
Modification and expansion of the generalized soft-sphere model to high
temperature based on collision integrals

Jae Gang Kim, Oh Joon Kwon,a� and Chul Park
Department of Aerospace Engineering, Korea Advanced Institute of Science and Technology,
Daejeon 305-701, Republic of Korea

�Received 14 June 2007; accepted 30 November 2007; published online 23 January 2008�

In the present study, modification and expansion of the collision parameters for the general
soft-sphere model �J. Fan, Phys. Fluids 12, 4399 �2002�� were made for use in the direct simulation
Monte Carlo calculation of hypersonic flows in the temperature range of 300–50 000 K. The
collision integrals were expressed as a two-term function in a form of the inverse power of
temperature, which was cast in terms of the soft-sphere scattering parameters and the four total
cross-section parameters. Next, the most recent available data for the diffusion and viscosity
collision integrals were collected and fitted into a function of temperature in the same form. By
equating these expressions for the diffusion and viscosity collision integrals simultaneously, the five
collision parameters were deduced as functions of species combinations. The resulting collision
parameters for the general soft-sphere model were tabulated for 191 collision pairs involving 22
species. It was shown that the transport properties calculated by using the present collision
parameters are much closer to experiments, theoretical data, and the values obtained by the ab initio
calculations from quantum-mechanically derived potential energy surfaces than existing elastic
collision models. The direct simulation Monte Carlo calculation of flow around a circular cylinder
confirmed that discernible differences exist between the results based on the present study and those
of the existing models. © 2008 American Institute of Physics. �DOI: 10.1063/1.2832781�

I. INTRODUCTION

Several different mathematical models have been previ-
ously developed for the description of the elastic collision in
the direct simulation Monte Carlo �DSMC� calculation of
hypersonic rarefied gas flows. The latest one among them is
the generalized soft-sphere �GSS� model1 in which the total
cross section is defined to be identical to that of the general-
ized hard-sphere �GHS� model2,3 introduced earlier, while
the deflection angle is set the same as in the soft-sphere
scattering model. In the GSS model, a two-term formula is
used for the evaluation of the reduced viscosity collision
integral of the Lennard-Jones �LJ� 6-12 potential and the
Stockmayer potential.4 It is known that up to 2000 K, the
viscosity and diffusion coefficients of the GSS model are in
better agreement with experimental values than the other
previous models. Another elastic collision model is the vari-
able soft-sphere �VSS� model,5,6 in which the deflection
angle is determined based on the soft-sphere assumption and
the collision parameters are evaluated by the inverse power
law �IPL� model and the LJ potential.

However, in the GSS model, the scattering parameter is
fixed as a constant, and as a result, the reduced diffusion and
viscosity collision integrals, ��1 , 1�* and ��2 , 2�*, are not ac-
curately reproduced. In Fig. 1, the discrepancy of the colli-
sion integrals between the values calculated by the GSS
model and the LJ potential is presented. Because the reduced
viscosity collision integral was used as the basis for the deri-

vation, the values of the two models match closely. However,
for the other collision integrals, the discrepancies are ap-
proximately three times larger than that of the reduced vis-
cosity collision integral. Meanwhile, in the variable soft-
sphere �VSS� model, the scattering parameter is treated as a
species-dependent value, and thus the reduced diffusion and
viscosity collision integrals are reproduced more accurately.

There is another limitation to the usage of the GSS
model. The GSS model relies on the LJ and Stockmayer
potentials which mostly account for the long-range attraction
that is dominant at relatively low temperatures. But at high
temperatures, short-range repulsive forces are dominant, and
therefore the LJ potential becomes inaccurate. Also, the in-
teraction potentials caused by the collisions among mol-
ecules, atoms, and charged particles are very much different
from the LJ and Stockmayer potentials. In Fig. 2, it is shown
that the collision integrals derived from the LJ potential are
substantially different from those obtained from the ab initio
calculations7,8 based on the quantum-mechanically derived
potential energy surfaces.

In the present study, an improvement was made to the
GSS model so that the elastic collisions of atoms, molecules,
and charged particles can be described better at high tem-
peratures. For this purpose, the total cross section and the
soft-sphere assumption were still used, but the scattering pa-
rameter was taken to be implicitly species-dependent as in
the VSS model. The collision parameters for the neutral and
charged particles were determined by adopting the best avail-
able diffusion and viscosity collision integrals, which were
taken simultaneously from the most recent and physically
adequate data obtained either by the ab initio calculations7–17
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from the quantum-mechanically derived potential energy sur-
faces, from the experiments,18 or from the theory.19–23 The
accuracy of the present method was validated by comparing

the values of the collision integrals, �̄�1,2� and �̄�1,3�, with
those obtained from the ab initio calculations. The transport
properties calculated by the present collision parameters
were also compared with experimental values, reference
transport properties based on the best collision integrals, and
the previous elastic collision models. For a demonstration, a
DSMC calculation for flow around a circular cylinder was
made for N2 and NO species using the present collision pa-
rameters, and the results were compared with those obtained
by previous elastic collision models.

II. MODIFICATION AND EXPANSION
OF THE GSS MODEL

The GSS model is based on the soft-sphere assumption
characterized by the scattering parameter � in the form

b = d cos���

2
� , �1�

where b, d, and � are the impact parameter, the variable
diameter, and the scattering angle, respectively. To describe
the cross section, the GSS model adopts the same formula-
tion as in the GHS model,

�T

�2 = �
j=1

2

� j�E

�
�−�j

, �2�

where � is the diameter of the collision molecule, and � is
the potential-energy well depth. Also, E is the impact energy,
and the collision parameters, �1, �2, �1, �2 and �, are the
unknown variables for the total cross-section �T and the scat-
tering angle �.

The reduced momentum and viscous cross sections,
��1�* and ��2�*, can be written as4

����* =
2

1 −
1

2
�1 + �− 1�−�

1 + �
��0

	

�1 − cos� ��b*db*, �3�

where � is the index for the cross section, and the superscript
* denotes the reduced value quantity. In the present study,
the reduced cross sections for momentum and viscosity were
recast by using Eqs. �1�–�3� as

��1�*�g*� =
2


�� + 1��j=1

2

� j�g*�−2�j , �4�

��2�*�g*� =
6�


�� + 1��� + 2��j=1

2

� j�g * �−2�j , �5�

where g* denotes the reduced relative impact energy. Ac-
cording to the Chapman–Enskog theory,4 the collision inte-
grals are defined as

���,s�*�T*� =
2

�s + 1�!T*s+2�
0

	

exp�−
g*2

T* �
�g*2s+3����*�g*�dg*, �6�

where T* is the reduced temperature. Using Eqs. �4�–�6�, the
collision integrals can be rewritten as

�̄�1,1� = �2��1,1�*�T*� = �
j=1

2
�2� j


�� + 1�
��3 − � j��T*�−�j ,

�7�

�̄�1,2� = �2��1,2�*�T*� = �
j=1

2
�2� j

3
�� + 1�
��4 − � j��T*�−�j ,

�8�

FIG. 1. Discrepancy of the reduced collision integrals between the GSS
model and the LJ potential.

FIG. 2. Comparison of the collision integrals between the LJ potential �Ref.
4� and the ab initio calculations �Refs. 7 and 8�. �a� Diffusion collision
integral; �b� viscosity collision integral.
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�̄�1,3� = �2��1,3�*�T*� = �
j=1

2
�2� j

12
�� + 1�
��5 − � j��T*�−�j ,

�9�

�̄�2,2� = �2��2,2�*�T*�

= �
j=1

2
�2�� j


�� + 1��� + 2�
��4 − � j��T*�−�j . �10�

The collision parameters, �1, �2, �1, �2 and �, have nonlinear
dependencies on each other, and thus to determine these pa-

rameters, the collision integrals, �̄�1,1� and �̄�2,2�, need to be
solved simultaneously.

Cubley and Mason18 have fitted the experimentally de-
termined collision integrals as a function of the inverse
power of temperature. In the present study, it was proposed

that the diffusion collision integral �̄�1,1� is fitted as a two-
term function which is composed of the inverse power of
temperature, same to the existing GSS model,

�̄�1,1� = 
1
�1,1��10000

T
�
2

�1,1�

+ 
3
�1,1��10000

T
�
4

�1,1�

. �11�

The parameters, 
1
�1,1�, 
2

�1,1�, 
3
�1,1�, and 
4

�1,1�, in Eq. �11� can
be determined by applying the nonlinear least-square regres-
sion to the best available diffusion collision integrals. By
equating Eqs. �7� and �11�, the diffusion collision integral is

�̄�1,1� = 
1
�1,1��10000

T
�
2

�1,1�

+ 
3
�1,1��10000

T
�
4

�1,1�

= �
j=1

2
�2� j


�� + 1�
��3 − � j�� kT

�
�−�j

. �12�

Then the collision parameters, �1 and �2, can be set as �1

=
2
�1,1� and �1=
4

�1,1�. However, because the parameter � is
not known, the collision parameters, �1 and �2, cannot be
determined. In the present study, to determine the collision

parameters, �1 and �2, the viscosity collision integral �̄�2,2�

was used. From Eqs. �7�, �10�, and �12�, the viscosity colli-

sion integral �̄�2,2� can be rewritten as

�̄�2,2� =
�

� + 2

��4 − �1�
��3 − �1�


1
�1,1��10000

T
�
2

�1,1�

+
�

� + 2
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3
�1,1��10000

T
�
4

�1,1�

. �13�

Since the viscosity collision integral �̄�2,2� is only a function
of the scattering parameter �, the scattering parameter can be
determined by applying the linear least-square regression to
the best available viscosity collision integrals. Then from this
scattering parameter � and Eqs. �7� and �10�, the collision
parameters, �1 and �2, can be formulated as

�1 =

1

�2,2��10000��1
�� + 1��� + 2�
�2���4 − �1�

� k

�
��1

, �14�

�2 =

3

�2,2��10000��2
�� + 1��� + 2�
�2���4 − �2�

� k

�
��2

, �15�

where 
1
�2,2� and 
3

�2,2� are given as


1
�2,2� =

�

� + 2

��4 − �1�
��3 − �1�


1
�1,1�, �16�


3
�2,2� =

�

� + 2

��4 − �2�
��3 − �2�


3
�1,1�. �17�

In order to verify the above procedure for determining

the collision parameters, the collision integrals, �̄�1,2� and

�̄�1,3�, determined from Eqs. �8� and �9� were compared with
the known values which were obtained from the ab initio
calculations for N–O,7 H–N2,8 and N–H.9 In Fig. 3, it is

shown that the collision integrals, �̄�1,2� and �̄�1,3�, obtained
from the present study agree very closely with those of the
ab initio calculations.

III. DETERMINATION OF COLLISION PARAMETERS

When the collision parameters are to be determined, in-
formation about the collision integrals is needed. In the
present study, to provide this information, all available data
about the binary collision integrals were reassessed when-
ever available. A preference was given to the collision inte-
grals obtained by the ab initio calculations7–17 from
quantum-mechanically derived potential energy surfaces.
However, since these ab initio calculations have been made
only for a limited number of collision pairs, the collision
integrals for other collision pairs were collected from

FIG. 3. Comparison of collision integrals between the present study and the
ab initio calculations �Refs. 7–9�. �a� Collision integral type of �1,2�; �b�
collision integral type of �1,3�.
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experiments,18 theoretical data,19–23 and compilations.24–27

For neutral-neutral interactions, some collision integrals
were evaluated by using the ab initio calculations.7–15 In the
case of those collisions for which such calculations were not
available, experimental and theoretical data, such as the high
fidelity potentials obtained by Murphy and Arundell19 based
on the data by Cubley and Mason,18 the universal collision
integrals obtained by Bzowski et al.,20 and the compilations
by Park, Jaffe, and Partridge,24 Wright et al.,25 Capitelli
et al.,26 and Gupta et al.,27 were used.

For charge-neutral interactions, the ab initio calculations
for the collision integrals have been made by Stallcop and
Partridge.16,17 When such calculations were not made, the
collision integrals were obtained as either resonant or non-
resonant collisions. In the case of the resonant collisions, the
charge transfer cross sections21,22 and the polarizability
model27 were considered. For the nonresonant collisions, the
polarizability model27 was adopted.

There are collision pairs for which the collision integrals
are not known. For these collisions, estimated collision inte-
grals were used. For neutral-neutral interactions, Park, Jaffe,
and Partridge proposed a modified Lennard-Jones model,24

�̄��,s� = 0.9�̄LJ
��,s��T/2000�−0.25 �18�

where the subscript LJ represents the Lennard-Jones 6-12
potential, and the superscript �� ,s� stands for the type of the
collision integral. It is known that the modified LJ model in
Eq. �18� agrees fairly well with the ab initio calculations at
high temperatures. In the present study, this modified LJ
model was used for calculating the unknown collision inte-
grals.

The new collision parameters of the GSS model, �1, �2,
�1, �2 and �, were calculated for 22 species, N2, O2, NO, CO,
CO2, C2, H2, CN, CH4, He, Ar, N, O, C, H, N2

+, O2
+, NO+,

N+, O+, C+ and H+, and 191 collision pairs. The calculations
were made by using all available sources about the collision
integrals within 2% accuracy. The total cross section in Eq.
�2� can be rewritten in a more convenient form as

�T = C1E�1 + C2E�2. �19�

In Table I, the total cross-section parameters, C1, C2, �1, and
�2, and the scattering parameter � of the neutral-neutral and
neutral-ion interactions are presented in the temperature
range of 300–50 000 K.

IV. EVALUATION OF TRANSPORT PROPERTIES

Using Eqs. �7� and �10�, the viscosity and diffusion co-
efficients can be derived by following the Chapman–Enskog
procedure:4

�12 = 2.6693

� 10−5
�� + 1��� + 2�	2M1M2T/�M1 + M2�
�12�� j=1

2 � j��4 − � j��T12
* �−�j

,

�20�

D12 = 2.628 � 10−3
�� + 1�	T3�M1 + M2�/2M1M2

�12� j=1
2 � j��3 − � j��T12

* �−�j
,

�21�

where the subscripts 1 and 2 are the species index. Also,
�12= ��1+�2� /2 and �12=	�1�2. �12 and D12 are the viscos-
ity and diffusion coefficients, respectively.

Maitland and Smith28 reassessed the available viscosity
coefficients which were obtained experimentally for com-
mon species, and recommended the values suitable in the
temperature range of 20–2000 K. Comparison of the viscos-
ity coefficients between the present study and the experimen-
tal values28 for N2, O2, H2, and Ar is presented in Fig. 4. It
shows that in the temperature range of 300–2000 K, the
transport properties calculated by Eq. �20� with the new col-
lision parameters agree very well with the experimental val-
ues. In the case of the diffusion coefficients, the experimental
data is not available for validation for the temperatures above
300 K. However, since the collision parameters in the
present study were determined by using the diffusion and

viscosity collision integrals, �̄�1,1� and �̄�2,2�, simultaneously,
the accuracy of the diffusion coefficients can also be assured.

For the molecule-molecule collisions, the transport prop-
erties calculated by Eqs. �20� and �21� with the new collision
parameters were validated by comparing the results with
those calculated from the VSS and GSS models and also
with the reference values which were obtained by either the
ab initio calculations10,14 or the theoretical data.19,20 When
calculating the transport properties of the VSS and GSS
models, the collision parameters are needed for each colli-
sion model. For the VSS model, the collision parameters6

have been calculated for N2, O2, and NO based on the work
by Cubley and Mason.18 These collision parameters are valid
in the temperature range of 300–16 000 K. For other spe-
cies, they were determined from the IPL model and the LJ
potential. For the GSS model, the collision parameters1 have
been calculated from the collision integrals obtained by the
LJ potential.4

In Figs. 5 and 6, the transport properties for N2–N2 and
N2–H2 collisions calculated by the present study are com-
pared with the reference values obtained by the ab initio
calculations10 and those calculated from the VSS and GSS
models. It shows that the difference between the present
study and the reference values is quite small for both viscos-
ity and diffusion coefficients. The results of the VSS model
showed a significant difference from the reference values,
particularly for N2–H2 collisions.

In Fig. 7, comparisons of the transport properties were
made for the NO–NO collision. It is shown that the transport
properties from the present study and the VSS model agree
closely with the reference values obtained by the theoretical
data, whereas a significant deviation was observed for the
GSS model at high temperatures. This discrepancy of the
transport properties between the GSS model and the refer-
ence values indicates that the extrapolation of the LJ poten-
tial is inadequate to describe the collisions as the temperature
increases.

In Fig. 8, the transport properties by the present study for
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TABLE I. Elastic collision parameters, total cross section parameters, C1, C2, �1, and �2, and the scattering parameter � for the temperature range of
300–50 000 K.

Species C1 C2 �1 �2 � Source

N2–N2 −0.8706�10+05 0.1834�10+00 0.2281�10+00 −0.1192�10+00 1.3629 Ref. 11

N2–O2 −0.2778�10+02 0.9789�10−01 0.3032�10−01 −0.1306�10+00 1.3869 Ref. 19

N2–NO −0.4513�10+03 0.1107�10+00 0.7999�10−01 −0.1358�10+00 1.4706 Ref. 20

N2–CO −0.1466�10−03 0.8456�10−03 −0.2424�10+00 −0.2423�10+00 1.4138 Present study

N2–CO2 −0.6522�10−04 0.9539�10−03 −0.2398�10+00 −0.2401�10+00 1.4060 Present study

N2–C2 −0.9683�10−04 0.7775�10−03 −0.2445�10+00 −0.2445�10+00 1.4187 Present study

N2–H2 −0.1362�10+05 0.1814�10+00 0.1728�10+00 −0.1159�10+00 1.4763 Ref. 11

N2–CN 0.0000�10+00 0.5652�10+03 0.0000�10+00 −0.2473�10+00 1.4198 Present study

N2–CH4 0.1065�10−02 0.2083�10−29 −0.2345�10+00 −0.1539�10+01 1.4103 Present study

N2–He −0.4981�10−01 0.9532�10−04 −0.1210�10+00 −0.2868�10+00 1.6109 Present study

N2–Ar −0.1476�10+07 0.8010�10+07 0.2912�10+00 −0.8268�10−01 1.3678 Ref. 19

N2–N −0.2302�10+02 0.8721�10−03 0.2928�10−01 −0.2410�10+00 1.7826 Ref. 12

N2–O −0.4599�10+02 0.2385�10+00 0.3723�10−01 −0.1081�10+00 1.3624 Ref. 19

N2–C −0.4544�10−18 0.5226�10−07 −0.9960�10+00 −0.4605�10+00 1.5899 Ref. 24

N2–H 0.7205�10−60 0.1915�10−09 −0.3041�10+01 −0.5800�10+00 2.1333 Ref. 12

N2–N2
+ 0.8640�10+02 0.1086�10−07 0.1739�10−01 −0.4877�10+00 0.2899 Ref. 21

N2–O2
+ 0.2042�10+00 0.4770�10−20 −0.1016�10+00 −0.1120�10+01 1.7238 Ref. 27

N2–NO+ 0.8194�10−09 0.1001�10−05 0.1680�10+00 −0.4000�10+00 1.1039 Ref. 27

N2–N+ 0.1779�10−16 0.1001�10−05 −0.3202�10+00 −0.4000�10+00 1.1039 Ref. 27

N2–O+ 0.8194�10−09 0.1001�10−05 0.1680�10+00 −0.4000�10+00 1.1039 Ref. 27

N2–C+ −0.2175�10+43 0.1116�10−05 0.2407�10+01 −0.3978�10+00 1.1100 Ref. 24

N2–H+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

O2–O2 −0.4377�10+00 0.3273�10+00 −0.1358�10+00 −0.1458�10+00 1.4333 Ref. 20

O2–NO −0.3608�10+01 0.3551�10−01 −0.2894�10−01 −0.1606�10+00 1.4637 Ref. 20

O2–CO −0.2529�10−03 0.9142�10−03 −0.2421�10+00 −0.2421�10+00 1.4131 Present study

O2–CO2 −0.1711�10−03 0.1010�10−02 −0.2400�10+00 −0.2400�10+00 1.4053 Present study

O2–C2 −0.5433�10−04 0.7028�10−03 −0.2441�10+00 −0.2441�10+00 1.4180 Present study

O2–H2 0.4424�10−03 0.0000�10+00 −0.2451�10+00 0.0000�10+00 1.4189 Present study

O2–CN 0.6858�10−03 −0.4092�10−73 −0.2430�10+00 −0.3726�10+01 1.4197 Present study

O2–CH4 −0.1337�10−03 0.8949�10−03 −0.2410�10+00 −0.2410�10+00 1.4099 Present study

O2–He −0.2962�10+07 0.1368�10−05 0.3633�10+00 −0.3720�10+00 1.6128 Present study

O2–Ar −0.3190�10+05 0.2334�10+00 0.1978�10+00 −0.1120�10+00 1.4104 Ref. 19

O2–N −0.5969�10−02 0.7193�10−01 0.4292�10−01 −0.1373�10+00 1.5086 Ref. 26

O2–O −0.3024�10+02 0.5280�10−01 0.2582�10−01 −0.1449�10+00 1.4784 Ref. 12

O2–C 0.2578�10−07 0.3785�10−06 −0.4078�10+00 −0.4078�10+00 1.5767 Ref. 24

O2–H −0.1461�10+11 0.8207�10−06 0.5926�10+00 −0.3870�10+00 1.5789 Ref. 12

O2–N2
+ 0.8194�10−09 0.1001�10−05 0.1680�10+00 −0.4000�10+00 1.1039 Ref. 27

O2–O2
+ 0.6227�10−01 0.1687�10+00 −0.1248�10+00 −0.1248�10+00 0.1112 Ref. 22

O2–NO+ 0.8194�10−09 0.1001�10−05 0.1680�10+00 −0.4000�10+00 1.1039 Ref. 27

O2–N+ 0.8194�10−09 0.1001�10−05 0.1680�10+00 −0.4000�10+00 1.1039 Ref. 27

O2–O+ 0.8194�10−09 0.1001�10−05 0.1680�10+00 −0.4000�10+00 1.1039 Ref. 27

O2–C+ −0.4909�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

O2–H+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

NO–NO −0.1705�10+02 0.4316�10−01 0.4348�10−02 −0.1572�10+00 1.4888 Ref. 20

NO–CO −0.2400�10−03 0.9284�10−03 −0.2416�10+00 −0.2416�10+00 1.4116 Present study

NO–CO2 −0.1445�10−03 0.1007�10−02 −0.2398�10+00 −0.2398�10+00 1.4038 Present study

NO–C2 −0.7784�10−04 0.7581�10−03 −0.2434�10+00 −0.2434�10+00 1.4164 Present study

NO–H2 −0.3120�10−03 0.7575�10−03 −0.2454�10+00 −0.2454�10+00 1.4205 Present study

NO–CN −0.7885�10−04 0.7372�10−03 −0.2437�10+00 −0.2437�10+00 1.4171 Present study

NO–CH4 −0.2081�10−03 0.9954�10−03 −0.2406�10+00 −0.2407�10+00 1.4084 Present study

NO–He −0.3737�10+19 0.3525�10−03 0.1059�10+01 −0.2464�10+00 1.4581 Present study

NO–Ar −0.1512�10+06 0.2509�10+00 0.2360�10+00 −0.1107�10+00 1.4030 Ref. 15

NO–N −0.3643�10+02 0.5215�10−01 0.2055�10−01 −0.1497�10+00 1.5920 Ref. 26

NO–O −0.6880�10+02 0.8767�10−01 0.4601�10−01 −0.1328�10+00 1.4987 Ref. 26
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TABLE I. �Continued.�

Species C1 C2 �1 �2 � Source

NO–C 0.1918�10−07 0.3580�10−06 −0.4095�10+00 −0.4095�10+00 1.5796 Ref. 24

NO–H −0.1600�10+15 0.7200�10−06 0.8229�10+00 −0.3901�10+00 1.5823 Ref. 24

NO–N2
+ 0.8194�10−09 0.1001�10−05 0.1680�10+00 −0.4000�10+00 1.1039 Ref. 27

NO–O2
+ 0.1693�10+00 0.3121�10−20 −0.1065�10+00 −0.1128�10+01 1.6952 Ref. 27

NO–NO+ 0.1045�10+10 0.1154�10−01 0.4442�10+00 −0.1930�10+00 0.2491 Ref. 22

NO–N+ 0.8194�10−09 0.1001�10−05 0.1680�10+00 −0.4000�10+00 1.1039 Ref. 27

NO–O+ 0.8194�10−09 0.1001�10−05 0.1680�10+00 −0.4000�10+00 1.1039 Ref. 27

NO–C+ −0.4909�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

NO–H+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

CO–CO −0.1694�10−03 0.1381�10−02 −0.2310�10+00 −0.2314�10+00 2.8235 Present study

CO–CO2 0.1461�10−02 0.1233�10−25 −0.2274�10+00 −0.1380�10+01 1.3812 Present study

CO–C2 0.7370�10−03 −0.2083�10−66 −0.2421�10+00 −0.3383�10+01 1.4183 Present study

CO–H2 0.4686�10−03 0.0000�10+00 −0.2449�10+00 0.0000�10+00 1.4187 Present study

CO–CN −0.2233�10−04 0.9801�10−01 −0.2443�10+00 −0.1253�10+00 1.1813 Present study

CO–CH4 −0.2275�10−04 0.8218�10−03 −0.2410�10+00 −0.2409�10+00 1.4095 Present study

CO–He −0.2754�10+07 0.1445�10−05 0.3604�10+00 −0.3720�10+00 1.6121 Present study

CO–Ar −0.2577�10−03 0.9436�10−03 −0.2414�10+00 −0.2414�10+00 1.4110 Present study

CO–N −0.2531�10+16 0.9027�10−06 0.8957�10+00 −0.3919�10+00 1.5687 Ref. 24

CO–O −0.2795�10+34 0.7892�10−06 0.1936�10+01 −0.3958�10+00 1.5620 Ref. 24

CO–C −0.1221�10+18 0.8423�10−06 0.9797�10+00 −0.3919�10+00 1.5867 Ref. 24

CO–H −0.1231�10+14 0.7712�10−06 0.7587�10+00 −0.3893�10+00 1.5810 Ref. 24

CO–N2
+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

CO–NO+ −0.4908�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

CO–N+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

CO–O+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

CO–C+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

CO–H+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

CO2–CO2 −0.1038�10−07 0.9581�10−06 −0.3981�10+00 −0.3981�10+00 1.5401 Present study

CO2–C2 0.1256�10−02 0.4201�10−26 −0.2327�10+00 −0.1375�10+01 1.4091 Present study

CO2–H2 −0.3005�10−03 0.9183�10−03 −0.2423�10+00 −0.2423�10+00 1.4136 Present study

CO2–CN 0.1171�10−02 0.2001�10−28 −0.2340�10+00 −0.1491�10+01 1.4100 Present study

CO2–CH4 0.2280�10−02 0.1524�10−16 −0.2188�10+00 −0.9011�10+00 1.4001 Present study

CO2–He −0.3997�10+07 0.1422�10−05 0.3729�10+00 −0.3759�10+00 1.5987 Present study

CO2–Ar −0.1630�10−03 0.1018�10−02 −0.2397�10+00 −0.2397�10+00 1.4033 Present study

CO2–N 0.5030�10−07 0.5853�10−06 −0.4007�10+00 −0.4006�10+00 1.5621 Present study

CO2–O −0.2372�10+59 0.5325�10−03 0.3363�10+01 −0.2469�10+00 1.4333 Present study

CO2–C −0.2872�10−13 0.9653�10−07 −0.7533�10+00 −0.4502�10+00 1.5750 Present study

CO2–H −0.5419�10+09 0.9815�10−06 0.5144�10+00 −0.3868�10+00 1.5709 Present study

C2–C2 −0.1310�10+09 0.1417�10−05 0.4686�10+00 −0.3853�10+00 1.5734 Present study

C2–H2 −0.2808�10−03 0.7216�10−03 −0.2481�10+00 −0.2481�10+00 1.4205 Present study

C2–CN 0.6665�10−03 0.0000�10+00 −0.2455�10+00 0.0000�10+00 1.4191 Present study

C2–CH4 −0.3582�10−04 0.8297�10−03 −0.2425�10+00 −0.2425�10+00 1.4144 Present study

C2–He −0.2023�10+07 0.1794�10−05 0.3464�10+00 −0.3690�10+00 1.6206 Present study

C2–Ar 0.7515�10−03 0.5159�10−59 −0.2407�10+00 −0.2963�10+01 1.4165 Present study

C2–N −0.2074�10+14 0.9486�10−06 0.7731�10+00 −0.3905�10+00 1.5717 Ref. 24

C2–O −0.7327�10+22 0.8361�10−06 0.1271�10+01 −0.3942�10+00 1.5641 Ref. 24

C2–C 0.9473�10−08 0.3466�10−06 −0.4109�10+00 −0.4112�10+00 1.5822 Ref. 24

C2–H −0.6225�10+12 0.8125�10−06 0.6818�10+00 −0.3878�10+00 1.5843 Ref. 24

C2–N2
+ −0.4910�10+30 0.1289�10+00 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

C2–NO+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

C2–N+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

C2–O+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

C2–C+ −0.1323�10+12 0.1203�10−05 0.6317�10+00 −0.3865�10+12 1.5890 Ref. 24

C2–H+ −0.3174�10+13 0.1089�10−05 0.7145�10+00 −0.3884�10+00 1.5848 Ref. 24

H2–H2 −0.2546�10+04 0.1368�10+01 0.1177�10+00 −0.7133�10−01 2.1811 Ref. 24
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TABLE I. �Continued.�

Species C1 C2 �1 �2 � Source

H2–CN −0.4176�10+61 0.4594�10−03 0.3497�10+01 −0.2468�10+00 1.4326 Present study

H2–CH4 −0.2694�10−03 0.8041�10−03 −0.2443�10+00 −0.2443�10+00 1.4184 Present study

H2–He −0.1090�10+07 0.1364�10−05 0.3372�10+00 −0.3666�10+00 1.6279 Present study

H2–Ar −0.9771�10+09 0.8335�10−06 0.5338�10+00 −0.3874�10+00 1.5698 Present study

H2–N −0.1553�10+08 0.1032�10−05 0.4168�10+00 −0.3800�10+00 1.5890 Ref. 13

H2–O −0.3563�10+15 0.7371�10−06 0.8517�10+00 −0.3915�10+00 1.5692 Ref. 24

H2–C −0.2018�10+10 0.9581�10−06 0.5320�10+00 −0.3832�10+00 1.5952 Ref. 24

H2–H −0.3541�10−05 0.8041�10−06 −0.3774�10+00 −0.4161�10+00 2.4981 Ref. 13

H2–N2
+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

H2–NO+ −0.4909�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

H2–N+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

H2–O+ −0.4909�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

H2–C+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

H2–H+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

CN–CN 0.2663�10−07 0.5335�10−06 −0.4040�10+00 −0.4040�10+00 1.5714 Present study

CN–CH4 −0.7249�10−04 0.8429�10−03 −0.2428�10+00 −0.2428�10+00 1.4151 Present study

CN–He −0.2036�10+07 0.1780�10−05 0.3465�10+00 −0.3687�10+00 1.6219 Present study

CN–Ar −0.1183�10−03 0.7768�10−03 −0.2434�10+00 −0.2434�10+00 1.4165 Present study

CN–N −0.7749�10+13 0.9701�10−06 0.7474�10+00 −0.3901�10+00 1.5727 Ref. 24

CN–O −0.1197�10+21 0.8571�10−00 0.1167�10+01 −0.3937�10+00 1.5650 Ref. 24

CN–C 0.6884�10−08 0.3411�10−06 −0.4117�10+00 −0.4119�10+00 1.5831 Ref. 24

CN–H −0.2072�10+12 0.8400�10−06 0.6534�10+00 −0.3872�10+00 1.5853 Ref. 24

CN–N2+ −0.4909�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

CN–NO+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

CN–N+ −0.4909�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

CN–O+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

CN–C+ −0.4909�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

CN–H+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

CH4–CH4 −0.2627�10+54 0.9210�10−06 0.3093�10+01 −0.3963�10+00 1.5532 Present study

CH4–He −0.1823�10+07 0.1560�10−05 0.3500�10+00 −0.3726�10+00 1.6065 Present study

CH4–Ar −0.1393�10−03 0.9225�10−03 −0.2405�10+00 −0.2405�10+00 1.4079 Present study

CH4–N −0.7594�10−41 0.4505�10−06 −0.2103�10+01 −0.4075�10+00 1.5662 Present study

CH4–O −0.8347�10+07 0.1454�10−05 0.3937�10+00 −0.3795�10+00 1.5877 Present study

CH4–C −0.8642�10−21 0.1964�10−06 −0.1110�10+01 −0.4296�10+00 1.5800 Present study

CH4–H −0.3962�10+11 0.9103�10−06 0.6189�10+00 −0.3872�10+00 1.5764 Present study

He–He −0.1367�10+05 0.4081�10−05 0.2125�10+00 −0.3388�10+00 1.6804 Present study

He–Ar −0.2176�10+07 0.1345�10−05 0.3572�10+00 −0.3724�10+00 1.6091 Present study

He–N −0.2572�10+02 0.3444�10+01 −0.1326�10−01 −0.6528�10−01 1.5359 Ref. 16

He–O −0.1384�10+03 0.3741�10+00 0.5708�10−01 −0.9533�10−01 1.5202 Ref. 16

He–C −0.4878�10+03 0.1823�10+00 0.8754�10−01 −0.1128�10+00 1.5823 Ref. 16

He–H −0.1425�10+13 0.6660�10−03 0.6786�10+00 −0.2237�10+00 1.4722 Present study

Ar–Ar −0.6469�10+05 0.2649�10+00 0.2147�10+00 −0.1092�10+00 1.4126 Ref. 15

Ar–N −0.6090�10+02 0.3308�10−01 0.4400�10−01 −0.1553�10+00 1.5596 Ref. 25

Ar–O −0.1668�10+03 0.6715�10−01 0.6912�10−01 −0.1405�10+00 1.5026 Ref. 19

Ar–C −0.2439�10+09 0.2673�10−05 0.4776�10+00 −0.3654�10+00 1.5724 Present study

Ar–H −0.4676�10+10 0.1616�10−05 0.5662�10+00 −0.3701�10+00 1.5646 Present study

N–N −0.1186�10+03 0.7881�10+02 −0.2576�10−01 −0.3624�10−01 1.5044 Ref. 7

N–O −0.2860�10+03 0.2194�10+00 0.6906�10−01 −0.1148�10+00 1.5605 Ref. 7

N–C −0.2234�10+18 0.4962�10−02 0.9460�10+00 −0.1886�10+00 1.6003 Ref. 14

N–H −0.4098�10+02 0.1089�10+02 −0.3046�10−01 −0.6337�10−01 1.4537 Ref. 10

N–N2
+ 0.8194�10−09 0.1001�10−05 0.1680�10+00 −0.4000�10+00 1.1039 Ref. 27

N–O2
+ 0.3835�10−01 0.1007�10−22 −0.1403�10+00 −0.1242�10+01 1.5795 Ref. 27

N–NO+ 0.8194�10−09 0.1001�10−05 0.1680�10+00 −0.4000�10+00 1.1039 Ref. 27

N–N+ 0.3682�10+00 −0.4143�10−26 −0.1143�10+00 −0.1295�10+02 0.1599 Ref. 17

N–O+ −0.6657�10+01 0.4563�10+01 −0.1093�10+00 −0.1188�10+00 1.3899 Ref. 17
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Ar–Ar collision are compared with other results based on the
VSS and GSS models and the reference values obtained by
the ab initio calculations.14 Because the LJ potential is com-
paratively adequate to describe the molecular interaction for
noble gases, such as Ar species, and the collision parameters
of the VSS model were calculated from the LJ potential, the
discrepancy between the reference values and the transport
properties of the VSS model was relatively small. However,
even though the collision parameters of the GSS model were
calculated from the LJ potential, the transport properties of
the GSS model were significantly different from the refer-

TABLE I. �Continued.�

Species C1 C2 �1 �2 � Source

N–C+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

N–H+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

O–O −0.7504�10+07 0.3340�10−03 0.3642�10+00 −0.2498�10+00 1.5917 Ref. 7

O–C −0.4054�10+02 0.3339�10+02 −0.6234�10−01 −0.6745�10−01 1.5108 Ref. 14

O–H −0.2618�10+11 0.8157�10−06 0.6071�10+00 −0.3872�10+00 1.5789 Ref. 24

O–N2
+ −0.8194�10−09 0.1001�10−05 0.1680�10+00 −0.4000�10+00 1.1039 Ref. 27

O–O2
+ 0.1118�10−01 0.2544�10−24 −0.1668�10+00 −0.1315�10+01 1.5527 Ref. 27

O–NO+ 0.8194�10−09 0.1001�10−05 0.1680�10+00 −0.4000�10+00 1.1039 Ref. 27

O–N+ −0.4193�10−15 0.2931�10−11 −0.8873�10+00 −0.6998�10+00 1.5091 Ref. 18

O–O+ 0.5345�10+00 −0.2956�10−77 −0.1007�10+00 −0.3881�10+01 0.1676 Ref. 17

O–C+ −0.4909�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

O–H+ −0.4909�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

C–C −0.2975�10+05 0.3118�10+00 0.1811�10+00 −0.1073�10+00 1.5993 Ref. 14

C–H −0.1837�10−24 0.5417�10−07 −0.1308�10+01 −0.4557�10+00 1.5931 Ref. 24

C–N2
+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

C–NO+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

C–N+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

C–O+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

C–C+ −0.4910�10+30 0.1289�10−30 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

C–H+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

H–H −0.8398�10−13 0.1588�10−11 −0.7873�10+00 −0.7244�10+00 1.6772 Ref. 24

H–N2
+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

H–NO+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

H–N+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

H–O+ −0.4909�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

H–C+ −0.4910�10+30 0.1289�10−05 0.1682�10+01 −0.3945�10+00 1.1097 Ref. 24

H–H+ −0.1279�10+18 0.9806�10−09 0.9161�10+00 −0.5724�10+00 0.4255 Ref. 24

FIG. 4. Comparison of viscosity coefficients between the present study and
experiment �Ref. 28�.

FIG. 5. Comparison of the transport properties for N2–N2 collisions be-
tween the present study and the VSS model, the GSS model, and the refer-
ence values obtained from the ab initio calculations �Ref. 10�. �a� Diffusion
coefficient; �b� viscosity coefficient.
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ence values. This is because a constant set of the scattering
parameters was used in the GSS model.

For the collision pairs of molecule-atom and atom-atom,
the transport properties by the present study were validated
by comparing the results with the reference transport prop-
erties obtained by the ab initio calculations.7,11 Comparison
with previous elastic collision models is not possible, be-
cause the collision parameters of the VSS and GSS models
do not exist for these collision pairs.

In Fig. 9, the transport properties for N–O, N2–N,
O2–H, and H2-N collisions obtained by the present study
were compared with the reference values from the ab initio
calculations.7,11 It shows that the present results agree well
with the reference values. While it is known that the elastic
collisions between molecule-atom and atom-atom are not
well described by the GSS model, these elastic collisions
were well simulated by adopting the new collision param-
eters obtained in the present study.

In the case of the charged particles, the collisions are
classified as either resonant or nonresonant. In Fig. 10, the
transport properties obtained by the present study by ac-
counting for the resonant effect of the N–N+, O–O+,
N2–N2

+, and NO–NO+ collisions were compared with the
reference values calculated from the ab initio calculations16

and the theoretical data.21,22 The theoretical data were calcu-
lated by using the charge transfer cross section and the po-
larizability model. It shows that the transport properties ob-
tained by the present study agree well with the reference
values.

For the nonresonant collisions, the transport properties

FIG. 6. Comparison of the transport properties for N2–H2 collisions be-
tween the present study and the VSS model, the GSS model, and the refer-
ence values obtained by the ab initio calculations �Ref. 10�. �a� Diffusion
coefficient; �b� viscosity coefficient.

FIG. 7. Comparison of the transport properties for NO–NO collisions be-
tween the present study and the VSS model, the GSS model, and the refer-
ence values obtained by the theoretical data �Ref. 20�. �a� Diffusion coeffi-
cient; �b� viscosity coefficient.

FIG. 8. Comparison of the transport properties for Ar–Ar collisions between
the present study and the VSS model, the GSS model, and the reference
values obtained by the ab initio calculations �Ref. 14�. �a� Diffusion coeffi-
cient; �b� viscosity coefficient.
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obtained by the present study for the O2–N2
+, N–O+, and

O–N+ collisions were compared with the reference values
obtained by the ab initio calculations17 and the
compilation.23 The collision integrals of the compilation23

were calculated based on the modified Tang and Toennies
potential.29 The results in Fig. 11 show that the transport
properties obtained by the present study agree well with the
reference values.

V. SAMPLE DSMC CALCULATIONS

In order to examine the effect of the modification of the
GSS model, sample DSMC calculations were performed for
flow around a circular cylinder. The two selected freestream
velocities were 5 km /s and 8 km /s, and the Knudsen num-
ber based on the cylinder diameter was set to 0.1. The fluid
was composed of N2 and NO species, and the temperature of
the freestream flow was set to 300 K. For the purpose of
verifying the effect of the elastic collision model, inelastic
collisions were excluded from the calculations. The results
based on the new collision parameters obtained in the present
study were compared with those of the previous elastic col-
lision models.

In Fig. 12, the translational temperature contours for N2

species are compared between the present study and the GSS
and VSS models. It shows that the contour of the highest
temperature by the present study �level 5 in the figure� elon-
gated further downstream than that of the VSS model for
both freestream velocity cases. In the case of the low tem-
perature contours, the results of the VSS model expanded
further away from the cylinder than those of the present
study. This is caused by the difference in the collision param-
eters and the transport properties between the present study
and the VSS model as shown in Fig. 5.

In Fig. 13, the translational temperature distributions
along the stagnation streamline are compared. It shows that

FIG. 9. Comparison of the transport properties for diatom-atom and atom-
atom collisions between the present study and the reference values obtained
by the ab initio calculations �Refs. 7 and 11�. �a� Diffusion coefficient; �b�
viscosity coefficient.

FIG. 10. Comparison of the transport properties for the resonant collisions
between the present study and the reference values obtained by the ab initio
calculations �Ref. 16� and the theoretical data �Refs. 21 and 22�. �a� Diffu-
sion coefficient; �b� viscosity coefficient.

FIG. 11. Comparison of the transport properties for the nonresonant colli-
sions between the present study and the reference values obtained by the ab
initio calculations �Ref. 17� and the compilation �Ref. 23�. �a� Diffusion
coefficient; �b� viscosity coefficient.
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the maximum translational temperatures obtained based on
the present study were approximately 500 K and 2000 K de-
grees higher than those of the VSS model for each freestream
velocity case, respectively. This temperature difference may
affect the chemical reaction significantly by changing the
probability of the inelastic collision and the collision energy.
It also indicated that the effect of the new collision param-
eters obtained in the present study was more evident when
the freestream velocity increased. However, in the case of the
GSS model, the difference of the translational temperature
from the present study was smaller than that of the VSS
model, because the discrepancy of the transport properties of
the GSS model was less than that for the VSS model. It is
believed that the results by the present study are more accu-
rate than those of the VSS and GSS models, since the trans-
port properties of the collision parameters by the present
study are in better agreement with the reference values as
shown in Fig. 5.

In Fig. 14, the heat flux and pressure distributions along
the cylinder surface from the leading-edge stagnation point
to the trailing-edge stagnation point are compared between
the present study and the VSS model for N2 species at
8 km /s freestream velocity. The pressure was normalized by
the freestream value. It shows that the heat flux at the

FIG. 12. Translational temperature
contours for N2 species for flow
around a circular cylinder. �a� Com-
parison with the GSS model at 5 km /s
freestream velocity. �b� Comparison
with the VSS model at 5 km /s
freestream velocity. �c� Comparison
with the GSS model at 8 km /s
freestream velocity. �d� Comparison
with the VSS model at 8 km /s
freestream velocity.

FIG. 13. Comparison of the translational temperature for N2 species along
the stagnation streamline between the present study and the GSS and VSS
models for flow around a circular cylinder. �a� Freestream velocity at
5 km /s. �b� Freestream velocity at 8 km /s.
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leading-edge stagnation point by the present study was 4.0
�105 W /m2, which was approximately 10% less than that
of the VSS model. At the trailing-edge stagnation point, the
relative difference between the two models increased to
38%, even though the magnitude of the heat flux was small
compared to the leading-edge stagnation point. The differ-
ence of the normalized surface pressure between the two
models at the leading-edge and trailing-edge stagnation
points were approximately 6% and 40%, respectively. It was
demonstrated that the substantial discrepancy of the transport
properties between the present model and the VSS model for
N2 species shown in Fig. 5 resulted in fairly large changes of
the surface properties in the DSMC simulations. It is ex-
pected that the effect of the present model on the surface
properties is more significant as the gas flow becomes further
rarefied, as shown at the cylinder trailing-edge region.

In Fig. 15, the translational temperature contours for NO
species are compared between the present study and the GSS
and VSS models. It shows that unlike the N2 species, the
high temperature region obtained by the present study was
slightly smaller than that of the GSS model for both
freestream velocity cases, while the low temperature region
was expanded wider than that of the GSS model.

In Fig. 16, the translational temperature distributions

FIG. 14. Comparison of heat flux and normalized pressure distributions
along the cylinder surface between the present study and the VSS model for
N2 species at 8 km /s freestream velocity. �a� Heat flux distribution; �b�
normalized pressure distribution.

FIG. 15. Translational temperature
contours for NO species for flow
around a circular cylinder. �a� Com-
parison with the GSS model at 5 km /s
freestream velocity. �b� Comparison
with the VSS model at 5 km /s
freestream velocity. �c� Comparison
with the GSS model at 8 km /s
freestream velocity. �d� Comparison
with the VSS model at 8 km /s
freestream velocity.
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along the stagnation streamline are compared. It shows that
the maximum translational temperature obtained by the
present study was less than that of the GSS model, but the
overall level of the translational temperature at the upstream
of the maximum temperature location was higher than that of
the GSS model. In the case of the VSS model, the contours
of the translational temperature and its distribution along the
stagnation streamline were similar to the present study, be-
cause the transport properties were almost identical as shown
in Fig. 7.

In Fig. 17, the heat flux and normalized pressure distri-
butions along the cylinder surface from the leading-edge
stagnation point to the trailing-edge stagnation point are
compared between the present study and the GSS model for
NO species at 8 km /s freestream velocity. It shows that the
heat flux at the leading-edge stagnation point by the present
study was 4.8�105 W /m2, approximately 10% higher than
that of the GSS model. At the trailing-edge stagnation point,
the difference of the heat flux between the two models in-
creased to 55%. The increments of the normalized surface
pressure at the leading-edge and trailing-edge stagnation
points were approximately 6% and 68%, respectively, as a
result of the different transport properties between the
present model and the GSS model shown in Fig. 7.

Since the transport properties evaluated by the new col-
lision parameters in the present study for the 191 collision
pairs involving 22 species of neutral and charged particles
were in better agreement with the reference values, it is be-
lieved that the DSMC calculations for the 191 collision pairs
are more accurate than the previous elastic collision models.

VI. CONCLUDING REMARKS

A modification and an expansion of the general soft-
sphere �GSS� model for elastic collisions were made for the
purpose of attaining a higher accuracy in the DSMC calcu-
lations of hypersonic flows at high temperatures. The total
cross section and the soft-sphere assumption of the GSS
model were augmented by the implicitly species-dependent
variable scattering parameters. The new collision parameters
of the present study which were valid over the temperature
range of 300–50 000 K were derived by using the diffusion
and viscosity collision integrals simultaneously taken from
experiments, the most recent data obtained through the ab
initio calculations from quantum-mechanically derived po-
tential energy surfaces, and the theoretical data. The new
collision parameters were tabulated for 191 collision pairs
involving 22 species. It was shown that the transport proper-
ties calculated by using the present collision parameters were
much closer to the reference values derived from the most
recent collision integrals by the Chapman–Enskog method
than the existing elastic collision models. Sample DSMC cal-
culations showed that a discernible difference exists in the
results between the present study and the existing models.
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