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CALCULATION OF THE TRANSPORT COEFFICIENTS IN MULTICOMPONENT
GAS MIXTURES

I. V. Lebedev and V. V., Ryabov UDC 517.9:533.7

An approximate method is discussed for calculating the transport coefficients in
multicomponent gas mixtures.

It is well known that the numerical integration of the equations of gasdynamics for mul-
ticomponent mixture with transport coefficients calculated rigorously using kinetic theory is
beset with serious difficulties. This is because 1) the mass diffusion flux of the i-th com-
ponent and the heat flux depend on the fluxes of all the other components and their gradients;
2) for an N-component mixture it is necessary to compute the set of Qij integrals, where i,
=1, ..., N; 3) in order to calculate the transport coefficients ratios of determinants of
orders N and N + 1 are required. Hence with increase in the number of components, the number
of computational operations and the memory required progressively increase.

These difficulties have stimulated the development of various approximate methods of cal-
culating transport coefficients. A widely used approximate relation for the thermal conduc-
tivity and viscosity is based on the fact that the nondiagonal elements in the determinants
are much smaller than the diagonal elements, and thus perturbation theory can be used. It
should be noted that satisfactory results from first- and second-order perturbation theory
can be achieved only by introducing an additional empirical parameter fitted to experimental
data [1].

In the simplest method of calculating the mass-exchange coefficients, the diffusion co-
efficients are set equal to each other and the coefficient of thermal diffusion is ignored
even where this leads to serious error.

The bifurcation method [2, 3] is used widely in engineering calculations. The use of
different diffusion coefficients for the different components leads to only a slight compli-
cation of the algebra and a somewhat increased execution time for the calculations. The
main advantage of this method is that the resulting expression for the mass diffusion flux
of the i-th component involves only variables and their gradients characterizing the system
as a whole and the i-th component, but not any of the other components. In addition, in the
calculation of the mass diffusion flux, it is sufficient to use only N quantities dependent
on the molecular properties of the components. The error in the coefficients can be as large
as 10% for the systems studied in [2].

In the approximation method used in [4], the mass diffusion flux of the i-th component
is directly proportional to the concentration gradient of the i-th component only. In [4],
approximate expressions were given for the constants of proportionality between these quan-
tities (the effective diffusion coefficients) and it was shown that in several cases involvy-
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ing boundary layers, they could be approximated accurately by functions only of the binary
diffusion constants and the values of the concentration on the wall and on the outer edge of
the boundary layer.

We present an approximation method for the transport coefficients of a multicomponent
gas mixture based on isolating the dominant term in a double polynomial expansion of the cor=-
rection to the first-order Chapman—Enskog theory. Quantities calculated with the approximate
relations for the thermal conductivity, viscosity, and diffusion coefficients obtained here
are compared with those calculated using the standard methods.

In order to obtain a closed system of gasdynamic equations for a mixture of N nonreact-
ing gases in the absence of external forces, the diffusion velocity of the i-th component Vi,
the stress tensor Pyk, and heat flux q must be expressed in terms of the hydrodynamic quanti-
ties: u, the average velocity of the mixture; T, the temperature of the mixture; and nj(j =
1, ..., N), the concentrations of the components. The solution of this problem in the hydro-
dynamic approximation has been worked out using the Chapman—Enskog method [1].

We will look for a solution of the system of kinetic equations for the distribution func-
tion of each component in the mixture in the form of an asymptotic series in a small parame-
ter (we choose the Knudsen number). Using for the zeroth approximation a local Maxwellian
distribution function fi°, we obtain for the first-order correction ¢V [1]:

i2 ; . N '
; 5 ; 0In kT m’ - 1 Ou nooi o ‘
ng) [( 5 - )C; Cll'cl - 0126r . - C;di = n’in'li' w ’ 1

kT 2 o wT S Ve, 2 1o (1)

j=1

where ci and m; are respectively the velocity and particle mass of the i-th component, n =

n; , k is the Boltzmann constant, 8,7 is the Kronecker delta, and the integrals I;;[¢]

VB

i=1

are given in [1].

The set of thermodynamic diffusion forces d£=: 9 (lﬂ—>-+ (lﬁ———lﬁﬁijg£l£~ , where
ox, n n mn ) Ox, '

N N
m= 2 mgn;/n, p = nkT , arenot linearly independent since 2 d=0. In analogy with [5], we
—

i=1]

transform the set of vectors di (i=1, ..., N) to the set D(P)(p =0, 1, «e., N—1):

N—1
Dog— 2: I pepe, (2)
n; m

=0

In (2) we use for the matrix elements of the linear transformation the Waldman—Truben-

-, .
bacher polynomials wPﬁp) = 2 ochm? , Wwhich satisfy the following recurrence relations [5]:
k=0

PV =1, P = (my— (m ) ) () — (m) ),
: N
(m") = ¥ mi*ingmn.

i=1

. :
Since :z & =0 , we have D(°) = 0, and the other N — 1 vectors D(P) (p =1, ..., N—1) are

i=1

linearly independent.
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Following [1], we seek the general solution of (1) as the sum of a particular solution
and the general solution of the homogeneous integral equation. The N + 4 arbitrary constants
in the general solution are chosen so that ¢! does not contribute to nj, u, T. The general
solution of (1), using (2), can then be written in the form

Az(p) m; dDP.
m

R ; 0
i) = —— A= m ¢ 0ln kT —-—1———'31( ﬁc,———3—026ﬂ) ad (3)

n m 0%, n dx,

Integral equations for the functions Al(P) | Al, and B, satisfying the condition that el
does not contribute to ny, u, and T, are obtained by substituting (3) into (1) and equating
the coefficients of the gradients of like quantities:

N
— FOm Pl = Z il me, AP, p=1, ..., N—1,
i=1
(4)
12 N
(o) (M€~ 5\ E Ml g, 1me,A]
13 (2kT 2 ) - if T ’
m ; N 1
{0 _k;— (Cﬁ ¢ __0126”) = L [ (Crcz*“-g- %6, ) B} .
Following [5], we look for solutions of the integral equations in the form of double poly-
nomial expansions:
) N—l w
AI(P): 2 2’ agg)P(s)S Sy p~1 , N—1,
s=0 g=0
(3

2 i [
s=0 ¢=0

In (5) L1 stands for Al and BI, 7., for agq and i’sq’ and j = 3/2 and 5/2. The s$9) . are the

sq ()i
S
Sonine polynomials and I = 2 ﬁkm? are the Waldman—Trubenbacher polynomials, which satisfy
F=0
the recurrence relations [5]: II!® =1, II{" = (m, — m)/(m*— m?), m* = 2 mt n,/n.

The series for Ai(P), Ai and BL are replaced by their first nonvanishing terms a(p) Qg s

and boo, respectively. We multiply (4) by Pi», Sé;}g), , and 1, respectively, and 1ntegrate

with respect to velocity and sum over compoments. We note that the above terms are the only
ones in (5) which these operations leave nonvanishing. In addition, the term amS((la’/w is the

only one in the expansion (5) that contributes to the thermal conductivity. Similarly only
the terms a(mp(l’) (p=1, — 1) and beo contribute to the diffusion coefficients and vis-
cosity, respectlvely We refer to terms with a(ﬂ), ag; » and bgo as dominating in (5) and we
use variational methods to find them. Note that the dominant terms can always be separated
out from the solution in the form (3) and (5). We obtain the results:

(0) 3m
oy =———— , p=1, ..., N—1,
P SnR(p) (6)
_ 5m __ 15m
7 16kTG T ! 16R
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The coefficients in relations (5) are functions of the Qij integrals given in [1]:

N ) :
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The calculated values of the coefficients Ai(P), Ai, and BL are used to get the quanti-
ties V1, q, and p,g: :
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And the system of gasdynamic equations is now closed.

Using the usual expressions for the quantities given in (8)

N . a
Vi=— ¥ Dudi— D —=—(Ink7)

X,
) T
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or Oy 5 VN ;
= — N == — DZ‘ :- _kT -niVIl'r
e R Y
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we obtain the diffusion coefficients Dij’ the thermodiffusion coefficient DiT, the thermal
conductivity X', and the viscosity n:

kT N0y PP

T
Dij: ) —_(ry Di :0’
8n .;:14 R (9)
.75 BT 5 T
32 R %6 6

Note that in (5) if we use only the dominant terms, then DiT = 0, Hence, a nonzero thermo-
diffusion coefficient in expansion (5) can only be obtained if we take into account addi-
tional “interference" terms.

Use of the transformation (2) allowed us to express V1 and q in terms of the gradients
of average quantities only: p, T, mk, k=1, ..., N— 1, where the coefficients of these
gradients depended only on quantities characterizing the i-th component and the system as a
whole. As was shown in [2], these properties of (8) simplify considerably the numerical in-
tegration of the system of gasdynamic equations. Also the transport coefficients (9) are
given in compact analytical form, and it is not required to calculate the ratio of deter-
minants of orders N + 1 and N. However, unlike the bifurcation approximation, in the calcu-
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lation of the kinetic coefficients (9), as in the calculation of the transport coefficients
using traditional kinetic theory, one must use the entire set of 013 integrals.

To test the accuracy of (9), the results using these relations were compared to those
calculated in [6] using traditional formulas obtained with the Chapman—Enskog method. The
diffusion coefficients were compared for the three-component systems N,—0,-NO and N—O-NO,
and the viscosity and thermodiffusion coefficients were compared for the same three-component
systems and the five-component system N,—0,~—NO-N-O for different concentrations. It was found
that the errors in the diffusion coefficients did not exceed 37, except for the diffusion co-
efficients with NO as one of the components, where the error was as large as 9%. The error
in the viscosities did not exceed 2.5%, and the error in the thermodiffusion coefficients was
less than 6%. We note that in a two-component system (N = 2), Djj given by (9) agrees with
the result obtained using the Chapman—Enskog method [1].

Attempts to separate out one or several dominant "interference" terms in expansion (3),
which would give a nonzero value for the thermodiffusion coefficient, were not successful.
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