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DSMC algorithm and heat transfer-analysis-of high temperature
and high velocity rarefied gas flow

WANG Bad2gue, LI Xu@dong, LIU Shi2yan
(School of Aerospace Engineering, Beijing Institute of Technology, Beijing 100081, China)

Abstract: This paper studied 6 kinds of energy transfer of thermodynamic collision and
8 types of chemical-reaction on unstructured grids. Subroutine flow charts of the energy
transfer and chemical reaction collision mentioned above were proposed in detail. Based on
variable hard sphere (VHS) model, Borgnakk&Larsen phenomenological model, chemical
reaction model of Bird and Cercignan2Lampis2Lord ( CLL) gas surface interaction model, a
rarefied gas direct simulation Monte2Carlo (DSMC) code was produced using Fortran, enab2
ling to simulate relaxation of internal energies, thermodynamic nonequilibrium and chemical
reaction nonequilibrium. The computation of towed ballute applications of § cases was com2
pleted in the Earth. s and Mars. atmosphere, in which Knudsen number changes from 0. 05
to 30. 0, flight Mach number changes from 26. 3 to 11. 2. The results were compared with
the computation published by James N. Moss from NASA Langley Research Center in 2007,
showing satisfactory agreement. In addition, this paper analyzed thermodynamic nonequilib2
rium, chemical reaction nonequilibrium and heat transfer efficiency of vehicle wall, by using | T -
T.|/T, DamkEhler number and Stanton number, respectively. The analysis is beneficial to thermal
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protection design of high temperature assemblies.
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Table 1 Earth atmosphere reaction

e I N 3 576 M
1 N+ M\ N+ N+ M N,,0,,NO,N, O
2 0,+ M\ O+ O+ M N,,0,NO,N, 0

3 NO+ M\ N+ O+ M N,,0,, NO, N, O
4 NO+ O\ N+ O, G

5 N>+ O\ NO+ N c
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=/ km K /m n; /m’ T, /K Xo, Xy, Xo Kn Ma
200 389.9 8. 9996 @10 1026 0.0315 0. 4548 0.5138 30.0 11.2
140 20. 76 9.3526 @10 625 0.0618 0.6517 0.2865 1. 60 15.8
120 3. 03 5.2128 @107 368 0.0845 0. 7327 0.1828 0. 23 21.2
115 1. 59 9. 8565 @10" 305 0.0978 0. 7539 0.1483 0. 12 23.4
110 0. 64 2. 1246 @10 247 0.1232 0. 7704 0.1064 0. 05 26.3
Level T/K Level T/K
13 26000 13 26000
12 24000 12 24000
11 22000 11 22000
10 20000 10 20000
9 18000 9 18000
8 16000 8 16000
7 14000 7 14000
6 12000 6 12000
5 10000 5 10000
4 8000 4 8000
3 6000 3 6000
2 4000 2 4000
1 2000 1 2000
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80 0 20 40 80 100
x/m
(a) 110 ke B5 RE ORI 34 (b) 115 kn VR 53 ]
0 Level T/K 100~
60 11 22000 B Level 7/K
B 10 20000 80|
50F 9 18000 B %(l) {3(3)88
e 8 16000 - 9 15600
- 7 14000 oL 8 13900
30F 6 12000 - 712200
E 5 10000 a0l 6 10500
20 4 8000 B 5 -
B 3 6000 - 8800
10 5 4000 o 4 7100
g 20 3 5400
E 1 2000 :
£ OF . - 2 3700
T i oF 2000
20F -
E =20
-30 E B
-40F a0
-50F -
60 i_ -60 i
L ;_ I | -80 :_
100 - |
100

(e) 120 km &5 B IR A0 14

(d) 140 km = BEIRLEE 43 A7



1210 i o= 8

W25k

100

Level T/K

11 17000
10 15500
14000
12500
11000
9500
8000
6500
5000
3500
2000

TT!I!IIIIWIITWIIIITI

=N WRUNNI0O

y/m

x/m

(€) 200 km RS

8 HbEROKA 5 A 000 I R ¥ 25 A 4 1 43 A1 4]
Fig. 8 Translational temperature contours

in the Earth s atmosphere

Knudsen %1 0. 05 B8 K2 30, W Z 005
HEFE BN, /£ 110 km 4, f-F Knudsen 3%
ZIN, ARG ) BRI AR 2R A R, I T 8 B 1)
SEAH e 03 AT IR, W02 R EE R ) e AR =
200 km A, IEEKnudsen #4130, iXi KA E 4
WA, 23 TR () AR AT ARARG, W A 5 ()T
FE L AR K, S ABZR 40 At o0 i, st 2 1R AR A
FEEEARN.
P 9 IS4 Rl Ll AR Skl S A X

60

40

20

y/m

-20

=}
II\\I\\III!\I!\II\!\II\I

! s I

0 20 40 60 80

x/m

(a) 110 km /5 ) 17-T /T S {EZR I

PP BIREEE IR T (R LRI 2% Sk 3R5E 55 X
BRI K. AE TR — 00 R, A BRK B i X3
I T- T /T MEECDN, R 2 AR 4 550
G55, 3K S TR BRI BE AT I, AR AR
JETL R 2, 43 T BRSO, (619 T (140
5T BRI, Ak, A2 SR 3 Sk 0 0
DXIEA| T- T /T ME KT Bk X 5 A,
WAL B ) 2 AR 1 AR I 5 LA BRI Sk i 5
5, I A AR BN, o T R A R AT
1%, 455 I ARSI 59, IR 3hilt B T I {E 5
I it

M9 AT DU HY, Bl A 0 Y BT, A
iR A R NI R A e N S WECR £y N/ e Al L]
FIRIE FREATT 950 /I, A 4550 1) SRR BERRARR, 2
THHRBHL S T 1R/, A5 3504 s W o 1
(R B B4 06 /N TP 2 A il B B T- Tv|/
T HMEARK, F3H P F 27 1R i 2 R R Z L
DX SRAS T R, 7E M 140 km A, 4 K35 43
WHWLT="TV/ T KM 2IE 21009,

B 10 235 eh L T b T AN ] e 8 P 2R T X
BRER TGRS o R T B B s (1 o0 A 1, O A
CAFEIR A A 110 km AT 120km IS A T 50 A
(R i 45 SR 5 SOHR 17] LB, P WD dT . AR
SCEFLOITES ) 5 R T SRR, R T s
FETFURBE A s IHE R I8 W7 8 K, 76 BF 55 b T8 31 g
KA. 3T 3 A A SR A, A Bk
PR FEAB AR /N, 20 W B S K, B
FERE TRIAR Ak, FRGRUE RE U (AR R 110km 4b
¥ 8406 W/ m’ FAIG 3 200 km 4L K] 98 W/ m’ .

60 .
i / 0.8
I éf?.//7
40 - f__},.;?_,:_// 09
1 oYX
SRR
i ﬂi‘?_w _.f'\
(O ol 18 @ } /4
£SO\
i \\ -.
20f \\2 0607 08
40} ‘-‘-‘:-:-\\!"‘-\ ;9\4
L NN
i NN
_60 _I 1 L L I L L L I I\ . 1 1 I L L L I 1 L L I
0 20 40 60 80 100
x/m

(b) 115 km = B 17-T /T SEHLR ]



q/(W/m?)

96 FORE 5 2 THLF s ) DM C 5iE 5 i A0 1211
80— 100 —
e s0 |- [0 09+
B |/ -~ %
i o l\
40 - | S
B Ul I
20 5 —_'ﬂ @0.9
£ - N
=0 =0 =3
| [~ |'
B -4 [
—40 - o
B 60 [~ . J/J
N
60 F [N e~
—00 T o TR
n [ 207
I L L 1 L I L L L | I L L | I I — 1 1 | I 1 1 | | I
0 30 60 90 0 50 100
x/m x/m
(¢) 120 ki {5 B H | T-T /T Stk & (d) 140 km = B2 IT-T/T S(EZR &
KBlo FEHERKSZ T 4 B0 THER | Do T A TAR{ELN 510 &
Fig.9 | T- T.|/T contours in the Earth. s atmosphere
10000 5000+
8000 | 4000T
o~ 6000} — 3000F
£ [ £ i
& I = i
S 4000} = 2000f
2000 1000f
o
L N T T ] L I A
0 10 20 30 40
s/m
B 110k .
(a) FEE 110 km (b) FEEE 120 km
8000 1200
120
I 1000} :
6000 i 100}
xoo: sof
4000F 600F 5=0 % 60F
[ - % r
I 400} V. S 40
2000
I 200f 20
0’ " L P s L L 1] | 1 | 0 1 PR | L 1 1
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
s/m s/m s/m

(c) I 115 km

(d) BB 140 km

(e) FHBE 200 km

Bl 10 EHLERICZ 5 Bl LI Bk AR 35 BE VT R s 43 ]
Fig. 10 Wall heat transfer rate distribution along s in the Earth s atmosphere



1212 P

Zl

71 £ P25 %

Y,
¥

K11 e 7 B3R 5 Bl TO0IN o S 1 Stan2

ton H WY BE I (14 3, AR IK I (¥ 43 A 5 A

TUEE LI 3 AT AR 2R AL, OBk 1T Stanton #UT4A
BEA s HOME RIZ MG K, 76 5T R ARIS Sl KAH.

030

0.252

0.2o§

5 0.152

O.I()i

0.05F

TR TN I S S T
20
s/m

(a) FE 110 km

0 10

T 355 5 Stanton i MOE W PR, 78 B G #6
Stanton AR /I, S2H W BER) 52 i K, B
FERH8 N, SR I % B2 98/, Stanton HE 7 14K,
Stanton {1 IEEAE M 0. 285 3K 31 0. 839.

T20 30 40

s/m

(b) R 115km

P TR | | ST N N N [N T ST N TN NN O NN S | 1 O O |

0;”..|‘.H|....‘.,
0 10 20 30,

s/m
(c) FHEE 120, km

0\ 0 a0

11
Fig. 11

YR T AR A R (R, &5 T B A, 73

FIRETHHAMARLL G
Ch = l_q_

5Q Uj
A q BAGREE, Q AU 5l A ok
BRI

2345 T HH RR S0E B 8. 55km/ s, A~ [l iy
FECHD 110~ 200 km 78 Hil) I8, B BRI R
BRBE I HA 2 B 5 P R EUE . AR 3 W LA
B, BETH FAG 25 5 RN AR 2R 5052 e TR 1) R
ML K, BE A B AR AL, AR R U N
8406 W/ m” [F{ 51 98 W/ m?* 5 H A XY 11 i
REEMH N 0. 280 &4k £ 0. 96 1. F2Ks A& SC I %L
fHEE RS SCHR [ 17] 0 &5 SR A LG, B W SR
—5.

(6)

Pl S I
20

(d) R 140 km

30 20
s/m

(e) TR J¥ 200 km

§/m

MR SV S B TULIIY U Stanton 4 B

Stanton number distribution along s in the Earth s atmosphere

Table 3 Heating results for wall of ballute

i B/ km o/ (W/m?) Ch
1o AL 8406 0. 280
Moss 9300 0. 310
AL 4705 0. 628
120
Moss 4400 0. 622
¥/ N3'e 1013 0. 841
140
Moss 1020 0. 847
AL 98 0. 961
200
Moss 100 0. 975
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Table 4 Parameters and CPU times of computation

w1/ km N, N, ML/ h
110 100 250 67
115 100 250 32
120 100 250 18
140 100 300 9
200 100 500 5

N R BG4 Hi) HLIN0ZR 7R S8Rk v 55T
fTH ) CPU INJa] ( ATt S & /£ X CPU, Intel( R)
Xeon(TM) W AZ AL BELS, T4 2. 66H 7z WAE 2G
PITE AL EHEAT )

2.3 3
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Table 5 Free stream conditions

FE/km K /m np/m?  Xo, Xy, Kn

130 44.3  1.61@I10'° 0.954 0.046 3.41
110 2.83  2.52@10"7 0.954 0.046 0.22
100 0.74  9.60@10"7 0.954 0.046 0.057
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Table 6 Marp atmosphere reaction
5 RN SRS Al 4 BT
1 CO,+ M\ CO+ O+ M M= N,, 0,,NO,CO,, CO ,N, O, C
2 CO+ M\ C+ O+ M M= N,, 0,, NO, CO,,CO, N, O, C
3 N+ M\ N+ N+ M M= N,, O,, NO, CO,,CO, N, O, C
4 0,+ M\ O+ O+ M M= N,, O,, NO, CO,,CO, N, O, C
5 NO+ M\ N+ O+ M M= N,,0,, CO, N, O, C,NO, CO,
6 NO+ O\ N+ O, X
7 N,+ O\ NO+ N T
8 CO+ O\ C+ O, o
9 CO,+ O\ CO+ O, P
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Table 7 Parameters and CPU times of computation

i/ km N, N; BB/ h
100 100 250 55
110 100 250 28
130 100 300 10
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