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A Numerical Simulation of Regenerative Cooling Heat Transfer

Processes for the Liquid Propellant Rocket Engine

H. W. Seo

ABSTRACT

A numerical simulation is attempted for the regenerative cooling heat transfer processes of
the liquid propellant rocket engine. The heat transfer from the combustion gases to the
thrust chamber wall is called gas side heat transfer. This heat is conducted radially to the
coolant through the carbon deposit and metallic wall of thrust chamber. Finally, this heat is
convected away by the coolant flowing along the passages in the thrust chamber. The
equivalence of these three heat fluxes of the above processes is utilized to determine the
coolant side wall temperature, gas side wall temperature and the heat flux.

When the number and shape(width, height) of coolant passages, the shape(size) of thrust
chamber, oxidant and fuel properties, coolant properties, oxidant/fuel mixture ratio, coolant
inlet temperature, the thickness of carbon deposit formed along the thrust chamber wall
during combustion are given, reasonable radial direction temperature distributions and heat
fluxes along the thrust chamber axis are obtained.
= g
APZPFA S AHgshe BAFEAA 2AQAY FAGHA0] AURAL AU FaTIEEFE dx
A Hog AUHE FAYHIL rfaAZ FAgoj ik o] & 188 And F&HEYE B O
Ao s AEsel YANE Aggct HFHoz o] 4L i Yo = FEE WY 2= 9
Zhajo] oigAgEc & AFeMe 99 7 Al £ AV s BAAS ¥k,
7t vk, GHEES AP

Wk §EE2A4 2 dAEel, F), 944 2 =F 4RI, A & d' B4R, ¥Y
A B4, AsA/AR gy, B4A FUE, d*’é 2 = Wy Ao diA] AVlE 285 74
7} ZolAE A4 vl WE WA eERY B JAdFe] PelH £4) A3t dojick

23] 8(Chungcheong College, Dept. of Mechanical Design & Eng.)



M2 3%, 1998, 12

WA FRH AT MMHZ IHEIY HL2AL 55

Ci234.."

Co
Dy,
Dy
he
hg
Is

Kw

P

Qc

Qg

RCUT
Re

Tmix

T

Taw
Teo
Twe
Tywe

ngmetal :
Y

&

Jllzdd

:cross sectional area of combustion

chamber
arbitrary constants

: characteristic velocity

. specific heat at constant temperature
: hydraulic diameter

‘nozzle throat diameter

:coolant side heat transfer coefficient
:gas side heat transfer coefficient

. specific impulse

. thermal conductivity of coolant at

coolant side wall temperature

 thermal conductivity of carbon deposit

and metallic wall

: Mach number of gas along chamber axis
:chamber stagnation pressure

* Prandt] number

*heat flux from the metallic wall to

the coolant

‘heat flux from the combustion gas to

carbon deposit

‘heat flux across the carbon deposit

and metallic wall

:nozzle radius of curvature at throat

- Reynolds number

*mixture ratio of oxidant/fuel
:thickness of carbon deposit or metallic

wall

: chamber stagnation temperature

. adiabatic wall temperature of gas

: coolant bulk temperature

:coolant side metallic wall temperature
- hot gas side carbon deposit wall

temperature
hot gas side metallic wall temperature

: specific heat of gas

:velocity correction factor

: viscosity of gas or coolant

: correction factor for property variations

across the boundary layer of gas

d X

1 * metallic wall
2 : carbon deposit
1,2,...n - station numbers along chamber axis
c : pertaining to coolant side wall

temperature
co :pertaining to coolant bulk temperature
t : throat
0 :pertaining to stagnation state
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Fig. 2. Three different processes of heat transfer.

e Aoyt U5 wAwFo gt
Fig. 2004 Rt vheh go] ekl
RE WA ¥ e Y
oz dojdnia Pl Fsich

AxrhrolA g0 AdHe g ks
o) At 2% Re2A,

Qg = hg (Taw - T\\g)

Huzel® < 23},

0.2
h, — (002 (£

D?'Z Pro® Jo-

Pig, 0.8, D o1y,
() T (g o]

(A, @)
o714 o,
T
A _ 1, 1," wg y,

1
(a5l 2y 068 .

[1+ r—1 M?21%-12

5 3)

24 AAZ g BAAgoch divkert A
A1 dade] Iy AsAW CET z2ad” 5
of oJa 9 2lelA Dy, 1, ¢, Pr, ¢, Pi, Rau As
A, Ty, v, M 5o ZAHL Z hee T
5 & he=helTuglolth Ty 7t E718E o 72
ABEE h, & ZASHA €l

288 W AEYE aras 9% BY W)
A AgEle 9 IAE 53 dxo o3 zle=
A4, 1% 3 A4S dB AN FUEAS
£ kw, FAE tu} 319,

Ky
qy = t (ng - Tvs,c) (4)

ArA¥en ¥E Wz HEHe 9o ua
Ae) ARNF 98 Aoz,

qQc = hc(Twc - Tco) (5)



H2d 3=, 1998. 12

UM FHA AT WYL SHYBY HUBA 57

Huzet” o <59,
- ke 1 08 04,22 yo.u
he = 0.023 D, Re’® Pr (ﬂc) (6)

8 A VA @AY dAdHe s dojEg
Qg = Q:=q;, Gt = Qy = Qg2 Y]

71 que B B3 GIEP0lL g 2
553 gAxPo|ct

A6)NA Teo?t FoIHE M ge=qel Twel 24 Tuwe
7t FUVERE g F7RIGE ANl o3 24)

At}

dc. = }t(_w (ng - Twc) (8)

2 BHHEZ Two 371 24 qc 3718 °1F
o] W7l fsiXE Tw= F7IEool k. A1)l
A Tue?t F7FEE (5 Twdt S7VEFEE) g,
At 9 BAE a¥o: Yehiw Fig. 3%
Zth

Tebd dadule] 9Ey 2 T,y B ¥AA
AR E T7l FoRE o, E2HoE gojgd &
e gAGEE A7) et Fig. 3904 g9k
a7t ZABRE Aol E ol 1 el o3 TwT
F3o] dch

e A5 QER T .ol AFrolmg 27
T3 g U 7 gk 270 g TS 78
oo Ao a0 AmTEselmR
A5 T8 2T E A YTE Wl L s
HEL m T8 P £ ol soo] 2olst itk

[ Qe

i Ug

Fig. 3. qc and Qg VS Twe.

2oPEe B Btk 4, AAd 249 2
&MY PGS 4= e,
Ky
Qy = TIL (ngmaal - Twc) )]
Kuwp
Qe = —t—z_ (ng - ngmetal) (10)
2H(10) 0l A,
t
ngmetal = ng - T{—zw; Q2 (11)

A7, 1DE o838 4l 59 F¢FAL
s
Tmid.metal = OS(Twc + ngmetal)
t
= 0.5(Twe + Tuwg — T Qi)

Kaa

= 0.5(T e + Tug — Ytz; aJ) 12)

/’\‘1(9, 10)0“/"1 ngmeml% -l—ﬂ'al':l_’— é}(7)'% o]%‘
3,
_ kwl 3 kW2 . _
= Tty kyy (T~ Twed 03

41(13)‘% ngoﬂ 3&3}‘/\" %O]_A_L_Dd'

t t,
Twe = Twe + (- + 17) (14)

SEHEHY EREAT kae BEEY S of

FT qlt_ll%Ec\l T ‘dmetal %} .JI&%I%‘}-E_E'

2829 FA % GATAS ke AFolm
=

=,

kwl = Cl(Twc + ng*CZ Qc) + C3 (15)

AU5)E A1 v o, 12 F=ol9, Twe



58 A

ok

LHS

RHS

—» Tug

Fig. 4. Determination of Twg.

7 FOAE BN g & AL AL s
Eﬂi—y
_ G
T = Ci+ ST 27, (16)

9 W22 T & Fig. 49} o] Zal=wa)s
AR ARE 4 ok A16)y &S $&53
< aH A 2t Frh B A

FHEZ3H $5Fo] Thie Hel L} Ik
Twglth Tye7t FAYE g7t 2HD)o oz A
5 Fig. 3o 28 4 ok

oA, 9 APE o)l83 diHdMe IdHe
AZE aokstd Osa 2.

(1) =% 295H A3l diad % E71X9
WAANTEES I FHEOE nrlle) PHo

2 FYHHE=ERE B3 =55 ¥9v o

gAE) EEgio).

& FUoZ FYse YZAlY 22 F

Ak F T F4X golth

(3) Twa Fig. 34X a9 q o 2AH2 Tw 2
A, olg F3l7] Y3l Tw.E A= M ¥
25 olF EY 60T B A8l 234 £
7WAA at g7t BAEE HE e

(3.1 A8 A g, AYE] A dA
Fig. 4 W24& AMSS| Tw & ZAAsoksich Wy
Hlop PRRIRZ T & e 71 28 gt 9
E ¥ Twe=03T) 78 ARSI 234 F7H
A #5% 2 25F0] wAshs AE e T,
7t AR (1) o]83) qF AR
) g7t Baizod WA BEFS 1A

(2)

rlo

WZHe LEZVIE AV,
By

(5) W2tAl E2e) A2 ... AnVAZAe] B
2 )~ (@FF] e B Adoh

E:?\’ Tco?% @%‘

3. Qg Ak

9 #AHL FORTRAN Zgago gz sojzch
Fig. bas ZHATARANA AFH dade] 4
otk

Huzet’d] 148 $AAEE o83 9 Fig. 5a
9] AXHRITE BlAAlA A B3} Fig. 5b9Y
288 FAREE Atk daddMe 88 T
A oF 0.7mm=ZA] Gyt BALR)Fo) of 749 T
A7} "ot ol A4EQ AR Fhc B J
TFollMe F3A7E A5 H oln EFHI= 4.1 o)
o P, =300psia °]=2&2 F34 LO/RP-12] &%
v} 2.35 P;=1000psia ¢ Huzel’9] 188 F7)

r [1oen]
Fig. Sa
88
0 l
-5q|
-100 ¥ [1m]
=200 0 200
Fig. 5a. Combustion chamber shape used in
the numerical simulation.
€2 [rm]
Fig. 5b
1
0.5
0 % [ 1]
-200 0 200

Fig. 5b. Thickness distribution of carbon deposit
along combustion chamber axis.



H2d HM3&, 1998. 12

A8E a2 FHE3rle AYsH a4tk 9, 2
22 FA7} gholArE dAgse] BolAA i
Avlenyl geiAg oy B AFose ¢
Fig. 5b 4%ZE g FHEIPp|Rg «od4se 5
A BT 5 Hotel B¢ F 9 27 A 024E
A-g3ck

CET =213 3o o] a2 ¢ 300 psia
(21.0921 kgf/cm®, Ti=2985.61k, v=12052, c"
= 5106 ft/s, Is = 2234, rmyx = 4.1 0] ASNAL ¢,

Twc [deg ]
Fig. 6a
300
AN
100 x [rom]
-200 u] 200

Fig. 6a. Twe VS X.

Tugmetal [deg o,

hg(kw/ (sa.m k)]

Fig. ead
i0
5 ‘———A
[a] X [ram]
-200 0 200

Fig. 6d. hg vs x.

he[ku/ (sg.m k)]

Fig. 6e
60
" ‘\““‘“~—__4//\\\
20
[u] X { ]
-200 0 200

Fig. 6e. he vs X.

qgme/=q.m]

Fig. 6b
1200 10
800 5 ————__#-——__—d///x\\\
400 x [rmn}
-200 o 200 0 x [roen]
-200 a 200
Fig. 6b. Tugmeta VS X. Fig. 6f. Qg vs x.
Mach
Tco[deg c] Fig. 6g
4
200———
3
2
100
1
0 x [1rma]
a x [ren] -200 ) 200

-200 0 200

Fig. 6¢c. Teo VS X.

Fig. 6g. Mach number vs X.




60 A

drop [ kgf/sq.cm]

0

~q X [man)
-200 (2] 200

Fig. 6h. Pressure drop along coolant channel vs x.

vco [mps]

Fig. 61
15
AN
s +
o % [rm}
-200 a] 200
Fig. 6i. Coolant velocity Ve, vs X.

widch [nmm]

3

O * [ram])
—-200 is] 200
Fig. 6. Coolant channel and land width vs x.

=094, $38=500kgf, 924y FA =25
mm, 2AAE o YAl §2o o] h=12
mm, x=EE0Ae] ¥3A) &% 10m/s, 98 %
3 YA B24=1007], =359 FeutA=x
ZutA el 14l divergent angle =15°, convergent
angle = 20°, WA Y% 15C, 9249 A=
=281 22", Ty, ARA 3HEL2=0.001 %
9 949 3lA GHEALE U3k Fig. 6
a~6jv ZAEAL AoE B F£3 Qo)

Qﬂ/‘.}tﬂi —Lj‘—%‘—gf 'l'?‘\:;s“k] Twc, ’I‘\xgmemlo] 2:]!‘,“
&2 vehiz ok
Tye® =& Y7FE 187C, =55 217CE

73 "olRtir} oA A4 AR ZoE &)
7h Z7h8led EgelA 210CE 7kei7 ok

o714 sl & AL WAl Aite}, oF 20
713 sllA oF 5~10m/s2] f%908 o]FAl 210T
THellM BoleEx) ¢k&7t dh= Holth & Al
Ae old FRe TFEA 41 Utk Tugmead =
224 977CE JR7IE Ak ol AP e
Go T A AAIRY mZA] Ho] mopd 227} Qlth

Tow 22 4T 15T, 944 ARE 120T2
Al QFEg Wl &39U)

hee =EEoA o 6kw/m’k ol Had A
B zoM o 1.8kw/m’k ojck

hee =824 oF 40kw/m’k, Fad R9=
oF 30 kw/m’ kolth he$he B2 his |44 AR
zog ZHE ZR g xEEAN oF 7
mw/m’ela Q44 ARRAE oF 2.7 mw/molch

2 Budre davkie] BEEnE o M=
254 olok.

YA F2& MM Arie ekl
Aadl AREA oF 2.3 kgf/cm®olt)

WztA B2 ¥ £501 25544 Hd 10
m/s7F UEE dAHAD. old ulzl g £9)9
W2ZIA B5-Z(channeh)E 2L WA E=2Alold &
£9(land) 9] Ex A2FHAc)

B Ao, guEe wMgest olgs
the 7Hg sl eba):
A2 AR A}

=l
= W2 Fle
9l [e]

N

A
]

¢

>

a

of W& Jd4drtAE ¥R YAAE Yy,

NI )

4]
B
do
o
fl
ol
o
Sl
2
N
[:)
ra
b
i
o
o
of

H
g, olgdAE dAA) 128 FARIXE
AR BT B A7ARES

Rl HlmE olRolx)x) RaliTh




M2 H3z, 1998. 12

* 7

B A7e Al dRpeEFEATad A
F2 olgolzon ATAYE 53] FFE HYD
799 ABAT 2 ERo] B Lo HAUh
B =Fo Fo] ngs] AgE £ Ux2
B A& ST AL EA A =9

& 1 2 3

1§82, $350TE, HEL 1992
2. Naraghi, M. H. N., "RTE-A computer code

for  three-dimensional Rocket Thermal
Evaluation”, NASA, 1991.

3. Huzel, D. K. and Huang, D. H, Modemn
engineering for design of liquid-propellant
rocket engines, AIAA, 1992.

4. Sutton, G. P, Rocket Propulsion Elements,
6th ed., John Wiley & Sons, Inc., 1992.

5. McBride, B., Gordon, S. and Reno, M,
“CET93/PC - Chemical Equilibrium  with
Transport properties”, NASA, 1993.

6. “Physical data of nitric acid”,

Gmbh & co., 1994.

PLINKE



