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The transport process of high-temperature air is vital in aerospace fields and has attracted increased attention in recent years. In
this paper, an adequate study of factors affecting transport coefficients for high-temperature air is conducted. The results of a
different-species model at different pressures and temperatures show that the 9-species air model is applicable to calculate the
viscosity and translational thermal conductivity coefficients before significant ionization occurs. Based on the Chapman-Enskog
method, simplified mixing rules for calculating viscosity and translational thermal conductivity coefficients of high-temperature
air are developed by omitting unimportant matrix elements and assuming the reduced collision integral ratio to a reasonable
constant value. The diagonal elements’ magnitude of the transport matrix indicates that collision related to the electrons has a
little impact on viscosity but has a great influence on translational thermal conductivity. New simplified mixing rules can
accurately calculate the viscosity and translational thermal conductivity coefficients of high-temperature air when dissociation
or weak ionization occurs. The improved mixing rules are obviously more accurate than the Wilke mixing rule.

1. Introduction

In hypersonic flight, the strong aerodynamic heating and
viscous dissipation can cause an extremely high temperature
(even exceeding 10,000K) of the air mixture surrounding
the vehicle, such as in the shock wave, at the stagnation
point, and in the boundary layer, which may lead to vibra-
tion, dissociation, chemical reaction, and even ionization of
the gas molecules. The thermodynamic and transport prop-
erties of high-temperature air are vastly changed and devi-
ate far from a perfect gas [1]. Variation of the transport
properties significantly affects the flow properties and aero-
thermodynamics, which is especially important for the
development of hypersonic vehicles [2]. Therefore, accurate
estimates of the viscosity and thermal conductivity coeffi-
cients to represent correctly momentum and energy trans-
port are a crucial prerequisite for hypersonic flow
simulation. In general, the coefficient of viscosity is used
to describe the shear forces caused by velocity gradients.
The coefficient of thermal conductivity is heat conduction
caused by temperature gradients [3–5].

Physically, the transport phenomenon is essentially
caused by collisions and free movement of molecules,
atoms, ions, and electrons in gas mixtures. The transport
process can be accurately described by the Boltzmann equa-
tion, which is a seven-dimensional integral-differential
equation. However, it is extremely difficult to solve this
equation directly. The transport coefficients of local-
equilibrium gas can be calculated using the Chapman-
Enskog (CE) approximation with a finite Sonine polynomial
expansion of the Boltzmann equation [6, 7]. The propor-
tions of each component and collision integrals between
species in the CE approximation are two essential aspects
for calculating the transport coefficients. The proportion
of each component can be obtained by solving the equa-
tions of chemical reaction, while the collision integrals
between species can be calculated by integrating the interac-
tion potential between species. In hypersonic flight, the air
over a vehicle is often in chemical nonequilibrium. The
transport properties should be simulated considering non-
equilibrium effects. However, up to now, there is no consen-
sus on the modified decoupling model of the CE method for
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the nonequilibrium transport properties [8, 9]. As a com-
promise, most of the present computational fluid dynamic
simulations are based on transport coefficients under equi-
librium condition [10–12].

It is difficult to measure transport coefficients of high-
temperature air in the experiment, so most of the current
research focus on theoretical calculation by using the CE
method. With the development of quantum chemistry, the
collision integrals between two species are studied in depth.
Thus, transport coefficients are often updated. Yun and
Mason [13] published the collision integrals for atom-atom,
atom-molecule, and molecule-molecule interactions of high-
temperature air in the temperature range of 1000K to
15,000K. Yos [14] calculated the transport coefficients of
hydrogen, oxygen, nitrogen, and air in the temperature
range of 1000K-30,000K at 1-30 atm. Later, Gupta et al.
[15] provided not only the fitting expression of collision
integrals between species but also that of transport coeffi-
cients for the air species in the temperature range of
1000K-30,000K. These fitting expressions are largely based
on the data tables from Yun and Mason [13] and Yos [14]
and are still widely used so far. The above studies focus on
the transport coefficients when the temperature is higher
than 1000K. In addition to these studies, subsequent
research considers the temperature below 1000K. Murphy
[16] considered that air is composed of 78.09% nitrogen,
20.94% oxygen, 0.93% argon, and 0.033% carbon dioxide
in the temperature range of 300K-30,000K. It is found that
carbon dioxide can cause a difference in viscosity by about
15%. Capitelli et al. [17, 18] calculated and fitted the collision
integrals of air species by comparing existing transport
cross-section data in the temperature range of 50K-
100,000K. He pointed out that Gupta et al.’s [15] fitting data
are notably outdated. The transport coefficients of Capitelli
are in good agreement with those of Yun and Mason [13]
but differ from those of Yos [14] with 30-35%. Subsequently,
D’Angola et al. [19] fitted the computational results of ther-
modynamic and transport coefficients of equilibrium air
with 19 species into algebraic expressions in the temperature
range of 50K-60,000K, but the pressure range is limited to
0.01-100 atm. Wright et al. [20] reviewed the development

of collision integrals for weakly ionized air species in the
temperature range of 300K-15,000K and also mentioned
that Gupta et al.’s [15] fitting data have largely become obso-
lete. A major difference when employing the CE method is
the wide variety of collision integrals, which oftentimes led
to differences in the transport coefficients.

The accuracy required for transport coefficients must be
balanced with the computational costs during the practice.
Thus, by simplifying the CE approximation, the need for
mixing rules of calculating transport coefficients is an inter-
esting subject. Up to now, the Wilke mixing rule [21] is one
of the most widely used approximate methods [22, 23]. It
ignored the nondiagonal elements of the transport matrix
and then assumed that all the reduced collision integral
ratios in the diagonal elements are one. Yos [14] also derived
a simplified rule applicable to weak ionization and nonioni-
zation conditions by ignoring the off-diagonal elements of
the transport matrix. But this rule requires large amounts
of collision integrals between heterogeneous species so that
it is inconvenient to use. Recently, Copeland [24] retained
the off-diagonal elements of the transport matrix and pro-
posed a simplified rule by approximating the reduced colli-
sion integral ratio to 10/9, which can be used to calculate
the transport coefficients of polar and nonpolar particle mix-
tures. This rule is proven to be more accurate than the Wilke
mixing rule [21], but its simplicity is lost. In addition, several
other mixing rules [25–27] are developed based on the CE
method, and these mixing rules are evaluated in terms of
efficiency and accuracy [28–30]. These approximate
methods usually cannot address the dual requirements of
simple formula and physical accuracy.

Collision integrals and typical transport coefficients pro-
posed by different authors are summarized in Table 1.
Among all these methods, the CE method is the most accu-
rate for calculating the transport coefficients. However, it
needs to collect a large number of collision integrals and
numerically solve the matrix equations, which will lead to
lower computational efficiency. The Wilke mixing rule is
simple enough but loses accuracy. At present, other existing
approximate methods are too complex to use. On this basis,
the purpose of this paper is to propose simplified mixing

Table 1: Summary of collision integrals and transport coefficients proposed by different authors.

Reference Data type Temperature and pressure range

Collision integrals

Yun and Mason [13] Data table 1000K-15,000K

Gupta et al. [15] Fitting expression 1000K-30,000K

Capitelli et al. [17] Fitting expression 50K-100,000K

Wright et al. [20] Fitting expression 300K-15,000K

Transport coefficients

Hansen [31] Data table 500K-15,000 K, 10-4 atm-100 atm

Yos [14] Data table 1000K-30,000K, 1 atm-30 atm

Srinivasan [32] Fitting expression 500K-16,500 K, 10-5 atm-10 atm

Gupta et al. [15] Fitting expression (single species) 1000K-30,000K

Murphy [16] Data graph 100K-30,000K 1 atm

Capitelli et al. [18] Fitting expression 50K-100,000K, 0.01 atm-100 atm

The mixing rulesa Buddenberg and Wilke [21], Yos [14], Armaly and Sutton [27], Copeland [24]
aThe mixing rules of calculating transport coefficients require information about the transport coefficients of a single species.
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rules to accurately estimate the transport coefficients for
high-temperature air. Firstly, each component of air that
mainly affects the transport process is studied. Then, the
influence of the matrix element and the reduced collision
integral ratio of the transport matrix is analyzed. Finally,
simplified mixing rules are developed for accurately estimat-
ing the viscosity and translational thermal conductivity coef-
ficients. And the validation of mixing rules is being
conducted at different pressures.

2. Numerical Method and Code Validation

2.1. The CE Method. The CE method for viscosity and trans-
lational thermal conductivity coefficients includes three
processes.

2.1.1. Calculation of the Proportion for Each Component. At
room temperature, the air is a mixture of nitrogen and oxy-
gen. With the increase of temperature, the air will undergo
dissociation and ionization reactions, so the proportion of
each component of high-temperature air will change accord-
ingly. The mole fraction of each component can be obtained
by solving the chemical reaction equations.

2.1.2. Calculation of the Collision Integrals between Species.
The collision integrals between two species are tabulated
for many intermolecular potentials and are available in the
literature. Considering a N-species air mixture, it is neces-
sary to obtain collision integrals of N∗ ðN + 1Þ/2. The inter-
action between species mainly includes the following four
categories: the interactions between neutral species, the
interactions between electrons and neutral species, the inter-
actions between ions and neutral species, and the interac-
tions between charged species.

2.1.3. Calculation of the Viscosity and Translational Thermal
Conductivity Coefficients

(a) The viscosity coefficients can be expressed as

μ = 〠
n

j=1
xjbj0 1ð Þ, ð1Þ

where xj is the mole fraction of species j and n is the

number of species. bj0ð1Þ are Sonine expansion coef-
ficients. Parameter 1 in the brackets represents the
first-order expansion. bj0ð1Þ are obtained by solving

the linear system ∑n
j=1Hijbj0ð1Þ = xi. The matrix ele-

ments of H are

Hii =
x2i
μi

+ 〠
n

j=1
j≠i

2xixj
μij

MiMj

Mi +Mj

À Á2 5
3A∗

ij
+
Mj

Mi

" #
, ð2Þ

Hij = −
2xixj
μij

MiMj

Mi +Mj

À Á2 5
3A∗

ij
− 1

" #
, ð3Þ

where A∗
ij =Ωð2,2Þ∗

ij /Ωð1,1Þ∗
ij is a ratio of reduced colli-

sion integral and A∗
ij = A∗

ji. Ω
ðl,sÞ∗
ij is the reduced col-

lision integrals between species i and species j. l = 1
or 2 represents the diffusion collision integrals of
mass transport and the viscous collision integrals of
momentum transport, respectively. s represents the
collision integrals of the same type in different
orders. Mi is the molecular weight of the species i.
μi is the viscosity of pure species i, which is

μi =
ffiffiffi
2

p

52979

ffiffiffiffiffiffiffiffiffi
MiT

p
Ω

2,2ð Þ∗
ii

, ð4aÞ

and μij is the collision viscosity between species i and
species j, which is

μij =
ffiffiffi
2

p

52979

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2MiMjT/ Mi +Mj

À Áq

Ω
2,2ð Þ∗
ij

: ð4bÞ

(b) The translational thermal conductivity coefficients
can be expressed as

ktr = 〠
n

j=1
xjaj1 2ð Þ: ð5Þ

The Sonine expansion coefficients aj1ð2Þ are obtained by
solving the linear system ∑n

j=1Lijaj1ð2Þ = xi. The matrix ele-
ments of L are

Lii =
x2i
λi

+ 〠
n

j=1
j≠i

xixj 15/2ð ÞM2
i + 25/4ð ÞM2

j − 3M2
j B

∗
ij + 4MiMjA

∗
ij

� �

2 Mi +Mj

À Á2A∗
ijλij

h i ,

ð6Þ

Lij = −
xixjMiMj 55/4 − 3B∗

ij − 4A∗
ij

� �

2 Mi +Mj

À Á2λijA∗
ij

h i , ð7Þ

where B∗
ij = ð5Ωð1,2Þ∗

ij − 4Ωð1,3Þ∗
ij Þ/Ωð1,1Þ∗

ij is another ratio of
reduced collision integral and B∗

ij = B∗
ji. λi is the translational

thermal conductivity of species i, which is

λi =
15
4

R
Mi

μi, ð8aÞ

and λij is the collision translational thermal conductivity
between species i and species j, which is

λij =
15
4

R

2MiMj/ Mi +Mj

À Á μij, ð8bÞ

where R is the universal gas constant.

3International Journal of Aerospace Engineering



2.2. Code Validation for the CE Method. The comparisons of
viscosity and translational thermal conductivity coefficients
between the present results and those obtained by Capitelli
et al. [18] in the temperature range of 50K-8000K at 1 atm
are presented in Figure 1. Capitelli used a 19-species model
to calculate the transport coefficients. Because the tempera-
ture is lower than 8000K, the main reaction is dissociation
and ionization of the air. For simplicity, the 9-species model
is enough to cover the overall involved reaction, for which it
is adopted in the present validation. The collision integrals
are calculated by the fitting expression from Capitelli et al.
[17] and Wright et al. [20]. One can see that the present cal-
culation results are in good agreement with the results of
Capitelli, indicating that the code for the CE method used
in this study is reliable. In addition, the results confirm that
the 9-species model is sufficient in the temperature range of
50K-8000K at 1 atm.

It should be mentioned that the total thermal conductivity
of gas consists of translational, internal, and reactive thermal
conductivity when the components of a gas mixture react with
one another. Together, the translational and internal thermal
conductivities are also referred to as the frozen thermal con-
ductivity, including the contribution of translational and
internal degrees of freedom. The reactive thermal conductivity
is due to the energy released or absorbed from chemical reac-
tions. Usually, the simplified expression of Hirschfelder [6]
can be used for the internal thermal conductivity. The reactive
thermal conductivity can be calculated with the formula of
Butler and Brokaw [33]. Traditionally, the mixing rules are
used to compute translational thermal conductivity. The pres-
ent study focuses only on the translational part because it is a
fundamental thermal conductivity mechanism.

3. Results and Discussion

Firstly, the effect of the species model at different pressures is
studied in Section 3.1. Then, the influence of matrix ele-

ments and the reduced collision integral ratio in equations
(2) and (3) and equations (6) and (7) is analyzed. Accord-
ingly, simplified mixing rules are developed by omitting
unimportant matrix elements and making some reasonable
assumptions to the reduced collision integral ratio in Section
3.2. Finally, validation of cases using the new simplified mix-
ing rules is presented in Section 3.3.

The atmospheric pressure decreases with the increase of
altitude, so the pressure range considered in this paper is
below 1 atm. In general, partial ionization of air occurs when
the temperature reaches 8000K. This study focuses on the
air without significant ionization, so the highest temperature
is limited to 8000K.

3.1. Effect of Species Model on the Viscosity and Translational
Thermal Conductivity Coefficients at Different Pressures.
Depending on the degree of chemical reaction, the mixture
may contain different species. In general, 2-species ðN2,
O2Þ, 5-species ðN2, O2, N, O, NOÞ, 7-species ðN2, O2, N, O,
NO, NO+, e−Þ, 9-species ðN2, O2, N, O, NO, NO+, e−, N+,
O+Þ, and 11-species ðN2, O2, N, O, NO, NO+, e−, N+, O+,
N+

2 , O+
2 Þ mode can be used in the simulation. Because

the calculation of transport coefficients requires a large
number of collision integrals, an appropriate species model
should be chosen at first.

Figure 2 shows the results of viscosity coefficients
obtained by using a different-species model at P = 0:001
atm, 0.01 atm, 0.1 atm, and 1 atm. Figure 2(a) presents a
comparison of viscosity coefficients using the different-
species model at 0.001 atm. It can be seen that the viscosity
coefficients calculated by the 2-species model are clearly
lower than other models when T > 2000K. The discrepancy
between the 5-species model and the 7-species model is very
slight. This is because the molar fraction of NO+ and e− is
very low. The viscosity coefficients of the 5-species model
or the 7-species model will keep increasing with the increase
of temperature, while the results of the 9-species model
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Figure 1: Comparison of the present results with Capitelli et al. [18]. (a) Viscosity; (b) translational thermal conductivity.
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decrease when T > 7000K. This is because N+, O+, and e−

are gradually produced; their collision integrals are larger
than those between neutral species, resulting in the decrease
of viscosity. The results of the 9-species model and the 11-
species model are almost consistent, owing to the fact that
the amount of N+

2 and O+
2 is very small. The trends between

these species model are similar for P = 0:01 atm, 0.1 atm, and
1 atm, as shown in Figures 2(b)–2(d), respectively. These
results indicate that the 9-species model is sufficient to calcu-
late the viscosity coefficients.

Figure 3 shows the results of translational thermal con-
ductivity coefficients obtained by using the different-species
model at P = 0:001 atm, 0.01 atm, 0.1 atm, and 1 atm. It can
be seen that the effect of species and pressure on transla-

tional thermal conductivity coefficients is consistent with
that of viscosity coefficients. These results indicate that the
9-species model is also capable of calculating the transla-
tional thermal conductivity coefficients. In addition, by com-
paring Figures 2(a) and 3(a), one can see that the viscosity
coefficients between the 7-species model and the 9-species
model have a difference when T > 6000K, while the transla-
tional thermal conductivity coefficients between the 7-
species model and the 9-species model are different when
T > 5000K. Weak ionization occurs at about 5000K, causing
little ions and electrons in the air mixture. This reveals that
in the initial stage of ionization, a small number of charged
species have a greater impact on the translational thermal
conductivity but have a little impact on the viscosity.
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Figure 2: Viscosity coefficients at different pressure conditions. (a) 0.001 atm, (b) 0.01 atm, (c) 0.1 atm, and (d) 1 atm.
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3.2. Simplified Mixing Rules Based on the Chapman-Enskog
Method. The detailed deriving process can be divided into
four steps.

3.2.1. Evaluating Off-Diagonal Elements’ Effect. Previous
research has shown that H and L are a diagonally dominant
matrix [15, 26, 28]. The deviation brought by off-diagonal
elements of the transport matrix is analyzed. Figure 4 pre-
sents the viscosity and translational thermal conductivity
coefficients of the CE method while retaining and omitting
the off-diagonal elements at 0.001 atm. Figure 4(a) shows
the results of the viscosity; it can be seen that the viscosity
coefficients decrease when omitting the off-diagonal ele-
ments. Similarly, the translational thermal conductivity coef-
ficients (shown in Figure 4(b)) will decrease when the off-
diagonal elements are omitted. The differences of viscosity

coefficients while retaining and omitting the off-diagonal
elements of the matrix are about 5.8%, while for the transla-
tional thermal conductivity coefficients, there is a deviation
of 11.3%. Because the off-diagonal member of the matrix
Hij is much smaller than the diagonal member Hii, it is
ignored in the present study.

3.2.2. Evaluating Diagonal Elements’ Magnitude. Omitting
the off-diagonal elements in equations (1) and (5), we get

μ = 〠
n

i=1

x2i
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, ð9Þ

ktr = 〠
n
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Lii

: ð10Þ
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Figure 3: Translational thermal conductivity coefficients at different pressure conditions. (a) 0.001 atm, (b) 0.01 atm, (c) 0.1 atm, and (d)
1 atm.
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The magnitude of the diagonal elements is evaluated.
Figure 5 shows the size of each term in equations (9) and
(10) at 0.001 atm. Label i⟶ other represents the species
NO, NO+, N+, O+. Figure 5(a) presents the size of x2i /Hii.
In the temperature range of 50K-2000K, the magnitude of
x2O2

/HO2O2
and x2N2

/HN2N2
is largest. This indicates that the

first effect on viscosity is the collision related to nitrogen
and oxygen molecules. When T > 2500K, the magnitude of
x2O2

/HO2O2
is lower than that of x2O/HOO. When T > 4500K

, the magnitude of x2N2
/HN2N2

is lower than that of x2N/HNN
. The results demonstrate that the collision related to nitro-

gen and oxygen atoms begins to have a major impact when
dissociation occurs. The trend of translational thermal con-
ductivity is similar for molecules and atoms (shown in
Figure 5(b)). When T > 5000K, weak ionization occurs; it
is seen from Figure 5(a) that the magnitude of x2e /Hee is
lower than those of x2O/HOO and x2N/HNN, which indicates
that collision related to the electrons has a little impact on
viscosity. However, as shown in Figure 5(b), the magnitude
of x2e /Hee is the same with those of x2O/HOO and x2N/HNN,
which indicates that collision related to the electrons has a
great influence on translational thermal conductivity. Other
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Figure 4: Effect of off-diagonal elements on viscosity and translational thermal conductivity. (a) Viscosity; (b) translational thermal
conductivity.
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Figure 5: The size of each term of viscosity and translational thermal conductivity coefficients. (a) Viscosity; (b) translational thermal
conductivity.
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terms’ magnitude of equations (9) and (10) is lower, indicat-
ing that the influence of the collision related to ions is not
dominated.

3.2.3. Simplification for the Reduced Collision Integral Ratios
A∗
ij and B

∗
ij. Substituting equations (2) and (6) into equations

(9) and (10), respectively, and rearranging, we have

μ = 〠
n

i=1

μi

1 +∑n
j=1
j≠i

F∗
ij xj/xi
À Á ffiffiffiffiffiffiffiffiffi2Mj

p 5/3A∗
ij

� �
Mi +Mj

h i
/ Mi +Mj

À Á3/2� � ,

ð11Þ

ktr = 〠
n

i=1

λi

1 +∑n
j=1
j≠i

F∗
ij xj/xi
À Á ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Mj/ Mi +Mj

À Áq

× 1
15/2ð ÞM2

i + 25/4ð ÞM2
j − 3M2

j B
∗
ij + 4MiMjA

∗
ij

h i
/2 Mi +Mj

À Á2A∗
ij

h i ,

ð12Þ

where F∗
ij =Ωð2,2Þ∗

ij /Ωð2,2Þ∗
ii represents a reduced ratio of the

viscous collision integral of heterogeneous species to homo-
geneous species, unlike the reduced collision integral ratio
A∗
ij and B∗

ij, while for the reduced collision integral ratio F∗
ij

, F∗
ij ≠ F∗

ji.
The reduced collision integral ratios A∗

ij and B∗
ij in equa-

tions (11) and (12) are single-valued functions of tempera-
ture. Figure 6 presents the A∗

ij of neutral species. It can be
seen that the A∗

ij of neutral species increases monotonically
in the range of 1.1 to 1.25 with the increase of temperature.
In order to simplify equation (11), we take three different
assumptions of A∗

ij for all interactions. Figure 7 shows the
relative deviation of viscosity between equation (11) and
the CE method at 0.001 atm. It can be seen that when A∗

ij

is chosen as 6/5 (between 1.1 and 1.25), the results of equa-
tion (11) will obviously deviate from the CE method and so
does the chosen of 6/3 for A∗

ij. When A∗
ij is assumed as 5/3,

the results of equation (11) are in the best agreement with
those of the CE method. This assumption is out of the range
at 1.1 to 1.25 as shown in Figure 6, because the initial
assumption of omitting the off-diagonal elements will lead
to a reduction of viscosity coefficients. A relatively larger
A∗
ij can make up for this reduction. Therefore, simplification

of 5/3 for A∗
ij is reasonable. Thus, we obtain a simple form

for viscosity:

μ = 〠
n

i=1

μi

1 +∑n
j=1
j≠i

F∗
ij xj/xi
À Á ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Mj/ Mi +Mj

À Áq : ð13Þ

It is worth mentioning that when T > 7000K, significant
ionization occurs and relative deviation will increase
obviously.

Figure 8 shows the reduced collision integral ratio B∗
ij of

neutral species in equation (12). It can be seen that the B∗
N2O2

decreases from 1.2 to 0.5 and the B∗
NO increases from 1.8 to

2.5 with increasing temperature. The B∗
ij for interactions

between molecules and atoms are around 1.1. Figure 9 shows
the B∗

ij for interactions between electrons and other particles.
It can be seen that the B∗

eN+ and B∗
eO+ are about 1.1. In order

to simplify equation (12), we take three different assump-
tions of B∗

ij for all interactions. Figure 10 shows the relative
deviation of translational thermal conductivity coefficients
between equation (5) and the CE method at 0.001 atm. It
can be seen that the relative deviation is less than 10% at dif-
ferent assumption of B∗

ij. It implies that the effect of B∗
ij on

the translational thermal conductivity is slight. When B∗
ij is

assumed as 5/4, the results of equation (5) are in the best
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Figure 6: A∗
ij between neutral species.
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Figure 7: Relative deviation of viscosity between equation (11) at
three assumptions of A∗

ij and the CE method at 0.001 atm.
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agreement with those of the CE method. Therefore, B∗
ij is

taken as 5/4 for all interactions.
Different from the viscosity, the translational thermal

conductivity has a different assumption for A∗
ij. An assump-

tion value of A∗
ij larger than the actual value can compensate

for the reduction of the translational thermal conductivity
coefficients caused by omitting the off-diagonal elements.
Figure 11 shows the relative deviation of the translational
thermal conductivity between equation (12) at different
assumptions of A∗

ij and the CE method at 0.001 atm. It can
be seen that when A∗

ij is chosen as 6/5 (between 1.1 and
1.25), the results of equation (12) will obviously deviate from
those of the CE method and so does the chosen of 12/4 for
A∗
ij. When taking a larger value of 5

ffiffiffi
3

p
/4, the results of equa-

tion (12) are in the best agreement with those of the CE
method. Therefore, simplification of 5

ffiffiffi
3

p
/4 for A∗

ij is
selected. Besides, this value has an advantage in that the
expression with a complex denominator in equation (12)
can be simplified to the form of complete square:

ktr = 〠
n

i=1

λi

1 +∑n
j=1
j≠i

F∗
ij xj/xi
À Á ffiffiffiffiffiffiffiffiffi6Mj

p /3
� � ffiffiffi

3
p

Mi +Mj

� �2
/ Mi +Mj

À Á5/2� � :

ð14Þ
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Figure 9: B∗
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Similarly, the increment in the relative deviation curves
when T > 7000 indicates that this assumption is applicable
in the dissociation-dominated process.

3.2.4. Simplification for the Reduced Collision Integral Ratio
F∗
ij. The final step in deriving approximate expressions (13)

and (14) is to obtain an estimate of F∗
ij. As mentioned above,

F∗
ij ≠ F∗

ji; therefore, the simplification for F∗
ij and F∗

ji should
be different. Figure 12 shows the F∗

ij between different spe-
cies. It can be seen from Figure 12(a) that the F∗

ij for interac-
tions between molecules are near 1, so the F∗

N2O2
and F∗

O2N2
can be taken as 1. The F∗

ij for interactions between atoms
decrease monotonically from 1.05 to 0.85 with the increase
of temperature. Because the collision between atoms begins
to dominate at a higher temperature between 6000K and
8000K, the F∗

NO and F∗
ON are given a value of 0.88.

Figures 12(b) and 12(c) show the F∗
ij for interactions
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Figure 12: Reduced collision integral ratio F∗
ij. (a–c) F

∗
ij related to molecules and atoms; (d) F∗

ij related to electrons.

Table 2: Reduced collision integral ratio F∗
ij.

i
j

N2 O2 N O NO NO+ e− N+ O+

N2 1 0.67 0.57 1 1 1 1 1

O2 1 1 1 1 1 1 1 1

N 1 1 0.88 1 1 1 1 1

O 1 1 0.88 1 1 1 1 1

NO 1 1 1 1 1 1 1 1

NO+ 1 1 1 1 1 1 1 1

e− 0.0005 0.0005 0.0005 0.0005 1 1 1 1

N+ 1 1 1 1 1 1 1 1

O+ 1 1 1 1 1 1 1 1
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between molecules and atoms. It can be seen that F∗
N2N

decreases monotonically from 0.85 to 0.65 and F∗
N2O

decreases monotonically from 0.7 to 0.55 with the increase
of temperature, so the values of F∗

N2N and F∗
N2O can be taken

as 0.67 and 0.57, respectively. According to the data in
Figures 12(b) and 12(c), the rest of F∗

ij for interactions
between molecules and atoms are given a value of 1. The
F∗
ij between other species has little effect on the transport

coefficients, so the value is assumed equal to 1. As discussed
in Sections 3.1 and 3.2 (2), in expression (14), the molecule-
electron and atom-electron interactions should be consid-
ered, while the effect of ions can be ignored. It can be seen
from Figure 12(d) that the F∗

eN2
, F∗

eO2
, F∗

eN, and F∗
eO increase

from 0 to 0.001. In this paper, the values of F∗
eN2

, F∗
eO2

, F∗
eN,

and F∗
eO are taken as 0.0005, while the values of F∗

N2e
, F∗

O2e
,

F∗
Ne, and F∗

Oe can be given a value of 1 because they have lit-
tle impact on the translational thermal conductivity. In sum-
mary, the values for F∗

ij are listed in Table 2.
With assumptions for reduced collision integral ratios A∗

ij,
B∗
ij, and F∗

ij, the improved mixing rules (equations (13) and
(14)) are proposed. When xi, μi, and λi are obtained, the vis-
cosity and translational thermal conductivity coefficients can
be calculated efficiently. Compared with the Wilke mixing
rule, the new mixing rules are also a simple formula with an
explicit expression, and they are apparently more simple than
other mixing rules like those of Yos [14] and Copeland [24].
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Figure 13: Viscosity coefficients by different methods. (a) 0.001 atm, (b) 0.01 atm, (c) 0.1 atm, (d) 1 atm.
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3.3. Validation of the New Simplified Mixing Rules. The val-
idation is conducted using the same viscosity (μi) and trans-
lational thermal conductivity coefficient (λi) expression for
each species [17]. Figures 13 and 14 present a comparison
of the viscosity and translational thermal conductivity using
different methods (the Wilke mixing rule, the new simplified
mixing rule, and the CE method) at four different pressures
from 0.001 atm to 1 atm. Figure 13(a) shows a comparison of
viscosity at P = 0:001 atm. It can be seen that the results
between these methods do not differ greatly before dissocia-
tion occurs (T < 2000K). However, when dissociation
occurs (T > 2000K), the Wilke mixing rule produces an
obvious lower result than the CE method. Specifically, when
T > 5000K, the viscosity of the Wilke mixing rule begins to
decrease, which leads to an apparent deviation. However,
the new simplified mixing rule agrees excellently with the

CE method, besides a small deviation when T > 7000K,
which is caused by ionization. Figures 13(b)–13(d) give sim-
ilar results of viscosity coefficients at P = 0:01 atm, 0.1 atm,
and 1 atm. Figures 14(a)–14(d) show a comparison of trans-
lational thermal conductivity at P = 0:001 atm, 0.01 atm,
0.1 atm, and 1 atm, respectively. Similar to the viscosity, the
new simplified mixing rule for translational thermal conduc-
tivity has a good match with the CE method. Figure 15
shows the deviation between the mixing rules (the Wilke
mixing rule and the new simplified mixing rule) and the
CE method. Compared with the Wilke mixing rule, the error
between the new simplified mixing rules and the CE method
is significantly small. In addition, this error becomes espe-
cially smaller at great pressure. In a word, the new simplified
mixing rules can accurately calculate the viscosity and trans-
lational thermal conductivity coefficients of high-
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Figure 14: Translational thermal conductivity coefficients by different methods. (a) 0.001 atm, (b) 0.01 atm, (c) 0.1 atm, and (d) 1 atm.
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temperature air before significant ionization occurs. The
greater the pressure, the wider the temperature range appli-
cable to the new simplified rules.

4. Conclusions

In this paper, the viscosity and translational thermal con-
ductivity coefficients for high-temperature air are calculated.
The results of the different-species model at different pres-
sures and temperatures show that the 9-species air model
is applicable for calculating the viscosity and translational
thermal conductivity coefficients before significant ioniza-
tion occurs. The diagonal elements’ magnitude of the trans-
port matrix indicates that collision related to the electrons
has a little impact on viscosity but has a great influence on
translational thermal conductivity.

To simplify the expression of the viscosity and transla-
tional thermal conductivity coefficients from a matrix equa-
tion to only an algebraic summation, the off-diagonal
elements of the transport matrix are omitted. To determine
the viscosity, the reduced collision integral ratio A∗

ij is
assumed as 5/3 for all interactions. To determine the trans-
lational thermal conductivity, the reduced collision integral
ratio A∗

ij is assumed as 5
ffiffiffi
3

p
/4, and the reduced collision inte-

gral ratio B∗
ij is assumed as 5/4 for all interactions. The values

for F∗
ij are taken as different values for different species,

which are summarized in Table 2. These approximations
of the reduced collision integral ratio can make up contribu-
tions from off-diagonal elements which are omitted in the
derivation. Based on these assumptions, the improved mix-
ing rules (equations (13) and (14)) for viscosity and transla-
tional thermal conductivity coefficients of high-temperature
air have been developed. It has a simple explicit formula,
similar to the Wilke mixing rule. Rather than numerically
solving the matrix equations, the new simplified mixing
rules require only viscosity/translational thermal conductiv-

ity coefficients and mole fraction of each species. These rules
have been extensively tested and compared with the Wilke
mixing rule. The results of the new simplified mixing rules
are obviously more accurate than those of the Wilke mixing
rule. The new simplified mixing rules can accurately calcu-
late the viscosity and translational thermal conductivity
coefficients of high-temperature air when dissociation or
weak ionization occurs.

Nomenclature

μ: The viscosity coefficients
μi: The viscosity of pure species i
xi: The mole fraction of species i
n: The number of species
bj0ð1Þ, aj1ð2Þ: Sonine expansion coefficients

A∗
ij, B

∗
ij, F

∗
ij: A ratio of reduced collision integral

Ωðl,sÞ∗
ij : The reduced collision integrals between spe-

cies i and species j
μij: The collision viscosity between species i and

species j
λij: The collision translational thermal conduc-

tivity between species i and species j
ktr : The translational thermal conductivity

coefficients
λi: The translational thermal conductivity of

species i
Mi: The molecular weight of the species i
R: The universal gas constant
H, L: Matrix elements.

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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