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HE. Jlobanos

MOCKOBCKHii rocy1apCTBEHHbI i aBUALIMOHHBIH HHCTUTYT (TEXHUYECKHI YHUBEPCHUTET)

TOYHOE PEHIEHHUE 3AJIAYHN O TEIINIOOBMEHE B KAHAJIAX B
HECTAIIMOHAPHBIX YCJIOBUSAX IIPU MAJIbBIX 3HAYEHUAX YHUCJIA BHO

AHHOTAUMUA

[ToayqeHbl TOUHBIE pElLICHHS 3alauu O TernioodMeHe B Ka-
Hanax B HECTALIMOHAPHAIX YCAOBHAX [IPH MaJIbIX 3HAYCHHAX
yucna buo tpydonposojia Npu JOCTATOMHO HU3KHX YHCIax
bprona kak He3 yuéra, Tak ¥ ¢ yu€rom BpeMeHH npedbisa-
HUS TernaoHocuTens B TpyOoOnpoBojie, 4acTo BCTpeqaloueii-
C B MHKEHEPHOH NpaKTHKE MPH pacHETE PereHepaTMBHBIX
TENA00OMEHHBIX ANNapaTos,

1. BBEAEHUE

B uHxeHepHOH NpakTHKE OuY€Hb 4acTO BCTpeva-
FOTCA 3a]auM pacuéTa HecTalMOHAPHBIX Temneparyp-
HbIX TOJ€H NOTOKA TEIJIOHOCHTENA M CTEHKW /A
TOHKOCTEHHbIX TPyOONpOBOAOB B YCIIOBHAX OTHOCH-
TeNbLHO MaJioii MHTEHCHBHOCTH TerlooOMeHa, Koria

uncno Buo ouens mano (Bi=ad/ A, <<1). B cs3u

C 3TUM, NPEACTABAAECT HHTEPEC TOYHOC PELUCHHE 3a-
a4y O HeCTALMOHAPHOM TennooOMeHe B KaHanax npu
BbllEYKa3aHHbLIX YCIIOBHAX.

2. TOYHOE PELUEHUE 3AJIAYM O TEILUIO-
OBMEHE B KAHAJIAX B HECTALIMOHAP-
HbIX YCJOBHUSIX PU MAJIbIX 3HAYEHHU-
AX YUCJIA BUO BE3 YUETA BPEMEHH
NMPEBbIBAHUS TENJOHOCHUTEJASA B TPY-
BOITPOBO/IE

JaHHas MeToaMKa MO3BOSET NMPOM3BECTH pacuér
JAHHAMHKH TOHKHX prGOHPOBOHOB C y'—léTOM HMEHD-
LMXCA IKCMEPUMEHTANIbHBIX JAHHBIX MO HECTalHo-
HapHoMy ko3 duumMeHTy TernooTaauu. 3akoH H3Me-
HEHHS TEMMEPATYPbI TEMNIOHOCHTENA HA BXOJE MOMKET
ObITh MPOM3BOJBLHLIM. Takoro poaa 3aga4yu npUMeHs-
HOTCS MPH pacdéTe pereHepaTHBHBIX TEMI00OMEHHBIX
annaparos, BbIMOJIHEHHbIX B BHJE Pa3IHuHbIX Haca-
10K (11apoB, ceTok, TpyOOK M T.I.), KOTOpble 3arnoJ-
HAIOT TPYOyY M NMEPUOAHYECKH OMbIBAIOTCS TOPAYHMH
H XOJOAHBIMH TEIMJIOHOCHTENAMM, rae npen-:eﬁpcraeT-
csl nepeTedkamu TEMIOTbl 10 MaTepuany Hacaaku B
NpOAOJILHOM M TonepevHoM Hanpasienusx [1]. B
HacTofAllee BPEMS OTCYTCTBYIOT JOCTATOUHO MPOCTbIE
HH/KEHEPHbLIE METOMbI peLeHHA 3THX 3ajad, Io3Bo-
SISIOILME YHECTh BJIMAHME HECTALMOHAPHLIX rpaHWy-
HBIX YCNOBMIT Ha KO3(DULHEHT TemnooTaauun [2—4].
Jlna onucaHus HECTaUMOHAPHOrO TEMjooOMeHa B
TpyO€e, no KOTOpOil TeYET TEnIOHOCHTENbL C M3BECT-
HbIM KO3()(ULMEHTOM TENI0OTAA4H, JOCTATOYHO pac-
CMOTPETh OAHOMEPHOE YPAaBHEHHME IHEPrHW ANs Ten-
JIOHOCHTENS M ypaBHeHue TeruoBoro OanaHca ans
CTEHKH, KOTOPOE 3aMEHACT YpaBHEHHE TEI'IHCII'IPOB()JI-
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HocTH npu Bi <<1 u npu orcyrcTBHM nepeTeuek
Temnja BAOIb OCH TPyObl, YTO CTIpaBeANMBO A/ J0CTa-
TOYHO TOHKOCTEHHbIX TPYO, W MPH OTCYTCTBHU YTEUEK
Ternsa cHapyKH TpybonpoBoaa (npu A0CTATOUHO HW3-
KHX yucsax bpiona Br ):

(e, ), 2t 1)
: y (1)
(F c P) L aU(T, -T,)
T

Cuctema (1) pewiaercs npu cilefyrOLIUX rpaHHu-
HBIX YC/IOBHAX:

r=0: Th(x°0): Tm(x), T.‘-(LO): Tu-o(x);

x=0: 7,(0,7)=T,,(0) &)

Beeném GespasmepHbie nepemeHHble 77 (x, r) H

f(x, T) HAa OCHOBaHMM TOro, 4to KO3(pduuMeHT
TENJO0OTAAYM ABMAETCA M3BECTHOM (yHKUMEH Koop-
OUHATBI U BPEMEHH & = f(x._ r):

Hu

r;'(x,z')z I4SthHo . (3)
0
X

£(x,7)= [4Smx @)
0

rae C=(Fc;,p)h/(Fcp)w ; St= af/(Fc!,p)h :
X= x/a’; Ho= J‘(W/d)dr. Jlns razoBbiX Temnso-

0

HocuTeet (Fcpp)h <<(FC;D)“, " 6;7;’ << w%”».
ar,
TO (Fcﬂp)h % <<(Fep), a—i‘_ "

(Fcf,p)h %4{ (Fcppw)h % B paGorax [2—

4] nokaswiBaetcs, 4To cuctema (1) cBoauTes K cie-
AYIOLIEMY BHAY UTA ra3000pa3HbIX TEMIOHOCHTEIEH:

(AT, (&.7) =T, (£.1)-T.(£):
"ﬁTh (‘fe 37) = Th (év 77) B ThU (é)) :



OAT,

b= AT, - AT,;
o5
OAT, 2
¥ = AT, - AT,.
on

,JTI,.I'IR Clly4vas CKa4yka TeEMIMepaTtypsbl TENIOHOCHTEA

na sxone 8 kawan AT, (E,7)=T,, —T,,(0):
n=0, AT, =0, &£=0, AT,=AT,, (6)

pelieHne cuctemsl (5), NoONy4eHHOe ¢ MOMOILLBIO Mpe-
obpaszoBaHua Jlannaca [2—4] BbIMNAAMUT ClIEAYIOLIWM
obpazom:

ﬁﬁzj'e-ie"ffa[zﬁ]dn; )

AT, .
AL s Brlinse e o) o
ATM 0

rae lo — dyHKuus beccenss MHUMOro aprymeHTa Hy-
neBoro nopsaka [5]:

L) = i—l (E)- , TIe

ovilf(n+v+1)\2
+e0
['(y)= Ie_’.'""_]dt — ramma-(yHKLHA.
0
ITpn n=0 umeem:

x 2v
I(x)= Zv‘l"(v+])( ] . ©)

BnnoTe /10 HacTosALIEro BPEMEHU pelieHHe ypaBs-
Henus (5) B kpagpartypax (7)—(8) onpenenanu tonb-

AT,
KO YHCJIEHHBIM 06pa30M. ,uﬂﬂ OonpeneacHuA - H
hl
AT,
7 T HCNONB30BaNHCh COOTBETCTBYHOLLHE [Ha-
hi

rpammbl [|—4]. AHanoruuHbele auarpaMmbl NpuBee-
Hbl, Hanpumep, B [1] ans pacuéra noneii Temneparyp
MaTpHlbl M TETMJIOHOCHTENA JUIA PEreHEpPaTHBHBIX Te-
n100OMeHHHKOB. B pamkax naHHO#t paboThl CTaBUTCA
3azaya TO4HOro pewleHus cucteMsl (5). [lonyueHHsie
TOYHBIE PELIEHHUA CHCTEMBI (5) HMMEHT LIHMPOKYHO
0BOLIHOCTE M MOTYT ObITb HEMOCPEACTBEHHO HMCIOMb-
30BaTbCA ANA pacu&TOB HECTALHMOHAPHBIX Mojei TeM-
nepatyp MaTpHulbl M TEIUIOHOCHTENA [UlA pereHepa-
THBHBIX TenjaooOMeHHbIX anmapaToB. Jlng nonyueHus
TOYHOI'O pelleHus cucteMsl (5) Heobxoaumo pasno-
JKWUTb B CTENEHHON PAA KCMOHEHUHANbHYIO DYHKLKIO
“ pyHkuuio Beccens MHMMOro apryMmeHra HyJieBOro
nopsaaka [y, Bxoasuue B ksaapatypst (7)—(8) [5]:
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Z( ) (10)
10(2‘\/5):i l 2ﬁ] =

o n!I(n+1){ 2

) Zﬂ ol r(n + 1)]'?“

Takum obpa3zom, UMeeM /1Ba CTENEHHBIX psaa:

I,(2&n)=Yan"; (12)

n=0

=2.bn", (13)

n=0

(rn

n n
rae a, = —é——. b ( :
nl'(n+1)
[IpousBeneHne 3KCMOHEHUMANBHON (YHKUMKH M
(GyHkuMio Beccens MHMMOrO aprymMeHTa Hy/aeBoro
Mops/1Ka paBHo:

10[2ﬁk"’ = i a,n" i bn" =

n=0 n=0
(14)

=i[iambn-m}?‘

n=0\m=0

[locne MoacTaHOBKH, MONYUHM:

0[2'\/57?_}_’ =
Il m é:'ln y (15}
Z[Z(n “m)l m!T(m + 1)]”

Tenepb HeoOXOAMMO NPOBECTH MHTErpUpPOBaHHUE
BbIPAKEHUA, HCMOML3YA MPABUIO MHTErpUPOBAHMSA
GeCKOHEUHBIX CTENEeHHbIX psaaos (15):

’ilﬂ[z\/a]ew:

o n=0\_m= O(H_m)'nﬂr(m-'_l)

w N n=m m (]6)
J{ D™ & g

~0 0 m—O(n_m)! rn-lr(m+ l)

( I)" " ng n+l :
;,:[,“Z;(n—m)! m!T(m+1)(n+1) '

0
[Tocne MoACTAHOBKHM MpENesioB WHTErPHPOBAHMA,
OKOHYATENbHO NOAYUHM:




fjlo[zﬁ]e‘*’ e dn = a7
4]

o o n (‘—‘i)n_m ém o
=€ ;[é(n—m)lmtr(mﬂ)(ml)% '

OkoHuaTesIbHble BbIPAXKEHUA [UISl peLUeHHit CcHC-
Tembl (1) 6yayT BBIFAAAEThH CAEAYIOLMM 00pasoM:

AT,
AT,

[-+] n (_l)ll-‘l‘n élﬂ n+] .
XT,Z[,“Z;,(n—m)' m!T'(m+1)(n+1) '

-‘% =e’*’<e"’ln[2\j§—r;]+ (19)

o L m
4 Z z ( ) g }:1+1

Sl (n-m)!mIT'(m+1)(n+1)

X (18)

Hcnonb3ys CBOWCTBO
['(m+1)=m! [5], nonyuaum:

oo ( 1)1’!’ m fﬂf o
; (20
A o ZZ -m)! (m!)” (n+1)?? o0

ramma-pyHKUHH

n=0nm= 0
AT, - ey
AT, (1 [2r [+
3 -n"" g .
,,Z_(;mzﬂ(n m)! (m!)’ (n+1)’? : Q21

Pacuét no TouHbiM peweHuam (18)—(19) unun
(20)—(21) MOJHOCTbIO COOTBETCTBYET JaHHbIM,
MpeACTaBJeHHbIM HAa AMAarpamMmax, NMpUBEAEHHBIX B
[2-—4]. HO umeeT nepen nocleHUMH HEOCTIOPHMOE
MPEeUMYLLECTBO, NOCKONbKY AaHHbIe [2—4] nony4eHsl
yucieHHbIM oOpa3om. [IpeumylecTBO TOUHBIX pelle-
HHUIl COCTOMT TaKKe B TOM, YTO OHW HE MMEIOT orpa-
HHYEHHH OTHOCHTE/BLHO ONpPENENAIOILHUX NapaMeTpoB
¢ n y, nmerouxes B [2—4].

3. TOYHOE PELUEHHE 3AJAYH O TEILIO-
OBMEHE B KAHAJIAX B HECTALHOHAP-
HbLIX YCJIOBUSAX NMPU MAJIbIX 3HAYEHH-
SIX YACJIA BUO C YYETOM BPEMEHHU IPE-
BLIBAHHUSI TEINJIOHOCHUTEJIA B TPYBO-
MPOBOJE

Tounsble pewenns (20)—(21), noayueHHbie B npe-
AbUIYLIEM pa3fielie, MO3BOJAIT pacCcyuTaTh TEMNood-
MEH B KaHajlaX B HECTaLMOHAPHBIX YCIOBMAX MpPH
MasblX 3HadeHuax uucrna buo Oe3 yu€ra BpemeHH
npe0biBaHiA TEMJIOHOCHTENA B TpyOonposoe, HO He
MO3BOJIAKOT PACCUUTATL TEMA0OOMEH, €ecin Bpems
npeObIBaHUA TETIOHOCHTENS B TPYOONpPOBOAE CTAHO-
BUTCS 3HA4YMTE/IbHLIM. BblllieyKa3aHHbIe peleHHs
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OyayT B MOJHOM Mepe CrpaBeANHBBLIMM [T OTHOCH-
TeNbHO BBICOKHX CKOpOCTEH MOTOKa, KOrja Bpems
npeObIBaHUA TETJIOHOCHTENs B TpybonpoBoje OTHO-
CUTEJIbHO HeBesuko. Hanmpumep, B HacTtosulee Bpems
HaXxoAAT OTHOCHTENbHO WHPOKOE NPUMEHEHHE Harpes
M oxJlaKeHHe TpyOONpOBOLOB NMPH MaiblX pacxoaax
raza. B atom cny4ae Bpema npedbiBaHHA TEMIOHOCH-
Tejs B TpyOOMNpOBOJE CTAHOBHUTCA HEMOCPEACTBEHHO
COMOCTABUMBIM C BPEMEHEM COOCTBEHHO CamMOro He-
cTalMoHapHoro npouecca. Bpems npeOuiBanus Ten-
JIOHOCHUTENA B TpyOONpOBOAE CNEAYET TAKKE YUWThI-
BaTh A/ YCJIOBUH TEUEHHUA B KaHanax TernJOHOCHTE-
neil B BUJE KanellbHbIX JuakocTeil. JIna peweHwus
3aja4yu o TeruiooOMeHe B KaHanax B HecTaLMOHApHbIX
YCIOBHAX MPH MajibIX 3Ha4YeHHAX uncaa bno ¢ yuétom
BpeMeHH npedbiBaHHs TEMIOHOCUTENA B TpyOONpoBo-
1e pacCMOTPHUM cucTeMy ypaBHeHUil (1) ¢ rpaHHYHbI-
MH W HayaJIbHbIMHK YCAOBUAMHU (2). J1as 3TOro BBeaEM
Oe3pazMepHble NepPeMEHHBIE, HECKOJIIBKO OT/IMUYHbBIE OT
aHaJIOrMYHbIX 0e3pa3sMepHbIX MEPEeMEHHbIX, BBOJIM-
MBbIX MPH peLUIEHHH 3a1a4u 0 TennoodMeHe B KaHanax
B HECTALMOHAPHBIX YCAOBHAX MPH MalbIX 3HAYEHMAX
yucna buo 6e3 yuéra BpemeHH npedbiBaHUA TEMJIOHO-
curtena B Tpybonposoae (3)—(4), Ha OCHOBAHMH TOTO,
YTO KOI(PPULHMEHT TENNOOTAAYU ABNAETCA M3BECTHOMH

(yHkuMeli koopaMHaTH U BpeMeHn o = | (x, T ):

Huo

n(x,7)= J4Stdh’0 ; (22)
0
X

£(x,7)= [4Siax , (23)
0

B paborax [2—4] noka3sbiBaeTcs, 4TO CcHCTEMA
ypasuenuii (1) moxker ObIThb npeacTabjeHa B cile-
AylOLIeM BHJE:

é ag_T = —(AT, - AT,);

; 7 (24)
ATb o aﬁ& — ATW o &Th'
on 0g

JIna cyyas ckauka TEMMepaTypbl TEMIOHOCHTENS
Ha BXO/I€ B KaHal ATM(Q",I}) =T, - TM(O):

n=0, AT,=0, £=0, AT,=AT,, (25

Peuienue cuctembl (5), nojay4eHHOE ¢ MOMOLUBIO
npeoGpasopanua Jlannaca [2—4] BuiriaanT cienyo-
M obpaszom:

0 Vé>n,
AT

L , (26)
AT, |Cle *"{’e{’IU(ZJCa z}—fi)dnvg%n
0



0 VE>n,
A lh =&(1-0) ~Cn
T ¢ € 0(2'4 C& i?}‘ E))dﬂ (27)

+(i€ﬂ“ﬂefﬂ0& CAn-d)dy ve<n.
0

Hna nonyuyeHus TOYHOIO pelleHus cucteMsl (24)
MPUMEHUM TOT JKE METOJ, KOTOPblii Obll MPUMEHEH
paHee B paMKax AaHHOi paboTel NpH pelleHne 3a1aun
0 TennooOMeHe B KaHalax B HECTALMOHAPHBLIX YCJIO-
BHAX NPH MaIbIX 3HaueHHAX uucna Buo 6e3 yuéra
BpeMeHH npebbIBaHUA TEMUIOHOCHTENS B TpyOONpoBoO-
ne. OKOHYaTe/NbHbIE BbIPAKEHUA 18 PELIEHUH CHC-
Tembl (24) OyayT BeIMAAETh CEAYIOINM 00pa3oM:

0 vé>n;
0 -l n-m mcn n+l (28)
Arbl T’ZZ( ) | ("? g)

ZZiomy ey T

Vé>mn,

0
Ao | esfecrol o fCE-3)+ e

AT,
3N -4

bl
n:(Jm:(J(n - ITI)I (m! ):(n + 1)

V&<n.

Pacuért no touHeim peweHuam (28)—(29) nonuo-
CTbID COOTBETCTBYET [aHHbLIM, MPEACTaBIEHHbIM Ha
AMarpaMmax, npuBeagHHeix B [2—3, 6] ms C = 1.0,
HO UMEET Mepea MOCAENIHUMH HEOCTOPUMOE MpPEerMy-
IECTBO, MOCKObLKY AaHHble, NpeacTaBieHHbIe B [2—
3, 6] nosiy4eHsl YUCAEHHBIM 0Opa3zoM.

[TpeuMyLLECTBO MONYYEHHBIX TOYHBIX peLle-

HHMI COCTOMT TaK:Ke B TOM, YTO OHH He MMEIOT orpa-

HUYEHUH OTHOCHTEJILHO ONpENENAIIIMX NapamMeTpoB

¢y, nmetonxes B (6], rae npuBesieHbl AMarpamMmbl
AT, AT,

ona H AN cneaywoulero aydanasoHa

AT, AT,

onpeaenstowux napametpos: 7 =0+ 100 ; ¢ =0+ 5;
C=0,001 + 100.

AT, AT,
H
AT, — AT,

NEHHbIE B [6], NO3BONAIOT AETEPMHUHHMPOBATH TEMJIO-
oOMeH B KaHallax B HECTALUHOHAPHLIX YCJIOBHAX TMPH
ManbiX 3HaueHUAX ducaa buo ¢ yuétom BpemeHu npe-
ObIBaHHs TEMIOHOCHTENA B TpyOOMpoBOJE C OI'paHH-
YEHHOH TOYHOCTBIO W C OMPENE/NEHHON IUCKPETHO-
CTbO MpH OrpaHH4YCHHOM JHanasoHe onpeaensaiolmnx
napameTpoB. BblL[]C)/Ka3aHHbIX HEO0CTAaTKOB MOJIHO-
CTBIO JIMUIEHBI TOYHBIC PELUEHHA, MNOJIYYEHHbIE B paM-
Kax NaHHOM pa60’rb:, C/1Ied0BaTE/IbHO, OHH HMEIOT ne-
pel CYLECTBYIOWHUMH YHUCAEHHBIMU PELIEHHAMU He-
OCMOpPUMbIE MPEUMYLLECTBA.

Juarpammbt ans , TpuBe-
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4. 3AKJIOYEHHUE

B naHHOM MccleIOBaHUM MONYYEHbI TOUHBIE pe-
IUEHWA 3a/laud O TenjaooOMeHe B KaHanax B HecTa-
LUMOHAPHBIX YCIOBMAX MPH MANbIX 3HAYEHUAX 4MCIA
buo ¢ yuyétom BpemeHu npedObiBaHWA TEMIOHOCHTENS
B TpyOonposo/e, 4acTo BCTpeyalolHecs B HHKEHep-
HOH TNpaKTHKE W MOTYT NPHMEHATHLCA MpPH pacuére
pereHepaTHBHBIX TEMI00OMEHHBLIX annaparos, B KO-
TOPbIX MOXKHO NpeHebpeub nepeTeyKaMmu TEMIOTHE M0
Marepualy HacalkH B [POJOJILHOM W MONEpPeYHOM
Hanpasiexusnx. [losyyeHHble TOUYHbIE PELIEHHS WMe-
IOT HEOCTIOPUMOE MPEUMYLLECTBO MEpes CYLIECTBYIO-
IUUMH YHCIIEHHBIMH, TOCKOJIBKY BbISBIAKOT HMMa-
HEHTHYIO CBA3b MEXKAY OMNpEeleNAlOIUMH U Ofpeje-
nAeMbIMH NapamMeTpaMH, HMH MOMKHO HEMNOCpencT-
BEHHO BOCIOJbL30BATLCA MpPU pacuére, He npuberas K
MOMOLLN IUrPaMM MM BbIYHCITUTENBHON TEXHUKH.

CIMUCOK OBO3HAYEHUM

¢ — tenaoémkocth, Jk/(kr-K);

Cp — TEMAOEMKOCTh NPH NOCTOAHHOM JaBACHHUM,
Jhx/(kr-K);

d — BuyTpeHHuii 1uaMerp TpyObl. M:

F' — nnowans nonepeutioro ceuenns, m™:

Ho— unrerpansusiii napamerp roMoxpoHHOCTH:

St — umcno Crantona;

T — temneparypa, K:

U — ombiBaeMblii nepuMerp, M:

w — CI(OpOCTb TEMIOHOCHTEH, M/C:

X — MpoJoJibHAA KOOP/JAMHATA, M

O — KOM(pMUMEHT TENNOOTAA4H BHYTPH TPYOBbI.
Br/(M*K):

O — TOJIMHA CTEHKH TpyOONpoBoaa, M;

Z.“,— KO3(D(PMLMENT TENJIONPOBOAHOCTH MaTepHana
crenku, Br/(m-K):

L — MIOTHOCTb, KI/M’;

T — Bpems, c.
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