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JlaHO KpaTKoe OIMcaHue MpobieMbl TPOTHO3a MapaMeTpoB Mpu GosbInuX ynciax PeitHonbaca. CocTaBiieHa cucTe-
Ma ypaBHEHMI IJIsT JaMUHApPHOTO ToToKa. [IpencraBieHbl MPOodOUIbL CKOPOCTH U TI0JIe CKOPOCTEM ydacTKa BHYTPEHHEMH
CTEHKU KaMepbl CrOpaHMs XUIKOCTHOTO pakeTHoro asuratesst (KP/I), momydeHHbIe 10 pa3paboTaHHOI nporpamme. I1po-
BeJIcHO KaueCTBEHHOE CpaBHEHUE C Pe3yJIbTaTaMM, MOJYYEHHBIMU B IIPOrPAMMHOM KOMITJIEKCE «ANsys».

Knaroueswie caosa: ypasHeHue HaBbe—CToOKCa, JTaMUHApHOE TeYEHUE, JaMUHAPHBIN MOACIOM, TpoGusib CKOPOCTH Y

CTCHKMU.

1. ITocTranoBka 3amaum

B HacTosiiiee BpeMsi B ra30JMHAMMYECKO HayKe
CYLIECTBYET IMpobjemMa MporHosa mnapameTpoB Mpu
O0oabiux uyuciax PeitHonbaca [1]. YpaBHeHue aBuU-
xxeHuss HaBbe—CToKca NMpakTUUYEeCKU HEpas3pelmmMo
C MOMOIIIBIO COBPEMEHHbIX TEXHOJIOTHM 1U3-3a HeXBaT-
KM BBIYUCIUTENBbHBIX pecypcoB [2—4]. Hanpuwmep,
pelieHre 3a1aun J1JIsi MUKPOCKOIMUYECKOro 00beKTa
npu Oonpmmx ynciaax PeiiHoabnca OyaeT mpomosi-
>KaTbCsl HECKOJIBKO coTeH Jiet [5]. Ipu yBenunyeHuu
yucia PeliHobaca HE0OX0AMMO MTpUMEHEHME OoJiee
TYCTOW CETKM C MaJIeHbKMMMU PacueTHBIMU sueliKa-
MU, OTYETO MPAKTUUYECKU HEBO3MOXHO PacCUMUTaTh
Jlaxke 2JeMeHTapHble 3aauyu MPU UCITOJIb30BaAHUU
MPSIMOTO YMCJIEHHOTO MOJEIUPOBAHUSI.

PacnipocTpaHeHHBIM SIBJISIETCS] TIEPEXO/] HA pellie-
HUE YITPOIICHHBIX YpaBHEeHUI ABVKeHU [6, 7]. Ham-
0oJjiee MOMyJISIPHBIMU CTaJIM ypaBHeHUSsT PeiiHobaca
[8—11]. Ocpennenue Peiitnonbacom ypaBHeHuit Ha-
Bbe—CTOKCA 3a CUeT BBEACHMUSI CPSAHUX U MyJIbCalluii
BCEX MapaMeTPOB TEUCHUST UBMEHSIET BUJ ypaBHEHU I
U caM BBIYMCJIMUTEJIbHBIN MPOLEeCcC — BBEAEHNE MOJIe-
Jieii TypOyJ€HTHOCTHU JaeT BO3MOXHOCTb MOJYYMUTh
MoJIe3HbIe pellieHus. 32 OCHOBHOI MapaMeTp B 3TOU
TEOPUU B3SITHl TaK Ha3blBaeMble HampsikeHus Peii-

HOJIbACA, SHEPTUS TYpOYJIEHTHOCTU, CKOPOCTb JUC-
cumnauuu TypoyiaeHTHocTh. Ho Takoit moaxon siBjsi-
eTCsl JIMIIb MPUEeMOM, KOTOPbIi MOXET MCKaXaTh
WCTUHHYIO KapTUHY TeUEHUS U3-32 MHOTOUYMCIEHHbBIX
JNOMYIIEHU U mpeAarnooxeHuil. Takxke ypaBHEeHUS
PeitHonbaca aKCIepUMEHTAIbHO HE MOJAKPETJICHBI.
Tem He MeHee MpaKTUUECKU BCE POCCUMCKMUE U 3a-
pyOexXHbIe BJIEKTPOHHbBIE MPOrPaMMHbBIE KOMILJIEKCHI
B 00JlacTV BBIYMCAUTENbHON Ta30BOM ITMHAMMKMU,
Takue, Kak «Ansys», «FlowVision», «OpenFOAM»
U JIp., TOCTPOEHBI Ha ypaBHeHUsIX PeliHobaca ¢ ne-
peuuclieHHbIMU BbIlEe JA0TOJHeHUusiMu [12].
IToaToMy mpemyiaraeTcsi UHOW TOAXOM K ONuca-
HUIO TYpOYJIEeHTHOCTU. bosiee MOHATHBIM U puznyec-
KM OMpaBJaHHBIM SIBJISIETCS TIOJAXO0J, TTPU KOTOPOM
TYpOYJEHTHOCTb XapaKTepU3yeTcsl KaK BUXPEBOE Te-
YyeHue, T.e. TeueHue, B KOTOPOM MOMMMO TOCTyMa-
TEJIbHOTO MPUCYTCTBYIOT TaKXKe BpalllaTeJIbHOE JIBUKE-
HUe U KpydyeHue. JIpyrumu cjioBaMu, e HeT Bpalle-

Husl, T.€. rot(V) =0, 1 XKpyueHus, T.e. rOt rot(V) =0,

TeyeHue OyneT JlaMuHapHbIM. M3BeCTHO, UTO mpu
B3aMMOJIEICTBUM MOTOKA CO CTEHKOU B Hemocpe/-
CTBEHHOI OJIM30CTU OT HEE BO3ZHUKAET JJAMUHAPHOE
TeUeHUEe — 3TO TaK Ha3bIBaEMbIil JJAMUHAPHBIN IO/~
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cioii [13]. B namuHapHOM MOACIOE CIIpaBeaIuB JIM-
HelHbIM 3akoH HplotoHna. B pab6orax [12, 14—16]
MMOKa3aHO, UTO B CBEPX3BYKOBOM MOTOKE TypOYJIeH-
THOCTb MOXET OBITh TIPEHEOPEXKMMO MaJoll M Jaxe
OTCYTCTBOBaThb. TakuM obOpazoM, TypOyJIE€HTHOCTh
HEO0OXOIMMO YIUTHIBATh TOJILKO B KaMepe CrOpaHUs
mpu unciax PeifHombaca, OONBITUX KPUTUIECKOTO.

Temoit TaHHOI CTATBbM SIBJIIETCS pacdyeT W aHaJIu3
ra3oAMHaAMUYECKNX XapaKTEPUCTUK XUIKOCTHOTO
pPaKeTHOTO JABUTATENIS IS JIAMUHAPHOTO TEUCHMS, C
LIeJIBIO KOPPEKTHOM, (DM3NIECKU TTPAaBUIBLHOM TTOCTa-
HOBKH 3a7a4d M CYIIECTBEHHOTO YMEHBIIICHUS BpE-
MeHU cueTa 0jaroaapsi IpUMeHEHUIO 0oJiee TTPOCThIX
ypaBHeHU. [TpoBeaeHBI MCcCIemIOBaHUS B JIAMUHAP-
HOM MOJICJ0€ Y CTeHKU MojesibHOUi Kamepbl 2KP/I.

Ilenpio paboOTHl TakKe SIBISIETCS 3aIlMCh IIPO-
rpaMMHOTO Koja [IJis TTOJy4eHUsS XapaKTepUCTUK
MOJIsSI CKOPOCTE M ero KauyeCTBEHHOe CpaBHEHMUE C
pe3yabTaTaMy pacdeTa B TIPOrpaMMHOM KOMITJIEKCe
«Ansys».

2. CocTaBieHne CHCTEMbl YPaBHEHUi

BoiBOoa ypaBHEHUST IBUXKEHUsT OepeTcs u3 pabo-
Tl [14], UCXOaHOE ypaBHEHUE IBUXKEHMS 3alMChIBa-
eTcsl B BUIIE

p% = —grad(p)+uAI7+%u grad diV(I;).

ITpumeHsist K 3TOMy ypaBHEHUIO TeopeMy JIamba—
I'pomeku, packianbiBaeM CyOCTaHITMOHAIBHYIO TIPO-
M3BOIHYIO, BBIJESISI KOPMOJUCOBO ycKopeHure. Pa3-
Jlarasi  JlarjlacuaH, — [oJiydaeM — 3aBUCHMMOCTH

rot rot(V) =0, mocJe Jero, cyMTast IMMOTOK JIAMUHAp-
HBIM, BBIYEPKHUBAEM OIePaLIMIO rot(V) =0 u momyya-
€M ypaBHEHWE B BUIE

% 72
p% + pgrad[VTJ + grad(p —%u diV(V)) =0.

C yueToM Buaa ypaBHeHMs Diinepa

av
= = _grad(p),
p<- = —grad(p)

110 aHaJIOTUM I10JIy4acM

dv 4 0o
p?:—grad(p—gudlv(V)). (1)

DTO ypaBHEHME OTJIMYAETCS OT ypaBHEHUs Ditje-

4 o
pa Il NIeaIbHOTO ra3a OSHUM YJIEHOM 3“ dlv(V),

KOTOPBI OMUCHIBAET BSIZKO-YIIPYTrOe COCTOSIHUE U Xa-
pakTepU3yeT JaMUHApHOE JABUKEHUE.

be3 BbIBOja HamuIlleM YpaBHEHUE Hepa3pbIBHO-
CTU:

dp . (1
—+ le(V) =0. 2
2 P (2)
DTO ypaBHEHUE XapaKTEPU3YeT CXKMMAEMOCTh.
VpaBuenue sHeprun B ¢popme IlyaccoHa moiry-
YKUM, VCITOJIb3YSl YPaBHEHUE IBUXKEHUS B CKAJISIPHOM
BUJIC:

ou  ou ou_ ldp 4p u %)
—tUu—+v—= —+ ;
of  ox 9y  p x 3 plox? oxay
ov v ov_ lop 4p u v
—tUu—+v—= +—
ot dx dy p ay 3 ploxdy 9y?
d
JOoMHOXHM nepBoe ypaBHEHUE Ha o a BTOpoO€e
9
Ha ay .
d (8u) o%u (8u)2 Qu_ dvou _
tUu—s+|— | +
ot ax ox? \ox axay xay

1w [, )
pox? 3pox|ox? oxdy)

3 (v %y L udy 32 v\
+u —+V =
at ay axay ay ox ay ay
_192_1’ 4p (o +92V
pay? 3pay|loxdy 9y’

CkyagpiBaeM 00a ypaBHEHUS U TIOCJIE HECIOXKHBIX
MpeoOpa3oBaHUIT UMEEM:

d(ou ) (% o (au)z v
= U —— |+ — | +|=—| +
orlox oy oxz oxdy | \ox oy
%u v 82 82
|t [+2— - +
0xdy 9y ax? ay

Pu v du v
tr | Tttt |-
3plox® ox“dy oxdy~ oy

ouodv
ay ax

| BecTHUK MOCKOBCKOTro aBMallMOHHOro MHCTUTyTa. T.28. Ne2




Tennoevie, anekmpopakemubie 0ueamenu U IHEP2OYCMaHo8KU
AemamenbHuiX annapamos

Thermal engines, electric propulsion and power
plants for flying vehicles

BuiHocuMm nartacuaH gaBlieHUST U IIoJiygyacm

82p ’p d(ou v u v
=—p| —| —+— |+u| —+ +
ox2 ay orlox 9y ox2  oxady
au (Y ’u 9% ou dv
H—| +|=—| +V|=—+—= |+2—
ox oy oxdy 9y’ ayax

4u(d®u v du v
301303 T2, T S
0x° 0x°dy oxdy~ dy

ITpeoOpasyeM oaMH 4jieH K TaKOMY BUJY:

o0(du dv 0
E)t(ax 5J_atd W)

JuckpeTusupyem U moaydynum

A%(a’iv(ﬁ)wr1 - div(ﬁ)n ),

rae nt+1 u n — nocjenoBaTe/ibHbIE 1Iaru MO BpeMe-
HU.

_\ n+1
ITpupaBHUBaeM K HYJIO div(V) =0, TaKk Kak B

HCIIOJTb3yeMOI Pa3HOCTHOM cXeMe OHa Oy/eT paccuu-
ThiBaThCcsl B ypaBHeHUU HaBbe—Crokca. Toraa

U MOJIyYuM ypaBHeHUe sHepruu B popme IlyaccoHa

(ap+pf (V) =0):

d(du ov Pu v ) (ou)
Ap+p| ——| —+— |+u| —+ +
ot oax 9y ox2 8x8y ox
ov 2 u v
+H = +V|—+—= |+2—
ay oxdy 9y’

3 3 3 3
_4p 8_L34+8_2v+8_uz+8_§ _0. ()
3plox’ ox"9y oxdy~ oy

ou v
oy x

B pesynbrare mojyyaeM CUCTEMY U3 YpaBHEHU

(1, (2), 3):

op op dp ou dv
P P ML 10
ar+(”ax+vay)+p(ax ay) ’

du du _ ou_ 1dp 4p(du 2v)
—tU—+V—=——t = —+ ;
ot  dx dy pox 3plox? oxdy

v v ov_ lop 4pu ou azv'
—tU—+V—=——"+— +—

ot ox  dy pdy 3ploxay ay?

3 (du v Pu v (au)z
Ap+p|l——| —+=—|tU| —+=—— |+ — | +
orlox 9y ox2  oxady ox
2 2 2
av o’u  0d°v
H = +V|—+—= |+2—
oy oxdy  9y?

3 3 3 3
_ﬂg[a a_a_a_ﬂo

ou v
oy x

3plox? ox%y oxay? 9y

TakuM oO6pa3zom, cucTeMa COCTOUT M3 YEThIpeX
YpaBHEHU M YeTHIpeX HEM3BECTHHIX (U, v, P, p).

3. Pa3paboTka pacueTHOro MeToaa

ITporpaMMHBIi1 KOJI HAalmMcaH Ha sSI3bIKe Tporpam-
MmupoBaHus Python. 3agaua peiiaercss 4YMCA€HHBIM
METOJI0OM KOHEUHbBIX pa3HOCTe!, KOTOPbIIi OCHOBAaH Ha
3aMeHEe MPOU3BOJHBIX PA3HOCTHBIMU CXEMaMMU.

Kaxnoe ypaBHeHUE CUCTEMbl B TIPOrpaMMHOM
KOJie MOoJIyyaeTcsl MyTeM JUCKPETU3ALUU.

VYpaBHeHUEe HEepa3pbIBHOCTMU:

i

P?j _plj Pij=Pi; Pij =P
ML RS TR S oyy L iy
At by Ax hi Ay

u..—u. ,. V..—V..
i,J i-1,j i,Jj Lj=1 | _
+p, + =0.
’ Ax Ay

YPaBHCHI/Ie JBU2KCHUA

n+l n
Yij “Yig o , Mg THeng o B T
At b Ax b Ay
L P m Py 4 (M — 2t N
- 2
P 2Ax 3 P (Ax)
Vier o1 TVicn o0 ™ Vi " Vi |
4AxAy ’
n+l n
Vijg “Vij o Y Vg Yig Vi
At b Ax b Ay
L P TP 4 [ Vi T 2V, + Vi
- 2
Py 2y 3p;; (Ay)
Uit jt T8 jo — Ui jo Y
4AxAy ’
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VpaBHEHUE SHEPIUMU:

Piij ~ 2Pt Py N Piju ~2P P 0 1 (Y ~ Y N Vijer = Vij-1 N
(Ax)? (Ay)? LI At 2Ax 2Ay
2u, .+ + : :
Uiy =% Ty Viej YVie o = Vie o 7 Ve ja Yin,j ~ Y1) Vi jet 7 Vij-1
+u, . > + + + +
hJ (Ax) 4AxAy 2Ax 2Ay
. Uit jr T8y jor = Uiy jor ~ Wi N Vijel T2V T V0
i 4AxAy (Ay)>
2 Yijor =% jot Viey ~Vieny 4w [ Yo Vi " Ve .
2 2
2Ay 2Ax 3p;; 2Ay 2Ax (Ax)° (ay)
BhiBeieM MCKOMBbIE MTApaMeTPhbl U TOJTYyIUM CIIeIyIOIIe YPABHEHUS.
VpaBHeHUE HEPA3PhIBHOCTH:
Pij ~Pi-1; Pij ~Pij-1 Yij Uiy Vij~Vij-
pn+1 :pn —Atllu. 5J 5J +v. . 5J 5J +p 5J 5/ + 5] 5] =0
LJ LJ LJ AX L, Ay LJ AX Ay
VpaBHEHUE TBUKECHUS:
g agl gy M Mo B T L P T P
Lj L i,J iLJ
Ax Ay P 2Ax
+Ati u ”i+1,j - 2”1',; + ”i—l,j + vi+1,j+1 + Vi—l,j—l - vi+1,j—1 - Vi—l,j+1 .
2 b
3p;; (Ax) 4AxAy
ol _on _agl gy Jei TV Vi Vi 1 P T P
ij —ULj i,J iJj
Ax Ay P 2Ay
+At4 u ”i+1,j+1 +ui—1,j—1 _”i+1,j—1 _”i—l,j+1 + vi,j+1 - 2vi,j + Vi,j—l
2
3p;; 4AxAy (Ay)
VpaBHEHHE SHEPIUMU:
(Prary + i ) (A% + (b g + 210 ) (A p (AW | (U, ~ty Yy =Y
o =Pty TP i1 T Pijo _Piy Ay Ty Vi ™ Vi
b 2((ax)” +(a)?) 2(ax)” +(ap)?) At 2Ax 27y
2u, .+ + : :
My T T N Vit il T Victjo1 T Vit T Ve || Yy i N Vijr1 " Vi j-l
b (Ax)? 4AxAy 2Ax 2Ay
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[ g PR T T e Vi Vi
i 4AxAy (Ay)?
) Yijrr =% i1 Vierj ~Vicnj N 4w ([ Yja Y Vi, " Ve 1 N 1
- 2 2
2Ay 2Ax 3 P 2Ay 2Ax (Ax)" (Ay)

PacueT mpoBoauTcst ajsi KaMephl. 3agaeTcs 00-
JacTh pa3MepoM 2 Ha 2 cM u 41 Ha 41 ceTOUHYIO
TOYKY.

I'parnuHBIC YCITOBUS IJI peIIeHUS 3aJa4n 3a1a-
I0TCST B BUJIE:

— YCJI0BUE MPUWINITAHUS Ha CTEHKE V =();

— YCJIOBUE CONPOBOXIEHUS HAa OCEBOM JIMHUM,
Uaesd KOTOPOro COCTOUT B TOM, UTO BI3KOE BO3JEWi-
CTBHUE IBYX COCEIHUX JUHUN TOKA, PACIIOJOKEHHBIX
BIOJIb OCU, HE IPUBOJIUT K MOSABJIEHUIO PA3HOCTU UX
MIPOJOJIBHBIX CKOPOCTE, T.€. MPOU3BOIAHAA NTPOAOb-
HOU CKOPOCTHU IO HOPMAJIbHOW KOOpPAMHATE HA OCU

paBHa HYJIIO: ﬂzo [15];
dy

— BOJM3M BBIXOHAA MOXET OBITh YCTAaHOBJICHO
TOJBKO MCKYCCTBEHHO€ TpaHMYHOC YCJIOBHE, IIO-
CKOJIbKY ITOTOK MCKYCCTBCHHO OTpPE€3aH, M 3aJaCTCA

du
OHO Kak — =0 [17].
dx 171

Kpome ToTO, B cicTeMy T00aBISIOTCS MCXOTHBIE
JTaHHbBIE:

cKopocTh notoka Ha Bxoae u=100 m/c, v=0 m/c;

JuHaMuyeckas Ba3kocTb W=10"* Ia-c;

HAYaJbHOE 3HAYEHUE T10JIsI IUIOTHOCTEN P =6 Kr/M>.

4. Pe3yabTaTbl pacueToB

Jlist Havaia ObUTM pacCMOTPEHBI Pe3yJIbTaThl pac-
yeTa C MCIOJb30BaHUEM ITpOrpaMMBbl «Ansys» [18].
g 2TOTO, MCTIOIB3YS B IIPOrpaMMe MOJIENb TypOy-
JICHTHOCTH TI0 YMOJYaHWIO, IJII KaMephl CTOpaHUs
MPOBEJIM pacyeT MOTOKA BOJIU3U CTEHKU. BbL1 moy-
YeH NpoduIb CKOPOCTH BAOJb CTCHKHU B IIEJSX OTI-
peneieHUs B JaJbHEUIIEM XapaKTepUCTHUK TOrpa-
HU4YHOTrOo cios. Ha puc. 3 mpencrasieH npoduib
CKOpOCTH.

B pesynbpraTe pacyeTHBIM TyTeM OBIIa TTOATBEP-
XIeHa TUIIOTe3a O CYIIeCTBOBAHWUM BOJHM3M CTEHKH
JJaMUHApHOTO monaciios. ['mmoTe3a ObLTa TTOCTpOeHA
Ha TOM, YTO B 3TOI 00JIACTH JJOTMYHO CYIIIECTBOBA-

du
Yenosue conpoBoxaeHns: Y = 2; v 0
2 4 - OceBan THHEA
Bxon ML Brixon
w=100 - i de
Commf
U=0_ ars .............................
C wof T
L TE LT LT LT
Y™ a2 as0 o7 100 L1 140 17 200 Crenka

X

Venosue MpunHnaHug Ha ctenke: y=0; V=0

Puc. 1. PacueTHas ceTka
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Puc. 2. FpaHI/I‘{HI)IC ycjaoBusd M pacye€THasd CETKa y CTCHKU

L e

Puc. 3. TIpodusib cKOPOCTU € UCTIOIB30BAHUEM MOJIEIU TYPOYJEHTHOCTU MO YMOJIYAHUIO

Hue npoduias HploToHA ¢ IMOJTHOW IIPOU3BOITHON
CKOpPOCTH TI0 HOpMaJIbHOM KoopauHate. Pacueramu
10 TIporpaMme «Ansys» OblJIa TaKKe TToKa3aHa JIMHEH-
Hasi 3aBUCHUMOCTb Npoduiisi B 3Toii 00JacTU. DTOT
(akT MOXeT TOBOPUTH 00 OCOOEHHOCTSIX IIOCTPOCHMS
CTPYKTYPHI TIporpaMMbI «Ansys». OueHb BaXKHO TIpH-
CYTCTBME TaKOTO (paKTa MpM MHOTHX pacyeTax: Ha
TpeHUe, TeITO0OOMEH, pa3pylleHNe YHOCUMOM CTEHKH
[19, 20].

IIpucyrcTBHEe TaMMHAPHOTO MOACIIOS MOAKPEIIN -
JIO YTBEPXKIACHME O MPaBMJILHOCTU MCIOJbL30BAHUS
YpaBHEHUI JIJaMUHApHBIX MOTOKOB IpU pa3paboTKe
MIPOTrPaMMEL.

PacueTnl JaMuHapHBIX TOTOKOB IaJIM CJICAYIOIINE
pe3yabTathl. [Ipoduiib cCKOpOCTH JTJaMUHAPHOTO T0-
TOKa OKOJIO CTEHKM TaKXKe MOKa3aJl TMHEUHBINA Xapak-
Tep B HEIMOCPEACTBEHHOI 0n30cTU y cTeHKu. [1po-
¢uib ganee MpuodOpeTaeT yepes M3JI0M IpaKThYecC-
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KU TTOCTOsSTHHOE 3HaueHue. Ckopee Bcero, KoOopAaruHa-
Ta u3jioMa pa3rpaHUYMBaeT 00JIACTU BI3KUX MTPUCTE-
HOYHBIX MOTOKOB 1 MOTOKOB B siape. Ha puc. 4 npo-
JIEMOHCTPUPOBAH MPOGUIb CKOPOCTH.

JU1st OLIeHKY aleKBaTHOCTU PacyeToB, MOJIyYeH-
HBIX 110 HAITMCAHHOM MporpaMme, ObLIU CleIaHbl pac-
YyeThbl C UCMOJb30BAaHUEM ypaBHeHUs1 Ditjiepa. Bun-
HO, UTO CKOPOCTH, MOJYYEHHBIE C TOMOIIbIO ypaB-

HeHWI Ditepa I WaeaJbHOTO ra3a, 0OJbIlle, YeM
CKOPOCTH JJaMUHAPHOTO TeueHus, Ha 3 %, 4TO SIBJISI-
eTcsl JIOTMYHBIM M3-3a MPUCYTCTBUSI B YPaBHECHUU
YJIeHa, YIUTHIBAIONIETO BI3KOCTh-YIIPYTrOCTh, TaK KaK
M3BECTHO, YTO MICaTbHOE ypaBHCHUE IacT MaKCH-
MaJIbHOe 3HaueHWe cKopocTu. Ha puc. 5 mokaszaHo
CpaBHEHME paCcCUYUTAHHBIX TIPODUIIEA.

:
. |
| --—-———
——
e sy
——-—-——
= 2 S s T :: j = T = T = 13 = o % T i T w 1z gl
; ® = ety T 11 2 i i
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ITpodunb, moaydyeHHBIN MO MporpamMe «Ansys»
IIJIS TAMUHAPHOTO TTOTOKA, KAYeCTBEHHO ITOBTOPSIET
mpo(MIb, pacCYMTAHHBIA B MPOrpaMMHOM KOIE
ypaBHEHUSA B JIJaMHUHapHOI TTocTaHoBKe. CpaBHEeHHUE
CUYNTAJIOCh KAUYECTBEHHBIM, MCXOST M3 YTBEPXKICHUS,
YTO ypaBHeHUs PeitHoNbaca MOTYT 1aBaTh 3HAYNTEIb-
HBbIe OITMOKM TIpU IPUMEHEHUN MojIeieit TypOyJieH-
THOCTHU. DKCIIEpUMEHTAJTbHOE CpaBHEHNE B JaHHBIN
MOMEHT HEBO3MOKHO B CBSI3U C OTPOMHBIMHU TPYIHO-
CTSIMM, BO3HUKAIOIINMHU TPU U3MEPSHUN JIJAMUHAP-
Horo noaciosi. McciaengoBaHue ¢ UCIOJAb30BaHUEM
Tpyokm I1uTo 3aTpymHeHO, TaK KaK MPU HEOOXOmM-
MOM MaJIOM CEYeHHMU TPYOKM BO3ZHHMKAET KaIlWJLISIP-
HbIN 3 deKT.

Ha mosie ckopocteii ypaBHEHUS JJAMUHAPHOTO
IToTOKa (pyrc. 6) BUIHO CTYIIeHWE JIMHUI TOKa BOJIU3N
CTEHKH, YTO MOATBEPXKIAeT HAIMINE TTOTPAaHNIHOTO
CJ1051, a MapaJJIeJIbHOCTb JIMHUI TOBOPUT O €r0 JIAMU-
HapHOCTH.

bnaronapst ucnosnb3oBaHuIO 6OJIEE MTPOCTHIX YPaB-
HEHWI pacyeTHOE BpeMs JUISI pellleHUsT JaHHOM 3a-
Jla9W COCTABJISIET MOPSIIKA OMHON MWHYTHI, pacyeT

aHaJIOTUYHOM TIOIIAAKY C IPOrpaMMoit «Ansys» 3a-
HSUT 0KOJIO 6 MUHYT. [TosrydeHHbIe pe3yIbTaThl TTO3BO-
JIAIOT PEKOMEHI0BATH MPU pacyeTe ra3oauHaMuyec-
KUX XapaKTePUCTUK KUIKOCTHOTO PAKETHOIO ABUTA-
TeJd MPUMEHEHUE MPENJIOXKEHHOTO MOAX01a K OIU-
CAHUIO TEYEHMUH.

BriBoabl

1. PazpaboTaHbl METO/ U MporpaMmMa pacuera ra-
30AMHaMunyecKux xapakrepuctuk KPJI nist samuHap-
HOTO TEUYCHMUS.

2. TecTupoBaHME ¢ UCTIOTB30BAHNEM TTPOTPAMMEI
«Ansys» 1oKa3ajgo KaYeCTBEHHOE COBMAaJEHUE C pac-
YyeTaMu Mo pa3pabOTaHHOW Mporpamme.

3. IlokazaHa auHelHast 3aBUCUMOCTb TTpoduieii
CKOpoCTeil BOJIU3M CTEHKU KaMephl (HaJlnuue JaMu-
HapHOTO TOJCOS).

4. OueHeHa pa3HuIla abCOTIOTHBIX CKOPOCTEH
~ 3 % n3-3a HATMYKS B ypaBHEHUHN JJAMMHAPHOTO Te-
YeHWs YIeHa, YINTHIBAIOMIET0 BA3KOCTh-YIIPYTOCTh,
YTO COOTBETCTBYET Ta30JMHAMUUYECKHM ITIOTEPSIM
VIETBHOTO UMITYJIbCA TATH.
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Abstract

Up to now, a problem of parameters’ accurate
prediction at large Reynolds numbers is existing in gas
dynamics science. The Navier-Stokes equation of
motion is practically unsolvable with modern
technology due to the lack of computational resources.
With the Reynolds number increase, application of the
finer mesh with small computational cells is necessary,
which makes it almost impossible to calculate even
elementary problems when employing direct numerical
modeling.

Transition to solving simplified equations of
motion is widespread. Reynolds-averaged Navier-
Stokes (RANS) equations became the most popular.
However, this approach is only a subterfuge containing
inconsistencies while describing the true picture of the
flow due to many assumptions. Besides, Reynolds
equations are not substantiated experimentally.
Nevertheless, practically all Russian and foreign
electronic products of computational gas dynamics,
such as: “Ansys”, “FlowVision”, “OpenFOAM?”, etc.,
are based on the RANS equations.

Thus, an alternate approach to the turbulence
description is being proposed. More understandable
and physical like is the approach where turbulence is
being characterized as a vortex flow, i.e. a flow in
which rotational motion and torsion exist aside from
the translational one. In other words, the flow will be
laminar where rotation and torsion do not present.

The article presents both computation and analysis
of the gas-dynamic characteristics of a liquid-
propellant rocket engine for laminar flow, with the
purpose to realize a physically correct task, and
significantly reduce the computational time by
employing simpler equations. The studies were
conducted in the laminar sublayer near the wall of the
model chamber of a liquid-propellant rocket engine.
The purpose of the work consisted also in writing a
program code for obtaining the characteristics of the
velocity field and its qualitative comparison with the

computational results with the “Ansys” software
package.

A system of equations for laminar flow consisted
of the equations of continuity, motion and energy in
the Poisson form is compiled and programmed in the
Python programming language in the work being
presented. Computation is performed for the chamber.
The region of two by two cm and 41 by 41 mesh points
is being set. The boundary conditions were being set
in the form of the condition adhesion on the wall,
tracking on the centerline, and artificial flow limiting
at the outlet. Initial conditions are the longitudinal of
u = 100 m/s and transverse of v = 0 m/s velocities,
dynamic viscosity of = 10~* Pa-s, the initial densities
field value of p= 6 kg/m>.

The computational results were analyzed with the
“Ansys” program. For this purpose, the flow
computation near the wall was performed for the
combustion chamber using the default turbulence
model. As the result, the hypothesis for the laminar
sublayer existence near the wall was confirmed, which
substantiated the statement on the laminar flows
application correctness while this program developing.
The presence of this fact is of great importance in
many computations such as computations for friction,
heat exchange, and carried-away wall destruction. The
computation of the flow near the wall, using the
laminar model, was performed as well.

To assess the adequacy of the results obtained by
the developed program, computations were made
using the Euler equation. The velocities of the ideal
gas obtained with the Euler equations are 3% greater
than for the laminar case.

The profile obtained for laminar flow by the
“Ansys” program qualitatively repeats the profile
calculated in the equation program code in the laminar
formulation.

The current lines concentration near the wall can
be observed in the velocities field, which confirms the
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presence of a boundary layer, and the lines parallelism
indicates its laminarity.

Thus, the following conclusions can be drawn:

1. A method and a program for the gas-dynamic
characteristics computing of the liquid-propellant
rocket engine for laminar flow are developed;

2. Testing with the “Ansys” program revealed a
qualitative match with the calculations by the
developed program;

3. The linear dependence of the velocity profiles
near the chamber wall (the presence of a laminar
sublayer) is shown;

4. The difference in absolute velocities due to the
viscoelastic term is estimated at ~3%, which
corresponds to the gas-dynamics losses of the specific
thrust momentum.

Keywords: Navier-Stokes equation, laminar flow,
laminar sublayer, velocity profile near the wall.
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