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THERMAL CONDUCTIVITY OF GASES AT HIGH TEMPERATURES 

Albert J o Rothman 

Radiation Laboratory and Department of Chemistry and Chemical Engineering 
University of California 
Berkeley~ California 

ABSTRACT 

Apparatus suitable for measuring thermal conductivities of gases: 

from 30°C to 800°0 has been designed and operated successfullyo The 

apparatus consists primarily of a conductivity cell formed of a pair 

of concentric silver cylindersp a constant-temperature furnacep and 

suitable' control and measuring equipm.ento Conductivity values were 

obtained for nitrogenp carbon dioxide 9 and mixtures of the two at five 

or six temperatures from 50°C to 775°Co In addition9 conductivities 

of argon were measured' from 50°0 to 680°C9 and those of air and helium 

at 40°C and 680°C respectivelyo The result.s lie in the range of most 

investigatorsn values at all temperatureso Experimental uncertainty 

is about one percent~ except for data at the two highes·t temperatures» 

680°C and 775°0~ which are estimated to be 2o5% and 3% high respectivelyo 

These errors were caused by the fol"'!ation of gas bubbles on the silver 

surfaces above 600°C which reduced the annular spacing between the 

cylinderso The largest radiation correction required was 8%~ Approxi= 

mate accommodation coefficients were obtained for air~ nitrogenp 

carbon dioxidep argon~ and helium on silver0 



INTRODUCTION AND THEORY 

Thermal conductivity values for gases are essential in making cal-

culations for conductive and convective heat transfer., E_ven at higher 

temperatures, where radiation becomes more effective, convected heat 
- - ' - .. .. -

flow still represents a significant mechanism in the transmission of 

heato To calculate convective effects, thermal conductivities must 

be known to a reasonable degree of accuracyo At present there exist 

few data at 400°C and almost none above that temperaturee Reliable 

prediction of conductivities at high temperatures has not been possible 

using kinetic theory or modifications thereofo A few recent investi­

gators(4'5'9'13'22) have attempted with some success to adapt the theory 

of non-uniform gases to predict the variation of conductivity with 

temp'eratureo However, extensive conductivity measurements at widely 

varying temperatures are needed to test their theories .. 

In addition to their practical value, high temperature conduc.;;.::_ 

tivi ty measurements may ultimately prove to be of value in clarifying 

the mechanism of energy transfer in gaseous molecular collisionse 

The primary object of the present research was to design and 

develop a cell and auxiliary equipment suitable for measuring conduc­

tivities of gases up to moderately high temperatures (800°C). In 

order to check the operation of the equipment9 data were to be ob­

tained both for pure gases and for a mixture of two gases., 
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A. Previous Investigations. 

Among the various devices which have been used are the hot wire 
• 

cell, parallel plates, concentric spheres, and concentric cylinders. 

1. Hot Wire. 

The hot wire type of apparatus consists of a central heated 

wire which gives up its heat radially to a surround~g layer of gas 

contained in a cylindrical containero Pioneer measurements in a 

simple celj like this were carried out in 1840 by Andrewsfl) 

Schleiermacher(50) considerably improved the cell by using a pair of 

potential leads across the center portion of the hot wire, thus some-

what reducing the error caused by axial conduction of heat. Another 

scheme for reducing end effects was to use a pair of cells identical 

except in length, and by subtracting the two results the end effects 

were presumably 'eliminated!?,l'l,4J) The idea was further developed 

by Gregory and Archer(l6) who used two such apparatus pairs with 

different cylinder diameters and corrected for convection by extra-

polating to small diameters. Another innovation developed by Gregory 

was to make conductivity measurements at various pressures below 

atmospheric and to extrapolatethe results to infinite pressure in 

order to eliminate the effects of temperature jump and convection.(l4) 

Taylor and Johnston(56) used a carefully designed potential 

lead type of cell suitable for precise low temperature measurements. 

Stops(52154} also used a simple potential lead type of hot wire 

cell and made measurements up to 1000°0. However, his corrections 

for end effect and radiation were quite high (up to 20%). 

The usual hot wire cells have utilized a long thin wire to 

approximate a mathematically infinite cylinder. Kannuluik and 

Martin~28 ) on the other hand, used a relatively thick wire and 

analytically solved the heat conduction equation for such a case 



to calculate the gas conductivity" 

2o Parallel Plateso 

Conceptually the simplest method consists in ~eating a flat 

plate and measuring the temperature difference between it and a plate 
. . : . . (10) 

parallel to it., Parallel plates lvere first used by Cl:lristiansen., 
- -

A number of investigators improved the apparatus somewhat9 but Hercus 

and Iaby(20) enhanced the apparatus considerably by using "guard rings 11 

to minimize heat flow from the edges of the plates., Hercus and 

S 
(21) . . (.57)·· 

utherland and more recently Ubbink and de Haas . utilized this 

type of cell and obtained good data., 

3., Spheres., 

Spheres were used by Kundt and War'bu:[og( 35) and by a number 

of other investigators up to about 1909, but were abandoned because 

of difficulties in obtaining good boundary conditions of spherical 

synnnetry. 

4., Concentric Cylinders., 

The hot wire method may be said to utilize concentric 

cylinders 9 but the term is used here to refer more specifically to 

cylinders of approximately the same diameter with a relatively small 

annular space between them., Many early investigators used this type 

of apparatus 9 among whom Stefan(5l) is the most noteworthy& He 

maintained a thin layer of gas between cylinders (as is done in the 

present investigation) to increase the gaseous conduction relative 

to the radiation and so reduce the percentage radiation correction" 

Cylinders had not been used extensiVely for a period of about 

30 years when$> in 1950p Keyes and ~andell (32) used one well·--designed 

to essentially eliminate convection and reduce radiation., Conse-

quently.j) their design would have been suitable for measuring con-

.t-; .... 
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ductivity at high temperatures, although they designed and operated 

their equipment up to only 400°C. They, too, used a thin annulus (0.025 11 ) 

between two large cylinders to reduce convection, particularly at the 

high pressures at which they made measurements on steam. They blocked 

the heat flow from the upper end of their cylinders by interposing a 

heated guard blocko At the lower end they were able to calculate the 

heat flow as for a pair of parallel plates• 

Glassman and Bonilla(65) constructed a concentric cylinder type 

of apparatus, in which the outer cylinder was electrically heated and 

the inner one (fused qmrtz) was cooled by means of a high velocity air 

stream. By using a transparent tube in this manner, they stabilized 

their radiation correction. 
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. . . . . . ; : ~ ·, ., .... -:.:.::,;_ 

B. Selection of Conductivity Cello 
•• • •• h -·· • - - :· ~ • 

~ . ..\. 

In order to choose a suitable d~vice for measuring conductivity at 

high temperatures, considerations were made as follows: 

lo Although simple in principle, it is difficult to provide adequate 

heat guards for the parallel plate type of cell since the complete pe~ 

riphery must be guarded •. In addition~ it is possible but awkward to 

.·enclose the plates so that measurements may be made at high vacua, which 

measurements are necessary to correct for radiationo ~~ 

2o Concentric spheres would be geometrically simple forms to 

use,p but.difficulties appear in accurately spacing them and bring~g 

out the heater leads without disturbing the synnnetryo 

3. The hot-wire type of cell has been extensively used,p and with 

undoubted successo However,~~ the hot wire must be used as its own:· 

resistance thermometer,~~ and therefore must be carefully placed to 

minimize strains due to thermal expansiono It is well known that the 

resistance changes markedly when the wire is strai~edo Also9 end-

wise conduction and lack of temperature uniformity along the wire 

length offer a problemo Furthermore,p it is difficult to maintain a 

desirably small annular space between inner and outer cylinders when 

a fine wire is used.g and still to keep the wire free from strain0 

* However,p recently Michels and Botzen(4l) described a cell of this 
type for high pressure, low. temperature useo No data have yet been. 
reported.g but with a number of modifications the cell might be ~· 
useful for high tem~erature worko 



-~-

4. It appears that the heavier concentric cylinder type of 
- ' - .. ··-

apparatus, similar to that used by Keyes and Sandell(J2) offers the. 

advantage of independent temperature measuring devices, the pos.sibility 

of accurate centering using a narrow annulus, and elimination of the 

need for accurate calibration and recalibration of a central heater 

wire. 
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c. Theory. 

Mixwell (40) and Boltzmann (2) established the fundamental equations 

of kinetic theory relating thermal conductivity, viscosity, and diffusion 

coefficient. General solution of the equations were first carried out 

independently by Chapman(8) and Enskog~ll) 
Simplified application of kinetic theory to rigid~ elastic spherical -.i 

molecules yields the relationship(9) 

k = f "'} Cv, where (1) 

However~ experimentally one finds that the constant of proportionality~ 

£., is closer to 20 5 than to loOo By taking into account the persistence 

of molecular velocity after impact, the fact that the mos~ rapid molecules 

also have the greatest energy, and that molecules differing ·in speed also 

have different free path lengths, it has been shown(9) that r =2o5o 

The theory has been developed on the basis of a gas in equilibrium, while 

in fact, the occurrence of transport phenomena implies a non-equilibrium 

condition. Consequently~ the theory can give only an approximation to 

the facts. Other proportionality constants have been.derived far other 

molecular models, such as rough spheres of constant radius, wherein f = 

1.71 to 1.87, the exact value depending upon the distribution of mass in 

the molecule. (9) 
(12) 

Eucken rendered the theory more practicable by splitting the 

conductivity into translational and internal energy terms o He thereby 

obtained: 

k =(1/4) (9 y ':" 5) "l Cv (2) 

Chapman and Cowling (loc. cit.) criticized his assumption that trans-

lational energy exchange takes place independently of the internal 

energies. In addition they pointed out that even if this assumption 

were correct, he should have used the mean free path as related to 

self-diffusion, rather than that related to viscosity, since internal 



energy vTould then be transferred by diffusion of molecules from one 

. place to anothero With these consid~rations in mind, Chapman and 

Cowling wrote 

k ={(15/4) ( y - 1) + {l/2)U. 11 (5 - Jr)} 'fl. cv (3) 

where U. = Du P > 1 and depends upon the type of molecules 
11 Yl' 

(whether smooth rigid spheres, or force-centers, etc.) 

By assuming that vibrational energy and in most cases the 

rotational energy (where the rotational quanta are large) are trans-

ferred only rarely by. collision, and therefore chiefly by diffusion, 
u~ . . . . i 

Schaefer improved Eucken•s relationo S:chaefer also employed a 

parameter involving the dipole moment and was able to correlate k/yt 0v 

for polar substances fairly well, in contrast to Eucken's method •. 

Hirschfelder and coworkersi22-24) assuming inverse sixth-power 

attraction and twelfth-power repulsion force laws between molecules, 

evaluated the collisio~ inte~als set up by Chapman and Cowling _(loc. 

cit.)o Using these integrals and Euckenns relation they calculated 

thermal conductivities of gases. However$) their results were not 

satisfactory except for simple molecules like helium. 

Franck(lJ) made a number of conductivity measurements in a hot-

wire cell at temper~tures from l00°K to 800°K, and then used these to 

calculate ! ratios. He also split the energy terms into their 

component parts and after tabulating the results discussed their 

trends qualitatively. He found that for non-polar gases ! increased 

with temt:erature to an app:~.rent maximum and then decreased again. 

However, there were a number of exceptions to this. 

Independently, Bromley(4) also split the energy terms into their 

components, and then proceeded to evaluate the coefficients of eaCh 

term based on available data. The form of his equations allows 

conductivity to be predicted readi~y if viscosity and heat capacity 
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are available or can be estimated. Furthermore, he· rendered the treat-

ment of polar. gases more amenable- to engineering calculation. In a more 
-· ·--- --- .. --···- ··--~-- -- ~ -- ~------ ,....._ --~. ----

recent paper(5) Bromley modifies his equations somewhat in view of new 

conductivity data available, and presents a useful summary of con-

ductivities of a large number of substances at widely varying temperatures. 
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D. Theory of Measurement and ·calculation. 

1. Cell Constant. 

As discussed elsewhere in this work, the high heat conductivity 

of the silver and the small width of the annular space relative to its 

length permit treatment of the cell as an infinite cylinder to a high 

degree of approximation(~6) Furthermore, the fla~ end surfaces may be 

treated as a pair of parallel plates. These simplifying assumptions 

are justified by the results obtained at low temperatures, which check 

the accepted values within a percent. Consequently, we may write for 

the heat conducted across the annular and other gas spaces. 

q = ~adial + qend + qcorner 
2 

nr kAt + 
+ 

X 

qcorner (4) 

For the dimensions used in our cell, it can be shown that the corner 

effect is less than 0.5%. By using a suitable average length L in the 

first term (=L + x/2) and an average ~2 in the second term [;Cr1
2 

+ 

r 2
2)/2.], the corner effect is taken care of with a maximum error of 

about 0.3%. We have: 

2nLkAt 

q = + • (average L,r) (5) 
X 

Or, we can write 

q = C: kAt, where (6) 

c = c1 + c2 (6a) 

cl = 
2tf.L 

ln(r/ri) (6b) 

c2 = nr2 
(6c) 

X 



The cell constant, _;C, is uniq~l:r ~eternt!.tr~~ -~y ~he geo~~~--<?~ __ _ 

the cell. Cell constants are, therefore; a,tunction of the temperature 

at 1t[hich data are taken, and are listed in the Appendix. U~ing t~~ cell 

constant, and knowing the heat input and temperature d~ference, ~he 

thermal conductivity may be calculated. The heat input q is obtained 
- - ·-

from electrical measurements of crurrent. and voltage. The temperature 

difference ~ is calculated from measur.ed differences in thermocouple 

e.m.f. 's and plotted values of thermo-electric power (dE/dt) as a 

function of temperature. Although the temperature differences 

measured are not actually at the surfaces of the emitter and receiver, 

they are close enough so that a radial flow calculation indicates an 

error of O.l% or less. 

2. Effect of Pressure. 

Measurements of pure conduction, of course, are required. 

At higher pressures convection becomes appreciable and must_be 

eliminated. A:t low pressures and high temJSratures, incomplete 

energy exchange between gas and wall become pronounced, and one must 

correct for the effect of temperature jump and accommodat~on. Gregory 

deduced that for concentric cylinders, whose lengths are much greater 

than the annulus between them, 

At ln(r;/r1) A, (~ +~) = + (7) 
q 21rk:L p rl . 2 

tM 1 2-a. where A = ·- • (8) 2trL 2a.(cvfR + 1/2) 

Thus, if At/q is plotted against 1/P, a linear relation is obtained in 

the absence of convection. The ordinate at 1/P extrapolated to zero 

gives the true conductivity ~' and the slope gives the acconnnodation 

(14) 

'' • 
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coefficient., The 'presence of convection is indicated bya· curvature of 

the plot at higher pressures, and extrapolation must ignore these points., 

(See Figure 18). 

3. Radiation and Support Conduction. 

In addition to gaseous conduction, parallel mechanisms of heat 

transfer in the cell are by conduction across the supports and radiation 

exchange between the emitter and receiver. It is desirable to minimize 

both effects and to correct for their presence. A simple means of doing 

so· is to make "blank" runs at high vacua (1 micron Hg or better).. At 

these low pressures the residual gas conductivity (molecular in nature) 

is negligible and the bulk of the q/6t measured is due to radiation and 

support conduction. These q/6t values may then be simply subtracted from 

those at moderate pressures to eliminate the effects of radiation and 

support conduction. It is recognized, however, that the presence or 

absence of gas affects the amount of support conduction. (See "Discus~ 
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E. Gas Mixtures. 

It was not originally intended to deal with conductivities of gas 

mixtures in this work. However since such data .are lacking at high 
- - - ¥ - -- -' 

temperatures, sufficient data were taken to .show what the mixture 

trends are as temperatures increase. 

A number of investigators(9,24,3l,36, 63) have attempted to correlate 

mixture data but the correlation of Lindsay and Bromley(36) based on a 

modification of Sutherland's equation (55) appears to be about the most 

useful. These authors correlated 85 mixtures with an average deviation 

of 1.9%. However, the data they employed were all near room temperatureo 

Their aqua tion for a binary mixture is: 

k(mixture) 
kl, .k2 

= + (9) 
1 + 1\].2 x2/xl 1 + A~1 x1/x2 

where 

Alu. 1/4 { G~1 (~(4 I J 112

} 

2 
(1 + 812/I') 

1 
(1 + s1 T) · 

+-
Y/2 (1 + 82/I') (1 + SJ/T) 

(10) 

A'2l is obtained by interchanging the subscripts. 

.. 
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II o EXPERIMENTAL 

A ·" EQuipment~-

1., Silver Cello 

The heart of the equipment is a pair of concentric silver 

cylinders 711 long (Figure 1). This metal was chose_n b~oause of its: lew 

emissivity and high thermal conductivity. The former property results 
.~ ~ . - - . ~ 

in small radiation corrections which normally become quite significant 

at the high temperatures used in our experiments. The high conductivity 

of silver is important in order that the gas annulus may be treated as 

one of infinite length, symmetrical radially and isothermal axially. 

Because of the mass and high conductivity of the silver cylinders, 

virtually no temperature gradient is detectable along its length. The 

annular space between the cylinders is about 0.,025 11 {0.,033" in later 

runs)., This close spacing minimizes convection and is particularly 

valuable in reducing the percentage radiation correction by increasing 

the gaseous conduction alone., 

The annular sy:rinnetry is. kept by means of six Iava* spacers 

symmetrically placed and of small dimensions so as to minimize con­

duction through them. These spacers contact the inner cylinder (here-

after called "emitter") at room temperature, but not all do so at 

elevated temperatures because of the differential expansion between 

silver and Lava. However, they maintain concentricity even at 800°C 

to within 0.,002" 1 which is sufficient to keep the error due to 

eccentricity to less than 0.3%. (See discussion of error, below) • 

*Product of American Lava Corporation (Chattanooga, Tennessee). 
Iava is a natural stone which may be machined, then fired to 
harden to a refractory., 
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!~~-~Pa.:~ers __ ~~~~ct small (1/16 11 diameter) stainless steel inserts (not 

~~O':fll_in Figure 1) in_~~~-~mitter to prevent deformation of the soft 

silver at high temperatures. 
- ' 

The emitter, a solid silver piece about 1.45" in diameter, contains 

a 0.01611 diameter nichrome wire heater in a shell of thin gauge (0.015") 

stainless steel. The heater in turn has short leads of 0.015 11 diameter . 
platinum. which are fused to 0.015" diameter gold leads 24" long. The 

platinum wire reduces the temperature of the leads leaving the emitter 

and the gold is used to minimize the voltage drop along the long leads 

between the emitter and the external measuring circuit. The outer 

cylinder (receiver) is 1.50" inside diameter and 2.5" outside diameter. 

Both inner and outer cylinders contain holes for thermocouple wells. 

These and all other silver parts were stress relieved at 300°C before 

machining. 

At the bottom of the receiver, a solid silver disc is fastened 

which acts with the lower end of the emitter as a pair of parallel 

plates. Here, too, the emitter is supported by a Lava tip. 
--

About 1/2" above the emitter is a "heat guard?i so called because 

its purpose is to pr:-event heat flow axially upward. It has its own 

thermocouple well and nichrome beater so that it can be maintained at 

the temperature of the emitter. 

' These contents are all contained within a lower stainless steel,,_ 

casing which is flanged and bolted to a matching upper flange. The 

various heater and thermocouple tubes as well as an outlet pipe, are 

welded to the upper flange •. Vacuum. tightness is insured by the use of 

a stainless steel gasket compressed between the flanges. 

2. Furnace. 

The cell is placed in the center of a furnace (Figure 2) 

especially designed to keep a constant temperature. The center of the 
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Figure 3a Photograph of Equipment 
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Figure 3b Fhotor,raph of Equ ipr:~ent 
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furnace consists of a 13" diameter stainless steel can, filled with 

molten tin (or water for room temperature runs). Tin w~s chosen because 
~ ·- .. - -~ " ~ -- - - ~- .. .. .. . .. ··-- -

of its good thermal conductivity, low melting point (232°C), and its 
. -~ .. . . . - ... .. - --· . - ·- .. - -- - . . - -" - _, " --··-· 

~elative"saf~ty· (non-c~mbustibility as compared with heat -~r~n~fer s.al~s, 

a11~ ~~~ ~o:le~~~~y(3?) "9:~ -~_amp~~d wi ~~- l~a~ _a,.~ ot~er __ loltl-xz.tl3lting _ ~13tals) ~ 
Stainless steel was chosen as the most practicable material to w.i. th-
.. -- ".- -~-. 

stand corrosion by tin, based on available information~29137 ) Carbon 

steel oxidizes rapidly at the temperature of the furnace and probably 

offers lower corrosion resistance to tin. Stainless walls in contact 

with the tin were made heavy enough to permit a degree of corrosion 

and still protect the equipment~ A Lightnin' mixer is provided to 

agitate the liquid to aid .in the maintenance of uniform temperature. 

The can is surrounded by a two-inch thickness of Johns-Manville Superex; 

a form of diatomaceous earth. This high temperature insulation 

(claimed to withstand 1900°F) was chosen because of its low thermal 

conductivity and thermal diffusivity, since it tends to filter out 

short-term temperature fluctuations in the furnace windings caused by 

current fluctuations before they reach the inner bath. Nichrome V 

coils are imbedded 1/2" into this layer at the top, center, and 

bottom of the furnace, each section independently controlled. 

Successive turns are spaced about 1/2" apart. The coils are backed 

by another 6"' Superex layer which in turn is held in a sheet iron 

container. Copper cooling water coils are soldered to this casing 

and serve to keep it at a constant and moderate temperature. The 

furnace interior is accessible by means of a lid opening at the top 

of the furnace. Electrical circuits for the furnace are shown in 

Figure 4. Two basic input circuits are. proVided: one 8 kilowatt 

arrangement taken ·d,iree.tly from house current (115 and 230 volts A.C.) 

for rapidly heating. up the furnace,., and .. one 3 kilowatt circuit fed 
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@ AMMETERS 
PO/fEH COKTHOL CABINET G) VOLTMETERS 

-HEATERS-

® TOP; WARN-UP 1440W., IIBV. MAX. 
RUN SOOW .. TOY. MAX. 

@ BOTTOM: WARN-UP 1200W., 9BV. MAX. 
RUN SOOW., 64V.MAX. 

@&@)SIDE}· WARN-UP Sl60W ... 220V.MAX. 
(EACH) RUN 2000W .. 13SV. MAX. 

• 
I !© __________ _j 

~--------~------!~.-~!@ __ J<D 

~~--------------------~® 
-HEATERS-

@ SIDE CONTROL: WARM-UP 140W., 110V. MAX. 

@ TIN BATH CONTROL: WARM-UP lOW., JOY. MAX. 

(j) POWERSTATS 

(V 4 POLE DOUBLE THROW SWITCH 

(!) SOLA VOLTAGE REGULATOR, 1 XVA 

(!) SOLA VOLTAGE REGULATOR, 2 XVA 

{[) SOLA VOLTAGE REGULATOR, 120VA 

@ TRANSFORMER 240/120V. 3 XVA 

CD SlOE HEATER THERMOCOUPLE 

@ TIN BATH PT RESISTANCE THERMO­
METER. 

ELECTRIC FURNACE WIRING CIRCUITS. 
MU- 6162 

Figure 4 
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from Sola voltage regulators which keep voltage fluctuations to ± 1%., 

The latter ch·cuit is used during steady{ state operation. 

3o Temperature Controls. 

The original plan of investigation called for measuring 

temperature differences of the order of one degree Centigrade, and so 

required constancy of the bath temperature to about 0.01 °C. Because of 

the high temperature at which measurements were to be made, elaborate 

pre~utions were taken to obtain this constancy of temperature. Thus, 

in addition to voltage control of the windings, and the isolation of 

these windings from the tin bath by 2" of low conductivity insulation, 

two stages of automatic control were provided (Figures 51 6, 7). One 

stage measures the temperature at the main windings by means of a'. , ' . 

0.025 11' diam. chromel-alumel thermocouple and controls the current in­

put to a 75 watt auxiliary heater which parallels the main windings. 

The other stage measures the temperature of the central bath by means 

of a resistance thermometer and operates a 30 watt heater immersed in 

the bath to keep the measured temperature to ±O.Ol°Ce This resistance 

thermometer (Figure 8) consists of about 13 feet of fine (0.002 11 

diameter) platinum wire wrapped non-inductively around a fused quartz 
• 

tube in which double threaded grooves are ground. A. platinum lead 

wire 0.008 11 in diameter is fused to each end of the fine wire and 

24 inch long gold wire leads (0.,015 11 diam.) in turn are welded to each 

platinum lead. Another pair of gold leads, joined at the ends, 

parallel the other leads. They serve to compensate for fluctuating 

temperatures to which the main leads are exposed. The whole unit is 

surrounded by a fused quartz covering, and the lead wires emerge from 

the top sealed into the tube with Ara.ldite cement. To br~den the 

range of bath temperature control, a second manually-controlled bath 

heater of about 300 watts is provided, which can be used to change 



-31-

·oN .. eo.r · JE=====t~ ____ j 
4~----~-------_J 

~1J 
~~ 

WNI,<>r._.• 

Figure 5 Temperature Controller, Power Supply 
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the temperature level by several degress to 50°C rapidly·vdt~?ut wait~~--

for the slow effects of the min 1.J"indings., In practice it was found that 
·~· ___ :.._ -· -·· ·-~. ·- --

the first stage of automatic ?ontrol was in fact unnecessary, and so it 

was not used, the second stage taking over the burden of control~ 

The desired degree of temperature control was achieved$ For periods 

of several hours the cell and bath temr:eratures remained constant to 

± 0., 01 °C. The actual geometric uniformity of the bath 'temperature was • 

not investigated carefully since the time-wise and length-wise temperature 

constancy within the silver cell met the requirement of ± 00 0l°Ce However~ 

when the resistance thermometer and test thermocouple were moved within a 

space of several inches, the observed temr:erature remained within ± 0.,01°Co 

This fact and the high conductivity and good stirring leads one to believe 

that the spatial temperature uniformity was probably within five 

hundredths of a degree. 

4., Loading and Evacuation Szsteme 

A 3/4" I.,P .. s·e stainless Silael pipe (111 inside diameter) welded 

to the flange of the conductivity cell connects it to the vacuum piping 

(Figure 9)., Ai Welch Duo-Seal No., 1405 vacuum pump is the forepump for a 

VMF-20 Distillation Products oil diffusion pump, which provides the low 

pressure required., Pressure measuring devices used are a McLeod Gauge 

(down to 0.,03 microns) and thermocouple gauge (down to about 1-5 microns)e 

An alternate piping path is connected through a pair of magnesium 

perchlorate drying tubes to the required gas cylin~erso An absolute 

mercury manometer and open-end mercury manometers for pressure and 

vacuum are in this branch of the circuit~ as well as a pair of rota-

meters for metering gas mixtureso 

Stainless steel is used as the piping material in the gas loading 

circuit, except for the vacuum shut-off valves alone (brass bellows~· 

type), since it is envisioned that corrosive gases will eventually be 

.... 
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employed. For the relatively inert gases used in these experiments 9 

. •J- ····-~- ~ ..... ·-~ -·-~ --~--· -- .. ·~~ ----·- - --~ ·-··-···· --- ~-·- -~·--

olea~- __ c~PP.::~ _c.?~~?~ion tube~ _ ~::'e_ ~s~d- be~~el_l . the-_ gas c~~~d:'~s ~~~ ~ ~ 

the permanent piping 0 The vacuum. piping and valves are iron and brasso 

5. Cell Heating Circuits., 

To provide stable heating current for both the guard and emitter$ 
- . --- - -- -·- --- - . --- -· -~ -

a series of from one to seven storage _batteries and a source of rectified 

Do c. are used in parallel for each heater .. · By means of variable trans-

formers (Variacs)~ the current through the storage batteries; is ad­

justed to read at or slightly above zero. In this manner~ the batteries 

are "floating" and act as a reservoir to keep the current through the 

heaters constante The currents through tle two heater circuits; are 

varied roughly by varying the. number of storage batteries in series, 

and more closely by a series of wire-wound rheos:tats ranging from one 

to 800 ohms. · The emitter and guard heater resistances. are respectively 

about 90 and 35 ohms .. 

In operation, the current through the emitter heater (Figure 10) 

is ?btained by measuring the voltage drop across a standard 0.1 ohm 

resistor using a Leeds: and Northrup No. 8662 portable potentiometer • 

. The voltage across the heater and standard resistor together is ob-

tained by placing a Leeds and Northrup high resistance box in parallel 

with them and measuring the voltage drop across a small part of the 

resistance (e.g. 10 ohms out of 7010 ohms total resistance). A 

correction (0.1%) is applied for the voltage drop in the 0.1 ohm 

resistor. The resistances~ in the box were calibrated against 

standard resistor~ and found to be correct to better than o.l% .. 

6. Temperature Measurement. 

The emitter~ receiver~ and guard are provided with wells in 

VJhich the hot junctions of thermocouples are insertede At 50°C and 

at some runs at 350°C, chromel•alumel couples were used$ while in 

__ ,-· 
.!,\. L,) ·.l 
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STORAGE BATTERIES 
( (-- 6 IN SERIES l 

EN!TTER HEAT!NC a NEASUI?INC C!I?CUIT. 

Figure 10 

..... " 

MU-6156 
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most runs at 350°G and in all above that temperatureJJ platinum-platinum-
.. -~ ... ,. ~- .. . . 

10% rhodium couples were used., The latter are less sensitive but more 

stable in practice. The ch~~~~!_couples (0.,025" diam., -~r~)--~~ ~breaded 

through two-hole refractory porcelain. insulators which are inserted 

directly into the thermowells.. The platinum couples (0.,0.2011 diam .. wire) 

are similarly placed in insulators, vrhich in turn are surrounded by 
. . -

refractory porcelain protecting tubes to prevent contamination of the 

platinum. These tubes are set into the wells. Couples were calibrated 

as described in a later section., 

The cold junctions are placed in a thermos containing distilled 

water and finely crushed, well-packed ice. Copper leads run from the 

ice bath to the White double potentiometer. This potentiometer has a 

10,000 microvolt range arid has a smallest dial division of 1 microvolt. 

Fractions of a microvolt are obtained by deflection readings of a 

Leeds and Northrup No., 2285-b high sensitivity galvanometere The 

sensitivity of the galvanometer and scale as used is about 0.,05 to Oo07 

microvolts per millimeter scale deflection., The entire measuring 

system is kept at the same potential by interconnected shields. Thermo-
. . - ~ -· - .. -· ---. ~ . ... ~ .. -

couples are connected to the potentiometer to read the following 

temperatures : 

1. Temperature of the receiver or emitter (on the "P" scale of 
the White) 

2. Temperature difference between emitter and receiver (on the 
"Q" scale) 

3. Temperature difference between emitter and guard (on the "D" 
or deflection scale). 

.. 
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B. Procedure • 

Gas Measurements. 

The furnace is heated up to_ the required temperature (usually 

overnight) and then the controls are set qy trial and error for the 

desired temperature level. Heating current for the guard and emitter 

is turned on, and the storage battery current adjusted to zero so the 

batteries are "float" charging, or behaving as energy reserv?irs to 

filter out variations in the heating current. In this manner the 

current remains steady to between 0.1 and o.Ol% for severalhours a~ 

a time. The cell is thoroughly evacuated by means ar the mechanical 

pump, and the desired gas is allowed to flow in. The cell and its 
' ., 

,•; ···' . •. 

piping are purged several times to clear them of air or other impurities, 

and then the cell is filled with the gas and equalized to atmospheric 

pressure. Then temperature readings are taken periodically ey means 

of the White potentiometer, until the receiver and emitter temperatures 

remain constant for several successive 10-minute periods. The guard 

heater current is adjusted while steady state is approached so that 

the guard and emitter temperatures are kept the same (within a few 

hundredths of a degree). Periodically, emitter heater current and 

voltage measurements are recorded. 

All couples were annealed before calibration. The chromel 

couples were heated in air at 650°C for 48 hours1 while the platinum 

couples were heated in air at 1450°C for one hour, a procedure recom-
(45) 

mended by the Bureau of Stan~rds. One thermocouple of each type 

was calibrated by the Bureau of Standards, the chromel-alumel couple 

at 100°C intervals from zero to 500°C and the platinum-rhodium couple 

from zero to 1000°C at 50°C intervals. A smooth curve of dE/dt vs. 

temperature (Figure 25) was obtained f'or the latter, af'ter plotting 

differences in e .m.f. •s for two successive temperatUres divided by 



. "r' :t .. , . .. . ,, 

the difference between thes~ .. t~~pera t~eS. e._ The chroi:n~l··· couple~ ?~ .. ~~~ 

ot~er hand,_ showe~ t:(Pical_hump~ in the region df· 0°-200~-~o __ T.o obtain 

the_ dE/dt more precisely for the chromel couples in the region_O t? 50°C, 

their hot junctions were taped around a glass thermometer which had been - "' ~ . . .. 

calibrated by the Bureau of Standards., The assembly was then placed in 

a covered one gallon dewar filled with water>and a powerful stirrer 

used to circulate the water., Simultaneous readings of the thermometer 
- ··-

and thermoc~uples were taken and from these values dE/dt plots were 

made., (See A;ppendix) •. Results were reproducible., 

Intercalibration of the thermocouples was carried out at each 

temperature and checked. several times a day d'lll-ihg the early runs and 

once or twice a week in the later runs., To accomplish this,. a set of 

steady-state readings were made, and then the couples were quickly 

removed from their tubes and interchanged., Again readings were taken., 

Finally, the couples were returned to their original locations to check 

the result., In this manner corrections to each couple were made so 

that its e.,m.,f. could be known in terms of the standard couple.. The 

guard couple was also interchanged with one of the other couples to 

obtain its correction at each temperature., For the platinum couples 

the corrections ranged from about 2 microvolts at 350°0 to about 8 

microvolts at 780°G between the emitter and receiver couples and from 

about 12 to 18 microvolts at the same temperature extremes between the 

emitter and guard couples., The various chromel couples differed by 

zero to 20 microvolts at 50°C and by 50 to 80 microvolts at 350°C., 

2o Gas Mixtures • 

Gas mixture runs are made by passing the gases .from their 

cylinders through interoalibrated rotameters to a single six-foot 

section of 3/1611 diameter tube where the gases mix while flowing:., 

The mixture flows to atmosphere while the cell is being evacuated» 

... 
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and then a small. ~I'"f? of the mixture is gradually bled in~o ~he evacuated 

cell while the bulk of it still flows to atmosphere.. In this way the 
ooh

0
oo -·-- "'• ·~·· "''"'•• ••• •o'•o••• •- -·• N,o• - '•• • ~·- '•• ~ • '• ·:-!~"- --···-

rotameter bobs are stable since the back pressure remains constant at 

sli~~t~:v ()~er one ~tiuosphere. After filling the c:-ll, the procedure 

followed is identical with that used for pure gases. 

3. ~~~gp.y~c1lu.tn.Runs • 
. ·In·:order to correct for net radiation between the silver 

~~~ter and re~E:)iver1 and for conduction across the.~olid supports, 

runs are made at high vacua (about lo-4 mm Hg). These are carried out 

in a manner similar to that for the gas runs, except that considerably 

longer times are required to reach equilibrium (several hours at high 

temperatures to several days at room temperature). The methoc;l of 

applying the correction is discussed below. 

4. Pressure RWlS. 

To correct for convection and accommodation-temperature 

jump effects, series of runs are made at varying pressures'o These 

are carried out as described above for ordinary gas runs, except that 

after steady state is reached at a pressure of one or several atmos-

pheres, the gas is partially evacuated to the new desired pressure. 

Readings are again taken until a new steady state is reached, and the 

process repeated. Occasionally between successive pressure runs and 

usually at the end of a pressure series, the system is evacuated and 

flushed with fresh gas and measurements are made to check the earlier 

atmospheric pressure result. The application and significance of the 

pressure runs are discussed in a later section,. 
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III tt RESULTS 

_ -~8:~~~- ~~~:tl!e.~- ~e.:~ nitro.~~~$ ___ oorbofi dioxid=: 1 -~;:t"P. _ ~gon, ~~1.~~11 

a!l~. ~~~~~--~of nitl:'~~~ and oorbon dioxide._ The o~s~I'!e~- ail.~ ~~~~~:'.:' 

lated results are listed iii Ta,bles I, !I and III. The tabular values: 
.. ~. . ·' 

of thermal conductivity ~ton~ atmosphere have been corrected-for 
•. ' . '..___..r.-;.. - ' _..,. • ·-· 

radiation and convection as discussed_elsew}le~e in this paper. In 

addition_, plots of the:l'Jila.l conductivity versus temperatlli'e ha~ been 

made, as well as comparisons between our values and those of other 
··~·-······•v••"' •• • -~- -'. '" • ..,_ - ' ~~· - ·• ••·:·- .,' .~·:;:•• .. ~~ •·•·•• 

investigators ( !igures 11~16). Two types of condl!ct:i.vity plo~~: are 

presented for nitrogen and carbon dioxide. One plot for each indicates 
-·· - - ... . - - -· ~ . -- - --- . 

as dots all the data measured_, to give some idea of the maximum scatter. 

These plotted points were then grouped according to temper~t:n-e level., 

The range of values clustering about a particular level was sma~ 

(12°C maximum) P so that negligible error was introduced by adjusting 

these data to a connnon temperature by meansof the slope of conductivity 

vs., temperature at that point. The data of each group !ere t~en_ aver~ 

aged, and the average value indicated on the second plot., Points known 

to be in err6r (see nnisc~ssion 11 ) were not included in the second plot. 

This latter plot also includes conductivity values obtained by some 

recent investigators, for comparison with ours., 

Graphical plots of vacuum runs (q/8t vs., T3); and representative 

"pressure-effect" runs (6t/q vs., l/P) are given (Figures 17 and 18)., 

Their interpretation is considered in the "Discussion"-~ 

Conductivities of nitrogen=carbon dioxide mixtures are plotted as 

functions of composition at various temperatures (Figures: ;1,9 and 2CJ). 

The Lindsay~Bromley correlation (36) is also plotted for comparison at 

each temperature level. 

The cell designations lA, IB, lC, 2A and 2B in Table I refer to 

particular assemblies of the cell.. Each time the cell was put together 



a£.~~~ ~~~t~, the next successive lett~r_d~~ignation wa~ used. 

These assemblies differed merely in bottom sp:tcing. Number 2 was applied 
·- 0 ~ 0 • A 00 0 - ,,4< 0 •• -- • o 0 -• o 0 0° o• ,, o -- -· ... ••• ~-- ,, - '•• '' 0 o , > .. 

after the silver cylinders were' remchined, and so its annular spacing 
'• "' - • • ' ' ' ' • ~ ' A •• ' ' ' ' ' ' 0 - ·-

differs from that of' Cell No. 1. For the cell constants and relevant 
--- - --- .. - ____ , - -· . -- -- ···-

dimensions of' each cell, see Tables VI and VII in the Appendix. 
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Table I .• 

Experimental Data 

5 

tav. 
Vac. k X 10 

Press. At 'q Corr 1n. At* cal. 
Run Cell Gas Hg·. oc oc watts watts c oc sec.. em. 

1 lA Air 760 mm 41 7.19 6.616 0.003 0.917 6.43 
2 760 .32 0.8.33 0.7477 0.003 0.895 6.27 
3 760 34 o.tno 0.7507 0.003 0.924 6.48 
4 760 36 3.20 2.890 0.003 0.900 6.31 
5 760 44 12 .. 26 11.51 0.003 0.936 6.56 
6A Vac. 3.5 f 28 4.38 0.0212 0.0048 
6B Vac. 4 u 27 4.64 0.0220 0.0047 
7 lB Air 760 mm 46 5.75 5.301 0.004 0.918 6.46 
9 Vac. 7.5 Jl 51 4.42 0.0535 0.012 
lOA Air 760 52 3.67 3.456 0.004 0.938 6.60 
lOB 413 52 3.71 3.456 0.004 0.928 
lOC 168 52 3.69 3.456 09004 0.933 
lOD 78 52 3.65 3.456 0.004 0.943 
lOE 45 52 3.66 3.446 0.004 Oo938 
lOF 760 52 3.70 3.446 0.004 0.927 6.52 
lOG 25 52 3.70 3.446 0.004 0.927 
lOH 15 52 3.71 3.446 0.004 0.925 
lOK 3.3 52 4.79 3.448 0.004 0.716 
11 760 56 7.14 6.810 0.004 0.950 6.69 
12 N2 760 56 7.24 6.804 0.004 0.936 6.59 
1.3 N2 760 53 3.41 3.136 0.004 0.917 6.46 
14 Argon 760 54 4.92 3.198 0.004 0.646 4.55 
l5A Air 760 55 9.14 8.619 0.004 0.939 6.61 
l5B 24 55 9.22 8.613 0.004 0.930 
l5C 17.5 55 9.19 8.613 0.004 0.933 
l5D 13.5 55 9.19 8 .• 613 0.004 0.933 
15E 760 55 9.14 8.592 0.004 0!'936 6.59 
15F 22.8 55 9.11 8.592 0.004 0.940 
16 N2 760 368 1L80 19.50 0.033 1.,620 11.26 
17 760 362 2.98 4.8.32 0.033 L59l 11.06 
18 760 361 2~96 4.855 0.033 1.608 11.17 
19 760 361 2.79 . 4.828 0.033 1.696 11.78 
20 760 362 6 • .38 10.29 0.033 1.579 10.97 
21 756 366 12.15 20.01 0.032 1.615 11.23 
22A 756 366 12.58 20.21 0.032 1.575 10.95 
22B 410 366 12.60 20.21 0.032 1.572 
22C 274 366 12.71 20.21 0.032 1.558 
22D 756 366 12.57 20e22 0.032 1.577 10.96 
22E 250 366· 12.71 20.23 0.032 1.560 
22F 1.40 366 12.79 20.2.3 ' 0.032 1.550 
22G 72 .366 12.89 20.23 0.032 1.537 
22H 41 366 13 .. 01 20.23 0.032 1.523 

* including vacuum correction 
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Table I. (cont•d) 

tav. 
Vac. k X 105 

.~.Press. At q Corr'n. At* cal. 
Run Cell Gas Hg •. oc oc watts watts c sec.°C em. 

· . 
22! lB N2 18 . 367 13.24 20.24 0.032 1.497 
22J 9 367 13.61 20.24 o·.o32 1.455 
,22K 4 368 14.19 . 20.24 0.032 1.394 
221 2 372 17.35 20.24 0.033 1.134 
22M 756 366 12.65 20.29 0.032 1.572 10.93 
22N N2 56 Jl 374 19.62 2.543 0.033 0.097 
23A Vac. 14 Jl 365 12.18 0.7556 0.062 
23B Vac. 8 Jl 362 14.95 0.7556 0.051 
24A N2 755 mm 355 3.28 5.028 0.030 1.503 10.45 
24B N2 255 355 3.29 5.023 0.030 1.497 
24C 140 355 3 .• 31 5.023 0.030 1.488 
24D 752 355 3.28 5.023 0.030 1.501 10.44 
24E 140 355 3.31 5.019 0.030 1.487 
24F 70 355 3.35 5.016 0.030 1.467 
24G 35 355 3.40 5.016 0.030 1.445 
24H 16 355 3.50 5.014 0.030 1.403 
24! .7 356 3.73 5.014 0.030 1.314 
26 Vac. 0.4 p. 376 i1.3 .22 0.4414 ~ 0.033 
27 Vac. 0.4 p 374 7.17 0.2451 0.034 
28 C02 755 mm 376 12.24 18.54 0.033 1.482 10.30 
29. 755 377 6.03 9.114 ·Q.033 1.478 10.27 
30 755 375 1.92 2.860 0.033 1.457 10.13 
31 755 378 6.29 9.414 0.033 1.465 10.18 
31A 755 378 6.34 9~410 0.033 1.452 10.09 
31B 290 .378 6.14 9.374 0.033 1.493 
31C 141 378 6.13 9.368 0.033 1.495 
310 70 378 6.16 9.356 0.033 1.485 
31E 750 378 6.32 9.356 0.033 ' '1.447 10.06 
33 N 753 378 5.77 9.353 0.033 1.588 11.04 
34 c62 755 358 6.30 9.384 0.033 1.456 10.13 
37 755 358 6.33 9.384 0.031 1.451 10.09 
38 N 755 358 5.87 9.384 0.031 1.568 10.90 
42 · c62 755 358 6~38 9.412 0.031 1.445 10.04 
43 Argon 7.58 . 360 8.45. 9.430 0.032 1.084 7.54 
44 Argon 758 558 6.78 9.326 0.077 1.298 8.98 
45 N2 758 557 4.77 9.329 0.077 1.878 12.99 
48 C02 758 557 4.68 9.187 0.078 1.887 13.05 
51 N2 761 557 4.66 9.225 0.077 1.902 13.17 
52 C02 763 557 4.70 9.225 0.077 1.885 13.04 
53 lC Vac. 0.1,. 382 27.28 0.9686 0.035 
54 N2 756 mm 369 7.24 11.68 0.033 1.581 11.02 
55 C02 756 369 7.67 11.69 0.033· 1.491 10.40 
60 25% C02 756 369 7.26 11.71 0.033 1.581 11.02 75% N2 

* includi~g vacuum correction 
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Table I~ (cont'd) 

Vac. k X 105 
Press. tav. lit q Corr 1n. At* cal. 

Run Cell Gas Hg. oc oc watts . . . watts °C sec.°C em • 

61 lC 47% C02 767 . . .369 . 
53% N2 mm · 7.34 11.71 0.033 1.563 10.91 

62 N2 756 369 7~18 11.72 0!'033 1.600. 11.16 
63 N2 756 369 7.19 11.68 0.033 1.592 11.09 
64 50% C02 756 

50% N2 369 7.23 11~68 0.033 1·.583 11.03 

6/+A 50% C02 756 50% N2 369 7.33 11.68 o'.033 1.560 10.88 

65 C02 ·756 370 7:62 11~68 0.033 1.501 10.46 
66 ~ 756 369 6.99 11.52 OG033 1.614 11.25 

50 c~ 756 
' 

67 369 7.18 11.52 0.033 1.572 10.96 50% ~2 

67A 50% C02·756 
50% N2 . 369 7.17 11.52 0.033 1.575 10.97 

68 50% C02 .756 
50% N2 369 , 7.20 - 11.52 ' 0.033 1.568 10.93 

69 C02 756 369 7.55 11.50 6.033 1.489 10.39 

70 
50%.C02 

756 50% N2 . 369 7.22 11.53 0.033 1.564 lo'.92 

71 N2 756 369 6.98 11~53 0.033 1.618 11.28 
72 N2 756 369 i.34 3.833 0.033 1.604 11.18 
73 N2 756 472 6.24 11..39 0.054 1.772 12.32 
74 C02 756 472 6.33 11.39 0.054 1.746 12.15 

75 
44% C02 
56% N2 756. 471 6~14 11.40 0.054 1.804 12.56 

76 N2 756 471 6.32 11".39 0.054 1.748 12.16 
77 Vac. 0.1p 475 +.2.78 0.6874 0.054 
78 Vac. 0.3 'f 570 7.96 0.6536 0.082 
79 ~ 750 569 6.34 12.50 0~082 1·.891 13.14 
80 50 C02 750 569 6.00 12.50 0.082 2.000 13.88 50% N2 
81 c~ 750 569 6.11 12.50 0.082 1.962 13 .6.2 

82 67% C02 750 
3.3% N2 569 6.04 12.50. 0.082 1.986 13.78 

83 33% C02 750 569 5.98 12.50 0.082 2.008 13.94 67% N2 
84 N2 750 569 6.i3 12.50 0.082 1.957 13.59 
85A N2 750 568 6.14 12~47 0.082 1.950 13.54 
85B 371 569 6.25 12~48 0.082 L915 
85C 750 569 6.14 12.48 0.082 L951 13.54 
85D 240 569 6.32 12.48 0.082 1.894 

* including vacuum correction 



T.able I. ( c:ont i d) 

Vac. k X 105 
Press. ta.v. llt q Corr'n. At* cal. 

Run Cell Gas Hg. oc oc watts watts c sec.°C em. 

85E lC N2 130 mm 569 6.40 12.48 0.082 1.868 
85F 66 569 6.54 12.48 0.082 1.828 
85G 19 569 7.22 12.48 0.082 1.647 
85H 750 569 6.13 12.48 0.082 1.954 13.56 
86 752 573 12.08 24.34 0.083 1.932 13 .42· 

87 50% c~ 752 
50% N2 572 11.49 24~40 0.083 2.041 14.17 

88 c~ 752 573 11.73 24.40 0.083 1.997 13.87 
89 . 67% C02 752 573 11.60 24.40 0.083 2.020 14.03 

33% N2 

90 33% C02 752 67% N2 572 11.49 24.43 0.083 2.043 14.19' 

91 Argon 752 576 17.20 24.38 0.084 1.333 9.26 
92A N2 752 573 12.16 24.40 0.083 1.923 13.35 
92B 390 573 12.31 24.40 0.083 1.899 
92C 189 573 12.45 24.43 0.083 1.879 
92D 90 573 12.71 24.40 0.083 1.837 
92E 756 573 12.32 24-.82 0.083 1.932 13.42 
93A 750 567 3.05 5~974 0.081 1.877 13.03 [' 

93B 377 567 3.06 5.969 0.081 1.868 
93C 191 567 3.10 5.969 0.081 1.844 
93D 752 567 3.02 5.969 0.081 1.895 13.16 
93E 752 567 2.97. 5.955 0.081 1.924 13.36 
94 752 567 2.97 5.955 0.081 1.924 13.36 
95A 750 678 9.78 22.56 0.111 2.195 15.20 
95B 750 678 9.77 22.43 0.111 2.184 15.12 
95C 376 678 9.92 22.40 0.111 2.147 
95D 202 678 10.05. 22.41 . 0.111 2.119 
95E 98 678 10.27 22.40 0.111 2.070 
95F 39 679 10.81 22.40 0.111 . 1.961 

97 50% C02 752 
50% N2 677 9.11 22.40 0.111 2.348 16.27 

98 C02 752 677 9.19 22.38 0.111 2.324 16.10 
99 ~ 752 688 4.85 11.29 0.114 2.215 15.34 
100 25 . C02 752 688 4.58 11.29 0.114 2.351 16.29 

75% N2 
101 50% C02 752 688 4.52 . 11.29 0.114 2.384 16.51 50% N2 
102 75% C02 752 

25% N2 
688 4.54 11.29 0.114 2.373 16.44 

103 c~ 752 688 4.60 11.29 0.114 2.340 16.21 
•104 Argon 752 689 6.91 11.29 0.114 1.520 10.52 

105 Vac. 1.0 Jl 688 8.00 0.913 . = 0.114 
106 C02 752 687 4.63 11.30 0.114 2.326 16.11 

* including vacuum correction 
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Table I. (contvd) 

Vac. k X 105 
-· Press. tav. 6t q Corr 1n. q/At* caL 

Run Cell Gas Hg. o_c oc \\fatts wattsJ&c sec.°C em. 

"• ~/ 

l07A lC d~ 754 mm 687 4.62 '11.18 0.114 2.3o6 15.97 
l07B 1492 687 4.57 11_.18 0.114 2.332 
l07C 377 687 4o64 11.19 0.114 2.298 
l07D 195 687 4~70 11_.20 ().114 2.269 
l07E 90 687 4.81 llo2l 0.114 2.217 
lOSA N2 756 687 4.S3 11.22 -0.114 2.209 15.30 
lOSB 1498 6S7 4.73 11.23 0.114 2.260 
lOSC- 374 6S7 4.98 11.23 0.114 2.141 
lOSD 195 687 5o09 11.23 0.114 2.092 
lOBE 3040 687 4.74 lLZS 0.114 2.266 
lOSF 2278 6S7 4.79 11.31 0.114 2.247 
-1000- 1516 687 4.84 11~28 0.114 2.217 
lOSH- 756 687 4.93 11.28 0.114 2.174 l5a06 
llOA. Argon 754 688 6.96 11.29 0.114 L5.08 10.44 
llOB 1516 688 6.95 11.29 0.114 1.510_ 
llOC 3042. 688 6.95 llo30 0.114 1.512 
llOD - 374 688 6.96 11.30 0.114 1.505 
llOE 185 688 7.06 11.32 0.114 1.490 
llOF 50 688 7.35 11.32 0.114 1.426 
lllA Helium 754 686 2.22 23.57 0.114 10.50 77.7 
lllR l516 686 2.15 23.56 0.114 10.85 
lllC 3042 686 2.12 23.57 0.114 11.01 
lllD 374 686 2.36 23.58 0.114 9.878 
lllE 185 686 2.64 23.58 0.114 8.818 
lllF 82 686 3.34 2.3 .58 0.114 6.946 
ll2A N2 3042 690 9.73 23.57 0.115 2.307 
ll2B 1516 690 9.92 23.56 0.115 2.260 
ll2C 758 690 10.11 23.56 0.115 .2.215 15.34 
ll3A 75.3 775 7.05 18.19 "'0.163', 2.417 16.71 
ll3B 1515 774 6~89 18.18 0.163 2.475 
ll3C 3038 775 6.77 18.17 0.163 2.522 
ll3D 372 775 7.17 18.16 0.163 2.369 
ll.3E 180 775 7/32 18.16 0.163 2.318 
ll3F 93 775_ 7.49 18.14 0.163 2.260 
113G 45 775 7.84 18.,13 0.163 2.150 
l14A c~ 753 774 6.46 18.13 0.,163 2.645 18.2-9 
l14B 397 774 - 6.61 18.13 0.,16.3 2.578 
ll4C 177 - 774 6.88 18.15 0.163 2.474 
115 50% C02 753 50% N2 774 6.46 18.1.3 0.16.3 2.645 18.29 

ll6A 50% C02 747 774 6.47 18 .1.3 0.163 2.641 18.26 
50% N . 

ll6B 50% c62 378 774 6.54 18.18 0.163 2.617 50% N2 _ 

ll6C 50% C02 177 
50% N2 774 6.70 18.18 0 .16.3 2.551 

* including vacuum correction 



Table I • (cont'd) 
. .. 

tav. 
Vac. k X 105 

Press. At q Corr 1n. t.t* cal. 
Run Cell Gas Hg. oc oc watts watts c sec.°C em. 

117 lC N 75.3mm 77.3 .3.48 9.26 0.16.3 2.497 17.27 
118 rtc. 7~.3 p 

771 .3.02 0.4711 0.161 
ll9A N2 · .372 5.56 9.660 0.0.35 1.702 11.87 
ll9B .369 .372 5.64 9.647 0.0.3 5 1.675 
ll9C 178 .372 5.7.3 9.641 0.0.3 5 1.648 
ll9D 8.3 .372 5.85 9.641 0.0.35 1.61.3 
120 50% c~ 753 50% N2 .372 5.68 9.656 0 .0.3 5 1.665 11.61 

121 .3.3% C02 75.3 .372 5.58 9 .65.3 0.0.35 1.695 11.82 
· 67% N2 

122 co 756 .372 5.95 9.65.3 0 .0.3_5 1.587 11.06 
12.3 67% to2 753 .372 5.80 9 .65.3 0.0.35 1.629 11 • .36 

.3.3% N2 
124 .3.3% c~ 75.3 .372 5.58 9.656 0.0.35 1.695 11.82 67% N2 
125 . -~ 755 .372 5.55 9.656 0.0.35 1.705 11.89 

126 17 C02 753 .372 5.54 9.656 0 .0.35 1.708 11.91 8.3% N2 
127 N2 75.3 .370 2.68 4.650 0.034 1.701 11.86 
128A 754 .376 10.49 18.26 0.0.35 1.706 11.89 
128B .376 .376 10.59 18.26 0.0.35 1.689 
128C 175 .376 10.69 18.24 0.035 1.671 
128D 71 376 10.95 18.25 0 .0.3 5 1.6.32 
128E 40 376 11.24 18.22 0 .0.35 1.586 
128F 754 .376 10.45 18.24 0.0.35 1.710 11.92 

129 17% C02 754 .376 10.27 18.24 0.035. 1.741 12.14 8.3%N 
l30A 50% c~ 754 .375 9.11 15.72 0.0.3 5 1.691 11.79 

50% N2 
130B 50% C0:2 754 .375 9.06 15.61 0.0.35 1.688 11.77 

50% N2 
1.31 .3.3% C0.2 754 .375 8.85 15.54 0.0.35 1.721 12.00 

67% ~~. 
132 67% c 754 .375 9.18 15.50 0.0.3 5 1.65.3 11. 5.3 .3.3% N2 
1.33 17% C0;2 754 .375 8.75 15.46 0.035 1. 7.32 12.08 

8.3% N2 
1.34 N2 754 .375 8.90 15.47 0.0.3 5 1.703 11.87 
1.35A c~ 754 .375 9.75 15.97 0.0.35 1.60.3 11.18 
1.35B .380 .375 9.80 15.97 0.035 1.595 
1.35C 175 .375 9.87- 15.95 0 .0.3 5 1.581 
135D 80 .375 9.95 15.91 0.0.3 5 1.564 
135E 41 .375 10.15 15.87 0.035 1.529 
1.35F 1507 375 9.59 15. 8.3 0.035 1.616 

* including vacuum correcyion 
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·Table 1. :(.concluded) 

tav. 
Vac. k X 105 

Press. At q Corr1n. At* cal.. 
Run Cell Gas Hg. oc' oc watts watts c sec.°C em. 

l35G lC C02 3040 mm 375' · 9<.57 ·15.84 0.035 1..620' 
135H 754 375 9.?6 . 15.85 .. 0.035 1.606 11.20 
136 Vac. LOp 374 11.01 0~3920 . ~ 0.035 
137A N2 3050 mm 371 3.05 5<>.308 0.035 1.705 
137B 1510 371 .3.;09 5.331 0.035 1.690 
137C 760 371 .3 ~13 ;.357 0.035 1.677 11.70 
137D 378 371 3.17 5.366 0.035 1.658· 
137E 179 .371 3.22 5.366 0.035 L63i 
137F 110 .371 3.24 5.373 0.0.35 1.623 
137G 76 371 3.24 5.368 0.035 1.621 
137H 41 371 3.32 5~368 0'~035 1.582 
1371 18 371 3 .• 52 5.373 0.035 1.491. 
138 753 371 3.12 5.345 0.035 1.678 11.71 

l39A 50% C02 
753 371 3.18 5.350 0.035 1.647 11..49 50% N2 

l39B ·50% C02 ',223 371 3.21 5~352 0.035 1.632' 
50% N2 

139C 50% C02 109 371 3.24 5.359 0.035 1.619 
50% N2 

139D 50% C02 53 371 3.33 5.359 0.035 1.574. 
50% N2 I 

141 2A N2 753 366 7.60 9.50 0.032 1.219 .. 11.17 
143 753 366 7.67 9.50 0.032 1.206 11.06 
144 753 371 ' 14.10 17.69 0.033 1.222 11.20 
145 753 377 25 .• 42 32.39 0.034 1.240 11.37 
146 753 669 5.89 10.37 O.lQ7 1.654 15.06 
147 751 688 5.76 10.25 0.114 1.665 15.16 
148 751 688 5.79 10.33 0.114 1.671 15.21 
149 C02 751 688 5.56 10.32 0.114 1.742 15.86 
150 751 772 10.45 21.44 0 • .161 1.891 17.19 
151 N2 751 772 11.01 21.41 0.161 1.784 16.22 
152 751 769 7.72 14.84 . 0.160 1.763 16.03 
153 C02 751 769 7.29 14.78 Oc.l60 1.868 16.97 
154 2B N2 752 373 11.07 14.34 . o~'o33 L262 11.57 
155 752 381 10.91 14.34 0.035 1..279 11.73 
156 C02 752 382 11.68 14.34 0.035 1.19) 10.94 
157 N2 752 381 10.99 14.29 Oc.035 1.265: 1L60 

* including vacuum correction 
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Table II 

Thermal Conductivity of Air at 0°0 

k x J.o5 
Investigator Reference ~ ical.Lsec1 °0 om1 ) 

Kannuluik and Donald (26). 1950 5.74 

Keyes and Sandell (32) 1950 5.82 

Stops (54) 1949 5.84 

Taylor and Johnston (56) 1946 5.66 

Ubbink: and de Haas (59) 1943 5.84 

Northd.urft (42) 1937 5.78 

· Hercus and Sutherland (21) 1934 5.72 

Kannuluik and Martin (28) 1934 5.76 

Euoken (12) 1913 5.66 (extrap.) 

Average 5.76 

Our data: 5.79, 5.78, 5.72, 5.73 (extrapolated to 0°0) 

Average 5.75 



Table III · · · 
.; ... · 

Thermal Condyctivity o:f Argon 

k X 105 Cv "l X 106 
k 'r~Po calo ... calo 

e~c) <seco°C em~ ( Be )' (poises) r~ 'l cv gm. 

54 4-55 0.0745 244 2.50 

360 7o54 II 396 2.:55 .. ' ·' "j.: 

558 8.98;. II 47.8 2o52. 
' ., 

r', 

576 9o26, ... II 485 2.56 
r""j·_··., ,. 1 _:,: i 

688 10o44 " 527 2.66 
... .. . .. ~·· 

689 10o52 " 527 2.68 
._ .. ;:-,'(..-

. ~~ . ; t , 

-· ·- ... ; .,. ,_, ..... 
.. ". ' ~- .. 

• 
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Table rv 

Accommodation Coefficients 

Accommodation 
Coefficient Comparable Accommodation 

Gas Tem:e 8 °C on Silver Coefficients on Platinum 

Air 52 0.,8 0,.75 at 0°C (18) 

Nitrogen 36o-775 0,.4 (av .. ) .... -
Carbon 36o-775 0.,3 (av.,) 0.5 at 25°C (64) 

Dioxide 0.,3 at 300°C (64) 
0.,6 at 300?C (57) 

.Argon 680 0,.65 0.57 a.t 350°0 (57) 

Helium 680 0,.13 0.17 at 400°C (57) 
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Figure 12 
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774 •c. 

688 •c. 

677 'C. 

375 •c. 

NOTE: 
CURVES AT 372'C, 375'C, 
& 7WC ARE CORRECT 
RELATIVELY, BUT NOT IN 
ABSOLUTE VALUE. 

--- LINDSAY-BROMLEY 

EQUATION 
(AT 369'C,472'C,677'C,774'Cl 

TIIEI?NAL COII/JIJCTIVITIES ()f 11/T/?()~EII-CAI?BOII /J/Ol//JE NllTIJI?ES. 

MU- 6203 

Figure 19 



I 

---11 

10 

-64-
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Figure 20 
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IV o DISCUSSION 

Ao Corrections. 

1. Vacuum Correction. 

As mentioned previously~ vacuum runs were necessary to cori_"~?t._ 

for radiation and conduction across the supports. As Figure 17 ~~icate~, 

qf~t versus the cube of the absolute temperature appears· to be a straight 

line to a good approximation. 
. . - - - -

This linear relationship leads one to 
. ' ' . . . .. .. .. . . . 

believe that the emissivity is virtually constant over the w?ole tempera~ 

ture range considered. If the emissivity increased with temperature, the 

slope of the curve should also increase with temperature, since q/Llt for 

radiation is proportional to an emissivity factor times the average 

absolute temperature cubed, for our moderately small ~t's (~20°C). 

The emissivity calculated from the slope of our plot is about o.o5. 

The vacuum correction is only 0.003 watts/°C at 40°C, or about 

0.3% of the net gas conduction. The q/6t vs. T3 plot indicates even 

smaller corrections at lower temperatures. Consequently, true solid­

solid conduction must be extremely small. However, it is mistaken 

to asrume, as Keyes and Sandell (3Z) did, that the q/Llt transferred in 

vacuum necessarily corrects completely for the heat transferred across 

the supports when gas is in the cell. Actually, even though the 

support is in good mechanical contact with the receiver and emitter, 

an appreciable, and probably a preponderant proportion of the heat is 

conducted in series across the support and gas spaces, one between 

receiver and support, and the other between sup~ort and emitter. The 

gas space between emitter and support is particularly narrow near the 

contact point between the two parts$ and therefore offers low resistance 

to heat transfer. At still closer approach to the point of contact, 

conductive transfer through the gas takes place increasingly by a 

molecular rather than by a collision mechanism and so the conquctivity 



~~E~~~:UY:_ti~-~~tana~s ~?mpa;rable ~~~-~he ~~-~~~e: ~th __ ~~ atmosphe:io 

pressure (about 10-5 em at 25°G). When a high vacuum ·is_;applied to the 

~~~~-the co~ductivity of the.small space between emitter and support 

~ecome~ almost negligible, ~nd heat is transferred t~r~ugh-the gap 

chiefly by radiation (which is small at low temperatures). Consequently, 

the effective thermal resistance of the Lava support and its "gaps" 

becomes quite high and the measured heat transfer is not representative 

of what it actually is when the cell is filled with gas at.atmospherio 

pressure. 

To evaluate the degree of conduction across, the supports, we 

assumed a f~t emitter surface (a conservative assumption), and that 

the tip of each Lava support is a perfect hemisphere whose diameter is 

equal to the m.a.xinnim diameter of the support. (The actua;L support is 

shown ih Figure 1 and the assumed model in Figure 26) •. We then assumed 

only linear flow of heat. Actually the heat flow is somewhat greater 

sin?~. curvilinear flow occurs, but this does not affect. the order of 

magnitude of the calculation. Integrating the conduction along hollow 

cylindrical elements, we obtained the total heat flow. 

Conservatively, we neglected the reduction of.the conductivity of 

air with decreasing gap dimension. It .is :recognized that the Lava tip 

·and the surface are microscopically quite rough, so that they contact 

each other at more than one point. However, even this contact is poor 

fro~ a thermal conduction point of view 1 (38) and anyway, solid contact 

is corrected for in the vacuum runs. Also, the existence of each rough 

projection of the tip .or emitter surface implies a depression adjacent 

to it, so that one offsets the other with respect to the overall calcu­

lation. Fir:ia.lly, we (quite conservatively) ignored the contact re-

sistance caused by a thin gas space at the flat end of the support 
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adjacent to the receiver. 

For air at room temperature, our calculations indi·cate about + 0.3% 

error in the conductivity caused by neglecting the above effects in all 
' ... -. - ·- . - .. - .. - ~ 

seven supports. The extent of receiver surface area lost to (measured) 

. gaseous conduction is about o.o86 square inChes 11 or 0.2% of the total 

area, due to the fact that seven 1/811 diameter holes were drilled_in the 

receiver in order to insert the Lava supports. In turn1' this loss also 

reduces the apparent conductivity (based on a complete surface) by 0.2%o 

Consequently, the net effect of support conduction is negligible. This 

observation also holds at elevated temperatures. 

The vacuum corrections vary from -0.3% at room temperature to -6% 

for Cell No. 1 and -8% for Cell No 0 2 at 775°C. These. corrections 111ere 

found to be reproducible within 2 to 3% at 360°C1 the only temperature 

at which they were rechecked, for all cell assemblies and even after 

exposure to 775°C 0 An error· of this nagnitude results in an uncertainty 

in the calculated gas conductivity of only 00 2% under the worst possible 

conditions (ioe., at 775°C in Cell No. 2 with the larger annulus). 

2. Pressure Effects. 

Two pressure effects were observed: convection and accommodation. 

· (a) Convection. 

The cell was designed to eliminate convection in the 

annulus, but convection near one atmosphere was clearly detected as 

evidenced by the curves in Figure 18. There are two possibilities as 

to where the convection originated. One conceivable location is in the 

1/211 gap between the top of the emitter and the bottom of the guard. 

Although the emitter and guard are at virtually the same temperature, 

the top of the receiver adjacent to the emitter is 5 to 10°C lower. 

!lso, the vertical cell casing is another 5 to 10°0 below the receiver 

temperature, and so there is a possible driving force of about 20°C. 
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based on a D of 1/211 • Nornally convection should be extremely small - "- .. -· . -:- ·~· - . . - - . - . .,. -- -'- ~. . -· -··· .. · .. 
for. this range of Grashof numbers.(25) Furthermore the Grashof number 

-~ ';' ~-. . : ···. -· -. ( . 

changes to a great degree between these extremes of temperatures, and 

yet convection appears to be virtually absent at 50°0 as determined Qy 

pre.ssure runs but quite appreciable at 670° and 770°. Also at 770°0 
"· . ·' . -

the smaller Grashof number should induce less convection than at lower 

temperatures, which was opposite to what was observed. Finally, con-

vec~ion_did not show a consistent trend with variation of 6t1 as would_ 

be expected if the convection originated at the gap between the emitter 

and guard. 

The second possibility is that convection originates in the pipe 

used for evacuating and filling the cell. This pipe extends vertically 

upwards from the hot furnace to the colder atmosphere of the room. 

Its large diameter (necessary to permit a good vacuum pumping speed) 

allows large convection currents to flow which are not halted at the 

horizontal section of the pipe just above where it enters ~?e_~e:JJ.?. 

nor are they blocked by the heat guard, even though there is only a 

small annular passage (1/8 11 ) between the guard and the cell casing. 

These convection currents are apparently strong enough to penetrate 

to the top of the emitter and receiver and increase the heat trans-

ferred across them. The Grashof number calculated on the basis of 

the pipe diameter and the temperature difference between the furnace 

(&t 370°0) and room (at 25°0) is 100,000, which is in a region of 

h . h t• (25) 
~g convec ~on. 

The actual convection effects above 300°0 as evidenced by 

pressure plot~ showed random variations independent of temperature 

from zero (in the case of the argon pressure run and several nitrogen 
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and ~b()~ dioxide runs) to 1. 3 perc·e~t in others s> probably because of 

experimental uncertainty. No effect was found at room temperature. The 
. . 

. . . ~ . 

abOve observations also fit our hypothesis, since the temperature 
o••- ·-~---·-•-•- OT • --•· • • •, o ',, •• • • --· - • -·~- •• 

. .. . 

gradient available for convection at 770°0 is only about twice that 
. ~ ·- -- -- ··- -- ~-- . - . - - --- -- . -- -

a~i~ble at 380°1 and the physical properties at the higher tempe~ture 

are such as to make convection weaker than at the lower temperature. 

Consequently the difference in the degree of convection at the two 

temperatures should not be marked. However, the temperature gradient 

at 50°0 is only 25°0; or about one-thirtieth of that at 770°0. 

To apply a reasonable correction to each run, the average 

measured degree of convection (0.5%) was deducted from the q/~t for 

~itrogen, carbon dioxide, and argon at one atmosphere and at all 

te~peratures higher than 60°0 (i.e., at 350°0 and above) after correcting 

for radiation. In this manner, the maximum error introduced in the 

conductivity is + o.S% in same runs, and the probable error is ~ess. 

Note that the correction as applied actually represents the 

difference between the result (q/At) at one atmosphere and that ob­

tained by extrapo~ tion of the ~ t/ q vs. 1/P plot to 1/P equalS zero 

(see below). Thus, '"e actually correct for the difference between 
. . : ' . 

convection (tending to increase the apparent conductivity) and 

acconnnodation effect (tending to reduce the apparent conductivity),. 

The degree of convection alone averaged one percent, and varied more 

or less at random from zero to two percent, although the highest value 

occurred :at<.thechighest temperature. 

(b} Accommodation - Temperature Jump Effect. 

The acconnnodation-temperature jump effect which is 

usually considered in the case of hot wire cells is generally ignored 

in the case of concentric cylinders. Keyes and Sande11(32e46) far 

example, do not even mention it as applying to their cell. However, 

I' 



as ~~~wn _ ~ the Appendix~ this effect is of the saln.e ·order af' · _mag.ni tude 

in our (and Keyes and Sandell ts) apparatus as it is in the usual hot 1-rire 
• - - 4 ~- - -- - - •• - •• _, - ·- -· • '• •• • - ~ -- ~-. - • - •• ·-

~E3~ls 1 P:'~~ly ?eoause of_ o~ __ small _annular_ ~pa~e, _and ·the fact_. t~a ~-­

the ratio of the radii of our cylinders is close to one., · In cases such 

as Kf1Il!l~~ and Carman's "thick-wire 11 cell;
27

) whe~ein the inner (wir~) 
... ~ - ---- -~ "· . - - .... -

radius is relatively large (0.075 am); and yet the ratio of,outer to 
- - -' -~ . ~ - - -

~Il1ler radius (4.66) _is not-close to unity, the effect- is considerably 

smaller (their effect -is only 1/3 of ours). Furthermore, as shown in - - - ..- ·-

the Appendix~ the accommodation effect is most evident at high tempera~ 

tures, and particularly at low pressures, because of the longer mean 

free path, and consequently the magnified molecular effects. 

At 52°G, the accommodation effect correction·is extremeley small 

for air (and presumably nitrogen), amounting to less· than 0;,1%. The 

corresponding accommodation coefficient is approximately o.8, as 

calculat~d from our data. The corrections increase-with temperature,· 

and the averages range frOm. about 0.3% at 360°0 for nitrogen and . . 

carbon dioxide to about 0.7% for nitrogen and 1.3% for carbon dioxide 

at 775°0. Thus, the effects are not negligible. In the case of helium, 

the physical properties, notably the low (0.13) accommodation co= 

efficient, are such as to introduce large error (-6.3%) if acc.ommodation 

is not considered. 

For interest, approximate accommodation coefficients obtained 

from Figure 18 by means of Equation (7) in this paper are listed (Table 

IV). These appear to be reasonable, as evidence by comparable values; 

included in the table for accommodation on platinum~lS,57,64) 

3. Effect of Temperature Gradient (At) •. 

The effect of At on·. apparent conductivity in the range of 

At = 2-3°0 to At = 15-25°0 was found to be smaller than that attri= 

- butable to random experimental scatter, i.e., no more than one percent. 
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Since most of our data by far were measured at a tit of 7° or less, error 

d:ue_to_p~ssible va,riation_of conductiv~ty_wit~_L1t is_~e~ ~~~ow o~e J?~:r~e~t 

(probably o~ly 0.2% or less). The rea~ons _tha~- one might -~xpec~ to ~ind an 

effect of tit in our cell are possible convection at the gap above the 

emi~ter, >-thich was shown to be unlikely, or excessive yernpe!'B:~~ _e~evat~~n 

of the emitter heater lead wires above that of the emitter and guard. Some 
"'"' ••• ' ,,. r • •• • 

temperature difference, of course, must exist between the h~ater wire and 

the emitter surrounding it, in order that heat may flow. -If this 
... -

~~ference_is high, appreciab~e heat (unaccounted for in_theQalcUlations) 

will flow up the cell and cause the calculated conductivity -to be too 

high. . . 

(32 46) 
Keyes and Sandell ' found a marked effect_iof tit on qf~t eve~ 

at L1t f 2°0 in their apparatus • Conveation was clearly absent at at-

mospheric pressure as evidenced by their ability to pbtain conductivity 

measurements up to 150 atmospheres. They attributed this tit effect 

primarily to heater lead wire temperature el~vati~n, _8.!!-d __ to s-~~ _ _<Jon­

vection at high pressures, and were forced to make accurate measure-
--- - ~ --~ - • - - - • • •• - 4 • - •• - -- - •• -- - ..... -- ·-· .,__ " 

ments· down to L1t ~ 2°C and extrapolate to _L1t = 0 0 This c?:t're_<J~~on, 

for ins~ance, for a steam measurement at 35000 and 73 atmospheres 

fie ==_ 13xl0-5 cal,./(sec. )(°C}(cm)] amounted to 4% of. the q/L1t measll;!'ed 

at At ==2°C and so demanded a high precision in the measured qjat•s. 

They empirically found a linear relationship between q/8t and q2 /L1t 

at L1t > 2, so that their final results: depend upon whether this 

linearity also held at L1t's olose to zero. To eliminate these extra-

polations, our emitter heater was designed using a much larger wire 

surface than Keyes and S:andell 1 s, to lower the required heater wire 

temperature for a given emitter temperature. Although we used a 

nichrome wire heater, the leads running up the length of the emitter 

were platinum to minimize the joule (r2a} heating effeat over its 



lengtho ltl~ _a~so brought the tube enc~?~.iz.l.E; ~~e ~eel.~. ~::e into close 

conta~!-~~ ~~~-~~~V:~~ ~~t~f3~ cyl~e:r.~ _m~Cl.n~ of a small sil~~:r' 

plug closely enveloping the tube and screwed to the emitter (Figure 1) o 
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B. Conductivities of Gases. 

The· conductivity or dry air was measured first to see i£ 

reasonable data could be obtained from the cell. The results· are best 

s~~~--:in ~~~~~ ~-11 in which c~n~~ct~'!~~;y iS.J~~o~~ed· ye:r-s11s. ~~mp~~~~ure. 
s~'!9:r:8:1 "~s ~e drawn for comparison, ba~~d ~?- _t~e ~ata or S"tops~ 54) 
TB:!~~Z: ~ncl_ Johnsto~1 ~56 ) and _E~cken. ~~2~ _ Our da~~ ~Li~l-~~~~n the 

extremes of these investigators o Extrapolation of. o~. :r:~~'lll: t~ to ooc· 

by mea.ns of Taylor and Johnston's slope give values (average = 5.75 
~ ., . ~ ·-

X lo-6) which are close to the average (5. 76 x 10-5) of recent typical 

investigators {See Table II). 

2. Nitrogen. 

The values for nitrogen areplotted in Figures 12 and 13. 

The values fall in the range between most investigators' results up to 

temperatures at which others have made measurements. Note that Keyes: 

and Sandell t s data are admittedly too .low at 100-400°01 as Keyes 

admits in the post-paper discussion of a later articleP3~- It .. ~s. 
conceivable that a part of this effect could be attributable to their - . - - . ·- ·~ - .. -

failure to take the accommodation-temperature jump effect into account, 

as mentioned above. .However, they did not present suf'fi~i~n~ low. 

pressure data (0-1 atm.) to p::rmit us to draw any conclusions regarding 

the magnitude of their accommodation effect. 

Above 600°0., the only other data available are those of Stops, 

which a\t"e admittedly only a first attempt to obtain high temperature 
(53) 

. data. Note, for example, the scatter of several values on Stops t 

nitrogen curve. Our results are clearly lower than S"tops' up to 600°Co 

·Above 600°C our uncorrected points reach his smoothed curve and exceed 

it slightly (about 1.5%). However, Stops' data scatter badly in this 

range and the placement of his curve is arbitrary. In fact, . in his 
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thesis~54) the smoothed values he lists at 700°C and 800°0 are respect-

~v~~!.. -~a~~ 3.%. __ a"bov~ .. th~ ·corr~sl?~:m~~--P.?~~s on ~he -~m~~~~e~- c~ _ 

l?l:"~~~~~~d ~ -~i~ pai?~r~(~2~ --~t. -~~ -~~ez:~sti~; but pr~~~ly __ o~?.-7 coin­

<?~denta._.~l. _that at the two tf3lllP~ra~tu:'~~ ~t whi~~-o~ _r!o~~s appear h~ h1 

~iz4)_:~bQut 6?~--~nd _??O~~-~ --~~~:ps ·-~~sured -~~u~~ -~er: ~~~? ~i~~- ~-z• 
·· .. ' 

5% and 8.4% above his smoothed curve. He was able to make a measure-
~ .. ~~- ..... ~- ····- ¥••• ·~- ....... , ...... ··-·--· ·----..,.; -·---- ---- -···-- --··· -- ~ ···---·-

~~nt. near ;~~0°~~ _ ~~~ _ ~:"~>tl~~t .. ~i~- ~~?~t.h~~- ~--· d~~ ___ ~·ll~ .I?~~~ 
at l000°C was (:l.ctual:ly subject to greater error, as S"tops indicates 
••••' •••~•••..-' "''"-'''"''•••- '""''' ~-~~·-·- "• •••••••••• v•'••• ~ ••• •'••'••••"·- > • • ··-·•••• •-•••••• '''•• +«'~ ••·>'~·· ,__.r,,, "'" ''' 

in his thesis(54) because of his difficultY of maintaining steady state 
-~ -~---·-·-- ··-···· "'" ___ ,.. --·-- ~--- ·--------·~---

C.~?_di~~?11~ at high t~~r~~~es _as we~ as-_ th~_Jarg~ ra~~~~?~ ___ _ 

~?.:t"''~ct~~n (2<?J6~ ~ He offered no explanatien a_s to t~e- d~~t:"i~u:t_ion_ ()f 

hi~ thr~e h~ghe~t_J?Oin~s· (i_.e!, _wheth~r ~cy- ~~emen~ ~ ~h~ me.~h?~ 

was made after obtaining the two deviating points). It is also noted 

tm:-~ _S'tops_ did not co:::-ect· for r~d~ation o/ ~~g m9et~~~e1:_1~~. in 

vaauo.. Instead, he used Helfgott's (l9) relation for the emissivity 
.... . -· . -

of platinum as a function o~ temperature. 

It should be noted that two s:eries of our experimental points: 

at 360°G and at 770°0 cluster above different values' approximately 

6% aparto The upper ones are clearly in error and the conditions 

under which these were obtained give a possible clue as to why our 

conductivities at elevated temperatures are apparently higho Measure­

ments were first made near 50°C, and then the cell was taken apart fer 

examination. After re-assembly the same results were obtained at 50°C 

(within one percent). This. second set of readings covered the range 

from 50°0 to 560°0, and then the cell was disassembled to repair a 

burned-out heater lead. After re-assembly, runs at 360° and 560°C 

were repeated, and the results cheeked the previous values quite welle 

Measurements were next made at 680° and 770°0 and then the temperature 

was aut to 360°0 to obtain a final check. This time the 360°C result was; 
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about 5% higher than before. When the cell 1~s dismantled, it t~s found 

that the previously smooth, polished silver surfaces were now rough and 

full of unbroken "bubbles" or blisters • This change in the surface did 

not change the emissivity appreciably; vacuum runs at 360°C before and 

after exposure to high temperatures agreed to better than 3%, corre-

spending to an error of less than 0.1% in conductivity calculated using 

these radiation corrections. The roughness, however, estimated at 

several thousandths of an inch, apparently increased the cell constant 

by decreasing the annular spacing between the emitter~and receiver. Thus 

higher apparent conductivities were obtained based on the original cell 

dimensions. This roughness is attributed to the tendency of trapped 

gas in the cast silver to outgas at elevated temperatures. The solu-

bility of oxygen in ~olten silver is high, and decreases sharply, upon 

solidificatio~ of the metal.(39,49} During casting, part of this oxygen 

evolved when the silver freezes is mechanically trapped in the silver, 

resulting in a somewhat porous structure. When the temperature is 

raised to about 600° to 700°C, the combination of increasing pressure 

of the trapped oxygen and decreasing strength of the silver causes 

small bubbles to form at the surface, particularly when the cell is 

under a vacuum. The possibility of outgassing was considered before 

the equipment was constructed, but because of inability to obtain a 

large block of silver east in vacuum within a reasonable period of time, 

certrifugally cast silver was used in its place. It was thought that 

the dissolved oxygen would have been forced out during centrigugation 

at the solidification point. 

The cell was re-machined after the first series of high temperature 

runs to produce smooth surfaces again, measured, and assembled on~e more. 

This time the cell was not exposed to high vacuum, and even the time at 
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'· 
moderate vacuum (2 mm Hg) was minimized., The cell was brought to steady 

state rapidly by additional heaters in the tin bath, and measurements 

were made as quickly as possible at 360°, 680°, and 770°C., The results 

at 360° and 680°C checked the previous ones quite closely (better than 

one percent), but those at 770°C fell six percent below the previously 

measured ones. Unfortunately just before re-checking at 360°C, the 

heater leads shorted out. After disassembly; the receiver and emitter 

surfaces were examined and only slight roughness was observed. The 

area of roughness was much smaller and the depth of the "bubbles" 

appeared smaller. The silve:rl. felt smoother over most of its surface 

than it did after the previous eA~osure to 770°C. .Also the cell annulus 

was 30% wider than before, Hhich condition should reduce the percentage 

effect of roughness on the cell constant. 

To serve as a final check, the emitter heater leads were fused 

together, the shell was hard-soldered instead of welded to speed the 

process of installation, and data were then taken at 370°C (See Runs 

154, 155 and 157). This time the results were 3% higher than the 

average of the previous 11 good11 data (i.e., conductivity measurements 

before the cell was exposed to high temr:eratures). At most we might 

expect about one percent random variation in these last readings as 

compared with the earlier ones. Consequently, the exposure to high 

temperature affected even this last group of results. As a further 

check, the cell was dismantled and micrometer measurements made on 

the emitter and receiver., No appreciable distortion had taken placeo 

Then the average annular width was measured by the technique described 

in the Appendix. The width had decreased from 0.0334111 to 0.03277 11 , 

or by 1.9%, which should decrease the cell constant and therefore 

increase the conductivity base~ on it by about 1.9%. The difference 
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between 3% and 1.9% is attributed to random error in the conductivity 

measurements. Since the annulus measurement is more precise, it is 

reasonable to assume that the actual increase in conductivity was about 

2%. On the basis of.the above, it is estimated that the results at 

680°0 are about 2% high, and those at 780°0 are about 2.5% high in 

comparison with the lower temperature data. 

3. Carbon Dioxide. 

The data for carbon dioxide show about the same relationship 

to Stops' data as do those for nitrogen. The discrepancies in the 

measured conductivities before and after each re-assembly of the cell 

were greater than those for nitrogen or argon (see below). For example, 

runs made before Run 53 in Cell No. 1B (before disassembling this cell) 

yield an average conductivity of 10.24 corrected to 374°C. Those made 

after Run 52 in Cell No. lC (after re-assembly) average 10.49. Thus 

the two values differ by 2.4%. Nitrogen conductivities under the same 

circumstances differ by o. 7%. A;t 570°C, conductivities measured in 

Cell No. 1B and No. 1 C differ by 3.6% in the same sense, while 

comparable nitrogen conductivities differed by 1.1% and those of argon 

by 0.7% in the same direction. In addition, the discrepancy between 

the average of all measured conductivities at 375°C and those measured 

directly after exposure to high temperatures is 7.5%. However, the 

comparison between the values at the same temperature measured just 

befo;re and just after exposure to the high temperature (in Cell No. lC) 

was 6%, or the same as for nitrogen. This would indicate that the 

values obtained in Cell No. lC ~re probably more reliable than those 

in Cell No·. lB. Another indication of this conclusion is that after 

the second exposure to high temperatures in Cell No. 21 the conductivity 

of carbon dioxide at 374°C was 5.5% above those measured in Cell No. lB, 

but only 3% above the corresponding ones in ;Cell No. lC. This latter 
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value agrees well with the nitrogen discrepancy of 3% cited above. By 

the same token the higher values at 570°C measured in Cell No. lC are 

probably more reliable than the corresponding ones in Cell No. lB. The 

discrepancies observed are attributed to large random errors, since 

measurements made using carbon dioxide were considerably fewer than 

those with nitrogen,~.~ particularly at 570°C. 

It should be noted that gaseous carbon dioxide can radiate (emit 
. (38) 

and absorb) thermal energy. The degree of radiation increases 

with increasing thickness of th~ gas layer. and with increasing partial 

pressure of the gas. Since our annular width is small and since we 

extrapolated our carbon dioxide results from a pressure of only 1/4 

atmosphere (see above), the effective gaseous emissivity is small. 

In addition, radiation and re-radiation takes place on silver walls 

of low emissivity. Consequently the carbon dioxide radiation is 

believed to be negligible in our determinations. 

4. Argon. 

No other investigators have taken data up to 700°C. The 

theory of Chapman(9) predicts that the ratio k/9cv ~ f for elastic, 

spherical molecules is about 2.5 and is independent of temperature. 

Kannuluik and Carman(27) found that indeed this ratio for the inert 

gases helium, neon, argon, krypton, and xenon appeared to be independent 

of temperature in the range of -183?C to 306°C although he observed that 

the i ratios ap~rently increased with increasing molecular weight among 

the inert gases, fro~ 2.43 (helium) to 2.58 {xenon). Our data for argon 

are shown in Table III, and are plotted in Figure 16. At room tempera-

ture our data agree with those of Kannuluik and Carman, but appear to 

diverge at the highest temperature at which the other authors made 

measurements (306?C). (The smooth curve drawn throq.gh their data is 
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their own.) If we assume that the ! ratio truly remains constant with 

temperature as Kannuluik observed at lower temperatures, then our ! 

values are 5% high at 688°G, although reasonably consistent below that 
·- --

tempera~ure. It is fairly likely that our data for all gases are 2 to 

3% high at 680°G, but this discrepancy in the case of argon appears 

rather large. It may be due to experimental error in the measurement 

of this particular gas since relatively few repeat determinations were 

made, but it may also be attributable to an error in the viscosity 

used. The viscosities listed in Table III \>Tere calculated from Bromley 

and Wilke's tables(6) based on Hirschfelder, Bird, and Spatz' papers~22-24) 
The latter authors' force constants were determined from experimental 

viscosity data at relatively low temperatures (below 400°K) and the 

viscosities predicted by them differ by several percent from experi­

mental data at higher temperatures. (See Reference 24, Table 8a) 

5. Helium. 

The helium data were taken primarily as a means of checking 

the pressure effect to substantiate the idea that temperature jump-

accommodation was actually causing the effect observed. It was known 

that helium has a lowe~ accommodation coefficient than nitrogen and 

most other gases on platinum and several other metals(44,5'l) and so it 

was thought that helium would also show lower accommodation on silver. 

Such was the case. 

Because of the primary object mentioned above, the conductivity 

was measured only at 686°G, using helium from a cylinder convenien,tly 

available. The cylinder did not clearly indicate its source, and so 

the purity could not be readily checked (see Appendix). Consequently 

the conductivity of helium is listed, but cannot·be relied upon too 

heavily. The f ~·k/~ev ratio calculated on the basis of our measured 

conductivities equals 2.49 or 2.38, depending upon whether the Hirsch-
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felder prediction(24 ) for viscosity is used (0 .. 0418-cps.,) or the viscosity 

data ~f T~au~z ~nd Zink(58) (0.,0439 cp:.,).. Kannuluik .. a~d G~r~n (2?) ob-

tained an average ratio of 2.,4.3 at -18.3°0 to .3o6°C. 

Convection was totally absent in the helium runs, even at 4 atmos-. 

pheres. 

6., Nitrogen-Carbon Dioxide Mixtures., 

The mixture results are plotted in Figure 19., The data clearly 

indicate that in this range of temperatures (above 360°C) the conductivity 

curve reaches a maximum value., several percent higher than either pure­

component., In comparison, note that the mixture data of Keyes(33,34) 

(Figure 20) bow downward below 150°C, even though,no minima occur. 

Apparently at low temperatures the mixture data show a negative departure 

from linearity between the pure components; at some intermediate tempera­

ture (slightly above 150°C) the relationship reaches linearity; and then 

at higher temperatures positive deviations from a straight line are ob­

tained., This last effect is shown both in our data and Keyes 1 data in 

Figures 19 and 20.. It is also interesting to observe that at about 

500°C 1 the conductivity of carbon dioxide reaches that of nitrogen and 
, r ', 

exceeds· it to an increasing degree at still higher temperatures .. 

The Lindsay-Bromley correlation presented earlier was applied to 

our data, and is shown at the particular temperatures of 369°, 569~, 

688° and 774°C• in Figure 19. Since viscosity ratios (nitrogen to 

carbon dioxide) are required, all viscosities; were taken from the 

Bromley-Wilke pap~r(6 ) for consistency., The maximum deviations of 

the Lindsay-Bromley equation values from ours are -1% at .369°1 -1.1% 

at 372°C, ~1~9% at 375°C1 -1.,5% at 472°0, and about -.3% at the higher 

temperatures., By comparison, the equation shows a_ -1 .. 8% deviation 

from Keyes 1 experimental values: at 350°C,. In his report, Keyes (.34 ) 
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showed the Lindsay-Bromley plot as curving in ,the direct.ion o~posite to 

that which we calculated it to be. In our calcUlations, we used the 

vi~cosities from the Bromley-Wilke paper, the viscosities from this same 

Keyes report, and we also made a third calculation using Keyes' tabulated 

specific beat data in the Eucken relation as outlined in Lindsay and 

Bromley's article. All of these calculations resulted in almost identical 

curves• We conclude that Keyes r calculations are probably in error. 

While the discrepancies due to the Lindsay-Bromley correlation are 

not seri~ 11.evertbeless they indicate a trend which may be even more 

pronounced in other mixtures at high temperatures. It would certainly be 

desirable to measure the conductivity of other gas mixtures at elevated 

temperatures to confirm these observations. 

It should be noted that the absolute values of our mixture data at 

372°, 375° and 774°0 are known to be high by about 6%, for the reasons 

outlined in an earlier sectic;m. However, all the data at each of these 

particular temperatures are high by the same factor, and so the mixture 

curve should show relatively the correct shape. In fact, the form of the 

curves at 372°0 and 375°0 is probably more reliable than that at 369qo:, 

owing to their smaller experimental scatter. The curve at 774°0 is less· 

reliable because the cell constant was probably changing with time (see 

below). Note that two values are plotted for pure nitrogen which are 

3.3% apart. The data at 569° and 573°0 are probably the most reliable 

of all since they show excellent independent agreement in form. 
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c. Evaluation and Conclusion. 

1. Random Errors. 

The various random errors which our measurements are subject to 

are listed below. Errors of less than o.J.% are considered negligible~here. 

(a) Cell Constant. 

There is negligible error in the measureii'J3nt~ of all lengths: 

and the emitter cylinder diameter. The annulus measurement is subject to 

±0.4% maximum error in the first cell, but to only ±0.2% in the second 

cell because of refinements in technique. The error introduced by 

simplifying the conduction equation (see Part I) is ± 0.3%. Strictly 

speaking this is not a truly random error, but its direction is not 

known, and so it is treated as random for simplicity. 

The overall cell constant and the conductivities calculated there-

from are thus in doubt by about ±0.6%. 

·(b) Temperature. 

Temperatures based on the·Burea'U of Standards. calibrated 

thermocouples are known to ± 0.5°C. :However; since a l°C increase in 

temperature results in a 0.1 to 0.15% increase in conductivity, the 

temperatures were listed to the nearest degree, introducing negligible 

error in the conductivity. 

(c) ·Thermocouple Calibrations. 

The dE/dt calibrations for the thermocouples are known 

to about ± 0.3 - 0.5%, which affects the conductivity to the same degree. 

Intercaii.brations between couples were usually reproducible to 

± 0.2 microvolt, but occasionally varied by± 0.5 microvolt.· Under 

the latter circumstances, the error in a ~t of 6°C as well as in the 

calculated k was ± 0 0 8%. However, conductivity measurements were 

repeated several times under the same conditions before and after 

interchanging thermocouples. Consequently conductivity values show 
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an appreciable spread of a few percent at each condition, yet the error 

in their averages is much smaller because of the compensatory nature of 

intercalibration errors. A reasonable estimate of the residual error 

caused by intercalibrations is ± 0.3% at a 6t of 6°C and less at higher 

6t's. 

(d) Heat Input. 

Errors in current and voltage measurements are negligible. 

The co~rections due to voltage drop in the lead •4ires ar~ from 0.4% to 

1.0% at 40°C to 770°C .respectively co These are know accurately within 

±0.1% based on the total heater voltage drop. 

(e) Vacuum Corrections. 

The maximum vacuum correction (8%) for radiation and 

support conduction occurs at 774°C, introducing at most 0.2% uncertainty 

into the final conductivities, as detailed in a previous section. 

(f) Pressure Correctionr;;. 

As discussed above. 0.8% is the maximum error in 

correcting for convection. Correction for accommodation is included 

in this, as mentioned previously • 

. Adding all these errors, the maximum additive error is .2.3%o 

Allowing for randomness in the individUal errors, the probable error 

would be about one percent. 

2. Reliability of Cell and Data. 

Here we consider the errors in a particular direction as 

distinguished from the random errors discussed above. 

A possible error is caused by neglecting the effect of 6t on the 

conductivities calculated therefrome However, the conductivities so 

calculated may be high by no more than 0.2%, as pointe~ out a~ove. 

It was shown that conduction at the supports probably produced 

.. 
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negligible effecto If there is a small effect, it.would also tend to 
"r;:',-· 

make the calculated conductivities too higho 
. ·- -- .... ·- -. . .. - . 

Departure of the inner cylinder from concentricity also yields high 

conductivitieso The largest expected eccentric displacement of the 

inner cylinder (including the full displacement possible owing to 

differential expansion between thesilver and Lava supports) is 0o002n 

(at 770°C)o Using the customary calculation for eccentric cylinders 

(eogo see references (46), (60)) we haveg 

k(correct) = 
2rr!llt 

(11) 

and 

k(correct) 
= 

k(apparent) 

(12) 

where e= eccentricity, and r 2, r 1, are the radii of the larger and 

smaller cylinders respectively. The maximum error introduced into our 

calculated conductivity is 0.3% at 770°C, and considerably less at 

lower temperatureso 

The most important directional errors occur at 680° and 770°Co 

The nitrogen and carbon dioxide results were clearly too high during 

the first determination at 770°Cp (Cell 1) and were rejectedo 

However, the results at 680°C both in Cells 1 and 2 also seem to be 
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several percent high, as noted in earlier discussion. We also observed 

that at 770°C the measured conductivity apparently changed between the 

first measurement and one made 8 hours later, after repeated applications 

of moderate vacua (0.5 to 200 mm). This result may have been merely a 

large random error, but likely indicates increasing blistering of the 

cell. During the second series of runs at 770° (Cell 2) the two deter­

minations che~ked each other well. 

Based on the above observations, it appe~rs that some blistering 

probably occurred on the silver at 680°C, and this process was accelerated 

at 770°C, particularly under vacuQ~. During the Cell 2 measurements at 

770°C, the observations were made allowing less time to elapse and 

utilizing vacuum only to purge the cell between nitrogen and ct:~.rbon 

dioxide runs. 

On the basis of the above, it is estimated that our data are 3% 

high at 770°C and 2.5% high at 680°C. Our smoothed curves for carbon 

dioxide, nitrogen, and argon which were drawn giving more weight to 

the points at temperatures belm'l 680°C also show about these deviation 

from the high temperature experimental points. The data at other points 

are subject to the random error of about 1% where numerous repeat 

determinations were made, and up to about 1.5% where relatively few 

data were taken. 

3. Suggested Conductivity Values for Nitrogen and Carbon Dioxide. 

Based on our smoothed curves and those of other workers 

shown in Figures 13 and 151 we have compiled a list of thermal con­

ductivities for nitrogen and carbon dioxide from 0° to l000°C (Table V) 

which we consider the best data currently available. No attempt has 

been made to fit the curve critically to all values in the literature. 

Most of the values are taken from our curves·. The justification is 
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Table v.· 

Suggested Conductivities --·Nitrogen and Carbon Dioxide 

Thermal Conductivity, 
k x 105 (cal./sec.°C em.) 

Temp. (°C) Nitrogen Carbon Dioxide 

0 5.76 3.50 

100 7.25 5.4 

200 8.7 7.2 

300 10.1 9.1 

400 11.4 10.9 

500 12.6 12.6 

600 13.8 14.1 

700 14.9 15.6 

800 15.8 17.0 

900 (16.6) (18.1) 

1000 (17 .3) (19.1) 
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that the shapes of these curves are the most reasonable to use, since 

they parallel Stops 1 curves closely at all temperatures, and Stops is 

the only other investigator who has measured conductivities from 50° to 

800°C. llforeover most of our systematic errors are such as to yield too 

high a conductivity. Therefore it is believed that Stops t data, '\:Thich 

are above ours, are probably too high. Furthermore, our values appear 

to fall in the midst of most investigators! results at lower temperatures, 

unlike Stops' which are higher than the others. 

At temperatures above 770°C, our curve was extrapolated to a con­

tinuing smooth curve parallel to Stops 1 • Estimates made from these curves 

are, of course, uncertain, and so they are bracketed in the table. Below 

50°C for nitrogen, and below 360°C:.:for carbon dioxide, we extrapolated 

our curves smoothly to the average values of others at 0°C. 

4. Suggestions for Improvement. 

(a) Corrosion. 

As had been anticipated, the stainless steel was appreciably 

corroded by the tin. The sharp edges of the propeller were completely 

corroded away after several days of operation at 350°C. However the 

smooth agitator shaft was not affected even after several weeks at this 

temperature and a week at 570°C. Likewise the stationary parts, such as 

the stainless cell casing and the tin bath container showed virtually no 

corrosion under these conditions. After about a week at 670°C and three 

or four days at 770°C followed by tvro weeks at 350°C, all stainless 

parts were badly corroded, presumably due to the high temperature. The 

agitator shaft had lost 1/811 of its diameter, the 3/1611 wall of the stain­

less steel can had corroded down to about 1/1611 in spots, and the stain­

less cell jacket had lost about 1/811 of its diameter. 

The first stainless steel propeller was replaced with a propeller 
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fabricated of titanium scraps in the Radiati~n Labo~atory shops. This 

~terial ·was suggested by the Liquid l1etais Handbook(37) based on a 

more detailed. review(30) but showed extensive corrosion after exposure 

to J50°C and 570°C for a few weeks. The 

peller was molybdenum, based on Brewer's 

final mate;ial used for a pro­

recommeridatio~s. (3) · After 

exposure to 670°C, 770°C, and 360°C as outlined above, corrosion appeared 

inappreciable. 

Since fabrication of a molybdenum can and cell casing would be 

difficult and expensive, it might be worthwhile to replace· the tin bath 

ivith a massive block of copper or graphite to serve as a temperature 

equalizer and stabilizer. The block could be bored out to fit' the cell 

closely and protected from oxidation during use by a steady flow of 

some inert gas (nitrogen, argon, etc.) 

(b) Thermocouples. 

The apparent change in calibration correction between 

emitter and receiver platinum thermocouples introduced a variable 

errore In most oases, interchanging thermocouples and then returning 

·them to their original positions as described above resulted in a 

discrepancy or from zero to 0 0 2 or 0.3 of a microvolt. This caused 

an error or 1% or less if the llt across the cell was 3°C or more. 

Hmvever, occasionally the discrepancy was 0.5 to 0.6 of a microvolt. 

In these cases the ~t across the cell had to be 6°C or more to limit 

the error to ~ 1%o This change in apparent ca;I.ibratiori is attributed 

to slight mechanical strains caused by pulling the thermocouples out of 

the wells and re-inserting them. The free ends of the -vrires were barely 

long enough to do this conveniently. Consequently it would be desirable 

to employ longer platinum vrire couples from the hot junction to the ice 

bath to minimize strains in the wires while inter-calibrating the 

couples. 
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(c) Convection. 

To obviate the need for "pressure-effect" runs at low tempera-

tures and to make extrapolation to infinite pressures simpler at high 

temperatures, where the accommodation effect is appreciable, convection 

should be eliminated. In ~rinciple, leading the conductivity cell outlet 

pipe downward from the interior of the furnace to the exterior should 

accomplish this aim, but would require major furnace revisions. It might 

be feasible to provide baffles within the pipe itself, and a series of 

baffles within the cell casing to deflect any strong convection currents 

from moving downward into the emitter receiver annulus area. Still 

another possibility would be to enlarge the furnace opening where the 

pipe emerges and surround the pipe with a~~iliary electric heater 

windings and insulation to keep the pipe at or near the furnace interior 

temperature. 

(d) De-Gassed Silver. 

The apparent trend in the data towards erroneously high 

conductivity results above 600°0 has been attributed to the blistering 

of the silver cell after exposure to high temperatures caused by out-

gassing. The most important step in reconstructing the cell would be 

to provide silver stock which has been kept under high vacuum for a 

considerable period vrhile molten and then cast in a vacuum. A cell 

machined from such stock should not experience blistering at high 

temperatures. 

(e) Flange Design. 

A considerable amount of time was wasted in trying to obtain 

vacuum-tight welds at the points where thermocouple walls, heater . . 

casings, etc., entered the heavy top flange, in spite of attempts to 

reduce the flange metal thickness near these joints. The difficulty 

is that the heavy cross-section carries away the heat from the weld 
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too rapidly, requiring excessive local temperatures. To prevent this in 

the future, all thin-walled tubes entering the casing should first be 

positioned and welded to a thin plate attached to a pipe section of 

tapering thiclmesso The thick part of the pipe could then easily be 

welded to a thinned section of the flangeo Alternatively, a long pipe 
' 

could be welded to the top flange and the various tubes fastened to a 

thin plate at the top of the tube ~ the furnace by silver soldering. 

By this means, even heaters which might fail could be removed and re­

placed without disassembling the cell or removing it from the furnace. 

(f) Suspension of Emittero 

At present the ::emitter rests on a bottom Lava support tip 

and is kept erect by Lava side tips. During assembly of the cell 

(which nrust be done with the cell upside down) there is always danger 

of breaking the bottom tip when the cell is turned erect or is 

accidentally jarred. There is no way to check whether this has occurred 

except by making runs and then carefully disassembling to eXamine· the 

points.. Fortunately the bottom points were not found broken when 

disassembling the cell after each series of runs. However, to eliminate 

this uncertainty, it would be desirable to hang the emitter-receiver 

"heartn of the cell from the upper flange by means of thin rods, 

threaded at both ends for vertical adjustability. The emitter would 

then hang in the receiver and be supported laterally by the Lava side 

pieces. There would be no bottom point to break and also heat flow 

through the bottom support would be eliminated entirely. 



-91-

V. NQ1.1F£NCLA.TURE 

a ~ length of support point (em or in.) 

Cp ~ specific heat at constant pressure (cal./g. °C) 

CV = specific heat at constant Volume (cal./go 0 0) 

C == cell constant (watt-sec.c'm./cal.) 

D11:: coefficient of self-diffusion 

e ~ eccentricity (em or in.) 

E = e.m.f. (electromotive force) 

f ~ constant in equation (1) (dimensionless) 

g :: gravitational constant (cm/sec.2 or ft./sec.
2

) 

k == thermal conductivity (cal./sec. °C em) 

1n = natural logaritQm 

L = length (em or in.) 

11 ~ molecular weight 

p = pressure (atmospheres or dynes/ cm2) 

q = heat flow (cal./ sec. or watts) 

r = radius (em or in.) 

R = gas constant$ 1.;987 (cal./°C g-mole) 

Sp s2 = Sutherland constant in equation (10) (°C) 

s12 = . rsls; . 
t = temperature (OC) 

L1t = temperature difference (OC) 

T :::: temperature (oK) 

X = clearance at bottom of cell (in.} 



a = accommodation coefficient 

y = specific heat ratio, dp/cv 

d = annulus width (em or ino) 

'rJ. = viscosity, (poise) 

jJ = density (g 9 /cm3) 

Subscripts o 

1 = inner cylinder (eogo, r 1) 

2 = outer cylinder 

-92-
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vrr. APPENDIX 

A. Gases Usedo 

All gases used (except air) were those available commercially in 

cylinderso No attempt was made to purify the gases, except to pass them 

through tubes of magnesium perchlorate to dry_ them. In addition, the 

liquid carbon dioxide in the cylinder was purified somewhat by opening 

the valve and blowing off the gas near the top of the cylinder. This 

procedure lowers the air content of the gas. 

I1a.nufacturers t specifications are: 

(1) Nitrogen (water-ptunped). Linde. 
Minimum 99.7% ni trosen 
Rare gases (Kr, A, Ne, He) total ( 12 p.p.m. 

(2) Carbon dioxide. Pure Carbonic. 
Minimum 99.5 + % co2 ' 
Residue chiefly air 
Moisture about 40 p.p.m. by volume. 

(3) Argon (standard grade). Linde. 
Minimum 99.97 + % argon 
Residue chiefly nitrogen (about 20-40 p.p.m.) 

(4) Helium (grade A). No data available, except 
"approximately 100% helium, u. s. Navy cylinder.u 

B. Measurement of Cell Dimensions. 

The dimensions necessary for calculation of the cell constant are 

length, diameters of inner and outer cylinders, and distance of inner 

cylinder above the bottom of the outer. The inner cylinder diameter was 

measured by a micrometer at a number of points along its length to ±0~0001 11 • 

The inside diameter of the outer cylinder was checked using an inside 

micrometer, but these measurements were considered too crude to use in 

calculating the annular thickness. Consequently the annulus was deter-

mined by the following procedure. The inner cylinder was placed in the 

outer cylinder with its bottom screwed on. All internal support holes 

were plugged with paraffin and the annular space was filled to the brim 

with water measured from a weight buret. The annular thickness was 
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Table VI 

Cell Dimensions · 

Cell No. 1 (old) Cell No. 2 (new) 

Emitter length 6.9975" 6.9976" 

Emitter diameter: 
average 1.4498" 1.4.38811 

max. non-uniformity ± 0.00025" ± 0.0005 11 

Receiver length 7 .027.3" 7.0422 11 

Receiver inner diameter 10 5002"i~ 1.5056"* 

Annulus width 
average: 0.0252" 0.0.3.341"** 

measurements: 0.0252 11 0.0.3.341" 
0.0251 0 .0.3.3.37 
0.025.3 0.0.3.345 

* Receiver inner diameter obtained from emitter diameter and annulus 
width. 

** After operation at high temperatures the average annulus width 
was measured and found to be 0.0.3280 (Cell No. 2B). 
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calculated from the lmown length and the diameter of the inner cylinder, 

and the density of water. 'I:he_ results were reproducible to a few tenths 
-~ - ¥•~ • -- - • • - ••• ,_.._.. •• ~- -~ ••• - •• ~-

of a percent. ·In the final_meas~ement of the cell, reproducib~lity ~s 

even better (0.1%) because of improved technique. An innovation was to 
-·" ~ 

. 
seal the outer cylinder with stopcock grease to a clear glass plate . .,. 

instead of to the silver bottom. A flashlight was placed at the top and 

the observer looking up toward the light through the annulus could detect 

whet?~r air bubbles were present. Only one or two bubbles were found, 

and their total volume was completely negligible relative to the volume 

of water in the annulus. 

c. Calculation of Cell Constant.,. 

The method of calculating th~ cell constant is evident from equations 

6a, b, c. The only question~ arising might be what "average length 11 - is 

used and how the constant is, corrected for temperature. 

The average length is determined by (Figure 21): 

Lav .. = (1/2) (h: + I.n) (13) 

Note that ~ + x very nearly; equals 1.n (within ± 0.01"). 

The temperature variation of the cell· constant may be obtained from 

equations 6a, b, c. The variation with temperature -of L is obtained 

simply by: 

(14) 

. . 

The variation in ,t is obta"ined in the same fashion. (20 x lo-6 per °C 

is the average linear thermal coefficient of expansion of silver and 

B;lso of stainless steel over''the temperature range considered here). 

The change of ~with temperature depends on the difference between the 

expansion of the silver bottom piece and the Lava spacer. Referring to 

Figure 21, dimension x is me~sured at 22°C when the cell is assembled, - )\ 

'i 
and§; is, of course, known (~O.l09tt). Since the linear coefficient of 
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Table VII 

Cell Constants 

x = bottom 
clearance 

Cell Temp. °C at 22° C Cell constant* 

lA (old) 50 0.0335" 14~256 

lB 50 0.0365" 14,212 

360 II 14,315 

560 II 14~376 

lC 370 0.04011 14~266 

470 tl 14,298 

570 II 14,329 

680 II .14,365 

770 II 14,391 

2 (new) 360 0.04111 10,849 

670 II 10,923 

770 II 10,946 

* units: cwat t-sec .-em.) 
cal. · 
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expansion of the lava tip is 3 :x:: 10-6 in.,/in., per oc, 

~ == a [1 + 3 x lo-6 ( t-22) J :- (a-x) [! + 20 X ~o-6 (~-222J ' 
(15) 

where xt, refers to the space at some temperature ! and the unsubscripted 

~ and ~ refer to values at 22°Co 

For convenienee in calculating the conductivity in calorie units 

from heat input measured in watts, the units of the cell constant were 

Do Sample Run and Calculationso 

A typical run, Noo 22A, is reproduced in Table VIII. The steady 

state values are then employed in a sample calculation (Table IX). The 

method of calculation is evident from sections I-D and VII-C as well as 

these two tableso 

E. Calibration of Thermocoupleso 

Thermocouples were calibrated by the National Bureau of Standards 

and by the authoro The results are depicted in Figures 22-25, showing 

the e.m.,f. and thermoelectric power (dE/dt) as functions of temperature. 

Thermoelectric power was obtained by drawing difference plots (~E/~t) 

based on the e.,m.,fo curves and drawing smooth curves through themo 

F. Derivation of Acconnnodation-Temperature Jump Eguationo 

lo Derivation Using Gregory's Eguation(14) (our Equation (7))o 

Consider the concentric cylinder type of apparatus, including 

the hot wire type of cell. Utilizing equation (7), the correction to 

be applied to the L\t/q measured at one atmosphere to eliminate the 

effect of accommodation is: 

% correction == 100 x (16) 
(Llt/q)l t a mo 



Time 

10:50 

10:58 

11:05 
~· --' .. '. 

11:~5 

11:25 

11:30 

Final. 
Values 

Table VIII 

Sample Eftperimental Run 

Run 22A 
Nitrogen, 756 mm Hg 

Thermocouple Readings,- Microvolts 

P12 (emit.) q1278 (emite-rcvr.) n1256 (emit.~guard) E, millivolts Scale E; millimolts 
. (heaj:.~r)__ Factor (std. resistor) 

Start 

4994.25 115.$ 13.3 71.3.3 0,6010 47.51 
. ' . 

4993.9.3 115.8 12.7 

4993.$ 115.75 12.4 

4993.85 115.8 14.3 0.6010 47.51 71.34 ~ 
If 

2993.8 115.8 12.4 

·--------------------------------------------------------------------------------------------------------------------~ 

2993.~ 115.8 12.4 71.335 0,6010 47.51 
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(A/P)C{TJ!r
1 

+ .[T;/r2) 

ln(r2frl) 

2rrkL 

(17) 

This follows from equation (7) 9 if one assumes that the correction to be 

applied is small9 and therefore that the (At/q), in the denominator of 

(16) may be replaced by ~(r2;'r1)/2Tr~., If we restrict our consideration 

to a single gas, equation (8) becomes: 

A. = 

h - f2rd11 were K~ .J ~., 1 

K {2-a) 

2rrL a 
(18) 

(19) 

K thus depends upon gas properties onlyo Substituting into (17), we 

[
kK(2-a) ( ./fl/r1 + ~r2.) ]· (20 ) 

u ln Crfr1) : .. · : 

get: 

% correction / ~ 100 

From the form of.this equation, it is evident that the correction will 

be greatest in cases where rl (or r2 or both) are sma.llest,.and where the 

ratio r 2/r1 approaches unity., The correction is .also highest in cases' 

where the gas has a high molecular weight, high conductivity, and low 

accommodation coefficiento Also the correction increases with 

temperature because of the ff term and the fact that 2:. generally 

dGcreases with temperatureo If we now consider the situation at some 

fixed temperature, and assume a fixed accommodation coefficient, there 

are two extreme conditionso The first case is that of the usual hot 

wire cell in which r 1 ((r2 and T1~T2o We find that . ' 

(21) 

where Kt 15 lOOkK (2-a) ,Jfi 
(22) 

a 

Typical hot wire cell dimensions are those of Gregory and Archerf15) 



Heater voltage 

Heater current 
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Table :IX:: 

Sample Calculation (Run 22A) 

~ (71.335)(0.6004) = 42.53 volts. (includes corr 1n. 
for voltage drop in std. 
resistor) · 

5 (47.51)(0.01) = 0.4751 amps. 

Lead wire correction = - 0.7% 

q (corrected) = (0.4751)(42 .53 )(0.993) = 20.21 watts 

AE (emit.=recvr.) = 115.S microvolts 

Calibration correction= 3.0 microvolts 

AE (corrected) 

E (average) 

t (average) 

dE/dt 

At 

Vacuum correction 

q/At 

Pressure correction 

Final q/At 

Cell constant 

k 

= llS.S microvolts 

2937 microvolts 

= 366° c 

= 9.44 microvolts/°C at 366° d 

= 12.5SO c 

= 0.032 watts/°C (from Runs 26 and 27) 

= 1.575 watts/°C «incl. vac. corr•n.) 

= - 0.5% (by extrapolation to 1/P = 0) 

= (1.575)(0.995) = 1.567 

= 14,315 

1.567 = 
14,315 

= 10.95 x lo-5 cal./(sec.)(°C)(cm.) 
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rl =:: 0~00.50 em, and r 2 = 0.58 _em. For this case the calculated percent 

correction ;::::::, 42K'. The second case is that of a cell consisting of 

concentric cylinders with nearly the same diameters and a relatively 
'" - - . 

~mall annular width, similar to ours or_ Keyes and ?~:mdell's. (32, 46) Here 

r 1 ~- r 2 a11d again T-1 ~ T2, _Also_ r 2/I\ = 1 +J'/r1, w~e~e $_ = r 2 - r 1, 

the width of the annulus. ___ Then 1n (1 + $ /r 
1

) :::::::;J/r11 and we get: 

. % correction ~ 2K' IS (23) 

whe-re K' is again defined by (22) o The annulus of both our cell and 

that of Keyes and Sandell is 0.025" or 0.0635 em, from which it follows 

that our % correction ~31.5K' • Thus our oorrections are the same order 

as those for hot wire cells. 

2. Derivation from the Temperature Jump Eguation. 

The basic equation for the temperature jump at the wa11· .of a cell 

in which the temperature is a function of a linear dimension, r, on~ 

(i.e .. , steady state, one-dimensional heat flow) isiPl) 

6tj =:: g (dt/dr) (24) 

where g =:: the jump distance, a function of the accommodation coefficient 

and the mean free path.· For radial heat flow in concentric cylinders 

it is. readily _shown that : (25) 

q = -21rkir (dt/dr) (25) 

and 

q = -21rkL 
6t 

(26) 

from which it follows that: 

dt/dr = 
rln (r2/r1) 

(27) 

The fractional temperature jump effect at each walls is: 

liJ 
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.Llt; 
~ = (28) 
Lit ' 

where ri refers to r 1 or r 2 depending upon which wall is bring considered. 

jigain, t•:Vo cases are recognized. For a hot wire cell~ r1 l..( r 2 and so 

the jump term contaiping r 1 in the denominator greatly exceeds the one 

with r 2 in the denominator. Consequently the total jump effect may be 

considered as equal to that at the wire alone. Thus: 

(
Llt.j ) g 

M to~ rl ln(r2/rl) 
(29) 

For the other extreme (e.g., our case), ln(r2/r1)~ i/r1 as before, 

and for each wall: 

t:.t. g J 
~ - 0 

ilt
0 5' 

The form of this equation shows that the jumps at both wall~ are about 

the same, so 

(~) 2g 
(30) = 

ilt
0 total F 

These are essentially in the same form: as eq~tions (21) and (23) above, 

except that g replaces K' o 

G. Calculation ~ Conduction Across Supports. 

Assume only linear heat flow in the support shown in Figure 26. 

The cross-sectional area of each cylindrical shell is dA, = 21Txdx. The 

heat flow through the Lava and air considered as a composite solid is 

then: (3S) 



vlhere l1t _=="'~l - t 2., 

dx/ dy, we get 

Rearranging: 

where 
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At • dA 2trx £1t dx 
dq := = (31) 

y1 
+ 

y2 yl 
+ 

y2 -
kl k2 kl k2 

Since y2 .== R-y~ y1 == L - y2 == L - R + ~' and y/x == 

' 

R 
q 

J y dy 
:= 2tr • 

Llt L-R+y R-y 
+ 

k2 k 
0 1 

q 2trklk2 !R - := 

Llt kl- k2 

0 

y dy . (32) 

C' ... y 

C' == R + k2L/ (kl - k2) 

The value of the integral is 

(33) 

R 

r y dy 
= 

C'-y 
~ Y,,- C'ln(C'-y) 

]
R [ ~. )~ C' - R 

0 = - R- C'ln cr 

Then 

~ = ~:~:: [ R- C'ln e• :,R)] (34) 

\ 

Substituting the approrpiate quantities: 

. -5 k2 == 6.5 X 10 

cal./sec., 0 0 em 

cal.,/sec. 0 0 em 

L = 0.109 x 2.54 = 0.,277 em 

R = 0.040 x 2.54 = 0.1016 em 

I 
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and multiplying by (7) (4ol85) to convert to watts and to include the 

seven supports: 

-=6 
The net q/~t measured far gas conduction= (10,200)(6 .. 5 x 10 ) = Oo924 

(watts/°C), where 10,200 is the cell constante Then the error in the 

calculated k due to support conduction= (Oo00254)(100)/(0o924) = +0.,28%., 



-109-

CELL 
SCALE HIGHLY EXAGGERATED 

Lov. = 1/2 (LE .f.LR) 

BOTTON SUPPOHT 

CELL /JINEIIS!tJIIS 

Figure 21 
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