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ABSTRACT 

The exchange of energy between a tungsten filament heated 

at 1710° to 2500°K and cold helium, neon, argon, nitrogen, and carbon 

dioxide is studied. Gas pressures from 0,1 to 10fl Bg are used. The 

exchange of energy is directly proportional to the gas pressure but is 

essentially independent of the filament temperature. The results are 

interpreted in terms of a process in which the impinging gas molecules 

are first physically adsorbed, then heated until they gain sufficient 

thermal energy to overcome the attractive forces of the tungsten sur

face. On the average, the gas molecules then "desorb" at a certain 

"critical" temperature that is independent of the filament temperature. 

The critical temperatures for the gases used lie between 350° and 550%. 
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INTRODUCTION 

Most kinetic studies of gas-~olid reacti~:ms at high t~mper

atures and low pressures are conducted with only the, solid directly 

heated and w:ith the bulk of the gas at room t~mperature. This pro

cedure is adopted because of the experimental difficulty of heating the 

gas. Unfortunately, the usual assumption that the effective temper

ature of reaction is that of the solid may be incorrect. The effective 

temperature of the gas when it reacts w~th the solid is unJ<nown. Also 

unknown is the fraction of gas molecules that may revaporize from the 

surface before reaching a temperature high enough to permit reaction. 

Studies of the energy exchange between hot metals and cold, 

nonreactive gases may reduce the uncertainty on these points by estab

lishing the average ·energy per molecule- -ahd thus. the average effec

tive temperature- -acquired before the molecules revaporize. 

Most of the reported work on energy exchange between gas 

atoms and solid surfaces has been performed with a small temperature 

gradient between the solid and the gas. Roberts, for example, has 

measured the thermal accommodation coefficient of helium on clean 

nickel and tungsten surfaces. 
1 

The metal filaments were heated no 

mo;re than 10 to 30° above the temperature of the ·surroundings. The 

accommodation coefficients measured showed no dependence on the gas 

pressure over the range 0,044 to 0.14 mm Hg. For helium on tungsten 

the thermal accommodation coefficient a was between 0.05 and 0.07, 

. and for helium on nickel a was 0.085: both values were for a surface 

cleaned of adsorbed gases by heating to 2000°C. 

Roberts also studied the temperature variation of the accom

modation coefficient of helium and ne<:>n on tungs,ten. 
2

• 3 A summary of 

his results is given in .Table L. 
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Table I. Temperature variation of the acco~~dation co
efficient of helium and neon on tungsten. ' 

Temperature a a 
( oK) .. ·. neon· ·helium 

295 0.07 0.057 

195 0.08 0.046 

79 0.08 0.025 

More recent values for the thermal-accommodation coeffi-

. cients of helium and neon on tuggsten are given as 0.017 and 0,042, 

respectively, by Wachman. 
4 

According to Wachman these values are 

among the most reliable available. For argon on clean tungsten, 

Tho~as reports a value of 0.271 for the accommodation coefficient 
0 0 5 

at 30 C, and 0. 294 at -30 C. 

Meyer and Gomer appear to be the only investigators to have 

reported a study of the energy exchange cold gases and a hot surface.
6• 7 

Their results showed that Q, the heat loss from a graphite filament, 

varied linearly with gas pres sure up to 15jJ. and that 0 depended very 

little on the filament temperature between 850° . and , 1500° C for all 

the gases investigated. 

Meyer and Gomer concluded that gas molecules that impinge 

on the hot surface are first adsorbed, then heated until they gain suffi

cient thermal energy to overcome the van de Waals forces of the graph

ite surface. The gas molecules then desorb at a certain "critical'' 

temperature T . 
c 

As long as the filament temperature Tf is higher 

than T , the amount of energy carried away from the filament by the 
c 

gas molecules is essentially independent of T f and is determined by 

T. 
c 

'~ 
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A most interesting finding was that methane did not pyrolize 
0 

upon collision with graphite filaments heated to 2300 C unless the 

filaments had been activated or contaminated,. presumably because the 

critical temperature for desorption lay below the temperature neces

sary for reaction. 

The object of the present investigation was to study the 

energy exchange between cold gas molecules and a hot tungsten sur

face. The average temperature reached by the gas molecules before 

revaporiz:ation was calculated from measurements of energy exchanged. 

,1 
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PRINCIPLE 0 F THE EXPERIMENT 

Blodgett and Langmuir give the following eqD.:~tio'n' for the 

energy that is carried away from a filament if the impinging' gas mol~ 
· .... 8 

ecules reach thermal equilibrium before leaving the filament: 

where 

' 1/2 
(2'TTmkT ) · 

a 

W = energy loss in erg/cm
2 

-sec, 

k = Boltzman constant, 

p = gas pressure in dyn/cm
2

, 

T = filament temperature, 

T = temperature of incident gas molecules, 
a 

and l3k = specific heat at constant volume per molecule. 

( 1) 

If the gas molecules do not reach thermal equilibrium before 

leaving the filament the power loss per cm2 is 

W = aW, 
c 

where a . is the thermal-accommodation coefficients as defined by 
9 Knudsen.. Therefore we have 

Expressing W 
c 

a = 

1/2 
W (2'TTmkT ) 

c a 

2 
m W/cm and p in mm Hg, we have 

a = 

1/2 
W (m) 

c X 2.78XI0 13 . 
1 

(13+-z)p(T- Ta) 

(2) 

(3) 

(4) 
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From measurements of the power los~? .'per unit area of the filament 

the thermal-accommodation coefficient can be calculated. 

Filame:r1t t~mperatures between 1700° and 2500° K were 

used for this investigation. The interaction of the tungsten surface 

with helium, neon, arg~r:· nitrogen, carbon dioxide, and oxygen were 

studied at 0.1 to lO!J. pressure. 
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;EXPERIMENTAL METHODS 

Description of Apparatus· 

The vacuum system consists of a stainless steel reaction 
. . : 

vessel, two cold traps, and a pumping system. The schematic diagram 
- - . . 

in Fig. 1 illustrates the arrangement of the components. A complete 

d . . f h .. . . . b A d lO escr1phon o t e vacuum system 1s g1v;en .. y, n erson. 

The gas container is a glass bulb of 2 liters capacity con

nected to the reaction vessel by copper tubing. The bulb is also con

nected to the mechanical pump by a series of valves .. A needle valve 

controls the flow rate of the gas into the reaction vessel. A small 

turret at the top of the gas inlet tube in the reaction vessel forces the 

gas molecules to strike the reaction-vessel wall before striking the 

filament. 

The lines and glass bulb are evacuated and flushed several 

times with the gas under study before each experiment. ·.Each gas is 

introduced through a liquid-nitrogen cold trap. 

The background pressure in the reaction vessel is measured 

with a hot-filament ion gauge. The gauge is a Veeco Type RG 21A with 

a RG 76K ionization tube. 

The pressure during the energy-exchange experiments is 

measured with an Alphatron Type-530 vacuum gauge. The calibration 

of the Alphatron gauge was checked against a McLeod gauge. The lo

cation of the pressure gauges is shown in Fig. 1 (sketch of apparatus). 

The tungsten under study is a filament about 47 ern long and 

0.0127 ern diarn. The filament is suspended as a loop from the top of 

the reaction vessel. The filament is held in molybdenum holders which 

are connected to copper rods that pass out of the reaction vessel through 

a kovar glass seal. 

The temperature of the tungsten filament is determined from 

its electrical properties as reported by Langmuir. 
11 

0 



·,_).t 

To 

.. -

. . • 

' .... -7-

:.··_i·· ... 

. . <" . ~- ; ; 

. •. ' . • • ;:· : • i~. 

',\:.··.: .. ' 

To. .,_, : . . 

mass 
spectrometer .. · • 

Solenoid valve 

0-ring seal--~==~ 

Cold trap-........_ 

Diffusion .. ·· 
pump 

Turret 
to divert 
gas flow 

t··. 

Valve 

To gas 
.· supply 

port 

Alphatron gauge 
._; . . .. . . 

tube 

Sight .~ube 
f ) :. 

M U.-.2 9 0 0 8 

; . : ~ ·' 

, -Fig •. L ·Schematic diagram•of the apparatus . 

., 



-8-

Since the diameter of the filament does not change during the 

energy-exchange experiments, the fu;nction I/d
3

/
2 

is used to determine 

the filament temperature. This relationship gives the true temperature 

of the constant-temperature section of the filament regardless of any 

end effects. Corrections in surface area for end effects are made as 

described by Forsythe and Worthing. 
12 

The energy exchange between the gas molecules and the tung

sten surface is determined by measuring the current change caused by 

the cold gas molecules striking the filament. 

The electric power 0 required to heat the filament is given 

by 

Q = EI, (5) 

where I is: the current and E the voltage; therefore at constant E 

dQ = EdL (6) 

From the voltage across the filament and the change in current caused 

by the ened~Y exchange, the power loss to the gas can be determined. 

Since the maximum temperature drop of the filament is only a few 

tenths of a p.egree, the power changes caused by radiation are negligible. 

Twelve 6- V 145 -Ah storage batteries are used as a power 

source to l}eat the filament. Whenever possible, the batteries are con

nected in s~ries -parallel in order to reduce the current drain. A cable 

runs directly from the batteries to the filament. Between the batteries 

and the filament there are no switches and no variable resistances. 

The filament current is determ{ned by measuring the potential 

drop across a 1-0 standard resistor placed in the positive side of the 

line. The standard resistor is wound from Nichrome wire and is placed 

in a constant-temperature oil bath. 

Figure 2 is a schematic diagram of the electrical measuring ,. 

system. A Hewlett-Packard Model 425A jJ..V ammeteris used as a de 

amplifier. An amplification factor of 10 is primarily used. The ampli-

fier output is recorded on a Varian G-1 0 Graphic Recorder. 



.. 

,,,,,,,, -

Storage 
batteries 

I.U 
standard 
resistor 

-9-

. \ . 

Helipot 

-=-Mercury cells 
·(bucking battery) 

.' .. ·.tf 

·.' ': :. 

Amplifier (Hewlett-Packard-
425 A J-LV amm_eter) 

Recorder 
(Varian G-10) 

MU-29009 

Fig. 2. Eiect:dcal m:easuri~g ci'rcui( 



-10-

Experimental Procedure 

After a filament is placed in the reaction vessel, the system 

is evacuated. The reaction vessel is outgassed and the second cold 

trap is filled. The filament is then aged by heating to 2600°K for approx

imately 48hours. The background pressure in the reaction vessel is 

between 4 and 6X 10-6 mm Hg. 

The storage batteries are wired to give the desired voltage, 

and the filament is heated. The heater and circulating pump in the oil 

bath are turned on. After 15 to 30 min the standard resistor comes 

into thermal equilibrium with the oil bath and the current becomes 

stable. 

A run is made as follows: 

(a) With the amplifier and recorder on, the filament current is mon

itored. 

(b) Gas is admitted to the reaction vessel through the needle valve. 

(c) The gas pressure is noted and the current change is recorded . 

. (d) The needle valve is closed and the gas pumped out. 

A typical recorder trace is given in Fig. 3. The system is allowed to 

pump for 5 to l 0 min before another run is made. 

Materials Used 

The tungsten was supplied by the Thermionic Products 

Company and was 99.95 o/o pure. 

The gases were analyzed with a mass spectrometer connected 

directly into the system. Unfortunately the mass spectrometer had a 

very high water background. Thus, the gases used could not be ana

lyzed for water content. Because there was a liquid nitrogen cold trap 

between the mass spectrometer and the reaction vessel the water back

ground in the reaction vessel is believed to be almost zero. No other 

impurities were detected in the gases so the gas purity was better than 

l part in 1000. 
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. The shape of the energy-transfer curves is evidence of the 

gas purity. The filament current was very sensitive to small changes 

in filament diameter caused by reaction of the gases with th~ filament. 

In all cases, for the inert gases there was no offset in the filament

current plots. Therefore, it was concluded that there was a negligible 

amount of reactive gases (oxygen and water) in the gases used, 
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RESULTS AND DISCUSSION 

The results of the energy-exchange experiments for neon, 

argon, nitrogen, carbon dioxide, and helium are shown graphically in 

Figs. 4, 5, 6, 7, 8, which are plots of energy loss per unit area of fila

ment against gas pressure. The energy losses were calculated by use 

of Eq. (6). 

The Alphatron vacuum gauge did not work well when helium 

was used. The gauge response was very slow and the press.ure readings 

were erratic because the indicator fluctuated badly, Therefore, exper

iments were performed at only one temperature for helium, The re

sults are shown in Fig. 8. 

Energy exchange between oxygen and the tungsten filament 

could not be measured because the effect of the tungsten-oxygen reaction 

on the filament current masked any cooling effects.. Figure 9 is a sketch 

of a typical recorder trace for oxygen; it is significantly different from 

Fig. 3, a typical trace for an inert gas, The current decrease shown 

in Fig. 9 was permanent, The decrease is attributed to reduction in the 

filament diameter by oxidation, with a consequent increase in the re

sistance, 

Energy-exchange experiments using carbon dioxide were per

formed at 1860° and 2120° K, At 2120°K, reaction between carbon 

dioxide and tungsten became noticeable, A typical plot of filament cur

rent for the tungsten-carbon-dioxide system at 2120°K is shown in 

Fig, 10, The current decrease after the initial increase, due to the 

cooling of the filament by the gas, was caused by reaction of the carbon 

dioxide with the filament. A permanent current change after the gas is 

pumped out is also observed in this system, 

The curves in Figs. 4 to 7 have a change in slope at about 

I fl. pressure. The pressure at which the change in slope appears shows 

no regular variation with the filament te1nperature or with the different 

gases used. Also, the extrapolations of the power-loss curves do not 
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Fig. 9. Sketch of recorder trace for oxygen. 
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pass through the origin. Both these effects were probably caused by 

incorrect low-pressure readings resulting from the placement of the 

pres sure gauge. 

Figure 1 shows the position of the Alphatron gauge with re

spect to the reactionvesseL The gauge is at right angles to the tube 

leading from the reaction vessel, so that the gauge ionization chambers 

are a considera·ble distance from the reactionvessel. Furthermore, 

there is a cold baffle between the reaction vessel and the pressure 

gauges. Since the energy-exchange experiments were performed using 

a dynamic system this arrangement could cause the pressure readings 

to be lower than the actual pres sure in the reaction vessel. The dis

crepancy would be less pronounced at higher pressures and could be

come essentially constant above 1 f.J.. A constant difference of from 0.5 

to 2 f-l between the reaction chamber pressure and the measured gauge 

pressure would explain the discrepancy. 

From Figs. 4, 5, and 6 we see that: 

(a) The power loss to the gas molecules is proportional to the gas 

pres sure. 

(b) The power loss does not seem to be simply dependent on the filament 

temperature or the difference between the filament temperature and the 

gas temperature. 

(c) Within the possible experimental error, the slopes of the curves for 

power loss against gas pressure are nearly independent of temperature 

for each gas. 

Since the power -loss curves do :not go through the origin, the 

slopes of the plots of power loss versus gas pressure are used for 

W jp in Eq. (4) to calculate the thermal-accommodation coefficient. 
c 

Values of these slopes and of the calculated thermal-accommodation 

coefficients a are given in Table IL Values of a are also plotted 

against temperature in Fig. 11. Because of malfunctioning of the elec

tronic amplifier the thermal-accommodation coefficient obtained at 

1710° K for neon is believed to be erroneous. It should be noted that 

the thermal-accommodation coefficients obtained for argon are very 

small compared with the value given by Thomas. 
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The thermal-accommodation coefficient is also defined as 

(7} 

where T 
1 

is the temperature of the incident gas molecules, T 
2 

is 

the filament temperature and T is the temperature of the gas mol
e 

ecules when they leave the filament" From the values obtained for a, 

T can be calculated; T for the various gases is also given in Table 
c c 

IL 

For helium on graphite, Meyer and Gomer found T to be 
c 

440° K, and for neon on graphite they found T to be 595° K" Since 
c 

these temperatures are higher than the values found for helium and 

neon in this work, one can infer that all inert gases adsorb more 

strongly on graphite than on tungsten. 

The relative magnitudes of these T values for different c ' 
gases can be understood in terms of the relative van der Waals con-

stants a for the different gases" Meyer and Gomer pointed out that 

to a first approximation the attraction between two different molecules 

due to van der Waals forces is given by the geometric mean of the 

van der Waals a, where 

1/2 
al2 = (ail a22) (8) 

For comparing the attraction between the tungsten surface and the dif

ferent gases, all can be considered constant, whereas a22 depends 

on the gas" For a first approximation 

1/2 
a ex: (a22) (9) 

By comparing the square roots of the van der Waals a for the gases 

used, the relative magnitudes of the accommodation coefficients can be 

predicted" The magnitudes of the thermal-accommodation coefficients 

. ' 
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are predicted by this a . .pproach to decrease in the order: ( 1} carbon 

dioxide, (2) nitrogen, (3) argon, {4) neon, and (5) helium. This is 

the order observed in Fig. 11. 

With the background pressure of 4X 10- 6 mm that charac

terized the apparatus, the surface encountered by the gas molecules 

was covered by about one monolayer of chemisorbe_d oxygen atoms. 

The coverage is about one monolayer when the filament temperature is 

2500°K, and remains the same as the temperature is lowered to 1710°K. 

The forces between the surface and the impinging gas mol

ecules are not strictly of the van der Waals type. True van der Waals 

forces result from induced dipole-induced dipole interactio:!ls. The 

atoms on the surface of the filament are polarized so that the forces 

between the filament and the gases result from the dipole-induced dipole 

interactions. Nevertheless, decrease in accommodation coefficient 

'with increasing temperature supports the theory o£ Meyer and Gomer. 

The T calculated from the accommodation coefficients was constant 
c 

from each gas, as shown in Table II. 

The curves in Fig. 12 are comparisons of the power losses 

to the different gases from the filament at a constant temperature. At 

a constant temperature and for a given pressure, the energy exchange 

depends on the thermaJ-,accommodation coefficient and on the number of 

gas molecules that strike the filament pel' unit area per time. The 

energy-exchange curve for helium lies above the curves for both neon 

and argon despite the low accommodation coefficient of helium, because 

of the high velocity of the helium atom. 

The curves in Fig. 13 are plots of the power losses per col

lision with the fila,ment for each kind of gas molecule. The heat capac

ities of the inert gases are all identical, so that the order of the curves 

in .Fig. 13 gives an indication of the relative magnitudes of T for the 
c 

inert gases. 

The energy-exchange curves for nitrogen and carbon dioxide 

lie abov~, those for the inert gases for two reasons" Nitrogen and 

carbon dioxide have higher values of T and in addition have higher 
c 

heat capacities because. rotational c..nd vibrational modes must be ex~ 

cited to raise their temperatures. 
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CONCLUSIONS 

The exchange of energy between a cold gas and a hot tung

sten surface is directly proportional to the gas pressure but is essen

tially independent of the filament temperature. The explanation given 

by Meyer and Gomer for their results on energy exchange between cold 

gases and a hot graphite surface also accounts for the results obtained 

in this investigation. 
7 

· The impinging gas molecules are first physically 

adsorbed, then heated until they gain sufficient thermal energy to over

come the attractive forces of the tungsten surface. On the average, 

the gas molecules then 11 de sorb" at a certain 11 critical" temperature 

that is independent of the filament temperature. The critical temper

atures for the gases used in this investigation lie between 3 50° and 

550° K. 
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