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Abstract

The present paper deals with a modification of the
experimental procedure which has been developed at the
Imperial College in relation to observations of the Heat
Transport through Gases and the related effect of accommodation.
A compensating system of wires and tubes wes
employed in conjunction with sultsble thermostatic
arrangements which enable the Heat Transport to be investigated
in the neighbourhood of,
(1) The temperature of Melting Ice.
(2) The temperature of solid C.O2 in spirit

(3) The temperature of Liguid Oxygen

The Geses tested were Nitrogen, Helium, Argon, and
Deuterium, and the experiments were carried out over a range
of pressures between 15 and 0.5 cms Hg on the one hand and
between .003cms Hg and .0008 cms Hg on the other.

In this way a direct test of the Fourier Equation
modified in respect of Temperature Drop was found possible,
and at the same time Law of Heat Transport operating for
strongly rarefied gases, could be also examined with the
same apparatus.

Calculations of the coefficient of accommodation
have been carried out from both aspects, and in this manner
the validity of Knudsen's definitions, both in regard to

Temperature Drop and Accommodation have been tested.



=D

The principle of Compensation assoclated with the Hot
Wire system has been theoretically examined in the important
case of the Heat Transfer at low pressure.

The accuracy of the formulae relevant to
calculations of the average collision paths used in conjunction
with the Temperature Drop theory have been fully considered,
and the corrections for the effect of Thermal Transpiration in
relation to the pressures measured by the Mc~Leod gauges have
been discussed in detail.

The effect of temperature on the Thermal
conductivity of the gases under test was found to be satisfied

in a8ll cases by a relation of the form,

n’
K/K, = (T/T)
where the value of n has been found to vary with the nature
of the gas. Values of the tempersture coefficient of Thermal
conductivity, corresponding to the various bath temperatures

are given along with the magnitude of the factor f associated
with the formmnle,



EFFECT OF ACCOMMODATION ON THE HEAT CONDUCTION

THROUGH NITRQGEN, ARGON, HELIUM, AND DEUTERIUM
BETWEEN 0°C. AND =183°9C. FROM THE ASPECT OF

(1)

THE TEMPERATURE DROP RELATION (2) THE HEAT CONDUCTION

THROUGH GASES AT LOW PRESSURES.

By Y. 8, Chu, Physics Dept., Imperial College of Science,

London.

Section 1.

: Introduction.

Very little information is avallable in regard

to

investigations relevant to the effect of temperature on the

heat conduction and Thermal Accommodation of Gases between

O.deg. C. and ~183.deg.C

(0]
Eklerein; using the almost obsolete Cooling

Thermometer method investigated the Heat Conduction

Air and C.02 over the range 0.deg.C to =183.deg.C ,

throughH,

’

but the

results in view of the difficulty of properly interpreting

the effects due to Convection and Radiation can hardly be

regarded of serious importance in the strict light of modern

accuracy. A Petrol-Ether thermometer in conjunction

with two

spherical enclosures of different radii were used in order to

eliminate the effects due to Radiation and the Heat Losses

along the stem, while the effect due to Convection was

allowed for by suitably reducing the gas pressure.

The results
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regarded as absolute values are given below.

/

Thermal Conductivity in Cal., em” sec  deg 'x 1070

~5095¢ -59°¢ | ~7395c | -149%5¢ | ~-150°¢C
Bir 3.678 5.146
He 23.93 11.75
CO= 2,824 2.546

Euckeﬁzﬁn a more recent investigation made use of
a compensating system of metal tubes and wires arranged to
form part of a Bridge circuit and similar in experimental
detail to the earlier work of Schleirmacher. The procedure
of lowering the gas pressure in order to eliminate the effect
of Convection brought into existence the now well known
Temperature Drop effect, but in this instance no attempt was
made to allow for the effect, and the results might on this
account be expected to be on the low side. All results for
the gases tested were expressed in terms of a predetermined
value for Air at 0.deg.C and are therefore only of
comparative interest.

Still more recently, Webeé”investigated the Heat
Conduction through Neon between 0.deg.C and =183.deg.C.using
a compensating system of tubes and wires in conjunction with
the Potentiometer method of measuring the Heat Losses and
Wire temperatures. A correction was made in respect of
Temperature Drop in terms of the theory of Von Smoluchowskif)
but again no systematic treatment was carried out in regard to

the effect of Convection. The results vary from .0001087 Cals.
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deg! em™ sec”! at 0.deg.C. to .0000499 at =181.4 deg.C. The
work of Weber represented a great advance on previous
investigations on the subject of Heat Conduction.

In 1938 Gregory and Docéﬂemploying a further
modification of the Hot Wire method investigated both the Heat
Conduction and the effect due to accomodation in respect of H,
between 0.deg.C and -~183.deg.C. The experimental results were
in this case interpreted in terms of the Temperature Drop
equation proposed by Gregory%)in which the effects due to
temperature drop and Convection may be eliminated by one and
the same experimental procedure.

In all cases at low temperature, using wires of
small diameter the effects due to Radiation may be considered
always of negligible importance in comparison with the Total

Heat Losses.

The Effect of Thermal Accommodation

It is well known that the energy interchanges
between heated solids and gas atoms are far from perfect and
early experiments by Soddy end Berrf”completely justified this
aspect, more recently, the effect of accommodation has been
considered more rigidly from the investigations of Knudseé@
and other workers.

A quantitative aspect was first made possible by
Knudsen's definition of the coefficient of accommodation viz.

If the average energies of molecular impinging
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and rebounding from a solid surface are denoted by E' and E
and if E, represents the average energy of molecules
corresponding to the temperature T,of the solid surface, then

from Knudsen the coefficient of accommodation dis defined as

A T mmmmm- e (I)

If the velocity distribution of the rebounding molecules

is Maxwellian , then we can write

k | B
(B+ 1/2).X.T. = (p3+ 1/2) .X.T
(B,* 1/2).}1((.53, - ((3'+ 1/2).§.T'

where /3% represents the molecular heat at a temperature T
and § the gas constant per molecule.

If the temperature differences (T = f) and (T, - TS
are not too large, then since the quantityﬁ changes only slowly

with temperature we have

K= cmnennc- (R)

It is emphasized that in this instance the mean
energiles E,E' » and E, are assoclated with surfac%distributions
of velocities and therefore

E

)

k
((3+ 1/2) .X.T. ete (3)

Investigations of the effect of accommodation have
been for the most part confined to the method based on the

Heat Conduction through rarefied gases and it was shewn by
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Knudsen that the rate of Heat loss through a gas at low

pressure may be expressed by the relation

Q@ = © AT, - 7,).ep. 4)
where Q denotes the rate of heat loss (corrected for Radiation),
p the gas pressure, T, and T,the temperatures (Abs.) of the
heated so0lid surfage and the internal wall of the enclosing
vessel, A the coefficient of accommodation as defined by
Knudsen, A an area and { the molecular conductivity.
Equation (4) as associated with the Hot Wire

method may be written in the form

Q = 2.7.r€ .L.pA/—FE'/z.v.M;Tl. ((3+ 1/2) A (T, = 'I'z)(5)

where @ is a quantity defined as asbove, r, and L the radivs

R’ the gas constavit q,,4
and length of a uniformly heated wirEﬁ’i’ﬁ the Molecular

Weight of the gas. Equation (5) has been widely used in
investigations of the effect of accommodation, and in all
cases Q is determined for various values of p at constant
temperature T,of the wire, from whichy may be calculated. In
one such investigation by Robertg)an attempt was made to
calculate a value of« corresponding to a perfectly clean
surface of the heated solid, this was carried out by first
heating the wire to a high temperature, in this way it was
found that the coefficient of accommodation increased in o
short space of time from a very low value to a value which
corresponded to the normal saturation value at that

temperature. This was interpreted as being due to the
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adsorption of molecules by the surface after lowering the
temperature. This aspect was afterwards revised by MannM)in
a more exhaustive investigation from which it appeared that
the effect of accommodation depended not only on the
temperature but was intimately bound up with the physical
condition of the surface.

The experimehts of Roberts and lMann definitely
related the effect of accommodation with the degeee to which
the adsorption of gas on the surface has taken place and for
any temperature the coefficient of accommodation,calculated
in terms of Knudsen's definition,represented the saturation
and stable value at that temperature, at the same time it was
established that the saturation values decreased as the
temperature ggéreased, a fact which suggests immediately that
at a sufficiently low temperature the coefficient of
accolmmodation would approximate to unity, a value associated
with a condition of complete adsorption. In support of this
latter conclusion, it was shewn by Gregory and Docﬁ?%sing the
Hot Wire method under conditions when the gas was far from
being rarefied that in the neighbourhood of =~183.deg.C. the
temperature coefficient of accommodation dc /AT for Hy
increased very rapidly with decrease of temperature.

In 1936 Keesom and Schmidé"gpplying Knudsen's
theoretical formula for the molecular heat transport in

conjunction with an experimental procedure similar to that
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used by Schleirmacher and in which the Heating element
consisted of a very thin Platinum wire coated with a thin

layer of glass, carried out investigations on the effect of
accommodation for the gases He, H, , Ne, and N, and obtained
results at 0.deg.C. agreeing very closely with those obtained
by Knudsen. The measurementén%ere afterwards continued to
ranges of temperature between 12.deg.X and 20.deg.q&§.K and
between 70 and 90.deg.K. The results confirm that for Ne. and
Hg. the coefficient of accommodation would tend to approach
unity in the region 12 to 20.deg.K when both gases are strongly
adsorbed by a glass surface. For He d was found to increase
from .383 at 77.deg.K to .57 at 18.deg.K and to .67 at 1l2.deg.K
and there is every reason to expect that &4 = 1.00 for
temperatures less than 5.25 deg.K (Critical Temperature). An
important point of view is that & = 1.0C when the glass

surface covers itself with a Mono-molecular layer of the gas

in question.

The main aspects associated with the present

investigation may be summarised under the following headings,

(1) The application of the Hot Wire method to determine
the Thermal Conductivity of the CGases He, Ar, D,

and N, at various temperatures between 0.deg.C

and -183.deg.C.

(2) To justify the method proposed by Gregory in regard
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to the calculation of the coefficient of accommodation

from the aspect of the Tempersture Drop Equation.

(3) To determine the coefficient of accommodation for the
same gases, making use of the same apparatus and employing
the same wire temperatures as in (1). To compare the values
80 obtained in terms of the Knudsen Heat Transport Law with
those caleculated from the aspect contained in (2).

(4) To compare the results obtained in (3) with the previous
work referred to above.

In the Hot Wire method of investigati&rﬂthe Heat
Conduction through Gases various errors arise as associated
with the experimental procedure. In the first place the
procedure of lowering the gas pressure in order to obviate the
effect of Convection brings into prominence the troublesome
Temperature Drop effect which is enhanced as the pressure is
lowered and which has been found to depend on the quentity Q/p,
where Q is the rate of heat loss and p the gas pressure, and
rlfhe radius of the heated wire.

At the seme time an increase of the wire radius
although favorable in the light of a reduction of the Temperatur
e Drop causes the Loss of Heat by Radiation to increase end
this again is not desirable although en account of the low
temperatures employed in the present experiments the
correction for Rediation would not be of serious magnitude

even for wires of 6 mils diameter.



Quite apart from the question of Radiation, fine wires of
2 or 3 mils diameter are necessary in the present instance
owing to the question of accurately compensating for the heat
losses along the leading-in wires of the system and this aspect
is of marked importsnce when the system 1s employed over the
low pressure range. It will alsoc be necessary to consider the
fall of temperature across the walls of the cylindrical tubes
in which the wires are fused centrally. This has been
rendered more difficult in the present instance on account of
the dearth of experimental data in regerd to the Thermal
Conductivity of the materisl of the tubes at low temperatures.
This has necessitated a seperate investigation in respect of
the Thermal Conductivity of Leaé Glass at temperatures
between 0.deg.C and -183.deg.C.

The verious corrections as outlined above will now

be considered in order of their importance.

Temperature Drop Effect. a

e o e R R R

The first quantitative treatment of the
Temperature Drop Effect was carried out by Von Smoluchowski®
in terms of Maxwell's Hypothesis viz. that molecules behave
as centres of forces of repulsion varying inversely as the
fifth power of the distances of seperation. For a cylindrical
distribution of temperature the Temperature Dropcfe, as

associated with the Hot Wire method is given by



16. (2 =d ) ae
d‘e = ----—A- -------- - e = o om o ’ (6)
27 2.0k dr

where \ is the Mean Collision path at the wire temperature,

A the accommodation coefficient, and d6/dr the temperature
gradient at the surface of the wire. This formuls is valid
only for Gases in the Monatomic State and for values of )\
small compared with the curvature of the wire. Following
Smoluchowski's treatment it has been shewn by Gregor#’that for
geses in the Polyatomic state the more general reletion for

the Temperature Drop is given by,

where Q denotes the rate of Heat loss from a uniformly heated
wire of length L,T, the temperature of the wire (Abs.) p the
gas pressure, J the coefficient of accommodation, r, the
radius of the wire, and A a quantity defined by
JR. 27 (B8+ 1/2).2.4 o
JL2mt (2 -d)

where R'is the gas constent and M the molecular weight.

Formula ( ©) may also be written in the form,

4\ .T. (2 =) ae
J 9 e e -, o Comessen (?)
v.((i+ 1/2) 2. dr
4.Nf.8
in which the Smoluchowski factor is replaced DY  accconcbeoo
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where f is a factor depending on the force operating in
moleculsar collision end defined by the relation,

£ = EK/M¢, (l0)
K being the Thermal Conductivity and C, the Specific Heat at

constant volume per grem.

In order to modify the Fourier Law of Heat

Conduction in respect of Temperature Drop we have,

Q.Log =----= = 2.7.K.L.(T =T ~do =89 (D)

where r and r, denote the radil of the wire and internal

surface of the tube , A and N the mean collision paths of the

gas molecules at the temperature of the wire and wall
respectively, 56, and é"é)?v are the Temperature Drops adjacent to
the wire and tube surfaces and T, and T,the Absolute

temperatures of the wire and internal surface of the tube.

Since d6, = F, (9/p)
and §6, = Fz(f;)/p)

from (7)

we have by substitution and rearrangement the modified

Fourier relstion,

Log --
L. K. L, (r +N)



-d' )2 n2p2p2m2
p.r A (2 il r*A°T%
Q* 1 1
+ eecaa- ( meccccmmcm—- + mcmccccccee- (/2)
p* (2 - &) ria® (2 = d")pr24%

In (12) r_denotes the radius of the internal surface of the
tube coaxially disposed with respect to the heated wire and

A and Aa the values of A at the surfaces of the wire and tube
respectively. In Equation (/2) since A  and A will differ by
virtue of thelX dependence on temperature of 2 end g and since
W€ are only concerned with small differences of temperature
between the wire and tube surface it is sufficiently accurate
to write A' = A2 = A in UzL ;;r reasons fully explained
in the Appendix the terms A and N must be reduced by the
factor 2/3,

If also the range of pressures associated with the
experimental procedure is such that the terms containing (gQ/p)2
are of negligible importance in comparison with the terms
containing.Q/p , then Equation (/2) reduces to the more

convenient working relation,

%
Y = 1/ 2nEL  +-=-(JT, /0 +J8/r )X (13)
A 2 2



e
where Y = r = 2/3A' (14)
02 .R.Log =B-mscmmn-
r, + 2/3)\
1
and X = e ———————— - ()5
p.Log (r = 2/3XN) /
(r, +2/3N)

where C3R is written for Q (corrected for Radiation) C being
the current strength in the wire, R its Resistamce and 6 is
substituted for (T, - T )

The experimental procedure in relation to the
investigation of Thermsl Conduction in Gases 1s at once
suggested from (/13). If the temperature of the wire is
meintained at a constant value T, while the pressure p of the
gas is varied, then Y should satisfy a linear relation with X
from which K and- may be calculated.

In Equation (/3) it is seen that due regard has
also been paid to changes in 6 arising from possible
variations in the CO, and Oxygen baths used in the experiments.

It is also indicated that over the range of pressun
¢ for which Equation (13) is valid the effect of Convection on
the heat losses may be neglected. In actual pratice the effect
of Convection may be minimised by the use of narrow tubes and
in applying Equation (/3) care must also be taken to confine
the pressure range to points below the region in which the

effects of Temperature Drop and Convection overlap.
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Radiastion

It was shewn from theoretical considerations by
(13)
Helfgott that the rate of loss of heat by Radistion from bright

Platinum may be expressed by the relation,

2 -g.T.
U = 2.7.r .L.0T. (1 - e ) Watts (16)

Where r, and L denote the radius and length of a uniformly

heated wire at a temperature T (abs.) andg and 9 are constants

biven by,

-2 -2
a- = 5.72 x 10 Watts . em (7)
-4
q = Y26 210 for Platinum (18)

Hence the rate of loss of heat by Radiation from the wire

at a temperature T,with reference to an enclosing surface at a

3
ok

temperature T, is represented by

.{"

U =2.mr .L cr[T"(l » e-qT')b DY 5 THe s (lé)
in which % is assumed to be the same for both surfaces.
In Table (/) the value of E is tabulated for
interwals of l.deg rise of temperature sbove that of Liquid
Oxygen along with the corresponding values of the quantity

U/ (T, - 1),
2
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Table /

(T, - ) Ux 10 Watts Ux10'/ (T, T,)
1 0.84 0.84
2 1.72 0.86
3 2.64 0.88
4 3.60 0.90
5 4.60 0.92
6 5.64 0.94
7 6.75 0.96
13 14.28 Ti00
18 22.05 1.22

20 25.59 1.28

The quantity Ux107/ (Q - @z) varies from a value 0.84 to
& value 1.28 as (Tl- Iz) varies in value from l.deg.C to 20.
deg.C, Consider now the corresponding heat loss from the same
Wwire under the same conditions of temperature when the space
between the wire and tube wall is occupied by a gas at low
Pressure, for Argon using & liquid Oxygen bath with a
temperature difference (T - T,) of 19.9 deg.C, the value of
the quantity C*.R / (T, = T,) varies from 1:’>4:O>(10-7 Watts to
€'>'70.><10n7 Watts as the pressure of the gas changes from
-00313 em Hg to .00152 cm Hg, hence for the same temperature
difference the value of U / (T - T,) represents between 1/5
to 1/13 of one percent of the corresponding aqientity Ca.R/(T‘-!Q
assoclated with the heat losses through the gas at the pressures

cited above.



Principle of Compensation

In order to realise a uniformly heated wire of
length L in pratice a double system of tubes and wires is
employed, Fig (]/). They are dimensionally the same except for
length and are also in gaseous connection, one, the longer
tube forms the main arm of the Callendar and Griffiths Bridge
while the other, the shorter tube is placed in the compensating
arm. An electric current whose strength may be varied is
passed through the Bridge system, which will be in balance for
certain values of the Bridge coils and for this to operate we

have the relation

Det?”
>
i

1

R =~ R. = (Coils = x () cms of Bridge wire
I

L S
where RL and RS represent the resistancé of the long and
short wires and x the distance of the contact slider from the
true mid-point of the Bridge.

It will now be shewn that at the point of balance
of the Bridge system the quantity (RL - RS) represents the
resistance of a wire whose length L is equal to the
difference between the long and short wires and whose
temperature is uniform throughout its length. It is emphasised
that such a condition depends as will be explained on a
carefully considered design of the tube and wire system.

Consider the thermel equilibrium of an element d x

of an electrically heated thin platinum wire disposed

concentrically wit !a cylindrical tube and surrounded by a gas

b
r vWwo
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whose thermal conductivity is K. The equation satisfying such

thermal equilibrium is represented by _
Hi,- Ho oH {CE.R/L-BG - z.e}§x= 0 (20)

where Hi is the rate at which heat is conducted into the

element and which is given by

ae

B = - hererl -ms =R (21)

where 6 denotes the excess of temperature at a point at a
distance x from the middle of the wire over that of the
temperature of the surface of the tube, K, is the thermal
conductivity of Platinum, and r the radius of the wire. ‘
Similarly, H, the rate at which heat is conducted

out of the element is given by

Hy = F( x +8x) = F(x) +§x.F (x) (22)
hence H, - H = -8§x.F (x) = +IK,, -7.ry.d%6/dx® (23)

Also the term C‘R‘;T:-‘ represents the rate of development of hesat
in the element Jx by the current strength C, and the term
Z.6.8 x represents the rate of loss of heat by Radiation from
considerations discussed in a preceding section on Radiation.
The term B depends on the pressure of the gas and
for a range of pressure such that the thermal conductivity K

is independent of the pressure we have

R e i o e (24) where r and I:zdenote the

radii of the wire and internal surface of the tube.



For gases at low pressure B is given by

B = 2.m.r, .p. JR/2.7.MT d(g+ 1/2) (25)

Equation (20) may now be written in the form

a%e e* i1+ a.9)dx
ka -ﬂor'ao Y (e 5X. + o 0 om0 @ @ @ mp v om G o

ax® ﬂ.rﬁ
=(B.6 + Z.96) 5}( (,2_6)

where a denotes the temperature coefficient of resistance, §,

the specific resistance of Platinum at the temperature of the

tube.
Writing Equabion (26 in the form
da®e
‘5;;"‘ - P( o - S/P) = 0 (,37)
& -
where P = l/Km.rrr‘..J CRAE a Sftaun ') (28)
Tl
and 8 = £°. 5./ I {7 r? Y
E Sonl R R ' (29)
and solving we have
JP. x ~4P. X
g = S/P + cle -+ cze (30)

where ¢, and c, are constants of integration obtained from the

boundary conditions viz

de/dx = 0 when x = 0
T = 0 when x = L/2
s S
RS e B I
cosh J/ P.L/2

Now (3/) represents the distribution of temperature along

either the main or compensating wires of the system, and the
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corresponding resistance of either wire is represented by the

integral
L
SL £ (1 +a.0) dx.
2

2
o ﬁ.rl
% P S 2.5, 8.8 gl B
R = «==2% (1 + 8, ====) @«  cceec-a 3, tanh —eme-o
% P % o p*% 2
(32)

The quantity S/P represents the thesoretical temperature of the
mid=point of either the long or short wires providing their
lengths L and L, are such that the terms cosh J/P.L,/2 and
cosh J?}La /2 are large compared with unity.

If R _and deenote the seperate resistances of

the long and short wires, then from (32 we have

f) aos
R = R = «w&be (1l 4 we==) (L = L)
L S 7.r? P 2
2. 58,8
- o i s ( tanh /JPL /2 « tanh J P L /2 X33
.72 Pl I i

hence the difference of the resistances of the long and shors
wires at the poiht of bridge balance will be equal to the
resistance of a wire whose length is equal to the difference
(L‘ - L ) of the lsngths of the long and short wires and for
which the temperature is uniform and of value S/P, providing
the term on the extreme right hahd side of Equation (33) is
small compared with NAMY¥\ other terms,

This condition will now be tested in respect of

the present system of tubes in the special case of the gas



Argon for which the necessary data is tabulated below,
The term in Equation (33) under consideration may be

written in the form

3
- mem————— R mmmm— (tenh J/P.L /2 = tanh JP.LZ/B)

where R, Cenotes the resistance of a wire of length (L‘ ~ La)

at a temperature corresponding to that of the tube wall.

Temperature of Bath = ~183 deg.C
R = 0.80416 Ohms
C = 0.10835 Amps
L o = 0.182 g;l
K Argon = 1.26 x 10
S (cale.) = 18,76
JP (calc.) = 1,278

hence the calculated value of the correcting term is
ik
- 0.80416 x (2.55 x 10 )

which satisfies the criterion of compensation to the order of
1/40 of one per cent.

In passing it is emphasised that at low pressures |
where the collision paths of the gas molecules are comparable]
with the tube diameters, the ebove considerations are no longtr
valid and this aspect of the application of the present system
to investigations at low pressure will be discussed later in \

|
! the paper.

\ ",‘V
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Thermostatic System

------- D s o MM @n B TR S we 098

The production of temperatures in the neighbourhood of =78
deg C, and =183.deg.C was faciliated by employing a vacuum
vessel of approximately one gellon capacity in conjunction
with pure liquid Oxygen in one instance and adding powdered
CO2 to aviation spirit in order to form a sludge for the other
g§§. A motor driven propeller was also used in order to ensure
constancy of temperature throughout the thermostatic fluid
while the experiments were in progress. The temperatures of
the fluids were calculated in all cases from a knowledge of
the resistance of the platinum wire wound on the walls of the
tubes and in the case of the Oxygen bath, the maximum variation
of temperature recorded throughout an experiment was found to
be of the order of about 0,04 deg.C. and in the most cases
was considerably less. The temperature of the C.O2 sludge was
found to depend on the degree of saturation and for an initially
highly saturated state, the temperature fell rapidly at first,
attained a minimum end then rose fairly slowly, in all cases
it was found possible by adjusting the amount of C.O2 to ensure
constancy of temperature throughout the experiment to within
.5 deg C and to which conditions the modified Fourier j
Equation was found to be applicable.

The effect on the calculated values of the thermal
conductivity due to such variations of the bath temperature
were found to be not greater thanL;wa parts in one thousand.

A plan of the Thermostatic system is shewn diagrammatically
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in Fig (2) along with the system of tubes and wires.

Calculation of the temperature of the wire in

terms of its resistance.

Between 0O.deg.C. and 660.deg.C. the temperature t on the
international scale is calculable from the measured resistance
of the compensated element of Platinum wire by means of the
relation,

Rt 2 R(O)( ke i gl (4]

where bland b2 are constants and %ﬁfhe resistance at 0.deg.C

Now Platinum temperature is defined by the relation

ph = 100, resrescsances
R R (35)
(100) )
where.&wdis the resistance at 100 deg.C.

From (34) and (35) we have

t t
t - pt = S ( prafond ot L ) - (36)
100 100 :
100%.b

b U100
| 2

For pure Platinum § has been found to be very nearly equal to

1.50

At low temperatures equation (34) is replaced by the relation

- 3
Ri %yll + b‘t + bzta + b (t - 100 ﬂ (38)
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by introducing the corresponding platinum temperature pt we

have from (38)
3

£ 17 t E
t - pt =0 wue. { am- -1)+}\(---;)(---—1)(3‘7)
100 100 100 100
b, 100¥
where h = - Nl M (%0)
b, + 100.b

A
From the known value of pt and NAN&S his also known the

value of t can be found from (39)

If the resistance of the wire is measured at the three
fixed temperatures 0.deg C. , 100 deg.C., and that
corresponding to the boiling point of pure Liquid Oxygen t(p)
then the value ofh may be calculated, where t(p) is obtained
from the formula

t(p) = =182.97 + .0126( p - 7603 + .0000065( p = 760)2
where p denotes the Barometric pressure in mm. of Hg

The experimental procedure of determining the fixed point
resistances was similar in each case/ After the wire had been
thouroughly annealed, a series of currents of small strength
C was passed through the Bridge system with the tubes open to
the atmosphere and the corresponding balance points obtained.
The problem is strictly related to the thermal conduction of
the gas surrounding the wires and it has been shewn by Grego;gv
that an appropriate working relation is given by

W =mex + ¢

where W denotes the rate of heat development in the wire and x



the corresponding distance of the balance point from the true

mid=-point of the bridge system, in this way a value of x

corresponding to W= 0 can be found by extrapolation and

hence the resistance of the wire at the temperature of the

bath is known.

Examples of the above procedure are shewn
graphically in Fig (3) and the collected data in Tab.(2)
Table (2)
o R o I}m)/R(o) R(~182.84) h
Internal system 5.2662 4.5290 1.3913 .80416 .1063
of Wires ohms ohms Shvn.
Externel system 3.5770 | 4.9614 | 1.3870 . 9080 1267
of Wires ohms ohms L ohm
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Alternative treatment of the Temperature Drop Equation

The original treatment of the Temperature Drop by
Smoluchowski was based on Knudsen'é”definitions both in respect
of the temperature discontinuity at the gas = solid interface
and also in regard to the definition of the coefficient of
accommodation.

From Knudsen the temperature drop is defined as
§do6 = T, - 1/2(T + 1) (41)
where T'and T are the mean temperatures of the molecules
colliding and rebounding from the solid surface and T, the
temperature of the surface.

Since alsc from Knudsen,

T/
O I i 4 i (2)
3w o
we have from (4/) and (R)
§o = (T -1 (1-a/2) (42)

Now it is the opinion of the author that an
dl ternative treatment might be suggested by writing &/) in the
form
/
S = T'-T (43)
and 1f Gregory's treatment of the problem is carried out from

the aspect of #3) instead of (#/) then we have for the temperat.

ure drop the formula

o Al W g el (44)



instead of the relation given previously in the text, vig

Q./ 1

d0 " B e - (45)

where the value of A in #5) is replaced by A!' and A' is

defined by
. o= e o e 2‘.71.L.({3+ 1/2) .k (46)

The form for J6 is the same in both caeses except that
Sor
the termd is substituted , 2.4 /(2 « &)
If T' is eliminated from #3) and (#4) the complete

expression for Jo is given by

do = %:E'.(/l LR Ezi:.'fl.---_ PRy LT g:{'f_'_-- (47)

p.r, A lJc.p?‘.J:-'a(}!.')aT,2 2.p.r.A'.T,

in comparison with the previous form for do )

In Knudsen'g original definition it was assumed that the
average temperature of the gas molecules adjacent to the wire
is represented‘by the arithmetic mean of the temperatures T and

15
T' whereas itAhere regarded as T'. This alternative aspect of

§0 has recieved support from the investigations of Langmui(rl's)in
relation to the accommodation coefficient, and the values of o
calculated in terms of the modified Fourier relation from (44
have been found to differ appreciably from thode calculated
from the aspect contained in #5),

The modified form of Equation #5) is simply derived by

substituting A' for A.



Calculations of the coefficient of accommodation from both

aspects are included in the Tables (3) to (/14)

Calculation of the Mean Collision Paths

1 (7, = )
% o 25 o o o o o o o > o and L 55 = om e
r = 2/3XN r = 2/3.)\
P.Log( =Bmmemene- ) Q.Log( =Bmmmmcmene
r, +2/3A r o BIBN

in Equation (/3) depend, have been calculated at the appropriate
temperatures and pressures from the relation of Chapman for
the viscosity of the gas,
)7 = 499 VAP (+38)

where ¢ is the density of the gas at a pressure p and a
temperature T , v the mean velocity of agitation and 7 the
coefficient of viscosity at the same temperature. The
experimental values of‘?for the gases under consideration were
teken from the most accurate data available, with the
exception of D2 for which experimental values of Qat the
temperatures =78.deg.C and =-183.deg.C are not yet available,
and the procedure requires modification on this account,

<§Ence’Equation (13) may be written in the form

2
—~

Q
Q.Log.r /r = 2.7.K.L.6 = 27.K.L. ~~= (J/T,/r + /T /r )
LA p.A. 202

Q2 ,
e smmil il \wfm )e (49)
P



3
which has been obtained by expanding the term Log( -3--ﬂ}--)
r, +2A

in (/3) and neglecting powers of N/r and N/r2 higher than the

first.
K. ¥ JT
Since alSO A\p = ======-= (50)
f.C
7T.R!. Y
where = —momce-o- and C_denotes the specific heat per

gram at constant volume.

Equation (49) may now be written in the form,

0 Log.r /r 1 Y
e S ol ot AR Y R T L) P B )(51)
Q 2.7.K.L. P i 3.oBit .8,
6 1:
If m denotes the slope of (5/) taking - and - as variables
Q p
then we have
i m X
- S R +  emmmmem————- (53)
A (/T /e, + T [r.) 3.7.L.£.C,

Substituting the value of A from (8 ) in (52 we have

1 i .334(8 + 1/2)
---------- 2= - o o o o o o - + = o o o e o o o o (53)
2./(2 =) 2.4'/(2 =) £./53

whered' represents an approximste value of d calculated from the

Equation,

AR e

The above procedure relevant to the calculation ofd in the

absence of experimental data for 7 is concerned solely with the



gas Deuterium, and the results of such considerations are

tabulated in detail in Tables (/X ) to (14).

Correction in respect of the drop of temperature across

the glass wall of the Tube.

Since the term 6 = (q - Tz) refers strictly to the
difference of temperature between the centrally situated wire
and the internal surface of the tube, and since also the value
of Ta is related to the measured temperature T3 of the external
surface of the tube by the relation,

r
2 = = e
C°.R = 2.7.K L.(‘I‘2 'I‘3 )/loge

d r
2
where C®.R denotes the rate of heat loss through the gas, r2
and r, the radii of the internal and external surfaces of the
wall of the tube and K3 the thermal conductivity of the material
of the tube at a temperature T,, it is necessary therefore,
in order to calculate the value of 'I'2 from the above relation
to know the values of the thermal conductivity of Lead Glass
over a range of temperature between 0.deg.C. and =~183.deg.C.
A seperate investigation in respect of this was
carried out by the author in the following menner. A Platinum
wire (diameter 4 mils) whose resistance was known over the
range of temperature considered, was fused centrally into a
piece of lead glass capillary tubing, the ends of which were

cupped so as to form mercury reservoirs. A current of

appropriate strength was passed along the wire, the whole
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apparatus being immersed alternately in baths maintained at |
temperatures of 100.deg.C , 0.deg.C , and =183deg.C
respectively. For a condition of thermal equilibrium the

value of K% may be obtained from the equation

@ 2.w.L, A0 .
where W is the rate of heat development in the wire of

length L, , R, and R2 the radii of the wire and that of the

|
capillary tube while A6 denotes the temperature difference
between the wire and the bath. In the actusl investigation
for a fixed temperature of the bath W was found to be
proportional to A6 and a value of Kﬁ obtained from the graph.
The values of K8 obtained in this way for Lead Glass are

tabulated below.

Bath Temperature (deg.C) 100 0 -183

Kz(Cals,cm_‘ deg” sec™) 0.00196 .00175 | .000684

1]

The correction A6 (T2 - T,;) was found in most
cases to be less than 0.12 deg.C , hence it is not necesssary to

know the value of K3 to a high degree of accuracy.
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Description of the Apparsatus

Bm B an mn m e T am ow tm am e Sm em e WS

The experimental tube system was constructed of Lead
Gless, carefully calibrated in regard to uniformity of bore
and the specimen eventually used satisfied this condition to
an accuracy of about 1 in 400. The wires were obtained from
Messrs Johnson and Matthey and termed Pure Thermo-Platinum.
Two lengths, silver soldered to thick Platinum springs and
leads were sealed centrally along the tubes. The radius r, of
the wires was determined by weighing a length of the wire on
an Assay pattern balance.

Lengths of Platinum wire were also wound round the
external surfaces of the tubes and fixed by means of a solution
of shellac which served to prevent any possibility of
electrical conduction through the thermostatic liguid.

The arrangement of the apparatus’'is shewn
diagremmatically in Fig (/). A denotes the tubes, B and C are
Liguid Oxygen traps D , E and F the Mcleod Gauges while G
represents an open limb Hg Manometer and H a Mercury reservoir.
The traps were U shaped, one of which (C) was loosely packed
with tinfoil in order to prevent the diffusion of Hg vapour
into the experimental tube system, the other (B) was of
uniform bore in order to obviate the possibility of a pressure
difference arising on the two sides of the trap, caused by the
effect of Thermal Transpiration at the low temperatures and

pressures employed in some of the experiments.
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The Mc-Leod gauges were of the usual type and were
designed to ensure the greatest possible accuracy over three

ranges of pressure viz

i -5
Gauge (D) 6 x10 cms Hg to . 8x10 cms Hg
" (E) 0.8 ems Hg to 0.002 cums Hg
" (F) 0.5 cms Hg to 13 cms Hg

In conjunction with F a device was employed in order to
compensate for the changes of volume arising from the rise of
Mercury in the tube R, a similar tube @ of equal bore was
connected to a second reservoir of Mercury and lowered through
a distance equal to that by which the Mercury in R was raised.

The reservoir H possessed a capacity of about 1700 cecs
and was employed to provide the necessary variation of pressure
throughout the duration of the experiments.

The Pumping system consisted of a Stéel Diffusion Pump
backed by a Hyvac, the former pump being of the three stage
type.

The electrical connections of the experimental system
are shewn in Fig (4), the main and compensating tubes occupy
the P and C arms of a Callendar and Griffiths Bridge, the
current through which is varied by a system of wire and mercury
Rheostats.

The leading-in wires from the tubes to the bridge
were formed of heavily insulated copper wires of egual length

and arranged so as to compensate for the temperature variation
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along their length. The current flowing through the wires
corresponding to any fixed setting of the bridge was
determined by measureing the potential drop across a standard ;
resistance of 1 ohm in conjunction with a Diesselhorst
Potentiometer. A compensating one ohm resistance was inserted
in the opposite branch of the bridge in order that the
mid-point of the bridge should not be altered by a large

amount.

A Callendar and Griffiths bridge was also used in
conjunction with the platinum wire wound on the external surfacej

of the tubes in order to determine the temperature of the bath.



% b1

1

A5l oy @ @

pa : uWFQtO_FZUFQQ FmGOIJWWMN.O

a7 =

o & | ® @ @

Pl & 7 ﬂl F
: il _ ! r

1viso3MY | ______T
AW VWWWW ll_




=34
Experimental Procedure

Of the gases assoclated with the present investigations,
three were supplied by the British Oxygen Company and found to
be of high spectroscopic purity, in the case of the gas
Deuterium, samples of the gas were prepared by Mr R,E. Roberts
of the Imperial College from the Electrolysis of Sodium
Peroxide solution in Deuterium Oxide of 99.96 per cent purity.

The experimental procedure in general details
conformed to the method developed by Gregory in relation to
the effect of temperature on the Heat Conduction through
Hydrogen above 0.deg.C but the theoretical basis in the
present instance might be said to be more exact in particular
relation to the calculation of the coefficient of accommodation.

In all cases the tube system was alternately
exhausted and partially filled with the gas under test in
order to ensure the greatest possible purity in the final
sample of gas admitted to the system. Commencing with some
convenient value of the gas pressure, the bridge coils and
slider was adjusted so that the temperature of the compensated
element of wire corresponded to a definite and predetermined
amount above that of the thermostat.

In order to fulfill this condition of equilibrium
the strength of the current through the bridge circuit was
adjusted by means of a series of Rheostats in which all forms
of sliding contacts had been eliminated, in this manner the

balance of the Bridge system could be maintained for each of a



series of gas pressures and at the same time corresponding to
each palr of values of the balancing current C and pressure p
the temperature of the external surface of the tube could be
determined from observations of the resistance of the platinum
wire Wound on the glass surface.

Such related data for C and p are recorded in
Tables (3) to (4) for various temperatures of the wire above
that of the bath.

After lowering the pressure of the gas by a
definite amomnt the time required for attainment of the
staticnary state from the‘point of view of adjusting the
balancing current was of the order of a few minutes and when
complete represents an operation whose sensitivity is of the
order of about 1/5000 of a degree.C. It was thus found possible
to maintain the constancy of temperature of the compensated
element of wire to an accuracy within 1/5000 of a degree
throughout the duration of the experiment. Such control is only
possible if proper use is made of the sensitive Nercury
Rheostats designed and used by Gregory and Archer in their
earlier work on the su.ﬁject°

It is emphasised that the usual procedure of
belancing the bridge circuit by aBjusting a resistance is
replaced in these measurements by the far more sensitive method
of adjusting the heating effect in the wire by an alteration
in the current strength,an adjustment whose magnitude might

reasonably be of the order of .000001 Amps and at the same time
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quite beyond the capacity of the Potentiometer to measure
such small changes of current.

From Equation (13) a linear relation should exist
between the gquantities X and Y where X and Y are defined above
and the graphical interpretation of the many observations
recorded from this point of view are fully represented in the
Figs (5) to (8)

Values of the Thermal conductivity corresponding
to a mean gas temperature T where T, = (T| + Ta)/z and of the
coefficient of accommodation at the various wire temperatures
have been calculated from aspects of the intercepts and slopes

of such lines and the results included in Tables (3) to (/14).



Key to the System of Symbols used in the text

a = Temperature coefficient of Resistance of Platinum

A = JR.2.7.L.(B+ 1/2).2./ J2 7.l (2-4)
A' = /R .2.7.L.( B+ 1/2)d/ /2.0,
b,
Constants associated with the expression for the
b resistance of the Platinum Wire.
2
3
— 2 A '
by ) R = R{ 1 +Dbt. +Dbt% +b, £ (=100 )]
r
B = 2.7.KJ/ Log --% ( Temperature Drop Relation )
'y
R,
B = 2.7.r .p.(f+ 1/2). / ---=-- ( Low Pressure )
2.7.M.T

= Rate of Heat Loss through the gas per cm. of wire / 6
C = Current strength in the wire
C, = Specific Heat of the gas per gram at constant volume
D = (R = R,)
E , BE' and E are the average energies of the gas molecules
corresponding to the temperatures T , T' and T|

§o = Tempersture discontinuity at the (gas - solid) interface.

= F(Q/p)

i K/qu n
g = Factor in the relation q = g.T ]
n
g' = Factor in the relation K= g' T
G = g.R.
b, x 100"
h = = -—3 nnnnnn

H, = Rate at which heat is conducted into element of wire<§x

)o
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H_= Rate at which heat is conducted out of element of wire Jx

i = Constant in the Equation of Knudsen for Thermal
Transpiration
aT i 3
dp/p =  mmmeme mmeeeeaeeee-

J = Joule's Equivalent

k = Ga constant per molecule

K = Thermal Conductivity of the Gas

Ky = " » " Platinum

Kq = o & " Glass

L = Length of the long wire

i T #. " Short wire ' o
M = Molecular Weight of Gas

p = Gas pressure

P = Pressure as measured by the lc-Leod Gauge

p: 5 p:' , and p:" pressures calculated from Knudsen's

formula for values of i = 1,2 and 3 respectively

1 R TIR
P e m s - (B + Z = ~cmmeemes )

pt = Temperature on the Platinum scale.
q and 6 constants associated with the Helfgott Radiation formula

U = g.r.r, L.0T¥1 - & 1)

il

Q

i radius of the Platinum Wire

Rate of Heat Loss through the Gas corrected for Radiation

pzand psare the radii of the internal and external surfaces of

the glass tube.
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Gas constant per grem molecule
Resistance of the long wire

. " " short wire
R = By = Resistance of the compensated length of
platinum wire
Resistance of compensated element at the temperature
of the Bath
Resistance at 0O.deg.C

Resistance at 100.deg.C

eR.e ;L Grell. n
m.rl.K . J. (w.27)°.K .7
1

T T D oM TS I W e S e e D ey

B e e T

Q log (%=2N)/(7#2)
Rate of loss of Heat by Radiation per unit length of
wire per unit difference in Temperature between wire
and Wall
coefficient of accommodatiom
d calculated from Knudsen's definition
A " " Author's .
Molecular}Heat of the gas at constant volume
Jr.R' / .499 /5.1
Mean Veloclty of Agitation at a temperature T
T, = ?3 = Fall of temperature across wall of tube

- 4
Molecular conductivity



$o. =

Specific resistance of Platinum at the temperature of

the Bath

and X the Mean collision paths at the temperatures of the

wire and wall

/.L:

s
1

Temperature coefficient of the Thermal conductivity of
the Gas

The coefficient of Viscosity of the gas

Ly T
) 2
Constants of the Apparatus
. .003766 cms L' = 18.854 cms
r2 = B765 cms L2 = 4,0172 cms
r, = 6742 cms
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Table 3
He =—cmmm—- =mm= Jce bath
(1) 2= 200,40 R = 3:4M99 e =17.11 U = ;600133 “Ae= .11
X
p(ecm Hg) C(Amps) X 0
16.07 . 36702 . 02863 . 98231
13.36 .36575 .03446 .98983
1170 . 36469 . 03937 .996%11
10,59 . 36339 . 04351 1.0037
9.526 . 36257 . 04840 1.008%7
8,335 . 36058 .05536 1.0207
7.461 .35948 . 06189 1.027%
6.716 .3576%7 .08880 1.0388
5,843 .35609 .07918 1.04903
5.105 . 35338 .09072 1.066%7
4,633 .35127 .1001 1.0806
K= 3.660 x 10~ % A(K) = .349 :
Tm= 281.85 oiL} =iados
(2) e 287.29 R = 3.4379 0 = 14.02 U = .000104 AS= .09
P4
jo) C X )
16.07 . 33574 . 02863 1.2018
13.36 .33251 . 03446 1.2115
11.70 .33160 . 03937 1.2188
10.59 .33012 . 04351 1.2302
9.526 ©3296%7 . 04840 1.2342
8.335 .32761 . 05535 1.2507
7.461 .32683 . 06188 1.2575
6.716 .32519 . 06879 1.2712
5,843 . 32388 . 07917 1.2829
5,105 . 32132 .09071 1.3050
4,633 .31983 .1001 1.3185
K= 3.642 x 10~ 4 J(K) = .353
Tm = 280.28 oL (L) = .429

—



Table3(Continued)
(3) T;= 284,17 R = 3.3979 6 = 10.92 U = ,000081 Ae= .07
i
o) C X 6
16.07 .29602 .02863 1.5455
13.36 .29490 . 03446 1.5583
11.70 : .29403 . 03937 1.5683
10.59 .29264 . 04350 1.5839
9.526 .29224 . 04840 1.5890
8.335 .29045 . 05535 1.6099
7.461 .28983 .06188 1.6179
6,716 .28833 .06879 1.6359
5.843 .28728 .07916 1.6496
5,105 .28503 .09069 1.6778
4,633 - ,28378 .1000 1.6942
K = 3.627 x 10~ A(K) = .361
™T = 278.71 (L) = .441

1

(4) T = 28l.07 R= 3.3579 6 = 7.84 W =.000057 QAo = _05

1
X
D & X 0
16.07 .25169 .02863 2.1652
13,36 .25056 .03426 2,1842
11,76 .24978 .03936 2.1990
110,59 .24874 . 04350 2,2183
9.526 .24847 .048%9 2,2242
8.335 . .24689 . 05535 2.2544
7.461 .24635 .06187 2.2568
6.716 .24520 .06878 2,2888
5,843 .24432 . 07915 2,3078
5.105 .24243 .09068 2,3467
4,633 .24143 .1000 2,3683
K = 3,605 x 10~4 | A (K) = 359
= ,438

Tm = 277.15 A (L)
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Table 4 .
He ------ o o g o COZ bath
(1) T, = 240.57 R=2.8328 U = ,0000574 i
C tz | Ae ) y 4 Y
15955 056660 -‘48063 012 15.90 002957 19-21
13.11 |.36603 | =48.66 | .12 | 15.93 | .03509 | 19.31
11.29 |.36543 | =~48.68 | .12 | 15.95 | .04077 | 19.41
9.157 | .36318 | =48.64 | .11 | 15.92 | .05031 | 19.63
7.820 | .36053 | ~48.54 | .11 | 15.82 | .05895 | 19.81
6.552 |.35988 | =48.68 | .11 | 15.96 | .07043 | 20.08
5.529 | .35663 | =48.57 | .11 | 15.85 | .08356 | 20.33
4.521 |.35492 | =-48.71 | .11 | 15.99 | .1l024 20,74
K = 3,177 x 1074 HK(K) = .354
Tm = 232.61 ok (L) = .431
(2) B 287,60 R = 2.7928 U = .0000423 ANo = ,09
p c btz ¢ X ¥ s
15.55 . 33252 -48.68 12.91 .02957 19.23
13,11 .33141 -48,.66 12.89 .03509 19.34
11.29 .33028 -48,65 12.88 . 04077 19.46
9.157 | .32953 -48,68 12.91 . 05031 19.61
7.820 | .32509 -48 .44 12.67 . 05895 19.79
6.562 | .32533 -48,61 12.84 .07042 20.05
5.529 | .32383 -48,68 12.91 . 08356 20,37
4,521 | .32067 -48,63 12.86 .1024 20.72
K = 3.170 x 10~ A (K) = .360
Tm = 231.07 ok (L) = .438
() T, =234,45 R =2.7528 U= ,0000338 A6 = .07
t
LR C 3 )
15.90 .29425 =248.75 9.95 2557 x
.0 19.20
11.29 | .29139 | -48.67 | 9.87 -04077 | 19.44
9.187 | .28996 | -48.66 | 9.86 .05031 | 19.63
7.820 .28923 -4 8,68 9.88 .05895 19.78
6.552 | .28699 -48.65 9.85 07042 20.05
2e22Y | 28507 | -48.64 | 9.84 | 08354 | 20.32
4.521 . 28230 -48.61 9.81 .1023 20.69
K = 3,166 x 10~% I (K) = .366
| ™ = 229.51 A (L) = 449




Table 5
Helium ==wwremca—= Liguid Oxygen bath
(1) Tl =005.46 R = ,9908 U = 0000015 Ao =,60
plem Hg) C(Amgs) t3 6 X X
9765 22955 =182.98 13.19 L4770 39.63
.8679 . 39164 =-182,98 13.19 .5377 40,50
J7615 - 38690 -182.,97 135.18 .6142 41,57
.6573 .38175 -182.97 13.18 .7138 42,82
«5991 . 37655 -182.95 135.16 .7848 44,04
- 5267 - 57084 -182.94 13.15 .8955 45,52
-4
K =1.798 x 10 A (K) = .351
Tm = 96.89 (L) = ,426
(2) T, =100.62 R = .9508 U = .0000012 A6 = .07 |
g *3 0 X Mg

09565 . 35756 182,98 10.35 L4768 39.64
.8679 . 35379 -182,98 10.35 .5374 40,56
.7615 . 34798 -182.97 10.34 .6138 41,98
.6573 . 34477 ~182.97 10.34 L7133 42,89
.5991 .34145 -182.95 10.32 .7842 43.73
. 5267 . 33550 -182,94 10.31 .8947 45,40
K=1.782 x 10~% A (K) = .358
Tm = 95.45 A (L) = .435
(3) T, = 99.18 R = .9307 U = ,0000010 Ae¢ = ,06

D c tz 0 X Y
.9765 . 33586 -182.98 8,92 L4767 39.55
.8679 005232 -182.98 8,92 .5372 40,47
.7615 .32714 -182,97 8.91 .6137 41.80
.6573 . 32432 -182.97 8.91 L7131 42.66
.5991 .32111 -182.95 8.89 .7839 43,50
K= 1.773 x 10"~ oL () = .368
Tm = 94.72 A (L) = ,450




_ Table 5 (Continued)
(4) Ty =97.75 R = .9107 U = .0000008 A6 = .05
l_ 2
P C t3 0 X X "

,9765 . 31135 -182.98 7.50 L4766 39.48
.8679 .30841 ~182.98 7 .50 5371 40.36
.7615 .30381 -182,97 7 .49 .6135 41.63
.6573 .30125 ~182.97 7 .49 .7128 42,46

. 5991 .29793 -182,95 .47 7836 43.38

. 5867 .29294 -182.94 7 .46 .8940 44,95
K=1.768 x 10'4 (k) = 371

Tm = 94.00 A(L) = 456

(5) T, = 96.33 R = .8907 U = ,0000007 Do = ,04

p c b 6 X Y

.9765 .28431. =182.98 6.09 4765 39,38
.8679 .28128 -182,98 6,09 .5370 40,28
37615 027‘743 -182.97 6-08 06135 41042
.6573 27410 -182.97 6.08 .7126 42,55
.5991 ,27141 -182,95 6.06 .7833 43,34
K= 1.761 x 10"~ A (k) = .377

Tm = 93.29 A (L) = .464
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Table 6
Nitrogen =---e=~ Tce bath
(1) T, = 294.59 R = 3.5311 6 = 21.39 U =.000171 A6 = .02
Y
| P (cm Hg) C(Amps) X )
4,287 .16711 .1074 Z.6779
3.215 .16662 L1434 4.7119
2,614 .16611 .1766 4,7466
2.188 .16565 2114 4,7799
1.878 .16521 . 2465 4,8108
1.673 .16483 .2770 4.8382
1.500 . 16447 .3092 4.,8648
1.326 .16400 .3503 4.,9000
K = g.020 x 10=9 A(K) = ,630
Tm = 283.40 AlL) = 921
(2) T, = 291.87 R = 3.4961 6 = 18.67 U = .000147 A6 =.02
) 4
D C X 0
4,287 . 15656 L1074 5,3826
3.251 ,15609 .1434 5,4222
2,614 .15560 .1766 5,4629
2,188 .15%20 .2113 5,4979
1.878 ,15476 .2465 5.5366
1.673 .15441 L2769 5.5677
1.500 .15405 .3091 5,6001
1.326 .15366 . 3502 5.6365
K = 5,995 x 10~° I(K) = ,626
Tm = 282,54 h(L) = .910
(3) Ty =289.14 R = 3.4611 0 = 15.94 U = .000121 A =.02
A
P g 4 0
4,287 S14511 < 107T% 5.308%
3.215 .14468 . 1434 6.3744
2.614 .14420 .1766 6.4246
2,188 .14385 .2113 6,4640
1.878 ,14345 . 2465 6.5084
1.673 .14312 .2769 6.5451
1.500 .14279 .3091 6.5828
| 1.326 .l4242 . 3502 6.6265
K = 5,970 x 10™° I(K) = .629
Twm = 281.17 dit) = w917
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Table 6(Continued)
€4) T,= 286.43 R = 3.4261 6 = 13.24 U = ,000100 Ae =,01
Y
o) C X ]
4,287 . 13265 L1074 7.6498
5215 .13224 .1434 7.7074
' 2.614 .13181 .1766 7.7667
2.188 .13148 «2113 7.8155
1.878 .13112 .2464 7.86585
1w BS .13081 .2769 7.9140
1.500 .13052 .3090 7.9582
1ea26 .13019 .3501 8.0096
K = 5.949 x 10™° A(K) = .617
Tm = 279.81 A(L) = .892
(5) T, = 283.71 R = 3.3911 0 = 10.52 U = 000078 Ae = kel
4
P C X 6
4,287 . 11863 L1074 0.6634
5.216 .11828 .1434 9.7328
2.614 .11786 .1766 9.8136
2.188 .11754 2118 9.8789
1.878 211727 .2464 9.9372
1.673 .11699 .2768 9.9949
1.500 .11670 .3090 10.059
1.326 .11643 +35501 10.116
K= 5,929 x 10™° A(K) = .612
T™Tm = B78.45 oA(L) = .882




Table 7
Nitrogen =-===e-- Co, bath
(1) = 281.38° R =2,7113 = ,00006%7 A6 = .026
p (em Hg)| C (Amps) t3 0 X T
4.626 S17755 ~25. 082 23.230 00942 125.18
3.397 17698 e 70 23,146 .1355 125,57
2,670 .47698 =65.054 23,230 .1726 126.15
2.213 .17670 =65.040 23.216 .2085 126.59
1.894 .17623 ~68.026 23,202 .2437 127.31
1.653 .17588 -64.991 23,167 .2795 127.75
1.449 .17562 =65.019 23,195 .3194 128.42
1.310 17534 ~64.991 23.167 .3535 128,79
K = 4.775 x 107° A(K) = .698
Tm = 219,81 HL) = 1.07
{2) 2y = 228,71 'K = 82,6765 = ,000058 AO = 083
1,626 ~16757 ~65.047 50.556 .09041 125.80
3.397 .16720 -65.026 20.535 .1355 126.44
2.670 .16696 -65.019 20.528 .1726 126.88
2.213 .16679 -65,033 20.542 .2084 127 .35
1.894 .16626 -64,991 20.500 2437 128.02
1.653 . 16606 -65.033 20,542 2795 128,71
1,449 .16578 -65,019 20.528 .3193 129,19
1.310 .16526 -64,950 20.459 .3535 129.69
K = 4,744 x 10~° A(K) = .693
Tm = 218.47 o ll) = 1,08
(3) T, = 226.04 R = 2.6413 = .000049 A6 = .020
D . ks 0 X Y
7656 S15607 =65.052 17.807 00941 156.55
3.397 .15674 ~65,047 17.890 .1355 127.00
2,670 .15651 -65.061 17.904 .1726 127 .60
2,213 .15607 -65,026 17.869 .2084 128,18
1.894 .15560 -64,991 17.834 2437 128,82
1.653 .15554 -65,033 17.876 L2795 129,35
1.449 .15521 -64,998 17.841 .3193 129.78
1.510 .15495 -65,005 17.848 .3534 130.38
K= 4,718 x 10~° o (K) = .694
™mn = 217.13 A(L) = 1.06
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Table 7(Continued)
04) Tl = 925,38 - R= 2.6063 VU = .,000041 N6 = 017
p C s ) X v
L.626 14520 =65,054 15.234 .09940 ﬁi§7—37~
3397 -14504 ~65.047 15,227 .1355 127 .92
2.670 .14491 -65.061 15,241 .1726 158 %9
2;215 014459 -65-055 150215 02084: 128°84
1.894 14412 -85,005 15,185 .2436 129'56
1,655 14382 -645 008 15.18885 o794 150°?2
1.449 - 14362 -64.988 15,178 2192 130‘é5
1'510 014319 "‘64.942 159122 .5534 131.07
K= 4.688 x 10™° A (K) = .689
™m = 21%.78 St} = dyes
(8) T, = 220.71 = S.6718 U =".000053 N8 = ,014
D c t3 ) X Y
4,626 R S -65.026 12,547 . 09940 128.55
34397 .13216 =65, 047 12.568 .1355 128,57
2.670 13203 -65,040 12.561 1726 129.19
2.213 .13184 -65.061 12.582 .2084 129.90
1.894 .13142 -85.040 12.561 .2436 130.63
10655 013116 -65¢013 12-534 02794 130098
1.449 13079 -64,978 12.499 .3192 131.49
1.310 .14319 64,963 12.484 . 3533 132.07
K = 4,662 x 10=° oL(K) = .666
Tm = 214.44 A (L) = .998
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Table 8
Nitrogen =-=---===- Ligquid Oxygen bath
(1) Fy= 110,18 = 1.0814 U = .0000025 A6 = 021
p(em Hg) r1;3) tz 0 X ¥
1.214 .1775 182,91 19.86 . 37902 268, 1
.9360 17737 -182.91 19.86 .4924 269.0
L7505 .17708 «182.91 19.86 .614%7 270.2
.6275 .17683 - 182.91 19.86 7362 75,8
.5313 .17642 -182.90 19.85 .8704 272.8
.4863 .17635 -182.92 19.87 .9518 273.5
K = 2.2351 x 10"° (K) = .739
= 108,28 AL} = 1:1%
(2) T1= 107.64 = 1,0464 = .,0000021 Ae = ,018
p C *% 6 X b 4
1.214 PR ArAdd -182,.91 17.35 L3792 271 .2
. 9360 .16755 ~182,91 17.35 .4923 272.2
97505 016751 -182-91 17-55 06146 2‘7305
.6275 . 16707 -182.91 17.35 7360 74,4
« 5813 .16672 -182.90 17 .34 .8702 278, 7
. 4863 .16663 -182,92 17.36 .9515 276.6
= 2,206 x 10"5 A(K) = .744
m = 98,96 A(L) = ;9
(3) Tl = 105,13 R = 1.0114 U = .000001% A6 = ,015
. c k3 0 X Y
1.214 .15690 =182.01 14.85 L3791 VL. 4
. 9360 .15664 -182.91 14.85 .4922 275.6
L7505 .15646 -182,91 14.85 .6145 276.6
.6275 .15623 -182.91 14.85 .7358 277 %
.5313 .15589 ~182.90 14.88 .8699 279.0
.4863 .15584 -182,92 14.86 .9512 279.8
K = 2.179 x10~° A(K) = 734
T™m = 97.71 A(L) = 1,16




Table 8( Continued)
(4) T, = 102.62 R = .9764 T = .0000013 Ab'= ,013
D c ts 0 ;4 Y
1.212 L14470 -182,91 12,34 L3790 297 .71
.9360 .14450 -182,91 12.34 .4921 278 .8
7505 .14437 -182.91 12.34 .6144 279.5
.6275 .14413 -182,91 12.34 .7357 280.8
.5313 .14381 -182.90 12.33 .8697 282.1
L4863 .14382 -182.92 12,35 .9509 282.7
K = 2.152 x10™° A(K) = .755
Tm = 96,45 A(L) = 1.21




Table 9
Argon =memcee- o e Ice bath
(1) T 294559 R = 3.53%212 0 = 21.39 U = 000173 A@ =017
\7‘

p cm Hg C (Amps) X ?
9.184 . 13869 .05004 6.7850
6.657 .13847 .06906 6.8096
5.148 .13822 .08942 6.8402
4,289 .13798 .1074 6.8687
3.599 .13795 «1281 6.8975
3.234 .13758 .1426 6.9186
2.710 : . 13733 .166%7 6.9503

|.__2.535 r{gw 13716 | 51822 6.9715
E= 4,101 = 19 A (K) = .680
Tm = 283.88 (L) = 1.03

{2) P, = 9914.87 R = 5,4962 6 = 1867 U = °000147#49 z 014

: Y

p ¢ X )
9.184% .12992 .05003 7.8064
6,657 ,12971 .06009 7.8380
5.148 .12949 .08942 7.8711
4,289 .12929 .1074 7.9009
3.599 .12906 .1281 7.9353
3 .234 .12891 .1426 7.9584
2,770 .12866 .1666 7.9968
2,535 12852 L1822 8,0193

K = 4.090x 10~ K(K) = .692

Tm = 282,52 (L) = 1.06

(3) Tl = 289,14 R= 35,4612 € = 15.95 ‘U = 0001285 A8 = ufl2

|y
C : )
9,§84 L12042 .05008 0.176X
6.657 .12023 .06908 9,2139
5.148 +12003 .08941 9.2525
4,289 .11985 L1074 9.2866
3.599 .11965 .1281 $.3250
3,234 .11950 .1426 9.3538
gun7e .11928 .1666 9,3972
2.535 L11913 .1822 09,4263
K = 4,074x 10 © A (K) = .689
Tm = 281,15 L) = 1508
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Table 9 (continued)

(4) T,= 286.43 R= 3.4262 6 = 13.24 U = ,00010 086 = 010
¥

p (Cm Hg) C (Amps) X 0
0.184 .11006 .05003 11.099
6,657 .10990 .06908 11.139
5.148 .10971 .08941 11,187
4,289 .10957 1074 11..2253
3.599 .10938 .1281 11.273
3.234 .10926 .1426 11.303
2.770 .10905 .1666 11.356
2.535 .10893 .1822 11,388
XK =24,087 x 10™@ A(E) = Ho02

Tm = 279.80 ohil) = 1.08

(5) Tl = 283.Y1 R = 53,3912 0 = 10.52 U = .000078 /\o = _008
4

P C X [
9.184 . 00847 . 05003 14,008
6.657 . 09835 . 06908 14.052
5,148 .09818 .08940 14118
4,289 .09807 L1074 14,1858
3.599 ,09791 .1281 14,211
3.234 .09778 L1426 14.255
2,770 . 09762 .1666 14.315
2.535 - .09751 .1822 14,357
K= 4,044 x 1075 oA(K) = 725

Tp = 278.44 A(L) = 1.14




Table 10
Argon =---~--- ==== CO Dbath
(1) T = 224,51 R=2.6212 U= .000061 46 = ,017
p cm.Hg .C (Amps) ta ) IX : 4
2.687 L14743 =727 51 B83.82 | .1715 192.9
1.871 .14696 72,53 23.85 | .2469 194.8
1.491 .14610 72,43 23.75 | .3103 196.6
1,226 .14566 72,42 23.73 | .3779 197.9
1.031 .14527 72,45 23.77 | .4504 199.%
.8569 .14432 =72,40 23.71 | .5432 202,4
.7138 .14356 -72,40 23,72 | .6539 205,1
K= 3.13/x 10" A (K) = 709
Tm = 212.63 A (L) = 1.10
(2) T, =221.85 kK = 2.5862 U = .000052 46 = ,015
D C bz 0 3 Y
3.687 L130156 =72.45 21.10 | .1715 194.2
1.871 .13864 -72.44 21.09 | .2468 196.1
1.491 .13822 72,46 21.18 | .3103 197.9
1.226 13772 ~72,43 21,08 | .3779 199.4
10051 015755 "72.53 21.18 04505 20lol
.8569 513640 72,40 21.05 | .5430 203.8
L7138 .13598 =72,48 21.13 | .6538 206.4
K = 3,107 x 10®0 A (K) = 707
Tp = 211.27 (L) = 1.10
(3) T, = 219.19 R = 2.5512 U = .000045 0o = 013
o) ) 5 6 b 4 Y
5.687 -13081 =7SoBT 18.50 | -1715 135.5
1.871 .13015 72,49 18.48 | .2468 197.6
1.491 .12985 72,51 18,51 | .51e2 199.2
1.226 .12937 72,47 18.46 | .3778 200.5
1.031 .12886 72,46 18.46 | .4502 202.4
.8569 .12816 =72.46 18.45 | .5429 205,11
. 7138 .12755 -72,47 18,46 | .6536 207 .7
K= 3,084 x 1079 Ak} = 111
™Tm = 209,94 A{L) = 1,10




Table to(Continued)

(4) Tl = 216.52 R = 251.61 .U = .000037 Je = ,011
p cm.Hg . C (Amps) t 6 b Y
2,687 .12155 =72.58 | 15.91 | .1715 197.2
1.871 .12092 -72.52 | 15.85 | .2468 199.1
1.491 .12040 72,47 | 15.80 | .3102 200.5
1.226 .12007 72,46 | 15.79 | .3778 201.9
1.031 .11952 -72.44 | 15.77 | .4501 203.8
.8569 .11882 72,41 | 15.74 | .5428 206.3
7138 .11759 ~72.51 | 15.84 | .6534 212.6
K = 3.057 x 10~5 I(K) = .782
Tm = 208.61 A(L) = 1.13
(6) T, = 213.86 R = 2.4811 U = .000030 Do = ,009
D C t. 0 X i
2,687 .11002 72228 | 12.94 | .I715 198.6
1,871 .11048 ~72.49 | 13,16 | .2468 200.8
1.491 11014 -72.48 | 13,15 | .3102 202.2
1i226 .10971 ~72,458 .| 15.12 | 3777 203.7
1.031 .10922 ~72.42 | 13.10 | .4500 205.5
.8569 .10885 ~72.46 | 13.13 | .5427 207.9
.'7138 .10845 ~-72.51 | 13.18 | .6532 210.8
K % 3.035 x 10~° A(K) = 707
Tm = 207.31 A(L) = 1.09
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Table 1/

ADEON Sammmin i i Ligquid Oxygen bath
(1) T = 110.13 R =1.0812 U = .00000256 A6 =.015
p(cm Hg) ¢ (Amps) ts 0 X b 4
1.958 . 14697 -182,92 19.86 L2348 390.9
1.065 .14650 ~-182.93 19.87 .4326 394 ,4
.8526 .14626 ~182,93 19.87 .5408 396.1
L7470 .14598 -182.93 19.87 .6178 397.9
.6519 .14584 -182.93 19.87 .7085 398.9
.5668 .14556 ~-182.93 19.87 .8157 401.0
.5164 .14536 -182.93 19.87 .8960 402.4
.4659 .14503 -182.94 19.88 .9941 404.9
L4246 ,14491 -182,95 19.89 | 1.092 406.0
K= 1.526 x 10=5 A(K) = .712
™m = 100.19 (L) = 1.10
(2) T, =107.62 R =1.0462 U = .00000212 Ae¢ = ,013
j9) C tS 0 X }4
1.968 . 13885 -182.92 17.35 .2348 395.4
1.065 .13848 -182.93 17 .36 .4325 398, 4
.8526 .13827 -182.93 17.36 . 5407 400.1
L7470 .13803 -182.93 17.36 .6176 401.8
.6519 .13785 -182.93 17.36 .7083 403.2
.5668 .13758 -182.93 17.36 .8155 405.2
.5164 .13746 -182,93 17.36 .8957 406.2
.4659 .13728 ~-182.94 17.37 .9938 407.8
.4246 .13706 -182.95 17.38 | 1.091 409.8
K = 1.508 x 10=5 A(K) = .732
™m = 98.94 il )= 1,06
(3) T, = 105.11 R =1.0112 U = .00000172 Ae = .01l
P c - 0 X Y
}'%2% .12990- “185.92 | 14.82 5348 390.8
‘8526 .12956 -182.93 14.85 L4324 402.9
7470 .12935 -182.93 14,85 .5406 404.6
6519 .12916 -182.93 14.85 .6175 406.1
"5164 .12879 -182.93 14.86 .8153 409.1
* 4659 .12864 -182.93 14.85 .8954 410.4
“4oie .12849 -182.94 14.86 .9935 411.9
, .12829 ~182.95 14.87 | 1.091 413.9
K= 1.491 x 10~° A(K) = .743
Tm = 97.68 (L) =1.18
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Table N{Continued)

(4) B = 102.60 R = 62 U= ,0000014 Ao =
p (em Hg) C (Amps) t3 X
1.958 .11981 -182.92 .2348
1.065 .11955 -182.93 L4324
.8526 .11939 -182.93 .5405
L7470 .11921 -182.93 L6174
.6519 .11908 -182.93 .7080
. 5668 .11891 -182.93 .8150
.5164 .11880 -182.93 .8952
. 4659 .11866 -182.94 .9931
L4246 .11849 -182.95 1.091
K= 1.473 x 10~° = 766
Tm = 96.43 = 1.24
(5) £ 100.08 R = .9411 U = ,0000010 A6
P C_ ta ) X
1.998 .10835 -182.92 9.81 | .2348
1.065 .10820 -182.93 9.82 | .4323
8626 .10804 -182.93 9.82 | .5404
L7470 .10789 -182.93 9.82 | .6172
-6519 .10783 -182.93 9.82 | .7078
- 0668 10767 -182,93 9.82 | .8148
-5164 .10756 -182.93 9.82 | .8949
4659 .10744 -182.94 9.83 | .9928
- 4246 .10727 -182.95 9.84 | 1.090
K = 1.460 x 1079 A(K) = .780
Tm = 95.17 A(L) = 1.28
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Table sz
Deuterium w=eee-- ~~-=ee Tce bath
(1) T, = 294.58 R = 3.5310 6 = 21.29 U =.000170 A6 =.109
1 1
p (cm Hg) C(Amps | P C2R
3.558 L7415 .2827 2.0284
2.630 .36811 . 3802 2,0907
2.113 » 36280 L4732 22,1524
1.782 . 35769 .5611 2,2144
1.530 055262 06557 202‘785
1.359 .34810 7360 2.3386
1.205 .34381 .8299 2.3969
1.088 .33982 . 9192 2,4535
K= 3,303 x 10~% (K) = .350
Tm = 284.00 (L) = 425
(2) T,= 291.86 R = 3.4960 6 = 18.58 U = .000146 A6 =,096 |
1 31
¢ D C®R
3.558 .25084 . 2827 2.3247
2.630 . 34526 . 3802 o 4004
2113 . 34035 . 4732 2.4702
1.782 233561 .5611 2.5405
1.530 .33087 . 6537 2,6139
1.359 . 32666 L7360 2.681%7
1.205 . 52271 .8299 2,7478
1.088 .31901 .9192 2.8120
K = 3,288 x 10™4 (K) = .353
™Tm = 282.57 (L) = 429
(3) Tl = 289.14 R = 3.4610 o = 15.88 U = .000122 A6 =.082
1 i
U ¢ D C?R
3,538 . 32556 . 2827 2.7270
2,630 . 32043 . 3802 2.8150
2.113 .31581 . 4732 2,8980
1.782 .31152 5611 2.9784
1.530 .30715 .6537 %.0638
1.359 .30335 7360 $.1410
1.205 .29974 .8299 $.2172
1.088 .29633 .9192 3.2916
K= 3.278 x 10~% (K) = .354
™ = 281.20 (L) = 429
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Tablez(Continued)

(4) T, = 286,42 R = 3.4260 6 = 13.17 U =,000099 A6 =.070
‘ 1 1
P c p C2R

3.538 « 29792 - 2827 3.289%7
2.630 .29322 .3802 3.3960
23415 .28911 JAT32 3.4933
1.782 .28516 .5611 3.5908
1.530 .28119 .6537 36929
1.359 27766 = 7360 3.7874
1.205 27444 .8299 %8769
1.088 27128 «9192 3.0705
K =3.265 x 104 A(K) = .356

, Tm = 279.84 (L) = .434

\

(5) T, = 283.70 R = 3.3910 0 = 10.47 U =,000077 A9 =.053

d, : |
je) C P 2R

3.538 266170 areBiet 4.1458
2.630 .26258 .3802 4.2784
2,113 .25886 L4732 4.4024
1.782 25539 .5611 4.,5230
1.530 .25182 .6537 4.6522
1.359 .24872 7360 4.7690
1.205 . 24586 .8299 4.8804
1.088 « 24300 .9192 4.9960
K = 3,254 x 104 A(K) = .358
Tm = 278.57 A (L) = .436
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Table /3
Deuterium =--====~-cm=- CO2 bath
(1) Tl = 214.62 R =2.4911 U= .000042 A6 = .299C3R
i ' ol l 6 ————

Lp I & 3 | A6 0 > TR

4,352 038023 | =77.62 .11 | 18.96 .2298 | 52.64

3.077 | .37640 | ~77.64 | .11 | 18.98 | .3250| 53.78

2.377 | 37214 | -w7.58 | .10 | 18.92 | .4207 | 54.85

1.952 | .36833 | ~77,53 | .10 | 18.88 | .5123 | 55.86

1.670 | .36562 | -77.58 | .10 | 18.92 | .5988 | 56.83

1.460 | .36295 | 77,64 | .10 | 18.98 | .6851 | 57.85

1.289 | .,35956 | 77,58 .10 | 18,92 | 7760 | 58.76
1.157 | .35627 | -77.53 | .10 | 18.88 | .8643 | 59.72

K = 2.567 x 10~4 A(K) = .379

Tm = 205.16 (L) = .468

- Py =] et 2
(2) T, =211.97 R=2.4561 U= °°0°°5§A, A6 = .299C°R
D C ts A6 0 P C°R

4.352 | .55404 | =77.62 | .00 | 16.32 | .2298 | 53.01

3.077 | 35059 | -77.64 | .09 | 16.34 | .3250 | 54.14

2,377 | .34644 | -77.55 | .09 | 16.25 | .4207 | 55.14

1.952 | .34389 | ~77.61 | .09 | 16.31 | .5123 | 56.16

1.670 | .34132 | -77.66 | .09 | 16.36 | .5988 | 57.18

1.460 | .33816 | -77.61 | .08 | 16.31 | .6851 | 58.09

1.289 | .33445 | -77.51 | .08 | 16.22 | .7760 | 59.04
1.157 | .33240 | -77.58 | .08 | 16.29 | .8643 | 60.03

K = 2.547 x 104 IK) = .382
 Tm = 203.82 AL) = .472
(3) T =209.31 R=2.4211 U = .000029 A6 = ,299C°R

P = Tz T Ao 6 1o Vi

4.352 | .32556 | 77,62 | .08 | 15.68 | .2898 | 53.32

3-°7g +32279 | _wy. 69 | .08 | 13.75 | .3250 | 54.53

?-ggz -giggg -77.68 | o7 | 13.74 | .4207 | 55.52

. . -7 .62 .07 | 13.68 | .5123 | 56,56

i-igg °§i333 ~77.59 | .07 | 13.66 | .5988 | 57.39

. . O | u77.60 | .07 | 13.67 | .6851 | 58.49

1.289 | .30885 | _py 59 | .07 | 13.65 | 7760 | 59.24

1.157 | .30628 | 97,61 | .07 | 13.68 | .8643 | 60.23

K = 2.521 x 10~4 h(K) = .391

Tm = 202,47 A(L) = .485
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Tablesn(Continued)

(4) T, = 206.66 R =2.3861 U = .000023 Aé = .06

1
i 0
4.352 | .29351 | =77.63 | 11.05 | .2298 | 53.78
3.077 | 20024 | =77.61 | 11.04 | .3250 | 54,91
2.377 | .28817 | ~77.65 | 11,08 | .4207 | 55.91
1.952 | .28869 | =77.57 | 11.00 | .5123 | 56.87
1.670 | .28352 | =77.67 | 11.09 | .5988 | 57.84
1.460 | .28075 | ~77.62 | 11.05 | .6851 | 58.73
1.289 | .27818 | ~77.57 | 11.00 | .7760 | 59,57
1.157 | .27651 | ~77.63 | 11.06 | .8643 | 60.63

K= 2.504 x 10~4 A(K) = .386
T = 201,14 L) = 478
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Table 14

Deuterium =-=-=m==- Liguid Oxygen bath
(1) T 106.54 R = 1.0311 T,= 90.06 6%16.36 U=.0000019
Ad = 1F
1 »
plem Hg) C (Amps) D = /¢
2,979 L42792 <3357 5.4610
2,321 . 42650 L4309 5.4975
1.914 . 42565 .5228 5.5194
1.631 . 42440 .6132 5,5520
1.418 . 42326 7052 5,5819
1.258 .42221 7947 5.6098
1.140 .42111 L8776 5.6391
1.029 .42004 L9723 5,6679
K =1.516 x 104 A (K) = .479
Tm = 98.36 (L) = .630
(2) T;= 104.03 R = .9961 T5= 90.06 6 = 135.87 U = .0000016
- A6 =.097
p c D #
2.979 . 50004 - B357 6.2801
2.321 239774 .4309 6.,3212
1.914 . 39705 . 5225 6.3432
1.631 .39590 L6132 6.3801
1.418 . 39497 .7052 6.4102
1,258 .39391 .7947 6, 4447
1.140 . 39297 .8776 6.4756
1.029 .39204 L9723 6.5064
K= 1.500 x 104 A (K) = .491
Tm = 97,09 A (L) = .650
(3) T,= 101.52 R = .9611 Tz= 90.06 6 # 11.38 U = .0000012
\A6 = .079
1
D c > z;‘ e
2.979 . 36655 . 3357 7. 2500
2.321 . 36515 .4309 7 .4999
1.914 . 36449 .5225 7.5271
1.631 .36340 .6132 7.5723
1.418 .36278 .7052 7.5982
1.258 .36181 7947 7.6390
1.140 .36085 .8776 7.6797
1.029 .36007 . 9723 7.7131
K = 1,485 x 10™4% A(K) = .495
Tm = 95.83 (L) = .658
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Tablel4 Continaed)

(4) T1= 99.02 R = .9260 Tg= 90.06 6 = 8.90 U = .00000090

- A9 = 062
p c P o

2.979 052834 0 3387 9.2758

2.521 052754 94509 9"3212

1.914 - 32672 . 5225 9.3680

1.631 . 32616 .6132 9.4002

1.418 . 32540 . 7054 9.4442

1.258 . 52463 7947 9.4890

1.140 . 32371 8776 9.5431

1.029 ____oB2316 » 9723 9.5756

K = 1,468 x 10™% HA(K) = .513

T™m = 94,87 A(L) = 680
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In recent years, many attempts have been made to predict from
theoretical considerations, the dependence on temperature of
the Thermal Conductivity of Gases. 1In 1912 Professor Chapmagw'
applied Maxwell's Kinetic Theory of Gases in a more
generalized form to the solution of the problem and making use
of the Hypothesis that forces of repulsion exist between
molecules varying inversely as the nth power of the distance
of seperation, was able to shew that for gases in the Monatomic
state the Thermal Conductivity K was related to the Viscosity
h and the Specific Heat at constant volume Cy in the manner
expressed by the relation

K = £.0,% (55)

where f is a numerical factor depending on the law of
force operating in molecular collision and which for Monatomic
Gases has the exact value 2.5 for n = &

Since f and Cv for Monatomic Gases are constants and
independent of temperature, the variation of K in respect of
temperature will be parallel with that of? . These concluslons
in relation to Monatomic Gases are strongly supported by the
results of the present investigation in regard to Helium and
Argon.

If Chapman's formula is applicable to/ﬁélyatomic Gases 3‘
then apart from possible changes in f, it would be expected
that K will vary more rapidly with the temperature than 7 on
account of the influence of the Rotational and Vibrational

Energies of the molecules on the Specific Heat Cv' This again
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has received support from the present investigations and also
from previous work on the subject by Gregorésgnd Archergv
In general the above arguments in relation to the
formula K = f.C 4 suggest that the dependence of K on the
temperature is the same as that of the product CVY . PFor most
Gases the effect of temperature on the Viscosity is
satisfactorily represented by an equation of the form
7 -~ g.Tn (56)
and if it is assumed that the quantity C,, is related in a
similar menner to the temperature, then K may also be
expressed in the form, '
K= g! Tn (57)
The truth of such reasoning may be tested in the
present instance from the graphical interpretation of the

experimental results for K in terms of the average gas

- temperature T .
m

In Fig (9) the results for all the gases tested

are shewn to satisfy a linear relation between Log K and Log T

in a very satisfactory manner and the corresponding values ofg'

!
n
andAin relation to the gases are tabulated below.

Argon K = 1.97 x 157 7% Cale cn deg' sec
Deuterium K = 5.18 x 166€fns " " " n
Helium YT WUV L R TR NS A
Nitrogen K = 2,58 x10 TH® » wn n n

- e ™ e o S T e R A e N Sm W e R mw e e
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The author has also calculated the value of the factor f at
various temperatures for each gas from the experimental results
for K in conjunction with the most accurate experimental data
available forh and C, The results tabulated in Tables (15 )y
(16), (OX), and (I7), substantiate the truth of Chapman's
calculations in respect of the Monatomic Gases Helium and
Argon and while the results shew deviations in relation to the
constancy of f with temperature, it is pointed out that large
errors are possible in the experimentally determined values of
7 and Qvand particulary so at the low temperatures employed
in the present investigation. For all gases a marked change
in the constancy of f might reasonably be expected to take
place at temperatures in the neighbourhood of the condensing
points of the gas and this conclusion would seem to have
received some degree of substantiation from the experiments of
Gregory and Docéygn.relation to H2 below O.deg.C.

Calculations of the factor f for comparison
with the above have also been made from relations of semi-

(2) )
empirical origin due to Eucken and Jean§8viz

G (2
Eucken f = 2.5 R - R iy (§3)
Cy c, |
o0)- & *\{
Jeans f = cocmcaca- qu) ‘
4 \

In the above relations Qtand Crrepresent the contribution
of translational and rotational energies to the Specific Heat
at constant volume andﬁ7¢he ratio of the Specific heats of the

oA

gas
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Both equations give results which are in ressonable
agreement with the results calculated from the relation K = f?q,

and are recorded in the Tables (/5) to (/7) for comparison.
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Tables (/5) Helium
Temp.Abs JKx10% /U. szlo’7 B f il &
281.85 3.660 1921 203 Eucken Jeans
280,28 3,642 1913 2453 2.50 2.48
278.71 Z.62T . 0030 1906 1.52 2.83
2% 115 3.605 1898 282
o518 3.566 1879 2202
232.61 S e AT 1702 2.48
251 07 Sy .0012 1698 1.52 2.48 2,48
229.51 S.166 1688 2.49
96.89 1.798 964 2:52
95.45 1.782 955 2.52
' 94,72 Lol s . 0058 950 1.49 2.2 2.1
94.00 1.768 945 2283
93.29 1,.761 941 2.93
-6 657
K = 8.94x 10 T




Table (16) Nitrogen
Temp.Abs.| K xi0%] m qxiaﬁ B £ £ £
283.40 .6020 1706 2.489 2.00 Euckem |Jeans
282,54 |.5995 1701 2,00
.0030
281.17 |.5970 1695 2,00 | 1.90 1,91
279.81 |.5949 1689 | 2.00
278.45 |.5929 1682 2.00
273,18 |.5833 1657 2.00
219.81 |.4775 1389 1.95
218.47 |.4744 1382 1.95
217.13 |.4718 |.0044 | 1375 |2.489 | 1.95 | 1.90 1.91
215.78 |.4668 1368 f 1.94
214.44 |.4662 1361 1.94
100.22 |.2231 682 1.88
98.96 |.2206 |.0105 | 673 |2.454 | 1.88 | 1.92 2.05
97.71 |.2179 664 1.89
96.45 |.2152 655 1.89
-1 966

K

1

2,58 x 10 T



Table (17) Argon
Temp.Abs.|K x10" | 7x107 B £ £ £
283.88 .4111 2171 2,52 | Eucken | Jeans
282.52 |.4090 2169 261 J
281.15 |.4074 | .0031 | 2154 |1.513| 2.51 | 2.50 £.51
279.80 |.4057 2145 2,51 é
278.44 |.4044 2137 2,52 f
273.18 | .3976 2102 2,51 |
212.63 |.3131 1709 2.43 §
211.27 |.3107 1700 2,43 \
209.94 |.3084 | .0059 | 1690 |[1.513 | 2.43 2.46
208.61 |.3087 | 1680 2.42 ﬂ
207.31 |.3035 1669 2.42 5
\\.

100.19 |.1526 828 2.45 1

98.94 |.1508 817 2,45 /

97.68 |.1491 |.0096 | 805 [1.516 | 2.46 2{71

96.43 |.1473 794 2.46 \

95.17 |.1460 783 2,47

-1 946
K = 1.97 x10 T
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Table (/8) Deuterium
Temp. Abs . Kx 10 Jrs
284.00 503503
282 .57 3.288
281.20 3.278
279.84 3.265 . 0032
278°§7 3.254
273,18 ~ 3.196
205.16 2.56%7
203.82 2.547
202.47 2.521 . 0066
201.14 2.504
08.36 1.516
o7 .09 1.500
95.83 1.485 .0086
94,37 1.468
6 7735
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The temperature coefficient of Thermal Conductivity

D e e e e e

The results of the present investigation has confirmed
in a very satisfactory manner that the variation with
temperature of the Thermal Conductivity may be expressed

between 0.deg.C eand =~183 deg.C by a relation of the form
E =187 (6¢)

The temperature coefficient of thermal conductivity, M
= dK/K,dT at any temperature between these limits may then be

calculated from the Equation,

= AK/K.dT = n/T (61)

where the value of n’for each of the gases tested has been
previously recorded in the paper.

A value of the temperature coefficient corresponding to

each temperature of the thermostat may also be obtained more

directly from the formule,

E = K[l 1l +me ) (62)
in which K represents the thermal conductivity of the gas at
a mean temperature 6 between that of the wire and the bath and
in which the wire temperature is sufficiently close in
magnitude to that of the bath to justify the linear form for K.
An example of this procedure in relstion to Argon is
grephically represented in Fig (10).

Since K satisfies a linear form with 6 ( the m@an gas
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temperature ), the intercept Kowill represent the thermal
conductivity of the gas corresponding to the temperature of the
bath, and this aspect has been carried out at each of the fixed
thermostat temperatures, 0.deg.C , =78.deg.C , and =183.deg.C

respectively, and the results recorded in Table (19)

Table (19)

He N Ar D

2 2

Ko x 10% Cal. cm™ deg™ sec™| 35.66 | 5.833| 3.976 | 31.96

K, x 10° Cal. cm™ deg™ sec”| 30.41 | 4.254| 2.815 | 24.01

K% 10% Cal. cm™ deg™ sec”| 17.20 | 2.016| 1.388 | 14.14
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Section 2
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The Heat Conduction through Gases at low pressure

In the preceding section the author has discussed in
detail the manner in which it has been found possible to
calculate the coefficient of accommodation from aspects of the
Heat transport through gases in terms of the Theory of the
Temperature Drop effect recently developed by Dr Gregor;l At
the same time the effect of temperature on both the Heat
Conduction and the coefficient of accommodation has been
investigated at temperatures between 0.deg.C and ~183 deg.C.

It remains to compare the results previously obtained in
respect of the coefficient of accommodation & with those
obtained from aspects of the Heat transport when the gases in
the tubes are strongly rarefied. Such measurements in the
present instance have been carkied out with the same apparatus
and under the same conditions of temperature as the experiments
described in Section (1) of the paper.

The experimental procedure although similar in
general detail to other workers on the subject at low pressure,
differs in that the theoretical basis for the calculation of A
in terms of the Molecular Heat transport requires careful
modification in the present instance both from the point of
view of the Equation deduced by Knudsen, and also in regard
to other sources of error peculiar to the present investigation.

In the first place the form of the Hot Wire system

used by the author to'investigate the Temperature Drop effect



=75

was designed primarily to fulfill in practice the criterion of
a uniform heated wire, that such a criterion is possible was
due to the magnitude of the ratio of the Heat losses through
the gas to the corresponding heat losses by conduction through
the ends of the wires. This ratio is very much less at low
pressure and for this reason the distribution of temperature
along the electrically heated wires is not the same as in the
case when the gas is not rarefied.

For & uniformly heated wire of length L and
temperature T,(abs) the rate of Heat Transport Q through a

rarefied gas may be represented (after Knudsen) by the relation,

Q =C2R = 2.7.r,Lp.J --=m=--- A(f+ 1/2)(&1*,—12
2.1r.f"|a’I'2 (€3)
where C denotes the current strength, T2 the temperature
(abs) of the internal surface of the tube, p the gas pressure,
M the molecular weight, and ISR’the molecular heat of the gas
at constant volume.

As applied to the present double system of wires
and tubes; and for a condition of balance in the associated
Bridge arrangement, R will correspond to the difference of
Resistances between the long and short wires, C the balancing
current and Tlan average temperature calculated from the value
of R. _

Equation (63) was used by the author to interpret
the experimentally determined Heat losses through rarefied

geses in order to obtain values of & corresponding to various
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temperatures but the results reexamined from a more rigid
aspect in regard to the compensation of the double wire system
were found to be incorrect to an amount varying between 5 and
8 percent, and for this reason an attempﬁwas made to modify
the theoretical basis on which the calculations of 4 depend.
The Equation expressing the thermal equilibrium
of an element §x of either the long or short wires is given

as in Section (1) by,

d%e S
mee= Do (6= -- )= 0 (27)
ax P

where S has the same value as before and P now takes the

form, :
1 c®.p, a
P = memmemwsecm (B4 Z = seens =-= )} (28
Ko Tery d 7o
R/
and B = 2.7.r.p. J =-=~s~=- ol (3+ 1/8 ) (25)
: 2.7M.T

The solution of R7) is of the same form viz

8 cosh JP. x
0 = ---( l - ESEIMR O WY e oas i ) (3‘
P cosh J/P,L/2 )

When the long and short wires are in series, consistent with
a condition of Bridge balance, and if RL and R denote their

corresponding resistances, we have

S
R el Riw RS = ...:Q’-. (1 + a. ---)( I =k )
L T.r> : i
° { P
2..9 aDSC )
RO e tanh J/P. L,/2 - tanh /F.L,/2)}33)
rov? PR :
]
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Bitce K, & lsesnns » where R, denotes the resistance of the

wire of length L = (L L2) at the temperature of the

|
surface of the tube,(3%3) can be written in the form,
a.8. 2.8.R, .8
R = R (1L + ====) &  s~;cececa- F(p)  (64)
o P L

where F (P) represents the term,

i
_____ (tanh J/P.L, /2 - tanh ./P'.La/.?)
P

Writing D for (R —~ k ) and G for R,a = 4R/AT we have from
(64)

D 1 2
i . 5 P - --- F (P) (65)
G.S. P L

Substituting numerical values for r and L in the expression

(
for 8 , we obtain

5 K 3.441
oo _ Wi THERS 103 4194
S C2.R,

and e

]
i
]
1
2
(¥}
1.9
@

K D = 1

m :
......... .10 %t T4 = -=- =~ ,1348 F(p) (66)
¢*.R, @ P

B + Z
P = e e— 0} (67)
vr.r‘ 'KmJ
2.0 a ¢*. 8 2.55806
and ¢ = = eememe- e e | 10 )
(rer®}2K J S i K



78~

Consider now the experimental procedure at low pressuré,if
observations are made of a series of values of the balancing
current C for various pressures p in which the wire and bath
temperatures T' and 'I‘2 are maintained at a constant value,
then D and % will be constant for all related variations of C
and p, and for each such values of C and p, a corresponding
value of p may be found from (66) by the method of

successive approximations.

B+ %
Since P + ¢ =  emm=- i
2
gw.r'.K"g
B -p Z
= U Ot + - o o o - (éq)
T7.P2.K T - % o A

therefore (P + ¢) forms a linear relation with p from which a

value of B, may be found and hence A since

B

N
0
°
Y
R
i}

------- + 1/2) (70)
! . 2.1r.,MT2 O\(F / b

Equation (69) represents a form of the Knudsen Heat Transport

Law modified in respect of Compensation.

The procedure outlined above in order to determine
P is extremely laborious and to facilitate the process of
calculation a set of tables are drawn up giving the
corresponding values of 1/P and .1348 F(P) along with the
related data for Rop-and a at various temperatures considered.
Specimen Tables of such data for the purpose of illustrating

these arguments are given below.
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Table (20)'
t.deg.C R, Ohms dr/aT &

0 3.2562 .01293 . 003971
=55 256379 .01316 .005185
~74 2.2866 .01326 .005798
~75 2.2736 .01325 .005832
-78 2.2340 .01328 .005943
~-182.78 .8058 .01391 0.01726
-182,96 .8032 . 01392 0.01733
~182.98 .8030 . .01392 0.01733
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Table <1/

1/P .1348 F(P) 1/p .1348 F(P)
" 40340 40310 24.00 9.031
10090 10049 22.87 8.330
2522 4958 21.82 7.693
1121 1084.5 20.84 Tl
630.4 595.0 19.92 6.584
403.4 369.2 19.07 6.101
280.2 2471 18.26 5.658
205.8 174.1 1481 5.254
157.6 18%.2 16.80 4.871
124.5 95,57 16.14 4,542
100,9 73457 15.51 4.229
83.36 58.31 14.92 3.941
70.04 45.38 14.36 3.675
59.68 36.38 13.84 3.431
44.83 24.10 13.34 3.205
39.40 19.87 12.86 2.996
34.90 16.50 12.42 2,802
32.93 15.07 11.99 2.624
51,12 13,79 11.59 2.459
29,47 12.63 1l Y 2.305
27 .94 11.593 10.84 2.163
26,53 9,942 10.50 2.030
25,22 9.802 10.16 1.907




Table (2/) continued

1/p .1348 F(P) 1/p .1348 F(P)
9.850 1.795 5.330 .4944
9.549 1.685 5.210 . 4698
9.262 1.587 5.093 . 4465
8.988 1.494 4.981 .4249
8.725 1.407 4.872 .4035
8.474 1.327 4,767 .3840
8.233 1.251 4.665 3655
8.003 1.1804 4.566 .3478
7.78% 1.1144 4,470 .3312
7.571 1.0525 4,378 .3154
7.368 .9945 4,288 .3005
7.172 .9402 4.200 .2864
6.985 .8892 4.116 .2729
6.805 .8413 4,034 .2602
6.631 7964 3.955 .2482
6.464 7542 5.878 .2367
6.304 7136 3.803 .2256
6.149 L6771 3.730 .2156
6.000 .6420 3.659 .2058
5.856 .6093 5.501 .1965
5.718 5777 5.524 .1877
5.584 .5483 5.459 .1792
5,455 .5206 . 3,396 L1712
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Table {2/) continued
1/p .1348 F(P) 1/p .1348 F(P)
5,334 1637 2.4244 . 07168
3,274 .1564 2.3873 . 06876
34216 .1495 2,3509 .06595
3.159 .1431 2.3155 . 06328
3,104 .1369 2,2808 .06071
5.051 .1309 2,2469 .05826
2,998 1253 242157 .05592
2.947 .11983 21812 .05368
2.8975 .11476 2.1495 .05154
2.8489 .10981 2.1185 .04948
2.8017 .10516 2.0881 . 04752
2.7656 .10069 2.0584 .04564
2.7106 . 096463
2.6666 09239
2.6239 .08852
2.5820 . 08486
2.5412 .08133
2.5014 . 07797
2.4624 .07476
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Correction for the effect of Thermal Transpiration

S > e P T G T w Cm m tm W W S Gm mes e e e T

The effect of thermal transpiration, due to the difference
of temperature existing between the experimental tubes and the
Mc Leod Gauge has important consequences in relation to the low
temperatures and pressures employed in the experiments.

In the case, where the bath temperature is that
corresponding to Liquid Oxygén, the tube connecting the Hot
Wire system with the gauges will be associated with a large
temperature gradient at the point of entry to the bath and for
this reason a difference of pressure will be set up, which,
according to Knudsen, when the gases are strongly rarefied, may
be of the order of as much as 70 percent.

The formula connecting the pressure p in the tube
system with that indicated by the Mc Leod gauge P, is given by

the relation,

0/5, = LT, (71)

!

where T and T2 are the temperatures of the bath and that of?
the gauge. The formula has been shewn to be true when the gases
in the system are very strongly rarefied, and it was applied by
the author to correct the pressures observed by the Mc Leod
gauges, and found, as associated with the procedure for the
calculation of 4 to give very unsatisfactory results, le.(4>1 ).
A more general expression and one more strictly
applicable to the present investigation was also deduced by

" 19
hnudseé %or the case when the pressures in the tubes are such
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that the ratio r/p is not negligibly small, where r is the
radius of the connecting tube, and )\ the mean free path.

If p is the pressure of the gas at a point in
the connecting tube and if T and A\ are the related temperature

and mean free path, then we have from Knudsen,
----- —_ - - 4 s - - (72)

where ( is a constant theoretically equal to unity, but
experimentally has been found to depend on the nature of the
gas and of a magnitude greater than 1. For H2 Knudsez(i,'”found
k= 2,46

Since A =< --)z--- X mem———
v. f P

where ? represents the viscosity of the gas at a temperature
T , v the mean velocity of agitation, and | the density at a
pressure D.
Since also, it is known thatrzmay be expressed in
n ;
the form 7( b where n is a constant for a particular gas,
(n + 1/2) y
therefore Ap = §,T = ¢,T say. (713)

Eliminating T by means of (72 ) and (73) we have

dp d A
bkl B s Ll s ik (74)
p 2.7 2Ar + A(RM=1).

Intergrating (74) between p' and pzfor p and

between A, and ,\2 for \ we obtain finally
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gl P, : (2.y = 1)pp + 4.y.i.r.p e
.y Log ==2- = Log ==---mmcommmofacmmoaaol2.
Py (BaFe i ilhiXp; * 4.y.i.r.p

it P, represents the pressure as determined from
the Mc Leod gauge, then p'the pressure of the gas in the
experimental system is calculated from (75) -

For definite temperatures of the bath and the
surroundings, the values of the terms ,\p‘and,&?a are constant
and mey be calculated from (48).A difficulty however arises in
regard to the value of i and the author has adopted the
procedure of calculating p, from (75) in terms of three
different values of 1 in turn, viz 1 =1, 2, 3

In this manner svbstituting r = 0.24 cms in (75)
we have for Helium, -

(1) Liquid Oxygen Bath
+001879 -+ 1,1011 1. p

P
2.294 Log ==& = L[0g =mmmreememcceccccecenae—- 2. (76)

D, .0004858 + 1.1011 i. p,

(2) C.O2 Bath.

D .001894 + 1.1011 i.p
2,294 Log ==~ = LOg ====meccremcomccco—oaa g. (77
D .001205 + 1.1011 i.p

and a similar procedure was followed in relation to the gases
Nitrogen and Argon.
For Deuterium since the variation of)?with
temperature is not known over the range considered, the author
has made use of the data contained in the present investigation

in regard to the dependence on temperature of the Thermal
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Conductivity of Deuterium between O.deg.C and =183 deg.C.
According to Chapman such procedure is,permissible in thet

the value of n in the relation K = len would be the seme as for
the variation of the Viscosity over the same temperature range.
For example Omnes and ‘.’-Jeberw}.’ound n = ,647 in relation to the
Viscosity of Helium as compared with the Authors result

n’= .657 for the Thermal Conductivity.



Experimental Procedure at Low Pressure

The experimental procedure relevant to the
investigations at low pressure are in the main identical with
the procedure at higher pressure. The adjustments necessary in
order to maintain the temperature of the element of wire at a
constant value for each of a series of pressures, requires a
much longer period of time in order to attain thermal
equilibrium of the system, and the measurement of the
corresponding pressures effected by the Mc Leod gauges demands
much more care and skill than in the Temperature Drop
investigation. Great care is also needed in order to eliminate
the effect of residual traces of vapours which would have a
marked influence at low pressure, and the use of Liguid Oxygen
traps in order to prevent the diffusion of Mercury Vapour into
the experimental system of tubes. In the earlier period of the
research the author found that a large amount of Mercury had
distilled over into the experimental tubes and caused the
Fundamental Interval of the centrally disposed platinum wires
to change from time to time, eventually the use of a U tube
filled with tin ribbon and immersed in Ligquid Oxygen obviated
the effect.
. In all experiments it was found necessary to promote
as much turbulence as possible in the thermostatic fluid,
since otherwise the wall of the tube would be heated to a

higher temperature than the fluid, an effect which is shewn up



by the very sensitive bridge system associated with the
centrally disposed wires. It has been found possible in- the
present instance to detect changes in temperature of the tube
wall to something like 1/1000 deg.C.

The experimental results at low pressure are
contained in the Tables (22) to (33). In columm (4) values of

s v el and

pa,measured by the Mc Leod gauge%&aiong with the corresponding
values of the current required to balance the bridge system at

ave shewn
these pressures,in Columm (1) . Columms (5), (6) and (7) refer
to the pressures p!' , p'" and p!'' which represent the values
of P, corrected for the effect of Thermal Transpiration in
terms of Equation (712 ) in which the constant i takes the value
1, 2, and 3 successively.

Values of the quantities P and (P + ¢) as calculated
from Equation (66) are tabulasted in Columms (2) and (3).

The numerical values of the terms R, and D/G = -————a

are shewn at the head of each Table, the latter quantity
representing a measure of the average temperature of the wire
corresponding to each temperature of the bath.

In Figs (/! ) to (/6 ) the quantity (P + ¢) has been
plotted against each of the related terms P, s p: b p?, and p:"
in turn and the values of Q calculated from the slopes of such
lines are also shewn in the Tables.

In the particular case of the C.Ox'bath in which the
temperature was found to vary during the course of the

experiments the values of D instead of P are shewn in Columm (2)
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Table <22
Helium =esear=cse-s JTce bath Low Pressure

Ro= 3.2561 D = .2218 D/G = 17.17
¢ x 100 p, x1000 | p'x1000 | p!'x1000| p"*%1000
Amps P P+¢ | CmHp | bmHg | Cm Hg | Cm Hg
20923 e 2443 202l 2.689 2.630 2.648 2.653
2.3963 .2184 2345 .82 2.324 2,340 2.347
2. 2804 1939 2084 2.109 2.064 2077 2.084
2.1498 1698 s 1B2Y 1.805 1.764 1399 % 1.783
2.0185 «1465 <1579 1.544 1.508 1517 15525
1.8858 . 1243 .1342 1.291 1.259 1.266 14271
1.8325 +11.58 - 1252 15207 1,176 1.183 1.188
1.T161 »09813 1064 0.999 0.9722 0,977 0.9812
1,6221 - 08467 . 09203 0.8384 0.8108 0.8161 0.8177

A 0,409 0,418 0.416 0.413

c{(pJ;§)=.4zAl
Table <3
Helium sewm=== =-= (0, bath Low Pressure

R = 2.4603 Ohms

C X 100 p, x1000 | p'x 1000] p"x 1000| P, 'x1000
Amps D P+ ¢ m Hg 'Cm Hg ' Cm Hg Cm Hg
246840 | -TI52 | .2701 | 2771 | 24621 | 2.6056 |2.648
2.5456 | .1748 | .2436 | 2.451 | 2.216 | 2.292 |2.331
23787 | .1767 | .2069 | 2.072 | 1.868 | 1,922 |1.958
2.2107 | <1748 | L1771 | 1.746 | 1.567 | 1.611 |1.642
2.0794 | .1735 | ,1549 | 1.522 | 1.344 | 1.391 [1.418
159843 | .1796 | .1329 | 1.276 | 1.116 | 1,154 |1.178
1.9149 | .1778 | %1233 | 1.135 2990 | 1.023 |1.045
1.8080 | .1750 | .1091 .958 -829 .855 873
1.17150 | .1782 | .09310 | .825 710 732 .746
K .351 374 .363 .361

A p/E) =428
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Table <4
Helium =====~~== Liguld Oxygen bath --Low Pressure
R, = .8059 Ohms D = .2409 D/G = 17.09
C x100 p, 1000 | p, x1000 |p/x1000 | p}x1000
Amps P P+ ¢ Cm H Cm Hg Cm H Cm Hg
.8705 .2037 L2701 Z e 00 2.018 - S 2.306
4,5945 .1782 2872 24502 1.780 1.959 2.048
4,3129 4155% .2058 2.006 1,518 1.678 1.759
4,0068 .1289 «1738 1.744 1.292 1.433 1.507
3.7646 .1105 +1502 1.532 1,118 1287 1.304
3.4576 .08887 | .1223 1.288 0.9109 | 1.013 1.072
3.3872 .08412 | .11624| 1.188 0.8295 | 0,9228 | 0.9816
3.1428 .06847 | .09612 | 1.024 0.7000 | 0,7775 | 0.8260
2.8889 05354 | .07690 .08453 0.5629 | 0.6231 | 0.6630
A .317 3765 | 343 .332
d\('ﬁ\/::%)z 572
Table <5
Nitrogen ===-=-=-- Ice bath --- Low Pressure
Ry, = 3.2552 Ohms D = .2759 D/G = 21.34
cx 100 p, x1000 | p/ x1000 | p x1000 | H”x1000
Amps r P+ @ Cm Hg Cm H Cm Hg Cm Hg
2.9173 . 2645 L2883 | 2.438 2,41 2.424 2.428
2.8058 .2427 . 2647 2.239 2.216 2.226 2.230
2. 7227 «22%0 <2477 2.079 2.0867 2.066 2.069
2.6198 .2082 .2274 1.884 1.862 1.871 1.875
2.5404 .1940 R 1E1 1.74% 1.726 1.734 1.738
2.4513 .1789 .1957 1.580 1.559 1.568 1.5
2,.3583 .1635 L1791 1.399 1.379 1.387 1.391
2.2563 .1474 .1616 1.224 1.208 1.218 1.216
2.1369 .1293 .1421 1.044 1.027 1.033 1.036
A .812 .825 .825 .820

* (Rl )= s



R = 2,7932 Ohms
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Table
Nitrogen ==e==e C02 BATH

26

=== T,0W Pressure

¢ x100 p, 1000 | p, x1000 | p;x1000 | P, X1000
Amps D P+ ¢ Cm Hg Cm Hg Cm Hg Cm Hg
5.3470 .2584 . 3293 2.707 2.621 2.658 2.673
3.1922 +2553 3012 2.493 2.408 2.445 2.459
3.0702 .2541 .2782 2.300 2,218 2,262 2.266
2.9673 .2558 .2562 2.114 2,033 2.067 2.081
2.8441 .2550 .2340 1.934 1.856 1.888 1.901
2.7324 .2549 .2140 e 1.681 - 1.724
2.6192 .2572 .1924 1.561 1.488 1.517 1.529

A ‘850 855 .854 .854

Ta ) =— -
A (pfI)= 739
Table <7
Nitrogen m====re-= Liquid Oxygen bath -Low Pressure

R, = .8058 Ohms D = .1713 D/G = 12.32
¢ x100 D, 1000 | p,/x1000 | p'x1000 | p,'x 1000
Amps P P+¢ | tmH Cm H bm Hg Cm Hg
5, 0550 .3172‘-‘-:3978"“27595 - 2.462 2.500
4.8768 .2934 .3591 2.421 2.197 2.297 2.334
4,7340 .2750 +3369 2.283 24062 2.159 2.197
4,5755 «2552 +3130 2.136 1.918 2.016 2.051
4.3995 .2340 .2875 1.978 1.764 1.857 1.893
4,2204 02132 .2624 1.844 1.634 1.724 1.760
4.,0056 .1894 $23557 1.661 1.44%7 1.533 1,561
3.7679 .1644 .2036 1.459 1.262 1.343 1.377
3.4516 +1335 .1664 1.235 1.048 Lias 1.156

A .829 .854 .837 .834

OL(PZJ:% ): 1150



Teble X8
Argon ==-=-==« Tce bath -- Low Pressure

R, = 3.2552 Ohms D = ,2758 Ohm D/G = 21.33

¢ x100 p, x1000 |p'x1000 |p 'x1000 | p,’x1000
Amps P 2 5s | " w m Hg | Cm Hg Cm Hg
Ets%ga - 1889 .2065 2.70 2.675 2. 688 2.693
2.4198 Rk .1901 2.429 2.405 2.416 2.419
2.3668 .1650 .1807 2.302 2.278 2.288 2.292
2.2915 .1529 .1676 2.096 2.073 2.082 2.086
2.2264 .1428 .1567 1.947 1.924 1.955 1,937
2.1604 .1329 .1460 1,754 15712 ik, 44 1 1.724
2.0879 21223 .1345 1.536 1.515 1.525 1.526
2.0003 .1099 .1211 1.338 1.318 1.325 1.329
1.8920 .09542 | ,1054 1.098 1.080 1.085 1.089

o .887 .899 .891 .882
£ T
A(p/E)="920
Table 29
Argon ==-=e--- -=CC2 bath --- Low Pressure

R = 2.5911 Ohms

¢ x100 p, x1000| p’'x1000| p 'x1000| p,x1000

Amp D P+ ¢ ZCm Hg 'tm Hg Cm Hg Cm Hg
3.0183 .3066 .2012 2,732 2.615 2.665 2.685
2.9099 .3085 .1838 2.478 2.364 2.412 2.432
2.8298 -3098 .1716 2.309 2.197 2.244 2.263
2,7433 - 3138 31811 2181 2,022 2.067 2.086
2.6300 +8116 .1435 1.943 1.837 1.880 1.898
2.4982 . 3069 .1290 1.73%7 1.631 1.675 1.693
2.3937 . 3091 .1151 1.549 1.451 1.489 1.505
2.2726 s31 17 .09989 | 1.358 1.265 1.299 1.316
2. 1177 .3098 .08372 | 1.135 1.048 1.079 1.094

A .879 .898 .895 .890

AR(E)=re7
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Table 30
Argon m=eememe-- Liquid Oxygen bath Low Pressure

R = .8032 Ohm D = .2779 Ohm D/G = 19.96
¢ x100 p, 1000 | p,'x1000 | p""x1000 | p,"x1000
Amp P P+¢ | CmHg | Cm Hg m Hg Cm Hg
5.1602 .1938 .2674 3.130 2.876 2,990 3035
4,9792 .1786 .2471 2.924 2.672 2,785 2.828
4,8256 .1661 .2305 2.749 2,499 2.611 2.654
4,6687 w1537 ,2140 2,554 2.308 2.415 2. 459
4,5169 .1421 .1985 2.361 2.119 2,226 2.267
4.3089 .1268 ol 181 2aTd 1.933 2.036 2,077
4,1014 +1123 .1588 1.961 1.729 1.824 1.867
3.8539 .09586 | .1369 1.719 1.461 1.589 1.628
3.6570 .08350 | .1205 1.516 1.300 1.391 1.426

A .800 .814 .809 .808

AP E)=145
Table 31
Deuterium ==-====-- Ice bath =- Low Pressure

R, = 3.2552 Ohms D = 0.2756 Ohm D/G = 21.32
C x100 p,x1000 | p,;x1000 | p,/x1000 | p.’X1000
Amp P P+ ¢ tm Hg Cm Hg Cm Hg bm Hg
2.9581 2730 .2975 2.147 2,110 2:125 2.129
2.8506 .2516 L2743 1.963 1.928 1.940 1.946
2.7763 .2373 .2589 1.844 1.809 1.821 1.826
2.6793 | .2193 .2394 1.690 1.657 1.668 1.673
2.5989 . 2047 «2236 1.584 1.552 1.562 1.667
2.5122 .1895 .2072 1.451 1.421 1.430 1.435
2.4110 .1724 .1887 1.303 1,273 1.284 1.287
2.2917 +1881 .1678 1.141 1.115 1.122 1.126
2.1438 .1305 .1434 0.948 0.9246 | 0.9305 | 0.9340

oL .380 387 .385 385

ciQﬁj?%)=.3Q4
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Table 32
Deuterium -==--=--w-= (0, bath -~ Low Pressure

R = 2.4809 Ohms
¢ x100 P, X1000 | p,x1000 |p,x1000 | p;x1000
Amps D P+¢ | bmHg | CmBg | bm Hg tm Hg
356155 .2495 .3378 2.280 2,162 2,205 2.225
§.3876 .2494 3119 2,061 1.948 1.988 2,007
3.2975 .2496 | .2940 1.939 1.829 1.867 1.886
3.1851 2501 .2719 1.809 1.702 1.739 1.787
3.0694 .2498 2510 1.672 | 1.87¢ 1.603 1.621
2.9542 2507 .2296 1.542 1.444 1.475 1.492
2.8152 2498 .2069 1.378 1.286 1.314 1.329
2.6560 .2500 .1810 1.213 1.12% 1.152 1.166
2.4640 .2512 .1510 1.010 0.9334 | 0.9538 | 0.9658

A » 387 .400 . 393 - 389

TN
AT ) =476
Table 33
Deuterium e-ee-mcea- Liquid Oxygen bath --Low Pressure

R, = .8030 Ohm D = ,2781 Ohm D/G = 19.98
C x100 p, x1000 | p/x1000 | p; x1000 | P,"X1000
Amp P P+¢ | tmHg | Cm Hg | Cm Hg tm Hg
7.6603 4568 .6190 2.620 2.344 2.451 2.499
7.3380 .4175 .5664 2,399 2,132 2.234 2.280
7.0980 .3891 .5284 2.296 2,033 2.132 2.178
6.8431 23600 . 4895 2.144 1.888 1.985 2.026
6.5611 .3289 L4479 1.989 1.741 1.831 1.874
6.2858 2999 .4091 1,847 1.607 1.693 1.734
5.9616 .2672 .3655 1.666 1.437 1.516 1.550
5.5656 -2296 .3152 1.471, 1.260 1,387 1.363
5.07086 .1860 .2571 1.248 1.051 1.112 1.145

ok .441 <479 .462 .456

d\(Fz/_;_E ) =798




In order to distinguish between the lines corres—
ponding ta‘p:’p:’, p:", it has been found neccssary, with
the exception of Fig. (11), to move the origin of the pressure
scale for pn' and p':' to the right by« amounts equivalent

to +0001 and -0002 Cm. Hgs respectively.
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The Coefficieng of Accommodation

It remains to compare the values of the coefficient of
sccommodation calculated at various temperatures in terms of
the Temperature Drop theory with the corresponding values
deduced from aspects of the Heat Conduction through the gas
when strongly rarefied. In the present instance the values
obtained from both methods are not in such close agreement as
might be expected and the reason for such divergence cannot be
completely explained in terms of possible errors associated
with the experimental procedure.

In relation to the investigations carried out at low
pressure it is emphasised that some uncertainty exists in the
procedure for calculating the corrections associated with the
existence of the effect of Thermel Transpiration together with
the difficulty of assigning a precise value to the constant i
in the Knudsen Transpiration formula. In addition the
application of the Heat Transport law modified by the author
in respect of faulty compensation is both troublesome and
extremely laborious.

The question tco of meaéuring aécurately pressures
of the order of 166 mms Hg by the Mc Leod geuge is debateable
in spite of every consideration in details of design which have
been employed in the construction of the gauges used in the

present investigations.
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For these reasons and others, Dr Gregory has put forward
the argument that the Temperature Prop method in comparison
with that at low pressure is not only capable of greater
accuracy at low temperature but has definitec advantages in
relation to the larger current densities employed along with
the accuracy associated with the higher pressure range.

Theoretically we have for the Heat Transport at
low pressure the relation

ISR LT
2.7, Lop.sf m=e-mem (B4 1/2).a (T = T_) (63)

SomaM_. T
2

Q

where T‘and T2 are the temperatures of the wire and tube,
and for the Heat Transport in the region of the Tempersature

Drop we have similarly the relation,

Q = 2.7.r L.p.J ==n=ene- (B+1/2).4 (T = T\' by

The above two Equations are exactly the same except
that the temperature of the vessel T2 is replaced by T'!', the
temperature of the molecules before colliding with the wire.

Now in (63) Q depends directly on the pressure p,
while in (78) Q' for the same value of T, and T,depends on the
product p.(T =~ TY). 3ince (T =~ 1T") is of the order of one
tenth of the value of (T, - 22, and since also the pressure
ratio in the two cases is from several hundreds to several
thousands, the ratio of the Heat Transport may well be of a

magnitude between 50 and 100 times.



-

These considerations bring out the importance of
correctly defining the temperature drop do which is related to

the value of T" in the way defined by Knudsen viz.

So = T - 1/2 (7! + ")

In general the Temperature Drop method has supplied
rather lower values ofdl in comparison with the low pressure
investigations at the same temperatures.

In the special case of Helium, the observations of Keesom
and Schmidt are in close agreement at the temperature of
Liquid Oxygen with the values obtained by the author in terms
of the Temperature Drop method, Fig (19), while the findings
of the author in respect of the gas Deuterium over a similar
range of temperature are very satisfactory and compare very
favorably with the results obtained at low pressure for the
same gas, Fig (18)

It is possible that the higher values ofd associated with
the results a® low pressure might be reconciled from the point
of view of the effect of impurities and minute traces of
vapours which would have more serious consequences at the
lower pressures.

For Argon the variation ofq with temperature has been
represented graphically Fig (/7) in terms of the average values
of the results obtained in the neighbourhood of each of the
bath temperatures and are less accurate than the corresponding

values ofa for D, due to the small magnitude of the temperature
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drop associated with the former gas.

The results for all the gases tested reveal a marked
end rapid increase as the temperature decreases and in this
respect agree with the results obtained by Gregory and Dock
for Hydrogen and also with those of Keeson and Schmidt.

In regard to Nitrogen, the val¥e for & at 0°C. cal~-
culated from the tmeasurements at low pressure egrees very
closely with the results obtained by Keesom and Schmidt, but
dose not agree with the value found from the temperature drop
asp%}. The value of & corresponding to the temperature of the
C0, bath calculated from the temperature drop aspect is not
et 21l satisfactory and the author suggests that since all
calculated values of & in ihe present instence asre based on an
assumed value of F at the appropriate temperature and since
also there is a surprising dearth of reliasble experimental
date in respect of F for Nitrogen at low temperature, the
discrepency might reasonsbly due to inaccuracies in the ex-
perimentally determined value of F at thés temperature.

No comparison with the present results for Deuterium
is possible, since these represent the only data at present
available over the temperature range 0°C. to -185°C.,with
one exception, that found by Archer at Oéc.('576),which is
not corrected for the effect of the mean free path, and if
such correection is made, the value is found to be <351, which

Is in close agreement with author's value at the same temper~

ature.
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It is considered by the author that the experimental
data forl recorded in the present paper might well be applied
to test any theoretical contribution for a mechaniszm of the
effect of accommodation, up to the present no such theoretical
explanation has been found possible. In the present
investigations the condition of the wire surface approximates
to a state in which the surface is partially or almost
completely covered by a monomolecular layer of gas and the
problem shtould not be beyond a satisfactory solution.

A theory for the mechanism of accommodatien in gases
has been advanced by Gregory in terms of the Hypothesis of the
Surface Energy of the Gas-Solid phase and although this theory
predicts the existence of a temperature discontinuity at the
gas s0lid interface, it is not possible to calculate the value
of g owing to the dearth of experimental data in respect of the

corresponding Heats of Adsorption for the gases tested.



. =

Appendix

Calculation of the average value of the Mean Free Path

ot the surface of the wire

Let the circle of radius r represent a cross section of
the wire by the plane of the paper. Now the molecules
colliding with the surface of the wire at a point 0 start from
a number. of points like P on the surface of the Hemisphere
whose centre is 0

Teke 2 system of spherical polar coordinates with O as
centre and OX as polar axis, where 6 is the angle between the
radius vector OP and the Polar axis OX andq!the engle made by
the plane containing the lines OP and 0X and the plane of the
paper,

If & is the distance of the point P from the axis of the

wire, then

a = /(r‘ +Acos.e ) + A sin®.0.cos®@

If d denotes the average value of d for all molecules

coming from theIhemi~spherical surface then we have
I
& 2 - te
D ALE R o TR ey cose.stne sogp
T
jEJ%cos 0. sine de a¢

L]




The denominator of the asbove equation hes the value 7/4,

Hence the above equation for d becomes

s i
- 4 2, 2
T (r + A cos®6)cosf.siné S/l + Aa.cosaff dCF de
w o ! 1) 4
N-sin®6
where A® =  ~;cce;ccececooa which is & dimensionless

(I‘| + N cos@)?®

quantity having a value less than unity, provided A is less then

P:
4 R A2 P IR X
Now ( fl +A"coszfe d<e = el + - - ——ee + mee= et )
Jo 2 4 64 256
and d becomes
a = 2 S (r'+)\cose ) cos6 sinbg (1 + == = S.A/64 + 00 ) 46
. | 4
A O T s R~ + )
° ' 2
L3 ‘
where 1 = j (r, + Ncoso ) cos6. sine a6 =r /2 + N/3
m, 5
1 % )\zsin 6 cosé
1l = eee | mccmmeacaaa. ae
' 4 r., + Acosé
0 )
A N A 3
— ---(—l—h) + -A--(-ém)a + —--(-b—) + ar e .
12 S B Ty 8 r,
r
3 % Msin“6 cose 3
1 = o b T Jot e e el e o e A A
2" 64 3 i R St 0
L Ap, # Neoso) 128 :



hence B 4
- BN A N 5A

d e Il + o am o o + v o - e o b e o + —————— + ..

' 3 8.7 15.r2 192. 13

The average distance from the surface of the cylinder is

therefore

----- 1+ mmee w man( 2w A QAT

52,r| 20 r 128Q : r

ZaX s BN b ) & Rl +.m}
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