s¥'ee 1] 74
888°0 0'01g 6°Gl SFI'0 L'611 £'01 629°0 189°F 2'066 £'128 86°LZ 082
8680 9'18¢ 8'¥I 8v1‘0 9'vz1 g'91 0%9°'0 $19'F L'E¥6 £ors 03'cs 022
8160 1'¥ee 1'v1 €81'0 | ¢'0€l L'91 690 e L1168 8'298 80°61 01z
2860 L'9L8 gel 8510 | ¥'9g1 0°L1 859°0 S0S'¥y G'zas 0'c98 gg'al 003
- .._m\_mu ;w*_\._n _.nm_m d Sor .M_ﬁu Go..ﬁ:.rm Gn.uﬁuuﬁx YRS | phian .mmlco_‘n D0 ?

P11 'rgel 2HHIXKIKrowoOdI]]

322



oI'Il | 991°0 gLee | 0s10‘o 01°L1 zg'9e p'8ey 1€€2 0°€0% £9°012 0L
ge's | 208' €163 | 98€0°0 06L°71 £0'€z L'61L 1872 0'¥b] vL 981 09¢
€0‘p ¥€5°0 86'9z | 1850°0 0L'01 ¥2'91 £68 $992 9°ell 2€:991 0sg
se's 2Lz'0 0%'sz | 1180°0 00€°6 ezl L1201 2292 9L'36 80'971 0ve
98's 01€0 £6'€c | 80I‘0 09z'8 1886 o¥I1 9992 0I‘LL S9'8g1 0ge
05'2 €860 ¢8'z3 1710 0Ig‘L 90Z'8 8€z1 003 3Lb9 06311 0z¢
62'2 €0¥°0 16'12 9L1'0 0¥8'9 811°L azel 1312 8GFS 0L'86 0I¢g
84 19%°0 82°13 9120 0.2°9 08z‘9 ¥O¥1 6V.3 13.9% 26 98 00¢
10'2 9280 6502 192°0 0€8‘S ¥69'g 9Lyl 99.3 g1 °6€ Sh'pL 062
06T | 009°0 1661 | Lig0 064'S eg's giel 08.3 61'c€ 61 ¥9 082
z8°'1 889°0 Ze'61 8L£0 gI1'g gI8'Y $091 602 60'82 0°gs 0.3
L'l ¥6L°0 €8'8l €50 008'¥ LOV'Y 1991 96.3 BL'EG v6.97 092
89°1 €160 ¥2'81 ¥S'0 qIg'Y L81'¥ 91L1 1082 8661 8L'6E 093
191 901 QLLT 899°0 063'¥ 188°€ 9921 08083 9.9l 8y'ee 0¥
¥a°1 vg 9g‘L1 908‘0 ¥60°¥ ve9‘e 0‘€I8I 3°2082 66 €1 86°L2 0€3
L' o'l 1891 €860 968°S 80%'¢ ‘1881 ‘1083 29'T1 02'€3 023
11 11 891 P11 zzl'e 661'€ c'0061 2'86.3 885'6 80°61 01z
9¢'l £0°Z 66l Z6v'1 1ye'e £20'e L'0%61 1663 298'L geg] 002
0e'l vz 09°CI ZL8'1 61F°C 928'Z 8'8L61 ¥'98.3 16€'9 ey 061
ez'l €62 el 62€'Z 89z'¢ 602'Z z2'c10G Q'8LLG L81'¢ €0°01 081
12'1 16°¢ oLY1 6£6'7 821‘€ £8G'2 ¢'6%03 6'89.3 aal'y 26'L 0L1
8I‘1 6E'Y eI geL'e zl0‘e 6L4'CT 9'280% 0'8GL3 883 € 81°9 091
91'1 % €6°€1 8zL'Y ¥88'C 96€'Z e'¥113 L'9VLZ L¥S'z 9Ly 0S1
ZI'l 68'9 ye'el 0€I1‘9 1622 QIE'? 0'S¥Iz 1'vELT 996'T 19' 0¥l
'l 988 va'€l ZL6'L 989'Z 192'T €'¥FLIT L°03L% 967’1 0L el
601 o¥'11 | 98zl 0S'01 £65'2 902'% 8'2023 ‘9042 1211 861 0z1
601 L0e1 | 9v'zl £8'cl 682 LT 0'0€2% 71692 928°0 er'l 011
801 20'0z | L6°11 85'81 3LE'T qel's 8963 6092 8620 €10°1 001

1 B ol sy | e (0g misg Qo8N |y s | awisfst 2 | w0 | O g01d | Do Y

Gl eNHrQER ]

EHHIMMOEH HWHHHE eH vdeu OJOHEYOE BELOIHOEDY IHNIILHEHD

323



Ta6nuwua [1-6
u3HuecKHe CBOACTBA JIBIMOBLIX ras’os
(PB = 760 M_M pT. CT. = I.E]-ID5 Ila; PCO” = 0,13;
PHQO = 0,11; PN., = 0,76)

O R R o o BrcC) | e e e Pr
0 1,295 1,042 2,28 16,9 15,8 12,20 0,72
100 0,950 1,068 3,13 30,8 20,4 21,54 0,69
200 0,748 1,097 4,01 48,9 24,5 32,80 | 0,67
300 0,617 1,122 4,84 69,9 28,2 45,81 0,65
400 0,525 1,151 5,70 94,3 31,7 60,38 0,64
500 0,457 1,185 6,56 121,1 34,8 76,30 | 0,63
600 0,405 1,214 7,42 150,9 37,9 93,61 0,62
700 0,363 1,239 8,27 183,8 40,7 112,1 0,61
800 0,330 1,264 9,15 219,7 43,4 131,8 0,60
900 0,301 1,290 10,0 258,0 45,9 152,5 0,59
1000 0,275 1,306 10,90 303,4 48,4 174,3 0,58
1100 | 0,257 1,323 1,75- | 3455 | 507 | 1971 | 0,57
1200 0,240 1,340 12,62 392,4 53,0 221,0 0,56

Ta6nuwua II-7
dusnyeckne cpoiicTea Macaa MK B 3aBHCHMOCTH OT TeMMepaTyphl

& . < I[:K‘f:g;r-“C) BT!(P:-"C) e \:l.“!fgﬂ, "n;n'fT' Bif':g" Pr
10 | 911,0 1,645 0,1510 | 35 414 3883 9,94 8,56 39 000
20 | 903,0 1,712 0,1485 | 18 560 1514 9,68 8,64 15 800
30 | 894,5 1,758 0,1461 6180 691,2 | 9,28 8,71 7450
40 | 887,5 1,804 0,1437 3031 342,0 8,97 8,79 3810
50 | 879,0 1,851 0,1413 1638 186,2 | 8,69 8,86 2140
60 | 871,5 1,897 0,1389 961,4 110,6 | 8,39 8,95 1320
70 | 864,0 1,943 0,1363 603,3 69,3 | 8,14 9,03 858
80 | 856,0 1,989 0,1340 399,3 46,6 | 7,89 9,12 591
90 | 848,2 2,035 0,1314 273,7 32,3 | 7,61 9,20 424
100 | 840,7 2,081 0,1290 202,1 24,0 | 7,33 9,28 327
110 | 838,0 2,127 0,1264 | 145,2 17,4 | 7,11 9,37 245
120 | 825,0 2,173 0,1240 110,4 13,4 | 6,92 9,46 193,5
130 | 817,0 2,219 0,1214 87,31 10,? 6,69 9,54 160,0
140 | 809,2 2,265 0,1188 70,34 8,70 | 6,53 9,65 133,3
150 | 801,6 2,311 0,1168 56,90 7,10 | 6,25 9,73 113,56
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Ta6auna J1-8

Temneparypa KHNEHHA BOJAbB B 3ABHCHMOCTH OT JAAaBJEHHA

L1025, o .10—9, 5 .10—5, 3
i ty °C P ga ty °C L 1, °C
1 99,64 56 271,10 140 336,63
2 120,23 58 273,36 142 337,75
3 133,54 60 275,56 144 338,86
4 143,62 62 277,71 146. 339,96
5 151,84 64 279,80 148 341,04
6 158,84 66 281,85 150 342,11
7 164,96 68 283,85 152 343,18
8 170,42 70 285,80 154 344,23
9 175,35 72 287,71 156 345,28
10 179,88 74 289,58 158 346,30
11 184,05 76 291,41 160 347,32
12 187,95 78 293,22 162 348,33
13 191,60 80 294,98 164 349,32
14 195,04 82 296,71 166 350,31
15 198,28 84 298,40 168 361,29
16 201,36 86 300,07 170 352,26
17 204,30 88 301,71 172 353,21
18 207,10 90 303,32 174 354,17
19 209,78 92 304,90 176 355,11
20 212,37 94 306,45 178 356,04
21 214,84 96 307,98 180 356,96
22 217,24 98 309,49 182 357,87
23 219,55 100 310,96 184 358,78
24 221,77 102 312,42 186 359,67
25 223,93 104 313,86 188 360,56
26 226,03 106 315,28 190 361,44
27 228,06 108 316,67 192 362,31
28 230,04 110 318,04 194 363,17
29 231,96 112 319,39 196 364,02
30 233,83 114 320,73 198 364,87
32 237,44 116 322,05 200 365,71
34 240,88 118 323,35 202 366,54
36 244,16 120 324,63 204 367,37
38 247,31 122 325,90 206 368,18
40 250,33 124 327,15 208 368,99
42 253,24 126 328,39 210 369,79
44 256,05 128 329,61 212 370,58
46 258,75 130 330,81 214 371.4
48 261,37 132 332,00 216 372,2
50 263,91 134 333,18 218 372,9
52 266,38 136 333,34 220 373,7

54 268,77 138 335,49 KputHyeckoe cocrosnue
221,29 374,15




Ta6auwa I1-9

Temnepatypa kunenus f5, °C, soabl B 3aBHCHMOCTH OT
GapomeTpHuecKoro jAasieHuss Pp MM pT. CT.

Py tg, °C Pp t, °C Py fy °C

690 97,311 730 98,874 770 100,367
700 97,709 740 99,254 780 100,729
710 98,102 750 99,629 790 101,086
720 98,490 760 100,000 800 101,432

Ta6anuwa II-10

PuzuyecKHe CBOHCTBA XMHAKHX METa/I0B

o
5 c
HaumeHoBaHHe MeTaJijia = E é }?“ 2?‘

= = % = = =

o | & | & | % | g | & |3

~ a < o a > o
0 | 13590| 7,80 140,0| 4,12 12,4 | 3,02
100 {13350| 9,08 137,0| 4,97 94 | 1,89
Pryts — Hg 200 | 13310 10,35 137,0| 5,68 8,0 | 1,39
tan = 38,9°C 300 | 12880 11,63 137,0| 6,60 7,1 | 1,08
ts = 357°C 400 | 127001 12,62 137,5| 7,22 6,6 | 0,91
500 |12 480 13,35 138,0| 7,75 6,2 | 0,80
240 6985 | 30,50 | 255,0| 17,10 27,3 | 1,60
300 6940 | 31,60 2556,0| 17,85 24,1 | 1,35
Onoso — Sn 400 6865 | 33,60 | 255,0| 19,20 20,1 | 1,05
tan = 231,9°C 500 6790 | 35,50 | 255,0| 20,5 17,4 | 0,85
ts = 2270°C 600 6720 | 37,40 | 255,01 21,80 15,6 | 0,72
700 6640 | 39,40 255,0 | 23,2 14,3 | 0,62
280 |10 050 | 14,55 151,0 9,20 18,0 | 1,88
300 | 10030 | 14,65 151,0| 9,66 17,1 | 1,77
Buemyr — Bi 400 9910 | 15,60 151,0 | 10,40 14,2 | 1,36
ton = 271°C 500 9785 | 16,52 151,0 | 11,20 12,2 | 1,09
ty = 1477°C 600 9660 | 17,32 151,01 11,90 10,8 | 0,91
700 9530 | 18,28 151,0| 12,70 98 | 0,77




IMMpojponxkenue taba. I1-10

o
%) £
HﬂHHeHOBBHHE MeTaJjana L; é aq' :?“

= = ¥® o - -
e | ¥ & | T | & & |3
- o < o g > 5
400 10592 15,12 | 1480 9,65 | 21,0 | 2,18
Connen — Pb 500 |10476 | 15.45 | 148,0| 1000 | 175 | 1.75
fon = 327,4°C 600 |10360| 1595 | 14810 | 10.40 | 15'3 | 1'47
1= 1740°C 700 (10242 | 1770 | 1480| 1170 | 137 | 117
800 [10125| 1980 | 148,0] 1320 | 125 | 095
130 | 105701 1095 | 147,0) 7,08 | 31,4 | 4,50
i 200 |10 4 75 | 1470| 7062 | 243 | 319
C“_‘L““;fg,;zﬁpf‘*‘ 300 | 10364 | 1270 | 1470| 834 | 187 | 2'24
My o M 400 | 10242 | 1372 | 14700| 910 | 157 | 1'73
g = 125 500 10120 | 14,65 | 147.0| 983 | 1356 | 139
s 600 [10000| 15.82 | 147,0| 10:80 | 124 | 115
700 | 9876 | 1675 | 147.0| 1130 | 11'4 | 1001
20 | 515| 46,10 | 4150| 21,6 | 111,0 | 5,14
Jlutnk — Li 300 | 505| 4670 | 4240 21'8 | 9277 | 4'25
ton = 179°C 400 | 495| 47.20 | 4340| 2200 | 817 | 372
= 1317°C 600 | 474 | 48100 | 451.0| 224 | 668 | 2'98
700 | 465| 48.60 | 460.0| 227 | 61'7 | 272
100 | 928[861 [1385 |670 | 77.0 | 1,15
200 | 903|816 |1325 | 682 | 506 | 074
Harpufl — Na 300 | 878|755 |1280 |67.2 | 394 | 059
ton = 97,8°C 400 | 854|688 [1270 | 635 | 330 | 052
£ 883°C 500 | 829|639 |1270 | 603 | 289 | 048
600 | 805|606 |1275 | 585 | 257 | 0.44
700 | 780|591 |1275 | 594 | 232 | 039
100 | 818|465 | 817 | 695 | 56,1 | 0,81
Kanuf — K 200 | 795|460 | 792 | 730 | 428 | 0.59
L 63 10C 300 | 773| 4311 | 775 | 725 | 352 | 0.49
" 760°C 400 | 750|396 | 766 | 69.0 | 29.8 | 043
500 | 727|349 | 766 | 625 | 257 | 041
600 704|310 | 770 | 57.3 | 221 | 0.39
700 | 681|283 | 775 | 536 | 205 | 038
20 | 872|221 |1300 | 195 | 93,0 | 4,76
100 | 852|233 |1145 | 238 | 607 | 255
Cnnas 25% Na- 75% K | 200 | 828|246 |1073 | 272 | 452 | 1.63
by — —119C 300 | 803|258 [1040 |308 | 366 | 119
f, = 784°C 400 | 778|271 |1007 | 346 | 30.8 |70.89
500 | 753|284 | 969 | 396 | 26.7 |{0.68
600 | 720|207 | 935 | 436 | 237 | 054
700 | 704|310 | %00 | 489 | 214 | 044
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CreneHb YePHOTHI MOJHOTO HOPMAJbHOIO H3Jay4eHus

TaGunuma II-11

AJA pasjHYHBIX MATEPHAJIOB

HauMeHoBanHe MaTepHana . °C g
AnoMHHHH moNMpoBaHHBIA . . . . . . . . . 225—575 0,039—0,057
To ke mepoxoBaTh# . . . . . . . . . . . . 26 0,055
Amomunuil, okuciennwii npu 600°C . . . . . 200—600 0,11—0,19
JKeneso nonupoBanHoe . . . . . . . . . . . 425—1020 0,144—0,377
JKeneso, cBexeoGpafoTaHHOE HAKAAKOM 20 0,242
JKenezo okucJEHHOE . . . . . . . . . . . . . 100 0,736
JKenezo okucleHuoe rIajkoe . . . . . . . . . 125—525 0,78—0,82
Keneso nutoe weofpaGoransoe . . . . . . . . 925—1115 0,87—0,95
CranpHoe JHTBE TMOJNHPOBaHHOE | . . . . . . 770—1040 0,52—0,56
Crane JucroBas wnndoBanHas . . . . . . . 940—1100 0,556—0,61
Crane okdclernasa mpu 600°C . . . . . . . 200—600 0,80
Cranp JHCTOBasg € IJIOTHBIM GJIECTAIIHM CJI0eM

0} 4 (4 25 0,82
Uyrys ofToueHHBlfi . . . . . . . . . . . .- 830—990 0,60—0,70
UyryH, okucneHuwit mpu 600°C . . . . . . . 200—600 0,64—0,78
OKHCh HEMe38 . . . « « + « v & & « « + + & 500—1200 0,85—0,95
3oJ0To, TmMATENBHO TNOJAHPOBAHHOE ., . . . . 225—635 0,018—0,035
JlaTyHHaa muacTHHA, TPOKATAHHASA,C €CTECTBEH-

HOH TMOBEPXHOCTBI . . . & « + + + « & o« . 22 0,06
JlaTyHras niacTHHa, TpoKaTaHHas, o6paGoTau-

Has rpyGelM HaXIAKOM . . . . . . . . . . 22 0,20
Jlatynnaa mnactuHa Tyckaas . . . . . . . . 50—350 0,22
Jlatyub, okucaenunas npu 600°C . . . . . . 200—600 0,61—0,59
Menp, TmaTesqbHO MOJNHPOBAHKAA, HJEKTPONHTHAS 80—115 0,018—0,023
Meaw toprosas, maGpenas go Grecka, HO He 3ep-

KAMBHAA o . 2 4w e e v e e e e e e e 22 0,072
Menp, okucnennas mpu 600°C . . . . . .. 200—600 0,57—0,87
ORHCE MBI & 5 2 ¢ s w5 5 % 5 & ¢ 3 800—1100 0,66—0,54
PacnnaBnesdsast Megb . . . . . . . . .. . . 10756—1275 0,16—0,13
Monu6uenoBast HHTE . . . . . « « « « « + . 725—2600 0,096—0,292
Hukenb TeXHHYECKH YHCTHIA, MOJNHPOBAHHHIN . . 225—375 0,07—0,087
HuxennpoBannoe TpaBJeHOe JKeseso, Hemosupo-

BAHHOE . . .+ v v v v v v s e e e e e 20 0,11
Hukenesas npoBonoka . . . . . . . . . . . 185—1000 0,096—0,186
Hukens, okucnennntii mpu 600°C . . . . . . 200—600 0,37—0,48
OKHCb HHKEIA . . . . . « « « « « « « « « . 660—1255 0,569—0,86
XPOMOHHKEND . . « v v v o v v o v w v 125—1034 0,64—0,76
Onoso, Gnectsniee, JyxeKoe, THCTOBOE XKe/€30 25 0,043—0,064
ITnaTHHa uucTas, TMoONHpOBaHHasA IL1ACTHHA 225625 0,054—0,104
[TnaTHHOBAS JIEHTA . . + « « « « = « « « . . 925—1115 0,12—0,17
InaTHHOBAA HHTB . . . « « « « « = « = « = . 25—1230 0,036—0,192
[InatHHoBas MPoBOJOKA . . . . . . . . . . . 225—1375 0,073—0,182
PTyTb oueHb uMCPAA . . . . . . . . . . . . 0—100 0,09—0,12
CBHHel cepbiif, oKHCNeHHBH . . . . . . . . . 25 0,281
CpHHen, okueaeHuwnl#t mpu 200°C . . . . . . 200 0,63
Cepe6po moaHpOBaHHOE, YHCTOE . . . . . . . 225—625 0,0198—0,0324
XpoM . . ..o e 100—1000 0,08—0,26
uuk (99,1%) noaupoBawHeld . . . . . . . . 225—325 0,045—0,053
Lnuk, okucnenuwit mpu 400°C . . . . . . . 400 0,11
OuHHKOBaHHOE JIHCTOBOE ¥Kese3o GiecTdaiee , . . 28 0,228
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Mpononxenne ta6Ga. I-11

HanmeHoBallie MaTepHada Al 1 e
OuyHKoBaHHOE JHCTOBOE JKeJNe30 Cepoe, OKHCJIeH-

HOE . . it i i i e e e e e e e e e e e 24 Q0,276
AcGectoBhiff KapToH . . . . . . . . . . . . 24 0,96
AcGecroBast 6GyMara . . . . . . . . . . . . . 40—370 0,93—0,945
Bymara Tonkasi, HakNeeHHas Ha MeTa/JJIHUECKYIO

TACTHEY oo moov mnoe & o % % = & s o0 e m 19 0,924
BOTa & i 6 oiiis e it 5 % & & 0 b i 9 0—100 0,95—0,963
Folit¢ . cwpmsmmin 2 5 v & 2 0w @ e w0 20 0,903
JIly6 crporammiit . . . . . . . . ... ... 20 0,895
Ksapu nnasneswii, mepoxosateiit . . . . . . 20 0,932
Kupnuu kpacuwiil, mepoxosatbiil, Ho Gea GoJsib-

KX HEpOBHOCTEH . . . . . . . . . . .. 20 0,93
Kupnuu nunacoBblif, HerJaaypoBaHHbIi, 1Iepoxo-

BaThil . . . . . . . . . . ... 100 0,80
Kuprnnu aunacoBulil, rnasypoBaHHbifi, uIepoxo-

BaTHR & o o om iwim v o 5 & & oo e w0 1100 0,85
Kupnuu mamorHwlii, raasypoBaHemit . . . . . 1100 0,75
Kupnuy orseymopusit . . . . . . . . . . . — 0,8—0,9
Jlak Genwlii sManeBwlil, Ha XKene3noil mepoXoBaToii

THACTAHE o v % & & 5 & & @ % oo o o0 @ 23 0,906
Jlak uepHblfi GJecTsIMil, pacTbIeHHbI HA JKe-

JIe3HOH MJIACTHHE . . . . . & « &+ « « « « 25 0,875
Jlak uepublii MatoBBE . . . . . . . . . . . 40—95 0,96—0,98
Jlak Genslit . . . . . . . .o 40—95 0,80—0,95
[lleanak uepHwIfi GrecTAM, HA JYKEHOM MKelese 21 0,821
Illennak uepHo-MaToBBIL . . . . . . . . . . 75—145 0,91
MacnsiHble KPacKH PasiHYHBIX LBETOB . 100 0,92—0,96
AnoMHHHeBbIe KPACKH Pa3NHuHOl JaBHOCTH K C TTe-

peMeHHbIM coflepxkannem Al . . . . . L L. 100 0,27—0,67
AnoMHHHEBBIH JIaK To IIepoXoBaToil MJacTHHe 20 0,39
AmomunHeBas Kpacka Tocne HarpeBa o 325°C 150—315 0,35
Mpamop ceposatwlil, moaupoBaunuii . . . . . 22 0,931
PesunoBas TBepaas, JomeHas m1acTHHA . . . . 23 0,945
Pesusa wmarkasi, cepas, mepoxosartas (papuuu-

POBAHHAS) . . . . . . v e e e e . 24 0,859
CTeKNO TNagKoe . . . . « « « « « « & « = = 22 0,937
Caxa, cBeuyHast KOMOTb . . . . . . . . . . . 95—270 0,952
Caka C KHIKHM CTEKIOM . . . . . . . . . . 100—185 0,959—0,947
Caxa namnosasi 0,075 MM u Goabme . . . . . 40—370 0,945
1 21 0,910
Yrons ounmennntii (0,9 % 30nw) . . . . .. 125—625 0,81—0,79
YronbHAst HHTB . . v v v v v v v v 0 0w s 1040—1405 0,526
@apdop rnasypoBaHHmit . . . . .. . L L. 22 0,924
IlITykaTypka mepoxoBaTtasi, H3BeCTKOBasi 10—88 0,91
SManb Genas, TpHIJaBIeHHAs K XKenesy 19 0,897
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Ta6auwma I1-13
3HauyeHHA NOKa3aTeJbHBIX H THNepPGOJHYECKHX (yHKuHI

x etx e sh x chx th x

0,0 1,00 1,00 0,000 1,000 0,000
0,1 1,11 0,90 0,100 1,005 0,100
0,2 1,22 0,82 0,201 1,020 0,197
0,3 1,34 0,74 0,305 1,045 0,291
0,4 1,49 0,67 0,411 1,081 0,380
0,5 1,64 0,61 0,521 1,128 0,462
0,6 1,82 0,55 0,637 1,186 0,537
0,7 2,00 0,50 0,759 1,255 0,604
0,8 2,22 0,45 0,888 1,337 0,664
0,9 2,46 0,41 1,027 1,433 0,716
1,0 2,72 0,37 1,176 1,543 0,762
1,1 3,00 0,33 1,336 1,668 0,801
1,2 3,32 0,30 1,510 1,811 0,834
1,3 3,70 0,27 1,698 1,971 0,862
1,4 4,06 0,256 1,904 2,151 0,885
1,5 4,50 0,22 2,129 2,352 0,905
1,6 4,95 0,20 2,376 2,577 0,922
i § 5,65 0,18 2,646 2,828 0,935
1,8 6,05 0,17 2,942 3,108 0,947
1,9 6,63 0,15 3,268 3,418 0,956
2,0 7,39 0,14 3,627 3,762 0,964
2,1 8,12 0,12 4,022 4,144 0,971
2.2 9,03 0,11 4,457 4,568 0,976
2.3 9,98 0,10 4,937 5,037 0,980
2.4 11,0 0,091 5,466 5,557 0,984
2.5 12,3 0,083 6,050 6,132 0,987
2,6 13,5 0,074 6,695 6,769 0,989
2,7 14,8 0,067 7,406 7,474 0,991
2,8 16,4 0,061 8,192 8,253 0,993
2,9 18,2 0,055 9,060 9,115 0,994
3,0 20,1 0,050 10,018 10,068 0,995
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Ta6nunma I1-14

Mopuduuuposannsie pynkunn Beccens nepsoro poapa
HYJIEBOr0 M mepsoro nopsaxos [/, (x) n I; (x)]
H BTOpOro poja HyJeBoro u nepsoro nopsmkos [K, (x) n K; (x)]

K, (x) ’ 1, (x) ‘ Ky (x)

‘ I, (x)
0,0 1,000 o 0 co
0,1 1,003 2,447 0,050 9,854
0,2 1,010 1,753 0,101 4,776
0,3 1,023 1,373 0,152 3,056
0,4 1,040 ' 1,115 0,204 2,184
0,5 1,064 0,924 0,258 1,656
0,6 1,092 0,775 0,314 1,303
0,7 1,126 0,661 0,372 1,050
0,8 1,166 0,565 0,433 0,862
0,9 1,213 0,487 0,497 0,717
1,0 1,266 0,421 0,565 0,602
1.2 1,394 0,318 0,715 0,435
1,4 1,553 0,244 0,886 0,320
1,6 1,750 0,188 1,085 0,241
1,8 1,989 0,159 1,317 0,183
2,0 2,279 0,114 1,591 0,140
2,5 3,289 0,062 2,517 0,0739
3,0 4,881 0,0347 3,395 0,0402
3,0 7,378 0,0196 6,206 0,0222
4,0 11,302 0,0112 9,759 0,0125
4,5 17,481 0,0064 15,389 0,00708
5,0 27,240 0,0037 24,336 0,00404
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