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Numerical Study of Rocket Exhaust Plume with Equilibrium Chemical
Reaction and Thermal Radiation

J.-R. Shin", J.-Y. Choi', H.-S. Choi’

The Numerical study has been carried out to investigate the effects of chemical reaction and
thermal radiation on the rocket plume flow-field at various altitudes. The theoretical formulation is
based on the Navier-Stokes equations for compressible flows along with the infinitely fast chemistry
and thermal radiation. The governing equations were solved by a finite volume fully-implicit
TVD(Total Variation Diminishing) code which uses Roe’ s approximate Riemann solver and
MUSCL(Monotone Upstream-centered Schemes for Conservation Laws) scheme. LU-SGS (Lower
Upper Symmetric Gauss Seidel) method is used for the implicit solution strategy. An equilibrium
chemistry module for hydrocarbon mixture with detailed thermo-chemical properties and a thermal
radiation module for optically thin media were incorporated with the fluid dynamics code.

In this study, kerosene-fueled rocket was assumed operating at O/F ratio of 2.34 with a nozzle
expansion ratio of 6.14. Flight conditions considered were Mach number zero at ground level, Mach
number 1.16 at altitude 5.06km and Mach number 29 at altitude 17.34km. Numerical results gave the
understandings on the detailed plume structures at different altitude conditions. The diffusive effect
of the thermal radiation on temperature field and the effect of chemical recombination during the
expansion process could be also understood. By comparing the results from frozen flow and
infinitely fast chemistry assumptions, the excess temperature of the exhaust gas resulting from the
chemical recombination seems to be significant and cannot be neglected in the view point of
performance, thermal protection and flow physics.

Key Words: £7 7] 2 (Rocket Exhaust Plume), ¥ ¥ 3} 898 (Equilibrium Chemical Reaction),
9 B A}H(Thermal Radiation)
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Fig. 1 Different color and shape of plume
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Composition in Combustor

Present NASA CEA i

Temperature 3390.48 3390.48
yH0 0.24146 0.24146
yCO:2 0.23119 0.23119
yCO 0.45434 0.45434
yOH 0.03875 0.03875
yO2 0.01480 0.01480

yH> 0.01029 0.01029

yO 0.00728 0.00728

yH 0.00188 0.00188

o] &% Axel st AHesHoh

2 3o Axgl NASA CEA I =9 A
RE Zo] L ARE HelFu gk B A7
Hy AQe 8l AEwg 1ed Aden,

o U=
NASA CEA II ==& 1197/1¢) AES 183 A7
o)A vk 8/ HET JdEE $£A43 ANAdE
A B e AFHE BoFT B QFo) o83

s 283 AT AH/E BYgFn v
AR} Table 1 &) AX Aae 54, ¥4
TYIA =ER/FY AFERALE o] &3 ATt

32 #& 4 =A

AXAzE Fig. 2 oA} ol 5749 Fgoz v}
Fold vFAANA F2RE Y SHA 9L
nozzle HloJHE2RE =& E3 ¥H g1 7=
FolA 81x30 ¢ AN AxE gAsAD AF A
Aitel HalalA o] &3ty st WAME Hze
%ZE FA 2o FY FHo HEE HAF3Ah &
4B d9e Asdggoer wWdy &23E Fopy
AAE dA4PY. a283n EYC 99 4Ry ur]
EdeE goez FAHFPew, EHUDY E F9&
Z5993 o driz Ax2 pANG "A Az
£ 250x15022 F4¢ AAAE ol &3k

A 271 Z2PoEE AAH ©d A 2
P2 A oo} R on, FARHALEZE =5
WA H(no-slip) £ ©d 23L& o438
Gt dFAAE £EE J4EE oleE xAS

Fig. 2 Grid System

ojgst o, EFdAE Ay 27]d ME ¥
& R4 F, &7 vl 71

5 AA =23&

< %4, 498 7%

R H
=) T
1& dod, Jaste 7€
kool 7] % AA 24

25 §dA A&sdrh

184 —o— height ,AD 4 1600
--4-- mach g
16 "-. - w— pressure d
* - » - temperatire

¥
R
it
(ed)anssold

T l‘l !‘

Height(km), Mach No
(x)a;mgadwal

g

Flight Time (sec}

Fig. 3 Flight Profile for Operating
Conditions

279 3% Okm, 5km 283 17kmol @2 7]
o] 2x ¢ ¥xA a3 HPE&£E L Fig. 39
KSR-11¢] d) e 228 o] &3t ct

a2y divle BER5Y 540 3o EFS
AYFEe FFdelnZ HIFFAMANdE 52
FEozRE ZEAMY HALE o834 52
2 Py g TR HAHE FYPsh

3345 W 2 AN



F = ;num-, + (Pexit—Pa)Aen't (14)
1,=F| mg (15)

A7 %8 J7E% g & 981 m/s2 o A5 @&
ol &3tdtt #% #HHY FHAH Y EZA=ZR
X5 BEAE Aastr] fste z2t g o
&Tot A GHE Adstedop gt 2 ATl
7t gdoA e HF EFERE HHY F T

g x Aaste daAgFos uyol ZASA
o HEgEe vdel #A4EE g4Ee vy A
g & AA AFHOoT o 24.46}9&\:}

4. H 2D A

Hz [0 oﬁ. R - (S

N 2 ¥HBEY 151
[ EEECEE) @'

Ei Az @ %%4 34

1= R
g YErdy] g £C7} %‘5-0}1]
9] F7g JtHeq o] AR vl z
Ak a#A AgHer utetgrt PR
EAFE0 222 WY FA539 A FUH
2 248599 =& &7 7t Figb adl
W a2 GAs 2 g Aok z2Ea vYnxst
7bell mrel t7]e] o] "HelAEE A ETF
AZE nxd mAd Ades 2 ¢ F dedH,
24 459 @ 2o Aduiyoz HIFFY

4>
o
N
o b
)

Fig. 4 Temperature and Mach Contour at each Frozen and Equilibrium Flow.

a) Okm

Faquilibium Flow

b) 5km

c)17km

Fquilibrium Flow

Equilibrium Flow Frazen Flaw

s
4 s e oo

T LT
-
3

Fig. 5 Magnified view of Mach and Pressure Contour at each Frozen and Equilibrium Flow.

a) Okm

b’ Skm

¢)17km



e 152 2 2EY

AT

B W S8 |

o Ak ol Fddi: ddo] FARFFAME
Aol gzt A fEole 92 HAHEF 2
F71448 EZEY AEY ¢ wgo] doyr] HE
of 2 AR zZgx Fig. 5b, 5colA 2AE B
H2E% =& g Aol AcgdE FHHF ¥
3 A veldr

42 71X Rl 25 M
&3 Y AFHZREH JARY 2x F

Fig. 6 914 Okm ¢ SkmAHolx dEALY #F9
et AR 2Ex7 25 §F59 4F¢E A9
B2 ge AL ¢ F Yod, gF 270K ~320KH
=9 HYe vk 2y dAFEAY nXgAE
7| AR exHsll e nxo uisiA d4e
o7t e RAE & F Utk ¥ 2E Y& 17kmol A
FER5S FEH5 BFAE g ARy 2
EA4L 567K 630K2 JElue i 13% ¢ &
E g 95 5 gl B3 o)R@ L9 A=
At 2 EJ Qe A$onE AeHId
7t 1=t Fote] wE @999 a2t EF
o} AAo] AXNER A W72 mA 7R R3e
Azz ALY § gtk o AL 1=V 2IE
e 53 99 289 #3334 144118 =%
A AXER A AcHIIY 727w rtA
File 29z Agddg B d79 4 49z ¥
H Ae@8dqdy 2/ Asduad R ¢ 4 71 3
e, 259 Aol AW AAFE JAFY &
= AEs VMR & Rold 438 & 5 o

[o]
Qe

=

43 F3 M s

5% A4 Add28Y 249 F9 J5& 33
o] WY& o] g3te] A4S Fig. 7€ RE]
gE 23 wigel BE Aolg 7 Wyel BE #%
A4 Az HE AN Aol ojHd PP
sea level?] FA#EY HIA/ETY FYo
132, 138kN& &4 f&HZd(2 Aoz FHF
2o ARE AQon, nE/ HAFE uge
#AsEE QA = 79 24E 237 A8A
A Jt2rt A ez N F89 FIME MAL
o B e 47 48 F e nxdE Y 39
< Fig. 79149 Zo] 475U 132, 142, 151kN
a8l HYHFY 1 138, 150, 159kN-S 2tu g

650 |-

600 |-

550
500

450
=

400 F

350 F
300

250

200C

Fig. 6 Base Temperature at each

Altitude
200
E [ .
0 I lsec] 68, 208 3% 267 ﬁ‘ 1
13°t S TS THE ST | LT 250
160 ” ” ﬂ
m— o -
E L 141 1 1hetn e - 200§
) 142 102 -
140
12 142
-1150
120
A ]
L
100 i Skun 1m0k Skn 17m Ok Skm 171om Bl Sk 17k OO
Erozen Fruzen Fquilibrium Equitibrium
Rudietion Radiation

Fig. 7 Thrust and Impulse at each
Altitude

Al 9% mHA7t FHAE R AANA e A
DR
=

Fig. 4% Fig. 54 2% n=de EF#5 5
e qeolds 2L EF 459 ¥4 2 ne
Fn glvh 59 Fyds 99NN 2= ¥es
9 559 A7) $2 FERGE FYFFAA F
§ 27 vehte, 283 olel Be ARy s



T Fat]

N 2 28%Y 153 %

L AusdAe £ P 48R 2ot
AEAX FFS FHALE U8 ¥ U
Azggdel 2 fFFel d&M A veido
AE & F Ak o1 VARG 2= FeE
7l A E 28 2 BAEE Y F AE T
AGE FES AR BFE AAL 2] A
A Fge] A  dE& Rolth

o B B xR

ik

r

aZ

[1] Sutton, G. P, "Rocket Propulsion Elemenys,"
sixth edition, John Wiley & Son. Inc., 1992.

(2] Ebrahimi, H. B., Levine, J., and Kawasaki, A.,
"Numerical Investigation of Twin-Nozzle
Rocket Plume Phenomenology," AIAA Paper
97-0264, Jan. 1997 also in ]. of Propulsion and
Power, Vol. 16, No. 2, pp. 178-186, 2000

[3] Hong, J. S., Levin, D. A., Collins, R. J., Emery,
J., and Tietjen, A. "Comparison of Atlas
Ground Based Plume Imagery  with
Chemically Reacting Flow Solutions,” AIAA
Paper 97-2537, Jun 1997

[4] Wright, M. ], Rao, R. M., Candler, G. V,,
Hong, J. s, Schilling, T. A, Levin, D. A,
"Modellig Issues in The Computation of
Plume Radiation Signature," AIAA Paper
98-3622, June 1998.

[5] Candler, G. V., Rao, R. M,, and Sinha, K,
“Numerical Simulation of Atlas- Il Rocket
Motor Plume," AIAA Paper 2001-0354, 2001.

[6] Michael, ]J. W. "Data-Parallel Lower-Upper
Relaxation Method for the Navier-Stokes
Equations," AIAA Journal, Vol. 34, No. 7, pp.
1371-1377, Jul. 199%6.

[71 2495, “vi7] E5& £ 24 =& %59
FAHAY,” F2FFLFFEE A, Vol. 27, No.
2, pp. 101-110, 1999.

8] A8, £&8 JAFY, "FES= g
2T 25E 2AY EF 57 AN @
YT +FEegs FA =83, pp. 674677, A
o 8k w, 2001.

91 A4, “2&% d4 ¥ 715719 233 R=
HX #A AEdsn FEEAL g9,
1997. 24.

[ oA A S8

[10] Kuo, K. K., "Principles of Combustion," John
Wiley & Sons, 1986.

{11] McBride, B. ], and Gordon, S., "Computer
Program for Calculation of Complex Chemical
Equilibrium Compositions and Application,"
NASA RP 1311, Jun 1996.

{12] sSiegel, R, and Howell, ]. R, "Thermal
Radiation Heat Transfer," third edition,
Hemisphere Publishing Corporation, 1992.

[13] Shuen, S. and Yoon, S, "Numerical Study of
Chemically  Reacting Flows Using a
Lower-Upper Symmetric Successive
Overrelaxation Scheme," AIAA Journal, Vol. 27,
No. 12, Dec. 1989, pp. 1752-1760.

[14] H4d, /PN, YIE, KSR 24 =& &
9 455 deAN,” A228 FALEF
Symposium =&3], pp. 90-98, 2001.

[15] Oazisik, M. N., "Finite Difference Methods in
Heat Transfer," CRC Press, 1994.

[16] Shih, T. M., "Numerical Heat Transfer,"
Hemisphere Publishing Corporation, 1984.

[17] Modest, M. F., "Radiative Heat Transfer,"
McGraw-Hill. Inc, 1993.



