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B KAHAIAX OABUIATEJIbHbIX YCTAHOBOK
NMPU ®A30BbIX MPEBPALLEHUAX PABOYUX CPEQ

MpepnoxeHa MaTeMaTuyeckass Mogernb UM KOMMbHTEPHOE WH(OPMAaLMOHHOEe
obecneyeHue npouecca Tennoob6MeHa B KaHanax [ABurateribHbIX YCTaHOBOK
KOCMMYECKMX JeTaTelNibHbIX annapaToB npu ¢(a3oBbIX NpeBpalleHUusx padoumx
cpen. PesynbTatbl MOryT O6biTb MCNONb30BaHbl B MpPaKTUKe MPOEKTUPOBaHUs
ABUraTesibHbIX yCTaHOBOK KOCMUYECKUX JleTaTesbHbIX annaparToB.

Knrodeenle cnoea: dsuzameribHble ycmaHoBKU, paboyasi cpeda, KOHBEKMUBHbIU
merioobmeH, MamemMamuyeckasi MoOerTb, KOMIbIoMepPHoe UHGhopMayUOHHOe obecriedeHue.

BBepeHue. Pa3sutue MeToaoB MOAENUPOBaHUS NPOLECCOB TEMMo- U
MaccoobmeHa B KaHarnax v HaKOMNSeHHbIV ONbIT PeLUEHUst KOHKPETHbIX 3a4ad
€03[al0T HOBblE BO3MOXHOCTU AN UccreoBaHui, B 0COGEHHOCTH Npu U3y-
YeHun a3oBbIX NPeBpaLLEHUA U UX KOMMbIOTEPHOrO MHEOPMALMOHHOMO
obecneyeHus [2, 3].

CnepyeTt OTMETUTb, YTO BMAMSHMEM Ha TEMNNOOOMEH akcuanbHOW Tenno-
NPOBOAHOCTM B >XMAOKOM U TBEPAOW base npeHebperanock. OgHako, npea-
NONOXeHWe, YTO M3MEHeHUe NNOTHOCTU TEMNMOBOro NOToka, 06ycnoBneHHoe
TennonpoBOAHOCTbIO BAOMb OCU, Mario MO CPaBHEHWUIO C U3MEHEHMEM MO
pagvycy, MOXeT MPUBECTU K 3HaYMUTEnNbHbIM owmbkam, ecnu vucno lNekne
marno. Takve ycrnoBus siBNSKOTCA XapakTepHbIMU NPY TEYEHUN KOMMOHEHTOB
TONNMBa B ANMHHBLIX TPyBonpoBoAax, XUAKOMEeTannmMyecknx TennoHocuTe-
nen B TennoBbix Tpybax. CnegosartenbHO, pacyét TennoobMeHa ¢ y4eToMm
TEennonpoBOAHOCTU BAOSb OCY NPeAcTaBnseT He TOMbKO TEOPETUYECKMIA, HO U
npakTudeckui nHtepec. lNpeHebpexeHne akcuanbHOW TEnnonpoOBOAHOCTbLIO
3HaYMTENBHO YMPOLLAET pacyeT TennoobMeHa, Tak Kak B 3TOM Criydyae eQuHCT-
BEHHbIM MEeXaHU3MOM nepefayun Tenna BAOMb OCU SABMSIETCA KOHBEKTUBHbIN
nepeHoc. o3ToMy BCAKOE «TennoBoe BO3MYLLEHME» CHOCUTCSA BHW3 MO Te-
YEHMIO CO CKOPOCTbIO OBWKEHUS XKXMOKOCTU. B aTOM cnyyae TemnepaTypHoe
none B HEKOTOPOM CeYeHuUn NnoToka OyaeT 3aBuceTb OT TeMnepaTypHbIX No-
nen TONbKO B NpeALlecTBYOLUX cevyeHuax. Ecnum xe TennonpoBOOHOCTb,
obycnoBrneHHas akcuanbHbIMU rpagueHTamn Temnepatypbl, NpuHUMaeTcs
BO BHMMaHue, TO TeMrnepaTypHoe none B HEKOTOPOM ceyeHun notoka byaer
3aB1CETb OT TEMMEPATYPHbIX MONen 1 B NOCNeaylLnx cevyeHnax. ta oco-
GeHHOCTb ABNeHu TennoobmeHa, paccmaTpmBaeMbIX C Y4ETOM akcanbHOM
TENnnonpoBOAHOCTH, CYLLECTBEHHO YCIOXHAET pacyé€T. [MoaTomy nub He-
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MHOrve 3agayu TennoobmeHa pelleHbl C YY4ETOM akcuarbHOW Tennonpo-
BOAHOCTU. B CBA3M C 3TMM aKTyanbHbIM SBMASETCH UCCrefoBaHWe YCTaHo-
BMBLUEroCs U HeyCTaHOBMBLLErocs NpoLeccoB TennoobmMeHa npu TevyeHuu
XUOKNX MOHOKOMIMOHEHTHbIX Cpef B KaHanax ABuratesisHONM YCTaHOBKM B yC-
NOBUAX UX 3aTBEPAEBaHNA 1 C YYETOM aKCUanbHOW TENMONPOBOAHOCTH [6].

PesynbTaThl byHOamMeHTanbHbIX MccnegoBaHui TennoobmeHa pabounx
Ten ¢ y4eTom Mx pa3oBoro npeBpaLleHust XXUAKOCTb — nap nNpuBedeHbl Tak-
xe B pabotax B. ®. [NpucHakoBa, rae Bnepsble ObIio NONyYeHO aHanuTu4e-
CKOe peLleHue 3afa4vn O BCKMMaHUM KOMMNOHEHTa TOMNMMBa B OXflaxaaroLem
TpaKTe XWUOKoCTHOro paketHoro asuratens (KPI) v npeanoxeHa ocHOBaH-
Has Ha HeM MeToAMKa pacyeTa mMmnynbca nocnegenctsus Tarm [1]. Ha oc-
HOBe pa3paboTaHHOW UM rOMOreHHON MOAENN BCKUMNaHUSA Obinn nonyyeHsb
3aBMCMMOCTW pacxofa NapoOXWOKOCTHOM CMeCWU OT BPEMEHM, pacCyUTaHo
AaBrieHve BbITECHEHNS BCKUMAOLLEN XXMOKOCTU NpU HEpaBHOMEPHOM 06or-
peBe kaHana no AnuHe, NPOBEAEHO UccneaoBaHne YCTONYMBOCTM NapoXuna-
KOCTHOrO KOHTYypa C XMOKOMETannmyeckum TenrioHoCUTEnem M HeycTondu-
BOCTU TEYEHUSI B KaHanax marbiX pa3mMeposB.

CospgaHve aBuratenbHbIX YCTAaHOBOK KocMudeckux annapatos (KA), pa-
BoTaLumx B pexnmax ¢ pasoBbiMK NpeBpaLleHusamMmn pabo4dmx cpeq, cBsisa-
HO C HEODXOAMMOCTbIO peLLEHNS Hay4YHO-TEXHUYECKON Npobnemsbl — paspa-
BOTKM TEOpeTU4YECKMX N METOAONMOrMYECKMX OCHOB NPOEKTUPOBAHUSA CUCTe-
Mbl Modayn TOMMMBa, CUCTEM TepMOperynupoBaHust U connosoro 6rioka.
TennoBble NpoLeccbl B 3TUX CUCTEMaXx COMPOBOXAAIOTCH COOTBETCTBEHHO
3aTBepAeBaHMEM, NCnapeHueM 1 KoHaeHcalmen, abnaunen paboumx cpea.

MoctaHoBka 3agaum. Co3gaHve METOAOMNOrMM NPOEKTUPOBAHNSA CUCTEM
nogayv TonnvMea 1 TepMOpPErynmpoBaHmsa ¢ hasoBbiMU NpeBpaLLEHUIMMN pa-
6ounx cpen B ABuraTernbHbIX U 3HEPreTM4EeCKUX YCTaHOBKaxX KOCMWUYECKMX
annapaToB CBSI3aHO C pelUeHneM CUCTEMbI criedytolmx ypaBHeHun [4]: ons
Xuakow 1 naposon gasbl — ypaBHeHne ®ypbe — Kupxroda

dt
Cop 5= AV 14 0, (1)
ypaBHEHUWE OBWKEHUS
p Y Npr v 4 pi, )
dr
ANs TBepAov (hasbl U CTeHKM TpyGomnpoBoda — ypaBHEHWE TEMSONPOBOAHOCTM
div (Agradt) = Lo q, (3)
o Ot

yCInoBuA Ha NoABWKHOMN rpaHuvue

8t(M 0+ 0)8t(M +0)

MM -0) = pdV (M),

(4)
t(M—O)=t(M +0)=zd,,
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roe dt/dr,dV /dr - cybcTaHUMoHanbHble NPOU3BOAHbLIE; ch — auccuna-
TUBHas pyHKUMA Panes; u — koaddUUUEHT BA3KOCTW; M — rpaHuyHas Tou-
ka; f(M-0) — npegen dyHKuMK f, korga npu PuKCUpoBaHHoMm (M ,7)<t,;
f(M+0) — npepen dyHKUMK f, KOoraa nNpu pukcuposaHHoMm © (M ,7) > t,,.
Mpu npoekTnpoBaHUK connoBoro 6roKa pakeTHoro Asurarens TBepAoro To-
nrmea (POTT), paccmatpuBaeM ero kak cocTaBHOe Terno BpalleHus npouns-
BOMbHOTO MEPWAMOHANbLHOrO CeYeHusi, Haxopsllieecs B YCMOBUAX OCECUM-
METPUYHOro HEM30TEPMMUYECKOTrO MpoLIecca HarpyXeHns noa AencTsmem no-
BEPXHOCTHbIX U OBBEMHBIX CUI, HE Bbi3biBaloLLMX AehopMauuio KpyveHus.

Torga ero ynpyronnactuyeckoe TennoHanpsXXeHHoe COCTOosiHWe onpepens-
€T cneayowasa cuctema andepeHumanbHbiX ypaBHEHUI paBHoBecuHs [5]:

do, 0o, ©
2z + zr + zr + xZ — O’
0z or r

oo, 0o, O, —0C
y4 + j2a + ¢¢ + xr — O’
0z or r

®)

rae x, U x, — KOMMOHEHTbl 06 BEMHON CUTbI.

KoMMoHeHTbI TeH30pa HanpsaXeHua Ha NoBepXHOCTW Tena yaoBIeTBO-
pAT CTatTU4eCKknM rpaHU4YHbLIM YCI10BUAM:

p.=o.l.+o,l, p=0.l+0,l (6)

zr’r? rir

rae I, v |, — HanpaensoLwme kocuHycbl. CooTHoweHna Ko nmetot Bua:

_ow _Ou u _l[aw_’_auj, @)

&y =—) E,=—, Ey=—, &, =—|—+—
“ 6z or’ Y 7 ler 6z

7

roe w U u — KOMMNOHEHTbI nepemMeLlleHna ToO4eK Tena BpalleHna BOOoSib OCU
Z N I COOTBETCTBEHHO; €225€,15€455E 7.~ KOMMOHEHTbI TeH30pa p,e(bopmau,mw.

dusnyeckne ypaBHeHVsI B paccMaTprBaeMol 3agadye TepMonnacTuyHoc-
TW NPU YCIOBUK, YTO AEVCTBYIOLAs Ha TeNo BpalleHWsl Harpy3ka He Bbi3bl-
BaeT AedopMaLmio KpyYeH s, UMEIOT BUA:

* * D * * D
c,, =2G¢,,+A0-0,,, o0,=2G¢,+A0-0,,
* * D * D
c,=2G¢,+A0-0,, o,=2G¢,-0,, (8)
roe o” — pononHUTENbHBIE KOMMOHEHTLI HanpsbkeHnst; G*, A - nepeMeHHble

napameTpbl YNpyroctu, B KOTOPbIX MHTEHCUMBHOCTW KacaTerbHbIX HanpsKe-
HWUIA 1 gedopMaLmin casura onpegenstoTcs dopmynamu [4]:
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o \/%[(O-ZZ -0,) +(0, -0, )2 +(oy -0, )2 +6U§r} ' 9)

r= o) (o, -e) +(eu-esf v ] 0

Pacnpep,eneHme TeMnepartypbl B 3JieMeHTax KOHCTPyKUuM CconsioBoro
6noka onpependeTca ,D,I/l(b(bepeHLLI/laﬂbelM YpaBHEHNEM HeCTaLI,VIOHapHOVI
TennonpoBoAgHOCTU BUAa (3) npun cnegywowmx Ha4vyanbHOM U rpaHU4YHOM YyC-

noBusix: ¢=1,(r,z), A(0t/on)=a(t—0), rAe i — HanNpaBneHWe BHELLHEN
HOpManu K NOBEPXHOCTU F, OMblBaeMOW BbICOKOTEMMEPATYPHLIM Fa30BbIM
NMOTOKOM M abnsAumnsi Ha 3TOM NOBEPXHOCTM NPOUCXOOMT C 3a4aHHOW MOCTO-
sIHHOW ckopocTeo V, F = F(V,7).

PaccmoTpum pabouyto cpeay, NpoOBOASALLYIO TENMo NOCPeACTBOM Tenso-
NMPOBOAHOCTN U HaxodsLytocs B AByxdpasHom cocTosHuu. TycTb 4 A, ¢ 1 p;
(i =1,2) — cOOTBETCTBEHHO TemnepaTypbl, KO3(PPULMEHTbI TENNONPOBOLHO-
CTW, TENMOEMKOCTM U NMOTHOCTb, XapakTepusytoLme aTu dasbl. MNMpegnono-
XM, YTO nepexon n3 dasbl «1» B dhasy «2» CONpoBOXOAETCS MOrnoLeHn-
eMm Ttenna. MNyctb Ay n [y — 06nactu, 3aHsATblE B MOMEHT BPEMEHU T COOT-
BETCTBEHHO «1» 1 «2» dasamu, a S; — rpaHula pasgena das. byoem npea-
nonaratb, YTo S; — rnagkas NoBepxXHOCTb, NMPU Mnepexoe 4Yepes KOTOpyHo
NPOUCXOANT paspbIiB TENNOMUINHECKUX XapaKTePUCTUK A, U ¢;.. B To xe Bpe-
MS ee crielyeT paccMmaTtpuBaTtb Kak MOBEPXHOCTb, BAOMb KOTOPOW pacnpe-
AeneHbl MOBEPXHOCTHbIE UCTOYHUKM Tenna. MycTb M — Todka Ha NoBepXHO-
cm S, n nn,, — HopMmarb K S; B Touke M, BHelHasa oTHocuTenbHo [y O6o-

3Ha4uM 4epes M, Touky nepecedeHus n, Sus, rae & >0. Torga

—_ —

MM, =5n=5n'n,

roe n - €[AMHUYHbBIN BEKTOP HOpManu n .

CnepoBatenbHo, &, > 0 npu M; € [, n 6, < 0 npn M; € [J;. 310 03Ha-
yaert, 4Tto ecrmn &, > 0, TO B OKPECTHOCTU TOYkM M B TeyeHue BpeMeHu J;
npoucxoauT npeBpalleHne asbl «2» B (asy «1», conpoBoxaatoLleecs
BblAENEeHMEM CKPbITOW TennoTkl U, HaobopoT, ecnn 8, < 0, To ba3oBbIN Ne-
pexo COMNpOBOXOAETCS €€ MOrfoLEHNEM.

MycTb ds — anemMeHT noBepxHOCTK S;, cogepxalimm Touky M, a dw — un-
TNNHAPUYECKNIA SNEMEHT, MOCTPOEHHLIN Ha dS Kak Ha OCHoBaHWW. Torga

ldo|=15,|ds .

Cuutaem, 4To 3HaK dw coBnNagaeT co 3HaKoM &,. B pesynbTate chasoBoro
nepexoda BblOENsSeTcs KONMYECTBO Tenna, paBHoe
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0q=Ppdw=>pd,ds,

roe @ — ckpbiTaa Tennota dasosoro nepexoga. OTHOCA & K eAnHuUe no-
BEPXHOCTU U K eanHULLe BPEMEHU, ONpeaenumM, YTo BenninHa

n

0,

t

q=Pp -,
paBHaaA CKOPOCTU BblOeNeHnda CKprTOI7I TEennoTbl (ba3OBOFO nepexoana,
AOJNKHa paccMmaTtpuBaeTCA KaK MMOTHOCTb MUCTOYHUMKOB Tenna, pacnpene-
NeHHbIX BOOJIb NOBEPXHOCTU pasgena cbas.

CnepoBaTenbHo, Ha rpaHuvue pasgena das S; OOMKHO BbINOMHATCA YC-
noBKe conpsaxXeHna
)

n

5 >

S t

ot
on

o,

st 2
) on

2

nokasbliBatoLLiee, YTO pa3pbiB B MOTOKE Tenna npu nepexone Yepes rpaHuLy
pasgena ga3s B CTOpoHy dasbl «1» paBeH CKOPOCTWU BblOENEHUsI CKPbITON
TennoTbl a3oBOro nepexoaa.

3anuwem aTo ycnosue B passBepHyToM Buge. [ycTb X, y, Z — AekapToBa
cuctema koopauHaT u F(x, y, z) = 0 — ypaBHeHWe NOBEpPXHOCTM pasgena
¢as. HopmanbHoe ypaBHeHWe KacaTesnibHOW MOCKOCTU K 3TON NOBEPXHOCTM
nveeT B1g

(X—x)a+(Y—y)ﬂ+(Z—z))/=O,
roe

oF or o
X O &
“ + |gradF| > P + |gradF| 2 i|gradF|

HanpasnsoLwme KOCUHYCbI 5n” ,a X, Y, Z - texywme koopauHaTthl. MycTb
Touka M; umeeT koopanHaThbl X1, ¥4, Z1 U
de=x—-x; dy=y,—y, dz=1z —z,
Torga
o, =adx+ Bdy+ydz.

C opyron CTOpOHbI,

a—Fdx+a—de+a—Fdz+a—FdT =0.
Ox oy 0z ot
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Takum obpasom, ycnoBue Ha rpaHvle pasgena da3 nmeet Bua

F
(A gradt, — A,gradt,, gradF) , + chZ— =0,
T
rae (,) — ckansipHoe npou3BseneHve.
B cnyyae yyeta TennoBoro notoka Q(Qx,Qy,QZ) Ha rpaHuue pasgena

dhas nomnyyeHo creayrollee rpaHUYHoOe YCroBue Ha poHTe hasoBoro npe-

BpaLLeHust
2 2
- OF |ox . OF |dy { PR ot, _, a, | _
oF |0z OF |0z 0z 0z
3 cDGF/GT_ OF [ox OF /0y
OF/0z | OF oz OF |0z

Oy + Qy+QZi|'

Ecru 0=0 v F(x,y,z7)=z-1(x,,27)=0, TO 3T0 COOTHOLIEHME
NPUHUMaeT BuA,

2
l+[anj + 6_17 A= o AZ% =pcDa—77.
Ox oy oz oz ot
Ona onpepeneHusi pacnpefeneHus Temnepatyp B ¢asax «1» un «2»

MOXXHO BOCMOSb30BaTbCs CreaytoLlen CUCTEMON ypaBHEHUIA, OOMONHEHHOW
YCNOBUEM Ha rpaHuue pasgena das

(?;t —azdlv(gradt)+ql, (i:1.2);

L(x,0,2,0)=¢(x,y,2), xy,ze/;
tz(xayazno):(bz(xnynz)v x,y,ZE,ZZz;

t/ :¢1 xy,Z,T),T)O, X, Y, Z€S,;
/ = ¢, (x,,2,7),7)0, X,),Z€S,;
1/ / t,(x,,2,7),1)0, x,y,z€F,
roe s, +F, s,+F — COOTBETCTBEHHO MNOBEPXHOCTU a3 «1» N «2»;

tq,(x,y, z,7) — TemnepaTypa ¢ha3oBoro nepexopa; ¢,— AEVCTBYIOLINE WC-
TOYHVWKM Tenna.

Pabouunit npouecc Ana AByxkomnoHeHTHbIX KPP manon tarn OKPOMT)
nMmeeT psag ocobeHHOCTEN, cpeamn KOTOpbIX, Hanpumep, 3anyck B YCMOBUSAX
KOCMMYECKOro NPOCTPaHCTBa, 3HaYUTENbHbIE BPEMEHHbIE NPOMEXYTKN MEXAY
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BKIIOMEHUAMU, a Takke cMmeceobpasoBaHVWe B OrpaHMYEHHbIX obbemax npu
MarblX pacxogax KOMMOHEHTOB TOMMMBA W OrPaHNYEHHOM YUCHE CMECUTESNbHbIX
3aneMeHTOoB. Bbicokasi NofHOTa M YyCTOMYMBOCTb CropaHns TonmnmBa AOCTUraeT-
CA B TOM criyyae, ecnun hopCyHoUHas rornoska obecneynBaeT paBHOMeEpHOe
none COOTHOLLEHWNS KOMMOHEHTOB B siApe NOTOKa U B NPUCTEHOYHOM Crioe.
[ns kayecTBEHHOro cMeceobpa3oBaHWA NPUMEHSAIOT CMECUTENbHbIE FONOBKY
CO CTPYMHbLIMUW 3rieMeHTaMu ¢ nepeceveHnem cTpyn. lNpoektuposaHue dop-
CYHOUHbIX FOSIOBOK, OTBeYalLlmMx OCOBGEeHHOCTAM opraHusauum paboyero
npouecca B kamepe XXPOMT, npeacraBnseT 3HauuTenbHble TPYOHOCTU.

K npobneme cmelleHVs CTPyM NPOSBMSETCS MOBbILWEHHbIA UHTEPEC B
CBSA3M C LUMPOKUM MPUMEHEHUEM MnpoLecca Npu co3gaHnM CMEeCUTENbHbIX
YCTPOWCTB ABUraTenbHON YCTaHOBKW, KOTOPble AOMMKHbI 06ecneynBatb Ang
Kamepbl CropaHus ABuratensl BbICOKOE 3HayeHue YAenbHOro umnyrnbca u
ycTondmsyto paboty. [ins atoro Heo6xoAuMo co3aaTb OAHOPOAHOE pacrpe-
JeneHne KOMMOHEHTOB TOMMuMBa Mo nnowaaun kamepbl. [loaTomy cmeceob-
pa3oBaHue, OCYLLEeCTBNSAEMOE CMECUTENMbHOW FOMOBKON, AOMKHO cnocobCT-
BOBaTb NMOMHOTE CropaHus TONNMBa 1 04HOPOAHOCTM MO CKOPOCTEMN.

PaccmMoTpum npouecc cMeLleHust CTPYN XUAKOCTU, BblTEKAKOLWMX B Nps-
MOYrofbHyl0 obrnacTb U3 OBYX HacafoK, pacrnonoXeHHbIX No o6e CTOPOHbI
LLMPOKUX rpaHen.

PyHKUMA TOKa B KaXaomn ToUKe nccnegyemon obnactu B criydae 6e3Bux-
peBoro Nockoro AaBneHus OoSmKHa yaoBNeTBOpSATb ypaBHeHuo Jlannaca

o’Q  J°Q
—+——=0
ox~ Oy

C rpaHNYHbLIMM YCIOBUSIMI

szo =0 ) Qx:a = §02(y); Qy:() =y, (x); Qy:/, =Y, (x).

[na pelleHns NocTaBneHHOW 3agayvu npeaBapuTenibHO Oblnn aKkcnepu-
MEHTarnbLHO onpeaeneHbl CKOPOCTU MOTOKOB XWAKOCTU, OMbIBAKOLLNX LINPO-
Kune 1 y3kue rpaHu.

Mo npuBeAeHHbLIM 3aBMCUMOCTSIM MOTOKOB onpeaenvmM yHKLMM Toka 13
COOTHOLLEHNIN

X2 A

Sy S5
ay ox

[n§a pelieHns rpaHuyHON 3agayu BBeAeM HoByto dyHKUMO V(x, y), npu-
BOASALLYIO rPaHWNYHbIE YCIOBKA NO ¥ K OAHOPOAHBIM:

b—
y_‘//zl'

Vi(x,y)=Qx, y) =y, (x) 5 5

OTtHocutensHo dyHKUMKM V(x, y) ucxogHas 3agadva npeobpasyetcs Kk Buay
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oV oW
—+ =

b _
! (x)—y—w;/(x)f ——F(x,);

ox* oy’
=@ (x)—- l,1/1(0) —'//2(0) =10
Ve =0:(¥) - l//1(61) —Wz() =0
A

PeweHue YpaBHEHUA UMeET BUa

V(x,) = 2 a,()sin " .

n=1

Torpa

Q(x,y) = Za (X)81n7y+v/1(x)

n=l1

Y
'H//z(x)z
OnpepenuM HensBecTHble KoadduLmneHTbl o, (x) . MNpeanonoxum, 4to

- . nm
F(x,y) =2 B,(x) sin==;
n=1
> . nrw = . nmw
fl(y)=2%,8m7y; fz(y)=an8m7y,
n=1 n=1
roe
a'’ nr 2% nr
x)=—|F(x,y)sin—ydy; 7, (x,y)=— sin— ydy;
B,(x) b! (x,) Yy V. (%,9) b!fl(y) Y

28 . nmw
Xn =Z£fz(y)8m7ydy-

MoacTtaenssi 3TV BblpaXKeHWs, Nony4aem
a, (x)= 24, ==,
a,0)=7,,
a,(a)=yx
Peluum 3Ty 3agayy MeTogoM Bapuaumm NpousBoSibHbIX MOCTOSHHBIX
a,(x)=c, (x)e"" +c,, (x)e ™,

rae Cin(X) N Can(X) ONPEAENSIOTCS U3 CUCTEMbI anreGpanyeckiux ypaBHEHNI
OTHOGUTENBHO € 1(X) W & 20(X).
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Paspeluas ee, nonyuum

1
¢, = —g e‘ﬂ"xﬂn (x)dx +c,,
1

C,y, = g e‘ﬂ"xﬂn (x)dx +c,.

lMocTosIHHbIE €1 M C; HAXOOATCHA U3 CUCTEMbI anre6pamquKv|x ypaBHe-
HUA. OKoHYaTENBbHO (*)yHKLI,I/I‘il TOKa onpeaenaeTca BblpaXeHnem

< . nw
Q(x,y)=) a (x)sin
(x,») Z, . (x) 0.5

>

y+x7(0,15-1,2y)— (0,54 —1,92y)x +0,3y.

M3 nocneaHero BblpaXeHNs HaioeM KOMMOHEHTbl CKOPOCTEN, BbIMOMHMB
andbdepeHUpoBaHKe Mo TeKyLLein koopauHaTe:

U=12,573 na, coson—;y+2,4x—0,304;

n=1 s

Sda, . nw
v=—) —=sin -0,3x—-2,4y+0,54.
2S5y 4

>

Ha ocHoBaHuM aHanusa NOJTy4YeHHbIX pe3yJibTaToB pacyeTa MOXHO cae-
naTtb BblBOA4, YTO U3MEHEeHNne I'IpOLI,OJ'IbHOIZ CKOPOCTW B NOTOKE MMeeT NpAaMo
nponopuuoHasnbHyio 3aBUCUMOCTb OT I'IpO,D,OJ'IbHOVI KoopaunHatbl U npeg-
cTaBnseT cobon cemencrso npAMbIX NUHWA, pacnonararwmnxca ogHa noa
p,pyr0|71 npu pasnmnyHbIX PacCTOAHUAX ) OT CTEHKW.

BbiBoAbl. PaspaboTaHbl NOCTaHOBKA U METOAbl pelleHus 3agayn npo-
€KTUPOBaHWsI CUCTEM MOJAYM TOMMMBA, TEPMOPEryNMpoBaHnus ¢ has3oBbIMU
npespaLleHnaMu paboumnx cpes, connoBoro 6rioka pakeTHoro AsuraTens Ha
TBEpPOOM TOMNNMBeE.

MpennoxeHbl dusnyeckas U maTemaTudeckass MoAenu, anroputM ux
YUCNEHHOW peanusauuMnm C UCNOMb30BaHUMEM KOMMbIOTEPHOrO WHAOpMa-
unoHHoro obecneyeHuss Ha 6Gase anroputma «Extended Delta-Bar-Deltay
MPOrHO3MPOBaHUS C WCMONIb3OBaHNEM METOOOB HEMPOHHbIX ceTenl. [Ons
pacyeTa CTpPYyWHOro uUcTeYeHust U3 (POPCYHOUHbIX FOMOBOK ABWUraTerlbHOWN
YCTaHOBKM KOCMMWUYECKOro annapara nonyyeHb! 3aBUCMMOCTU, KOTOPbIE MOTYT
ObITb BHEAPEHbI B NPaKTUKY NPOEKTUPOBAHMST (DOPCYHOUHbIX FONIOBOK ABUra-
TenbHbIX YCTAHOBOK.
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YCTaHOBOK KOCMiYHUMX NiTanbHUX anapariB.
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MODELING AND INFORMATIONAL
TECHNOLOGIES OF CONVECTIVE HEAT TRANSFER PROCESSES
IN THE CHANNELS OF PROPULSION SYSTEMS
DURING PHASE TRANSFORMATIONS OF WORKING MEDIA
A mathematical model and computer informational technologies of the process
of heat transfer in the channels of propulsion systems of spacecrafts during phase

transformations of working media is proposed. The results can be used in the
practice of designing propulsion systems of spacecraft.

Keywords: propulsion systems, working environment, convective heat transfer,
mathematical model, computer informational technologies.

The development of methods for modeling the processes of heat and
mass transfer in channels and the accumulated experience in solving
specific problems create new opportunities for research, especially when
studying phase transformations.

However, the effect of axial thermal conductivity in the liquid and solid
phases on heat exchange was neglected. Note, the assumption that a
change in the density of the heat flux due to thermal conductivity along the
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axis is small in comparison with the variation along the radius, can lead to
significant errors if the Peclet number is small.

Such conditions are characteristic for the flow of fuel components in long
pipelines, liquid metal coolants in heat pipes. Consequently, the calculation
of heat transfer taking into account the thermal conductivity along the axis
represents not only theoretical but also practical interest.

Neglecting the axial thermal conductivity greatly simplifies the calculation
of heat transfer, since in this case the only mechanism of heat transfer along
the axis is convective transport. Therefore, any «thermal perturbation» is
carried downstream with the velocity of the fluid.

In this case, the temperature field in a certain section of the flow will
depend on the temperature fields only in the preceding sections.

If the thermal conductivity due to axial temperature gradients is taken into
account, the temperature field in a certain section of the flow will depend on
the temperature fields and in subsequent sections. This feature of heat ex-
change phenomena, considered with allowance for axial thermal condu-
ctivity, significantly complicates the calculation. Therefore, only a few
problems of heat exchange are solved with allowance for axial thermal
conductivity.

In connection with this, it is important to study the steady-state and
unsteady heat exchange processes during the flow of liquid monocomponent
media in the channels of the propulsion system under conditions of their
solidification and taking into account the axial thermal conductivity.

The results of fundamental studies of the heat transfer of working bodies,
taking into account their phase transformation of liquid-vapor, are also given
in the works of V. F. Prisnyakov, where the analytical solution of the problem
of effervescence of a fuel component in the cooling path of a liquid rocket engine
was first obtained and a technique for calculating the aftereffect of thrust.

On the basis of the homogeneous boiling model developed by him, the
dependences of the flow rate of the vapor-liquid mixture on time were
obtained, the pressure of displacement of the effervescent liquid was
calculated for uneven heating of the channel along the length, stability of the
vapor-liquid circuit with a liquid-metal coolant and instability of flow in
channels of small dimensions was studied.

Creation of propulsion systems of spacecrafts operating in modes with
phase transformations of working media is associated with the need to solve
the scientific and technical problem — the development of theoretical and
methodological foundations for the design of a fuel supply system, thermal
control systems and a nozzle unit. The thermal processes in these systems
are accompanied, respectively, by solidification, evaporation and conden-
sation, ablation of working media.

The formulation and methods for solving the problem of designing fuel
supply systems, a nozzle block of a rocket engine with solid fuel, thermal
control with phase transformations of working media have been developed.
The methodology of research is offered.

The physical and mathematical models and the algorithm of their nume-
rical realization for calculation of jet flow from the nozzle heads of the
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propulsion system of the spacecraft are proposed. The obtained depen-
dences can be introduced into the practice of designing nozzle heads of
propulsion systems
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