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Hypersonic Chemical Nonequilibrium Flow Analysis
with HLLE+ and LU-AF

Soo-Hyung Park and Jang Hyuk Kwon

A robust Navier-Stokes code has been developed to efficiently predict hypersonic flows in
chemical nonequilibrium. The HLLE+ flux discretization scheme is used to improve accuracy

and robustness of hypersonic flow analysis.

An efficient LU approximate factorization

method is also used to solve the flow equations and species continuity equations in fully
coupled fashion to implicitly treat stiff source terms of chemical reactions. The HLLE+
scheme shows lower grid dependency for the wall heating rates than other schemes. The
developed code has been used to compute chemical nonequilibrium air flow through
expanding hypersonic nozzle and past two and three dimensional blunt-nosed bodies. The

results are in good agreement with existing numerical and experimental results.

Key words: =+ %84 (Hypersonic), 384 4|3 3 (Chemical non-equilibrium),

HLLE+, LUZAIAHE S (LU-AF), =% (Nozzle),

1. M E

F2$% FEHL 9 AYUE=(ow density)
i2(high temperature)?] S-5&oluz 33
2o 213 8}l & (nonequilibrium) & ¥ 7} e}
ok AR FHF-Fo] viake oF 5 ol dY W
719 vl sshwt-go] AAZF WH-o 4%
Heo A dde Ax HAsn, Bd FA9 A
Z (stagnation point) FHNA =2 EFNA
7b BolUAZ A#ste A dAdoe) HAH
th o2 U} EHIES} AL F d&& F
Z&& v YA A o$ Fad 847 @t
S LR AT 5 e g B3

o 1 2 o

)

tetasg, #33er¢d )AF et
? A8 9, FFAEN & AT

29 E A (Blunt body)

8 2] (dissociation)®} A g (recombination)?} =
A& AXA Aot S AAFY FAHL AdA
o2 FYul-%(endo- thermic reaction)o|7] =
—-°ﬂ 3Ehhg-& FAIE VAR AN EA H
A AABY gad] ¥ 258 o234 9o
Ehke f59 AulAd s £7) &M e
Az s}5% HEA 2 (species
continuity equations)g 93 ZAITE
(fully coupled fashion)t} %FstAl Zg® 3
(loosely coupled)2 TEX& 4= ot v|HE &
do} Zdtm HA A HAol FA(stff)d wo
= AR W @A FAd 299wy
(robust implicit method)¢] &7% ‘4[1]
:—1;?8’—'.‘ °%—7§f° Wi £x992 skxn gl
9 11]’5“’] e ge “Pilﬂ"}



284 £539 FAHY4AM Yehdes CFLT A
o AP FY EAE sdsy] faMe HEe
Mol Fasith
LUSGS-AUSMPW [2], DDADI-CSCM(3] &4
7ige] Aetslo] B A 9 K57 A AHE
H1 Qo

2 dFdMe AT sEE BETA
Ag 9Ad A2%g8 2 E7) 98 Shuen §
[4][5]c] A<t LU-AF 7| & A4t o
71 & LU-SGS 71¥ BT A AL o 28
HA ¢ sERFrE Ao o §&3olgn ¢
Atk =¥, HLLE Ag7I¥e] B4 244
S FA4AZ HLLE+ 718 IAAEI7IHLE
B354t HLLE+ 7| ¥ 237 2L
43 ZHWUSFE =39 HLLEM 7|Hd
HLLE 7|¥ 9 Z04& Ed(hybrid ¥ 7=
A A8 EAPFAHE AL L AATER

gy dAEFS F dFse 54E& AT 9

MY ZEE AHEE FUA =29 55
53, 23 ddE Ade 2S5
o
=

shof 7l&e] AN A% 2 A

:oxl:"4
>

2. X Y I

P

2.1. Governing equations

=4 Navier-Stokes #A A7 3&E BE
Yol 443 AYE A REYoR RE
3w o 2.

2 Rodr

A%y A A A 388 ]

o ou

pu pu2+p—r,¢x

pv pUV—T

ow PUW—T 4,

Q= pc?‘ yF=| u(pe,+p)— R, (2)
C; (u— zl)cl
(u—u))C,
CN_I (u_ {‘_;:l)cN—l

714 Zo\qA (total energy) e HU&9 B
AE 7HAe,

e,= e+%(u2+ ¥+ w?) (3)

y$t z Wk F59EA G HE A
ez gAY
HA 28 "X r;E Newtonian 3¢ 7}
A3} Stokes?] 7tAol wat I ¥ELY
AT 471 29 HFYe
Q= ur,;+ vry+ wr—gq;

2T

%, 4)

q;,=—

o)1, g AH%H(heat flux)S ovldc} A}
¥ X (mass concentration) Gt Ux¢ AFE
S(mass fraction)®] o2 Ao}

stetE 7te) QAT JHEEAE FASA
3etE 749 FAAFIE 2oia MRS g4
&% %E Fick's law2 ZAARsAR, o
Lewiss=(binary Lewis number)T Z< 3&%F
o e 148 FAh

ztzto] 3}8+F(species)ol e AYHE G,
AHAEE k, 282 FAAF pE = B3
o 10,000 K7 F&F 43 thdA (fourth-
order polynomial)2.Z FERATHT. EF 1A
W vde FErFez AANNR, A%
&7 AAATE Wiked EFz oz AA3}
Aot

AErg Aol Bx A3ke ¥EEI B
A Bale FAEH7] Wi, E37A(gas
mixture)d] ¢HE oA Al FAHA o Z

71 A3 59 ESHpartial pressure)d o2 H
e
Ci
p=R.,T 21—W,- (5)

o 7|4 R,= 7]AAs(universal gas constant)



A5A A2%. 2000. 9

HLLE+o LU-AFE o148 3284 387 ¥98 $5% 9 %

olx, Wiw Zr 7IMAE ®AE H(molecular
weight)elth. 4] (5)8] €% T= A€y 3
A G228 H 2HE F oo

=R Yih= 2 Y (hi+ [, CodD) 6

% Cue 4 718 A d(heat of
formation)® A tH| 4 & JEbWT

steubg& £33}t ek-g-& 2 A(finite  rate
chemistry model)ell uwte} 73t 1, 3eukgo
ALE AA87) 43 2d2 54E 118 EA
2 A43% Dunn® Kangd 2d& Apg&stgoh
Fojzl setubgoA YAFH dAdF T
BouAe 254 3EFLEY FFo)7] g
of MAF S o Azueke AHFH(chain
rule)ell &8 +& & o, A 4 Fn
F3[416] A3 e gl
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Fig. 6. Pressure distribution for perfect gas.

Fig. 5. Temperature comparison with
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Table 1. Comparison of calculated results between present and Shuen's.

Press.(atm)| Temp.(K) 0, N; @) N NO

Initail values 1 600 0.235 0.765 10° 10° 10™
Shuen[5] 63 4260 0.121 0.712 0.065 0.00024 0.102
Present 64.5 4250 0.131 0.709 0.059 0.00024 0.101
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