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ABSTRACT

A model for the coefficient of thermal conductivity of binary mixtures of gases has been derived. The theory presented is based on the assumption of
random fluctuations between two possible extreme arrangements of a binary gas mixture. The results obtained from the new model compared
favorably with published experimental results. The proposed new model provides a simple approach without sacrificing much accuracy compared to
previous models. It is applicable to any binary mixture of gases which includes monoatomic gas mixture, polyatomic gas mixtures and mixtures
involving rare gases. The new model can be very useful in analysis like combustion where the main equations are already sophisticated.
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1. INTRODUCTION

Thermal analysis involving gas mixtures usually involves the
evaluation of specific heats and thermal conductivities of the gas
mixture. While the method for evaluating the specific heat of gas
mixture is simple and straight forward, the evaluation of thermal
conductivities of gas mixtures have been more sophisticated and several
models have been developed (Shapiro, 2004; Li et al., 2011; Lindsay
and Bromley, 1950; Mason and Saxena, 1958; Cheung et al., 1962;
Simon et al.,, 1998; Tipton et al., 2009; Papari, 2009). The best
approaches are rigorous and poses certain difficulties, so simple
predictive models are desirable (Shapiro, 2004). Many thermal systems
involves binary mixtures of gases like fuel-oxidizer and carbon dioxide-
nitrogen, and the binary mixture gas is the simplest mixture level so
some works have been focused on it (Simon et al., 1998; Tipton et al.,
2009; Imaishi et al., 1984; Song et al., 2010; Barua et al., 1962;
Hirschfelder, 1957; Gambhir and Saxena, 1966). There is also a wealth
of published experimental data on the conductivity of binary gas
mixture systems (Simon et al., 1998; Tipton et al., 2009; Imaishi et al.,
1984; Song et al., 2010; Gambhir and Saxena, 1966; Papari et al., 2005;
Imaishi and Kestin, 1984; Saxena et al., 1965).

Works on simplified models for thermal conductivities of binary
mixtures of gases includes the Wassijewa model which was based on
kinetic theory and is given as (Wasiljewa, 1904)

k=4 (M
1+A, 2 1+A, L
Rl X2

where the As are based on viscosity and conductivity. An equation of
the same form was developed by Sutherland (1895) for the viscosity of
gaseous mixtures. The simplified equation by Wassijewa later became
complex as the best method for evaluating As were investigated
(Lindsay and Bromley, 1950; Hirschfelder, 1957). Hirschfelder et al.
also proposed a simplified thermal conductivity model which was for
gas mixtures as well as for pure gases (Hirschfelder et al., 1948). The
Hirschfelder et al equation is a modified form of the Euken equation
(Euken, 1913) and is given as
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The modified Euken equation failed to accurately predict thermal
conductivities for gas mixtures. However, it accurately predicted the
thermal conductivity of pure gases, since it was derived for polyatomic
gas based on contributions due to degrees of freedom so having than
one component of gas will amount to a difference in the degrees of
freedom (Poling et al., 2000).

Another form of simplified equation was recommended by
Kennard (1938) and is given as

ko = k() + K (0,)+ &y (x, ) 3)

The Kennard equation requires the evaluation of a constant K from
experimental work. Lindsay and Bromley (1950) showed that even
when K is determined by least square method, the equation has error of
up to 12%. The Kennard equation is more of a curve fit that requires
sufficient data from experiment.

Mason and Saxena (1958) later proposed a simplified model given
as
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which for the case of a binary gas mixture reduces to the Wassijewa
equation form. The Gs are found as a function of molar masses and
viscosities.
The purpose of this work is to develop the simplest possible model
for the thermal conductivity of a binary mixture of gases that will have
an acceptable error or no error at all.

2. METHOD

Consider 1-dimensional heat conduction of a mixture of two gases A
and B contained between two wall of temperatures T and T, (see Fig.
1). The insulation is used to ensure illustration of heat conduction in x-
direction only and allow for the control of mixture component fractions.
The following assumptions are used in this analysis:

i.  Heat transfer is mainly by conduction and heat transfers by other

modes are negligible.
ii. The two gases are perfectly mixed.
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iii. The gas mixture is a continuum and at the walls, the mixture
makes perfect contact with the wall so intermolecular and wall
collisions are neglected and expected to reflect in the values of
conductivities of the mixture components.

iv. Heat conduction and variation of temperature is in the x-direction

only.
Ans A
Gas A+ Gas B, -
I"(mi.\\:
T1 / \ T,
| “Insulation X

I Las

Fig. 1 Mixture of two conducting gases A and B

The molecules of both gases are moving in random motion, so it
can be assumed that the gas mixture is fluctuating between two extreme
heat conduction arrangements of the gases. These two separate
arrangements of the gases are series and parallel arrangement.
Therefore, the heat conductivity of the gas mixture can be taken as the
average of the heat conductivities obtained for the two heat conduction
extremes.

i. Heat conductivity of series arrangement: In this arrangement, the
gases are separated and arranged in series as shown in Fig. 2.

A, Ang

B\

Gas A Gas B

T

La | Ls
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Fig. 2 Separated series arrangement of gases A and B

Thermal resistance method can be used to estimate the overall thermal
conductivity of the resulting composite conductor. The overall thermal
resistance is the sum of the thermal resistances of the two gases and is
give as

Ry =R, +Ry )
This implies that
Lyp _ Ly + Ly 6)
kA*B AAB kAAAB kBAAB
Eq. (6) simplifies to
1L _ Ly Asp LpAsp %)
kas  kaLlapAsp  kpLagAag

It can be seen in Eq. (7) that L,A,,/LuzAsp and LyA,p/LapgAsp

represents the mole fractions of A and B respectively. Therefore, Eq.
(7) becomes

L _ Xy + Xp ®)
kA*B kA kB
Thus, the thermal conductivity of the series arrangement is
k,k
kyp= ___"ATB )
X kg +Xgk,

ii. Heat conductivity of parallel arrangement: In this arrangement, the
gases are arranged in parallel with the x-coordinate (See Fig. 3). By
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thermal resistance method, the effective resistance of the parallel
composite arrangement is

L _ b + 1 (10)
Rap Ry Ry
A
A A,
GasA
Ty T,
GasB
Ag A;
: Lag :
Fig. 3 Separated parallel arrangement of gases A and B
This implies that
! = ! + ! 1)
LAB ( LAB ] ( LAB ]
ks Ay +Ap) kyAy kpAg
Eq. (11) can also be written as
kAHB(AA+AB)= ky Ay . kpAg (12)
Lyp Lyp Lyp
Eq. (12) can be simplified as
k AL kpAgL
B = ATTA—AB B‘"B—AB (13)

Lig(Ay+Ap)  Lyg(A, +4,)
It can be seen in Eq. (13) that AALAB/(LAB(AA+AB)) and
ABLAB/(LAB(AA+AB)) are the mole fractions of gases A and B
respectively, thus

kap =k X4 +kpXy (14)

Therefore, the average of the two heat conductivities from Egs. (9) and
(14) gives the mixture heat conductivity.

Kyix = 0.5k s_p +0.5k yp (15)
which implies that
kk
=05——48 405k, X, +kyX 16
mix XAkB + XBkA ( A A B B) ( )

This new equation, Eq. (16), is a function of mole fractions and thermal
conductivities of the pure component gases at the mixture temperature.
No special constants or coefficients are involved, except the 0.5
coefficients which were obtained from taking the average between the
two heat conductivity extremes.

3. COMPARISON OF MODEL RESULT WITH
PUBLISHED EXPERIMENTAL DATA

Tables 1-8 shows results of the proposed new model compared with
experimental results that have been previously published. The
individual gas conductivities were directly taken from the experimental
dataie. k,=ky, whenX,=1, X,=0 and k=k,, when

X5z =1, X, =0. The results showed that the proposed new model for

estimating thermal conductivities of binary gas mixtures offers results
with acceptable degree of accuracy for all cases of binary gas mixtures.
High errors of more than 10% occurred at some combinations of N,-He
(see Table 2 and 5) and O,-He (see Table 4). N,-He experimental
results from two different authors were checked and similar error by the
new model was observed. Therefore, the high error is not directly due
to experimental error. However, under the influence of gravity, He is
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very light and tends to go up or go in the direction opposite the action
of gravity when released in a heavier gas. Therefore, the N,-He and O,-
He mixtures have higher tendencies to violate the number two
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Table 2 Thermal conductivity of N,-He mixture at 30 °C and 45 °C.

(k is in cal/°C-cm-s)

assumption used in the derivation of Eq. (16). In fact, the N,-He and Temperature Xie Kexp X 10° Kunix X 10° %
0,-He mixtures will be perfect mixtures in zero g or when a mixing (Barua, 1959) Eq. (16) Error
device is used to ensure perfect mixing. The errors observed in the N,- 1.0000 36.35 36.3500 0.00
He and O,-He mixture results were due to indirect experimental errors 0.8864 2843 28.0966 117
caused by thej i.mperfec.tion of the.mixing of t.he two gases. In orQer to 07432 3152 223014 363
check the validity of this explanation of the high errors observed in the
N,-He and O,-He results, a mixture of He and another light gas was 30 °C 0.6041 17 18.3364 7.86
checked (see Table 8) and a mixture of N, and O, was checked (see 0.4681 13.02 15.1420 16.30
Table 6). In both cases it was observed that the new model, Eq. (16), 0.2893 9.904 11.4583 15.69
results have errors of less than 5%. 0.1528 8.044 8.8711 10.28
Additionally, more published experimental data were checked and 0.0000 6.116 6.1160 0.00
it was observed that the proposed model, Eq. (16) has errors averaging 1.0000 37.64 37.6400 0.00
less than 2% in most cases (Dael and Cauwenbergh, 1968; Ghambir and
Saxena, 1966; Imaishi et al., 1984; Imaishi andgKestin, 1984; Lindsay 0.8651 2823 280441 0.66
and Bromley, 1950; Mason and Saxena, 1958; Papari et al., 2009; Song 0.7362 22.06 22.9081 3.84
et al., 2010; Tipton et al., 2009). 45 °C 0.6241 18.08 19.5693 | 8.24
0.4981 14.38 16.4179 14.17
Table 1 Thermal conductivity of NO-CO mixture at various 0.2962 10.14 12.0523 18.86
temperatures. (k is in cal/°C-cm-s) 0.1562 8.337 9.2989 11.54
= = 0.0000 6.382 6.3820 0.00
XNo Kexp X 10 Kpmix X 10 %
Temperature (Barua et al., 1969) Eq. (16) Error
0.000 5.5 5.5000 | 0.00 Table 3 Thermal conductivity of N,-Ne mixture at 30 °C and 45 °C. (k
0.067 5.38 5.5073 2.37 is in cal/°C-cm-s)
0°C 0.246 5.44 5.5269 1.60
0.496 5.5 55543 | 0.99 Xxe kep X 10° | Ky x 10° [ %
0.741 5.56 55813 0.38 Temperature (Barua, 1959) Eq. (16) Error
0.959 56 5.6054 0.10 1.0000 11.62 11.6200 0.00
1.000 5.61 5.6100 0.00 0.9026 10.66 10.8806 2.07
0.000 6.82 6.8200 0.00 0.7754 9.716 10.0187 3.12
0.052 6.79 6.8363 0.68 30 °C 0.6954 9.914 9.5239 3.93
. 0.246 6.88 6.8974 0.25 0.4496 7.938 8.1692 2.91
80 °C 0501 6593 69785 | 070 0.3277 7.291 7.5668 3.78
0.752 7.03 7.0593 0.42 0.1286 6.524 6.6534 1.98
0.949 719 71233 0.93 0.0000 6.1 6.1000 0.00
1.000 7.14 7.1400 0.00 1.0000 11.98 11.9800 0.00
0.000 7.6 7.6000 0.00 0.9000 10.88 11.2175 3.10
0.058 7.65 7.6046 0.59 0.7612 9.878 10.2750 4.02
i 0.273 77 7.6218 1.02 45 °C 0.6504 9.365 9.5968 2.47
120°C 0,506 73 76404 | 205 0.4937 8.381 8.7221 4.07
0.739 7.82 7.6590 2.06 0.3038 7.543 7.7619 2.90
0.948 7.83 7.6758 1.97 0.1480 7.032 7.0352 0.04
1.000 7.68 7.6800 0.00 0.0000 6.384 6.3840 0.00
0.000 8.22 8.2200 0.00
0.050 8.13 8.2274 1.20 Table 4 Thermal conductivity of O,-He mixture at 30 °C. (k is in
160 °C 0.499 8.44 8.2945 1.72 cal/°C-cm:-s)
0.744 8.54 8.3313 2.44
0.942 8.40 8.3612 0.46 Xoy Kexp X 10° Ky X 10° %
1.000 8.37 8.3700 0.00 Temperature (Saxena et al., 1965) | Eq.(16) | Error
0.000 8.61 8.6100 0.00 0.0000 36.37 36.3700 0.00
0.057 8.51 8.6399 1.53 0.1500 27 26.6563 1.27
0.255 8.74 8.7446 0.05 0.3000 20.14 21.2918 5.72
200 °C 0.504 9.12 8.8781 2.65 o 0.4500 15.64 17.3342 | 10.83
0.734 9.20 9.0031 2.14 30°c 0.6000 12.3 14.0070 | 13.88
0.947 9.35 9.1205 2.45 0.7500 9.642 11.0163 | 14.25
1.000 9.15 9.1500 0.00 0.9000 7.621 8.2262 7.94
1.0000 6.441 6.4410 0.00
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Table S Thermal conductivity of N,-He mixture at 30 °C. (k is in cal/®

C-cm-s)
XN2 Kexp X 10 Kpix % 107 %
(Saxena et Eq. (16) Error
Temperature al., 1965)

0.0000 36.5 36.5000 0.00
0.1500 26.6 26.4152 0.69
0.3000 19.83 21.0064 5.93
30 °C 0.4500 15.34 17.0401 11.08
0.6000 11.52 13.7057 18.97
0.7500 9.31 10.7040 14.97
0.9000 7.401 7.8991 6.73
1.0000 6.102 6.1020 0.00

Table 6 Thermal conductivity of N,-O, mixture at 319 °C. (k is in cal/®

C-cm:s)
X02 Kexp X 107 Kpix X 10° %
(Saxena et Eq. (16) Error
Temperature al., 1965)
0.0000 10.7 10.7000 0.00
319°C 0.6098 11.19 11.2519 0.55
1.0000 11.62 11.6200 0.00
Table 7 Thermal conductivity of SO,-Ar mixture at various
temperatures. (k is in cal/° C-cm-s)
Xso2 | Kewx 10° Kpix X 107 %
Temperature (Gupta, 1967) Eq. (16) Error
0.000 4.389 4.3890 0.00
0.146 3.995 3.9999 0.12
39 °C 0.362 3.533 3.5085 0.69
0.572 3.228 3.0955 4.11
0.764 2.81 2.7560 1.92
1.000 2.374 2.3740 0.00
0.000 4.854 4.8540 0.00
0.151 4.419 4.4806 1.39
30.1 °C 0.28 4.233 4.1923 0.96
0.504 3.798 3.7418 1.48
0.79 3.214 3.2330 0.59
1.000 2.893 2.8930 0.00
0.000 5.22 5.2200 0.00
0.166 4.964 4.8830 1.63
o 0.344 4.609 4.5517 1.24
121.3°C 0.608 4.171 4.1044 1.60
0.798 3.838 3.8079 0.78
1.000 3.511 3.5110 0.00
0.000 5.699 5.6990 0.00
0.164 5.3 5.3716 1.35
o 0.381 4.982 4.9732 0.18
fo1.17C 0.556 4.684 4.6752 0.19
0.750 4.34 4.3645 0.63
1.000 3.989 3.9890 0.00
0.000 6.047 6.0470 0.00
0.215 5.698 5.6809 0.30
o 0.373 5.479 5.4284 0.92
2006°C 0.558 5.220 5.1477 1.38
0.782 4.848 4.8264 0.45
1.000 4.530 4.5300 0.00
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Table 8 Thermal conductivity of H,-He mixture at 30 °C. (k is in
cal/°C-cm-s)

XHe Kep X 10 Kpix % 10° %
(Cauwenberg Eq. (16) Error
and Dael,
Temperature 1971)

0.0000 44.380 44.3800 0.00

0.1006 42.967 43.5306 1.31

0.2516 41.169 42.2905 2.72

0.5066 38.502 40.2821 4.62

0.7001 37.138 38.8221 4.53

0.8001 36.689 38.0870 3.81

0.8523 36.590 37.7082 3.06

30°C 0.8799 36.483 37.5093 2.81
0.8823 36.528 37.4921 2.64

0.9133 36.535 37.2698 2.01

0.9213 36.510 37.2126 1.92

0.9400 36.523 37.0792 1.52

0.9600 36.563 36.9370 1.02

0.9800 36.578 36.7953 0.59

1.0000 36.654 36.6540 0.00

4. CONCLUSIONS

The proposed new equation for finding the thermal conductivities of
binary mixtures of gases gives results with good degree of accuracy. It
is applicable to any binary mixture of gases which includes mixtures of
monoatomic, mixtures of polyatomic and mixtures involving rare gases.
Unlike other models which are mostly direct functions of mole
fractions, component thermal conductivities, viscosities, molar masses,
densities and/or temperatures, the proposed new model is just a direct
function of mole fractions and component thermal conductivities. The
proposed new model still retains high degree of accuracy since thermal
conductivities of the mixture components are already functions of
viscosity, molar masses and/or temperature as can be seen in Eq. (2)
that mainly works for pure gases. It can also be shown from kinetic
theory that for pure gases (Turns, 2000)

1
302 L
k:( Ky }ZTZ a7

r*mo*

The new method eliminates some of the complexities involved in
models that were previously developed by other authors. However, the
new method is not recommended for mixtures involving a high density
gas mixed with a very low density gas say, He or H,, in non-zero
gravity conditions.

NOMENCLATURE

A area (rnz)

Cp specific heat (J/kg-K)

Gy coefficients base on molar mass and viscosities
K constant (W/m-K)

Boltzmann constant (J/K)

thermal conductivity of specie i (W/m:K)
length (m)

molar mass (kg/kmol)

molecular mass (kg)

gas constant (kJ/kg-K)

temperature (K)

interfacial velocity (m/s)

mole fraction of specie i

coordinate (m)

MR N®I EUIX

Q =

reek Symbols
i coefficients based on viscosity and conductivity

N
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R thermal resistance (K/W)

u viscosity (kg/m-s)

o molecular diameter (m)

Subscripts

A gas A

B gas B

AB gas A and B mixture

A-B A in series with B

AllB A in parallel with B

exp experiment

mix mixture

1 wall 1

2 wall 2
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