Int. J. Therm. Sci. (2001) 40, 245-248
0 2001 Editions scientifiques et médicales Elsevier SAS. All rights reserved
S1290-0729(00)01212-6/FLA

Thermal diffusion factors in gaseous mixtures from
irreversible thermodynamics
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Abstract —Study of diffusion thermoeffect can yield quantitative information about the other transport coefficients, particularly
thermal diffusion factor. The diffusion thermoeffect is investigated for five different gaseous mixtures: Ny-Ar, N,-CO;, N2-N,O,
0,-C0O,, 0,-N,0. We employed a non-steady state method with a Loschmidt-type apparatus. The values of the thermal diffusion factor
were calculated for the above mixtures from experimental data on the basis of the irreversible thermodynamics. All measurements
were made at 293.15 K and 101.3 kPa. The results of these measurements are compared to the values from direct thermal diffusion
measurements, and also those calculated from the kinetic molecular theory of gases. Comparison of these measured values of thermal
diffusion factors with those of thermal diffusion measurements which are in literature shows good agreement. There is no information
for thermal diffusion factors of the O,-CO, and O,-N,0 pairs in literature which were measured in this experiment. 0 2001 Editions
scientifiques et médicales Elsevier SAS

diffusion thermoeffect / irreversible thermodynamics / kinetic theory of gases / Loschmidt apparatus / nonclassical
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Nomenclature Greek symbols
. or thermal diffusion factor

¢ massfraction 6 otential well depth J

Cp  heat capacity at constant pressure . JK~1.mol—1 ph o e; """"" -1

C*  ratioof collision integrals /Z" g,f?n' potentlf S J-mo

CcZ short range dispersion coefficient ¢ Ifference mass fraction in two

6 chambers

D diffusion coefficient . . . ... ... m2~s_1 AT ter‘nperature difference .. ... .. K

Ji flux denS|ty vector of mass . . . . . mol-m*2-5*1 ATmax maximum ternperature Change L K

Ju  flux density vector of energy . . . . Jm2s71 Ax  distance between thermocouple

K  apparatusconstant . . .. ...... Jm2s1 junctions . ... m

k Boltzmannconstant . . . . . .. .. J.K*l A thermal conductivity coefficient . . J-m_l-s_l-K_l

kr higher-order correction of thermal o massdensity . .. ........ .. kg-m—3

diffusion factor o entropy production . . . ...... JKk1s1

M  molamass.............. kg-mol—1

R gasconstant . ... ......... JK~Lmol—1

t time. . ................ S

T temperature . . ... ........ K 1. INTRODUCTION

T* reduced temperature = T¢/ k

x mole fraction When a difference in concentration of a physical
property exists for any properties of a system from one
region to adjacent region, a net transport of this property
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tools for determination of many chemical and physical
properties of matter. In this respect the determination of
transport coefficientsis of great importance.

Among the transport phenomena diffusion thermoef-
fect is of great significance.

The diffusion thermoeffect is the transfer of thermal
energy due to a mass gradient, and therefore, it can be
regarded as the inverse of thermal diffusion. Thermal
diffusion depends on the nature of the forces between
unlike molecules, more than most of gas phenomena. In
addition, thermal diffusion factors are used in difficult
separation of gas mixtures. The thermal diffusion factors
are also obtained from the diffusion thermoeffect. These
can be used in determining other transport coefficients.

Diffusion thermoeffect was discovered by Dufour [1]
in 1872 and is known as the Dufour effect. The Dufour
effect was not investigated until it was rediscovered by
Clusius and Waldmann [2] in 1942.

A study of the pressure dependence of the diffusion
thermoeffect was made by Mason et al. [3]. An experi-
mental study of the temperature dependence of the Du-
four effect was made by Boushehri [4]. Effect of ther-
mocoupl e separation and pressure on diffusion thermoef-
fect was investigated by Boushehri and Moghadasi [5].
Finally, Bordbar et al. [6] modified the thermal diffu-
sion factor equation by using the perturbation technique
and deriving a new formula. In this paper we report
thermal diffusion factors for No—Ar, No—CO», N>—N>O,
02—CO02, O>—N,0 from irreversible thermodynamics.

2. CALCULATION OF THERMAL
DIFFUSION FACTOR ON THE BASIS
OF IRREVERSIBLE THERMODYNAMICS

When two transport processes take place simultane-
oudly, they may interfere and produce cross phenomena.
An exampleisinterference of diffusion and heat conduc-
tion, which givesrise to diffusion thermoeffect. In this ef-
fect atransient temperature difference arises from a con-
centration gradient for two gases (Iabeled by subscripts 1
and 2) at the sameinitia temperature diffusing into each
other.

Entropy production, o, for an isotropic medium in
which only mass and energy transfer occur is given by

a=Ju~v<%>—ZJ,~V<%> (1)

For a two-component gaseous mixture at constant pres-
sure P and constant temperature T', equation (1) is writ-
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tenas

1 1 (9
o=—5J,-VT (ﬂ> J1-VC1 (2)
T,P,Cy

T2 YA
where
9 (i
=J.-) —(=) I 3
Jo=1J 28T<T>PJ 3)
The thermal diffusion factor a7 is defined as
L ur\ L
ar = —4 (ﬂ) 4
L11C1\0C1 T.P

where L1, and L1 are phenomenological coefficients.
By using the Onsager reciprocity relation, L1, = L1, it
can be shown that

o
= —AVT — — D vC 5
Jq p1<8C1>T,P 12arVC1  (5)

By using local form of conservation of energy and in the
absence of convection, it can be shown that

aT o1
pCp (¥> =V. I:)»VT + '01<8—C1>T!PD120[TVC1:|
(6)
Sometime after interdiffusion of gasesinto each other,
maximum temperature difference, ATmax, is created in

the system. At this condition, from equation (6) thermal
diffusion factor will be obtained as[7]

_ (KAx = AATma){C1[M1 — C1(M1 — M) 1}
B p1RT D12AC1

ar

()

The apparatus constant, K, depends on the geometry

of the cell (in particular, the position of thermocouples)

and must be determined experimentally. It is possible to

leave K = 0 as Rastogi and Madan [8] did, but thisis not

the most general equation. Equation (7) was used in this
work to calculate a7 from observations of A Timax.

From the kinetic theory of gases, the thermal diffu-
sion factor a7 for binary gas mixture according to revised
principle of corresponding states is given by the follow-
ing expression [9]:

X181 — x252
X201+ x302 + x1x2012

)(1 +kr)
©

where k7 is a higher-order correction term and usually
negligibly small. S1, S2, Q1, Q2, and Q1 are functions
of masses, collision integrals, and collision diameters.

ar = (6C _5)<
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The collision integrals are calculated on the basis of the
revised principle of corresponding states as follows[9]:

e molecular gases:

1<T*<10

2122 — exp[0.46641 — 0.56991InT*
+0.19591(InT*)* — 0.03879(In T*)*
+0.00259(In7*)"] (9)

2% = exp[0.295402 — 0.510069InT*
+0.189395(InT7*)° — 0.045427(InT*)°
+0.0037928(InT*)"] (10)

e noble gases:

T*<1.2

*

1/3
9(2,2)* — 11943<T_i> [1+a1(T*)1/3+a2(T*)2/3

+a3T* +aa(T*)"° + as(T%)*° + a6(T%)]
(11)
where
a; =0.18
a»=0
a3 = —1.20407 — 0.195866(C%) >

as = —9.86374+ 20.2221(CE) /°

as = 16.6295 — 31.3613(CZ) /°

ag = —6.73805 + 12.6611(Cg) ~/°

*

Qv = 1.1874(T—2>1/3[1 + b2 (T*) 2 4 bp(17)?°
b3 (1) +ba(17) ¥ + bs(1%)7° 4 b6(77)]
(12)
where
b1=0
b=0

b3 =10.0161 — 10.5395(C%) /°

ba = —40.0394 + 46.0048(C%) /°
bs = 44.3202 — 53.0817(cg) " /°
be = —15.2912 + 18.8125(Cg) /°

1<T*<10

222* — same as equation (9)

2% = exp[0.357588 — 0.472513InT*
+0.0700902(In7*)® + 0.0165741(In T*)*
—0.00592022(InT*)*] (13)

3. EXPERIMENTAL

The measurements are reported here were made with
an apparatus essentially similar to that used by Boushehri
and Ghoharshadi [10]. The apparatus consists of two
double-walled glass cylinders, with each inner cylinder
having volume of 380 ml. A two-junction thermocou-
ple and a Leeds & Northrup potentiometer were used
by which AT could be measured to +0.005 K. The two
half-cells were connected by a stopcock having a bore
of 23 mm diameter. Temperature of the apparatus was
kept constant in a water bath at 293.15 K with an un-
certainty of +0.2 K. The experiments were carried out
under constant pressure of 101.3 kPa. The apparatus al-
lowed reaching thermal equilibrium in the water bath for
2 hours. Then, the annular spaces between the double
walls of the cells were evacuated to minimize heat 10oss.
It was allowed to remain for 2 hours to ensure constancy
of temperature. When the stopcock was opened, interdif-
fusion of two gases caused a temperature gradient across
the two junctions of the thermocouple which was mea-
sured with the potentiometer. The maximum temperature
change and time for its attainment were recorded.

The gases used in this research are Ar, N2, O, CO,
and N2O. The minimum purity of these gaseswas at least
99.5%, and they were used without further purification.

The studied mixtures were: Ar—Np, N2—COo,
N2>—N-O, O,—COo, and 02>—N>20.

4. RESULTS AND DISCUSSION

The observed values of ATmax are listed in table I.
The apparatus constant, K, was estimated by setting
the known value of thermal diffusion factor, «p, for
02—CO2 mixture in equation (7). This value of a7 was
calculated from eguation (8). This value of K was used
for the calculation of the thermal diffusion factor from
experimental data by equation (7).
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TABLE |
Thermal diffusion factors ay for gaseous mixtures.
System  ATmax  otexp from  aineo from o from
(K) equation (7) equation (8) therma diffusion
measurements

No+Ar 0077  0.0437 0.0561 0.0712
No+CO, 0.069  0.0588 0.0734 0.0612
N>+N>,O 0.053  0.0589 0.0696 0.0482
0,+CO,; 0.058  0.0520° 0.0520 -
0,+N,O 0.050 0.0519 0.0561 -

aThese values are reported in [13].

bThisvalueis calculated from equation (7).
€ There are no experimental values available for these mixtures.

The thermal diffusion factors also were calculated
from kinetic theory of gases at equimolar concentration
according to equation (8).

In the pervious works [4, 5, 7, 10], Lennard-Jones
potential was used for calculating the collision integrals
for polyatomic gases, but here we used the revised
principle of corresponding states [9].

The comparison between experimental data and theo-
retical thermal diffusion factor showstheerror lower than
25%. Theuncertainty in AT isof the order of £0.005K,
the error in a7, however, cannot be obtained on the ba-
sis of this error in AT alone. Considerable uncertainty
enters the calculated values of a7 because of the uncer-
tainty in A1, p1, and D12. For A and p the values of the
pure componentswere used, since typical values of ACy
were close to unity. D12 was calculated from equation
(C4) of [9] by using the revised principle of correspond-
ing states.

In addition, we assumed that the gases are ideal and
neglecting a correction in evaluating the thermal diffu-
sion factor for the heat transport due to the imperfection
of the gases.
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APPENDIX

The values of C1 could not be measured directly, they
can be obtained by using integrated form of Fick’s second
law of diffusion, which iswritten as[11]

1 x
Ci=1-C, (A.2)

where D1y is the diffusion coefficient, x is the distance
between thermocouples and diffusion interface and equal
to Ax/2, t istime when AT reaches a maximum value
and obtained from experiment, C; is the mass fraction of
the particular component in the second chamber at timez,
and Co is the mass fraction of the lighter component at
time zero, which isequal to unity, erf isthe error function
and is described by [11]

erf(x) = 27 ~1/2 / edy,  ef(co)=1 (A3)
0

The values of error function are tabulated in [11, 12].



