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Studies on Flowfields Around Axisymmetric Bodies in the Rarefied Gas Regime
Using the Direct Simulation Monte Carlo Method
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In this study we calculated the flowfields around the axisymmetric bodies in the rarefied
gas regime by using the DSMC. A flat-ended cylinder was selected as a representative
axisymmetric body and the gas used for all calculations was nitrogen. With zero angle of
attack, an increasingly rapid rise in density and the efiect of shock waves near the
flat-ended face were examined. And on the cylinder surface velocity slips and boundary
layers could be observed in the results. Larsen-Borgnakke model was used for the energy
redistribution in inelastic collisions. And by considering all internal energy modes, the
distributions of translational, rotational and vibrational temperatures were plotted. The
calculations were performed for various Xnudsen numbers. Especially the rotational
temperatures calculated for a case were compared with the experimental results. And the

simulation results show good agreements with the experimental ones.

1.4 &

S FET Ve B2 T AT 2 F9 LA W1WE] o] FojR 3 Qi) o). B
A AL dsA 2d g RE ——Ttﬂ%laé?lﬁﬂ, ol HA FYo AR £5F HAL T
A7 A &7, €930 ATES oAl FUHI Ytk olH EAM FAAHE FF
9L Ad&A g B ole}, Wry) vie suts A& A9 s1AHe] AEE £ e 99
9oz AA §5F ML 918 Navier-StokesZE=E AT & Q.

71419] etz wel FEREHE F5YF9 A HE 7Hsg AwpdA 4L Boltzmann
WAZAQH, ol £ BHAA 7IAFEES 7€ RAo2ZA gAY BXFF g )

o

Aolth, 2z o] wAAL AR .oESANoZA Ba7r 2E2 A HARE HE
A3, o] WA HYPorA st AEH I FEHM AL FDMA G
o2 7k dAHE 7HA R itk o]o] Boltzmann®$ 349 AHHQ Folr} oty
& RARste EAMER ol HEVARER Ao o] &HI AFRFEd, 2 F AA
7+g FE48A AEE £ e AL Birdd 93 Ae Agd DSMC(Direct

Simulation Monte Carlo)®g[1]e]t}.
2 =&dME DSMCHY-& o]&3td 4 i F99

z lO oﬁ

do, OF
s }m

o fo

oA o o
(o 21
M
2
2, o

ot

Hd BE e A

o
mlo

D Agigm 7 AE%s Bee
2) Wit 7] 383}

71 —



PR, FUY YA gdo] A 5SS HINo 4FIY FH9 /¥ ALA
FE AA $FAo, 2 FH9 757 2FH v F= YAAL, AYINYL o) F £
A Hgrtsatn gurlAggelre 4 AAF A 7R ¢4Foz AF aAY A
Hafe 43 94 & 12E 5= ok

E AdAdE HARESG £ YRR REQ AHEEY JAFRES] 47| At
of YR, e HEE HYL & UEF I 4 EE dUAE ANHezEe 4
Zte] 83 222 ded £ Jed, sBILHANE ol 2= 7] dEd. 492 ¢
- B P G e AdUn AMFAAM Y o]d 58 BEFY £F ZHAU

2. AAgy

Zo3 582 HNEshy] 9 dess BEALET L 34U e wsuA
3 g F AFwg vz AFsr] A EALEFFY FAHEE 59
o dol At By(2]7, 1993 d el Nanbust Taylor instabilityell #§ & A&
& =#Ri[34]0 Atk o] Nanbu®] ¥ HERSo] Fe Ui, AN & WA
st 2y B AFdME fE2g S8 £8&34<2 Birde WES A3

dx7t gt ot A FEY J5E o 12 £ gleng AdAdE AA
ZFES UWES F e FEUS Aot . FE MEHo|F 7 AEE 1] time step?t
o 47 | g2 FEIL, E GuitEY FES 1ol FEAE AAE ReR
A, AA AN F AZREEE AT Ao 97 MR WEEe] dA AEHR AE
g, 74 da AHgEE AL Bird7b A BAAIFH(NTC(No Time Counter) method)©l
0 £ =RdAE o] BYE o435 rh

ZERAL AH BHAA 2A, BV ZE force fieldo] o3 BA7F W7 HIst
| g v o oA At HAXHEA dudogzE S5 WAV v EA
A eE FAog, a2 AP wE Bt ALse P9 FAE JdEHUFE Ro] HiE
A2 (molecular model)elth, DSMCAAIAAN 2z} AS-o] did AA P-AAleld BAF
A
B

ox
T
9
%

_0114‘

wH
Lol oo

R

2

-0,

Mg ALE3E AL oS g, 28gA o8 7HA] AFEHE AN EREDEo] SA =,
=7 A E Bird7b Al¢d FEAHA FAELQA VHSEE S A3t
ZE39 &g AL s B4FEC AT 9, oLdARA oY AE=
Aol WRoze] MaE F#utd & Qled old FEE HgAdFEolg & o0&
Mg FEF0 HA49UA 2 4 YRAVYAE FEZE ol 4749 & Z £9AA
of 3lxd), o]& $)3 A Larsen-Borgnakke® 22 A}&39 o

N 22 ofw
28 g

3. 4%

Harvey?l 23dZA[5]9l nlzsr] H3 ohgd 2L ZW3Hcase DolA ALeAot
Harvey?] A@xAL HA AL43 7| ALoll Kn=0.043, M.=21.3, T-=17.1K,
Tuar=23TTKol AT} o] ZAAME sALEe] Aoz Fojx ok APzA Fo
ulat4 2 o83 AR £xE FHEY Y, &5 o=V RTY A& ol s, o
Aol —Ez_:—z% Arg8ts, Rl %-% ARSI Ao AS, AN AFE e 5011, 2

- 72—



F me& 4.65x10 ®Kg, = Boltzmann’d+ At 1.380658x107%7 K7'9L ol gad &5
843lm/solaL AA AFH5e £5= 17958 m/s7t €t Harveyd] Agdz A A Knudsens
7t A-kd e A 71EE T2 YUY, HEAFTEEE U0 AAFA Knd §o2 A&
F 3, A" FEAFFEE 000086meltt. o]RAE 722 B AlldME de AVE
0.0005m=z 3t E EALFHR FES WE 1d7] A AR HAEY ANE
ZbA o sted, £ AMddAs HNLEor HJIA[FARZY HBHE AYE Jted HIge
Azt 1/58 HstAdo. 2459 W& H(most probable speed)o] ¢,=V 2kT./mA< o]
gad, ABBAS 1.707x10 Csecolth, £ 27|AHAMY FUE ne= A=(VIrd #a) "
o BANe2RY FIHH n,=1.505x10"°|c}

Fig. 1M A= case 19 AA 4539 ZEHFHE R9F32 v} Streamline2 RH Ad
Ho EHoA AAZe] d2HAE ¢ & Ut o] Y-S 2ok fA BRI A8 Fig. 29
Fig. 39] Zt7} 3Ad(Add 9 ARAAH, FAAH, BAR) MY & =9 yise &
58 ZAEEY. O29E RY dFFSE JHHA BAF #2dFs 44 ¢ £ o 28
Adde FHAAE 4FFe £ slipe] &S ¢ F J0 Kndl @& F5%9
7] 918 casel® o2 AL ZA 33 KnZl 0027 HEE ALZAE uia o
case 22} #t}. Fig. 43 Fig. 59 Fig. 29} Fig. 33 #AH¢ 28 el 23
Kne] #z& Zfd &x slipe] ot Fv 2L £ F dx, = AAZ FAE case 271
case 19] A998} o ¢S & F U

Fig. 63 Fig. 79le F£2%9 X0 #3 1Yot} Fig. 6& Bd 4
7149 ¢FFo] FA3] ojFojAL & F+ Uk X Fig. 8Al& ALdA H
27 a28A gt FdALE M E Harveyd 492479 vasHUe=d, H
AgE ¢ 5 vk E£3 Fig. 67 Fig. 88 T3 RA Fr7t 343 4eH7 Ad 2x+=
olu] I Huigte 7/HAE & F Uth Case 19] A FolE AFUX 9 7|7} Ax) gomg,
HAg ALz tF contour?tS Fig. 99 Fig. 109 = A3 ch

£ shte] AXNZA[6)e 2 A Mars Microprobe®] overshoot trajectoryZ IL%E 54.88kmoll
Mo =21 Y3 Hcase 3). AFTHESEE 6168m/s, FUEE F 2.733x10%, AHFe
ZEE 1499K, BEHO X% 1800Ko|U o] BLE BT daawtgo] 2z,
Fig. 11 centerline€ wW2+&, 27| FUEE A73E U= 27252 A3y &+ &
zo B¥7t a#A gt Case 1M AE TE7t FA4Ss87] dol oln] 2= zbzbo
&< olm zrm gt Fig. 12 - Fig. 159 & 2%9 contourg 18 Estoh.

A

il

%]
o
=

(Lode R

4. 48

A7}t Furgk oM e FFI FAL
719} &% slipo] EAd YES &AY F
' Adertte vayAw d¥dasete] v
3 wgol EAstE nEe FEH ¥
bl % gzl

Rl 2Agye] wFHA e

X
oj
0
oft
ox
i
H
S
=)Ll‘_t'
23]
[u:}
2
R
H1
ox
oft
&
Hu

B 32 oy

_73__



F2Ed

(11 Bird, G. A. Molecular Gas Dynamics and the Direct Simulation of Gas Flows,

Clarendon Press, 1994
[2] Bird, G. A., Molecular Gas Dynamics, Clarendon Press, 1976

[3] Nanbu, K., "Stochastic solution method of the Boltzmann equation II. simple gas, gas

mixture, diatomic gas, reactive gas and plasma,” Lecture Notes, KAIST, 1995

[4] Riechelmann, D and Nanbu, K., "Monte Carlo direct simulation of the Taylor instability

in rarefied gas,” Physics of Fluids A 5 (11), 1993, pp. 2585-2587.

(5] Harvey, J. K., Celenligil, M. C., Dominy, R. G. and Gilmore, M. R., “Flat-ended circular
cylinder in hypersonic rarefied Flow,” Journal of Thermophysics, Vol. 6, No. 1., 1992,

pp. 35-43.

[6] Moss, J. N.,, Wilmoth, R. G. and Price, J. M., "DSMC simulations of blunt body flows

for Mars entries:

0.03

0.025

= 0.015

0.01

0.005

Mars Pathfinder and Mars Microprobe Capsules,” 32nd AIAA
Thermophysics Conference, AIAA paper 97-2508, 1997.
- —
™ Streamline(Kn=0.043) %
o /
: e
- . T | . i " [ "
-0.01 0 0.01 0.02
X

y

o

2
ASEELE

Kn=0.043

Fig. 2. X-directional velocity profile
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Fig. 6. Density profile along the Fig. 7. Density contours
centerline at Kn=0.043 (case 1) at Kn=0.043 (case 1)
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Fig. 8. Predicted translational and rotational profiles along the centerline
and the comparison with the experimental results by Harvey (case 1)
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Fig. 11. Normalized number density and temperature profiles along
the centerline (case 3)
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