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ABSTRACT

The accommodation coefficients for the gmses and metals tested
vary rapldly in the range where the gss temperature is within

approximately 50°C. of the filament tempersture.

When the temperature excess becomes large, the < of argon,
nitrogen and helium on platinum is approximately .7, 5 and
.2, respectively, and on tungsbten approximately .5, .35 and
«15, although the actual value depsnds upon both filament and

gas temperature.

Varistion in pressure up %o 150 microns was found to have a

negligible effect on &,

All gemses and metals tested gave smooth curves of oK versus
temperature except helium on tungsten at a gvs temperaziure of
80¢ K., which exhibited a sharp discontinuity at & filament
temperature of approximately 225° K. and a pressure of 34 mi-
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INTRODUCTION

The interaction phenomenon between gas and surface molecules
becomes of increasing importance because of the widespread
work with hot wires at low pressures thet is being done at

present.

It is the purpose of this paper to present data which may aid
in the formulation of & physical theory to explain this phen—

omenon more satisfactorily.

Some work on @ quantum mechanical theory of collisions of ges
stoms with solids was done by Devonshire (1), who assumed the
potential energy between the molecules is given by & Morse

function and showed that the values of the constants could be
deduced from the shape of the accommodation coefficient versus

temperature curve.

0f more immediste interest, however, in the field of jet pro~-
pulsion is the calculation of heats of dissociation of gases.
If the total heat loss from the filament is measured as the
filement temperature is increased, the trend of o with temp-
erature mey be calculated. Then a&s the filsment hests fo 2
temperature st which dissociation of the gas occurs signifi-
cantly, the AH measured will increase sharply to 2 value far

greater than what would be expected from the change of o with

temperature zlone. Since oL has been shown to be independent
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of pressure in the "free molecule™ range, then by changing the
pressure at & given filament tempersture the change in energy
supplied to the gas may be determined as & function of pressure.
This relation i¢ linear if no dissocliation occcurs, bubt is net
linear for & gos undergoing disscciation, as the nuunber of moles
chenges. From this data, heats of dissociztion and eguilibrium
constants may be determined. This method was originally due to
Lengmuiyr who determined the heat of dissociation of hydrogen in

this manner, {2}

The sccommodation coefficlent was originally defined by Knudsgen
as the fractional extent to which molecules which strike a solid
surface have their temperature "accommodated" to the tempersiure

of the surface.

Langmuir later redefined it in terms of energy exchange rather
than temperature "adjustment®. It is this definition which is

used in the present work.

ince many of the previous investigations of the accommedation co-
afficient have been based on Knudsen's definition, the cbservae-
tiong were necessarily made using only small temperature differ—
ences between gas and surface because it was necessary that the
molecules leaving the surfece have approximately & ¥normai® dis-
tribution of velocities. As AT inereasses, the departure from the

desired distribution becomes larger. A4s & result of this small
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AT restriction, the veriation of accommodation coefficient

with temperature was difficult te obtain becsuse the gas temp-
erature was the only temperature which could be changed arbit-
rarily. In practice, the method of changing the gas temperature
was to immerse the bulb in & constant temperature bath, and sult-

able baths are rather limited in number.

Using Langmuiris definition of the accommodation coefficient,

the AT restriction is removed and the variation of &K with ftemp-
erature may be more readily accomplished by holding the bulb
temperature constant and varying the filament temperature elec~

trically.
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Definition and Determinetion of the Accommodation Coefficient

The suggestion was made by Polsson, in anslogy with phenomense

of vigcous slip, that at & wall bounding an unegqually heated gas
thers might be a discontinuity of temperaturs. Bmoluchowekl
verified that the analogy was valid by performing suitable ex=—
periments on thermal conductivities at low pressures. Ths theory
developed by Smoluchowsky introduced the effect of accommodation
in & way which is somewhat differsnt than what hes since come in

to genersl use,

The more generally sccepted point of view on the thsory of heat
conduction at these pressures was developed later by Knudsen in~
volving a consideration of the mechanism of energy transfer by
individusl molecules incident on the hot surface, Knudsen in-
trofuces a constant, called the asccommodation coefficient, which
“can be defined as standing for the fractional extent to which
those molecules that fall on the esurface and are reflected or
re~emitied from i%t, have their mean ensrgy adjusted or 'accommo=
dated! toward what it would be if the returning molecules were

issuing a¢ a stream ocut of & mass of gas al the temperature of
the wall." (3)

The moleculss leaving the hot surfsce have a mean energy corres-
ponding to some temperature lower than the temperasture of the
surface, II this temperature be denoted by T, and if the temp-
erature of the surface and of the incidenit molecules be denoted

by Tg and T, , respectively, the K is defined by the relation
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To determine the value of oK experimentally, suppose we have

a fine wire in a cylindrical tube mainteined at temperature Tg
by electric current, in which there is a monatomic gas* at a
pressure o low that thc mean free path is large compared with
the radius of the tube. (&) If the diameter of ithe wire is
very small compared with the tube, then & moclecule leaving the
wire will ¢cllide with the walls of the tube meny times befcre
again striking the wire. So, thc temperature of the molecules which

strike the wire may be considered to be at the tube temperature.

If we assume that there are f{c¢) dc molecules per ¢.c., with vel-
ccity lying between ¢ and ¢ + dc. The number of molecules of a
gas at rest as a whole which strike a unit area per unit time
was shown by O. E. Myer to be equal Yo one-fourth of the number
of molecules in the volume times the average velocity of the
melecules, Thusg, the number of molecules éf mass m which strike
unit area of the wire per second is one~fourth f(c)ec de, so the
energy incident on the wire ver unit arsa is
% mc* X % f@)c de

Then the total energy for all velocities is

lg-/éf £(c) ¢ dc

* Asgume monatomic gas for the sake of simplicity. The effect
of variable Cv is discussed later.
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If the velocity distribution is Maxwellian, then

—MCZ
e 2KT o*

Can s m ¥

@) = & ()
where n = nmumber of molecules per c.c.

Substituting this into the above equation, we get for the total

energy incident on the wire per second

3
_ zk’T;3)

mm

and for the number of molecules striking unit area of the wire

per second, V :

or since
«P: nkT

where p is dynes/cm.?

we may write

which is Xnudsen's Equatiocn for the number of mclecules which

strike unit ares per unit time.

Substituting VY into equation for E gives:

1}

£

]

v'ZKTi

= —F£ — . 2kT,
FZTmmkT,

The assumption that the velocity distribution of the incident

molecules is Maxwellian is valid because the molecules have all
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come inte temperature egquilibrium with the tube: before striking
the wire., The moleculss which leave the wire, however, dc not
necessarily come into teaperature equilibrium with it, but in-
stead have mean energy corresponding to T,.. Their velocity dis-
tribution will not be strictly Maxwellian but the depariure from
it decreases as T - Ti becomes smaller. If we assume that the
velocity distribution is Maxwellian, then the energy leaving the
wire is

E.= V- 2KkT,

so the net loss of energy from the wire is

E.,. -~ E; = ’Z#E%‘(Tr—‘ri)

)
I
AR
i

then the net energy loss from the wire per cm.2 per second is

Z'POQK _—r) 2
AE = - =——— (T ; ergs/em”™ ~ sec.
Mz mKT, <s ' /

This is the eguation given by Knudsen for the heat loss from a
filament at low pressure. All the quantities except o( may be

measured, which then determinss K,

As puinted out by Langmuir (5), the temperature of the re-emitted
or reflected molecules has a clearly defined meaning only if the
molecules leave the surface with a Maxwellian distribution of
velocities. IFf the molecules do not come into thermal equilib-

rium, it is likely thabt the distribubtion will not be Maxwellian.
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To avold the ambiguity of the temperature T, and to allow for
large AT, where it is not Maxwellian, Langmuir defines the ac-
cormodation soefficlent as the fraction of the theoretical heat
loss {assuming temperature equilibrium) which is observed ex—
perimentally, i.e.:
PO - P N s\
We W, = actual heat loss (no rediatiow)
o= = where
' Wy = theoretical heat loss (no radiation)

The theoretical heat loss (i.e., assuming =1 ) may be cal-

culated as

My = AE= Fk: -2k TS-T-) ergs/em®_sec
Trd L 2TmkT, ( ' 7/

N d—' WQ_ — W&'\)Z“mk—r'
= T AE-TAd PTild - 2k (T,T)

If the gas is not monatomic, then the total energy of a mole-

cule of the gas is

/

Since the translational energy is 3/2 kI, the interual energy

)

of & molecule of the gas is
internal = total - translaticaal
It was shown previously that the total kinetic energy cross—
ing & given surface is given by
F. =V -2kT
i U
so the kinetic energy crossing a given surface per molecule is
E = 2KT
k
and the internal plus kinetic energy per molecule crossing a

given surface is
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E_ = [(B-%)+2KIT = (p+s)kT

ToTAL
To get the meximum theoretical heat loss from the filament

per molecule
T
E,-E, = kf (P /)dT
T

Since the number of molecules hitting the filament is given
by Knudsen's equaticn, then

-

Wr oo =—_/P_.-——-kff +4)dT

A P ey T(ﬁl)
b

W, - J2mmkT,

W,
80 o(—-__.&_.—: T
p-rhd - k "ﬁ-r)' 4T
\"’T -[s ( 7‘)

where W, = observed heat loss, ergs/sec.

mass of molecule, grams

I

n
p = pressure, dynes/cm.?
(5k = sgpecific heat at consitanl

volume per molecule

This eguation was first used by Laagmuir to determine the ac-

commodation coefficient of hydrogen on tungstien.

Knudsen, in defining oK, assumed it independent of pressure
(in range where diamcter of wire <<A) and also independent of
the temperature excess of the wire, providea ihe excess is
small compared to temperature of the gss; i.e., for

AT << T

fhis is another way of saying that the velocity cdistribulion
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of molecules leaving is spproximaiely Mazxweilian., It remained
to e shown experimentally, however, that the above assumptions

'y

were valid. Using the equation for hLeat loss from the fillament

derived previcusly, Knudsen and others investigated the effect

of surface conditions, difierent geses and metals, and various
gas and wire temperatures on the accommodation ccefficicnt. These

eifects will be discussed below.

Effect of Surfece Conditicus

The effect of the wire surface was delermined by Knudsen by
measuring o first on & smooth platinum surface, then on a sur-
face slightly coated with platinum black, and finally on a sur-
face heavily coated with platinum black. The increase in surface
roughness gave rise to an increase in o, This experiment was

carried out for several gases and the same trend noted. (See

Table 1) (6)

TABLE 1
Platinum o<
Hz 02 Co2
Folished «358 « 835 . 868
Slightly Cozted with Pt, Black | 556 .927 L5
Heavily Coated with Pt., Black 712 +956 <9375

Boberts (7), using & tungsien wire in a bulb conteining helium
&

et a pressure of about .10 mm Hg., observed = decived increase
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in K on prolomged hesting of the wire. This he attributed
to the increase in surface roughness resulting from heating
the wire. For & clean filament--that is, one which had been
flashed at a temperature of gbout 2000°C to remove adsorbed
gases from the surface~—the oCincreased from .07 to .18.

For a filament with adsorbed gases on the surface the accomme

dation coefficient increased from .19 %o «55.

It is reascnable that the increases in surface area which sac-
company increased surface roughness should aliow grester ex—

change of energy of the gas molecuies with the surface.

Roberts supposes an incoming molecule may strike in a "valley"
of the surface and be reflected from one surface t¢ ancther
before leaving. Using this simple notion and the above datla,
Roberts derived an empirical expression which predicts the
number of times a molecule should strike the surface to give
the observed o, The concept of "molecularly rough! surface

is sometimes useful—i.e., a surface which gives £=1. This

is undoubtedly an oversimplified picture.

Probably & somewhat more realistic idea of what cccurs s sug-
gested by Langmuir in his adsorption theory of "definite sites
(8), of which & brief resume follows. The surface atoms of &

solid are held t¢ the atoms in the inberior by forces similar

to those acting between the atoms inside the solid. But in
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the surface layer, because of the asymmetry of the conditions,
the arrangeuent must always be somewhat different from that in
the interior. These surface aloms are unsaturated chemicaily
and thus have a strong field of force suirrcounding them, the
effective range usually less than the diasmeter of the molecule.
Langmuir concluded, from other considerations, that when gas
molecules strike a solid or liquid surface they condense on the
surface due to the force field of the surface atoms and may
later eveporate from it, but they do not, in genmeral, rebound
elastically. The length of time between condensation and evap-
oration depends on the intensity ¢f the surface forces. If the
forces are strong, evaporation will be slow and the surface sof
the solid will become sabturated with & layer of the adsorbed
gas. If the forces are weak, evaporation may occur sc soon
that only a small fractien of the surface will be covered at
any instant. Since the range of the surface forces is small,
the adscrbed molecules usually orient themselves in definite
ways or on "definite sites", in the surface layer since they
are held in peosition by forces acting between the surface atoms
and particular atows or groups of atems in the molecule. It is
apparent that the greater the surface ares, the greater is the
nurber of positions on the surface which are atiractive io tae
ineident molecules. Thus, more molecules will be condensed and
evaporated per unit time, and the sccommodation coelficient will

be increased as a resuli of increasing the surface area.

As indicated above, the accommodation coefficient for a surface
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with & film of adsorbed goses is substantially larger than for
a surface free from such a film. The latter condition (i.e.,
surface free from film) may be obtained by using a metal and

a gas-—for example, helium and platinum--which give rise to
only weak surface forces so that the molecules which condense
onn the surface evaporate rapidly lesving only a smell fraction
of the surfsce covered by adsorbed molecules. Since it has
been observed by Roberts (7), Mann (9), and others that the ac~
commodation coefficient increasses with time over the value for
g clean surface, it may be assumed that the total surface cov-
ered by adsorbed molecules also increases with time so that &
filsment which has stoocd for & long period of time may finally
get ite surface completely covered by adsorbed molecules. OFf
course, the temperature of the surface and the pressure of the
gas are important in determining the time required for thisj if
there are impurities in the gas, they will alter the situation

elso.

If the adsorption theory fits the physical situation, then one
might eliminate the surface forces almost entirely by allowing
8 gas with chemical affinity for the solid to form a monolayer
at the surface to chemically saturate the surface atoms. Then
if some comparatively inert gas were asdmitted the surface for-
ces originally causing condensaztion would be much smsller and
evaporation would occur faster. Thus the molecules actually
teking energy away from the surface (the inert gas) would not

reside on the surface long enough to effect a very great energy
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transfer, and the accommodsation coefficient would be expected

to be quite small.

This appesars to be borne out in several instances. Langmuir
(5) measured an ©o¢ of hydrogen on bare tungsten at a filament
temperature of 1200° K and pressure of .20 mm Hg., and  drop-
ped to .09 when the tungsten had an adsorbed film of oxygen on
it. ZLater, Mann (9) noted thet an oxygen treated platinum wire
gave lower values of < with respect to helium than was obtain-
el with pure helium. The sccommodation ccefficient for pure

helium was about .05 and for oxygen-treated platinum, A = .035.

Roberts (10) developed a method for measuring the adsorption of
hydrogen on tungsten based on the fact that oKL of neon is diff-
erent for & clean surface and for a surface with an adsorbed

film of Hp on it.

Since the adsorbed gases cause oK to increase with time, the
value of K for a cleasn filament is almost impossible to meas~
ure directly because of the lzg from the time the gas is admit-
ted to the bulb, to the time the readings are actually taken.
The variation with time, however, can be made quite small by
using very pure gas and operating at low pressures sc that the
rate of adsorption is quite slow. In this case, a linear ex-
trapolation to zerc time is possible. This method, unless var-

istion with time is almost negligibly small, is open to objec~

tion on the grounds that the extrapolation is being made over
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8 period when < is changing most rapidly. Some of the un-
certainties may be removed by considering the process by which
adsorption takes place. If we assume there are a certain num-
ber of available "sites® uniformly distributed over the surface
of the filament, then the probability of capture of a2 gas atom
in unit time is 4.

where Ay = number of unfilled sites on surface

at any time t

A = total number of sites at t = o
So éﬁ* = KA,
and t = l/K[“‘ﬂ A,’*""SC]
Boundary conditions at t=0, Ay = Ao
S0 o = Jkllog A, +legqC]
then t = )/K '°3 —2':

In filling all the available sites A, oL will change from the
initial value &, to a final value o(,; and in filling all of
the available sites A at time t, K varies from KL to .

} ol - oA
So we may write, Kt = loq ®o

o =,

Since we may measure A, and K(t), we may fit the exponential

formula to the data to obtain o(o.
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Michel (11), using data given in an early paper of Roberts
(1930) in which & did not vary lineerly with time, used this
type formula to obtain X The values obtained by this extrap—
olation did, in fact, agree with those obtained in later and
better experiments by Roberts when the drift with time was
negligibly small. Michel reports that, in practice, the lin-
earity of the curve is extremely sensitive to the value of X,
and small adjustments of this quantity are sometimes necessary,
but in no case tried thusg far had it been necessary to use &
value which departs more than 2 - 3% from that obtained after
heat losses seemed reasonably steady——& limit well within the

experimental accuracy.

Effect of Pressure

Kinetic theory predicts that the amount of heat confucted away
from a surface is independent of the pressure, provided the
pressure is higher than the range in which "molecular flow" oc-
curs. In the very low pressure range, however, where the mean
free path of the molecules becomes significant compared to the
relevant dimensions of the apparatus, careful measurements show

that the thermal conductivity decreases linearly with pressure.

The following data of energy loss from & platinum filament, ob-
tained by Dickens (12), shows that the heat conductivity is al-

most constant over a large range of pressures from about 10 to
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76 em., whereas below 5 ¢m. the thermal conductivity decreases

linearly with pressure.

FIGURE 1.

watts 51
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For the range where the heat loss varies linearly with pressure,
Knudsen's equation (previously derived) applies. If the heat
loss were strictly linear with pressure, then the assumption of
o independent of pressure would be completely valid. It must
be shown experimentally, however, that this is the case. Mann,
using .025 mm platinum wire in 5 cm. diameter bulb, investigated
the renge of pressures for which o¢ should be independent of
pressure and found the upper limit to be about 350 microns (for

an accuracy of 2 - 3%).

Blodgett and Langmuir (5), in measuring o for hydrogen on tung-
sten at .2 mm Hg., corrected for the effects of conductivity be-
tween the gas molecules in the following way. The temperature of

the impinging molecules was assumed to be the temperature of the
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molecules one mean free path length away from the filament,

ingstead of the temperature of the bulb., (See Figure 2.)

FIGURE 2,

The temperature of these molecules was calculated using the

ordinary laws of heat conduction through a gas. This correc-
tion made about a five percent change in the value of o< bas-
ed on assuming the temperature of the impinging molecules the
same as the temperature of the bulb. This correction becomes

smaller as the A incresses (or pressure decreases).

Effect of Temperature

In determining the effect on the accommodation coefficient of
varying the temperature of the wire and the gas, care must be
taken that the assumptions made in defining oC are not violateds
That is, if the asccommodation coefficient zs defined by Knudsen
is uged, then in order to assure that the gas leaves the wire
with gpproximately a Maxwellian distribution of velocities,

the temperature difference must be kept small. This requires
that the wire temperature be maintained about 20-30° above the

buldb temperature. So, to get o« as a function of temperature,



19.

the bulb tempersture must be varied and the wire temperature
maintained at a value somewhat larger. This technique was
used by Knudsen and Roberts. The bulb was submerged in a
constant temperature bath of ice and water at 0°C, dry ice at
~380°C, and liquid N, at -192°C. The results are given in

Table 2 below.

TABLE 2.
Knudsen using a "fine Roberts using W on He.:
wire" on He.:
T T
0°C «35 0°C 057
~80°C .376 -800C .07
=-192°C P 423 =192°C 025

The above method of obtaining the temperature dependence of
the sccommodation coefficient is somewhat less convenient to
use than a method which will allow the wire temperature to
vary while holding the bulb temperature constant (i.e., vary-

ing AT).

Langmuir's definition of « avoids the small AT restriction.
the acconmedation coefficient versus temperature curve for hy-
drogen on tungsten, using the above definition, was obtained
by Lengmuir. The ges temperature varies even though the bulbd
temperature is constant because the gas temperature is taken

to be the temperature one mean free path away from the fila-
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ment (p=.2 mm Hg.). See Table 3, below. (5)

TABLE 3.

Ty (°x) Ty <
150 86 .195
300 96 151
500 109 <153
700 130 .222
900 160 .354

1100 192 + 500

1400 216 «537

1600 276 . 519

Mann (9) determined accommodation coefficients for helium and
argon on platinum, using Knudsen's equation over a range of
wire temperature from 100°C to 1000°C (i.e., large AT), Gas
pressures of about .35 mm Hg. were used and noticeable change
of o with time was observed. For bulb at room temperature,

K for argon varied from .55 to .35 as wire changed from 100°C.
to 1000°C. Helium at room temperzture was obtained by extrapo-
lating oK versus time curve to zero time. Values ranged from
045 to .07 at wire temperature betwean 100°C to 1000°C. The
exchange of energy between gas molecules and surface molecules
of a solid depends, as indicated previously, on the conditions
at the surface (including smoothness and chemical affinity of
surface molecules and gas molecules) on the temperature and
pressure of the gas, on the temperature of the filament, and
on the molecular weight of the gas and surface molecules. One

might expect that, other conditions heing the same, the gas
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with the higher molecular weight would have the higher accormo-
dation coefficient., This, generally speaking, is the case., The
accommodation coefficients for various gases and metals determin-

ed from Knudsen's equation for small AT are tabulated in Table

'
TABLE 4,
Surface
Ges Metal Temp, Condition X Ref,
Hydrogen Platinum 0°C Polished »358 (6)
Not Flashed
Hydrogen Tungsten 20°C o «20 (2)
Helium Nickel 20°C Not Flashed .20 (7)
Helium Nickel 20°C Flashed .085 (7)
Helium Tungsten 0°C Polished ,19-.55 (7)
Not Flashed
Helium Tungsten 0°C Flashed .07-.18 (7)
Helium Tungsten 20°C Flashed .17 (13)
Helium Tungsten 20°C Not Flashed .53 (13)
Nitrogen Tungsten 20°C — .57 (2)
Argon Tungsten 20°C ——— <85 (2)
Argon Tungsten  20°C Flashed .82 (13)
Argon Tungsten 2000 Not Flashed 1.0 (13)
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DESCRIPTION OF APPARATUS

Vacuum System:

In order to accurately measure the heat loss from a filament
due to the presence of a gas alone, the effects of heat loss
due éo radiation and conduction along the leads must be care-
fully determined, This can best be done by measuring direct-
ly this loss in & good vacuum, This vacuum is obtained by us-
ing & three-gtage oil diffusion pump which evacuates the buld
in which the filament is placed to @ pressure of approximately
107 mm Heg. @8 indicated by an ionization gauge located in the

system. (See Figure 3)

The gmses for which the accommodation coefficients are desired
are contained in bulbs fused directly into the vacuum system,
so that no contsmination due to leaks in connections or dirty
tubing is possible. To facilitate admitting a desired pressure
of gas into the bulb a Pirani gauge is used which gives the in-
stantaneous pressure in the system. This gauge gives a good
estimate of the pressure in the bulb, but at low pressures (of
the order of 50 microns) the reading is not sufficiently accur-
ate to use in the actual calculstion of oK. For this purpose

a McLeod gauge which measures the absolute pressure (i.e., does

not need to be calibreted, as the Pirani does) is used,

Electrical Systenm:

To obtain accommodation coefficients as & function of temperature,
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FIGURE 3.
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it is necessary to measure the power supplied to the filament
&t various filsment temperstures, Since the temperature of &
given wire is uniquely determined by the resistance, we need

glso to memsure the resistance at each power input setiing.

Both resistance and power are determined by current and voltage.

The current is supplied to the filament by Willerd DA-2~-1 stor—
age cells chosen for their ability to give essentially constant
voltage under low amperage operating conditions. The current

through the filament is determined by memsuring the voltage drop
across & precision 3-ohm resistor (sccurate to # .05 percent)

with & Rubicon precision potentiometer. This same potentiometer
is used to measure the voltage drop across the filament itself,
Since the upper limit on the potentiometer is 1.61 volts, an

Eppley Standard Cell is placed in series with the potentiometer
end is used to oppose or "buck out" the voltage across the fil-

ement when that voltage exceeds the potentiometer range.

The voltage applied to the filament may be adjusted by varying
the resistance in series with the filament. The power and re-
sistance of the filament may be measured at all times to an ac~

curacy of .5% or better. (See Figure below).
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FIGURE 4,

T | Willard DA-2-1
Storage Cells

| = ZEppley
Standard
Cell

30

Filaments and Gases

Tungsten and platinum filaments of the pure metal were obtained
from the Sigmund Cohn Company. The diameter of the tungsten is
.001 inches and of the platinum is .00125 inches. The length of
the filament varies from one experiment to the next, and measure-
ment was made after each experiment since the length changed some-
what due to heating. The tungsten filament was "aged" by heating

to approximately 2800°K in vacuum for fifteen minutes.

The gases were obtained from the Air Reduction Company in one
liter glass flasks. Nitrogen and helium are 100% pure (i.e., no
impurities are detectable up to the limit of mass spectrometer)

and the only impurity in the argon is .015% nitrogen.
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EXPERIMENTAL METHOD

It was desired to determine the accommodation coefficient as a
function of temperature for a clean filament; that is, one
which is free from any adsorbed gases. Since the rate of ad~
sorption varies directly with pressure and inversely with temp-
erature, the lower the pressure used and the higher the fila-~
ment temperature used, the slower will be the rate of adsorp-
tion of the gas on the filament. In fact, it may be possibdble
to reach a steady~state where the molecules which condense on
the surface evaporate so quickly that there is practically no

adsorbed film formed,

With this idea in mind, it was decided to operate at as low
pressures as possible, The lower limit was determined by the
necessity of masking the power change large enough to give rea-
sonable accurecy to the calculations of <X. Since the radiation
heat loss becomes quite large at high temperature, and the pow-
er loss due to gas is obtained by subtracting the radiation heat
loss from the total heat loss, it was necessary to use pressures
of about 50 microns (.05 mm Hg.) to make the net loss large
enough to determine accurately. At this pressure, there was no
perceptible change with time in the readings of either the cur

rent through the wire or the voltege drop across it.

That is, the gas was admitted to the buld and measurements were

made within one minute and were continued at intervals of two
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minutes for the next ten to fifteen minutes with no change de~

tectable within the accuracy of the potentiometer,

As a check to determine whether any water vapor from the main
portion of the system was reaching the buldb, & liguid nitrogen
trap was placed in the line immediately before the entrance to
the bulb. The readings were the same whether the trap was pres-
ent or not, indicating no impurities were reaching the buld

from other paris of the system.

To determine the accommodation coefficient the following proced-

ure was used:

(a) A filament was fastened into position in the buld and the

bulb evacuated to approximately 107 mm Hg.

(b) The filament was then heated to a high temperature to re—
move any surface impurities.
(1) Tungsten heated to 2000°K for about five minutes.

(2) Platinum heated to about 1800°K for five minutes.

(¢) Current and voltage measurements were made over a range of
filament temperatures from about bulb temperature to approx-

imately 1000°C above it (actual range varied with filament)

(d) Gas was admitted to approximately 50 microns pressure and

measurements repeated over the same temperature range.
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(e) Bulb temperature was varied by immersing in a liquid nitro-
gen bath (80°K) and a COp and acetone bath (193°K), and

variation with filament temperature again determined.
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GALCULATION OF ACCOMMODATION COEFFICIENT

Since the temperature difference between filament and buld is
varied to obtain the dependence of the accommodation coefficient
upon temperature, the definition of o< as given by Langmuir

was used, as it is not necessary that AT be small,

oL = AW AWI)Z,TTm\\Tb
T Wy T k[fff(@+ﬁ)df] cpld
Tb

where AW= (observed - radiation) heat loss, ergs/sec.
m = mass of molecule, gms.

k = Boltzman'e constant, 1.371 X 1016 ergs/°K

~ pressure, dynes/cm.?

P
d = filament diameter, cm.
k

(5 = specific heat at constant volume/molecule,
ergs/°K

1 = length of filament, cm.

For monatomic gases such as argon and helium, P:%,

80 we may write:

awlZmmkn

2k (Te =T, ) pTiRd

so for m(argon) = 6.631 X 10723 gm. [molecule
m(helium) = .665 X 10723 gm. /molecule

and converting p to mm Hg. and ergs/second to watts, we have

KA = 2..08 T';yz aw }
A — /QC{’P(TW'-T;:)
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Yo
T, AW
K = b
) .60 {
© 2dp (T, -Ty)
for nitrogen, m = 4.652 X 10723 gm. /molecule

L. = BAT T"yz i
N, ' 2d P LB +A) T~ (Bpth)T ]

Tb = bulb temperature, °K

+a
]

= filament temperature, °K

AW = (total -~ radiation) heat loss, watts

P = pressure, mm Hg.

d = diameter of filament, cm.
1 = 1length of filament, cm.
(a’ = pure number

( (o)k = gpecific heat at constant volume/mole~
cule)

From the messurements of E and I of the filament in a vacuum,

a curve of power (EI) versus resistance (E/I) was plotted. 4
similar plot was made for power and resistance of the filament
with the gas present. The AW was obtained by taking the diff-
erence of the two curves at the same resistance, or temperature.

(See Figure 5.)

FIGURE 5.

log W
AW

I R



3l.

From the literature, curves of resistivity versus temperature
are available for pure tungsten and platinum. Since the dimen-
sions of the filament are known and the resistance for any giv-
en power setting is known, the resistivity may be determined,

and from this the temperature obtained.

As the leads to which the filament is attached are much larger
than the filament, they remain at a much lower temperature than
the filament. The leads then cool the ends of the filament and
thus lower its resistance. If the overall resistance of the
filament is measured, it corresponds only to some average temp~
erature of the filament, Langmuir found that for a three mil
tungsten wire at a maximum temperature of 1000°K., 18 percent
of the filament has a temperature 20° or more below the tempera—
ture at the center; at a maximum temperature of 800°K., 27 per-
cent was 20° or more below maximum; and at 600°K., 48,7 percent
was 20° or more below maximum. Since the temperature is not
uniform, an average temperature is used-~—one which corresponds

to the measured resistance.
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RESULTS

The apparatus was originally set up to measure accommodation coef-
ficients as a function of temperature by maintaining the tempera-
ture of the incident gas constant at 300° K. and increasing the
filament temperature from a value near 300° K. to approximately
1000° K. The results of these experiments for helium, argon, and

nitrogen on platinum and tungsten are given in Figures 6 and 7.

All of the curves show the same behavior in the low filament temp-
erature range, i.e., a rapid rise in ¢ to a maximum at a AT of
between 25° and 75° and a decrease as the filament temperature is

increased.

In order to determine if this peak was dependent on the actual
filament temperature or on the difference between filament temp—
erature and bulb temperature, the buldb was immersed in liquid nit-
rogen which facilitated an increase in AT at a given filament temp—
erature. The results of lowering Ty to 80° K. on the accommodation
coefficient of helium, argon, and nitrogen on tungsten are indi-
cated in Flgures 8, 9, 10, The effect, in general, was to lower
the absolute magnitude of oL in the direction of increased AT,

The general shape of the curves, however, persists. This trend
with AT has not been reported in the literature, possibly because
‘previous investigators have been concerned with maintaining as
small 2 AT as possible, consistent with reasonable accuracy,

rather than determining the effect of temperature difference.
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While Roberts (7) reports no variation with AT, he does report
& sharp rise in « due to "prolonged heating" which, however, he

states is "undoubtedly due to increased surface roughness'.

It is difficult to compare these data obtained in this report
with values revorted in the literature because the reported val-

ues in general do not specify at what AT they were cbtained,

Koberts, in determining the mccommodation coefficient of helium
on tungsten, uses a AT of "10 or 20°" and reporis values of .07
tc .18. If the curve of oL versus AT (for T, = 300°K.) is ex—

trapolated to this AT range, the values obtained are in agree~

ment with Roberts! values.

Michel reports an accommodation coefficient for argon on tungsten
of .82 with AT unspecified. This value may also be checked by

choosing a value of AT of about 20° from ¥Figure 9.

The velue of .57 given for nitrogen on tungsten by Langmuir is
neither confirmed nor denied by the present data, since the temp~

erature at which the value was obtained is not given.

From the shape of the o versus AT curves, it appears that if
the curves were exirapoiated to AT = 0, the accommodation co-
efficient obtained would be zero. However, the theory developed

by Lennard~Jones and his coworkers sheds some light on the expected
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values at AT~ 0, since the definition of ot is taken as

Devenshire (1), using the above definition and assuming that
the potential energy between the solid and ges atoms 1s glven
by & Morse function, obtains a general expression for o( in
terms of the constants cf the gzs and metal, This he evalu-
ated for the simple case of helium on tungsten. The values
obtained for T = 297° K. and T = 80° K. are approximately .055

and .025, respectively.

If the curves in Figure 8 (for helium on tungsten at T, = 300°
K. and T, = 80° K) are extrepolated to AT = 0, the values of

o<l obtained by the theory appear as reasonable intercepts.

So the theory, while it does not predict the variation of o
with AT, does indicate that as AT —>» 0 the accommodation co-

efficient becomes very smail but remains finite.

‘To determine accurately filament temperatures below 273° K.,
the resistence of the tungsten filament was measured at 80° K.
by submerging the filement itself in liquid nitrogen. This
then established the temperature versus resistivity curve for

the low temperature range, so that intermediate values could
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be interpolated. (Sece Figure 11)

When the bulb was placed in liquid nitrogen the electrical leads
which were located at the tocp of the bulb were not immersed, so
reached an equilibrium temperature between 300° K. and 80° K.
Ideally, of course, both bulb and leads should have been at the
same btemperature, but the design of the apparatus was such that
this was impossible. Thus, the filament when placed in & vacuum
with the bdulb in liquid nitrogen reached an equilibrium temperaz-—
ture of 255° X, When the gas was admitted, heat was conducted
away from the filament Ly the gas and the filament reached a

teunperature some 100° or so lower.

So, the values of o< obtained in the low AT range with liquid
nitrogen are open to question because of the uncertainty of the
amount of heat added to the filament due to conduction through
the leads. The electrical power required to give a particular
filament temperature was undoubtedly less than would have been
required had the filament been at the same temperature as the

buldb before heating was begun.

This difficulty was, oi course, not encountered when the buld
was at room temperature because both filament and bulb were in-
itislly at the same temperature. It is significant to note,

however, that the power required versus temperature curve has
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the same shape whether the bulb is al room temperature or at

80° K., and this strongly suggests that oC will alsc follow the

same general curve at the two buldb temperatures, since the other
factors determining o do not change significantly with tempera-

ture.

There is one exception, however, in the similarity of the sheape
of the power required versus temperature curves at the two bulbd
temperatures, and that is the case of helium. (See Figure 15)
Ag the filament {emperature is increased, the power reguired
increases smoothly until & temperature of approrimately 230° K.
is reached {(corresponding to segment =~b of Figure 15.), at which
time the filament temperature rapidly rises to a temperature of
approximately 575° K. with no change of the control rheostat
(b-c). At this new point of equilibrium it is possible to de-
crease the temperature to approximately 300° K, (e-d), at which
time another rapid change occurs with no change in control rheo~
stat, the filament temperature finally reaching a value of ap~

proximately 150° K. (d~e).

It might immediateiy be suspected that this peculisr behavior
is due to the fact that the eguilibrium filament temperature

when no current is flowing is not the same as the temperature
of the bulb walls., But the other gases-~argon and nitrogen——
exhibited a smooth and continuous power versus temperature re~

lation in the same apparatus at low buldb temperature. The
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effect of this discontinuity on the accommodation coefficient may
be seen in Figure 8. The same procedure was carried out with a
pressure more than four times as great as the original pressure
and the same sort of discontinuity noted; the "jump" occurred,

however, at a somewhat lower temperature.

The pressure in the bulb when the bulb was immersed in liquid

nitrogen was difficult to measure because the bulb and the Mcleod
Gouge were not at the same temperature. When the mean free path
in the bulb is large compared with the dimensions of the connect~

ing tubing, one may use the relation

Poutb [ Touts
Pgage Tqaqge

as shown from kinetic theory., When the mean free path is small
compared to the connecting tubing, then the pressure reading on

the McLeod Gauge is the true pressure throughout the system.

However, in the transition reglon when the mean free path is of
the same order as the internal dimensions of the connecting tub—
ing, no such simple relationship exists., Unfortunately, this
transition range is the one of interest in the present low temp-
erature experiments, since the mean free path of, say, nitrogen
at about 50 microns is of the order of ,1 cm., and the minimum

diameter of connecting tube is approximately .2 cm,

Knudsen hes shown theoretically that in this range the pressure
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gradient is & function of tube disweiesr and pressure in the hot
chamber (i.e., independent of molecular weight). Experimental
values of the ratio of bulb pressure to gauge pressure in the
transition range when the bulb was at 90° K. and the gauge at
298° K. have been determined by Tomkins and Wheeler (8) for hy-
drogen. These ratios were used to determine the bulb pressure

in the present experiments since the gauge pressure was known.

It was of interest to determine the effect of varying the buld
temperature while holding the filament temperature constant (See
Figure 18). This was done at high AT where the values obtained
are more reliable. Three bulb temperatures were used, 80° K.
(1iquid nitrogen), 190° K. (solid COp and acetone) and 300° K.
(room temperature). In calculating of the square root of the
bulb temperature is used, so o was plotted versus the square

root of the bulb temperature.

That ©C is approximately proportional to the square root of the
molecular weight at constant temperature (for the gases tested)

is shown in Figure 19.
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CONCLUSIONS

In order to properly specify the accommodation coefficient of a
particular gas on a given surface, the actual temperature of

both the incident gas and the surface must be known, as well as
the condition of the surface. Values of o with no temperature
specification are inadequate, Jjudging from the results of these

experiments,

In general, the accommodation coefficient varies quite rapidly
in the small AT range, reaching a maximum at & AT between 25
and 75° and then decreasing as the temperature difference is in-

creased.,

The variation of o with tempersture is & smoothly continuous
one for all gagses and metals tosted, with the notable exception
of helium and tungsten at & gas temperature of 80° K., which
shows a sharp break from . .to a value congiderably less than
meximum o. The temperature at which this break occurs decreases

somewhat with increased pressure.

The platinum filament gave more nearly constant values of oL in

the large AT range than did tungsten for the gases tested.

in géneral, the accommodation coefficient was observed to increase
with increase in the molecular weight of the gas; the effect of

pressure on ol(up to 150 microns) was negligible.
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