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Numerical Simulation of a Hypersonic Non-equilibrium Flow

Ryoji Takaki'

ABSTRACT

Numerical simulations of a hypersonic flow with high temperature effect were carried out. Park’s
two temperature model and a seven species and eighteen finite rate chemical reactions model were used
in order to take account of thermally and chemically nonequilibrium effects. AUSMDV scheme was
applied for convective terms. An efficient numerical algorithm, LU-SGS scheme and a point implicit
method for source terms were used for time integration.

Numerical results of an axis-symmetric flow around a semi-sphere are presented and compared with
experimental data. A grid convergency check is also performed. Results indicate that the flow behind
the shock tends strongly toward a non-equilibrium flow.

Keywords : CFD, hypersonic flow, non-equilibrium flow

g o

gbooooobooobooooboooobooooooooooobooooooboobbooooo
ooooobooOoOoooOOOoOobO0ooooObO0obooDbDOoOo roooObOROLODOOOOOoOoOoobooOoOoo
0000000000 PekO0000O000O0COOOOOOOCOOOO AUSMDVOOOOOOOOO
00000000000 00000 LU-sGSO000000000oooo0noooooooon point
implicit 00 0000O0ODO

gboobooboobooboobooooboooboobooooooooooboboobooobooooon
goboooboooobooooobboobooboboboooooooooobobooooboooboooobo
gbOooooooboooooo

g d Dy, - 00DO0O0DOOOOOO [m?/s]
dS; : ¢ 00000000

A, MV opopoooooooag E . JooOoOoOooooooo

s : 0,000000000000 00000 [J/m?]

b : 0,000000000000 e . 0oO0O0o0oO0DoOooooo

cir, . 000s000000000000 000000 [J/m?]
00000000 [J/(kmol-K)] €s : 000sO00D000D000

Cw, : 000O0,-0000000000C 000000 [J/m?]
0000000 (n=0,1,2) ey : 00D0O0O0DOODOOOO

Cior : 00DO0-00000000000 Doooooag [J/m?]
0000000 (n=0,1,2) F;, . 000000000 (5=1,23)

és 000 s0000000 [m/s] Fy;, : 000DO0DDO (§j=123)

Gy . o,000000000000 gs : 000s0000000000000

D, : D00 sO0000000 [m?/s] ¢s : 000s0010000000000

D, : D000sO+0000000 [m?/s] H . 000000000000

D, : D00 s00D000D000D00000 Doo0000 [J/ke]
000000000 [J/kmol] hs : 000sO0O000D0O0O

D, . 000 s0000000000000 000000 [J/kmol]

0000000 [J/kmol]

*OO 110 30 10000 (received 10 March 1999)
tDoooooo

This document is provided by JAXA.



Qg ry /83,7"
Zj
Ys

Vs
66 5

!
Er.s

Et,s

)

Me
T

®dis,5

obooooobooooo 14070

gdgd sboobooooon
00000000 [J/kmol]
gdgd sboobooooon
00000000 [J/kmol]
oddosbo 1oooon
00000 [J/kmol]
Boltzmann O O

(1.380622 x 10~2* [J/K])
gboo -roboboooobo
gboo -roboboooobo
000 soo00 (kg/kmol)
000 s0000 (1/m?)
obooooooooooon so
00000 [kmol/(m?-s)]
0000000 [Pa)
0000000 [Pal

000 s000 [Pal
gbooboooo
ooooog

(8.3144 x 10® [J/(kmol-K)])
uggod -r0ooboboon
[kmol/(m3-s)]

uggod -r0ooboboon
[kmol/(m3-s)]

goooooo
ooooooo [K]
Oooooo [K]
00OooDO0oO0oO0o [K]
goooobobobooood
0000 [K]
0000000000 [K]
oo [s]

000y =123 [m/s]
oood
ugbosOooboooogn
00000 [kmol/(m*:s)]
gboooog

000;j =1,2,3 [m]
obosOoooo

000 sO000000 [kmol/kg]
ub0osO000oooooon
000000000 [J/kmol]
b0 sO000o0oooooon
0000000 [J/kmol]
b0 sO000o0oooooon
0000000 [J/kmol]

b0 sO0O0bOoooooobooon

000 (D0000o000) [J/kmol]
000 sOoooTo0no
odoooooooooooaao
(00D0D0O0o0o0) [J/kmol]
Kroneker 00O 0O O
dooddooooooooooon
0oo0o [W/(mK)
godooopoooooooooao
ooooo [W/(mK)
Joooooooooooad
0oo0g [W/(mK)
000000 K]

0., . 010000000000 [K)]

0,. : 000000 [K]

£ . 0000000 (5 =1.2,3)

1 . 000000000 [N-s/m?)

s . 000s0,j00000

Ves : 0000000000
O00oooo [1/s]

p : 0000000 [kg/m?)

O : 0000000 [m?]

Tij . 0Oooooo

<7s> : 00D0sO0O0-000000 [5]

MW : 000 sO Millikan, White 0 0 O
00-000000 [s]

rr : 000 s0 ParkO OO
00-000000 [s]

D » OO0O0sOOO0OOOoOoOoooo
00-000000 [s]

H » ODO0O0sOOOOOOoOoDoooOo
00-000000 [s]

Y() . 0ooo

oY . poosor000000
k=1,2 [m?]

0

b ooooooooooooo

€ : 0Dogo

I : 00O000oooOooooo

on ¢ OO0O0O0ODO

J . 0oooooo 00000

mol : 00000

T goooo

S ooo s

sh ooooooooo

t ooooo

tr 2000000oOooooooooo

V 20000000000000000O

v ooooo

o0 ooooo

0 [

AUSM :  Advection Upstream Splitting Method

FDS :  Flux Difference Splitting scheme

FVS . Flux Vector Splitting scheme

LU-SGS : Lower-Upper decomposed
Symmetric Gauss Seidel method

LU-ADI : Lower-Upper decomposed
Alternating Direction Implicit scheme

1. 0Ooon

000000000000 HOPE(H-II Orbiting
Plane) 000 0O0OO0O0ODOOOOOOOOOOOODO
uboooobooboobooboobooooobbon
goobooooobobobobooooooooan
uboboooobooboooooboooooobogon
gbooooOoboboooooooobboobOoboonog
bobobOoooooboboobooooooooo
gbooobooboboooobobobooboooboooo

This document is provided by JAXA.



obooooOoboobooon 3

00oooooooooooooooooooooog
00000ooDoooooooooooooooooon
o0ooDooooo0oooDooOoooooooooog
0000000 000ooo0ooooooooooo
00000000 oooooDooooooooooon
000 HIIOOOO 10000000 OREX(Orbital
Re-Entry Experiment) V0 J- 10000 1000000
0 HYFLEX(Hypersonic Flight Experiment) 2 00 O
000000000000 000O0O0OD0O HOPE-XO
goooobboooooooooboobboooooao
gooobooooobooooooooooooooon
gooooobboooouooooooooboooo
godooobbooooooooobobooooooo
gooodoboooooooooboooooboobooon
ogoooobooooooobooooooboobooaoo
ddddoooobooboobooooooooooog
goodoobobooooooooobooboooooon
gooooboooooooooooboobooooao
O0D0o00o0oDoopooOoOoDooooooooono
000oooooooooooooogooooooooo
0000000 (Computational Fluid Dynamics;CFD)
O00DooOOooDOooDooDpDoOoOooooooooon
ooodoooooooooooooooooogooo
O000D0oDO0o0ooooooooooooooog
oooo0o0ooooooooooooooooooooon
o0oooooOooooooooooooooooog
CPDOOODODOOODOODOOODDOODOOODOOO
00o0oooooooooooo ckDOOOOODOO
00000000 00O00o0O CFPDOOOODOOOO®O
O0000000o0ooooooogoooooooooood
Y 000000000 CFDOOOOOOOOOOOD
000oDoo0oOoo0oooOoOoOo CckDOODOOO
00oooooooo00ooooooooooooog

e JDOOODOODODO

oboodbooobOoooooooooobooooooog
oboooOoooOobobooooooobooboooon
oooooon

2. OO0O0OO
2.1 00O
gbooboooboobobobobobobooo

e JOOD 30DDO0ODLODODLDOOOODLOO
goboooo

e NOODOOOOODO

e IO0000ODOODOODOOODOODOOOODO
ogr7ooooboooboooooooooo 7
obooooobooooboooo

— 15 0000000000 Oy,N.,O,NO,N
- 6: 000 NOT
— 70000 e

e HUUDODOOODOODLDODLDOOOODLODOO
gbobooboooboooon

OO0000o0oOoooOooobob parkOODDOD
00 00000Park00000O0DOOOO0O
oobooooooooboooooooooooo
oooboooooooogd

e JOODOODOOODO

oboboboboooobOooboooooooooooo
G)D

9p | Opu;
ot + Oz =0 (1)
e UODOOOUODOOO - 9 9 9
PU; e o N 7’1‘]‘ o
ot t o, (P T i)+ 50 =0 2)
e 0000DD0000DOODO :
OF  OpHu; 0 8T oT, \
E ax] a x; <72Ju] Zh D a$J (771) 776)8—”6]> 0 (3)

e J00DDOOOOOOOD :
dpys | 0

e OO ODOUOODOOOODONO -
dey 86Vu]
h gD
ot + Oz ax] Z v

+ st — )+2

s=mol

ays .
A sy — Ds = Wg
ot (’” i amj) .

3R(T —Tvy)

8u]
acv]

yq aYWV _
(r]v + T]P) 6$] > -

V€8

M - Z he,sfs+ Z “.}qu

s=ion s=mol

This document is provided by JAXA.



4 obooooobooooo 14070

2.2 00000000000

000000000000000000000000
0000000000000000000000000
00000000 00000000000000000
0000000000000000000000000
000 pO

p=> ps=3_ prM, (6)

Obob000ob00oO0 0000 sOOobOOoOooobooo
000 py.00000 [kmol/m®]000D0

23 0000OO0O0OO0OOOODOO

gboooobgooobooboooboboboon
gbooboodobbbooobooobuobog pb o
gbooooogoao

oo0oooobbooooo p, DOO0DODOOOOOO
oooooooao

pysRT
preRTy

Ps =
Pe =

S (s)

electron

gooooodoooooooo ny, ooooooo
ggooooo

- Ou; 8Uj 2 Juy, Ny
T = H (axj i e §a_m5zf> (%)

goooon

24 0000O0DOOOOODOOO
0(3)0000000oooooooooooooo
ooboodooob400000e60000000040
booooooboobooooooobobobooboao
gobooobooobobooobooooboooboooboo
ooooobooOooooog HO

_E+p
P

ooooooobooOoooobOooono rpOoO0OoOoOon
obbO00odode00O0OOoOoO0OO0OoOoooOoODOO

H (10)

1 1
E:ipu?—l—ZeS:ipu?—&—e (11)

gbobobooboobboobbdgsuooobobodabibe,0d
goooodo e 0000000000 e ,00000
gogoooodooooodioe0ooooooO0
s, OO0 ooooooooooon

€y = P’Ys(‘ft,s + 51’,3 + 517,3 + 56,5) (12)

goobobobooobooboobobooboobo
gooobobooobobod ey

ev = ps(Eus Fees) +presie (13)
s#e

0000000000000 00000000000 e
O

€= ZP%(@LS +ens) tev (14)
00000000000 s0000000000000
00000000000 0000000O0bO00o000oon
0oo00oooooon

2,5 0OO00O0OO0OO0OOOOOOOO
oboooooboooboobboooobooboon
oobooboobooobooooooobooooooo
oboooooooooooboobooobooobobooon
obOooOooooboooboboobobooooooo
0()0000030000000000000000
oooOoooobOOooooooboooooboooboooo
obob00 yOOobOooooooooooooog

Ps
M,

"Cy(m) T

r
T

(13)

2.6 0OO00O0OO0OO0OOOOOOODOODOO
O000O0O0DO000DO00oooO0o0gOgO ParkOO
00000 »0000000000000000000
gooooboooboobobooboobooboboboon
TOOODOODODOOOOOOObOOOODOoOoDOOOo
ubooboooooooobooooooooboon
gbdobooboooooooooboooboboobooog
O07y0O00D0000000O0DOODOODDOOO
oooboobooooobobooooboobooon
gboboooooooobooobooobobooogon
oooooboovoobooooooobooooooooo
oobooboobOooooooooooobobe0O0
oboooooobooboooooboooooo
0()000010000000000000000
oboooooooooboooobooobooboooon
ooboooooooobobooooobooboooooo
oboobooooobooobOoobooooooooooo
obobOobOooooobooooobobooooooon
obOoooOoboooooOoboooooooboooobo
ooboobobooobobooobboobooooon
gooobobooobooobooboooboobooboonog
oobo200000000000000000000
gboooooooboobobooooooboboDDbo
gobooobooooobooboboooooooo
oooooooooonog
ooosgobobooooboobboooooooooag
goboooboooboooooooooobogoo
oobobooboooooooobooog
oobobo4000000000DOOOOOOoOO
gboobooboooobboooooooboooboaon
boboooboooobooboooboooooboon
gbooooooooDbDbOooobD Y000 1ROO0OO
gbobooooboooboooooobobooooobonn
gboooooogoon
obobobOoooboobooooboboooooooon
goobobobooboon

This document is provided by JAXA.



obooooOoboobooon )

dq  OF; OFv,
-2 =S 16
ot oz, T oa, (16)
0
Tij
P pu; Oy orT Ty
pu; puitj + po;j Tugtha thSDsa—% Tox; ~ (0 +1) 50 Oz
g=| E |[.Fj=| (E+pu; |,Fv;= ’ dys :
PYs PYst; pDs 5~
ey eV Z Ays E )OTV
-p hV,st'— — (Mv + MNe) 53—
. Ox; Oz
0
0
0
S = ws )

—Pe arj + Z ps _5 )

s=mol

goboooooboooooobooboooooon
00ooO0ooooooooo (¢)ooooooooo
gboboooboboboboooooobooobooogoon
gooobooooboooboboboobooooboooa
oooooo

18

Vv Jv ( )
ooad VDDDDDDDdeD SJ-DDDDDDDDD
oo0ono

3. 00000

goooool e 000004000 g ,00000
ood e ,000o0o0o000 e, d0doooooon
ces OO OOOOOODOOOOOOOO0O0O0O0OO0
oooooobooooo r,7vyOOOooLDOoDOOOD
goooobooboboboooboboobobobo

FoSRT T Y e Y

s=mol

gbooobooooobooboooobobooobooboan
goooooobooooboooooboobooooo
O00000ooooooooooo g

C;TS(T—T,.ef)ﬁ—hHYO—RT (19)

€t7',s = gt,s + 57‘.,5 =

oboboooooobooooobooboooobobooogon
00000000ooo0oooOooooooo "0

0,sR

E =
o ®17,s
P\t

)-1

obooobooooboboboooo 1ooboon
00000000 o00ooooOooooooO ™o

(20)

gooboobobooboo 1ogobo

01:0000000000
| 000 s [ 0, N, 0 NO N NOF e |
M, 32.0 28.02 16.0 30.01 14.01 30.00  5.486x10~°
ho.s [keal /mol] 0.0 0.0 59.56 21.58 113.0  236.66 0.0
Cir [J/(kmolK)] | 3.5R 3.5R 2.5R 3.5R 2.5R 3.5R 2.5R
0, [K] 2272.0 3392.0 - 2738.0 - 3417.0 -
O [K] 11390. 72216.  22800.  55204.  27700.  75073. -
Go0.s 3 1 9 2 4 1 1
9 1 3 5 4 10 3
Ouiss [K] 5.935x10  1.132x10° 0.0  7.537x10* 0.0  1.258x10° 0.0

00000000 h,000D0O00DO0OOO0DOOOO
ogdod
hs:C]]rs(T_Tref)"'_hs,O"'_hV,s

hV,s =EV,s = Eus + Ee,s

4. OOO0OO0OOOO

OooooboobooooroooobbDisoooon
gbooooog 2000 18g0o00bo00o00d

This document is provided by JAXA.



6 obooooobooooo 14070

02:0000000

odad odad oooo0oo0 7,, 0000000 Typ
O: + N = 20+ N VITy T
Oy +NO = 20+ NO VITTy T
Oy + 0 = 20 + O VITy T
Oy + 0y = 20 + O, VITy T
Oy + Ny = 20 + N, VTTy T
Ny, + N = 2N+ N VTTy T
No+NO + 2N +NO TTy T
No+ O = 2N + O Ty T
Ny + Oy = 2N + O, TTy T
Ny + Ny = 2N + N, Ty T
NO+N <= N+O+N Ty T
NO+NO = N+O+NO Ty T
NO+ O = N+O+0 VTTy T
NO+0Oy, = N+0O+0, VITTy T
NO+N, =& N+O+ N, Ty T
O+ NO = N + O, T T
O+ Ny = N+ NO T T
O+ N = NOt 4e T Ty

gbobgoobobooboboboobbboobobooo
O000000ParkO00000O0OO0DOOOODO SO0
gbooooboooooboobooboooooboo
gbboobooooooooboboooooooboonog
gbobobobobobooboooooogoooo

Ty r =TTy (24)

0000000000000oo 249)00o00oood
gbooobooboooobooooboobooboooon
0000000o00o0oooooooooooo (2400
gboobodbobboooobbooobooooon
gobobgbooboobbooboobbobooo
gobooboobobooooobooooboooo
gobboodoboooobobooboboboobobo
ooooogo 00000000 C,0 sODO000O0O
gooooooooooo

ZOZTSCSII%: Zﬂracs (25)

gbodbogoobooboobobooboooaoa
oooooobD w,00oboobooboboo

N

u-)s = Z(ﬁs,r - Oés,r)(Rfﬂ" - Rb,r) (26)

r=1

000 Ry,,R,, 0000000000000

Ry, = 103 [kﬁT H(l()gp'ys)a“} ,

k)

Ry, = 103[kmﬂ~II(103p75y%”1 (27)

S

0000000000000 00000000000
cgs 000000000D00D0D0ODOO0OD0 (27)00D0
103,107 0 cgs 00 OD0O MKSOODOODODOOOOO
00000000 (2700000000 cgs00000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
000000000000000D00000D0O000
0000000000000000000000000
0000000000000000000000000
0000000000000000000D0D00000
0000000000000000000000000
00000000000000000D000000000
00000000000 00000000000000
0000000000000000000000000
0000000000000000ooooooooo
0000000000000 000D00000D000
0000000000 o000000000o0oooon
0000000000000 D000000000000
0000000000000000000000000
O00000 (27)0 kypke, 00000000000
0000000000 000000o0ooooon

Cron Crir
kyr=T f2’70f0r6$p<— )
a.f Tq,f ’

gobooooodonb 3sggoon

This document is provided by JAXA.



obooooOoboobooon

03:000000

00 Cio Cn Cpo Cho Cpi Oy
0, +N = 20+ N 3.61el8 59400. -1.0 3.0lel5 0 -0.5
0, +NO = 20+ NO 3.61el8  59400. -1.0 3.0lel5 0 -0.5
0y 4+ 0 = 20+ 0 9.03¢19  59400. -1.0 7.53¢l6 0 -0.5
O0y4+0y, = 20 + Oy 3.25el9  59400. -1.0 2.71lel6 0 -0.5
Oy + Ny, = 20 + N, 7.22¢18  59400. -1.0 6.02el5 0 -0.5
No+N = 2N + N 4.15e22  113100. -1.5 2.32e21 0 -1.5
N, +NO = 2N +NO 1.92e17 113100. -0.5 1.09el6 0. -0.5
Ny + 0O = 2N + 0 1.92e17 113100. -0.5 1.09el6 0. -0.5
No+0O, = 2N + Oy 1.92e17 113100. -0.5 1.09el16 0 -0.5
Ny+ N, = 2N + N, 4.75e17 113100. -0.5 2.73el6 0 -0.5
NO+N = N+4+O+N 794e21 75600. -1.5 2.02¢21 0 -1.5
NO+NO = N+O+NO 794e21 75600. -1.5 2.02e21 0 -1.5
NO+0O = N+4+O+0 794e21 75600. -1.5 2.02¢21 0 -1.5
NO+0O;, = N4+O+0; 397¢20 75600. -1.5 1.01e20 0 -1.5
NO+N, = N4+O+N, 3.97¢20 75600. -1.5 1.01e20 0. -1.5
O+NO = N+ 0, 3.18¢9  19700. 1.0 9.63¢ll 3600. 0.5
O+ N, = N4+ NO 6.75¢13  37500. 0.0 1.50el3 0. 0.0
O+N = NOt +e” 9.03¢9  32400. 0.5 1.80el9 0. -1.0
0(()000000000000D000000D0000 0o0ooooon
0000000000000000000000000 )
0000000000000 000000000000 D, =0y, R (31)

oobooooobOooOooboooooooobobooon
Oooooddddddodey ,0000000000an
obooooooooogn

ﬁs:éQQV,s:62(ev,s+ee,s) 36221 (29)
000 00000000 0e =100000000
0o0ooooobbe >10000000000000

00000000000000 D, 000000000

D, =e¢..+ & D, (30)

00000000 40 0<¢<1000000000
0000000 D, 0000000 O4,,000000

MW _

ST

000 p0000 atmO0O00Ou,. 0000000 s
Ur-0000000000000000

MM,
- M, + M,

O0D00000 Landau-Teller D0 OO0 Lee '@ 00O
Oo0ooooooooooon

S

>: r
Y
zr: TST;‘

00K ODOO0ODO0O0OO0D0ODOOO OLandau-Teller O O
000000000000 00 ParkODOOODOOO
0000oDooooDooooooooOoDoOooOooo
00000 vwoooooooooooooooooo
ooodoo00oDO0DOoD00DooooooooOooa

[hsr (33)

Zp’)/r
== 7 (34)
7MW

va
< MW

1
= exp |1.16 X 107° /15, 04/3(T/% — 0.01511/%) — 18.42
» ,

gbooobobooobooooooboooooooon
ooooboobooooO q0b00bOODOOODOODO
000000000 ooo®»ooooooooooooo
00000 (30)00000000000000¢ =05
ooon

5. OOoOOoOO

O0000D0 0000000000 Landau-Teller 0 O
0J00d000o0dOoDoOoo0o0n0dMilikan White d 300K
dogoooKOOO0OoooOoooooooooooooa
ooooo®»0000000

(32)

OO00PakOOOOODOOODODOD Tf[ll]l][l[l[l[l
god

P = (oye) ! (35)
000 e, 0000 sOODOOODOOO
[8kT 8RT

© = ms  \| *M, (36)

000006, 0000000000000000O00
00000000000000000000 ParkOO
O0D0000000000000

o, = 10721 x (50000/7)* (37)
00000000000 ¢, 000000000000

gbooooooooooboooboooooooboo
ubooooooooobobodob e, 0000bOoOooon

This document is provided by JAXA.



8 obooooobooooo 14070

0000000000000000000000000
0000000000000019000K0000000
0000000000000000 '™O0000000
000000006, =102 m?0000

000000000000000 PakO0O00O0O00
00O

<7y >=< M > 1) (38)

0000Park 0 500K00 8000KOOOOO0000
0000000000000000000000000
00000000000000000000000000
T>8000K 0000000000000000000
0000000000000000000000000
0000000000000 20000000000
000000000000 OLandauTeller 00000
0000000000000000000000000
0000000000000 720

(3.5exp(— 5;1?)—1)

1 1 ‘ T — Tv (39)

<tP> <7 > |To —Tven

00000000 Ty, Tv,, 000000000000
goooobodoooobboboooooooolgoo
boboooooooooboooooooboooobobooo
gbbooooooooboobooooooobooaoon
bbobooboooooboooooboooooon
O0000o00ooooooooooooDooon T, O
ooooooooooobooooDbooDT,, 000000
ooobo0o0o0o0oooooooooo00n Ty, 00
00000000000000000000 ®0 master
gooboboboobooboboboooooooooooboooo
gboboooooboooooobooooobooooooo
oboooooo

S N 0,.
<tH> <7, > cep Ty

O00oooooboooooooobooooboooonog
gooooooooono Tv<<®vSDD(38)DDDD
gooooooodn0 1000000000 0ORn =20
000000 Stalker-tube 000000000 OOO0O
000 0000000000000 0000o0o0o0on
000000000000 ooodooooooogn
Jd0b0d0oOo0oooooOooooooooooaon
000000000000 ooooooooooooo
O0o0ooo ®Ooooo0oo0oo0o0o0oo0oo0ooooooog
d00o00000DO0bO0oO0oO0DOooooooooo
ooogoo

(40)

6. DO0O0ODOOOOOOOO
0@G)0D0o03000000000o0o0oooo
000000000000 O0OonddAppletond Bray

logig (WQ(s’ﬁ’k))

_|_

logig (WQ(s’ﬁ’k))‘

logio (77(2&’?»’“) ‘ — logig (nglﬁ’k)) )
T=4000 T=2000

0000 0000000000000 0oooooo
oboooooooooooooboobooooooboo
oooooboooooooboob v, 00o0oocooooo
oooono

v :§ ln et ! ln(kaT‘S/)
3V me (2kTy )2 TN ef

oooobooobgn

(41)

8kT,

TMe

Ves = NgOes

(42)

ugbooboooboobboobobo-ubobooooon
gbodbooogooboboboobooboon

Oes = Gy + b, Ty + &, T2 (43)
000000000000 4000 %0

U4:0000-0000000000000000

ogooooo
s g b Ca
0, 2.e-20 6.e-24 0.
Ny 7.5e-20  5.5e-24 -1.e-28
O 1.2e-20  1.7e-24 -2.e-29
NO 1l.e-19 0. 0.
N 5.e-20 0. 0.
7. 0O0O0O

000000YosO0OOOOOOOOOOOO0OOO
00000000000000YesO0OOOOOOODO
OO0D0O0DO000 Chapman-Enskog0d 0 200000
0000000000000000000000000
0000000000000000000000 700
00000000000000 7y 000000000
nooooooooooooooo Q%Y k=1200
(44000000000 2000K00 4000K0 0000

DooO00ooooooooooQ®l
T=2000,4000

500000 50000000000 pe = 0.001 [atm]
oooooobobooobobooooooooog
0000000000000 ooooOo™»oooooo
O0000o0ooooOo0oooOooOo ()boooooo
00000000000 45) 000000 T~15000
bobooooboooooooooboooobooobao
ubbobOoobooooooobooboOobooobooooo
000000 4)000oo0oooooooo

1T'=2000

X [In(T) — In(2000)]

In(4000) — In(2000)
(44)

This document is provided by JAXA.



00000000000000 9
QR (10-3) In {20'9 (10T00) +152 (1505) 3}
~(k k) - 5 2 (43)
e (pe)  In [0 0209 (75)" pet + 152 (7L5) * pe 3]
05:00000
0 o7 oz
s r | T=2000K [ T=4000 K | T = 2000 K | T =4000 K
N N -14.08 -14.11 -14.74 -14.82
N 0 -14.76 -14.86 -14.69 -14.80
N Ny -14.67 -14.75 -14.59 -14.66
N 0 -14.66 14.74 -14.59 -14.66
N | NO -14.66 -14.75 -14.67 -14.66
N | NOt | 1434 -14.46 -14.38 -14.50
N e~ -15.30 -15.30 -15.30 -15.30
0 0 14.11 1414 1471 -14.79
0 N, -14.63 -14.72 -14.55 -14.64
0 O -14.69 -14.76 -14.62 -14.69
O | NO -14.66 -14.74 -14.59 -14.66
O | NOT | -1434 -14.46 -14.38 -14.50
0 e~ -15.94 -15.82 -15.94 -15.82
N, | N, -14.56 -14.65 -14.50 -14.58
Ny | O -14.58 -14.63 -14.51 -14.54
N, | NO -14.57 -14.64 -14.51 -14.56
N, | NO* | -14.34 -14.46 -14.38 -14.50
Ny | e -15.11 -15.02 -15.11 -15.02
0, | 0, -14.60 -14.64 -14.54 -14.57
0, | NO -14.59 -14.63 -14.52 -14.56
O, | NO* | -14.34 -14.46 -14.38 -14.50
0, | e -15.52 -15.39 -15.52 -15.39
NO | NO -14.58 -14.64 -14.52 -14.56
NO | NOT | -14.18 -14.22 -14.38 -14.50
NO | e -15.30 -15.08 -15.30 -15.08
NOT | NOFT | 1170 12,19 11.49 -11.98
NOT | e -11.70 -12.19 -11.49 -11.98
e e~ 1170 -12.19 -11.49 -11.98
000000000000000000000000 000
0Oooo0ood
1 (22)] 045 — 254 (22)]
— Z Mss + e e asp = 1+ 2 (50)
! S 2 VAL + AL (Ty) 3, 1 AL(TY) [1 + (n)}
(46)
0000000000 AZ(T)OD0O00O000000 AI(T):§ __ MM o (51)
sr rRT(M, + M,) °"
, 16 MM, - 0000000000000000000000000
AET(T)_F mﬂ-gsr (47)  0DDOOO0OODODO0OO0O0O pO

gdbooobooooobooooboobooob pub0
gbobooooboobooooooo p,ob0obogon
goooboooao

15 Vs
frnd —k p P;
" S e L) 4 5 AL T
(49
o=k Y i (49)

Zs;ﬁe VTAir(T) + "/CAie(Tv)

s=mol

n=mn+n (52)

oboobooooooboooooobooobooono g,a00
ubogoboogoobobood p.0000b040obo0oo
gobooooogd

o, BOue 2
Ys€TP (*—V) L GWT(V 5w )]

mw=k Yy - (53)
s=mol Esgéefyr (T)+’7€A56(Tv)

1o Je (54)

e — —Fk
T AN A5, AL (T)

This document is provided by JAXA.



10 oboooooboooon 14070

oboooooooooo DO

kT
Dy = ——— 55

DAL (T) (55)
Jooooooooooooooooooooooon
gooo
kTV
pA}.,,(Tv)
Odoooooooooobooooooobooogno
O0oo0o0 sooooooOo p,00o0ooooaa
gOoono

2
i (1 — My,
D, = t(iy) =7 (37)
ZT?&S Dy s

obooooobOOoobooooobooobooboooonog
goboobooooooboboooboooooon
obooooboooooboobooobooboooog
ooooboooooooboooobooo py,0000d0
oobooboobooooooboooboon

D%, =2Dion (58)

mwon

oobobooobObooboooooooooobooooao
gboooOoooooobobooboooooooooaon
obOooOoooooooboobooooooooooan
gboboobooooobooobooboooooooooo
gboooooboobOobooooboobooooooon
ooooo

D., = (56)

D, =Dyp+ (59)
oooo
000000000000 OBIettner0000O0OO
gbboooboooooboooooooooboooaon
O0000 *®»000o00ooo0oo0ooooooooo
gobobooooboobooooooon

ps = 0.1exp[(AslogioT + Bs)logioT + Cs] (60)

0(0)0000000000000 60000000
gooog

O 6:Blottner00000000000D0OOO

|000s] A, | B, | C, |
0 0.0449290 [ -0.0826158 | -9.2019475
N, 0.0268142 | 0.3177838 | -11.3155513
0 0.0203144 | 0.4294404 | -11.6031403
NO | 0.0436378 | -0.0335511 | -9.5767430
N 0.0115572 | 0.6031679 | -12.4327495
NO*T | 0.3020141 | -3.5039791 | -3.7355157
e~ 0.3020141 | -3.5039791 | -3.7355157

00000000 O00oo0oo0O000O0n Eucken
gbobooboboboobooooooobooono
gbobooooobooboooooon

5 .
s = Hs (205,5 + Ctlz,s) (61)

gobogobogbooobooaboano p,0000o0d
gboogoboooobo po,ooobuobuoogoban
uggad

R

(= psCy ) (62)

(63)

s M,
) t
e — /u€§ v,e

obooboooooboboooboooooooooboo
00000 WikeOOO ' O0000000O0O0OOO0O
ooboooooon

uzij%%w nz}j%% (64)

ooo

172 -
s Mr * MS
s = 11 — 84/1
o= 10 [ (32)] v g
(63)
000000000 Schmidt O S.(=p/(pD))0000
doooooogo S.=0500000000000

ggod

D:

7

66
5. (66)
goboboboooboboobbobobobooon
oboooooo

D =Y %l M)y——D  (67)

8. 00O0ODO
81 AUSMDVOOOO
0000000000000 D0D000D0O000000
00000000 000000000000000000
000 n=(n;;;=1,23)0000000000000
0000000000 0000l=(;;=123),m=
(mj;7=1,2,3)00000000
nl=nm=lm=0, nn=I1l=mm=1 (68)
00000000000000000000000000
00000000000000000000000000
U=uwun;, V=ul;, W=um; (69)

FVSOOoOOOoo0O0oo00000000000000
0000000000000 000000000000
00000000000 00000000000000
000000000000 000D000O0O0DO0OO0
00000000000000D00000000000
ooo

00 ¢00000000000D0000O0DDO00
0000000000000 000000DO00000

pU
purU +nip
puaU + nap
puslU + n3p (70)
(E+p)U
pysU
GvU

booooooooboboboo Tooo FjDDD
goooo

This document is provided by JAXA.



oooooOoboobooon 11

1 0 0 0 000
0711712713000
0 L I, I3 0 0 0

TF;=| 0 mi my mg 0 0 0
00 0 0 1 00
00 0 0 010
00 0 0 001

O000FVSOODOOO0OO0OO000 FOOOOO
oboobooooooooon

F=F 4 F =1 i) =TF" yTF (72)

DoDoooo T '=Tr'00000

Fr=TF", F =1 (73)

o

O000000000 T '00000000ooo

0 0 O
ny ll Ty
no 12 g

0
0
0
mg 0
1
0
0

|
—

Il
OO O OO o
S
w
~
@

—_ O oo oo
—_

-1
Ny
Nt

o OO
o
O OO

0

0000000000000 FOOOOOOOOOO
0000000000000 000000 FOOOO
gooboooboobooobobobobboobooobo
gobooodon «,y,:00000000000000

pU pU
purU 4 nyp pU? +p
pusU + nap pUV +p -
pusU + nsp = pUW +p ZF (71)
(E+p)U (E +p)U
psU psU
€VU evU

dbobooobooobooooooooooboon
booooboobooobooooboooooboboon
T '00000000000000000000000
uoooooobooood

F
o1 Fy + 11 Fy +my Fy
19 Fy + 15 F5 + my Fy
773F2 + ]3F3 + 7’)’),3F4
F;
F5+s
F5+s+1

ﬁ)
I

(75)

ob0ooooooooooboooooooboboon
ooooOoooOoooooooboooooboOo FvsOoO
oobooooooboooooboobooooobooon
OO0o00o00o0ooooob00oOoooobDoooD AUS-
MDVOOODOOOOOOO OO0 AusMbvOoOoond
O FVSOoOOoOoooOooooooooooboooo
oboboooooboooooooooboboooboooon
OO0O0oD0OOOOoOoOoDOoAuUSMDVOOOOOODOOO
goooboobobooogo

Ufpr +Ugpr

h SFAUSMY £ (1= ) fAORD 4ty
i f1+|f1|‘/ + fl 2|f1|‘/1{
Favsupy = £ _ f1+|f1|wr + f1—|f1|[/V (76)
£ f1+\f1|H + fi— |f1|H
f’iil—s f1+|f1| I+ fi— |f1|%R
Fotst1 Sit+1f] (F_v) SHi—1fi] (P_V)
+s+ =\ ), + = v )
oono
FAUSMY — Uk o UL + Up prUR (77) 2 ) s |
a4 q 9 _ ”_7) Ly el <1
AUSMD_f1+|f1|U fl_‘f1|U . pz—: PL (Cm+ ) ( cm ) 47 Zf Cm  —
13 =—F U+ —5"—Ur (78) pL%‘”L' otherwise
g
(1 + min(1, AM ) (79) 8
min(pr,pr) "’
> (p) 2 (p> e (fm-1) (24mm) g ikl <
_ P/ L _ P/ R P = em em ) 4 om
ap=——2F—  ap=-———"72""— (80) R r—|ur| ;
» » , > » » P TR otherwise
; L+ /_) R ; L+ ;R (82)
Y (T TS "
%‘“Lh otherwise
R e i R (54)
up = m "
R ”“%l”“l, otherwise

This document is provided by JAXA.



12 oboooooboooon 14070

O000KOOOOK =10000000000000
O(r6)00 (75)00000000D0000000ODOO

fi
nife + 1l fs +mify

nifa2 + fl—t'ﬁl(uu —-niUp) + fl—_gml(uuz —n1UR)

goooo

h

R nafo +1lofs +mafs ny fo + LI (uyp — o Ur) + L0l (wy = 0y Up)
Favsupv = | msfotlsfs +msfe | = | ngfy + 280y — ngUp) + 25080 (ugn — nyUg) (85)
f5 s
Jots Fots
Jstst1 Fogstt

gbooodogoboboooobooobooo
gboooboooooboobooobobooooooo
gobobooooooboobobooboooboooog
ood

8.2 00000
0000000000000000O000MUSCLO
0000000000000000000000000
00000 TVDOOOOOOODOO0OO0OO0MUSCL
0000000000000000000000000
0000000000000000000000000
0000000000 300000000000000
00000000000 (p,uj,p,vs,T,) 00000000
0000 (L™'Aq)00D0000000000 (¢)00
000000 3000000000000000000
0000000000000000000000000

r+|r|

7’7‘2—:»17’

r241
maz[0, min(1,r)]

¥(r) =

maz[0, min(2r,1), min(r,2)]
maz|0, min(ﬂr7 1), min(r7 ﬁ)]

maz[0, min(r, 3)]

00000000000 0 Chakravarthy & Osher O
oooooooooooo

B(r) = ri(2)

r

(89)

oboobobooboboooboooooboooobon
(8¢)0000D0DO0LoODoOOoooOO ™o

z+1 =i + 1/’( )(@‘—@—1)7

,+1 =2¢iy1 — 9554_% (90)

8.3 Shock-Fix

FDSOOOOOOOOOO0OO0ODOO0OO0O0O000O0000
0o00o0oooDpooo0o000oogooogooon
0000odoooooooooonoooboooooooon

{ Dissipative Scheme (H&nel FVS)

Non-Dissipative Scheme (e.g. Roe FDS)

gboooooboboooobobobuoboobobo
OO0D0OO0OD0O00ODO0OOOODOODODOOOODO 0O
DDDDDDH]i+1DDDDDDDDDDDDDD

17¢R 1 g
I NV AV
i+l = o + 2@[)(7“ N di — die1),
1
ﬁ_% = diy1 — §¢(TR)(¢i+2 — bit1) (86)
gooooog
L_ Piy1— b r_ Pir1 — P
r T = T 87
T i — i1 bite — Pig1 (87)
O000y( )ODOOOO (limiter function) 0000 O

gooobooooboobooooooooobobg

van Leer

Van Albada

Minmod

Superbee

General-3 limiter (1 < 8 < 2)
Chakravarthy & Osher (1 < 5 < 2)

0000000000ooo0o0ooooOoDoooooOoon
00o000d0000o0oooDoo00ooonooooogg
Shock-Fix O 10 0000000000000O00O0OO
0000d0o00oopooooooooooooooog
000do0oooooo0ooooooo00 Shock-FixO0O
00000000000 ur,—cL >0 and ur—cr <0
0000 ur, +¢L >0 and up+cp< 0000003
O00o0o00ooooooooooono onoooodo
0:0:+100000000000D00000OD0O £00
0000 S, =95+ =10000000000000
O00n¢00000000000000O0DOOOO0O
0+ 1000000000¢é000Doouooooon
ooooboooooooooooo s,s.0000000
000oooo0oooooOo(oo)obouoooooo
00000000 bO000obO00oooooooogo
000000000000D000 HanelOOODOOOO
oooooooo

of Syt St +5¢ + S 2 1

otherwise

This document is provided by JAXA.



oooooOoboobooon 13

84 0O0O0OOO

gbgoooboooobbobboooboboan
00000000000 0000D O point implicit O
gguogodgoogbooobgoobooobobooaoobooboo
ggboobobooboooobooooobooooboo
goobooobobooobobboobooooboobo
gobooboboooboooobooboobboooodg
000000000000 LU-SGSO 20000000
gboogboooooobooooobobbooboobo
gbooooooo

85 OO
FvSOOOOoOooOoOoOooooooOoooooooo
gboboooboooooboooboooooboooao
obooboobooboooboooboobooobooon
gboooooboooboooooobooooboaooo
gbooooooboobooboooobooooaon
goo

dp | ev Op
+zs:%6ms St el )

uooooobod pODO0OCOODOO

p=(y—1e (93)

gboobooobooobooooooboobbobooooo
gboboboboboooobooobooooobobooboon
gbbooooobooboobobooobooooboooon
goo

p=f(pse,pysev) (94)

goboboobooboboboobboooooboooobo
000 (92)0o0o0ooooo0ooooooooooo
gobgobboobooboooboboobo

86 OD0OOOOUOOOO

00000000000 0000000 Navier-Stokes
0000000000000000000000000O0
300 (00O )Navier-Stokes 100000000 (DODO
00000000000000)30000000000
0o0o0o00o0oooooooooooooooog ™o
ooooooo

9. 00000000000
O0000000000000 Multi-BlockOO OO
000000000000 Multi-BlockOOOOOOOO
ooOooooooUooooooooooooooooo
oO0o0o0o0o0oO0o0oOoodoooooooogooog
g0oooO0QoOoOoOoOooO0OoOoOoOoOoOoOoOoOoOoogo
O0O00OMulti-Block D00 OO0O0O0OODODOOOOO
oooopoOoooOoOooooooooo
O0O00O0O0O0O0O00 (Numerical Wind Tun-
nelNWT)OOOOOODODOOO00O0O0OO0O0OOO0OO
gooooooOooooooOoooOooooOoooooo
00000000000000000000000 (Mes-
sage Passing Library;MPL) D 000000000000

00000oONWTOOOOOOOOoooooOd NWT-
Fortran 0D O00OD0O0OO0O0ODOCOOOOOODOOOO
OO0ONWT-FortranO0OOOOOODODOOOD PYMOO
0000bbOOO0O00ooobOoooboOoboooooooo
gooooooooMPLODODODOOOOOOOOOOO
0 2U0MPL OO OO0 PVM(Parallel Virtual Machine)
0000000000000 00000 Multi-Block O
gdbo0Oo0oo0ooOoOoobOoOoobDoOobbOobooon
00000000000 o00o0Dooo0oooon (Pro-
cessor element;PE)0 0000000000 0OODOO0O
00o00ooo0ooooopoooooooooooon
goo0o0oooooOooooDoooobooooooo
g0o000ooooooooooooo0oooooon
0o0000ooooboooooooooooooooooon

10. OOOOO

oboooooooooooooobbooooooo
00000 $0000000000000000 70
oono

or7:g000oon

00000 Vi[m/s] TolK] pelkg/m®] OO0
A 5939 705 0.00156 FC
B 6180 934 0.0034 FC
C 5151 708 0.0058 FC

000 rCOO0OO00O0OO00ODOOODOOOOODOOO
0O Twn=300K]000000000000000O0O0
gobgoboobobooboobobobobobbobobon
000000oooo»00000000

O labc0000000DO0OCOOOOOOODDOO
oboboooooooboboooooooboboboooonoo
obooooobOooboobbooooooooooon
000000000000 0000000 (boooo
0B)D0000O000O00020000000000
gboboogobodoboooboobobooboboobo
goooboobobooooobobooboboooboa
gdo

20.0
8- CFD
—& Experiment
16.0 1
& |
£
= 120t
=3
x
=
= 80r
()
T
40 ¢
0.0 : L : L :
0.0 30.0 60.0 90.0

Angle [degree]

0 la: 000000000000 O(@MOO A)

This document is provided by JAXA.



14 oboooooboooon 14070

30.0
-8 CFD
| & Experiment
24,
£
= 180+
= |
x
=
2 12.0+
(5]
T
6.0 |
0.0 : ! : ! :
0.0 30.0 60.0 90.0
Angle [degree]
0O : 0000000000000 (OO0 B)
20.0
- CFD
- Experiment
16.0m
E
< 120t |
=
x
=
= 80r
(3]
T
40
0.0 : L : L :
0.0 30.0 60.0 90.0

Angle [degree]
0 le: 000000O0OOO0ODOO(OOO C)

o200000000O00O0O000O0O00O00O0O0O0O0
ooboooooooooooboooboooooboooon
gbooobooooboboobooobobobooobooonoo
ooooboooooobbooobooboobbooon
gbooooooobooooobooooon

gs3sgoobooobobobooooboooboaoboog
gogooo cooooooooooooooooooo
gbooboobooboboooooooboobooon
ooood

oooooboobooboooooooooooo
goboobobooooobooboboobobooooo
oooobooooobooooooobobooooo
gbooboooooboobobooboboboooooo
gbobooobooooboobobooooooobooooboooon
gboobooboooboobooobooooboboooooo
gbOoboobooobooooobooobobooooboon
gbobO40000000000000O0O0O0ODODOOOC
goboobobooobooobobobobooooobooonn
gbboobooooooooobooooobobooooo
gboboobOooboobooobOoobooobooboono

T/Te, Ty/Twand M

T/T., Ty/Twand M

oooQg
32.0 270.0
A TIT.,
280r w T/T. 4240.0
M 210.0
24.0F —* plps 1
=
180.0
,'% 20.0}
o 150.0 ,
~ 16.0t o
= 120.0<
E 120}
= 90.0
80 r 60.0
4.0 - 30.0
0.0 0.0
020 -015 -0.10 -0.05 0.00

Distance from the surface

02 :00000000000(@00O0A)

32.0 270.0
A TIT.,
280 w Tu/Te 4240.0
- M
2401 4 plp.. 1210.0
{180.0
20.0}
1150.0
16.0} o
120.0 <
12.0}4
90.0
8.0 60.0
4.0 ¢ 30.0
0.0 0.0
-0.20 -0.15 -0.10  -0.05 0.00
Distance from the surface
O2b: 0000000O00O0O0O0O (DDD B)
32.0 270.0
A TIT.
280F ¥ T,/T. 1240.0
M 210.0
24.0F ¢ plps et
{180.0
20.0}
1150.0
16.0} 1
120.0 <
12.0}
90.0
8.0 60.0
4.0 + 30.0

0.0 0.0
-0.20 -0.05 0.00

-0.15
Distance from the surface

-0.10

0O2: 00000000000 ((00O00C)

This document is provided by JAXA.



Mole fractions

Mole fractions

Mole fractions

oooooOoboobooon

1.0
0.8}
06 r A 02
¥ N,
-2 0
-
0af SN
- NO"and e
0.2
-0.20 -0.15 -0.10 -0.05 0.00

Distance from the surface

03a: 00000000000 (@O0A)

Distance from the surface

0O3: 00000000000 (000 B)

1.0

0.8}

0.6

0.4+

-0.15 010
Distance from the surface

0.0
-0.20

03: 00000000000 (000 C)

Drag coefficient

Drag coefficient

Drag coefficient

1 T T T 0.02
- —————eo —o— o
0.5¢ 10.01
- | —@— Drag coefficient
| | —®— Heating rate
0 L 1 L
107 10° 10q
Cell Reynolds number
UO4a:0000000O0DO0O0O0OO0OO
0000000 (o0 A)
1 T T T 0.04
- o e o
0.5¢ 10.02
- | —e— Drag coefficient
| | —®— Heating rate
0 Il 1 Il
107 10° 109
Cell Reynolds number
O4b: 000 000O0DOOO0DOOODOO
0000000 (000 B)
1 . T T T " 0.03
- ——eo o —0o—»
I {0.02
0.5¢
| 10.01
- | —@— Drag coefficient
| | —®— Heating rate
0 L L L L L 0

—2 0

10 10

Cell Reynolds number

04 :00000000000000
0000000 (000 Q)

This document is provided by JAXA.

Heating rate [MW]

Heating rate [MW]

Heating rate [MW]

15



16

11.

oboooooboooon 14070

oood
oboboboooobbobobooboooon
boboobooboobooooobooboooon
obOobooobooobooooboooobooon
booooooboobooooooobobobooon
ooooobooooboooooooboooboo
ooooooooobooooobooobonoobn
obOooooooog

obobooobobobooooooboooboo
ooooooobooboooooooboboooDoon
goobooooooooboooobooboooboo
godobooobooooboooobobbooooboooo
ubobooooboobooboooobooobo
uobooooboooboboooooooooon
ooobooogoboooo

oobooooboboooobooooobooooog
oobooobooboooooboooboooooooon
obooobooooobooboooboooboooooon
gboooooooobooooooobooooboooo
ooooooooooooboooooooooboon
oooooood

goog

1)

2)

HOPE/OREX DO DOOODDOOOOO,0000
000000000 SP-24, 1994.

HYFLEX/HOPEOOUOOUOOOOOOO,00O
O0Oo0oDOooOooo Sp-32, 1996.

Uwobbboobobogoboooooobooda
Oo0oooooOooocCcrkDODOOOOOOO OO
O0O00D0OO0O0oOOooo Ssp-26, 1994.

U130booooobooobooooooboooog
oohbboobobooboboooboooboobod
ODOO00000oooooDoOOoOoOoooo SP-29, 1996.

C. Park. Assessment of a two-temperature kinetic
model for dissociating and weakly-ionizing nitro-
gen. AIAA Journal of Thermophysics, Vol. 2, pp.
8-16, 1988. See also ATAA Paper 86-1247.

R.N. Gupta P.A. Gnoffo and J.L. Shinn. Conserva-
tion equations and physical models for hypersonic
air flows in thermal and chemical nonequilibrium.

NASA TP- 2867, 1989.

C. Park G.V. Candler and G.S. Deiwert. Numerical
techniques and application. In ATAA Professional
Study Series, Nonequiltbrium Gasdynamics. ATAA,
1989.

S. Ogawa Y. Wada and H. Kubota. On the thermo-
chemical models for hypersonic flows. Computers

and Fluids, Vol. 22, pp. 179-187, 1993.

9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

R.C. Millikan and D.R. White. Systematics of vi-
brational relaxation. Journal of Chemical Physics,

Vol. 39, No. 12, pp. 3209-3213, 1963.

J.H. Lee. Basic governing equations for the flight
regimes of aeroassisted orbital transfer vehicles.

AIAA Paper 84-1729, 1985.

C. Park. Problems of rate chemistry in the flight
regimes of aeroassisted orbital transfer vehicles.

ATAA Paper 84-1730, 1984.

C. Park. Assessment of two-temperature kinetic
model for ionizing air. Technical Report 87-1574,
1987.

0000. 0000000000000000 orex
a-landa-3. 0 12000000000000000
00000000/000000 CFDOO0O0000
0 NAL SP-26, pp. 71 76, 1994.

J.P. Appleton and K.N.C. Bray. The conservation
equations for a nonequilibrium plasma. J. Fluid
Mech., Vol. 20, pt. 4, pp. 659-672, 1964.

J.M. Yos R.N. Gupta and A.R. Thompson. A re-
view of reaction rates and thermodynamics and
transport properties for the 11-species air model
for chemical and thermal nonequilibrium calcula-

tions to 30000 k. NASA TM- 101528.

M. Johonson F.C. Blottner and M. Ellis.
ically reacting viscous flow program for multi-
component gas mixtures. Report SC-RR-70-754,
Sandia Laboratories, Albuquerque, New Mexico,

1971.

Chem-

C.R. Wilke. A viscosity equation for gas mixtures.
Journal of Chemical Physics, Vol. 18, No. 4, p. 517,
1950.

Y. Wada and M.S. Liou. A flux splitting scheme
with high-resolution and robustness for discontinu-

ities. ATAA Paper 94-0083, 1994.

C.Hirsch. Numerical Computation of Internal and
Ezternal Flows, Vol. 2 : Computational Methods
for Inviscid and Viscous Flows. John Wiley & Sons,
1989.

S. Yoon and A. Jameson. An lu-ssor scheme for the
euler and navier-stokes equations. AIAA Paper 87-

0600, 1987.

R. Takaki. A parallelization of an algorithm for re-
acting flow problems. In Proceedings of the Sizth
Parallel Computing Workshop, 1996.

This document is provided by JAXA.



Juoobooogdgonil4ord

Oo01206000
O

ooo boao ooooooOoobodn
ooobOOoOO0OO0oOoooovrbo4401
0 00 04220400 3075 01820 8522
ooo o g O O O O O
ob0bo0oo0obooz20 23013

gOooooobog
oobooooooobobooboooobooboboooooon
oobooooboobooooooon

This document is provided by JAXA.



PrintedCin[Japan

This document is provided by JAXA.



