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Abstract: The coupled simulation of CFD and flight mechanics is popular for the study of rocket
stage separation. An appropriate plume model is crucial for this simulation. In the earlier work,
the gas mixture of rocket exhaust and external air are usually simulated as one gas species and the
multi species effects and combustion effects are not considered. In this work, the nonequilibrium
gas model, two-species-calorically-perfect-gas model and single-species-calorically-perfect-gas
model for simulating the flow of rocket stage separation are investigated. The nonequilibrium gas
model is not practical for the parameter study in the industry because of its high computation con-
sumption. The two-species-calorically-perfect-gas model and single-species-calorically-perfect-gas
model, which have lower thermochemical level and require less computation consumption, are fea-
sible to be frequently applied in the industry. With the two-species-calorically-perfect-gas model,
more dynamics behavior of the motor exhaust can be taken into account in the simulation and the
flow separation at the inter-stage section predicted more accurately. However, its CPU consump-
tion is much lower than the nonequilibrium computation. Therefore, it can balance between the
computation efficiency and fidelity and has potential to be applied in the industry.
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Fig. 3 Flow separation at the inter-stage section
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Fig. 6 Pitch rate of the 2™ stage



5% 2

2

I 1A% 328 280 i 21 [ 3400 88 0 L UM BT 5T 37

— W44k, N-S

— WA EMR, Euler
0.104 | =~ B/ R, N-S
HY SR, Euler
£ 0084 .
& a=2
o
= 0.064
=
0.04

B7 —HASEZESBELENAZHSHNE
Fig. 7 Aerodynamic moment acting on the 2™ stage

during the separation

) 2R -
P

WA, N-S
WA SAK, Euler
LR A, N-S

P RR, Euler
- T / A /

Stage 1

8 NFFEMBEMZIRG
Fig. 8 The initial flow field of the stage separation

TR EERRIAENHE S EE (0.02~0.04 s)
I K B S DA R AR A a2 B)

5 g

izl CFD-"®AT 1 2 il 5 015 27 ik Ik 5 K A5 44
OF BB 1S OGR4 AE Y R B LR R
1S R N G S 1S | B TR - i B NS i B I 2
BT, R KT BT B Be iy R S K 5 .
XU o SO B AR b AR i A R, H
TR, AR 7E TR W 5 b B A B i o )
. A SRR T 23 AR A R R IR) B Y O Bl
OYES . DN ZOR 9 K 040 =50 AT 32 3 114
PO {0 o I 3 3 55 D) G 32k 00 o A 4 1) B Y
oy Es . SR, T KT G R B i 3h e B AX
HITE S B R a B Be . 7E TREOF G, & EE G
TEKCHT R B R AL iz 8, dn] R 4l <
PRERAICRG T, Tk — PR R,

(1]

(2]

[3]

[4]

L6]

[7]

[8]

[9]

[10]

[11]

(12]

[13]

[14]

[15]

5% ik

S AR T XM, S5 AR 2SR Bl TR R I) A3 il A 3
FEBORT7 L ] F AR5 2015,36(5) :504-509
B VLR 5% 1K S AR ORI 2 G 1) #4 o3 8 00 0
Yo't VR B BT . T 0 27 41 2015, 36 (11) 2 1310-
1317.

T3 & A Be R sh i B A% 5 4 B X KT KB
PERRZ IR D] FAE 1. 1992(2) 1 95-98.

Li Y, Reimann B, Eggers T. Coupled simulation of CFD
and flight mechanics with a two-species-gas-model for the
hot staging of a multistage rocket[ C]. 19™ AIAA Inter-
national Space Planes and Hypersonic Systems and Tech-
nologies Conference. Atlanta. GA. 2014.

Li Y, Reimann B, Eggers T. Numerical investigations on
the aerodynamics of SHEFEX-III launcher[J]. Acta As-
tronautica, 2014, 97 (April-May) :99-108.

Pamadi B N, Pei J, Pinier J] T, et al. Aerodynamic
analyses and database development for Ares I vehicle
first-stage separation[ J]. Journal of Spacecraft and
Rockets, 2012, 49(5): 864-874.

Woods W C, Holland S D, Difulvio M. Hyper-X
stage separation wind-tunnel test program[]J]. Journal
of Spacecraft and Rockets,2001, 38(6): 811-819.
FRRE L IRIE MU L TR 43 B WA T A H
LB, 5 XTI 3 38 0F 5% [ ). 25 3l 1 2% % 4k, 2010, 28
(2):149-154,

MRALRE ERR W R EE LR 2R
FEPER IS A 28 [C]. KB R G R = B 3s 8 b
i 28 5 2% 2007 4R4ARE 23, %311, 2007,

ERAER AR K MRAUR . BB 2K G 1E) S T
PO 1R 6 WF ()], 52 463 1A T3 2 . 2009, 23(2) : 15-19.
Vukelich S R, Stoy S L., Burns K A, et al. Missile
datcom [ R]. McDonnell Douglas Missile Systems
Company, 1988.

Li Y. Hot stage separation of rockets using coupled
CFD and flight mechanics method [ M ]. Cologne:
DLR-Forschungsbericht 2015-19, 2015.

Benek J A, Buning P G, Steger J L. A 3-D chimera
grid embedding technique[ R]. AIAA 85-1523,1985.
Steger J L, Dougherty F C, Benek J A. A chimera grid
scheme[ CJ. Advances in Grid Generation, ASME Fluids
Engineering Conference, Houston, 1982.

Dougherty F C. Development of a chimera grid
scheme with applications to unsteady problems[D].

Standford University, 1985.



38

FH SR A

2021 4¢3 A

[16]

[17]

[18]

[19]

[20]

[21]

(22]

(23]

[24]

[26]

(27]

(28]

Cougherty F C, Benek J A, Steger J L. On applications
of chimera grid schemes to store separation[ R]. Moffett
Fields CA: NASA Ames Research Center, 1985.

Li Y, Eggers T, Reimann B. A dynamics study for
the hot stage separation of a multistage rocket with a
coupled CFD flight mechanics approach [C]. 18"
ATAA/3AF International Space Planes and Hyper-
sonic Systems and Technologies Conference, Tours,
France, 2012.

XA ARARG  FIE . 22 T ) 43 15 I 2l R 1 1 A
TEREHILT ] M BEH AR L 2002(4) :265-267.

RGBT R 200 2 KT ) R 43 18 T 3 1 4
{ECFI[)]. 35 0 K32 44 AR . 2007(3) :6-8.

R A W AR R ) 43 1 e AR T 3 B A
(L F AR AR . 2017,1(1) :49-53.

BT AR R L SR RUSE A G ] #4300 A B
B G i B E AU LT ] e F0R, 2007(2) 1 113-117.
Applebaum M P, Eppard W M, Hall L. Multispecies
effects for plume modeling on launch vehicle systems
[J]. Journal of Spacecraft and Rockets, 2012, 49(5) ;
770-778.

1AL A TR AR U AL KT SR A A B R AR
FOE AT ] A R A 4l CHAR B4 8D 5 2011, 51
(4) :462-466.

Li Y, Reimann B, Eggers T. Coupled simulation of
CFD-flight-mechanics with a two-species-gas-model
for the hot rocket staging [J]. Acta Astronautica.
2016, 128 44-61.

James K, Goetz K. Plume-induced flow separation over a
cone-cylinder flare body [ CJ. 49" AIAA Aerospace
Sciences Meeting Including the New Horizons Forum and
Aerospace Exposition, Orlando, Florida, 2011.

Wu J. Tang L, Luke E A, et al.Comprehensive nu-
merical study of jet-flow impingement over flat plates
[J]. Journal of Spacecraft and Rockets,2002, 39(3):
357-366.

Lamont P J, Hunt B L. The impingement of underex-
panded, axisymmetric jets on perpendicular and in-
clined flat plates [J]. Journal of Fluid Mechanics,
1980, 100: 471-511.

L. J CC, Hunt B L. The near wall jet of a normally
uniform, supersonic jet

impinging, axisymmetric,

[J1. Journal of Fluid Mechanics, 1974, 66 159-176.

(29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Peter L., Sami H. Separation analysis of launch
vehicle crew escape systems[ CJ. 22™ Applied Aero-
dynamics Conference and Exhibit, Providence, Rhode
Island, 2004.

Scott M, Michael A, Marsha B. Simulations of 6-DOF-
motion with a Cartesian method[ C]J. 41* Aerospace Sci-
ences Meeting and Exhibit, Reno, Nevada, 2003.
Heinrich R, Michler A. Unsteady simulation of the
encounter of a transport aircraft with a generic gust
by CFD flight mechanics coupling[ CJ.Proceedings of
the CEAS 2009 European Air and Space Conference,
Manchester, United Kingdom, 2009.

Rock S G, Habchi S D. Validation of an automated
chimera methodology for aircraft escape systems anal-
ysisLCJ. 36" AIAA Acrospace Sciences Meeting and
Exhibit, 1998.

Li Y. Hot stage separation of rockets using coupled CFD
and flight mechanics method[ D]. Braunschweig: Tech-
nische Universitit Braunschweig, 2015.

Peter L, Sami H., Walter E, et al.Stage separation a-
nalysis of the X-43A research vehicle[ C]. 22™ Applied
Aerodynamics Conference and Exhibit, Providence,
Rhode Island, 2004.

Pieter B, Tin-Chee W, Arthur D, et al. Prediction of
Hyper-X stage separation aerodynamics using CFD[ C].
18" Applied Aerodynamics Conference, Denver, CO,
USA., 2000.

Gordon S, Mcbride B J. Computer program for calcula-
tion of complex chemical equilibrium compositions and
applications L. analysis [ R ]. Ohio: Lewis Research
Center, National Aeronautics and Space Administration,
1994.

Mcbride B J, Gordon S. Computer program for calcula-
tion of complex chemical equilibrium compositions and
applications II. User’s manual and program descrip-tion
[R]. Ohio: Lewis Research Center, National Aeronau-
tics and Space Administration, 1996.

Anderson J D. Hypersonic and high temperature gas
dynamics[ M. 2™ ed. American Institute of Aeronau-
tics and Astronautics, 2006.

Blazek J. Computational fluid dynamics: principles

and applications[ M]. 1*' ed. Elsevier Science, 2001.

SIRER 225 IS BCET G ) B 07 BB AL BT S L) ) T AL B R 3 R . 2021,5(2) :31-38

Citation: Li Y. Gas modeling of a solid rocket motor for the simulation of hot stage separation[ J]. Astronautical Systems Engi-

neering Technology, 2021, 5(2). 31-38.



