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In this paper the general theory of transport phenomena
in simple gases is concluded, and numerical values of the
gas coefficients for heat conductivity and viscosity are
obtained as a function of the temperature and density
for the particular case of molecules acting as rigid elastic
spheres. In the Introduction will be found a qualitative
discussion of the principal results obtained and an inter-
pretation of these results according to elementary con-
siderations. In Section 1 the method of solution of the
integral equations with which the formal theory of Part I
was concluded is given together with the resulting general
equations for the heat conductivity and viscosity coeffi-
cients. Since the integral equations can be solved only
by a method of successive approximations, the expressions
for the gas coefficients are in the form of infinite series
the rapidity of convergence of which depends on a suitable

choice of a complete set of auxiliary functions. In Section
2 all of the integrals appearing in the first two terms of
the infinite series are evaluated. That only two terms are
required is due to the fact that one is able to make an
excellent choice of functions to represent the auxiliary set.
In the evaluation of these integralsrestriction is made in the
application of the theory to small values of the degeneracy
parameter A, since only terms in the zeroth and first
power of A are retained. This restriction is only slightly
greater than that imposed by the fundamental postulates
of the general theory which restrict its applicability to
moderately rare gases. In Section 3 the final equations
for the gas coefficients are applied to gases consisting of
molecules which interact quantum-mechanically as rigid
elastic spheres of diameters and masses associated with the
gases helium and hydrogen.

INTRODUCTION

T has been shown in Part I' that the method
of Lorentz, Hilbert and Enskog for the treat-
ment of transport phenomena can be extended
to take into account the modifications introduced
by the quantum theory. In this paper the explicit
solution of the integral equations will- be ob-
tained, and the general formulae for viscosity
and heat conductivity will be developed. Nu-
merical results for the case of the elastic sphere
model will then be given. As already mentioned
in Part I the quantum theory introduces two
modifications into the classical kinetic theory of
gases.

(a) The collision between two gas molecules
which is the elementary process in all transport
phenomena must be treated according to the
quantum theory of collisions. Deviations from
the classical theory may be expected, therefore,
if the de Broglie wave-length corresponding to
the mean temperature motion: A=7%/(mkT)? is
comparable to or larger than the diameter s of
the molecule. Just as in the classical treatment,
the mean free path / is inversely proportional to
the density p, but the proportionality factor is
now dependent on the temperature even for the
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case of elastic spheres. In fact I~1/pf(\/s),
where for small values of \/s, f approaches the
classical value. Thus, the temperature depend-
ence of the gas coefficients will be different than
in the classical treatment. For light gases like
H; and He, \/s is already as large as 0.1 at room
temperatures, so that considerable deviations
even at high temperatures may be expected.
Massey and Mohr? have recently taken this
effect into account by introducing the quantum
theoretically determined differential cross-sec-
tional area into the classical expressions of
Chapman for the gas coefficients. The complete
justification of this procedure for temperatures
which are not oo low will be given in this paper.

(b) For temperatures which are very low the
second modification becomes important. This
effect is a consequence of the change in the
Stosz-zahlansatz, which is equivalent to a change
in the equilibrium distribution function from
the Maxwell-Boltzmann to the Einstein-Bose
or Fermi-Dirac distribution law. Due to this
modification the mean free path /, even for an
ideal gas, will be no longer strictly inversely
proportional to the density. Instead I~1/p(1
+apM?®), where « is a numerical factor, the sign
of which depends on the statistics. Thus one
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observes that the deviation from the inverse
proportionality of I and p depends on the
magnitude of \/d where d is the mean distance
between the molecules. In contrast with the first
quantum effect the second will be small at
ordinary temperatures, and will become im-
portant only at very low temperatures or very
high densities. The ordinary reasoning, therefore,
by which one shows in the classical kinetic
theory the independence of the gas coefficients
on the density is no longer strictly valid. At low
temperatures the viscosity and heat conductivity
coefficients become density dependent and the
direction of the dependence is different for the
two statistics.

That the latter effect depends on the magni-
tude of the parameter \/d and therefore on the
density as well as on the temperature requires
that one consider also other possible contribu-
tions to the density dependence. Such an addi-
tional effect is the modification in the Stosz-
zahlansatz due to the extension of the molecules,
a modification which again is equivalent to a
departure from the strict inverse proportionality
in the classical theory of I and p. Thus, even
when considered classically, there will be a
small density correction to the gas coefficients
which becomes important for sufficiently high
densities. In fact, one can write for the case of
elastic spheres I~1/p(1+4Bps®), where B is a
numerical factor, and s is the diameter of the
molecule. This correction, which has been care-
fully estimated by Enskog,® will be used as a
criterion for the estimation of the importance of
the rare gas density' correction of the quantum
theory, and as a criterion, furthermore, for an
estimate of the possibility of an experimental
test of the statistics. Since the magnitude of the
quantum correction depends on the parameter
M\/d, and the correction due to the extension of
the molecules depends on the parameter s/d
which is temperature independent in the case
of elastic spheres, there will exist a temperature
sufficiently low for which the latter is negligible
in comparison with the former at any density.

Applying the general formulae developed in
this paper to the rigid elastic sphere model, one
finds that only below about 15°A does the

3 Kungl. Svenska Vetenskapsakademien Handlungar.
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quantum theoretical density correction, which,
depending on A3.varies as the inverse three-
halves power of the temperature, have a magni-
tude greater than the classical density correction
of the Enskog theory. In the case of helium,
for example, one can expect at temperatures
slightly greater than its critical temperature a
correction of about 2} percent in the viscosity
coefficient per atmosphere of pressure compared
with the value of this coefficient in the limiting
case of zero density, whereas the classical density
correction due to the extension of the molecules
should be about 0.5 percent. Assuming the
Einstein-Bose statistics these corrections are of
opposite sign. In this case the possibility of an
experimental test of the statistics seems to be a
favorable one. It is less favorable in the case of
the heat conductivity coefficient for which the
classical corrections are larger and the quantum
corrections are smaller than for the viscosity
coefficient. It is less favorable, also, in the case
of other gases, hydrogen, for example, for which
the range of temperatures and densities which lie
well within the vapor phase are less suitable than
in the case of helium for a test of this kind.

2. SOLUTION OF THE INTEGRAL EQUATIONS

The formal theory of transport phenomena
has given the following expressions for the heat
conductivity and viscosity coefficients, x and 7

3k (mkT)*2

K= —[ms, 7], (43)
2m  s?
(mkT)* 3
n=———[mjj, wijl, (46)
st 2

where m is the mass of the molecule, s is a
quantity having the dimensions of length, or in
the case of elastic sphere molecules may be
taken as representing the molecular diameter,
and = EiXa(T) and mi; = (Eifj—72/35¢j)xb(1) are
solutions of the inhomogeneous integral equa-
tions: :

o 5 b

yo () RELT
(34)

fl? 2

y 23_72(&&'—;51&) =J(my), b
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so determined that they fulfill the auxiliary
conditions:

f Yo fOA+0f D) rdo=0 (k=1,2,+--5), (36)

Yr=m, mé&, mé, mg and mr? being the five
solutions (spoken of henceforth as null solutions)
of the homogeneous equation: J(y)=0 where,
furthermore

1
](F)=;—[§fdw1fdﬂ-7l(0'y) |
«(F+Fi—F'—F)- f@f,©

X(A+0f@"(1+0£1€), (32)

[F,G]= f dw-GI(F). (32)

For the remainder of the notation reference
should be made to Part 1.4 '

Egs. (34a and b) will be solved by the Enskog
method of successive approximations.® If one
has a complete set of functions 4 which fulfill
the following conditions:

k=1,2’ -..5}

@ [wou+aonoda=o | i

(b) Linear independence,
(c) The integrals [£, £®7] and [A®, =] have
finite definite values,

- a function 7 may be constructed as a linear
combination of the functions A" (»=1, 2, - - - n),
and the % constants of 7™ may be so determined
as to minimize the integral [7—7®, 7—7x®™7].
According to the fourth of the properties of this
operator discussed in Part I:¢

¢+ The operator previously designated as I(F) is now
written J(F), and the primes attached to the operators
[F, G] and which were used to distinguish them from
analogous operators which also appeared in the formal
theory are here omitted since no confusion can arise.
The differential cross-sectional area previously designated
by w(dy) is now written as I(dy) to conform to the more
usual notation.

6 Dissertation, Uppsala, 1917, p. 43; Courant-Hilbert,
Methoden der Mathematischen Physik 1, chapter 3.

6 That this operator has these properties becomes
immediately obvious from the fact that fdw-GJ(F) is un-
changed if G is replaced by Gi, —G’, of G;’. One may show
also that the analogous operator

[F, 61= [ F)G()do— [ [ F()G(EK (rr' O dade’
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LF, G]=[Gv F:Ir
LF, G+H]=[F, G]+[F, H],
[F, cG]=c[F, G], where ¢ is independent of all
'[F, F]=0 variables of integration, ’

the integral [#—7™, 7#—7™7] can never be
negative. Should one succeed in minimizing it to
the value zero, the function 7 for which this
condition exists becomes the sought for solution.
This result is a consequence of the fact that
m—7™ under this condition can be only a null
solution. It satisfies, however, the auxiliary
conditions since = as well as 7™ (which is only
a linear combination of the k(") separately
satisfy these conditions. A function satisfying
the auxiliary conditions, and which is itself a
null solution can only be zero. Consequently
T=7,

The values of the constants ¢, in the function

n
=3 ¢, h®

r=1

(62)

are now determined by applying the condition
for an extreme of H® =7 —7™, 7 —x™7]. This
condition is

s=1

JH™ /dc,= —Z[h“), =3 csh(**)]:O

or defining a,,=[#", k7] and a,=[A®, =] the
set of equations determining the extreme of
H®™ is:7

obtained from the homogeneous part of the integral
equation in its more usual form

f&) =m(&) = [r(&)K (v de’

into which form Egs. (34a and b) may be put (Eq. (37),
Part I) has these properties in general if the.kernel is
symmetrical and is positive definite with a first eigen
value greater than or equal to unity. The kernel of Egs.
(34a and b) when the equations are written in the standard
form has these properties.

7 That the extreme of H thus determined is actually
a minimum and not a maximum is shown by obtaining the
second differential quotients and developing H™ for
values of ¢, slightly different than those determined by
Eq. (63) in a Taylor series. One obtains, since H® is a
quadratic function of the A

2H(n)
8¢, C,

where ¢,’ =c,— ¢, the ¢, are the constants determined by
Egs. (63), and Ho™ ‘is the corresponding value of H™,
According to the fourth property of the square bracket
operator the first variation of H™ is positive. Further-
more, H™ is equal to Ho™® only when the ¢’ are zero,
since =,¢,/h{" cannot be a null solution consistently with
the requirement that the 2(" be linearly independent and
at the same time satisfy the auxiliary conditions.

=2 l:h(r)’ h(s)], Hm = Hﬂ(n) + [Ercr,h(r)y Ercrlh‘(r)]:
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n
> Cstrs— oy =0

s=1

r=1,2,---n. (63)

From Egs. (62) and (63) the nth approxima-
tion function 7™ then becomes

7 = Zn: (A ™/ 4 D)o,

s=1

(64)

where A™ is the determinant ||a;j| of # rows
and columns, and 4,™ is the determinant 4™
with the sth column a;, replaced by «;. In order
to make the character of the successive approxi-
mations of 7 to the true solution = apparent
in Eq. (64), this equation will be transformed so
that the difference between 7™ and =D
appears only in the last (the nth) term of =™.
Written in this manner Eq. (64) becomes

T = 3 [4,0D,0/(4CDA@)], (65)

s=1

where D,(® is the determinant A with the last
(the sth) row a,; replaced by A, or since the
elements a;; are symmetrical, D, is the determi-
nant 4 with the last column a;, replaced by
hO.

One can show now that the following relations
exist:

(A, D, ]=4 r=s
L. o)

=0 r<s

[D,®, D, ]=AGDA® y=5
L @)

=0 rEs
[7, D ]=4,® (68)

and that as a consequence

[r®, 7] =[r, 7] (69)

=Y [A,2/4EDA47, (70)
s=1

From Eq. (66) A® =ay, is a positive quantity
since A® is not a null solution. Similarly from
Eq. (67) using the result that 4® >0, the fact
that D, cannot be a null solution because of
the linear independence of the %( and the
existence for £ of the auxiliary conditions, and
the fourth property of the operator [ F, F], one
can show that 4 for each successive value of s
cannot be negative or zero. Consequently, each
term of [#™, 7™ (Eq. 69) is positive. That
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[#™, ™7 is also bounded is proven from the
relation ’
[r—7®, 7 —xW]=0

[m, 7] =27, 7]z, z(M]=0

and the result of Eq. (69) from which Eq. (71)
becomes

(71)

» A‘g(s)2

[7(', 7"]_ Z

—=0.
s=1 A (s—l)A (s)

Thus [#™, ™7 is bounded provided Eqgs. (34a
and b) have solutions such that the integral
[7, 7] is finite. That [, 77 actually con-
verges to this upper limit as # approaches
infinity may be proven in a manner analogous
to that used by Enskog in the classical case.
One may write then
‘" As(s)2
[x, #]=lim Y, ————,

n—co s=1 A (s—l)A (s)

which, when introduced into Eq. (43) gives for
the heat conductivity coefficient
3k (mkT)2 , A7

K=—

2m  s?

-2 . (72)
3 s=1 A (s—l)A (s)

The solution of Eq. (34b) is obtained in a
similar manner using functions k(" satisfying
conditions analogous to those of A( which
involve now the solutions m;; instead of .
Defining as before the quantities b,,= [k, k(]
and B,=[k™, 7, constructing the function =™
and the integral H™ which is then minimized to
completely determine 7, one obtains finally
for the viscosity coefficient from Eq. (46)

(mkT)*3 ., B,@?

n= (73)

- ’
S2 2 s=1 B(s—l)B(e)

where B and B ! are determinants analogous
to A® and A4, defined as before, but with the
functions 2™ (b,, and B,) instead of i (a,, and
a).

We will now make a choice of the functions
A and kM. The analysis of Part I (§8 and
note 4) has shown that the solutions of Egs.
(34a and b) are of the form: ;= &ixa(r?),
mii=(£2—72/3)xs(7?). These functions are ac-
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cordingly chosen so as to be proportional to £; e — ", Dr+5/2) Fry

and (£2—17%/3), respectively, and to depend =£ lT - r(5/2) F ] a
otherwise only on 72 in such a way that the =™ ! } (74)
constructed from these functions represent power R = (§—72/3) 722 b

series in 72 Using now further the fact that they ~Where 1 o rtig

must satisfy the auxiliary conditions one obtains Frpy= f 2™tidz )
as a suitable choice: r'(r+3/2)Jy (1/A)expz—10

3. EVALUATION OF THE INTEGRALS

§ 1. The functions «, and 8,
Introducing the expression for %(" into the definition of a,, and making the substitutions :8

f(o)2 1 af(o)

A?e* 27 Ot

o af(o) 00 m m
f rmdr = _mf fOrmldr = —~-I‘(—) Fonja,
0 ar 0 2 2

2 f2r+7 S Fiaryn2Fse
ar=—P( )[F<21-+3)/2— ] : (76)
34 2 2r+5 Fie

) p/nkT = Fys/ Fyps,

one obtains

But for 4 <1, to which all future considerations will be restricted

64 (0A4)* (64)»1
FP=A{1+ + R +]
2p+1 Kiaxt netl:
Accordingly, for 4<1 -
27y f2r+5 64 (2r4+5 5
a,=—I‘( )[1—}- { +~(2’“1—1)”. 7
3 2 27820 2p r

Similarly, introducing the expression for 2(” into the definitions of 8,

8r I1(21‘-{—5 F (78)
= 274-1)/2
B 154 5 ) (2r4+1)/
and for 41
8r /2r+4+35 0A ‘
5,:4( )[1+ ] (79)
45 2 2r+

§ 2. The functions a,, and b,,

These functions will be evaluated only for the case of 4« 1. They have been defined in Section 2
in the following manner:

1
4524

Grg=[h", 0] = fdwfdwlfdﬂ-71(07)(h"’+h1")—h(’)'——hl(”')

X (BD 1y (O — (@ — () £@ £,0) (1 40F@") (1 40f,©)  (80)

with an analogous expression for b,, using 2 and k29 for A and k(9. It is convenient now to
introduce a transformation of variables from &n¢&m¢: to YN@dae where v =g(m/4kT)? as previously
defined; A=1I(m/kT)}, I being the actual velocity of motion of the center of gravity of the interacting

8 Transport Phenomena 1, Eq. (60).
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molecules; # and § are the polar and azimuthal angles respectively describing the direction of the
vector /; and « and e are the polar and azimuthal angles respectively describing the direction of the
vector g with respect to the vector I. In collision the only variables of this system which undergo
alteration are « and e which after collision become o’ and ¢/, and then describe the direction of the
vector g’ with respect to the vector I. Introducing the considerations of the velocity pyramid, one
obtains for the function £(” in terms of the new variables

h(r) =2=r=3\ cos § — y(cos a cos §—sin a sin 6 cos €) J(N\2+y*—2vy\ cos a)’, (81)
hi@ =2"""3\ cos 8+ vy(cos a cos § —sin « sin 0 cos €) [(N2+~¥>+2v\ cos a)” - (82)
plus terms which contribute nothing to the expression a,, Similarly, for the function 2 one obtains
kM =2""(cos? 0 —3) (N4~ —2v\ cos a)"+ (v? sin? 0 sin? a cos? e— 2 cos? 6 sin? «
~+2y\ sin 0 cos 6 sin « cos e+v2 sin 6 cos 0 sin 2« cos €) (A2+v2—2yX cos @)™ 1], (83)
k1™ =2 (cos? 6 — 1) (N2 42+ 2v\ cos )"+ (v? sin? 6 sin? a cos® e — 2 cos? 6 sin? «
—2vy\ sin 6 cos 0 sin « cos e—?sin 6 cos 6 sin 2a cos €) (N2 4-y?+2y\ cos a)™1]. (84)

Analogous expressions exist for the primed functions in which o’ and € appear everywhere for «
and e. The differential product in the new variable becomes, furthermore

dwdwy=N*?sin 0d6d6 sin adadedydX\. (85)

Before introducing the new variables into the distribution function £, this function is to be expanded
in ascending powers of 4 for values of 4 <1. One obtains finally after retaining only powers of 4
up to and including the first:

FO @ (14050 (146f,©") = A2~ W+3D[ 14204 e~40+9 . {cosh (v\ cos &) +cosh (yA cos &)} . (86)

The function a,, then becomes

1 0 0 T 2 T 2w T 27
arq=—f f e‘("2+72)73)\2d'yd)\f f sin Odﬁdﬁf f sin adade-f f I(dv) sin dddd e
2stJy Wy 0 Yo 0 Yo o Yo

0A © A0 - T a2
. (h(r)+h1(r).._h(r)r__hl(r)r) ARE ) +_;f f g—%(x2+72)73)\2d7d)\f f sin 0d6ds
ST Yo Yo 0 Yo

T 2w T 27
Xf f sin adade¥f f I(9) sin 9dddeo- (B 4+ — R —h (D) (RO b, (D)
0 0 0 0 .

- {cosh (y\ cos &) +cosh (N cos ')}, (87)

the function b,, being an analogous expression with k(" and k(9 appearing everywhere for A("

and %9,
Integration over all values of the variable ¢, the azimuthal collision parameter, is accomplished
- with the help of the Maxwell theorem of spherical harmonics.? The following notation is used in
the development of the various functions of the integrand considered as functions of ae and o’¢’ -
in spherical harmonics: The development coefficients in the functions

(h(r)+k1(r)) are Clp(r)'y Clp(r)”
(B 41y D) (B (D 41y (@) Ay 07, dy, o 0"
9 Maxwell, Sc. Papers 11, 681; Boltzmann, Gastheorie I, 171.
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cosh (v cos ) are e, e’
(B +h1() cosh (¥\ cos @) J15 f1pM"
(A 41,9 (B 4k, () cosh (y\ cos a) g1, 07 gy, O

where a typical development is

© l
(B4R )= 3 3 (€17 cos e4¢1,"" sin €) PP (cos ).

=0 p=o0

Integrating then over ¢ with the aid of the Maxwell theorem, adding and subtracting suitable series
involving /3 I(d) sin 9dd, using relations existing among the coefficients to show that the sum
of all terms which then do not involve /" [1— P;(cos #) ]I(dv) sin 9d# is identically zero, integrating
over a and ¢, and defining a function

1 T
8 () =;2f [1—P(cos &) JI(dv) sin 944, (88)

where the cross-sectional area effective in transport will be defined then as

QrP(v) =250 () (89)
one obtains finally

w 2 [ e .
Qrq=2m3Y —[Jf f e“(”+72)r3)\20(”('y)d'yd)\f sin 6dé- { 20107 ¢, (D’
=1 21411y 0

1 (1 !
+Z(+m)

nmt (I—m) !

00
0

(sz‘”'sz(q?'-I-ch(’)"clm(“")}+20Affe‘%<”+"2)73)\20”)(v)dvdk
’ 0

x L (+m)!
Xf sin 0d0- {2(610(’)'fzo(‘1"+Czo(4)'fzo")'—dzo(" e’ )+ 20
0 m=1(l—m) !

X (Clm(r),flm(qy+Clm(r)”flm(qyl +Clm(Q)/flm(T),+Clm(qy’flm(7)” _dlm(r' Q)’elm/ —'dlm(r' q)”el"‘”) }:I (90)

Similarly, one finds for b., an analogous function in which the various coefficients represent the
development in spherical harmonics of the expressions just described in which 2¢” and k‘? appear
everywhere instead of 27 and A(9.

We restrict our considerations now to the second approximation to the solution of the integral
equations. Besides «, and B, for =1, 2 one requires for this purpose (Egs. 72 and 73) the six quantities
a,q and b,, with 7, g=1, 2. Determining then, all of the coefficients required in the various develop-
ments in spherical harmonics, integrating over § and A and defining

P »(a) = [ ety (y)dy 1)
0

one obtains the expressions for the a,, and b,, which are given in Appendix 1.
The heat conductivity and viscosity coefficients, « and 7, then become (Egs. 72 and 73):

i 128 P 9(4/3)4+6P2 D (4/3)
(1+€1)|:1+_'n)\3{7—‘—“ +€1,}]y (92)
: 4 3% 9P @ N(1)

25 3k & 3
K= —_—
327 2m N 2s2P @ D (1)
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128 P2 1 (4/3)
¢ +e2>[1+~nx3{4—-———— e}]
3t pe.n(1)

S 3

- (93)
1674 \ 252P @ D (1)

where, as defined in the introduction, \ is the de Broglie wave-length corresponding to the mean
temperature motion, and # is the number of molecules per unit volume. The small quantities ¢
and e are given by the following equations:

[7/2PD(1) P 9(1)
T e W) Pe. D (1) —[PE (1) P+I[PC D)
[7/2P@ D(1)— P& 91
e ()P (1)~ [PE D) F+TT/6[PE DT

The small quantities &’ and e’ involve P+ 9(«) with values of « equal to 4/3 in addition to those
with @ equal to unity; with »=4 in addition to those with 7 equal to 2; and with g having the series
of values 13, 11, 9, and 7. These expressions need not be given since their numerical magnitude is
always small compared with the principal term of the density correction, which is already small,
and except for light gases at low temperatures negligibly small, compared with the term independent
of density. The order of magnitude of &’ and e’ will be dlscussed in connection with the application
of these formulae to elastic sphere molecules.

Egs. (92) and (93) for the gas coefficients have been written only for the case of the Einstein-Bose
statistics for which the parameter 6 of all previous equations has been put equal to +1. In the
Fermi-Dirac statistics the equations for x and 7 are similar to these with the opposite sign for the
term depending on density and with the understanding that the integrals P 9(«) will then be
evaluated according to these statistics. The term independent of density in these equations is exactly
equivalent to the classical expressions of Enskog and Chapman when in the integrals P9 (a)
classical cross-sectional areas are introduced instead of the quantum-mechanically determined areas.

It is of interest to consider the ratio of x and 5 in connection with the well-known proportionality
in the classical theory of this ratio to the specific heat. Neglecting the second approximation quanti-
ties ¢, this ratio becomes, for the case of rigid elastic spheres, when the classical expression for the
differential cross-sectional area is introduced «/n=(5/2)(9¢/dT)p, where ¢ is the energy per unit
mass, an expression which degenerates to proportionality with the specific heat only in the classical
statistics. In the strict quantum theory, however, for the elastic sphere model as well as for a general
force law, the coefficient of #n\? is temperature dependent and there are deviations from this simple
result.

4. APPLICATION TO THE RIGID SPHERE MODEL N I(9g) = (1/4K*) | f(d2) |2, (94)
where
In order to obtain an indication of the magni- .
tude of the effects introduced by the quantum f(9g) =;(21 +1) (¢ —1)Pi(cos ),  (95)
theory, the viscosity and heat conductivity
equations will be applied to the case of the rigid K =2wmg/h.

elastic sphere molecule. The procedure is to
evaluate first of all the differential cross-sectional
area I(Jv), then the function 6 (y) given by
Eq. (88), and finally the function P¢ »(a) given
by Eq. (91). The general expression for the
differential cross-sectional area is 10

g is the relative velocity, m the reduced mass of
the molecule, and the §; are phase angles
determined in the asymptotic solution for large
values of 7 of the radial wave equation. Since
Eq. (94) is valid only if the molecules may be
considered as similar but not identical, one

10 Faxen and Holtzmark, Zeits. f. Physik 45, 307 (1927); H : f 3 : T3 in-
Massey and Mohr, Proc. Roy. Soc. Al4l, 434 (1933); obtains the correct function in the Einstein

Mott and Massey, The Theory of Atomic Collisions. Bose statistics by multiplying by a factor 2 and
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summing over even values of /. Similarly, in
the Fermi-Dirac statistics one would sum over
only the odd values of /. In all further con-
siderations only the Einstein-Bose statistics will
be used.

Having determined I(#v) one may next evalu-
ate the function 6% (y) and with it the transport
cross-sectional area. The latter has been defined
by Eq. (89). Putting / equal to 2 one obtains
the second order transport cross-sectional area,
which becomes simply

0ro() =3r [ 1(0)sine 09, (90

whereas the scattering cross-sectional area is
defined by the equation

0u(v) =27 f I(9y) sin 9d9.  (97)

Introducing Egs. (94) and (95) into Eq. (88)
and using the recurrence relations for the
Legendre functions one obtains for the second
order function in the Einstein-Bose statistics

sin?

6@ (v) =

12 (1684128 —21—1
Kzszg[ (@ —1) (41 +3)
(2014+2)(21+1)
w43

COSs (521 - 521.;.2)

Xsin 89 sin 521+2], (98)

where s, as throughout the theory, is an arbitrary
quantity having the dimensions of length. In
the Fermi-Dirac statistics one would have a
similar expression with 2!/ everywhere replaced
by 2/41.

Our considerations will be restricted now to
the case of the rigid elastic sphere model, and
the quantity s will be specialized to represent
the molecular diameter. The phase angles §;
are now determined? by the equation:

Ji4(Ks)
§;=arc tan (—1)% i

e 9
J_14(Ks) ©%

Thus, in the particular case of the elastic sphere
model the phase angles and therefore §(y) are
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functions of only the single variable y=Ks.
Consequently, the function P¢: »(a) defined by
Eq. (91) can be a function only of the ratio N/s
where N\ ="7%/(mkT)*. This result follows from the
fact that y=g(m/4kT)}=K\=y-\/s, where K
=1mg/h, m being the actual mass and not the
reduced mass of the molecule. One obtains,
therefore, from Eq. (91)

A\ PHL % .
pa, p)(a) — (_) f e—a()\/s)zﬂgype(l)(y)dy_(l()o)
S 0

Thus, besides an explicit dependence of x and 7
on N and s there is an implicit dependence on
these quantities only through the ratio of X and s.

In order to make the results susceptible of
comparison with experiment, the integrals will
be evaluated for values of s and » corresponding
to hydrogen and helium, of which the masses
are 1.66189 and 3.2998 X 10724 gram per molecule,
respectively. The diameter of these molecules
will be taken as 2.75 and 2.10X10~%® cm, re-
spectively. The phase angles have been deter-
mined from Eq. (99) for twelve values of y=Ks
between 0.25 and 30.0, and from these phase
angles the function 6®(y) of Eq. (97) was
determined. The results of this calculation are
given in Table I, and a curve showing the

TABLE 1. TasLE II.
y=Ks 6B@) | Ns PeD(1)

0.000 4.000 % 12.000
0.25 3.91 1.77 7.98
0.5 3.67 1.02 4.26
1.0 2,77 | 0.79 3.24
1.5 1.78 .56 2.61
2.0 1.14 .45 2.37
3.0 0.88 .39 2.27
4.0 .80 .21 1.95
5.0 74 .188 1.90
7.0 .67 .136 1.82
10.0 .61 125 1.81
20.0 .58 112 1.77
30.0 .53 .107 1.76
0 .500 .103 1.74

.0000 1.500

dependence of the transport cross-sectional area
measured in units of the diameter squared as a
function of y is given in Fig. 1. It will be ob-
served that 6®(y) and Qr®(y) approach their
classical values as y approaches infinity and a
value equal to 8 times the classical values as y
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F1G. 1. Qr®/s? as a function of Ks.

approaches zero. In this respect the transport
cross-sectional area differs from the scattering
cross section, since the latter, due to the influence
of small angle scattering, fails to approach the
classical value as y becomes indefinitely large.
In the Fermi-Dirac statistics one would find
that 6®(y) and Qr®(y) approach the limiting
value zero as y approaches zero.

The functions P¢» P () are now determined
by numerical integration for a series of values of
\/s (a series of values of the temperature).
Actually only the integrals with =2, p=7, 9 and
a=1, 4/3 have been evaluated. The remaining
integrals appearing in the four €'s have not been
determined, since it is certain from the form of
these expressions that they are somewhat tem-
perature insensitive, and that, consequently,
their classical values may be used. These small
quantities, when evaluated quantum-mechani-
cally, approach their classical values for \/s<1
and A/s>>1 (limiting case of very high and very
low temperatures), and have a slight maximum
or minimum at some intermediate temperature
depending on the gas. In the case of hydrogen
and helium this temperature is in the neighbor-
hood of 1-3° Abs. The quantities ¢ and e, for
example, exhibit minima equal to zero for s/\
about equal to 3 (T less than 1° Abs. for H,
and He) and increase monotonously in both
directions achieving their classical values of
0.02273 and 0.01485 for s/\ very large and very
small. Also the ratio of integrals appearing
directly in Eqgs. (92) and (93) are temperature
insensitive, but in this particular case it is the
difference between these ratios and a constant
quantity of the same order of magnitude which
is of consequence. The direction of the tempera-
ture dependence is such as to make the absolute
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magnitude of this difference increase with de-
creasing temperature, so that, whereas the ratio
of the integrals by themselves vary only by a
factor 0.3 between either end of the absolute
temperature scale and the temperature at which
the maximum is reached, this difference in the
case of the heat conductivity coefficient varies
by a factor 4.0. Thus, the temperature depend-
ence of the density term in x and 5 is by no
means confined solely to the appearance of A3
in these expressions.

Since the four €'s are the quantities coming
from the second approximation in the solution
of the integral equations, their magnitudes give
some idea regarding the nature of convergence
of the resulting series. The values of ¢ and e
have already been given. Classically, and
quantum-mechanically for the case of very high
and very low temperatures, ¢’ and e’ add
corrections to the density term of about 1.4 and
3.0 percent, respectively. Their temperature
dependence has not been investigated, but, as
already mentioned, this dependence is certainly
small. All of the second approximation correc-
tions are therefore small; in fact, they are of
the same order of magnitude as the probable
errors in the numerical integrations. In the final
numerical results these corrections are, therefore,
not included. Various analytical relations exist
among the integrals P »(a) which have been
helpful as a criterion of the accuracy with which
the numerical integration was performed. This
accuracy is certainly as good as 3 percent, and
is probably somewhat better. Values of all the
integrals will not be giver, but merely to
illustrate the behavior of these functions a set
of values of P@: (1) is given in Table II, and
a curve showing the dependence of P@: ”(1) on
s/\ is given in Fig. 2.

The results of the numerical integration are
now introduced into Egs. (92) and (93), and
numerical values of « and 7 are found as functions
of the temperature and density. These results
are tabulated as follows: (a) To show the
temperature dependence of the principal term.
Actually these results should correspond to the
limiting case of small densities. For the sake of
comparison the best of the available experi-
mental data are also given, most of the experi-
mental data available having been obtained at
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a pressure of about one atmosphere. These
results for the heat conductivity and viscosity
coefficients of hydrogen and helium, respectively,
appear in Tables III, IV, V and VI. In the case
of the viscosity coefficient the calculations lead-
ing to these results are a duplication of the
published work of Massey and Mohr.2 These

TABLE I11. Heat conductivity coefficient of hydrogen, x in
ergs cm™2 sec.™! (°C cm™) 7L,
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TABLE V. Viscosity coefficient of hydrogen, 7 in micropoise.

Quantum

Classical theory

T°K Experiment theory (p=0)
3.0 8.7 3.0
5.0 11.2 5.1
10.0 15.8 9.0
154 5.7 20.0 12.4
20.6 8.5 23.0 14.9
70.9 31.9 43.0 32.2
89.6 39.2 48.0 37.2
170.2 60.9 66.0 53.4
273.1 84.2 84.0 70.2
296.1 88.2 88.0 73.6

TABLE VI. Viscosity coefficient of helium, o in micropoise.

Quantum
Classical theory
T°K Experiment theory (p=0)
3.0 1.33X103 0.47%103
5.0 1.72 0.80
10.0 2.43 1.40
15.4 3.02 1.92
20.9 1.06 X103 3.52 2.38
73.1 4.83 6.58 5.12
123.1 8.12 8.54 6.91
173.1 11.02 10.13 8.36
223.1 13.6 11.50 9.59
273.1 15.9 12.72 10.86
323.1 17.96 13.83 11.97
373.1 20.04 14.53

TABLE 1V. Heat conductivity coefficient of helium, « in ergs

cm™2 sec.™ (°C em™)71,

Quantum
Classical theory
T°K Experiment theory (p=0)
3.0 1.62X103 0.62X103
5.0 2.09 1.03
10.0 2.96 1.76
15.0 3.63 2.31
20.9 2.14X10% 4.28 2.85
73.1 5.55 8.01 6.22
123.1 8.24 10.39 8.31
173.1 10.4 12.32 10.19
223.1 12.3 13.99 11.87
273.1 13.9 15.48 13.49
323.1 15.4 16.83 14.81
373.1 16.7 18.09

Quantum

Classical theory

T°K Experiment theory (p=0)

3.0 20.8 7.96
5.0 26.8 13.2
10.0 37.9 22.6
15.0 29.46 46.0 29.6
20.2 35.03 52.0 35.7
75.1 81.5 101.0 81.5
88.8 91.8 110 89.7
170.5 139.2 152 129.4
203.1 156.4 167 142.6
250.3 178.8 184 163.4
273.1 187.0 193 173.3
294.5 199.4 200 180.5

results are given again, however, because they
differ from those of Massey and Mohr by an
amount exceeding the probable error of the
numerical integration. (b) To show the density
dependence of the gas coefficients. The results
of these calculations appear in Tables VII and
VIII for both H, and He at temperatures close
to the critical temperature. They are tabulated
only for one value of the density since the
magnitude of the density effect is in first approxi-
mation directly proportional to the density. The
value of the density chosen corresponds to a
value of the degeneracy parameter 4 equal to
0.1 except at temperatures below the critical
value when lower values have been given
corresponding to the existence of the vapor
phase. Above the critical temperature somewhat
higher values of the density than those cor-
responding to 4 =0.1 may be considered without
violating seriously the applicability of the theory.
Also, in these tables, for the purpose of com-
parison with the quantum corrections, appear
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TABLE VII. Density dependence of the viscosity coefficient.

o ()

T°K (atmos.) Quantum  Non-ideal
Hydrogen
15.4 0.001 0.068 0.0004 0.0003
20.6 .003 44 .001 .001
34.0 1 49.8 .04 .08
Helium
3.0 0.03 0.097 0.017 0.0008
5.0 1 1.15 .05 .006
6.0 1 1.82 043 .008
10.0 1 6.53 .039 .016
15.0 .1 18.0 .037 .03
20.2 N 37.9 .037 .05

TaBLE VIII. Density dependence of the heat conductivity

coefficient.
(5% ()
P Ko Ko
T°K (atmos.) Quantum  Non-ideal
Hydrogen
20.9 0.003 0.44 0.0003 0.004
34.0 1 49.8 .009 .27
Helium
3.0 0.03 0.096 0.007 0.0026
5.0 .1 1.15 .014 .019
6.0 1 1.82 .013 .025

the Enskog classical non-ideality corrections
discussed in the introduction.

CONCLUSION

Eqgs. (92) and (93) are general expressions for
the heat conductivity and viscosity coefficients
as given by the Einstein-Bose statistics appli-
cable to any gas consisting of molecules whose
interaction function is spherically symmetrical.
The application of these equations to the rigid
sphere type of molecule leads to the following
conclusions: (a) As already remarked by Massey
and Mohr,? the temperature coefficient of vis-
cosity and heat conductivity is not correctly
given by the rigid sphere model though the
agreement with experiment is considerably better
than that given by the classical equations. This
improvement is due directly to the increase in
the total transport cross-sectional area with
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decrease in the relative velocity of the molecules,
and can be attributable only in very small part
to the density correction. The latter acts in the
right direction, but is effective only at extremely
low temperatures. At higher temperatures the
quantum density correction is not only negligibly
small but is more than compensated by the
classical non-ideality correction which acts in
the opposite direction. (b) The numerical values
of ¥ and 5 have been calculated for only one
value of the diameter s. One can easily show that
a somewhat smaller value of s than that used
would in the case of both H, and He give
temperature coefficients in better agreement
with experiment, but that the numerical values
would at nearly all temperatures be somewhat
too large. This result follows from the fact that
the principal parts of « and 5 depend on s and
T only through s® and s/\, and that at a partic-
ular temperature the derivative of s?P®.7(1)
with respect to s is always less than 2sP®: 7(1),
its value at the two extremes of the temperature
scale. A series development in powers of s/\
would be of interest in determining the exact
dependence on s, but such a development has
not been obtained. (c¢) The density correction
is by no means negligible under suitable condi-
tions, and seems to be susceptible to experi-
mental test. Such a test leading to an experi-
mental verification of the predictions, would be,
also, an experimental verification of the statistics.

It is hoped, now, that the general theory may
be extended to include mixtures of gases as well
as the simple gases. In concluding this paper I
wish to gratefully acknowledge my appreciation
and indebtedness to Professor W. Heisenberg
for the privilege of working in his Institute
where the greater part of this study was made,
and for his interest in the problem and the
consultations which helped so materially in its
eventual solution, and to Professor G. E.
Uhlenbeck of the University of Michigan who
originally suggested the problem, contributed
considerably to the formal portions of the theory,
and who was throughout a continual source of
valuable criticisms and suggestions.
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APPENDIX 1

The results of the integration in Part 3, §2 are as follows:

w11 =

b11=

ag1=

b21=

Q29 =

b22“

sV 8 12¢(1 4 2 4
[P(2'7)(1)—|-0A—\/—{—P(2-9)(—) _}__}7(2,7)(_)}]Y
9 3NV319 3 3 3
1673y 7 8 12 4
|:P(2' 7)(1)+0A_ —pe, 7)(_) ]’
45 ) 3V3 3
8w 7 14 4
[P(z 9)(1)+—P(2 7)(1)+9A \/ {——P(Q 11)( )+__P<2 9)( >+_P(2,7)(_‘)
189 3 9 3

4 4
e
945 3

8mwév 7 8 12(4 4 7 4\ 1T
Pe (1) 4—Pe D(1) —I-BA—\/—{—P@' 9)(_) +-P 7)(_) }:l’
45 L 2 3V313 3 3 3

8wV 4 3260
P(z W(1)47P@ 9>(1)-|——-P(2 (1) 464 \/ {__P(z ( ) pe, 11)( )
31729 3 1701

_p<2 9)( )_I_nl_sfp(z 7>( )___p<4 13)(4) _ﬁpu. 11)(%)}],
405 3/ 945 3

8w 4
[—P(2 11)(1)—|—~P(2 9)(1)_{_____13(2 7)(1)+0A { - 1P<2, u)( )
170

45 L2
4
—P<2 9)( )+—P(2 7)( ) P, 11)( )}]
2835 3
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