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;XPERIMET.NTAL STUDY OF HEAT CONDUCTION THROUGH

RA.REFIED CASES CONTAINED BETW•EEN CONCEITRIC CLYTNDERS

.lexander Dybbs

ABSTRACT

Experiments were performed to measure heat conduction

through rarefied gases at rest contained between two con-

centric cylinders. The test gases used were helium, neon and

argon. The pressure was varied over a range that included free

molecule, transition, and temperature jump conditions. The

experimentally obtained heat conduction data were used to

evaluate the results of the moment method proposed by Lees

and Liu. Agreement between this method and the data was found

to be within +2.5% over the entire Knudsen number range covered

in the experiments (0.02 < Kn < 50), assuming that the thermal

accommodation coefficient at the inner cylinder remained con-

stant over this range at its free molecule value. A comparison

was also made between the data and the results of the temperature

jumtp approximation, indicl.ting that the heat conduction can be

calculated by the temperature jump approximation within about

1% at Knudsen numbers less than*' 0.02. Comparisons were made be-

tween the data and the results of the free molecule theory and the

mean free path method.
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I INTMI DUCTION

There has been considerable interest in the problem of

heat conduction through rarefied gases at rest. In particular,

the problem of heat conduction through rarefied gases contained

between two concentric cylinders has been widely investigated

since, for practical reasons, this geometry has been most often

used to measure thermal conductivities and thermal nccom:odation

coefficients of gases. Due to the practical significance of the

problem, various theoretical methods have been proposed in the

past for describing heat conduction between concentric cylinders.

Of these, the one recently developed by Lees and Liu (1)

appears to be the most satisfactory. Utilizing the two sided

Maxwellian distribution function and the Maxwell transfer

equations, Lees and Liu derived an expression that predicts

the heat conduction through monatomic gases from the free mole-

cule to the contimuum limit. In the analysis presented in Ref.

1 it was assumed that the inner cylinder, a fine wire, is

placed coaxially in a large cylindrical tube and that the temp-

erature difference between these is small. The analysis was

based on complete thermal accommodation at the wire surface

but this restriction was later removed by Hurlbut (2).

For satisfactory evaluation of this method, experimental

heat conduction data would be required covering the density

range from free molecule to continuum conditions. Much of the

available heat transfer data has been obtained with either
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monatomic or diatomic gases.* For example, heat conduction

data can be extradted as a by product of the studies of

the thermal accomnmodation coefficient of gases. IHowever,

most of these experiments (3-59) have been carried out in

either the free molecule regime, where the mean free path in

the gas is much larger than the characteristic diameter of the

inner cylinder; or in the temperature jump regime, where the

mean free path in the gas is much smaller than the characteristic

dimension of the diameter of the inner cylinder. Consequently

the heat transfer data is restricted to either low densities,

the free molecule regime, or near continuum densities, the

temperature jump regime.

Heat conduction data has also been obtained in the

measurements,of the thermal conductivities of gases. These

measurements , utilizing the concentric cylinder geometry,

have been carried out ever since the introduction of the

"hot-wire" method by Schleirmacher in 1885 (60,61). This

method has been further develop-ed and used to make accurate

measurements of most monatomic and diatomic gases (19,45,50,

51,62,85). Most recent of these are the Teasurements of

Kannuluick et al (74,82)

Of these experiments discussed few were performed in the

transition regime where the mean free path is of the order of

* See Appendix I for a comprehensive summary of many of these
experiments on both monatomic and diatomic gases.



the diameter of the inner cylinder. In this regime, the most

recent data were reported by Bomelburg (86) who, using

air as a test gas, measured. heat conduction from 1.25, 5,

and 10 diameter Wollaston wires placed in 4 and 10 in.

diameter bell jars. In these experiments Bomelburg asstumed

that thermal radiation and end-losses were negligible. Earlier

experiments in the transition regime are described in Refs. 4-7,

28,43,44,52,73,74,87. These were for diatomic gases,

with the exception of Schafer, Rating and Bucken's (28) experiment.

They measure heat conduction through argon using a 0.00416 cm.

diameter platinum wire placed in a tube of inner diameter 0.588 cm.

The lowest pressure obtained in these experiments were 0.1 mm. Hg.

Thus, the highest Knudsen number based on the diameter of the

wire was approximately six. This Knudsen number is not suffi-

ciently low to ensure free moleucle flow, and therefore, the

thermal accommodation coefficient was not measured but was

assumed to have had the constant value 0.92 throughout the

experime nt.

Bomelburg's (86), and Schafer, Rating and Bucken's (23)

data agree fairly well with the results of the method of Lees

and Liu (1). The conditions of the experiments could be

improved, however, and better experimental results could be

obtained for comparison with the theory. This study was under-

taken, therefore, with the aim of providing data for the entire

pressure range in the hope of eliminating some of the shortcomings

described above. In the experiments presented here, heat con-

I

7
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duction was measured in monatomic gases at rest contained

between two concentric cylinders, over a wide range of pressures

including free molecule, transition, and temperature jump

regimes, with particular attention to the transition regime.

Tlhe data obtained were compared with the results of the method

of Lees and Liu, the mean free path method, the free molecule

theory, and the temperature jump approximation with the view

of determining the applicability of these methods in different

pressure ranges.
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II EXPERIMENTAL APPARATUS AND P ROCEDURE

A. A paratus

Heat conduction measurements were made with helium,

neon, and argon in an apparatus consisting of two concentric

cylinders. The inner cylinder was a fine tungsten wire whose

temperature and power loss were determined by passing a

current through it and making the appropiate electrical

measurements. T"he outer cylinder was of Pyrex glass main-

tained at constant temperature by an oil bath. The other

experimental apparatus shown in Fig. 1 consisted primarily

of (a) a vacuum system ( shown at the left in the photograph)

together with a gas supply and admitting system ; (b) the ex-

perimental test-tube and constant temperature oil bath

( shown at the far right ); and (c) the electrical equipment

and instruments that supplied the currents to the experimental

tube and made the necessary measurements.

The main vacuum and gas inlet systems,and the test-tube

were mounted on 4-inch aluminum rods supported on a frame of

Dexion 225. The constant temperature oil bath was mounted on

its own stand and had to be manually moved into position

around the tube.

a. The Vacuum System

A schematic diagram of the vacuum apparatus and gas in-

let system is shown in Fi e .2

The main vacuum system was constructed of all Pyrex, It

consisted essentially of a Welsh mechanical pump (Model 1402-B)

and an NRC 2" diffusion pump connected in series; two McLeod

gauges (see Fig.2 ), one a Cenco (Cat. No. 94151) and the other
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a Todd Universal Vacuum Gauge; two mercury cut-offs, one be-

tween the pumps and the gas supply system for isolating the

gas supply system from the pumps, md the other between the

experimental tube for isolating it from the rest of the

system; two traps, one larger liquid nitrogen " finger" trap

between the diffusion pump and the main vacuum systema,-and the

other separated the experimental tube from the system by using

liquid nitrogen or a dry-ice acetone slush. The operations of

the Hg cut-offs and the McLeod gauges were controlled from

four separate reservoirs of mercury, each of which could be

opened either to the atmosphere or a Welsh mechanical pump

( Model 1405-H ) by means of a three-way stopcock.

In all there were four pressure gauges attached to the

system: an NRC(Model 710) ionization gauge, a Cenco McLeod

gauge, a Todd Universal Vacuum Gauge, and a mercury U-tube
_8

manometer. These gauges covered the pressure range from lx10

mmHg to 100 mmHg. The liquid nitrogen trapped NRC ionization

gauge was used only to measure the lowest pressures the system
-7

obtained. With it pressures as low as 5x10 mmHg were recorded.

The other three gauges were used to make )res;Bure meaSuremeIts

during the experiments. The Cenco gauge was used from 0.0001 to

1.7 mmIg. and the Todd gauge from 0.0001 to 25 mmHg. The Cehco

gauge was carefully calibrated with a standard C.V.C. (Type

619-100) McLeod gauge and found to be accurate to within +0.5%.

At pressures from 5 to 25 mmHg, the mercury U tube manometer

was used.



The U tube manometer consisted of mercury columns contained

in 18mm Pyrex U tubes, one side of which was open to vacuum.

l"The heights of the manometer Hg columns were compared with a

cathetometer. Note that the range of the Todd gauge over-

lapped that of the Cenco gauge as well as that of the mercury

U tube manometer in the pressure ranges from 0.0001 to 1.7 mm-Hg

and 5 to 25 mmHg, respectively.

The gas inlet system consisted of the container of test

gas, a cold trap, and two three-way mercury seal stopcocks.

The test gas, helium, neon, or argon,was of the purest quality

"Airco" in a one liter Pyrex container. These flasks were of

the "breakoffsky" type, containing a small glass loop which was

broken by means of a magnetically controlled iron slug encased

in a glass jacket. The amount of gas admitted to the system

was regulated by two three-way special grind mercury seal stop-

cocks (Apiezon "N" grease) after passing through a charcoal

filled U tube cold trap at liquid nitrogen temperatures.

b. The Test Tube

The data presented in this thesis were obtained from two

different tubes. The type of tube used is shown schematically

in Fig. 3 , together with a table of pertinent dimensions. In

each tube a fine tungsten wire, axially supported in a pre-

cision bore Pyrex tube, served as the main filament. Two

stretchedspiral tungsten springs (.001"dia.) at the top and

bottom of the filament served to compensate for thermal ex-

pansion during flashing. Tube A, used to make measurements

with helium, had a main filament of standard tungsten wire.

Tube B, used to make measurements with neon and argon, had

a main filament of Sylvania Type NS-87 tungsten wire. The
.1• .

.9.
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POTENTIAL
(dia.= 0.002%

LEAD SUPPORTING SPRING

TO
4

VACUUM

OUTER
(PYREX

,TUB
)

MAIN FILAMI
(TUNGSTEN)

2ri
0.0081788

2ro
2.673

S Si
40.0 28.61

S2650
7 6.650

Sm
15.317

10.008534412.8371 40.0 126.96015.565 115.8301
Sm = S 1 - 2S2
ALL DIMS. IN CM.

Fig. 3. Schematic diagram of test tube.
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diameter (0.0085344 cm. ) of this wire was determined from

the specifications of the density of tungsten (317gm/in3y

and mass of a 20cm length ( 21.91 mg/ 20 cm. ) supplied by

the manufacturer.

Each tube had a single potential lead of Sylvania type

NS-86 attached to the main filament. The point of attachment

(S 2 in Fig.3 ) was measured by a cathetometer after the tube

was sealed. The potential lead was tied to the filament with

an over hand knot. Subsequent heating of the filament pro-

duced a connections Several times during the experiment,how-

ever,the potential lead became disengaged from the filament.

It was found that the best procedure for making this connection

was to flash both the filament and the potential lead to the

glowing point. Both the potential leads and the main filaments

were connected to glass press-seals containing tungsten leads

for making the necessary inside to outside electrical connections.

.The use of potential leads p)ermitted measurements from

the center section of the main filament (Sm = S1 -2S2 ,see Pig.3 ).

This is important because of the problem of determining radiation

and end-losses from the filament. These auantities must be sub-

tracted from the total power input to the filament to obtain

the heat conduction. For a given average temperature of the

filament, the combination of losses other than by conduction

is given approximately by the power loss at the same temperature

in vacuum. The reason for this approximation is that the temp-

erature distribution along the filament is altered by gas

conduction. tne riain effect for filament temperatures close to

I1
RS

?

i



the temperature of the outer wall of the tube is a change in the

temperature gradient at the ends of the filament leading to a

difference in end-losses. At some distance away from the ends

of the filament, this change in gradient with conduction is

decreased. Thus, by using potential leads and measuring power

losses in only the central portion of the filament, the procedure

of subtracting end-losses is more nearly correct.

The tube's outer surface was maintained at a constant

temperature by immersing it in a constant temperature oil

bath. This bath consisted of SAE 10 motor oil enclosed by an

insulated tin can, 7 inches in diameter and 161 inches high.

The oil was vigorously stirred with a home made stirrer driven

by a "Variac" controlled A.C.motor at about 60 rpm. The temp-

erature of the bath was maintained constant to within * 0.020C

by use of a Cenco.300watt knife type immersion heater controlled

by a Princo "magnaset" thermoregulator. Frequent observations

of ASTM calibrated total immersion mercury-in-glass thermometers

showed the bath temperature to vary rarely more than + 0.010 C.

The bath temperature was 32.70+0.020 C, 30.20+0.020 C, 30.60+0.020 C

for helium, neon, and argonrespectively. The temperature drop

across the wall of the tube was considered negligible, the

inside surface of the tube being assumed to be at the temp-

erature of the oil bath. Thus a small temperature difference

of about 70C was maintained between the main filament and the

inner surface of the test tube. With helium the temperature

difference was 7.00+0.020 C; with neon, 8.21+0.020 C; and with

argon, 7.81+0.020 C.
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c. Electrical Aparatus

There were two principal electrical systems connected

with the operation of the tube. IThese consistdd of the

"measuring circuit" for determining the electrical characteristics

of the filament necessary to establish its temperature and the

power loss measurements necessary to calculate the heat con-

duction, and the " flashing circuit" for raising the filament

to high temperatures. A diagram of these circuits is shown in

Fig.4 .
Current for flashing was supplied by a.D.C. generator

controlled by a 22ohm variable resistor in series with three

62ohm resistors connected in parallel. At those times when the

potential lead had to be reconnected to the main filament, an-

other D.C. power surply was connected to the tube. However,

with these arrangements for flashing the filament often

vibrated violently, threatening to destroy the entire filament

system.

Current for the filament and the measuring circuit was

supplied by 6-volt storage cells. The current was determined

accurately by measuring the potential drop across a one ohm

standard resistance (L & N Type 4020-B). All voltage measurements

were made with an L & N Type K-3 potentiometer, using an L&IN Type

2430 galvanometer as an null indicator. These instruments were

used with an Eppley Standard Cell (Cat. No.100). B6th this

standard cell and the standard resistance were accurate in

the operating temperature range to at least six significant

figures.
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B. Operating Procedure

After the tube was sealed to the vacuum systems the pump

When the pressure was about 5 microns the test tube was torched

to about 300 C for about three-quarters of an hour. This initial

bake out was to rid the tube of any water which might have

collected in the system. The main filament was then annealed

by flashing in vacuum at about 23000C for about an hour. This

process also accomplished the joining of potential lead to the

filament.

I
down was started (see Fig.2 ):

a. The air-bleed valve was closed.

b. Both Hg seal stopcocks in the gas supply system were

opened,

c. The Hg cut-off valves were opened to the pump.

d. The valves of both McLeod Gauges were opened to the

pump.

e. Both pumps to main vacuum system and -to the four mercury

reservours were switched on simultaneously.

f. If the pressure was not less than 30 microns within 5

minutes the entire vacuum ststem was checked for leaks.

g. The bulbs of the Hg seal stopcocks in the gas supply

system were evacuated,

h. Dewars filled with liquid nitrogen were placed on the

large "finger" trap separating the main vacuum system

from the pumps, and on the cold trap separating the test

+ b f th f 4 h



After such treatment the resistence of the filament at room

temperature remained steady over the period of the ex eriments

despite many other flashings at lower temperatures. The temp-

erature of the filament during flashing was determined from

tables given by Jones and Langmuir (88 ).

At this point it was found convenient to determine the

electrical characteristics of the main filament. Thus the

relationship between the temperature and resistance of the

filament was found as follows: The system was shut down (see

below~or shut down procedure )to atmosphere pressure and the

bath temperature set. When this temperature reached a steady

value, small currents were passed through the filament and the

resistance of the filament was plotted against power input for

each current setting. This resulted in a linear plot which,

when extrapolated to zero power input, gave the resistance of

the filament at the given bath temperature. The values of the

filament resistance at three different bath temneratures en-

abled calculation of the temperature coefficient of resistance

, in the temperature range from about 30 to 50 0 C. This coe-

fficient was then used to calculate the temperature of the fila-

iII· iC n· Ifz rh ArnEr r rA C~ hl iCh
meLIkt i±L allt y g V1 Lve Ls sLiLan by Us t.11 h rL± -L t oinl

R= Ro 1 +P(T- To

where R is the resistance of the filament, Ro is the resistance

of the filament at the lowest bath temperature-used, T is the

temperature of the filament,and To is the lowest bath temperature

used. A sample calculation is shown in Table I.
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Table I

Sample Calculations for H{eat Conduction

1. Argon

2. Tube B.

3. Pressure (P)

4. Potential drop across long section of

filament (EQ)

5. Potential drop across short section of

filament (Es)

6. Potential drop across center section of

filament (E = E - E )

7. Potential drop across standard resistance (f )

8. Current through filament (I R = ENR/l)

9. Resistance of center section of filament
E

(R = _m)

10.

!I.

12.

13.

14.

15.

16.

Temperature coefficient of resistance (,)

Resistance of filament (center section) at bath

temperature (Rb)

Temperature of bath (Tb  T o )

Temrerature difference (T - T = ( _ - a1 o Rb
Total power loss from filament (Q = EMIR)

Power loss in vacuum (Q.)

Conduction from filament (Q = QT- Qv)

0.281 mmlHg.

0.134941 Volt

0.036173 Volt

0.098768 Volt

0.050369 Volt

0.050369 Amp

1.9609 ohm

0.0033772 (OC)-!

1.9105 ohm

30.600 C

7.81 C

0.0049774 watt

0.0001830 watt

0.0047944 watt



Following the calibration procedure, the system was again

pumped down until a pressure of 5 microns was reached; tile

cooling water to the diffusion pump was turned on; and the
-5diffusion pump started. At a pressure 5 x 10 - 5 mmIg, as read

on the ionization gauge, the bake-out was begun. T•o different

types of ovens were used; cylindrical ones for the test-tube

and cold traps, and an oven box for the McLeod gauges and the

Hg cut-off. Both ovens were made out of asbestos with aluminum

insulation; the removable box oven being constructed of ¼ inch

thick asbestos board, with no. 20 nichrome wire, stretched be-

tween binding posts on the sided of the board,as the heating

element. The ovens were designed to heat the Pyrex glass to

4000C and were regulated by "Variac" controls.All of the glass

outside of the ovens was covered with heating tapes. First the

oven around the charcoal cold trap in the gas supply system was

heated from two to four hours to drive the bulk of the trapped

gases out of the system. The other ovens were then slowly and

uniformly raised to 3500C and the system was allowed to bake-

out from ten to fifteen hours. The temperatures of the glass at

various points in the vacuum system were observed with an L & N

potentiometer (No. 8690 ) using copper-constant thermocouples.

Before all of the ovens are shut down the oven around thie

the trap nearest the test tube was removed and a dewar filled

with either liquid nitrogen or a dry-ice acetone slush was

placed around this cold trap. The other ovens were then turned

off and the constanit temperature bath placed around the tube.

The bath temperature being set, the filament was flashed from
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15 to 30 min. at about 19000 C in the presence of from 0.02 to

0.1 mmHg of the test gas. The test gas is then additted to the

system to the desired pressure. From the previous calibration

a fixed filament temperature was decided for each gas. This

required temperature was experimentally obtained by a trial

and error procedure in which the filament's resistance was ad-

justed by passing various currents through it until the re-

quired resistance, and hence temperature was reached. After the

total power input to the center section was measured as des-

cribed in Ref. 89 ., the heat conduction was calculated by sub-

tracting from the total power input the combination of end-

losses and radiation losses. This sum of losses, referred to

as power loss in vacuum, was determined as follows: The system

was evacuated to approximately 5 x 10 - 7 mmHg, the operating

bath temperture set, and the filament heated electrically to

several different temperatures. At each temperature the current

through the filament and its resistance was measured, to give

the power input (power loss in vacuum) as a function of filament

resistance at the operating bath temperature. A sample calculation

of heat conduction using power loss in vacuum data is presented

in Table I. Implicit is such calculations are the assumptions

that losses measured in vacuum are nearly the same as those in

the presence of the gas, and that heat transfer due to convection

is negligible .

When all the measurements were made the vacuum system was

" shut-down" as follows:

a. The diffusion pump was shut off and allowed to cool

( about 50 Min).

b. All electrical apparatus was disconnected.



c. The large dewer of liquid nitrogen on the main f finger)

trap between pumps and vacuum system was removed.

d. The McLeod gauges and Hg cut-offs were raised to a

Height of about 30 cm.

e. Both mechanical pumps were simultaneously shut off.

f. The air-bleed value was slowly opened until the four

mercury columns were lowered to their respective re-

servoirs.

g. Steps d and f were repeated until the pressure in the

system equalizes to that of the atmosphere.

The purpose of the above procedures was not to obtain the

cleanest possible filament surface, but to attempt to maintain

constant surface conditions throughout the exDeriment. In order

to check the condition of the filament surface, the pressure

in the test tube was reduced periodically to free molecule

conditions and at these low pressures the thermal &ccommodation

coefficients ( OC ) were calculated using the formula (55).

CC . (1)
A PAAT

where Q ( watts) is the heat conducted from the filament, A

( cm2 ) is the effective surface area of the filament, P

( mmHg ) is the measured pressure, AT (OC) is the temperature

difference between the filament and the outer tube's surface,

andA( watts/cm2 - oC - mmHg ) is the " theoretical free

molecule heat conductivity ." of the gas. During these checks,

the values of the accommodation coefficient remained constant

within the accuracies of the experiment.
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III IIESULTS

The heat conduction data presented in this section are

for the monatomic gases helium, neon, and argon. These gases

were chosen for the wide range in their thermal accommodation

coefficient values as measured on clean platinum in the free

molecule regime by Thomas and Brown (18). During the experiments,

every effort was made to maintain the temperatures of the main

filament and outer cylinder ( Ti and To) at the constant values

shown in Table II. The thermal accommodation coefficient on the

surface of the filament was also constant throughout each

experiment, as indicated by the periodic checks described in

the previous section. If these conditions are fulfilled for a

given gas, the heat conduction varies only with pressure. The

primary purpose of this study was to investigate this pressure

dependence in the free molecule, transition, and temperature

jump regimes, with particular emphasis on the transition regime.

Thirty-nine data points were taken with helium in the range

0.034 to 71.1 mmHg, corresponding to Knudsen numbers Kn = 55.0

and Kn = 0.026, where

L
Kn = (2)

2 r

r i is the radius of the main filament, and L is the mean free

path in the gas, evaluated at the temperature of the filament

from a Table given by Dushman (90). Thirty-four data points

were taken with neon in the pressure range from 0.0252 mmHg

to 71.4 mmHg ( Kn range 50.0 to 0.018) and thirty-three data

points with argon from 0.0385 mmWg to 62.6 mmpMg (Kn = 17.0 and

Kn = 0.010). For each gas, about 2/5 of the measurements were



Table II Parameters used for Figs. 5 , 7 ]-.

ArsonHeliumr

A

2 2r. (cm)

3 2r (cm)

4 S (cm)

5 T (OC)

6 T. ("c)

7 Q( (watts)

8 0 (watts)

9 (a)avgavg

0.0081788

2.673

15.317

0.0085344

2.837

15.-830

32.70 + 0.02

39.07

0.182304

0.0004037

0.2831

30.20 + 0.02

38.41

0.070305

0.0001830

0.4670

0.0085344

2.837

15.830

30.60 + 0.02

38,41

0.024500

0.0001830

0.7328

Notes: Itesr 1 - 4 are shovwn in Fig. 3

Q is the power loss in vacuum.

(a) was obtained from Eq. (1), and is the ater"al acco~modation

coefficient used in computing (Q/Q) in Figs. 7-11.

- Tube



-23-

in the transition regime.

At each pressure the heat conduction (watts ) between the

main filament and the outer cylinder was determined by the pro-

cedure described in the previous section. The data are presented

in Fig.5 . The heat conduction at infinite pressure ( Qoo as P-boo

and Kn*O) will be required later in the analysis and was de-

termined as follows: For each gas, the heat conduction (Q) was

measured at several pressures (P) above 50 mml-1g. Then 1/Q was

plotted against 1/P, resulting in a reciprocal plot similar

to that obtained by Thomas and Golike (19). This plot, when

extrapolated to I/P = 0, gave the values of Qoo shown in Table II.

The largest error associated with the measurement of Q

Fig.5) is approximately +0.4%; it occurs at low pressures

where the heat transfer due to radiation and end-losses is of

the same order of magnitude as the heat conducted through the

gas. This error is considerably less at higher pressures as

shown in Table III. The error in Qoo is approximately +0.5%.

The largest errors in the pressure measurements also occurred

at low pressures, and were approximately +4% between 0.020 irmMg

and 0.050 m:nHg. The error in the pressure measurements is also

reduced at higher pressures ( see Table III). As a check on

the aforementioned accuracies, the thermal conductivities (R)

of all three experimental gases were determined and compared to

those found in the literature. For this comparison T values

were obtained by substituting the known length and radii and

the measured Qoo and ( Ti - To ) values into Fourier's heat
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Table III. Estimate of errors in heat conduction and pressure

rmeasuremenCts in different pressure ranges.

Pressure (rmmig) Er-rors in P (%) Errors in Q (%)

0.010 - 0.050

0.050 - 0.200

0.200 - 1.00

lo00 - 5.00

5.00 - 10.00

10.00 - 100.00

+ 6.0

+ 2.5

+ 2.0

+ 1.0

+ 0.5

+ 0.5

+ 0.40

+ 0.04

+ 0.02

+ 0.02
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4conduction equation. These analyses gave K = 3.708 x 10 i
_4 .4

1.962 x 10 , and 0.781 x 10 cal/sec - cm2 - C, for helium,

neon, and argon, respectively. Thesd values agree within

-0.45% for helium, -0.20% for neon, and -0.90% for argon with

those in Refs.19 and 63at the mean temperature (Ti + To) /2.

The expermintal data presented in Fig. 5 can now be used l

to evaluate the applicability of various methods predicting

heat conduction in rarefied gases between concentric cylinders.

In this investigation the methods studied were: 1) The method

,of Lees and Liu (1 ), henceford referred to as the moment method

( MM), 2) The mean free path (MFP), method, 3) The free molecule

( FM) theory, 4) The Temperature jump (TJ) approximation.

Moment Method

Lees and Liu (1) evaluated the conductive heat transfer

between concentric cylinders by dividing the gas molecules into

two groups. Each had a different Maxwellian velocity distribution

function. By substituting these functions into the Maxwell

integral equations and assuming small temperature differences

( Ti/Td" i1.0) and large radius ratios ( r = ro/ri>l ) they

arrived at an analytical solution. This solution was derived

for complete thermal accommodation at the inner surface and

was extended to incomplete ther•,al accommodation at this sur-':

face (2, 91):yielding:

+ (X rar~

"r'. 1
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where r is the radius ratio andC is the thermal accommodation

coefficient at the inner surface. Eq. (3 ) applies over the

entire pressure range from Kn = o to Kn =oo.

MePn Fsre Path MethoQd

Following the st~gestion of Langmuir (66) and the adaitation

of Springer and Ratonyi (91) the annulus can be divided into

three regions. The two regions next to the inner and outer

cylinder are assumed to have conductive heat transfer by the

free molecule mechanism. In the center region continuum heat

conduction is assumed. By combining the appropriate heat transfer

equations one obtains;

(4)

Free Molecule Theory

In the free molecule limit where gas-solid interactions

predominate ( Knol) for large radius ratios ( r»>> I) and

small temperature differences, Knudsen's formula (3) iay be

combined with Fourier's heat conduction equation to give:

QfM (5)
- 15 K_

2 ~ Io•Tr"
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Temperature Jump Approximation:

When the mean free path is small compared to the diameter

of the inner cylinder, Smoluchowski's temperature jump boundary

condition (92) can be used. Applying Smoluchowski's formula to

Fourier's heat conduction equation one finds (93):

2o if CS R Mi-To) (6)

where S is the length of the cylinder, and gi and go are the

temperature jump distances at the inner and outer walls. For

small temperature differences gi may be replaced by (93):
.L -

2 kC + 1 (7)

In Eq. (7) M is the molecular weight of the gas, R is the

molar gas constant?and Cv is the molar heat capacity at constant

volume. Neglecting the term g/r* and assuming Ti/TO0 1.0, Eqs.

(6) and (7) may be reduced to (91):

Eqs. (3, 4, 5, 8 ) assume that Tj/Toolo.0 and r >> 1. The

conditions in the present experiments were chosen to approximate

these assumptions ( see Table II ).

L
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The moment method may now be evaluated by comparing the

measured and calculated heat conduction at various Knudsen

ntrmiers. In order to compute the heat conduction from Eq.(3)

the thermal accommodation coefficient ((X) must be known. In

the derivation of Eq.(3), it was assumed that OC was independent

of Knudsen number. Therefore, in the following analysis it is

assumed that OC remained constant during the experiments and did

not change with pressure. The accommodation coefficients used

for each gas were calculated by applying the results of Eq.(1)

to the data in the free molecule regime and averaging the re-

sults obtained (Table II ). It should be noted that Eq.(l) would

give slightly lowerOCvalues than Eq.(5) due to the assumption

that Ti/To0 l. Following the suggestions of Refs. 1,2,91 the

Knudsen numbers limiting the free molecule regime were assumed

to be those at which the heat conduction calculated by the free

molecule theory and the moment method agree within 1%. These

limiting Knudsen numbers are shown in Fig.6 for different

thermal accommodation coefficients, and radius ratios. in this

figure, the Knudsen numbers at which the results of the moment

method agree within 1% with the results of the temperature jump

approximation and with the continuum solution are also indicated.

The evaluation of the results of the moment methqd Eq.(3)

with the data is presented in Fig. 7 . An examination of the re-

sults in this regime shows that, with the exception of one

point for each gas, all the calculated heat conduction values

fall within + 2.5% of the experimentally determined values.
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This percentage difference is within the experimental errors

given in Table III. These results suggest that the moment

method can be used to calculate heat conduction to within at

least *2.5%.

A comparison was also made between the data and the results

of the temperature jump approximation (Eq.8) using again the

thermal accommodation coefficients calculated by the free molecule

theory and listed in Table II. This comparison (Fig. 8)

indicated that heat conduction can be calculated by the temnerature

jump approximation within about 1% below Kn,".02.

Comparisons between the results of the four methods, the

MM, MPP, FM and TJ methods,and the experimental data are given

in Fig. 9. For clarity, the results are given only by average

curves drawn between the data points. Fig. -9 indicates that the

he;Lt conduction calculated by the MFP, FM and TJ methods agree

with the data only in the free molecule and temperature jump re-

gimes. In the transition regime, as defined in Fig. 6, the data

and the results of the MFP method agree within 6%. Neither the

FM or TJ methods give good results in the transition regime.

All of the four methods (Eqs. 3,4,5,8) can be solved for

the thermal accommodation coefficient. From the results of Fig. 9,

one might exxpect good agreement of all the methods in the free

molecule and transition regimes. Indeed in the past, the FM,

TJ and MFP methods have been used to determine OC in these

regimes (59,94). The O values obtained by FM and TJ methods ho.-

ever, have generally been inconsistent (58,59) with the exception
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Fig. 8. Comparisons between the measured heat conductions and those calculated
by the moment method and the temperature jump approximation.
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of one experiment performed by Thomas and Golike (19). Further-

more, no thermal accommodation coefficient data has been reported

in the transition regime. Therefore it would be very interesting

to compute values in the free molecule, transition, and temp-

erature jump regimes using the four methods.

The results of these calculations are presented in Fig. 10

and Fig. 11. In Fig. 10 W, as determined by the moment method,

is plotted against l/Kn for all three test gases. These results

appear to justify the assumption that the thermal accomrodation

coefficient remained constant during each experiment. As can be

seen from Fig. 11, none of the other three methods gives such

consistent C values over the entire pressure range. The OC

values computed by the FM and MFP methods approach those given

by the MM in the free molecule regime only. The accommodation

coefficients calculated by the TJ method are always lower than

those given by the MM method, and in the free molecule regime,

by the FM method. The data of Thomas and Golike (19) show the

same trend. Here it is to be noted that at least in the range

of these experiments (Kr0.010 to Kn'55) the results of the

TJ approximation as applied in the temperature jump regime do

not agree with the results of the FM theory as applied in the

free molecule regime.



APP ENDI1

The following is a brief summary of those t•chnical papers

which contain Inforiiation about h-.eat colnduction in rarefied rion-

atomic and diatomic gases.

Ref, No. , refers to number in bibliography

Gases , the type of gases reported in paper

Wire(diam) , the type and diameter of wire used in experiments

Tw , the temperature of the inner cylinder or wire

P , the pressure range covered in the experiments

Kn , the Knudsen range of the experiments

Purpose , the primary purpose for the experiments

Abbreviations used:

a.c. , accommodation coefficient
q , heat conduction
ad. , adsorption
u , unspecified data
k , thermal conductivity

Ref. Gas Wire(cm.) T(O

4 H2  Pt.
0.000450

02co2-

6 H2  Pt.
0.20

He

7 HT Pt0.0026.1

He

100

100

100

0.0025

0.020

2.00 to
20.00

Kn

8500 a. c.

4000
2800

a.c.

3 to
a, c.

4 to
40
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RIe f. Gas Wire(cm.)

8 He W
0 .007 cm.

He Ni
0.007

9 He W
0.007

T(oC)

U

u

194

P(mrm. 11g)

0.044 to
0.10

0.044 to
0.10

0.07 to
1.85
0.017 to
0.291

10 He same as in 9

11 Ne W
0.007

12 Ne W
0.007

14 He Pt.
0.0025

A

H2

15 He Pt.
0.0026

H2

16 lie W
0.006

17 He Pt.
0.01

Ne

A

02

c02

H2

21 lie Glass
1.5mm

22 He W
0.0049

A

100

100

50

O

0.07

0.07 to
1.85

0. 075 to
0.75

0.075

0.01 to
0.05

80

u

u

FPu•r os e

a.c.

a.c.

a. C.

a.c.

1 to
333
3 to
600

a. c.

a.c.

a.c.

0.8 to
20

7.2 to
72
2.4 to

4.8 to
48
750

600

a.c.

a.C.

30 to
150
10 to

a.c.

10 to
53
11 to
54
6 to
34
19 to

a. c.



Ref. Gas Wire (cm.)

27 0He Ni
0.00423

28 A Pt.
0.00208

29 He Pt.
0.00265

36 H2  Wf
0.00779

37 H2  Pt.
0.005

33 i 2  Iron0.01283

39 H2  kt.
0.00397

41 H2  Pt.
u

43 He Pt.
0.244

2

T(Oc) P(mm H2)
0.001

3,5

100

500

20

23

30

0

60

0.593 to
0.10

u

0.20

0.03 to
0.3

0.015 to
0.03

40 to
700

20 to
780

0.0 to
0.38

02

CO2

44 Same as 43

45 He Pt.
0.00377

10 to
100

0.019 to
0.19
0.013 to
0.13
0.011 to

0.007 to
0.07
0.007 to
0.0 7

Kn Purpose

a.c.

a.C.

ad .

a.c.

a.c.

q

6 to
0.00195

60 to
600

26 to
55

2.5 to
14

Qo to
0.20
oo to
0.10
oo to
0.15
oo to
0.075
oo to
0.033
oo to
0.07



Gas Wire (cm.)

45 C02

47 He Glass
0.0038

112

43 He Glass
0.00?8

0.004 to
0.10

H2-2

49 He Glass
0.0038

30 0.007 to
0.60

50 Ne Pt.
0.005240

5! He Pt.
u

i1i2

C0 2

02

Air

54 He Iron
0.0096

H2

56 Me Pt.
0.00137

DNe

0.00030 to
0.1

0.007 to
0.5

10 to
4000
10 to
3300

20 to
1400
20 to
1300
10 to
700

-41-

Ref. T0 (I) Kn iPurpose

0.04 to
0.10

to

to

a. C.

0.003
0.03
0.0083
0.08

4 to
10
6 to
15
6 to

a.c.4 to
100
60 to
15
62 to
12

0.55 to
70
0.42 to

a.c.

2.15 to
340

0.4 to
28

1.2 to
180

10 to
100

a.c.,k

a. c .

a. C.

aPe



.4 2

cire( cm.) T(qC) z(Mr: Hg)

56 Kr

Xe

H2

57 Same as 56

61 H

Ai r

62 Kr

Xe

13 Ne

Pt.
0.08

Gla ss
1.0

Pt.
a

100

0.07 to
680

3.0 to
10.0

0.00014 to
1.4
0.00006 to
0.6

0.12 to
10
0.07 to
20
0.4 to
40
0.3 to
30
0.15 to

174 to
750

Kr
Xe

64 Ai r

65 H2

-2
67- H2

Glass
0.4566

Glacss
0.4566

Pt.
0.008

0t .
0.040

Air

100

100

1300

0.0013 to
770

6.0047 to
760

0.015 to
750

5.7 to
760

0.001 to
60

0.002 to
120

0.01 to
500

0.0002 to
0.04
0. :00'1 to

0.02

Ref. Gas, -urpose

0 tot 0

4 to
300
15 to
1000
10 to
700

a.c. ,k
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Ref. Gas Wire(cnr.) r(OC)

60 H2

Air

69 Air

AT

72 !Air

1-I. 0
2

75 Ai r

H2

76 Air

77 CO2

30 CO-,

81 Ai r

Ni.
0.041

Pt.1
0.015

Pt.
0.010

Pt.
0.010

Pt.
0.010

0.06

Pt.
0.01

Pt.
0.008

Pt.
0.0053

Pt.
0.0078

0.05

Pt.
0.0240

30

9

16

13

u
u20

20

20

200

20

P(mm H) T

0.0 to
500

0.007
700 ,

3 to
700

2 to
700

10 to
800

0 to
60
0 to
480

0.25 to
oo

0.02 to
0.3

1.0 to
500

100 to
1000

6.15 to
196

Kn

0.0004 to
00
0.0002 to

to 0.0005 to
50
0.001 to
100

0.00005 to
0.01

0.007 to
0.25

0.006 to
0.05

0.0 to
13

0.01 to
0.4

0.001 to
0.01

0.001 to
0.03

PurDose

a.c.,k

k
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Ref. Gas

82 A

Ne

He

Ai r

02

83 Air

T12

CO

He

Ne

A

84 022
CO

2
IHe

12

86 Air

Wi re ( cm.)

Pt.
0.005

P-tj

Tf(a C)

20

P0t.
0.06

Pt.
0.024

P(mm H*)

7 to
300

10 to
700

10 to
100

Wollaston u
0.01

0.0 to
oo

Kn

0.003 to
0.14
0.006 to
0.28
0.001 to
0.5
0.006 to
0.28
0.005 to
0.26
0.006 to
0.28

0.00014 to
0.01
0.00025 to
0.016
•1.00005 to

0.005
0.0003 to
0.02
Q.0002 to
0.015
0.00014 to
0.01

0.002 to
0.02
0.0016 to
0.016
0.0005 to
0.005
0.0004 to
0.004

0.0 to

87 samie as 66

iur' o SC



BIBLiOGRIAHY

I. L. Lees and C.-Y. Uiu, "Kinetic Theory Description of

Conductive Heat Transfer from a Fine Wire," Phys. Fluids,

Vol. 5, pp 1137-1148 (1962)

2. F.C. Hurlbut, "Note on Conductive Heat Transfer from a

Fine Wire," Phys. Fluids, Vol. 7, p 904(1964)

3. M. Knudsen, The Kinetic Theory of Gases (Methuen & Co. Ltd.,

London, 1950) pp 46-61

4. M. Knudsen, "Die Molekulare Warmeleitungder Gase und der

APkkommodationskoeffizient," Ann. Physik,Vol.34 p593 (1911)

5. M. Knudsen, " Der Molekulare Gaswiderstand gegen eine sich

bewegence Platte," Ann. Physik, Vol. 46, p641 (1915)

6. M. , Knudsen,"Radiometerdurck and Akkommodationskoeffizient'

Ann. Physik, Vol. 398 5F6, p129 (1930)

7. M. Knudsen,"Radiometer Pressure and Coefficient of Accommodation,"

Det. Kgl. Danske Videnskabernes Selskad. Mat-fys. Medd., Vol.11,

p 1 (1930)

3. J. K. Roberts, " The Exchange of Energy Between Gas Atoms

and Solid Surfaces," Proc. Royal Soc. (London), Vol. A129,

n 146-161 (10;0o

9. J. K. Roberts, " The Exchange of Energy Between Gas Atoms

and Solid Surface II. The Temperature Variation of the

Accommodation Coefficient of Helium," Proc. Royal Soc.(London),

Vol. A135, !p 192-205 (1932)

10. J. K. Roberts, " lTe Exchanage of Energy Between Gas Atows

and Solid Surfaces IIT. The Accommodation Coefficient of

Neon," Proc. Royal Soc. (London), Vol. A142, , 518-524(1933)

_v ~ v ~vi ~~,uv/



11. J. K. Roberts, " The Adsorption of Hydrogen on Tungsten,"

Proc. Royal Soc. (London), Vol. A152, pp 445-464 (1935)

12. J. K. .Roberts, " Some Properties of Adsorbed Films of

Oxygen on Tungsten," Proc. Royal Soc. (London), Vol. A152

p 464-477 (1935)

13. J. K. Roberts, " Adsorption of Nitrogen on Tunsgten,"

Nature, Vol. 137, p 659-660 (1936)

14. W. B. Mann, " The Exchange of Energy Between a Platinum

Surface and Gas Molecules," Proc. Royal Soc. (London),

Vol. A146, p 776-791 (1934)

15. W. B. Mann and W. C. Newell, " The Exchange of Energy Between

a Platinum Surface and Hydrogen and Deuterium Molecules,"

Proc. Royal Soc. (London), Vol. A158,p 397-403 (1937)

16..J. G. M. Bremner, " The Thermal Accommodation Coefficients

of Gases I. An Investigation of The Effect of Flashing,"

Proc. Royal Soc. (London), Vol. A 201, p 305-320 (1950)

17. L. B. Thomas and F. G. Olmer, " The Accomnodation Coefficient

ofHe, Ne, A, H2 ,D 2, 02, C02 and Hg on Platihum as a Function

of Temperature," J. Amer. Chem. Soc., Vol. 65, p 1036-1043(1943)

18. L. B. Thomas and R. 1. Brown, " The Accommodation Coefficient

of Gases on Platinum as a Function of Pressure," J. Chem.

Phys., Vol. 18, p 1367-1372 (1950)

19. L. B. Thomas and R. C. Golike, " A Comparitive St:-dy of

Accommodation Coefficients by The Temrnerature Jump and Low

Pressure Methods and Thermal Conductivities of He, Ne and

C02,"J. Chem. Phys., Vol 22, p300-305 (1954)

!



-47-

20. L. B. Thomas and E. B. 3c olfield, " Thermal Accommodation

Coefficient of Helium on Dare T'ungsten," J. Chem. Phys.,

Vol. 23, p 861-866 (1955)

21. L. S. Ornstein and ,. R. VanWyk," Optische Untersuchung des

Akkomnodationskoeffizienten der Molekulartranslation und

Verteilungsfunktionineinem Verdunnten Gase," Zeits. Physik,

Vol. 78, p 734-(1932)

22. W. C. Michels, " Accommodation Coefficients of Helium and

Argon Against Tungsten," Phys. Rev. (letter),Vol.40 p472 (1932)

23. J. M. Jackson and N. F. Mott," Energy Exchange Between Inert

Gas Atoms and A Solid Surface," Proc. Royal Soc.(London),

Vol. A 137, p 703-717 (1932)

24. J. M. Jackson and A. Howarth," Energy Exchange Between Gas

Atoms and Solid Surfaces," Proc. Royal Sbc. (London), Vol.A

142, p447 (1935)

25. W. C. Michels," Accommodation Coefficients fThe Noble Gases

and The Specific Heat of Tungsten," Phys. Rev. Vol.52, pl067,(1937)

26. J. L. Morrison and J. K. Roberts," A New Method for Studying

the Adsorption of Gases at Very Low Pressures and Properties

of Adsorned Films of Oxygen on Tungsten," Proc. ?ioyal Soc.,

(London), Vol A173, p 1-13 (1939)

27. B. Raines, " The Accommodation Coefficient of Helium on

Nickel," Phys. Rev. Vol. 56, p 691-695 (1939)

28. K. Schafer, N. Rating and E. Eucken," Uber den Einfluss des

gehemmten Austaush der Translations-und Swingunsenergie auf

das Warmeteilvermogen der Gase," Ann. der Phys., Vol.42

p 176-202, (1942)

29. P. Rolf," The Accommodation Coefficient of Helium on Platinumr,"

Phys. Rev.,Vol.#5, p 185 (1944)



-43-

30. ,. 1. J. . Eggleton, F.C. Tomkinsand, and D. 'WJ. B. Wanford,"

Measurement of the Thermal Accommodation Coefficients of Gases,"

Proc. Royal S6c. (London), Vol. A213, p 266-273 (1952)

31. J. W. Faust," The Accommodation Coefficient of the Inert

Gases on Aluminum, Tungsten, Platinum and Nickel and Their

Dependence on Surface Conditions," Ph. D. Thesis, Univ. of

Missouri (1954)

32. W. L. Silverinail, " The Thermal Accommodation of HITelium,

Neon and Argon on Clean Tungsten from 77 K to 303 K,"

Ph. D. Thesis, Univ. of Missouri, (1954)

33. R. E. Brown," The Thermal Accommodation of Helium and Neon

on Beryllium," Ph. D. Thesis, Univer. of Missouri (1957)

34. H. L. Peterson," The Accommodation Coefficients of Helium,

Neon and Argon on Clean Potassium and Sodium Surfaces from

77 K to 298K, and a Study of the Adsorption of Potassium on

Tungsten," Ph. D. Thesis, Univ. of Missouri (1958)

35. D. V. Roach," A Study of the Thermal Accommodation of

Helium, Neon, Argon, Krypton and Xenon During Adsorption of

Potassium and Cesium," Ph. D. Thesis, Univ. of Missouri (1962)

36. K. B. Blodgett and I. Langmuir,"t The Accommodation Coefficient

of Hydrogen: A Sensitive Detector of Surface Films," Phys. Rev.

Vol. 40, p78-104 (1932)

37. H. H. Rowley and K. F. Bonhoeffer," Uber den Elnergieaustausch

der Grenzflache Platin-Wasserstoff,t? Zeit. Phys. Chem., Vol.

B21 p84 -92 (1933)

38 '-r.Hiiowley and W. B. Evans," 'The Accommodation Coefficient of

Hydrogen on Iron," J. Amer. Chem. Soc., Vol. 57, p2059-2064 (1935)



-49-

39. H. S. Gregory," Effect of Temperature on the Thermal

Conductivity and the Accommodation Coefficient of Hydrogen,"

Proc. Royal Soc. (London),Vol. A149, p35-5 6 -(1 9 35)

40. 0. Beeck," The Exchange of Energy Between Organic Mclecules

and a Solid Surface, I. Accommodation Coefficient and S:&ecific

Heats of Hydrocarbon Molecules," J. Chem. Phys. Vol 4, o680-

689 (1936)

41. H.S. Gregory and E. H. Dock," Effect of Tem<)erature on the

Thermal Conductivity and the Accommodation Coefficient of

Hydrogen Below 0 C," Phil. Mag., Vol.25, p 129-147 (1938)

42. J. L. Morrison and J. K. Roberts," The Kinetics of Formation

of Oxygen Films on Tungsten," Proc. Royal Soc.(London), Vol.

A 173, p13-27 (1939)

43. F. Soddy and A. J. Berry," Conduction of Heat Through

Rarefied Gases," Proc. Royal Soc. (LOndon), Vol. A 83,

p. 254(1910)

44. F. Soddy and A. J. Berry," Conduction of Heat Through

Rarified Gases II," Piroc. Royal Sec. (London), Vol. A84

p576 (1911)

45. B. G. Dickens," The Effect of Accomnodation on iHeat Conduction

Through Gases,"? Proc. Royal Soc. (London), Vol. A43 p517-540(1'3-)

46. A. Lucken and A. Bertram," Die Eemittelung der Molwarme

Einiger Gase Bei tiefen Temneraturennach der Warmeleitfah~i ~eits-

methule," Z. Physik-Chem, Vol.B31, p361(1935)

47. W. H. Keeson and G. Schmidt,"? The Investigation of Heat

Conduction of Rarefied Gases I. Thle Thermal Accommodation

Coefficient of TIelium, Neon, Hydrogen and Nitrogen on "lass

at 0 C," Physica, Vol. 3, ,590-596 (1936)



-50-

48, '%. H. Keesom and G. Schmidt, "Researches on Heat Conduction

of Rarefied GasesII. Thermal Accommodation Coefficients of

Helium, Neon,Hydrogen,and Nitrogen on Glass at 70 to 90K,"

Physica, Vol. 3, p1 0 8 5-1092(1936)

49. W. H. Keesom and G. SCHMIYDT, "Researches on Heat Conduction

of Rarefied GasesIII. The Thermal Accommodation Coefficient

of Helium, Neon,and Hydrogen at 12 to 20K," Physica, Vol. 4,

p. 828 (1937)

50. S. Weber, " Uber Den Einfluss Des lAkkommodationskeffizi

enter Aut die W:armeleitung Und Radiometerkroft in Gasen,"

Danske Videnskab. Mat. Fys. Medd. Vol. 19, pl1 (1942)

51. E.R. Grilly, W. J. Taylor, and H. L. Johnston," Accommodation

Coefficients for Heat Conduction Betwveen Gases and Bri:ht

Platinum for Nine Gases Between 80K (or their Boiling Points)

and 380K. J. Chem. Phys. Vol. 14 p 435-440 (1946)

52. M. L. Wiedmann and :. R. Trumpler," Thermal Accommodation

Coefficients,," Trans. Amer. Soc. Mech. Eng., Vol. cS, p5 7 -64(143)

53. R.N. Oliver and M. Farber," Expe::imental Determination of

Accommodation Coefficients as Functions of Temperature for

Several Metals and Gases," Jet Propulsion Lab., Mem.1No.9-19(1950)

54. A.E.J. Ecgleton and F.C. Tompkins," The Thermal Accomrodation

Coefficient of Gases and Their Adsorption on Iron," Trans.

Farad. Soc. Vol.48, p738-749 (1952)

55. 1H.V. Wachman," The Thermal Accommodation Coefficient a,-,nd

Adsorption on Tungsten," Ph. D. Thesis,Univer. of Mi:souri(l754)

56. I. Amdur, M.M. Jones and -. Pearman," Accom'odation Coeffic~ent

on Gas Covered Platinum," J. Chem. Phys. Vol.12,p159-166(1944)

A



57. I. 2ndur," iressure Dependence of Accomrodation Coef-ficients,?

J. Chem. Phys. Vol.14, p339-342 (19 46)

53.J. C. Hartnett, in Rarefied G;,:s Eynamics, edit e by L.Talbot

(Academic Press inc.,New York, 1961)pl-28

59. H.Y. Wachman, "The Thermal Accommodation Coefficient: A

Critical Survey," ARS J. Vol.32, p2(1962)

60. A. Schleiermacher," Ueber die Abhangigkeit der Warmestra-hlung

von der Temperature und Stefan'sche Gesetz," Ann. der Physik,

Vol.26 p287 (1885)

61. A. Schleiermacher," Ueber die Warmeleitung der Gase,"

Ann. Physik.Chem. Vol.34, p623 (1888)

62. M. Curie andA.Lepape," Conductibilite Thermique des Gas Rare, 1,

Journ. de Phys., Vol. 2(7) p392 (1931)

63. Wi.G. Kannuluick and E.H. Carman," The Thermal Condtuctivites

of Rare Gases," Proc. Phys. Soc., Vol.B65, p701 (1952)

64. M.S. Smoluchowski," On Conduction of Heat by Rarefied Gases,"

Phil. Mag., Vol.46, p192 (1898)

65. M.S. Smoluchowski," Uber Warmileitung in verdunnten Gasen,"

Ann. Physik, Vol.64, pl01 (1898)

66. I. Langmuir," The Dissociation of Hydrogen into Atoms,"

J. Amer. Chem. Soc., V61.37, p417 (1915)

67. S. tieber," Expermentelle Untersuchungen uber die Warmeleit-

fahigkeit," Ann. Physik, Vol.54, p325(1927)

68. E. Schneider," Uber die Warmeleitung von Luft und

Wasserstoff," Ann. der Physik, Vol.80, p215 (1926)

69. H. Gregory and C.T. Archer," Experimental Eetermination of

the Thermal Conductivities of Gases," Proc. Royal Soc.(London)

Vol.A110,p91 (1926)

70. E.O. THercus aid T.H. Laby," The Thermal Conductivity of Gas2:,"
'hil. Mag.,Vol.3, p1061 (1927)



-52-

71. H. Gregory and S. Marshall," The Thermal Conductivity of

Carben Dioxide," 2roc. .oyal Soc., Vol. A 114, p354-366 (1927)

72. H. Gregory and C.T. Archer," The Variation of the Thermal

Conductivity of Gases with Pressure," Phil. Mag ol. 1,p593(1926)

73. H. Gregory and C.T. Archer," Thermal Conductivities of Carbon

Monoxide and Nitrons Oxide," Proc. Royal Soc. (London),Vol.A121

p285 (1928)

74. H.S. Gregory and S. Marshall," Thermal Conductivities of Oxygen

and Nitrogen," Proc. Royal Soc.,(London), Vol.Al18,p594(1928)

75. W.G. Kannuluick and L.H. Martin," Conduction of Heat in

Powders," Proc. Royal Soc. (London), Vol. A141,p14441933)

76. H.S. Gregory and C.T. Archer," Thermal Conductivity of Air,"

Phil. Miag., Vol.15, p301 (1933)

77. C.T. Archer," Thermal Conductivity and The Acc6m~odation

Coefficient of Carbon Dioxide," Phil. Mag. Vol. 19,p901 (1935)

78. W. Northdurft," Zur Abolutmessung des Darmeleitvermogens

von gases," Ann. der Physik, Vol.28, p137 (1937)

79. C.T. Archer," Thermal Conduction in Hydrogen Deuterium

Mixtures," Proc. Royal Soc. (London), Vol. A165 p474 (1938)

80. G.G. Sherrat and E. Griffiths,"A Hot Wire Method for the Thermal

Conductivity of Gases," Phil. Mag., Vol.27, n68 (1939)

81. W.J. Taylor and H.L. Johnston," An Improved Hot Wire Cell

for Accurate Measurements of Thermal Conductivities of Gases

over a Wide Temrnerature Range," J. Chem. Phys., Vol.14,p219(1946)

82. S. ieber,,i"Uber die Warmeleitfakigheit der Gase," Ann.Physik,

Vol. 82, p479 (1927)

83. W.G. Kannuluick, and L.H. Martin," The Thermal Conductivity of

Some Gases at 0 C," Proc.Royal Soc.(London),Vol.A144,p496(1934)



-53-

84. H.L. Johnston and E.R. Grilly," Thermal Conductivities of

-ight Common G0ises between 80 and 380 K." J. Chem. Phys.,

Vol.14!, p233 (1946)

85. ,M.V. Tsederberg, Thermal Conductivities of Gases and Liquids,

(M. I.T. Press, Cambridge, Mass. 1965) p6,p20-4

86. H.L. Bomelburg," Heat Losses from Very Tiin Heated Wires

in Rarefied Gases," Phys. Fluids, Vol. 2, p 717-718(1959)

87. 1. Langmuir and G.M.T. Mackay," The Dissociation of Hydrogen

into Atoms," J. Amer. Chem. Soc., Vol.36,p1708 (1914)

88. H. A. Jones and I. Langmuir," The Characteristics of

Tungsten Filaments as Functions of Temperature," General

Review, Vol.30, p310 (1927)

89. R. Ratonyi," Heat Conduction From a Fine Wire," S.M.Thesis,

Mass. Institute of Technology, June 1964.

90. S. Dushman, Scientific Foundations of Vacuum Technique

( John Wiley & Sons, Inc., New York 1962) p32

91. G.S. Springer and R.Ratonyi, "Heat Conduction From

Circular Cylinders in Rarefied Gases," Asme naper 65-HT4

92. M.S. Smoluchowski," Zur Theorie der Warmeleitung in verdunnten

Gasen und der dabei auftre unden Druckkrafte," Ann. Physik,

Vol. 35 p 983 (1911)

93. 2.H1. Konnard, The !:inetic Theory of Gases,(McGraw Mill

New York, 1938) pp331-327.

94. 1. Y. Wachman," Method for Determining Accommodation

Coefficients from Data in the Temnerature-Jum- Range

without A.plying Temnerature-Jump Theory," J. Chem. -hys.

Vol. 42, . 1850-1851 (1965).


