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ABSTRACT 

Progress on a program for evaluating direct electrical heating methods for 
high temperature thermal conductivity determinations is presented. Recent modi­
fications, which increased the temperature capabilities of the apparatus, protected 
the samples from contamination and improved the accuracy and simplicity of the 
measurements, arc described. 

A method for calculatins the thermal corxluctivity using any three tempera­
ture versus position data points (3-point method) of a temperature profile was de­
vised. This devulopment permits conductivity determinations to be made from any 
portion of a tcmp<:!"ature profile in contrast to the previously reported 2-point method 
which requires data from the central portion of the profile. Since small errors in the 
emittance cause large errors in the computed conductivity values derived from the 
central portion, the 3-point method represents a significant advance. Using this :i­
point method, hundreds of conductivity values can be calculated per temperatllre pro­
file. Computational schemes which utilize multiple data points or the output of the 
3-point program are being developed. Substantial improvement in the accuracy P.nd 
reproducibility of the computed thermal conductivity values have been obtained using 
these schemes. In addition, values for the Thomson coefficient are derived. 

Data on thermal conductivity, total hemispherical emittance, spectral emit­
tance (0. 65 microns), electrical resistivity, and Thomson coefficient for tantalum, 
ATJS graphite and tungsten to about 2700 Kare presented. Reproducibilities were 
generally about ±o. 7% for the electrical resistivity, ±1% for the t.otal hemispherical 
emittance, ±1% for the spectral emittance and ~o for the thermal conductivity 
(multiple dat.a point computations). 
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NOMENCLATURE 

Symbol Definition 

A Cross-s<--ctional area perpendicular to Z-axis 

n·1 Brightness temperature 

F I2p / A 2 - P( 110 (T4 - T~ / A 

I Electric current 

Is Electric current throogh short sample 

Im Electric current through infinitely long sample 

J Current density (1/ A) 

L Length along Z-axis 
p Circumference of sample 

T Temperature of the sample at any location Z 

TT True temperature 

Tc Temperature at center of sample 

To Ambient temperature 

1' Temperature at' center of infinitely long sample 
en / 

V Voltage drop 

w Watts 

i Length coordinate along longitudinal axis of sample 

Z (1) ,Z(2) Positions along sample 

EH Total hemispherical emittance 

Eo. 65 Spectral emittance at O. 65 microns 

~ Constant which is determined graphically I J' 

). Thermal corxiucU vi ty 

µ Thomson coefficient 

p Electrical resistivity 

a Stefan- Boltzmann constant 

vii 



I. INTRODUCTION 

There are only a few practical and reliable methods for measuring thermal 

corductivity at high temperatures. One of these methods, perhaps the simplest 

experimentally, is termed the direct electrical heating method. It involves heating 

long thin wires, rods or tubes by passing regulated current (I) through the specimens 

and measuring pot.ential gradients and temperatures. 

A general equation describing st.eady state energy transport through the sam­

plfl under vacuum whlle being heated electrically is: 

Eq. (1) 

where ~ is the thermal corxbctivity, p is the electrical resistivity, E II is the total 

hemispherical emittance, µ is the Thomson coefficient, A is the cross-sectional 

area, P is the circumference, a is the Stefan-Boltzmann ~onstant, T is the sample 

temperature, and T0 is the ambient t.empcrature. Because Eq. (1) is a second-order 

non-linear differential equation which has no closed solution, various researchers 

have neglected certain t.erms or made restrictive mathematical approximations in 

order to obtain corductivity values from their experimental data. This has led to a 

multitude of techniques and variants of this general classification starting with the 

Kohlrausch technique, which was used before 1900. 

Analyses of the data obtained by various researchers using these variants 

have revealed that the potential of the general method has not been fully realized, 

nor have the results obtained using the various techniques yielded consistent, re­

liable data. A previous report(l)from this laboratory ouUines the more widely used 

techniques which fall urder this general classification and derives the associated 

mathematical relations. A second report<2) describes the experimental arrangement 

to evaluate the techniques and gives preliminary results using stainkss steel as the 

test material. That report also discusses data handling procedures which eliminate 

the need for the commonly used mathematical approximations and discusses some 

of the errors and limitations involved in the use of these approximations. The 

present report discusses recent modifications to the experimental apparatus and 

the advances in the data handling procedures. These procedures incorporate tem­

perature-dependent properties and also yield values for the Thomson coefficient. 

The errors associated with specific techniques can be determined by comparing 

l 
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thermal conductivity values computed using the appropriate mathematical approxi­

mations to those obtained from the numerical solution or the ~encral l~untion, em­

ploying the samu sut of experimental data. Tho development of practical ffil)thods 

to obtain tho numerical solution of the general equaUon has uliminalod Lhe nl'ml for 

using the variants 1md has, in cffoct, rendered the previous techniques ob1mletc. 

IL EXPERIMENTAL APPARATUS AND PROCEDURES 

A. Experimental Apparatus 

The experimental apparatus has hem described in previous reports(!, 2) and 

only a brief general description will be presented here. However, recent modifica­

tions will be discussed in some detail. These modifications were made primarily to 

raise the upper limit of the temperature capabilities of the apparatus, protect the 

sample from contamination, increase the acc,iracy and simplify the resistivity deter­

mination. 

The sample, in the form of a wire or thin rod or tube, is supported vertically 

between two electrodes. The upper electrode is movable in that it can bu posUioncd 

at any height, but after positioning it ls rigidly clamped. The lower electrode is mov­

able and permits relatively free sample expansion and contraction. The electrodes 

are designed so that the specimen can extend through them. Thus, the electrode sep­

aration distance is adjustable and any portion of a long (up to 14") sample may be 

positioned between the electrode clamps. 

The sample holder ( Figure 1) is contained within a large vacuum bell jar 

( Figure 2) which is raised and lowered by a power-driven hoi1t. Vacuum in the 

low 10-7 torr range is routinely achieved within a few hours and vacuum in the mid 

10~ torr range can be attained with longer pump-out times. The water-cooled bell 

jar features two vertical optical windows (visible in Figure 2) and an internal win­

dow shutter to protect one of the windows during the time intervals betweeu pyro-

meter measurements. The bell Jar rests on a feed-through collar which contains rotary 

fced-throughs, instrumentation leads, electrical connuctions and water lines. lnstru­

muntation read-out is accomplished using a central, guarded six-dial potuntiometric 

facility (not visible in Figure 2). Power to the sample and heaters is supplied by 

regulated DC power supplies. A 500 ampere, 50 volt supply*, transformer, cali­

brated shunt, reversing switches and remote control circuitry bas been installed 

for sample operation at temperatures above 1800 K while the power 1upplie1 de■cribed 

•Sorensen Model CRD40-500A 
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Figure 1

Close-Up of Sample Holder, Heater and Radiation Shields

3
Note: Reverse page 4 is blank. I

Figure l 

Close-Up of Sample Holder, Heater and Radidtion Shields 

3 

Note: Reverse page 4 is blank. 
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in prt:vious reports (l, 2)are used for lower s~;uple temperatures, the heaters for 

the gettering system, and for electrical resistivity measurements when the sample 

is heated by a surrounding tube heater (Figure 1). 

Modifications to the apparatus were made in an attempt to eliminate the con­

tamination of metal samples which had been noted previously. Backstreaming of oil 

from the diffusion pump past the water baffle and liquid nitrogen cold trap was one 

possible source of contamination. Consequently, a new diffusion pump oil (Vac:oil). 

which reportedly reduced backstreaming by a factor of ten, was used in place of 

Dow 704. As a further means of reducing backstrcaming, an additional cold trap 

was designed, fabricated and installed just below tho gate valve. This trap rests on 

the present liquid nitrogen trap and is cooled by conduction to this trctp. The nuw 

trap, which consists of three six-inch copper disks with appropriate holes and spacers. 

reaches 100 K within one ho1•r after the liquid nitrogen trap is filled. A gettcring 

system, consisting of one mil tantalum sheet heated to a dull red, was installed near 

the base plate. 

A seconl possible source of contamination wa1:1 associated with the black 

coating use<l Qn the bell jar interior to reduce reflection. In the past, spots have 

been noted on this coating, indicating that seepage may be occurring through this 

coating; consequenUy, the coating was removed. 

Since making these changes, no surface films have been observed on metal 

samplos heated above 1500 K. However, emissivity changes are still noted on 

initial heating of metallic samples. Recrystallization appears to be a major cause, 

heooe all metallic samples arc pre-heated to induce recrystallization prior to thermal 

cooouctivity measurements. 

An alternate optical path for monitoring sample temperatures has been pro­

vided when the quartz viewing window is shielded internally by the shutter. The 

quartz window now tends to remain much cleaner and no change in the optical trans -

mission was noted when a tungsten sample was held at 2770 K for one hour. A moni­

toring device to determine window cleanliness during operation has been built and 

tested. This device employs a reflected beam from the front surface and therefore 

no parts are needed inside the vacuum enclosure. 

Three automatic optical pyrometers are available for meast1ring brightness 

temperatures. These pyrometers are the Leeds and Northrup Model 8H4l (shown in 

Figure 4 of reference 2), Leeds and Northrup Model 8640 (J,'igure 4) ard the Pyrometer 

Instrument Co. Photomatic Model A-3 (Figure 2). During temperature profile meas-

7 
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uremcnts, the pyrometer rests on a separate stand (Figure 2) equippL><l with rack and 

pinion for raising ancl low~ring the pyrometer and with a turntalllc to racilitntc focu s­

ing the pyrometc•r onto the sample surface. A blackbody lamp(:J), purported to hu 

reproducible to ± O. 1 C, is mounted on a movable platform ( 1''ib'Urc 2) and h:tH ht•cn 

used to check the Photomatic J>yromt•ter. Because or target siic rci;trictions, ~lw 

blackbody tamp cannot be usL'tl to check either Leeds and Northrup instrument. 

However, the calibration of all three pyrometers can be chuckt,'<l using a copper point 

blackbocJ/
4

> ( shown in 1"ibrurc 4). 

One important modification to the experiment:-l appararus is the inclusion of 

a sample heater for resistivity measurements. This iti includt:d in Figure 1. The 

2 mil tantalum tube heater and its associated shields which surrouml the sample 

are supported by water-cooled stainless steel columns. A movable clamp (Figure l) 

is attached to the lower electrode of the heater so that the heater may be raised and 

lowered ancl/ c,r rotated during operation. This feature permits the small hole in the 

heater to remain in alignment with a hole in a "clamp-on" blackbody used to measure 

sample temperatures. 

The brightness of the surface of a 0. 125" diameter sample enclosed by a tube 

heater and radiation shiclc.Js and vicw1..'<1 through small holes in the heater and shields 

will l,e enhanced by reflection from the heater. Thus, a hole in the sample (very un­

desirahlc for the present application) or a clamp-on blackbody is requiroo in ortler 

to measure the temperature accurately by optical pyrometry. A clamp-on blackbody 

and clamp-on voltage probes are shown to the right in Figure :J. Thit; clamp-on 

blackbody is m:ide of graphite and is held in place by a graphite set screw. It con­

tains a 0, 050" diameter hole 0.170" deep. It is interesting to note that, due to re­

flection from the heater, the effective spectral emittance of the blackbody hole may be 

greater or equal to 1. O depending upon the length-to-diameter ratio of the hole and the 

material used. For example, using a tantalum clamp-on blackbody o. 320" OD with a 

O. 050" diameter by O. 090" deep hole, the effective spectral emittance was l 04. Using 

the graphite clamp-on blackbody shown in Fi~re 3, the effective spectral emittance 

was 1. 00. This value of spectral emittance was also obtained using a tantalum ring 

containing a graphite insert containing a hole comparable to the geometry of the ho:(e 

shown in Fi~"\tre a. 

Clamp-on voltage probes (Figure :J) consisting of three point<,><] tru1talum set 

screws mounted in a tantalum ring and with tantalum wire for voltage leads arc usL-<l 

for resistivity measurements when spot-welding •;Qltage probes to the sample sur-

face is not practical. Movable spring-loaded voltage probes are used during emittance 

8 
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FIGURE 3 SAMPLE WITH CLAMP-ON BLACK BODY AND CLAMP-ON VOLTAGE PROBES
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FIGURE 3 SAMPLE WITH CI.AMP-ON BLACK BODY AND CLAMP-ON VOLTAGE PROBES 
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determinations when spot-welded probes arc not feasible. 1'1, .! r~1~dianism em­

ployed to position the sample heater (Figure 1) is used with the spring-loaded 

probes. 

B. Experimental Procedures 

The experimental prot:ledures for a determination of the thermophysical 

properties currently being measured are as follows: 

(1) The cross-sectional area and density of the sample are determined. 

(2) If voltage probe wires can be spot-welded to the sample, this is 

done and the distance between the voltage probes is accurately 

determined. 

(3) The sample is mounted in the apparatus between the electrodes. lf 

the sample is not long enough to insure that a central region will bu 

at a uniform temperature during direct heating, extensions arc con­

nected onto the sample ends using couplings and set screws. 

(4) The sample is pre-tested by heating under high vacuum to a tempera­

ture higher than that for which measurements are desired. 

(5) The stability of the total hemispherical emittance is established by 

monitoring brightness temperatures and electrical resistivity during 

both steady state and temperature cycling. 

(6) After a stable surface has been achieved, the electrical resistivity is 

measured as a function of brightness temperature. 11Hemispherical emit­

tances11(using brightness temperatures instead of true temperatures) a re 

also calculated and checked for reproducibility. 

(7) 'fhe sampie length is effectively shortened by moving the electrode clamps 

closer together. Temperature profiles at several different maximum 

temperatures are measured. It is often necessary to use several differ­

ent effective sample lengths in order to obtain optimum temperature 

profiles. 

(8) The electrode clamps are returned to their original position for 11, long 

sample and resistivity and "hemispherical emittances" arc redetermined 

as a function of brightness temperature. If the results do not ai;rcc with 

the previous results, steps 7 and 8 must be repeated until mcnsurements 

made before and after temperature profile determinations aru in agreement. 
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(9) Window corrections using tho setup in Figure 4 arc determined . 

(10) Ek-c:trical resistivity as a function of true temperature iJ determined 

using a sample heater and radiation shields (Figure l). 

(11) Using these data , brightness temperatures (BT) are converted to true 

temperature (TT). ThenEus (spectral emittance at O. 65 microns) and 

EH ( total hemispherical emittance) as functions of TT are computed. 

(12) Polynomial fits for resistivity, total hemispherical emittance and 

spectral emittance at O. 65 microns as functions of true temperature 

are determined. Temperature profiles Z (BT) are converted to Z (TT). 

(13) Values for thermal conductivity and Thomson coefficients are computed 

using the procedures discussed in the following section. 

C. Data Handling Procedures 

Equation (1) involves four thermophysical properties (}t,p,E8 andµ) in addition 

to first and second temperature derivatives. Let us assume that we know p(T) and 

E8 (T) and that the term containing µ is negligible compared to the other terms in 

Eq. (1). Then three conditions are required in order to obtain a value for X because 

the conductivity is unknown and a second order differential equation is involved. Pro­

cedures for obtaining numerical solutions for X start at some point on the curve or 

use some other information at this point (initial conditions) and a~,mpt to go through 

some other point on the curve or fulfill some condition at that point (boundary con­

ditions). Two initial conditions could be the maximum temperature and dT/dZ :.= 0 

al the maximum temperature. A boundary condition would be the temperature at any 

other point Z. The numerical solution of Eq. (1) using these two initial conditions 

and a boundary condition is designated here as the 2-point method. The development 

of the procedure to obtain conductivity values using the 2-point method was described 

in a previous report(2). 

Almost all direct electrical heating methods developed heretofore use the central 

portion of the sample. These methods suffer from the disadvantage that most of 

the heat generated near the center of the sample is lost by radiation from the surface 

and only a small fraction is conducted towards the ends. The conduct.i.;'ity is deter­

mined from the difference between the rate of energy generated by Joulean heating 

and rate of energy lost by radiation. Thus, th£. errors in computing the conductivity 

are often greater than the errors associated with losses. For example, at a distance of 

O. 58 cm from the center of a 7" tantalum sample used in the present investigation, 

14 
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the rate of heat generation was 95. 784 W cm-3 and the rate of energy lost by radia­

tion (assuming a total hemispherical emittance of o: 184) was 90. 060 Wcm-:i . Thus , 

the rate conducted was only about 5% of the energy gene rated at this location. If the 

emittance value was in error by 1%, this would lead to an error in the conduction 

term of 16%. At a distance of 1. 94 cm from the center, IO% of the energy is con­

ducted. At this location, a 1% error in emittance leads to a 9% error in the conduc­

tion term. 

This example demonstrates the advantage of using data away from the sample 

center. Methods developed in the past by other investigators could no.; utilize this 

advantage because they could not solve the second order non-linear differential equation 

without making mathematical assumptions which are valid only near the center of the 

sample. However, the development of the analytical techniques detailed in a previous 

report(2) makes it possible to include some temperature data away from the sample 

center and significanUy increases the accuracy and applicability of direct electrical 

heating methods. 

A method which utilizes only data measured away from the sample center 

would not be subjected t.o large errors due to uncertainties in emittance values. 

Since it is possible to obtain conductivity values using Eq. (1) and three conditions, 

a computer program (the 3-point method) which utilizes one initial and two boundary 

comitions, i.e. the temperature at any three different positions, was developed. 

The 3-point method has the advantage that it is not necessary to locate the position 

of maximum temperature preciselJ , nor does , :· require the precise measurement of 

the center temperature which is required for the 2-point method. Thus, it is now 

possible to compute conductivity values using only data away from the center, only 

data near the center, or data from both the central and non-central regions. 

The 2- and :J-point methods can be used to obtain a large number of conduc­

tivity values from a small set of data. For example, 57fi separate conductivity 

vt.1lues can be comput<..'Cl from a temperature profile consisting of rn data points. 

This is in marked contrast to the other methods which yield only one conductivity 

value and require very restrictive mathematical approximations. Consider the 

140 amp, current "up" temperature profile shown in Figure 5 for a 5" long 

tantalum sample. Thermal cooductivity values can be computed using the tempera­

ture measured at 11.5, 12.0 and 12.5 cm; at 12.0, 12.5 and 13.0 cm; at 12.0, 

13.0 and 14.0 cm; at 12.5, 14.5 and 19.0 cm; etc. Thus, over 600 separate values 

can be computed from this profile. However, the 3-point method may not yield 

satisfactory conductivity values when the temperature at three adjacent positions arc 
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usc,'Cl. This is due to the large uncertainty in the temperature profile through three 

adjacent points when the errors concerning the value at each point arc considered, 

whereas the uncertainty in the temperature profile is much Jess when tho points aro 

sufficicnUy separated. 

The data in Figure 5 also clearly indicate the change in tho temperature pro­

file caused by reversing the current flow. It is seen that the temperatures on the left 

side of the sample are appreciably lower and the temperatures on the right side are 

appreciably higher when the current flow is in the reversed (down) direction. This is 

caused by the Thomson Effect and is particularly noticeable for tantalum. Since the 

temperature gradient is positive on the left side of the sample and negative on the 

right side, the last term in Eq. (1) wiU have opposite signs on the two sides of the 

sample. Also, the quantity I/A comes from the vector J and has a positive and 

negative dircction<5>. Thus, reversing the current flow changes the sign of the last 

term in Eq. (1) and causes large temperature changes at positions away from the 

center when the direction of current flow is reversed (140 amp, current down). For 

example, at 12.0 cm the temperature decreased from 1486.6 K to 1424.4 K upon 

current reversal. This indicates that tantalum has a significant Thomson coefficient. 

Both the 2-point and 3-point methods can be readily used with Eq. (1) including the 

Thomson term providing the value of the Thomson coefficient is lmown. 

A typical computer output is shown in Figure 6. The first line 1..~escribes 

the sample, general experimental conditions and date experiment was performec:t. 

The second and third lines give the coefficients for a polynominal fit to electrical 

re ::istivity (RHO) and total hemispherical emittance (E). A is the cross-sectional 

area, TA is the ambient temperature, I is the current, and PER is the circumference. 

The temperatures TZl, TZ2, TZ3 at three positions Zl, Z2 and Z3 arc the inputs. 

MU is the Thomson coefficient. The computed value of thermal conductivity is printed 

next and the effective temperature of the measurement is printed last. Printed between 

the conductivity value arrl effective temperature are computed temperatures at various 

positions, first temperature derivative with respect to position (T/Z) and the relative 

magnitude of the terms concerned with heat conduction, generation, radiation arrl 

Thomson heating and cooling. 

It should be noted that this computer procedure involves starting with an initial 

condition. In Figure 6, this condition is 1932. 2 K at 14. 00 cm. Using Eq. (1), initial 

guesses for X and dT/dZ, and the shooting technique discussed in a previous report(2) 

a temperature at Z(2) is obtained. The value of Uie computed temperature al Z(2) ls 

compared to the measured temperature at Z (2). Based upon the difference between 
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computed and measured temperatures, new values of dT/dZ are tried. The pro­

cedure is repeated until the computed temperature at Z (2) closely matches the meas­

ured temperature. Then t'-,e procedure is continued over the range from Z(l) to Z (3) 

adjusting the value of A until the computed temperatures at both Z (2) and Z (3) closely 

approach the observed values. In the case illustrated in Figure 6, the computed 

values at Z(2) and Z(3) are 1802.51 and 1486.6 K while the measured temperatures 

are 1802.5 and 1486.fi K respectively. 

In addition to closely matching the temperatures at two other locations, the 

computer output has listed a great deal of interesting ancl useful information. The 

temperatures at other locations are computed and these may be compared to meaH­

urcd temperatures which were not used in this particular computer calculation. For 

example, in Figure 6 the temperature at 13. 5 cm was computed to be 1882. HK while 

the measured temperature (Figure 5) was 1882.4 K. 

Other computer output information of particular interest arc the relative magni­

tudes of the Joulean, radiation, Thomson and conduction terms at various locations. 

From Figure 6, we see that the rate of heat conduction is 82% of the rate of heat gen­

eration at 12. O cm. This location is well away from the sample center (Figure 5). 

However, the rate of heat conduction is only 16% of the rate of heat generation at 14. 0 

cm which is near the sample center. We also note that ii the Thomson coefficient is 

30 µV K-1, the Thomson term is about 10% of the conduction term at all locations. 

Thus, a reasonable knowledge of the Thomson coefficient is required in order to 

obtain accurate conductivity values using the mathematical techniques discussed so 

far. Since none of the previous direct heating conductivity methods has included the 

Thomson term, the results using these methods must be in error for materials whose 

Thomson coefficient approaches that of tantalum (providing DC current was employed 

in the measurements). DC current is preferred over AC current experimentally be­

cause the regulation is much better and phase shift problems do not exist. It should be 

emphasized that the Thomson Effect is not eliminated in DC measurements by averaging 

the temperature profiles obtained with the current flow in both directions. Such a 

procedure will cause the comput,n conductivity value to be high (neglecting other errors). 

One should average the differential equations and not the temperature distributions, 

which arc relat.ed to the differential equations in a complicated fashion. 

Both the 2- aoo :1-point methods as present.eel so far have two drawbacks: 

(1) a value oi tho Thomson coefficient is required for accurate conductivity values 

and (2) each conductivity value depends on only two or three specific data points. 

Although these two methods can be used to obtain a largo number of conductivity 
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values from a small set of data, the two drawbacks cause these computed conductivity 

values to be scattered. Even when a reasonable value of the Thomson coefficient is 

used and computed values from adjacent data points are ignored, the scatter band may 

be ±10%. 

Several procedures for computing the Thomson coefficient from the data and 

for significantly reducing the scatter band have been worked out. One procedure in­

volves the as!'mr.ption that the values of dT/dZ obtained by the computer using the 

shooting method arc independent of the Thomson coefficient used in the calculation. 

The validity of this assumption has been tested. A typical example for a set of data 

in which the value of the Thomson coefficient (JJ.) was varied arc tabulat.ed in Table I. 

TABLE I 

EFFECT ON dT/dZ CAUSED BY USING DIFFERENT THOMSON COEFFICIENTS 

µ(]0-6V K-1, dT/dZ(K cm- 1) 

-100 -141.3 

0 

30 

-142.2 

-142. 6 

Thus, it is possible to utilize the various comput.er outputs which use different 

data points t.o construct a graph of dT/dZ versus Z. A plot of dT/dZ versus Z for the 

140 amp (switch up) profile on tantalum is shown in Figures 7 and 8. These figures 

show dT/dZ calculated from a numbcr .·of runs using different data points (different 

runs arc indicated by different plotting symbols). Data from the lower half of tho 

sampk are given in Figure 7 and data from the upper half are shown in Figure 8. Data 

from the central portion (Z = 15 to 17) is shown on both figures to provide an overlap. 

It can be seen that values of dT/dZ obtained from· different data points are in exce!lent 

agreement. Thus, the smooth line drawn through these data is derived from all the 

experimental data instead of being related to only two or three data points. Figure 9 

contains a plot (a )of the slopes of the curves given in Figures 7 and 8, i. e. it is d2T / dZ2• The 

values so plotted were obtained from Figures 7 and 8 using a straight edge. 

Once values of dT/dZ and d2T/dZ2 are lmown for a particular temperature, it 

is po~sible t.o calculate A and µ at that temperature. For example, from the curves 

of Figures 7 to 9, and from similar curves for 130 amps, the following values wure 

obtained for tantalum at 1844.9 K. 
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TABLE II 

VALUES OF dT/dZ AND d2T/dZ2 AT 1844.9 K 

Current dT/dZ(K cm-1) d2T/dZ 2(K cm-2) F ~cm-3) 

140 amps up -143 -119 82.7-10 

140 amps down -153 -148 82.740 

!JO amps up - 75 - 66 4 5. 300 

130 amps down - 80 - 77 45. 300 

F is the difference between the terms for generated and radiated power 

(i. c. I1p/ A2..fE u<7(T4 - ~)/A). From Eq. (1) we obtain 

Xd2T/dZ2 - µ(I/A) ( dT/dZ) = -F 

From the da.ta obtained with the current flow down and up, we obtain seve: ·al 

simultaneous equations such as: 

X(-148) - µ(140/, 07235) (-153) = -82. 740 

X (-119) -µ(-140/. 07235) (-143) = -82. 740 

Using the data in Table II, six values of X and &,& were determined. These 

arc listed in Table ID. 

TABLE III 

THERMAL CONDUCTIVITY AND THOMSON COEFFICIENTS CALCULATED 
FOR TANTALUM AT 1844, 9 K 

XCN cm-1 K-1) 1,&(l0~V K-1) Condition::< 

0.6220 31.46 1401 140t 

0.6225 31.20 1301 130T 

0.6220 31.44 1401 130T 

0.6225 31.24 140t 130 l 

0,6312 36.65 1401 130 l 

0.f,214 31. 75 140t l~O T 

'·'1401 refers to 140 amps flowing in the down direction. 
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The results of the last two sets of calculations listed in Table lII arc rolntively 

less reliablebccau~cwhcn the current flow for both equations is in the same direction, 

it is necessary to subtract two terms of almost equal magnitude in order to obtain the 

conductivity. The above procedure markedly reduces the scatter in X values and 

simultaneously yields a value for the Thomson coefficient. l•'urthermorc, these cal­

culations are based on results obtained for the same temperature, i.e., the temper­

ature assigned to the A and µ, values is uniquely defined without any averaging techni­

ques. This procedure has not been computerized, but there appears to be no problems 

in ·doing so, with the exception that the computer cost per run may become significant. 

The computer cost for obtaining each conductivity value by the 2- or 3-point method 

is less than 10 cents. 

A procedure for determining one value of conductivity and Thomson coefficient 

per profile is under development. This approach involves using a spline fit(G) to obtain 

reasonable agreement with the entire experimental temperature profile. The spline fit 

is cho.'len so that the second temperature derivative is continuous. The fit is then dif­

ferentiated twice and the best values of conductivity and Thomson coefficient are ob­

tained using a least squares routine. This approach is relatively rapid and involves 

no assumptioris. Values of the Thomson coefficient can be obtained using only one 

profile am the current need not be reversed, The optimum number of knots used in 

the spline fit can readily be determined and can be varied by one or two knots without 

significantly altering the results. In addition, the program permits both the thermal 

conductivity and Thomson coefficient to be either fixed or variable. For example, 

using a 140 amp profile on tantalum the values given in Table IV are obtained. 

TABLE IV 

THERMAL CONDUCTMTY AND THOMSON COEFFICIENTS FOR TANTALUM AT 1700 K 

Fixed Variable 5 Knots 6 Knots 

X ( W cm -tK -1) µxl06(V K-1) X(W cm- 1K-1) µ,xtot( V K-1) 

~;µ 0.6440 37.0 0.6431 !l8. 0 

X µ 0,6439 37.2 o. 6436 ;{8. 4 

µ, X 0.6393 40.1 0.6384 41. 8 

X;µ 0,6411 37.9 0.6406 ~9.2 
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Both procedures considerably reduce the scatt.er band on conductivity values 

and provide values for the Thomson coefficient. It is very significant that all conduc­

tivity values for tantalum obtalned by procedures utilizjng the entire profile have always 

been within 5% of the recommended curve(7), whereas some calculations of conductivity 

based on 2- or 3-polnt methods have been more than 20% from the recommended curve. 

Thus, the two procedures wtlined above considerably reduce the scatter band and in­

crease accuracy of the conductivity values. 

III. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Tantalum 

1. Sample Description 

The results of thermal conductivity measurements on stainless steel and 

molybdenum are detailed in a previws report(2). The results on stainless steel were 

quite satisfactory. However, the results on molybdenum were poor, mainly due to the 

use of samples consisting of thin-walled tubing (0.125" OD with a o. 092" ID bore) which 

permitted significant '1eat exchange by radiation along the bore. As part of the method 

evaluation, satisfactory results were desired on a material whose conductivity was 

appreciably higher than that of stainless steel. Consequently, suitable samples of 

metallurgical grade thick-walled tantalum tubing were obtained*. The tubes were 

0.125" OD with a o. 040" ID bore. The purity was abwt 99. 9 percent with small 

amounts of silicon, magnesium, c0A)er and calcium and traces of iron, nickel and 

zirconium present. The density was 16.6 gm cm-3• 

2. Electrical Resistivity 

The results of electrical resistivity determinations from 300 to 2550 K are 

shown in Figure l0A. The day-by-day reproducibility is illustrated in Figure l0B, 

which is a magnified portion of Figure lOA covering the temperature interval from 

1050 to 1650 K. From Figure !OB, it is seen that i.h.e ~catter in the resistivity values 

is usually lesa than ±0.2%. The good agreeme11t between the present results and other 

published results is shown in Figure 11 where data of Taylor and Finch (S), Tye (O), 

Gumenyuk, Ivanov and Lebetlev(lO), and Petre.·, Chekhovskoi and Sheindlin(ll) are 

plotted along with the smooth curve derived from Figure lOA. 

•:<uniform Tubes, Inc., Collegeville, PonnsylvanJa 
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3. Emittance 

Total hemispherical emittance values for tantalum arc shown in Figure 12A. 

Between 1000 end 1400 K, the initial emittance values increased from 0.186 to 0.195 . 

However, after prolonged heating above 2000 K, the emittance values near 1100 K 

were considerably less than the original values, but they tended to increase with time 

at constant temperature. It appears that in the temperature range 1000 to 1400 K al 

10-7 torr, a reversible reaction occurs in which gas is adsorbed or desorl-.cd . This 

gas adsorption increases the total hemispherical emittance by about 25%. Similar 

experiences have been reported in the literature<12>. Therefore, it was necessary 

to age the samples above 2000 K before taking data and to minimize exposing the 

critical section of the sample to temperatures in the 1000 to 1400 K range. When 

these precautions were taken, data were reproducible within 1 % (Figure 12B). The 

present total hemispherical emittance results are compared to literature values in 

Figure 13 in which data of Butler et al. (I3), Malter and Langmuir(l4), Schwartz(lS), 

Abbott(lG) and Peletskii andVoskresenskii(I7) are plotted. The reasonably good agree­

ment r1mong the various researchers is noted. 

Spectral emittance values (at O. 65 microns) for tantalum are plotted in Figure 14 . 

These data were obtained using an internal platinum/platinum-IO% rhodium thermocouple 

to obtain true temperature. Averaged spectral emittance data<12
> of Abbott(Hi) and 

Serebryakova, Paderno and Samsonov(lB) are also shown in Figure 14. The present data 

agree with the published results within 2% above 1400 K where surface films have been 

removed. 

4. Thermal Conductivity 

Thermal conductivity values were computed from sixteen temperature profiles. 

Two of these profiles are shown in Figure 5. Experimental conditions used for all pro­

files are listed in Table V. As discussed in the text, hundreds of conductivity values 

can be obtained per profile. Therefore, it is not practical to show (or even to calculate) 

all the conductivity values. 

Some of the computed conductivity values obtained from several of the profiles 

using the 3-point method are shown in Figure 15. Two criteria were used in selecting 

these conductivity values: (1) the conduction term was greater than 10% of the ,Joulcan 

heating term over at least two thirds of the portion of the profile used in the calculalion 

atad (2) non-adjacent data points were used as input. The values shown in Figure 15 

arc, typical of the values computed when applying these two criteria. We note that the 

computed values cover a band of about ±1!}%. 
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TABLE V 

LIST OF TEMPERATURE PROFILES FOR TANTALUM 

Current Direction Effective Length Current Direction Effective Length 
of Current of Sample of Current of Sample (Amps) 

:now (inches) 
(Amps) 

Flow (inches) 

80 upanddown 7 130 upanddown fi 

90 " 7 140 II 5 

110 " 7 230 II 2.5 

110 II 5 270 II 2.5 

In addition to the 2- and 3-point methods, we may use techniques which em-

ploy more than two or three data points in calculating a thermal conductivity value. 

Some possible schemes are shown in Figure Hi. We may smooth the data (all smooth­

ing operations were performed using spline fits) (G)_ We may then differentiate the fits 

twice to obtain values for dT /dZ and d2T /dZ 2 for different locations. In general the 

d21'/dZ2 valu:~s so obtained may not be very close to the values obtained at each location by 

other techniques<6>. However, by using a least squares routine, it is possible to com­

pute a conductivity value which is relatively independent of the point-by-point scatter in 

d2T/dZ2 values. Alternately, after smoothing the temperature profiles and differentiat­

ing once to obtain dT /dZ, these resulting values are also smoothed and differentiated to 

obtain d2T/dZ 2• This alternate procedure yields improved values of d2T/dZ2• 

A third scheme (mentioned previously) involves using the dT /dZ values obtained 

from the 3-point method (Figures 7 and 8). It should be emphasized that these values 

were obtained using Eq. (1) instead of fitting temperature profiles directly. The values 

for dT/dZ ca.n be smoothed and differentiated once to obtain d2T/dZ 2• This procedure 

has yielded excellent results (fable IV), but has not been automated as yet. Conse­

quently, it involves a great deal of effort. 

Conductivity values obtained using these three schemes are included in Figure 15. 

Note that using any of the schemes indicated in Figure 16 reduces the scatter consider­

ably. The recommemed curve (7) for the thermal conductivity of tantalum is also shown 

in Figure 15. The results of techniques which employ more than two or three data pointt1 

per calculated conductivity value are usually within 5% of the recommended curve. It 

should be noted this is within the uncertainty associated with the recommended curve. 

Data of Worthing(l9), Rasor and McClelland(20), Allen, Glasier and Jordon<21), Gumunyuk, 

lv1nuv and Lebcdcv(lO), Jun and Hoch <23>, and Peletskii and Voskrcsenskii (I 7) are shown 

in Figure 17 along with the recommended curve(7). The range of present values obtained 

using the multi-point techniques arc indicated hy the dashed lines. The present values 
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were obtained. using two assumptions :(1) the conductivity is independent of tempera­

ture (this probably causes the results to be 1% low) and (2) energy transport by radia­

tion down the center bore is negligible. The error caused by the latter assumption 

has not been quantitatively determined, but it increases with increasing temperature 

and temperature gradient. Subsequent research, including the tungsten and ATJS 

graphite results reported herein, used solid rods and arc not subjected to this error. 

Changes in the computed thermal conductivity values for tantalum caused by 

changing the input parameters are given in Table VI. The changes recorded in Table VI 

are based on changing only one parameter at a time. This might occur, for example, 

if p were measured on one sample and the temperature profile obtained on another 

sample. In practice, all data were obtained on the same sample and, due to the prin­

ciple of superposition, the errors are considerably less than those indicated in 

Table VI. For example, making a 5 K error in all temperature measurements re­

duces the error from 4 to about 0. 5%. This result emphasizes the need for taking all 

measurements on the same sample. A complete error analysis has not been cc,m­

pletcd as yet, rut it would appear that accuracies of about 3% in X values at high tem­

peratures are achievable using direct heating methods on solid rods. 

One of the original objectives of this project was the evaluation of the various 

published direct heating methods. Because of the advances in data handling which 

have resulted from this program, it is no longer necessary to make the restrictive 

mathematical approximations inherent in the published techniques. This in effect, 

renders these methods obsolete. Nevertheless, it was instructive to examine thEi 

results which were obtained using these methods and the current data. The data from 

four profiles (140 amp up and down, 90 amp up and down, Table V) were used in this 

study. 

TABLE VI 

EFFECT ON COMPUTED THERMAL CONDUCTMTY VALUES FOR 
TANTALUM CAUSED BY CHANGING INPUT PARAMETERS 

Parameter Change in Parameter Resulting Change in X 

p 0.2% 1.0% 

Ey 1.0% 4.7% 

I 0.2% 2.0% 

A 0.4% 3.8% 

T SK 4% 

50 
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The equation used to comput.c thermal conductivity for the Krishnan and 

Jain method in the parabolic region(!) is 

Eq. (2) 

where Tc is the center temperature of the profile and Ta> is the temperature which 

an infinitely long sample would attain if heated with the same current . The quantity 

(PErf / A)Tcis readily evaluated from the experimental data <Ei.ivs T, F'igures 12A and 

12B). In order to evaluate the quantity Z2/(Tc - T), it is necessary to locate the po­

sition of maximum temperature where Z is defined equal to zero in Eq. (2). This is 

relatively difficult to do even for fairly peaked profiles such as the 140 amp profiles 

(Figure 5) and is virtually impossible for flattened profiles (90 amp profiles, Figure 18). 

Since flattened profiles arc not parabolic, Eq. (2) is not valid. This case hi discussed 

separately later. 

The best procedure for deciding the location of Z = O is to plot dT/di versus 

position and determine the point where dT/dZ = O (Figures 7 and 8) and redefine this 

value of Z as zero. However, these values of dT/dZ were obtained from the 3-point 

method and presumably would not be available for someone using the Krishnan and 

Jain or Lebedev methods. If they were available, there would be no need to use the 

Krishnan and Jain or Lebedev techniques. It is possible to plot Z vs (1'
0 

- T) for both 

positive and negative value s of Z, yielding two values of Z2/(l'c -T) for each profile. 

The quantity To:, is obtained from the long sample data. 

The results for the 140 amp profiles (1'
0 

= 1984. 8 K) are given in Table VII. 

TABLE VII 

CONDUCTIVITY VALUES FOR TANTALUM CALCULATED USING THE 
KRISHNAN AND JAIN AND THE LEBEDEV METHODS (140 amp profile, Tc = 1984. 8 K) 

Profile 

140 Amp Up 

Z positive 

Z negative 

140 Amp Down 

Z positive 

Z negative 

Krishnan and Jain 

0.65"/ 

0.688 

0.694 

0. 780 

55 

Lebedev 

o. 663 

0.694 

0.709 

0.790 

•• 
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With one exception, these values are within 10% of the recommended value (0. G4 W 

cm- 1 K - if>. Considering the fact that the Thomson effect has been neglected, these 

results are good. 

Equation (2) is not valid for flattened profiles such as the ones shown in Figure 18. 

For these cases, the equation 

Eq. f.l) 

is used where ~ is a constant which is determined graphical1y<1>. Using this equation 

and data obtained from the 90 amp up profile, values of 0. 559 and 0.42fi W cm- 1K- 1 were 

obtained at 1620 K. The recommcooed value is O. (i26 W cm-1K-1• Equation (3) uses data away 

from the center. Since the Thomson term forces the profile to be non-symmetrical, 

different values of). must be calculated from the two sides of the profile. 

The equation used to calculate thermal conductivity for the Lebedev method is (l) 

2 2 
>. = p 1!i..::....kl Z 2 wn- Eq. (4) 

where Is is the current through the short sample and Im is the current required to attain 

the same temperature in a long sample. Using Eq. (4) and the data from the 140 amp 

profile, the values given in Table VII were obtained. Because of the Z2/ ~T relation, 

Eq. (4) is not valid for flattened profiles such as the ones shown in Figure 18, except 

possibly in the central region. Even there the results are not reliable because Is is 

nearly equal to Im• For example, for the 90 amp profile, Is = 90. 09 amps and J (7) = 

89.00±.05 amps. Thus the uncertainty in(I~ - I!)is large. Computed conductivity values 

using the Lebedev method and the 90 amp profile ranged from 0. 3 to 0. 6 W cm-tK-1 

compared to values of 0. 59 to 0 .61 W cm-1K-1 using the multiple point programs. Included in 

Figure 17 are conductivity values for tantalum obtained by Gumenyuk, Ivanov and 

Lebedev(lO). It is interesting to note that the results of these researches are much 

lower than the present results using the Lebedev method (or the other methods) even 

though the electrical resistivity values for the two sets of samples were in close agree­

ment (Figure 11). 

Another method for computing the conductivity is Worthing's method(!). 

Worthing's method involves graphical integration of the Joulean and radiation terms 

and subtraction of these terms to determine the conduction term. Rudkin, Parke,·, 

Westover and ,Jenkins' method(!) is similar to Worthing's method since it also involves 
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graphical integration. However, Worthing's integration is over a geometrical 

interval instead of a temperatllre interval. Worthing's results for tantalum are 

shown in Figure 17. The wicertainties in both the Worthing and Rudkin et al. 

methods appear to be relatively large (primarily because of a (dT /dZ)-2 or cor­

responding term), and both methods arc inconvenient due to the graphical integrations. 

Consequently, results using the present data were not calculated for these methcxls. 

Bodc's method was not investigated because it is applicable only to small diameter 

samples of materials with an appreciable temperature coefficient of resistivity. 

B. ATJS Graphite 

Samples of Grade ATJS Graphite were obtained from the Air Force Materials 

Laboratory of Wright-Patterson Air Force Base. Grade ATJS Graphite is an im · 

proved version of ATJ graphite produced by Union Carbide Corporation. Like ATJ 

graphite, it is molded graphite having a maximum particle size of O. 006", but differs 

in that it is impregnated after the carbonization cycle, with the material being car­

bonized again and then graphitized. Thus, Grade ATJS Graphite has a higher density 

(nominally 1. 8 gm cm-3) than ATJ (about 1. 7 gm cm-3) and is more uniform. The 

densities of the samples tested were 1. 806 to 1. 809 gm cm-3 when measured by water 

immersion, and I. 902 to 1. !HO gm cm-3 when measured by alcohol immersion. Only 

samples machined perpendicular (.L) to the molding direction were received and in ­

vestigated. The spectral emittance at 0. 65 microns was determined by measuring 

the brightness tcmperatllre of the surface of electrically-heated thin-walled tubes and 

the temperature of the cavity. Two sizes of tubes were used; 5/8" OD by 1/2"10 and 

3/8" OD by 1/4"1D. Calculations indicated that the temperature drop across the walls 

of these cylinders should be less than 2 degrees below 2500 K. The spectral emittance 

results for the two samples are shown in Figure 19. These results are believed to be 

accurate within 1%, and the two curves are separated by an amount equal to their com­

bined uncertainty. It should be noted that changing the spectral emittance by 1% at 1600 K 

corresponds to changing the "true temperature" of the graphite surface by 1. 4 K. Be­

cause the values of E) for graphite were not measured on the identical samples used 

for the resistivity, total hemispherical emittance and thermal corductivity measure­

ments, the wiccrtainty as to which EA values to use causes uncertainties in the value of 

these properties. Consequently, D, E11 and A values were calculated ui:,ing both ~ A 

curves shown in Fibrurc 1 !J. The resulting r II values differed hy almost 1% hut both p 

nnd A values were changed Ly loss than o. 2%. Thus, the uncertainty in r A of graphite 

<lid nol 1:1criously affect the thermal conductivity results. 

f>9 I 
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Electrical resistivity and total hemispherical emittance were measured si­

multaneously on two 1/8" diameter rods used for the conductivity determinations. 

The electrical resistivity results (i.) arc shown in Figure 20. The electrical re­

sistivity (in ohm cm) from 1200 to 2400 K of the first sample can be expressed as: 

The resistivity (in ohm cm) of the second sample from 1300 to 2600 K is about 1% 

less and is given by 

Additional resistivity measurements were obtained on a 1/4" diameter rod. 

These results were very close to the lower curve shown in Figure 20. These meas­

urements further demonstrated that the electrical resistivity exhibits a minimum be­

low 1100 Kand that the values then increase to about 860 x 10-G ohm cm near room 

temperature. 

The total hemispherical emittance results for the two samples are given in 

Figure 21. The data for the first sample were obtained during seven separate runs 

(including runs both before and after temperature profile measurements) and above 

1200 K can be expressed as 

EH = 0. 7533 + 8. 278 x 10--sT 

As shown in Figure 21, the values for the total hemispherical emittance of the second 

sample were within 1% of those measured for the first sample. 

Thermal conductivity values for the two graphite samples are given in Figure 22. 

Conductivity datr. on the first sample were obtained from 10 different profiles. About 

500 conductivity values were calculated from these profiles using the 3-point method. 

Since this is too many values to plot convenienUy, only results of the "multiple-point" 

methods (Figure 16) a.-e given on Figure 22. Although fewer profiles were obtained on 

the secorxl sample, the r~sult.s definitely tended to be lc,Ncr than those obtai11ed for the 

first sample (Figure 22). Smoothed conductivity values for the two samples are given 

in Table 7. 

The recommended curve(7) for Grade ATJ Graphite is included on Figure 22. 

From this figure, it is deduced that the conductivity of Grade ATJS Graphite is about 

60 
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20% greater than that of ATJ Graphite. This observation indicates that the difference 

in corductivity values between the two grad.cs of graphite is much greater than the 

difference in densities (about 5%). 

Conductivity values were also calculated from several of the profiles using the 

Krishnan ard Jain and the Lcbcdev techniques. These results were disappointing in 

that they were usually more than 10% above the values given in Figure 22 or Table VIII. 

TABLE VIII 

THERMAL CONDUCTIVITY AND LORENZ FUNCTION OF GRADE ATJS GHAPHITE(.L) 

Temp. (K) 

1500 

1600 

1700 

1800 

1900 

2000 

2100 

2200 

2300 

2400 

Thermal Conductivity Cv-.J cm-tK-1) 

Sample 1 Sample 2 

0.610 

0.578 0.561 

0.554 0.535 

0.541 0.515 

0.524 0.504 

0.515 0.495 

0.509 0.490 

0.503 0.484 

0.497 0.479 

0.492 0. 47 !i 

Lorenz Function 
(10-11 W ohms K-2) 

8ample 1 

29.9 

27.2 

25.0 

23.5 

22.0 

21.0 

20.1 

19. 4 

18. (i 

18.0 

Also included in Table VIII are values of the Lorenz function calculated using 

the resistivity and the conductivity values for sample number 1. The values of the 

Lorenz function arc much greater than the theoretical value for metals of 2. 443 x 10-8 

W ohm K- 2 and arc also greater than some other values published for graphite <
24

). 

These results demonstrate that the lattice component of the conduction mechanism is 

still important in graphite at high temperatures and/ or that the electronic component 

is considerably different from that observed in metals. 

C. Tungsten 

Several samples of tungsten (originally manufactured by Climax Molybdenum 

Corporation) were purchased from A. D. Little, Inc. These samplefl are from the 

same batch used in the Air Force sponsored high temperature thermal conductivity 

standards program. <25) The densities of the two sampli:?s used in the property deter-
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mi nations were found to be 19. 23 gm cm -3 by the water immersion tedmique. The 

material was arc cast, extruded, stress relieved and recrystallized at 1925 K prior 

to delivery. The nominal composition was reported(25> to be 99. 87% W minimum, 

0.1% Mo maximum and to include various gaseous and metallic impurities in the 

ppm range. 

Prior to measurements, Sample 1 and Sample 2 were aged in vacuum at 2750 

and 2980 K respectively for several hours. This aging caused significant grain growth 

and embrittlement. During the final resistivity measurements following the tempera­

ture profile measurements, the first sample was jarred and separated along grain 

boundaries into three pieces. Similarly, the second sample parted along grain bound­

aries into two samples during a spot-welding operation in conjunction with the final 

rcsist!vity measurements. 

During a test, the second sample was subjected to a temperature of 3087 K, 

which was higher than its aging temperature of 2980 K. A noticeable vaporization 

occurred. fogging the quartz viewing window. As a result of this heating, the sample 

geometry changed slightly and the total hemispherical emittance changed several 

percent. A new emittance curve was generated and additional profiles were measured. 

The latter data is referred to as Sample 2, Part 2 (W-2-2) in this report, while the 

data obtained on the sample prior to the vaporization is denoted as Sample 2, Part 1 

(W-2-1). 

The electrical resistivity data for the three samples (W-1, W-2-1, am W-2-2) 

arc shown on Figure 2:J. Tho results in ohm cm can be cxpress<-'<l as: 

p - -!i.4:!8G x 10-G -t 2.fi5fi71 x 10-11 T + 1. 7770 x 10-12T2 (1600 <T<2650 K) W-1 

p = -4. 0937 x 10-c + 2. 73239 x 10-8T + 1. 5454 x 10-12T2 (1600 <Tc::2810 K) W-2-1 

p = -3. 0617 x 10-6 + 2. 63091 x 10-8T + 1. 7265 x 10-12T2 (1650 <T<2690 K) W-2-2 

These values are in excellent agreement with data reported by Osborn 
(27) 

and Platunov and Fedoror(2S) and are in fair agreement with the data of Pears(2G) 

and Rudkin, Barker, aoo Jenkins (29) . However, the values of Tye<9> and 

Forsythe and Worthing<30) are as much as 5% greater than the present results at the 

higher temperatures. 
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The total hemispherical emittance data for the three tungsten samples arc 

shown in Figure 24. The data can be expressed as: 

EH = 1. 35 x 10-2 + 1.36146 x 10-'T - 1.1784 x 10-8T2 (1600<T<2650 K) \\'-1 

EH = - 2. 99 x 10-2 + 1. 8799 x 10-4T - 2.3485 x 10- 8T2 (1600<T<2810 K) W-2-1 

E11 = 16.40 x 10-2 + 1.5340 x 10-'T - 1.6543 x 10-8T2 (1650<T<2690 K) \V-2-2 

These results arc in good agreement with the data of Abhott(Hi) and Allen, Glasier 

and Jordan (2l), since their data indicate that the emittance increases from about 

0. 20 at 1700 K too. 30 at 2800 K. 

The spectral emittance data (0. 65 microns) of the three samples arc given in 

Figure 25. It is noted that there is a correlation between the total and spectral emit­

tance& vi'. the samples, i.e. the sample with the highest total hemispherical emittance 

has the highest s;;,ectral emittance. Previously reported spectral emittance values 

(0.H5 microns) for tungsten are 0.42 by Larrabce('Jl) and 0.37 by Allen, Glasier and 

Jordan<21
> (both observed over wide temperature ranges). The present results for 

samples W-1 and W-2-2 are between these values while the results for W-2-1 arc 

somewhat greater than Larrabce's values. 

The thermal cooouctivity results for tungsten are shown in Figure 2G. These 

results are primarily those obtained by averaging the computer outputs for the current 

up and down profiles using the spline program for fitting T(l), dT/dZ and d2T/dZ 2 

(Figure 16). Some point!i were calculated using d2T/dZ 2 derived from the a-point 

method (Figur,, 16). Although data from the samples overlap, the results are hest 

represented by two curves, one for the first sample (W-1) and one for the second 

sample (W-2-1 aoo W-2-2). These least-squares curves may be represented by: 

A = -1.5419 x 10-4T + 1.3073 (1850<T<2400 K) (W-1) 

X = -1.1041 x 10-4T + 1.193 (1700<T<2800 K) (W-2-1 and W-2-2) 

Actually, the difference between the two curves is within the experimental accuracy 

and one is justified iil combining all the data into one least squares fit given by: 

X = - 1.1890 x 10-4T + 1. 219 (1700<T<2800 K) (combined data) 
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In Figure 27 the present thermal conductivity results arc compared with 

litcraw.rc values obtained using direct electrical heating mcthods(l) and with the 

TPRC recommended curve (3 2). The results of Allen, Glasier and Jordan <21 >, 
Worthing(l9) am Zwikker(33) are about 50% above the present results at the higher 

temperatures, while the values of Rudkin, Parker and Jenkins<29
> are about 20% 

below the present results. Thus, the conductivity values previously obtained for 

tungsten by direct electrical heating methods are widely scattered. However, the 

results of Gumcnyuk, Ivanov and Lebedev<22
> ard Gumenyuk and Lebedcv(34), also 

obtain(.'(} by direct heating methods arc only about 5% from the recommended curve, 

which is partly based on the data for all methods. The present results Uc between 

those of Gumenyuk, Ivanov ard Lcbedev<22> and Gumenyuk and Lebedev(34) and 

those of the recommended curve (32). 

The thermal conductivity of tungsten samples from the same batch as that 

used in the present work were measured by several laboratories as part of a round­

robin program <25>. Two laboratories (General Electric and Illinois Institute of 

Technology) measured the thermal comuctivity while two other labon.tories (Atomics 

International am Battclle Memorial Institute) computed the comuctivity for the re­

sults of thermal diffusivity measurements. Since the latter two sets of results (AI 

and BMI) depend upon the values of specific heat used in the cnlculations, only the GE 

and lIT results are compared with the present measured values in Figure 28. The 

present values lie between the GE and UT results. It should be notei25) that the 

DMI high temperature data tcrds to support the IIT results while the AI data tends to 

support the GE results. 

Additional measurements on similar samples of tungsten are planned by a 

number of laboratories (2S). In order to facilitate future comparisons, the present 

experimental data points arc given in Table IX. 

Using the combined curves for X and p, values of the Lorenz function given 

in Table X were computed. These values are appreciably above the theoretical 

value for "good" metals, even at very high temperatures. However, they are in 

reasonable agreement with the results of Gumenyuk and Lcbedevr.J4) which indicate 

that the Lorenz function decreases from 2. 91 x 10-a at 1173 K to 2. 73 x 10-11 at 

1573 K and is almost independent of temperature above 1573 K. Recenl observa­

tions for other transition metals have also indicated that the Lorenz function is greater 

than the theoretical value at high temperatures. <35) 
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TABLE IX 

EXPERIMENT AL THERMAL CONDUCTIVITY VALUES FOR TUNGSTEN 

First Tungsten Sample (\\. -1) 

210 amp profile 230 a.mp profile 250 amp profile 27 5 amp profile 

T(K) .X(W cm-1K-1) T(K) ). (W cm-1K-1) T(K) X(W cm-1K-1) T(K) ). ("' cm-1K-1) 

1850.0 1.004 1950.0 1.010 2100.0 0.9S7 2250.0 0.964 

1900.0 1.005 2000. 0 1.005 2150.0 0.979 2300.0 0. 948 

1950.0 1.006 2050.0 1.000 2200.0 0 . 972 2350.0 0. 932 

2100.0 0.994 2250.0 0. 964 2400.0 0.916 

Second Tungsten Sample r,,.,· -2) - Parts 1 and 2 

182 amp - Part 1 220 amp - Part 1 262 amp - Part 1 319 amp - Part 1 

T(K) "A.(W cm-1K-1) T(K) >.(W cm-1K-1) T(K) 'X. ri-v cm-1K-1) T(K) ). (W cm-1K-1) 

1750.0 1.042 2000. 0 1. 013 2200.0 0.992 2577. 0 0. 939 

1800.0 0.994 2050.0 0.967 2250. 0 0.9i7 2579. 0 O.SdS 

1850.0 0.941 2100.0 0. 920 2327. 8 0.929 2632. 3 0. 870 

1796. 0 0.960 2085.0 0.953 2322.4 0. 957 2640.9 0.879 

1780. 0 1.007 

362 amp - Part 1 182 amp - Part 2 262 amp - Part 2 320 amp - Part 2 

T(K) >.(W cm-•K-1) T(K) >.(W cm-1K-1) T(K) >. (W cm-•K-1) T(K) >. r,.v cm-•K-1) 

2700.0 0.904 1700.0 1.023 2150.0 0.964 2676.0 o. 875 

2750.0 0.889 1750.0 0.986 2200. 0 0.959 

2800.0 0.873 1800.0 0.949 2250.0 0.954 

1825. 0 0.993 2300. 0 0.949 

2356.0 0.968 

2392.0 0.947 
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TABLE X 

THERMAL C0NDUCTIVITY AND LOHF.Mf. FUNCTION FOR TUNGSTEN 

T(K) 

1700 
1800 
1900 
2000 
2100 
2200 
2300 
2400 
2500 
2600 
2700 
2800 

(SAMPLE 2) 
) ('J./ cm-•K-1) p(l0-6 ohm cm) 

1. 005 
0,994 
o. !J83 
o. 972 
0.9£>1 
0,950 
o. 939 
0. 928 
0,917 
o. 906 
0,895 
0.884 

4fi,653 
49.888 
53.158 
56.4(;2 
59.801 
63.174 
66.582 
70.025 
73,501 
77.013 
80.559 
84.139 

IV. STATUS OF PROGRAM 

L(10-11 W ohm K-2) 

2.7!iH 
2,75!i 
2. 750 
2.744 
2.1:n 
2.728 
2. 718 
2. 708 
2.696 
2. 684 
2,670 
2.656 

The experimental apparatus is operational to temperatures of about 2800 K at 

2 x 10-7 torr. Electrical resistivity, total hemispherical emittance and spectral 

emittance data arc routinely obtained up to this temperature. Temperature profiles, 

from which thermal conductivity values can be computed using the mathematical 

schemes outlined in this report, arc also routinely obtained. 

Measurements on a number of materials of interest to the Air Force Materjals 

LaborAtory have been made, and others, including ZrB2, are contemplated. The ex­

tension of the capabilities of the system to include measurements on fiber and fine 

wires is under investigation. 

Improvements in data analysis procedures, to fully utilize the advantages of 

the multiple point technique, is underway. In particular, automatic schemes to in­

corporate the 3-point dT/dZ values are being investigated as well as schemes which 

separate the data profiles into symmetrical and nonsymmetrical parts. The latter 

procedure could appreciably improve Thomson coefficient results. The improvements 

will lead to optimized measurement techniques. At present, temperature profile data 

are obtain-:xl at equal space intervals. The results to date indicate that a different 

measurement sch'3me would appreciably improve the conductivity results. The feasi­

bility of digitalized data recording will be incorporated as part of the improved mcas­

u rcment techniques. 
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In addition, it bu become very obvioua that the buu, metbod la otpahl• of 

yielding accurate data 1lmultaneculy ud/or ccmcurrently cm a DPJDbll' of lddltloMl 

thermophyalcal propertie1 for tbe 1&1118 umple 1n the •am• aprabll. TbeN prop­

erties include apeclfic beat, enthalpy, Richf dlOD ooefflclent, 8Nbeok OOlffloMD&, 

Peltier coefficient, coefficient of linear apauion and thermal c:WrwdntJ. It la 

hoped that funding to permit the moreuinl mod1tioationa to permit tlle tnoorpontlcm 

of theae meuurements wW. become availlble. 

V. SUMMARY AND CONCLUSIO?II 

The t.emperati:re range of the multiple IJIU'P09e apparatu wu ntnded from 

1800 to about 2800 K hy the incorporation of a hip current (500 ampa) replated DC 

power supply. Other recent modificatlona lncluded additional protection lp1Mt 

oil backstreaming into the high vacuum encloaure and the 1Mtallat1on of a maftble 

tantalum tube heat.er for high temperature real1tlvity meuurementl. Novel de­

velopments are "clamp-on" blackbody cavlti81 and voltap probe1. 

Substantial improvements 1n the numerical methoda of "1olvtn1" tbe aecmd 

order non-linear dlfferenttal equation governing thermal tranaport 1n thin curront­
carrylng sample• havinl been made. The1e techmquea Include the 3-pomt method 

which permits computation of a conductivity value U1in1 any three temperature poai­

Uon data polntl from a temperature profile. Under development are teohniquN wldoh 

utilize data from the entire profile. Conductivity ftlue1 obtained by thele multtple 

point t.echniquea are more accurate and exhibit much lea1 acatter than ftlue1 ob­
tained by the 2- or 3-polnt methods. Some of the• technique• yield valuea of the 

Thomson coefficient in addition to the comluctivlty value. 

The relUlta of meuurementa on tantalum, ATJS graphite and tunpten are 

reported. These include total hemilpherlcal emittance, 1peotral em.t.ttanoe, elec­

trical reall~vlty and thermal conductivity. Reproduolbllltie1 of tbe emtttanoe and 

re1l1Uvlty were u■ually within :1:1% up to 2800 K. Thermal comuotlvlty v~ue1 com­

puted u1lng multiple {>Oint technlqu• were pnerally wttbln za,i .of a 1mooth IJne rep­

resenting conductivity ver1111 temperature. The accuracie1 are primarily limited by 

the accuracy of the temperature meuurements and are believed to be le11 than =11 
for the re111t1vtty, ~ for the emittance and ±5o/o for the «:Scmduotivity. 

The pre1ent re1ult1 and tho■e pven 1n a prevlOUI report(2) have shown that 

1everal cl the prevl0111ly publllhed direct heating methodl are capable of yielding con­

ductivity value, accurate within lo'fo under optimum oonditlou, tut that the range of ac­

ceptable comltttou 11 quite Umit:ed when compared to the pneral methodl developed 

during the pre■ent project. 
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