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ABSTRACT

The influence of an external field on the transport phe-
nomena in polyatomic gases leads to detailed information about
the kinetic theory of such gases. In particular, a magnetic
field gives rise to transverse transport, perpendicular to both
the macroscopic gradient and the field. The present experimental
results, along with other recent results from our laboratory,
comprise a complete set of data on such transverse effects oc-
curring in heat conducting and diffusing gas mixtures, vZ3z.,
simple heat conduction and diffusion and also their cross ef-
fects, thermal diffusion and the diffusion-thermo effect. Spe-
cial emphasis is given to the phenomenology of these effects
and to experimental techniques.

I. INTRODUCTION

Experimental studies on the influence of magnetic and elec-
tric fields on gas transport properties (the so-called Senftle—
ben-Beenakker effects) have now progressed so far, that a survey
of results on these effects is in order. Theoretical studies
have proven that these data provide essential information con-
cerning the binary interaction of polyatomic molecules. Why an
external field influences the transport properties of polyatomic
gases and how this effect is related to the nonspherical part
of the molecular interaction potential can be understood in the
following way. By applying a macroscopic gradient in a polyatom-
ic gas, not only an anisotropy in the velocity distribution is
produced, but via collisions also anisotropies (polarizations)
in the combined velocity and angular momentum space. The col-
lisional production of these anisotropies is strongly determined
by the angle dependent part of the intermolecular potential. If
now a magnetic field is applied the field will interact with the
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magnetic moments that the molecules possessdue to their rota-
tion

B =g My (1)

where g is the molecular g-factor, J the rotational angular mo-
mentum and 1. the nuclear magneton. The resulting Larmor-preces-—
sion of the angular momenta around the field direction will par-
tially destroy the anisotropy in the velocity-angular momentum
space. This will cause the transport properties to change. The
typical condition for this effect to occur, is expressed by

wt ~ 1, where w is the Larmor precession frequency proportional
to the field strength B and 1 is the time scale for the decay

of an angular momentum dependent polarization through collisions,
which is inversely proportional to the pressure p. Hence field
effects are expected to be functions of B/p. For molecules
having electric dipole moments, precession can also be achieved
by applying an electric field E; in that case the effects are
generally functions of E/p.

The field dependences of the effects are - for a given
polyatomic gas — different for each angular momentum dependent
polarization present. Hence measurements of the change in trans-
port properties will give information on the relative impor-
tance of the various angular momentum dependent polarizationms,
which are, as already mentioned, determined by the nonspherical
part of the molecular interaction potential,

For dilute polyatomic gases these field effects on trans—
port properties have been studied extensively over the last
years (some references to experimental work can be found in Ta-
ble I). For various kinds of molecules experiments have been
carried out for the magnetic field influence on the shear vis-
cosity n and the thermal conductivity A. The effect was studied
as a function of temperature both in pure polyatomic gases and
in mixtures with noble gases. Similar experiments have been per-
formed in an electric field. In addition field effects on the
thermal diffusion and its reciprocal effect, the diffusion-
thermo effect or Dufour effect, have been studied in various
polyatomic-noble gas mixtures. Finally the magnetic field effect
on diffusion was measured most recently. It should also be men-
tioned that measurements of the field effects on transport phe-
nomena of rarefied polyatomic gases (I1/p effects) have also
been performed (see, e.g., contributed paper 59).
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Table I

Some references to experimental work on magnetic and
electric field effects in dilute polyatomic gases

Magnetic field Ref. Remarks
effects on
Shear viscosity n 1,2,3,4,5 pure gases/mixtures/
various temperatures
Thermal con- A 6,7,8,9,10,11 pure gases/mixtures/
ductivity various temperatures
Thermal dif- DT 12,13 mixtures/T = 300 K
fusion
Dufour effect 62& 14,15 N,-Ar (.50-.50)/
T7= 300 K
Diffusion D 16 mixtures/T = 300 K
Electric field Ref. Remarks

effects on

Shear viscosity n 17,18,19
Thermal con- A 18,20,21,22
ductivity
Thermal dif- DT 23
fusion

II. THEORY

In this paper we will restrict ourselves to the magnetic
field effects in heat conducting and diffusing gases. As il-
lustration of these magnetic field effects we will first dis-
cuss heat conduction through a polyatomic gas in a magnetic
field. In the presence of a magnetic field the thermal conduc-
tivity A is no longer isotropic. Using symmetry arguments it
can be shown, that the energy flux density is then described
phenomenologically by the generalized Fourier law
q = -A.9T . (2a)

When the magnetic field B is taken into the z-direction, B =
(0, 0, B), the second rank tensor A is of the form
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The physical meaning of the three coefficients A , X and AT
is shown in Fig., 1. The diagonal elements denote the heat flow

)\// }\l )\tr
I+AT IQAT
. . L1 A
T P ; //) P i
B B

Fig. 1. The/phy31ca1 meanlng of the thermal conductivity coef-
ficients A and A rlln a magnetic field B. Note that in the
absence of the field, M =l =2(0) and At¥ = 0.

parallel to an applied temperature gradient in the presence of

a magnetic field parallel to the gradient (A/) or perpendicular
to the gradient (A ), while AT corresponds to transverse heat
flow perpendicular to both apilled temperature gradient and mag-
netic field. The quantities A’ and A are analogous to magneto-
resistance in electrical conductance, while ALY is aeflogous to
the Hall coefficient. As in the electrical analogon X' and AL

are even functions of the field, while AT is an odd function of
the field. Experimentally one flnds indeed for polyatomic gases
that the quantities amd o=l (B) - A(O) (A(?) is the field free
thermal conductivity coefficient), AN = A (B) - A(0) and AtT
are nonzero.

A kinetic theory treatment for the various field effects
has been developed. Although different methods and techniques
for calculating field dependences and magnitudes of field ef-
fects exist, basically all methods start with a Chapman-Enskog
type of perturbation theory: the one-particle distribution func-
tion f for a gas in the presence of a macroscopic gradient (e.g.,
a temperature or concentration gradientg differs slightly from
the Maxwellian equilibrium function £(0), The deviation is ex-
pressed as

£ 4y, 3)
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¢ being the deviation from equilibrium, linear in the first
derivatives of temperature, concentration etc. (second order
derivatives which lead to Burnett coefficients play a crucial
role only in the rarefied gas regime and can be neglected in
the dilute gas regime)., Thus, in the case of a temperature
gradient, e.g., one has

¢ = -A.VT . (4)

For noble gases the vectorial quantity A is a vector function
of the reduced molecular velocity W. For a gas of polyatomic
molecules, however, the situation is more complicated since
then two vector quantities, namely the reduced molecular veloci-
ty W and the angular momentum J, must be taken into account.
Consequently A has to be expanded in terms of the polar vec-—
tors, which can be constructed from W and J

A= aIH ta, W.J)J + as WA J) . (5)
The second and third terms in Eq. (5) are the angular momentum
dependent polarizations, which give rise to the field effects.
For a detailed theoretical treatment the reader is referred to
Refs, 24-29. It was found that the field dependences of the

elements of the transport tensor A have the following
form}1,30,31,32 =

AN A
= = —wlz[zf(mlz) ]+ ], 26Gut ) (6)
AAl A A
= —le [ f(lez) + 2f(2wT12)] + wll f(wtlz) 7
tr
A A A
5 = —le[ g(wrlz) + Zg(Zlez) ]+ ¥l g(wrlz) (8)
with
2 2
£(ur) = —— 9)
1 +wr
and
glwt) = ***215—7 . (10)
1 +wr

WT, and W? reflect the contributions of the W J J polarization
(tﬁe seconé term in Eq. (5)) and the W J polarization (the
third term of Eq. (5)), respectively, while t1,, and tT,, are the
time scales for the decay of the polarizations and w 1s the



782 KNAAP, 't HOOFT, MAZUR, AND HERMANS
Larmor precession frequency

W= — . an

The quantities le, W?], T2 and T, can be determined by the

experiment.
As an example results for N, are shown in Fig. 2. The ex-
perimental results could be fitted to the theoretical expres-—

sions (Eqs. (6), (7) and (8)) using le, }1, T2 and T, as
‘IMO3 T T T T T T T T T
N2

T=85K

02 gjp | 10 mT/Pa 100 200
—_—

Fig. 2.Results for the three thermal conductivity coefficients
for N.. The curves drawn through the experimental points repre-
sent the theoretical expressions (Eqs. (6), (7) and (8)). The
behavior as a function of B/p reflects the typical dominance

of the W J J polarization (the second term in Eq.(5)) found for
most simple gases.

adaptable parameters. It was found that the dominant contribu-
tion to the effects stems from the W J J polarization. For some
gases also a small contribution from the W J polarization was
found. The most sensitive method for evalu ilng the importance
of the W J pflarlzatlon is to studg (Ax /X" at? the ratio of
Ax/x and” N high B/p values®. This ratio can be deter-
mined in one apparatus and is therefore not affected by syste-
matic errors.

In the case of binary gas mixtures more transport phenome-
na can be studied. We can write down the following two phenome-
nological equations for the heat flux q as well as for the



SENFTLEBEN-BEENAKKER EFFECTS IN GAS MIXTURES 783

particle flux jl caused by a temperature or concentration
gradient

= — —-—.—L

g =-r ¥ - i (12)
A*B

i =-2Dp_ VT - D v (13)

I T °T = n Xy

where p is the pressure of the gas, Xy the mole fraction of com-
ponent & (& = A or B), n the particle density and T the tempe-
rature. The first term of Eq. (12) reflects the ordinary heat
conduction, and the last term of Eq. (13) diffusion. The two
remaining terms correspond to cross effects: a temperature
gradient also gives rise to a particle flux (thermal diffusion;
D.. is the thermal diffusion coefficient). Inversely, a concen-—
tration gradient gives rise to a heat flux (diffusion thermo
effect or Dufour effect, the reciprocal effect of thermal dif-
fusion; o, is the diffusion-thermo coefficient). These two ef-
fects are convected by the Onsager relation

DT=oUT . (14)

This gglation was confirmed experimentally by Waldmann in
1946

When a magnetic field is applied the scalar tramsport coef-
ficients in Eqs. (12) and (13) have to be replaced by second
rank tensors (cf. Eq. (2a)):

- - - _P
g =-A .UT oZ.. %, (15)

1<

-
|
=]

()

D .Vx (16)

g %

where for ), 87, D and D one has schemes similar to that for A
. = =T =T = pAY
in Eq. (2b)
S L
T={ T, o0 (T = A, b, D, or D).  (17)
= / T T
0 0 T

The diagonal elements of these matrices are even, the off-dia-
gonal ones are odd in the magnetic field:
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T/- (B) Tﬂ (—B)
¥ ® = T (-B) (T =, o, D

Ttr(B) - —Ttr(—B)

T OF D). (18)

Onsager relations in the presence of a magnetic field require
that

g ®-o a9
1j ji
or, combining the Eqs. (18) and (19)
/ / /
&y, ®) = D (-B) = 1 ()
Fo® = 0B =0, ® ) Z® =D, (0
Ly (B) = -D;"(-B) = D" (B)

In the same way as for the coefficients of ), theoretical
expre581ons for the field dependence of the coe‘flclents of oJ.
and D have been derived %uatloBs similar to Eqs (6?,
Z?) and (8) are found with or V¥ replac1ng ¥A, From
these expressions an 1nterrelatlon between the various trans—
verse coefficients follows

tr
tr, _ tr A
|DT = Vxx, D TR - 21)

This relation is only valid for the contribution of each polari-
zation separately.

From early measurements of the field effect on thermal con-
ductivity (see Fig. 1)/it followed, that data on at least two
elements of ) (e.g., A and Al) are needed to determine the
relative importance of the various polarizations. The interest
in measuring now also the field effects on the other transport
properties, by measuring, e.g., two coefficients of each tensor

and D, lies in the following three facts., First of all
Egese measurements give analogous information as the measure-
ments of ), namely information on the presence of various o-
lariza 1ons in heat conductlng and diffusing gases. Vb
W?Z’ VﬁT, ¥PT and ¥D_ are determined. These ¥'s are re%ateé
by klnetlc Eheory to collision integrals or effective cross
sections, which are strongly dependent on the nonspherical part
of the intermolecular potential. Since all coefficients are
described by the same T and T a check on the reliability of
the results is obtalned Secondiy an Onsager reciprocity rela-
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tion in the presence of a magnetic field is tested (Eq. (20)).
Thirdly the validity of the interrelation between the different
effects (Eq. (21)) can be checked.

III. EXPERIMENTAL

Perhaps one of the most interesting features of the Senft-
leben-Beenakker effect is the existence of transverse effects,
Z.e., transport perpendicular to both applied gradient and mag-
netic field. Since the apparatus for measuring the parallel and
perpendicular coefficients are in principle the same as those
used for measuring transport coefficients in the field free
case, we will only describe the apparatus for measuring trans-
verse coefficients. The transverse effects caused by a tempera-—
ture gradient or concentration gradient (c¢f. Eqs. (15) and (16))
are illustrated in Fig. 3. For the thermal conductivity 'trans-
verse effect" means that under the influence of a magnetic field
a transverse heat transport will occur perpendicular to the ap-—
plied temperature gradient (Fig. 3a). In the same way trans-
verse particle flux perpendicular to the applied concentration
gradient will occur in the case of diffusion (Fig. 3d). For the

b. Therma!  diffusion
a. Thermal conductivity and d. Diffusion
c.Diffusion thermo (Dufour)etfect

Fig. 3.The physical meaning of the transverse effects caused by
a temperature gradient or concentration gradient in a magnetic
field perpendicular to the plane of the drawing.
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cross effects thermal diffusion and diffusion thermo-effect one
gets a transverse particle flux perpendicular to the applied
temperature gradient and a transverse heat flux perpendicular
to the applied concentration gradient, respectively (Figs. 3b
and 3c). Before going into the details of each apparatus sepa-
rately given in Figs. 4 through 8, we will discuss some general
features.

In principle each apparatus for measuring these effects
consists of a rectangular or cylindrical channel. The directions
of magnetic field, applied gradient and transverse flux will be
the same in each experiment (see Fig. 3). Furthermore the dimen-—
sion of the channel in the direction of the applied gradient
will be called height (h), in the direction of the transverse
flow width (w) and in the direction of the applied field depth
(d). These dimensions are listed together with some other data
in Table II.

Rather than measuring directly the transverse heat flux g
(or particle flux jtT), a corresponding temperature difference
ST (concentration difference 6x) across the width of the channel
is measured, because this is experimentally much simpler. For
the heat conductivity experiment, e.g., in the stationary case
the observed temperature difference 8T across the width w of the
channel is found to be using Eq. (2)

tr

w

h

where AT is the applied temperature difference across the height
h of the chamnel (VT = AT/h). As will be clear from Eq. (22),
one should like to choose the ratio w/h as large as possible

in order to achieve maximum sensitivity. However, in order to
reduce the short-circuiting effect caused by the ends of the
channel, which are kept at temperatures T and T + AT one would
like to have w/h << 1, Consequently we will have to make a com-
promise and the height will be of the same order of magnitude
as the width. Similar considerations hold for the diffusion ex-
periment, Only in the case of a cross effect, when the trans-
verse flux and the applied gradient have a different nature the
sensitivity can be increased dramatically by choosing w/h>> 1,
For the thermal diffusion, e.g., one has

}\tr
8T = " AT (22)

Dtr

w T AT
§x = T T (23)
. . tr tr
When temperature differences are measured (X and J. ), the
walls are made of thin, low thermal conductance material (Mylar).
When concentration differences are measured (D,E,r and DY) brass
is used to ensure temperature homogeneity.

The particular features of each apparatus will now be dis-

cussed separately.
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a. Thermal conductivity:kt?A sche-
matic diagram of the apparatus is 5T
given in Fig. 4. The cylindrical
wall was constructed from a Mylar
sheet of thickness 190 um, while .
upper and lower plate were made of ]+ AT
brass. A temperature gradient was ‘
set up by an electric heater in
the top plate. The field induced vT
transverse temperature difference
is measured directly in a Wheat- ,_J
stone bridge arrangement with q"
two small thermistors glued at
both sides of the channel.

/'/ T T~
b. Thermal diffusion:D’. In the mm“ I“m“
case of the thermal diffusion ex- "m"
periment, we have a transverse

concentration difference due to
an applied temperature differ-

ence. A very high sensitivity Fig. 4.Schematic diagram
can be achieved by an appropri- of the thermal conducti-
ate choice of the geometry vity apparatus. The di-
(w/h >>1). In order to fit such rection of the transverse
a channel between the poles of heat flux is the one ob-
the magnet a design as shown served for NZ'

in Fig. 5b is chosen. The chan-
nel consists of 20 sections con-
nected by holes. This yields a channel of effective width

1480 mm. Adjacent channel sections are separated by means of
brass foil of 50 um thickness. The concentration difference
across the channel is determined by measuring the difference

in thermal conductivity of the gas at both ends of the channel.
For this purpose the ends of the channel were connected to two
chambers in a thermally isolated copper block (not shown in
Fig. 5 and placed outside the magnetic field) in which two
thermistors (katharometer type) were placed. By heating up
these thermistors in a Wheatstone bridge arrangement very

small changes of the thermal conductivity (and thus very small
corresponding concentration differences; see Table II) could be
detected, Calibration was achieved using mixtures of known com-
position,

e. Diffusion thermo (Dufour) efééct d¢ An apparatus previous-
ly used for another experiment was employed The schematic
diagram of this apparatus in Fig. 6 shows the rectangular chan-
nel made of Mylar of thickness 75 um. A concentration gradient
across the length of the channel is set up by connecting each
end of the channel to a 20 % bulb filled with a pure component
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Ox vT
)
hi

CoLD Jtr
w J

5b

Fig. 5a.Schematic diagram of the thermal diffusion apparatus.
The direction of the particle flux is the one observed for N,
in a N,-Ar mixture,

Fig. 5b.Thermal diffusion apparatus used to fit the channel

between the poles of the magnet. Compare with Fig. 5a and note
that h is the dimension of the channel in the direction of the
applied gradient and w is the direction of the transverse flux.

In order to obtain a high sensitivity w/h has been chosen as
high as 247,



790

allowing measuring times of several hours.

This decreasing concentration gradient is
monitored by measuring the difference in
thermal conductivity between the gas mix-
tures directly at the ends of the chan-
nel. The field induced transverse heat
flux qtT gives rise to a temperature dif-
ference 8T across the width of the chan-
nel which is measured by means of two
small thermistors glued onto the narrow
walls of the channel. In order to relate
the observed temperature difference to
qtT, a calibration heat flux was pro-
duced by electrically heating one side

of the channel.

d. Diffusion D*. The apparatus is shown
in Fig. 7. The concentration gradient is
set up by connecting each end of the
channel to a 50 % bulb. The measurement
of the transverse concentration differ-
ence is done in the same way as for the
thermal diffusion experiment: two small
holes in the narrow walls of the chan-
nel are connected to two detection
chambers in a copper block placed out-
side the magnetic field.

6X
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6T

Fig. 6.Schematic
diagram of the dif-
fusion thermo ap-
paratus. The direc-
tionsof the applied
N, concentration
gradient and of the
observed heat flux
for a N,-Ar mixture
are indicated.

Fig. 7.Schematic
diagram of the dif-
fusion apparatus.
The indicated direc-
tions of applied
concentration gra-
dient and of the ob-
served transverse
particle flux are
those for N, in a

N2—Ar mixture.
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IV. RESULTS AND DISCUSSION

First of all consistency tests have been performed with
each apparatus. It was verified that the measured transverse
fluxes are linear in the applied gradients and that no effects
were observed for noble gases. Furthermore it was checked that
the transverse effects are odd functions of the magnetic field.
Since the directions of the transverse fluxes are determined by
the sign of the molecular g—factorlo, it could also be verified
that the observed directions of the transverse fluxes are in
agreement with the signs of the molecular g-factors obtained
from other experiments, In some cases previously unknown signs
of g-factors were determined.

Experimental results for the gas mixture N,-Ar (xy, = 0.5;
T = 300 K) for each experiment, corrected for (small) Kiiudsen
effects, are shown in the Figs. 8a through 8d as an example of
all the results obtained. Note that ALY could not be measured
at 300 K for experimental reasons (radiative heat 1o;ses). How-
ever, this curve was constructed from the AX- and AN data,
which can be reliably done, as was shown from the 85 K data
where all three curves were measured (see Fig. 2).

It should be remarked that also the difference between the
perpendicular and parallel coefficients can be measured in
principle in the same four apparatus described in Figs. 4
through 7 by appropriately orienting tgf magnetic g}eld ith
respect to the apparatus. In this way T D and - were
measured (see Figs. 8b and 8d). It was verified that these ef-
fects are even in the field.

By comparing the results of thermal diffusion and diffu~
sion thermo-effect (Figs. 8b and 8c) the Onsager relation ex-
pressed in the third line of Eq. (20) can be verified. The two
coefficients DEY and&ELY are found to agree within the joint
experimental error, which indeed confirms an Onsager reciproci-
ty relation in the presence of a magnetic field.

The observed field dependence of the Senftleben-Beenakker
effects is in excellent agreement with the theoretical pre-
dictions of kinetic theory--: 6,25,29 pased on the solution of
the linearized Waldmann-Snider equation. A detailed account of
the theory is outside the scope of the present survey. The re-
sults of a comparison between experimental results and theory
will be treated summarily. Furthermore it was found that the
four experiments (A, D, oJ, and D) yield the same values for
Ti9 and T 1 in agreement with theory (see Egs. (6) - (8)

In tﬁe kinetic theory, starting from the Waldmann—-Snider
equation, Z.e., the quantum mechanical analogon of the Boltz-
mann equation, one finds expressions for T and VY in terms of
collision integrals or, equivalently, effective cross sections,
For 1 one has

aB
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Fig. 8a. Experlmental fesults for the thermal conductivity coef-
ficients aAxl/x and A /A for N,-Ar at T = 300 K. The drawn cur-
ves are the theoretical curves fitted to the experimental

points. The dashed curve reflects the behavior of AtT/A as cal-
culated with the data obtained from the other two coefficients,

Different symbols denote different pressure runs ranging from
20 Pa to 250 Pa.

1“0_3 T T IIIIII] T T T XIIYII T T T T TTTT
~ N, Ar 7
L {0S0-050) .

1111
0

SRYA 1 0 mfpa W0
—— .

Flg. 8b. Experlment results for the thermal diffusion coeffi-
cients D r/D and (D ) /2D for Np-Ar at T = 300 K. The drawn
curves are the theoretlcal curves fitted to the experimental
points. Different symbols denote different pressure runs ranging
from 100 Pa to 250 Pa.
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1‘0-3 1 Illll]ll T llllllll T T T TTT7T

N,—Ar ]
L {050-050) 4

| llllllll 1 llllllll 1 Lt 41111

0
of B/p 1 0 mr/pa 0
—

Fig. 8c.Experimental results for the transverse diffusion ther-
mo (Dufour) coefficient for N,—Ar at 300 K. The drawn curve is
the theoretical curve fitted to the experimental points. Within
the joint experimental error the results foro0Lt¥/D coincide
with the ones for DIT/D (compare Figs, 8b and gc). Different
symbols denote différent pressure runs ranging from 100 Pa to
250 Pa.

-3
1x10 T T IlTlll[ T T IlTllll T T T TTTTT

N, - Ar 1
(050-050) .

T

0 L i1 111l
m B/p 1 10 mT/Po 100
—_—

Fig. 8d.Experimental results for the diffusion coefficients
DYT/D and (Y - DY/2D for N_-Ar at 300 K. The drawn curves are
the theoretical curves fitted to the experimental points. Dif-
ferent symbols denote different pressure runs ranging from

150 Pa to 600 Pa,
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_]_ _
Teg = 0 V'st s aB = 12 or 11 (24)

where n is the particle density, v is the average relative ve-
locity. The effective cross section(E%B is defined as, e.g.,

S =(WJIR JTW v

11 (25)

with & the collision operator of the Waldmann-Snider equationm.
Physically, Tt or & _ describe the decay through collisions
of the angula%smomen%gm dependent polarization of type aB. The
quantities ¥ g, which determine the magnitude of the field in-
duced change in the transport properties (Egqs. (6) — (8)), have
the form, e.g.,

A @ (@e W)
== (207
q 11

Physically, &(q ¢ W J) is the coupling cross section which

describes the production of the W J polarization from the heat

flow q through collisions. S 1is the decay cross section for
heat transport, which can beXetermined from the field free
thermal conductivity coefficient A(0). Combining results for

T, ¥ and A allows one to determine the cross sections sepa-

rately. For mixtures the situation is considerably complicated

by the fact that many more cross sections occur due to the
presence of two species, but again the experimental results can
be given in terms of cross sections,

In Table III the systems are given for which data have
been obtained for 2, DT’ and D. Some general conclusions
concerning the cross sections will now be given.

- Production cross sections are always at least an order of
magnitude smaller than the decay cross sections, the latter
usually being of the order of the gas-kinetic cross sections.,
This is connected to the fact that these production cross
sections are directly determined by the nonspherical part of
the intermolecular potential,

- In some cases, the cross sections could be compared with
cross sections from experiments on entirely different physi-
cal quantities: NMR, Depolarized Rayleigh Scattering, acous-
tical relaxation and the viscomagnetic effect., These results
constitute a further verification of the kinetic theory for
molecules with internal degrees of freedom.

- The fact that there is a contribution from the odd-in-J po-
larization W J (Z.e., ¥ i # 0) can be shown to imply that the
collision operator & is not self-adjoint.

- The cross sections provided by the experiment can be used to
determine the intermolecular potential. Calculations have
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Table III
The systems studied experimentally
Exp. Heat conductivity Thermal Dufour] Diffusion
diffusion |effect
tr |/ 1 tr | -
S A Pl IS G o S o S Bl
A A A 2D 2D D D 2D
nH 26K-110K 300K 300K
al,~fle 300K| 300K
nHz-Ne 300K | 300K
nHz—Ar 300K| 300K
PH. |86K-110K| 300K 300K
pH. -Ar 300K | 300K
fiD |22k-85K | 38K-300K | 38K~ 300K
HD-He 85K, 300K | 85K, 300K | 300K | 300K
HD-Ne 85K, 300K | 85K, 300K [ 300K | 300K
HD-Ar 85K, 300K [ 85K, 300K | 300K | 300K
nD, |26K,85K | 300K 300K
nDz-ﬁe 300K | 300K
nD,,-Ne 300K | 300K
nDz—Ar 300K | 300K
oD2 85K 300K 300K
N2 85K 82K-300K |82K-300K
N,-HE 85K, 300K | 85K, 300K | 300K | 300K 300K | 300K
N,-Ne 85K, 300K | 85K, 300K 300K | 300K
Ny -Ar 85K, 300K | 85K, 300K |300K | 300K |[300K [300K | 300K
0 85K 300K
HC% 300K
DC1 300K
HCN 300K
CO 85K 82K-300K
Cco 300K
ch 300K
NO 85K
CH4 85K 82K~300K {82K-300K
CD4 85K 82K-300K {82K-300K
CF 93K 300K 300K
CH36N 300K 300K
CHBF 300K 300K
CD_F 300K 300K
CHii3 300K 300K
CDF3 300K 300K
NH, 300K 300K
ND3 300K 300K
SF, 300K 300K
Ref. [6,7,8,9,10,11 12,13 14,15 |16
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been performed starting from an assumed (angle—dependent)
potential model. Models using rigid ellipsoids cannot ex—
plain the experimental results, as should be expected. Quan-
tum mechanical calculations have been performed only for
relatively simple cases, e.g., H,-He, in which a number of
cross sections have been calcula%ed37;38.

Finally, after complete analysis of the results of each ex-—
periment separately (measurements on the diffusion coeffi-
cients are still in course), one will be able to compare the
results using the interrelation (21) as a further check on
the theory.

REFERENCES

1. J. Korving, H. Hulsman, G. Scoles, H.F.P. Knaap, and J.J.M.
Beenakker, Physica 36, 177 (1967),

2. H, Hulsman, F.G. van Kuik, K.W. Walstra, H.F.P. Knaap, and

.J.M. Beenakker, Physica 57, 501 (1972).

.L.J, Burgmans, P.G. van Ditzhuyzen, H.F.P. Knaap, and

.J.M. Beenakker, Z, Naturforsch, 28a, 835 (1973).

.L.J. Burgmans, P.G., van Ditzhuyzen, and H.F.P. Knaap,

. Naturforsch. 28a, 849 (1973).

.G. van Ditzhuyzen, B.,J. Thijsse, L.K. van der Meij,

.J.F, Hermans, and H.F.P. Knaap, Physica 88A, 53 (1977).

6. L.J,F, Hermans, P,H., Fortuin, H.F.P. Knaap, and J.J.M.
Beenakker, Phys. Lett. 25A, 81 (1967).

7. L.J.F, Hermans, A, Schutte, H.F,P, Knaap, and J.J.M. Been-
akker, Physica 46, 491 (1970).

8. L,J.F. Hermans, J.M. Koks, A.F. Hengeveld, and H.F.P,
Knaap, Physica 50, 410 (1970).

9. J.P.J. Heemskerk, F.G, van Kuik, H.F.P. Knaap, and J.J.M.
Beenakker, Physica 71, 484 (1974),

10, J.P.J. Heemskerk, G.F. Bulsing, and H.F.P. Knaap, Physica
71, 515 (1974).

11, B.J. Thijsse, W.A,P, Denissen, L.J.F. Hermans, H.F.P.
Knaap, and J.J.M. Beenakker, Physica (1979), to be
published.

12, G.E.J. Eggermont, P.W. Hermans, L.J.F. Hermans, and J.J.M.
Beenakker, Phys. Lett. 57A, 29 (1976).

13, G.W. 't Hooft, E. Mazur, J.M. Bienfait, L.J.F. Hermans,
H,F.P. Knaap, and J.J.M. Beenakker, Physica (1979), to be
published.

14, E, Mazur, G.W, 't Hooft, and L.J.F. Hermans, Phys. Lett,
64A, 35 (1977).

15. E. Mazur, G.W. 't Hooft, L.J.F. Hermans, and H.F.P. Knaap,
Physica (1979), to be published.

16, E. Mazur et al., Physica (1979), to be published.

J
A
J
4, A
Z
P
L



20.

21,

22,
23.
24,
25,
26.
27.
28.

29.
30.

31.
32,
33.
34,

35.
36.

37.
38.

SENFTLEBEN-BEENAKKER EFFECTS IN GAS MIXTURES 797

A.C. Levi, G, Scoles, and F, Tommasini, Z, Naturforsch. 25a,
1213 (1970).

F., Tommasini, A.C. Levi, G, Scoles, J.J. de Groot, J.W. van
den Broeke, C.J.N., van den Meijdenberg, and J.J.M. Beenak-
ker, Physica 49, 299 (1970).

F. Tommasini, A.C. Levi, and G. Scoles, Z. Naturforsch.
26a, 1098 (1971).

V.D, Borman, L.L. Gorelik, B.I., Nikolaev, V.V. Sinitsyn, and
V.I. Troyan, Sov.Phys.JETP 29, 959 (1969).

J.J. de Groot, J.W. van den Broeke, H.J. Martinius, C.J.N.
van den Meijdenberg, and J.J.M. Beenakker, Physica 56, 388
(1971).

V.D. Borman, B,I. Nikolaev, and V.I. Troyan, Inzh,Fiz.Zh,
(J.Eng.Phys.) 27, 640 (1974).

V.D. Borman, B.I. Nikolaev, and V,A. Chuzhinov, Sov.Phys.
JETP 33, 881 (1971).

J.J.M. Beenakker and F,R. McCourt, Annu.Rev.Phys,Chem. 21,
47 (1970).

J.A.R. Coope and R.F. Snider, J.Chem.Phys. 56, 2056 (1972);
ibid. 57, 4266 (1972).

J.J.M. Beenakker, H.F.P. Knaap, and B.C. Sanctuary, AILP
Conference Proc, 11, 21 (1973),

J.J.M. Beenakker, Lecture Notes in Physics 31 (Springer-—
Verlag, Berlin), 413 (1974).

R.F. Snider, Lecture Notes in Physics 31 (Springer-Verlag,
Berlin), 469 (1974).

H. Moraal, Phys.Rep. 17C, 225 (1975).

G.E.J. Eggermont, H, Vestner, and H.F.P. Knaap, Physica
82A, 23 (1976).

F.R. McCourt and R.F. Snider, J.Chem.Phys. 46, 2387 (1967).
H.F.P. Knaap and J.J.M. Beenakker, Physica 33, 643 (1967).
L. Waldmann, J.Phys.Rad. 7, 129 (1946); Z. Naturforsch. 4a,
105 (1949).

G.E.J. Eggermont, P, Oudeman, and L.J.F., Hermans, Phys.
Lett. 50A, 173 (1974).

L. Waldmann. Z. Naturforsch. 12a, 660 (1957).

Yu.V. Mikhailova and L.A. Maksimov, Sov.Phys.JETP 24, 1265
(1967).

R. Shafer and R.G. Gordon, J.Chem.Phys., 58, 5422 (1973).
W.K. Liu and F.R. McCourt, Chem.Phys. 27, 281 (1978).




