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Abstract: Hard-sphere/pseudo-particle modeling (HS-

HS-PPM
simulation

PPM) has been demonstrated as an effective discrete
simulation method for supersonic gas flow, but the
simulated flow was limited to relatively low Mach number

S

(Ma~3~5) yet. Recently, hypersonic rarefied gas flow has

attracted great attention in aerospace and material

Sphere: Re=100, Ma=5~19

engineering under extreme conditions. In this work, flow
past some objects with simple geometry was simulated in
HS-PPM. The geometric method was used to describe the
wall and specular, and diffuse reflection was coupled to

\.——‘

represent the slip thermal boundary condition. The
tangential accommodation coefficient was introduced to Cone: Ma=24, Kn=0.11~4.55
adjust the proportion of slip and thermal accommodation. The simulated domain size was analyzed to determine the
optimal values and the influence of tangential accommodation coefficient on the drag coefficient was considered. The
hard sphere (HS) modeling, HS-PPM and direct simulation Monte Carlo (DSMC) method were used to simulate the
flow past a sphere with a Mach number of 5 and a Knudsen number (K») of 0.8, which proved that the HS-PPM results
were closer to those of the HS model. On this basis, 14 cases of the flow past a three-dimensional sphere with a Reynolds
number (Re) of 100 were simulated, and Mach numbers change from 5 to 19. The upper and lower limits of the
simulated drag coefficient were obtained by using the fully diffuse boundaries and the slip boundaries respectively, and
were in good agreement with the corresponding results of the HS model. In addition, the simulated drag coefficient of
cones with axial flow at a Mach number of 24 and Knudsen numbers from 0.11 to 4.55 was also obtained. The attack
angle was zero and the results were consistent with the results of DSMC. This study demonstrated that HS-PPM was
effective for hypersonic rarefied gas flow. Furthermore, the error caused by the invariable collisional cross of hard
spheres in simulating hypersonic flow was found, indicating the direction of future improvement.
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Tablel Configuration of the computational platform

Platform Mole-8.5E
CPUs Intel Xeon E5-2680 v2 (2.80 GHz, 10 cores)
oS CentOS release 6.3 (Final) Kernel:2.6.32-279.el6
Compiler GCC:4.4.6, Intel compiler:14.0.0
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Table 2 Properties of freestream

Mach number, Knudsen Velocity of freestream, Number density of Mass density of Temperature of Mean free path of
Ma number, K, Us/(m/s) freestream, 71../m™> freestream, po/(kg/m?) freestream, Tw/K freestream, Ao/mm
5 0.8 1610 1.35%10%0 8.94x1076 300 9.6
# 3 HS, HS-PPM #1 DSMC i EHEINEE
Table 3  Specified simulation settings for HS, HS-PPM and DSMC
Number of simulated
Domain/m Sphere diameter/m um ;Z?ticsll:slu ae Inlet/outlet condition Wall condition Molecular model ~ Gas—surface interaction model
0.06x0.08x0.08 0.012 4.84x10° Free stream Specular reflection Hard sphere Diffuse reflection
2.10
r —=— DSMC + —e— HS-PPM t —=— DSMC, cell size=0.002 m} —%— DSMC, 4800 surface cell

2.05 - -----HS F---- HS - —A— DSMC, cell size=0.001 m—2— DSMC, 10800 surface cell
& 200 B [ ----'HS [----HS
:5 195w w—a—a " | i -/./-———- I~ A/a/./-
2 L L L A A\
£ 190+ L L L
8 L L L
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Time step/s Time step/s Number of surface cell Cell size/m
Kl 1 DSMC Fll HS-PPM RIS HOnt B0 550 5 )
Fig.1 Influence of simulation parameters of DSMC and HS-PPM on drag coefficient
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Fig.2 Molecular number density along the x-axis of the sphere
simulated by HS, HS-PPM and DSMC methods
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Fig.3 Temperature distribution along the x-axis of the sphere
by HS, HS-PPM and DSMC methods
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Fig.4 Effect of simulated domain size on drag coefficient
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Fig.5 Effect of tangential accommodation coefficient
on the drag coefficient
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Table 4 Parameters of the sphere cases

Case  Mach number, Ma Knudsen number, Kn _Solid volume fraction, 77 Sphere diameter, D Velocity, . Diameter of pseudo particle, dpp

RO51 5.22 0.0774 0.05 26.79 0.434 1.006

RO71 7.26 0.108 0.05 19.24 0.605 1.004

RO91 8.90 0.132 0.05 15.70 0.741 1.003

R112 11.0 0.162 0.04 16.39 0.876 1.003

R133 13.1 0.194 0.03 18.72 1.01 1.002

R154 15.0 0.223 0.02 25.17 111 1.002

R185 17.83 0.264 0.01 43.46 1.27 1.001

200 L Number Density Temperature
n* T*
4 0.08
3.6 0.07
32 0.06
2.8 0.05
24 0.04
2 0.03
1.6 0.02
12 0.01
0.8 0
04
0
S0
Oy O | Ry S | W O )
u0 50 100 150

X

(a) Distribution of the number density

(b) Distribution of the dimensionless temperature

6 [AIBRGEIL B B AN JC B4 Lo A

Fig.6 Distribution of the number density and dimensionless temperature in the flow past a sphere

AR TF LA 1 HS Bl gE SR L 8. 1T I
HH 7 205 HS-PPM Bl 145 - —5, FXHAZEAE
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TR RSB LE R, A HS B3 T 45 T4 N
5451 . tHE A HS-PPM IBLRLZE v N, AHIFE 7 T Co
5 Ma iifUNEYER R, R?=0.99. g/, Colt Ma
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Fig.7 Number density and dimensionless temperature
along the X-axis of the sphere
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198 —m— a=1,7=0.08 —@— a=1,7=0.05 —A— a=1,77=0.04 —W— a=1,77=0.03
1.87 |—€— a=1,7=0.02 —»— a=1,7=0.01 —— =0,77=0.08 —@— =0,7=0.05
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1.65
154 [
143 [
132
121
110 |
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Fig.8 Drag coefficient of the sphere under different Ma and 7
simulated by HS and HS-PPM methods
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Table 5 Parameters of the cone cases
c Knudsen Reynolds Half cone Ratio of wall temperature to Solid volume  Diameter of pseudo  Base diameter of Velocit
ase number, Kn number, Re angle, 6 freestream temperature, 7y/7., fraction, 7 particle, dpp the cone, D cloctty, u
M20 0.187 190 6° 0.01 0.07 1.001 7.494 0.432
M21 0.187 190 6° 0.13 0.07 1.001 7.494 0.732
M40 0.463 128 6° 0.01 0.03 1.001 7.855 0.369
M41 0.463 77 6° 0.13 0.03 1.001 7.855 0.369
M60 1.81 32 6° 0.01 0.0105 1.001 6.044 0.342
Mé61 1.81 32 6° 0.01 0.0105 1.001 6.044 0.342
M70 2.71 13 10° 0.13 0.006 1.001 7.138 0.336
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Fig.9 Simulation results of cones simulated by different
simulation methods with different Kn
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