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Transfer phenomena in polar gases in an electric field are considered. A solution of the 
kinetic equation for polar gases with linear molecules in an electric field is presented in an 
approximation quadratic with respect to the interaction nonsphericity parameter. An ex­
pression for the thermal conductivity tensor of such gases is derived and it is shown that 
variation of the thermal conductivity coefficient depends on the field and pressure via E2/P. 

1. INTRODUCTION 

IT has been shown in several papers [1-.{J that the 
coefficients of viscosity and thermal conductivity 
of gases with nonspherical molecules depend on the 
magnetic field. Gorter [5] and Zernike and von 
Lier [s] relate this effect in a paramagnetic gas to 
the dependence of the collision cross section on 
the angle between the relative velocity of the non­
spherical molecule and its axis of rotation. In a 
magnetic field, as a result of precession, additional 
averaging of the nonspherical molecule collision 
cross section occurs. Therefore the probability of 
collisions in the field increases, and the transport 
coefficient decreases. An analysis of the depend­
ence of the thermal conductivity coefficient of a 
paramagnetic gas on the magnetic field, based on 
a magnetic equation that takes into account the ro­
tational degrees of freedom of the molecules [7], 

was made by Kagan and Maksimov [a]. 

Attempts to observe a similar change in the 
viscosity coefficient of nonspherical polar mole­
cules in an electric field by experimental means 
have been made in [9, 10]. Amme [9] established 
the variation of the viscosity of the gas COS 
(linear molecules with dipole moment fJ = 0. 71 
Debye), which is equal to -lJ.TJ/TJ = (0.47 ± 0.16)% 
when the ratio of the electric field intensity to the 
pressure is E/P = 52 kV / cm-atm. For ethyl 
chloride (symmetrical-top molecule with dipole 
moment fJ = 2.03 Debye) the value obtained for the 
change in viscosity was -lJ.TJ/TJ = (0.46 ± 0.16)% 
with a ratio of the electric field to the pressure 
E/P = 32 kV /em-atm. In the polar gas N02 ( fJ 

= 0.17 De bye) the effect was not observed. Amme 
used in his experiments an alternating electric 
field (40-100 cps) perpendicular to the gas flow in 
a glass capillary. He proposes that the arguments 

which explain the Senftleben effect are applicable 
to the given case too. However, the dependence of 
the viscosity coefficient on the electric field and 
on the pressure was not determined by him. 

Cioara [1o] measured the viscosity coefficient 
of a mixture of methane with ethyl alcohol vapor 
in a constant electric field. He observed that the 
change in viscosity is iJ.TJ/TJ ~ E 2, and that -LJ.TJ/TJ 
= 0.2% for E = 35 kV /em. The causes for the 
change of the viscosity coefficient were not dis­
cussed by him. 

In this paper we obtain, on the basis of a kinetic 
equation proposed by Kagan and Afanas 'ev [7], an 
expression for the thermal conductivity tensor of 
polar gases with linear molecules in an electric 
field. 

2. TRANSPORT COEFFICIENTS OF POLAR 
GASES IN AN ELECTRIC FIELD 

The cause of the precession that increases the 
average collision cross section of nonspherical 
molecules may be the interaction between the 
dipole moment and the electric field. There exists 
a direct connection between the change of the 
transport coefficient of polar gases in an electric 
field and the Stark effect in rotational spectra of 
molecules. The physical meaning of this connec­
tion lies in the fact that the energy of the Stark 
splitting of the rotational levels is, speaking in the 
language of classical mechanics, the energy of the 
precession of a polar molecule about the direction 
of the electric field. The change in the transport 
coefficient of the gas in the electric field is de­
termined by the nonsphericity of the molecule and 
depends on the ratio of the precession frequency to 
the collision frequency. Inasmuch as the preces­
sion frequency is proportional to the energy of the 
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(1)* Stark broadening, we expect for molecules with 
different degrees of symmetry, for which the Stark 
effect is linear or quadratic, a corresponding field 
dependence of the variation of the transport coef­
ficient. Thus, for example, inasmuch as the energy 
of the Stark splitting is proportional to E 2 for 
linear molecules, the change in the transport co­
efficient for molecules of this type will depend on 
Eo/P. Similarly, for molecule of the symmetrical­
top type we can expect a dependence on E/P1). 

The change in the transport coefficients should 
reach a saturation value, as is the case in a mag­
netic field when the electric field intensity is high 
and the precession frequency is much larger than 
the collision frequency. Since this saturation de­
pends only on the nonsphericity of the molecule, 
the saturation effect in the same polar gas should 
be the same in electric and magnetic fields. 

3. THERMAL CONDUCTIVITY OF POLAR GASES 
WITH LINEAR MOLECULES IN AN ELECTRIC 
FIELD 

As shown in [B], the kinetic equation for linear 
molecules, taking into account their rotation, is2 l 

at . at ( at) -+vV/+M-= - . at oM at col 

Here M is determined by the interaction of the 
dipole moment with the electric field. However, 
the dipole moment of a linear molecule is equal to 
zero, since the states of the molecule are nonde­
generate [!1], and therefore the field should initially 
induce a dipole moment and polarize the molecule. 

We consider a gas in the temperature interval 
where high rotational states of the molecules are 
excited and the vibrational degrees. of freedom can 
still be disregarded. In this case M can be ob­
tained from classical considerations. We write 
down the equation for rotation of a polar linear 
molecule with momentum M and moment of iner­
tia I in an electric field in the form 

l)An interesting exception are the molecules of the am­
monia type. For them the Stark effect will be quadratid' 2], 

for owing to the inversion motion of the N atom relative to 
the plane of the three hydrogen atoms the mean value of the 
projection of the dipole moment of the molecule in any direc­
tion is equal to zero. Therefore the variation of the transport 
coefficient in an elastic field should depend on E 2 /P for 
molecules of similar type. 

2)The rotational motion of the molecule is described by 
the moment of rotation M and the angle that determines the 
position of the molecule axis in a plane perpendicular to M, 
the distribution of the molecules with respect to this angle 
being of equal probability[7]. 

where E11 and E1 are the projections of the field 
parallel and perpendicular to the moment M0 of 
the molecule in the absence of the field. We seek 
a solution of (1) of first order in the ratio of the 
dipole-field interaction energy to the rotational 
energy, in the form 

M = Mo + Mu + M_1_. 

Substituting M in (1) and resolving this equation 
in terms of the chosen projections, we have 

The solution of the last equations can be readily 
obtained by recognizing that the dipole moment 
rotates with velocity n0 = Mo/I: 

~-tEll ~-tEl_ . 
M_1_ = Mo JQ02 , M11 = Mo JQ02 sm Q 0t; 

M1 corresponds to nutation of the momentum M 
around the direction of M 0 with velocity n0, and 
the small addition Mil denotes that a small periodic 
component is added to the constant rotation veloc­
ity n0• The mutation and the nonuniform rotation 
of the molecules lead to the occurrence of non­
zero projections with dipole moment J1, on the di­
rection M0 and on a direction opposite to E1. The 
mean values of these projections will be 

The interaction of the projections of the dipole 
moment with the field causes the molecule to 
precess around the direction of E. The preces­
sion energy is equal to the energy of the quadratic 
Stark splitting, and the moment of the force caus­
ing the precession is 

M = : -~:I (ME) [ME]. (2) 

We shall seek the distribution function in first 
approximation in the form 

I = j<Ol ( 1 + cp) ' 

where f (O) is the equilibrium distribution func­
tion [7J. In the case of the heat-conduction prob­
lem, we can represent cp by 

cp = - 'V2kT I mA Vln T. 

( 3) 

( 4) 

The unknown function A satisfies in this case the 
equation 

- (m/2kT) 'hf.OlC; --+ ---- +- ~(ME)[ME] ( M2 mCZ 7 ) 5 ZJ 

2/kT 2kT 2 I 4 M 4 
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where da is the differential cross section of the 
elastic collisions of the molecule without account 
of the nonsphericity and d r is the phase volume: 

df = MdllldQMC2dCdQc. 

The model of the collision is assumed to be the 
same as in the paper of Kagan and Maksimov [8], 
that is, in the right side of (5) 

.A .A 

w = 1 + MPz(cos gM) + P 2 (cos gMI) 
.A .A 

+ Pz(cos g'M + Pz(cos g'M1) ]. 

Here (3 is a parameter which takes into account the 
small nonsphericity of the molecules, P 2 is a 
Legendre polynomial, and g and g' are the relative 
velocities of the molecule before and after the 
collision. 

Equation (5) differs from the equation for a 
paramagnetic gas in a magnetic field [8] in the 
second term in the left side. In accordance with 
this, the expansion of the function A in terms of 
the irreducible tensors made up of the components 
of the vectors C and M should contain terms that 
are odd in C, and terms that are both even and odd 
in M. We seek an approximate solution of (5) in 
the form 3) 

A·=A·1 1+A·z z+A3 3+A4 4 
t '" \llh tk lpk <hllpht illlmlplt!m, (6) 

where 

(7) 

are unknown coefficients, 
((Jt, 1 = Ch(C2 - ''/z), cp~t2 = C"(M2 -1), (jlkt3 = C~tMt, 

(jl~Zm = Ck(MzMm- 1/3ilJ26zm). (8) 

Here and throughout in the text M and C are the 
dimensionless moment and proper velocity of the 
molecule, which differ from the earlier quantities 
respectively by the factors (1/2IkT) 112 and 
( m/2kT) 112• 

We multiply (5) by each of the functions (8) and 
integrate over the entire phase space. We then 
obtain the following system of equations for the 
unknown coefficients (7): 

"/4n6;j = T 11A;/, 1/znb;j = T22A;l + A~zm11zmkjT2', 
4 3 3 

·- yA;jzmE'tms = T33Aijs + Ai/dT33 ( ~) /1kjls, 

- 2yA;jlE'stl = T42An,211lljst + T44A;4hzm6hj!1lmst 

+A ;kim T44 ( ~) Dll.ilmst· 

(9) 

3 )This form of the solution will satisfy the condition for 
the conservation of the number of molecules, the momentum, 
and angular momentum and the energy. 

Here 
!1;.:zm = - 2/36ij6tm + {jil{jjm + 6;m6j[, 

Ezms = E-2 (elsqEqEm + EmsqEqEt) 

( Eikz-unit antisymmetri~al tensor), 
Y = 1 /4s~t2E2In / (2/kT)-'f,, 

T33 = 4f9n2Q(I,1J, T33(~) = 2j25 ~n2(4j3Q(1,1J _ Q(1,2J] 

( Q(Z,s) are the standard integrals of the kinetic 
theory of monatomic gases [ 13] ). The remaining 
coefficients and the tensor Dkjlmst are calculated 
in terms of Q(Z,s) in[8J. 

We seek the solution of the system (9) in the 
form 

(10) 

Here Aa does not depend on E, and yO' = 0 when 
E = 0. 

For the case 
5 n 

AI =4J'l1' 

E = 0 we get from (9) 
n [ 10 (T24)2l-1 

Az = 2T22 1 - 3 T22T'" - , (11) 

rz4 
A,= ---A2 • 2T'4 . 

When the field differs from zero, we obtain 
from (9) and (10) for Y(Y the system of equations 

If the nonsphericity parameter {3 is small, then 
the off-diagonal coefficients Tpq and the coeffi­
cients T 33 ( (3) and T 44 ( {3) are small compared 
with the diagonal ones. Since the thermal conduc­
tivity tensor contains Y1 and Y2 [8], and since it 
follows from the second equation of the system (12) 
that Y2 ~ Y4T2o/T 22 , we can neglect the last term 
in the third equation on the right side, and the first 
and third terms in the fourth equation. Substituting 
Yijl from the third system (12) into the fourth, we 
get 

4 
Y;jtm = aA,E;jzm, 

where 

E;;tm = 4E-•E;EiEtEm- E-2 (6ilEiEm + 6itE;Em 

+ 6;mE'jE't + 6jmE';E't), 

a = 2y2 I (T"T33 + 2y2). 

(13) 

(14) 

From the second equation of the system (12) it 
follows that 
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(15) 

Using expressions (11), (14), and (15) we can ob­
tain the coefficient of thermal conductivity in the 
absence of an electric field and the part that de­
pends on the field: 

(Aii,)E=o = /..oO;k, Ao = kn(2kT / m) (5/,At + 1/vi2), (16) 

!:J.f..;k ( E;Ek) 
~=-¢a ou,+-£2 - 1 , (17) 

(18) 

Expressions (17) and (18) 4) show that the coef­
ficient of thermal conductivity of a polar gas in an 
electric field decreases and becomes anisotropic. 
The dependence of Aik on the value of the electric 
field and on the pressure is determined by the co­
efficient a (14), in which y is equal to 

1 fl2n2 £2 

'\' = 96 (2IkT) '!,p. 
(19) 

It follows from (19) that at a fixed temperature the 
change in the thermal conductivity should depend 
on the electric field and the pressure only in 
terms of the ratio E 2/P as expected from the 
qualitative consideration when the analogy was 
made with the Stark effect. 

In the region of small values of the electric 
field the relative change in the thermal conductiv­
ity coefficient depends on y in the following man-
ner: 

(20) 

From ( 17) we can readily find the relative 
changes of thermal conductivity in cases when the 
electric field is parallel and perpendicular to the 
temperature gradient: 

!:J./,.L =-¢a, llAII =- 2\j)a. (21) 
Ao Ao 

Thus, for arbitrary fixed values of the field, tem­
perature and pressure we have 

4)Jn the corresponding expression ofi•], the second term 
in the curly brackets has a factor 5 in lieu of 25/4. This is 
apparently a misprint. 

(22) 

At sufficiently large values of the ratio E2/P 
the effect reaches saturation 

( !:J.Aj_ J = -¢ (~) = -2¢. 
Ao , v-+oo ' Ao v-+oo 

(23) 

It follows from (23) that the magnitude of the ef­
fect in the saturation is determined by the non­
sphericity of the molecule {3. 

The authors thank A. A. Sazykin and N. A. 
Kolokol 'tsov for interest in the work and useful 
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