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The Therm1 O)ndi%tlvity of Metals

Abstract

The Pbrbea bar method has been considerably modified and adapted 

to the problem of measuring the thermal conductivity of metals and 

allc^ in the temperature range Arorn 0° C to 1000^ C. A complete 

mathematical analysis of the heat flow problem existir^ in the furnace 

ie presented, which substantiates the approximate one which have been 

made by several authors in the past employing this h^ic technique. 

The electrical and thermal conductivities of nickel, inconel, several 

stainless steel alloye, and 99*99% pure aluminum are reported.

Introduction

Since Heidemann and Ft ana first noticed in M53 that the ratio 

of thermal to electrical conductivity of most metals was nearly con­

stant at a given temperature, it has been the attempt of several theories 

of conductivity to axpldn this phenomenon. Because much of the data 

tshich has been published on the thermal conductivity of metals at high 

temperature has apparently been quite erroneous, there exists today 

some confusion as to the applicability of the ^ied^ann-^anx-iorentx 

law. (Vcp-T « 1). It is well to review the present state of the 

theory.

Since insulators can conduct heat, it is evident that the lattice 

vibrations in natals must play some part to the thermal conductivity 

even though the contribution to the thermal conductivity by the so 

called free electrons is usually the more i^ertont factor.



Since the total heat conducted per unit time is the sob  of the 

heat transported by the electrons and by the lattice ne should decimate 

the total thermal conductivity k as the sus of two terms*

k « k* 4 kg

However» as pointed out toy Kakinson» (1) we cannot simply add a

lattice conductivity similar M that of an insulating crystal to the 

electronic oonductivi&y» because in a metal the interaction of the 

lattice waves with the conduction electrons reduces the lattice con* 

ductivi^r»

Experiments have been performed which attempted to determine ke 

and kg separately»

Grunwieen and Heddeaann (2) assumed that the total thermal corr- 

dwtivity could be represented toy

k .%, r Tf kg

vd^pe has the constant value ^2 » Actually, modern theory

indieatea that ^kpg only at temperatures above the

Wye characteristic temperature 8 » and that I® can vary considerably

from this value fbr T«^

Bucken and Hcwam (3) assumed that grain sise affected kg much 

more than and that

holds at constant tm^srature» where n is the average mMxer of grain 

boundaries per unit length in the metal in the direct'on of flow» and 

a and b are constants»

Krom these assumptions kg can be deterj^ined Aon the measured

values of k for various samples which differ only in grain sise» Obviously 
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the amicus in this sethod are at best rather crude approxisatic ns 

and se the results cannot be relied en fbr accuracy.

Reddea&KX CM) used a novel method which is applicable to metals 

such as bismuth whose electrical conductivity is greatly reduced in a 

strong magnetic field (aB^neto«resistance effect)» If one assumes that 

ks and are reduced by the sens ratio and that kg is unaltered, than 

by measuring the change in k and due to the magmatic field, is 

easily dete«Bii»d» This method offers ths most straightforward method 

of determining kg* However, as was stated above, since is deter­

seined largely ly the soattwing of the lattice waves by the conducting 

electrons it is not evident that the magnetic field does not also 

affect kg»

Conduction of heat by the electrons in a metal is a second order 

effect and it is quite difficult to obtain an expression which gives the 

thermal conductivity over a wide range of temperature» To date, the 

most successful attempt has been made by Wilson (5), we shall give 

only the major results of Wilson's paper and also those of Wakinson.

The original concept of electrons moving in an electrostatic field 

with the period of the lattice was introduced by Bloch (&)• He has 

shown that electrons can move unimpeded through a perfectly periodic 

lattice» Electrical resistance is caused by the departure of the 

lattice from perfect regularity» This irregularity can arise from the 

imperfections caused by cracks, strains, and the presence of foreign 

atoms or from the thermal motion of the lattice» imperfections act 

as scattering centers which scatter the free electrons and thus create 

resistance» The problem of computing the electrical conductivity (or 

resistivity) of a crystal consists of computint; the probability of an
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electron being scattered* Since the total probability of an electron 

being scattered is the se» of the probabilities of Ite being scattered 

by the two mechanisms above (l*e* i^erfectione and thermal vibrations) 

It is possible to write

L - L * L 

where,

I is the «Impurity* resistivity

of
1 1s the ideal resistivity due to thermal motion of the lattice

this actuation weentlally expresses Wtthleoson's rule which was 

deduced empirically by him in 186U.C7)

The free path for collisions of electrons with the b^erfeetions 

is of the order of the average distance between the imperfections and 

is therefore indépendant of the te^erature of the crystal* The cor* 

responding resistance is also independent of the tmperatwe and varies 

from specimen to specimen* The ideal resistance on the other hand in* 

creases with increasing temperature and tends to aero as the temperature 

tends to «ere* Thus the total resistance at low temperatures tends to 

a limiting value which is entirely due to the presence of impurities and 

imperfect ms* For this reason the «impurity resistance* is called the 

residual resistance*

Since the electronic heat conductivity depends upon the total 

probability of an electron being scattered* it also can be written as the 

sum of two terme*

where»

1 1a the thermal resistance caused by «impurity* scattering

- b-



1 18 the ideal theraal resistance due to scattering by the lattice
Mteiticsw*

Sow the Wtetaamn>~*Brans^Xo^ law ^ouM hold for the part

of the thermal reedetanee caused by «laxity** scattering and hencet

where®

If th® SetaBss^Freae^XeaeBts law also held for the ideal

thersal résistance it would obviously hold for the total electronic

thersal rwaisWwe for then:

however, the ^icde^acn^^a^~~i^rcnta law does not hold in all temperature

regions for the ideal thermal realst«r®cee Wilson shows th»N

where®

% % sass of an atom

a s lattice constant

C * Constant vMdi gives the interaction between 

the electrums and the lattice*

o

da___ 

(a* -1) (1 • e^)

OH)

• 5*



ni

1» general

VS

nusber of oondnntion «litrons per atom.

Renee the curve of varoue ( ^7^ Repense upon the value of

• for the non»valent natale there is approximately one conduction 

electron per aton* Nickel has approximately 0*6, iron has 0#2, and 

bismuth has 1*8 x W^« The correepondinc values cd p ares

Reno^Wt motels * 0.79b

Ni * 1.11

M * 11.6

fe * 2.33

The total electronic thermal ctmdwtlvlty can now be written

where:
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The table below aheau % a monovalent metal such as copper,

for nickel, iron, and bismuth. From these values are computed values

of kA 

e

Ms which appear in the next table for fo * 0»
1

*

i/e Copper global Iron Bismuth

; O/E 0 = 0.79k D/£o e 1.U W&O s 8.33 VCo » H*6

0,068$ 0,567 x yr2 OJîO x 104 0.16k x 10*8 0.275 x IO"2

0,1 2,1L 1*56 0.675
o.i% 3,68 1.05 0.1k

0.167 6.35

0,% 10,35 5.12 2.k2

0,50 16.6 9.83

0,667 19.9 18.0 15.5 lk.0

1,0 27,7 27,2 2k.0 23,2

2.0 5o.o 50.0 50.0 k9.0

4 A m 0)
T/e

Copper Mlckcl Tron Bismuth

0.0625 11,3 #.6 3k.O 22?

0,1 4,6? 6,^2 1^8

0.125 3.k0

0.167 2.63
0.5$ 2.12 10,3
0.50 3,02 5.k2
0.667 3.35 3,70 k.3O k.76
uo 3,61 3,68 k.l? k.31
2^> &.0 h,0 k.08

* K
* 0 weans a ws metal with no lattice defects.
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figures (1), (2), aM (3) show the trend of values for three of 

the «etale under consideration* Figure (£) show the effect of adding 

W^rity to copper and figure (3) show the s^e effect for bismuth*

Wilson also show in the awe paper that*

* ^r- ©’*[ *-*
thus we can compute the so called parents constant for the electronic 

contribution to the l l co J9 olucVivdy.

\ » Eft/ &A + CM5 K 3 In

■ fo/^ -I- "X. (%, %.)
figures (4), (5)* and (6) show this function for the various 

«étais which we are interested in here* The curve indicates very 

clearly the dependence of upon Ü* fw low valuw of (i«e«

The experimental data i&ich has been taken for copper checks the

above results extremely well* However* for bismuth the experimental data

which exists gives k and 1 values which are much higher than predicted*

This might be accowted for by crystal lattice conduction*

Crystal lattice Heat Conduction

Thermal resistance of the lattice is created by the scattering of 

the lattice waves* The principal factors which scatter the lattice 

waves are*

(1) Interaction with conduction electrons

(2) lattice defects

(3) scattering of the waves by each other

* 8 •
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Waris (8> and iWdnson (9) have derived general ralati<ms for 

kg» th» lattice heat eon^ctivity, but relations involve functi ons 

which are not known and hence are not very useful for general application* 

ifcwever, they indicate that the lattice heat conductivity should vary 

approximately as figure (7) IMicates* The maximum of this curve occurs 

at a^roximtely= 0*6* 

Mtlns^n also shows tbati

at the point where kg has its maximum* Although this relation is of 

little value in actually computing the lattice conductivity, it shows 

that the lattice heat conductivity is very dependent on the number of 

free or conduction electrons ubich a metal haa*

Apart from the practical importance v^ich thermal conductivity 

data has, then» it is of extreme importance in the theory of the solid 

state* Hence the purpose of this dissertation is two fold* The first 

purpose, and probably the most important purpose was to devise an 

experimental method by means of which accurate and reliable data could be 

obtained* The second purpose was to use these data to check the above 

theories of metallic conduction*

Measurement of thermal conductivity by means of heat flow data 

introduces many difficulties in instrumentation and control* The ^aln 

difficulty arises f*om the lack of a perfect insulator and consequent 

inability to prevent heat flow in all directions* It is beyound the 

scope of this dissertation to discuss the various methods which have 

been tried* A complete picture will be obtained by referring to the 

biWaoBWW* <M> W U2) W) (Ik) (15) (16) U7) (IS) (20)
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In general the data obtained are conflicting. Of all methode 

discussed in the references above, the Forbes bar method is one of the 

noet reliable» There are few inherent sources of error in this method» 

Contrary to most methods which attest to confine heat flow to one 

dimension, the Forbes bar method allows heat to Stow in all three 

dimensions. Bence the basic weakness of most other heat flow methods 

is immediately resaeved»

— 10 *



Experimental Procedure

The 'shose thenyl <xmiWtixity is to be insured is prepared 

as a cylindrical sample 0*375 cm in radius and 30 cm* long. Chromel- 

al<Æ%l thermoc; uples of A* W* G* Ko. 2k wire are tightly peened into 

small holes st 2 a intervals along the stopple* A small heater (about 

2 cm axial length) is would on the top end of the specimen using A. 

%. 0* No. 26 asbestos covered Nichrome wire and Sb. 12 copper wires are 

erased to each end of the sample* Figure C@) indicates the position 

of these w-ous wires. ReWe placing the sample in the furnace, the 

thermocouple wires are placed in fine quarts tubes and the entire 

sample is than covered with a thin layer of Alundum cement. The 

sample is then centered in a cylindrical furnace as shown in figure 

)* The thermocounle wir^ are l^d out of the bottom of the furnace 

aim the Nichrome heater drss out the top. A reference thermocouple is 

placed in the furnace, below the sample and usually in contact with the 

heavy walled copper tube which forms the inside lining of the furnace. 

The furnace tube is t«ten packed with screened SilMMCel*

Ali Thermocouplee are connected to a switch board so that each 

thermocouple on the sample can be connected in turn differentially with 

the reference and the resulting emf connected across a Leeds and Northrup 

type R galvanometer.

The deflection of the galvanometer is thus a measure of the 

difference in temperature between the reference thermocouple and the 

particular location on the sample where the second thermocouple is attached.

The furnace construction is clearly indicated in figure. *• 

%e furnace is bruu^xt to any desired temperature by means of the 

Chromel furnace winding* The furnace voltage is controlled by means of
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two Sola constant witage transfornsrs» ta a stester state condition 

is reached, a current of 5-10 amperes De Ce is passed through the 

specimen by means of the copper wires braced to each end. The potential 

drop per centimeter is measured by emmeeting the chromd-p wires of 

each pair of thermocouples in turn to a potentlomstere ta species 

comes to equilibrium with the furnace the tJwnocouple in the center of 

the 30 cm long specimen is connected’ in differential with the reference 

and the galvanometer is octu «$c W in series with them. She galvanometer 

deflection is then proportional to the temperature difference between 

the spscimms and the Auwoe lining. The speedtom is raised to a 

temperature of about 1° C above the furnace temperature in this pwt 

of the^sKperime^»

The power input per ematimeter alm^ the sample is given byt

stares

? * potential drop (volts) along rod between points £ cm apart.

I * current in rod (amperes)

J * MSss constant

s thermal conductivity of furnace packing 

JT ~ tempeew^re difference between specimen

And copper furnace lining when specimen is in equilibrium carrying 

a current of I amperes. (° C) 

fg 3 radius of copper tabs lining furnace 

fj e radius of specimen

* 12 »



It is not necessary that all these emstaota be iseasurwL If

we 1st»

Then 5 will have the diweesiaBs calories per second per 

the significsnoe of a heat transfer coefficient, and the equation be- 

8WW

■G HAT

ftæther if we let*

R * O

G

then*

Sinew both ! a»4 ûT" are newesred by aesns of galvaaoast^r 

deflections, it is net neces^ry to know the ^Iwnosoter csnatant» If 

the deflect! ns are sensibly the same in each case it would not ew be 

necessary for the ^fclwsMeter to be linear*

After the above data (V$ÿ are taken, the current through 

the cylindrical sawpln is turned off and the sample again returns to 

furnace temperature» At this time a cmnt of ap$roxiaetely 0»5 amperes 

is passed through the Nichrome heater at the top of the sample» When 

the steady state is attained, the t«K$eratore gradient existing along 

the ample is measured by the method indicated shew» The top of the 

ample is never raised to a temperature of more toan 5°C above the bottom 

during this part of the caqmrtment»

The toc^peratwe (recorded as cm» of galvanometer deflection) of

- 13 •



eæh thermocouple is then plotted a^inst distance dow the essple»

On seai*log paper this plot is a straight line* If we denote the slope

of this line as a# then the thermal demduotivity of the ss^le 1st

h « R

* Hi *



Ihe problem is essentially that of determining the st^y state 

tam^erstsre in a seoi^infinite rod if one end of the rod is maintained 

at temperature % and the rod loses heat through its surface according 

to Aston’s lam of cooling* Since in the experimental method the 

t^peratwe of the rod rarely exceeds furnace (envirowM) temperature 

by sore than &Q6# Newton*a law of cooling could be expected to hold 

extremely well» and this expectation has been substantiated by experimental 

data* Mathematically ow problem 1st

0

2» n (r^) « %

3» MiaW • 0

u trd^ j G-
d ’

c o4c.ii) « » (e^)
j 7 T

art
C à e <G^> - -h u (G,5)

^toret C * radins of rod

t » thermal conductivity

H s Mat transfer coefficient

u (r»Z) * temperaWre functions

$o * temperature at 2 • 0

— 15 *



This problem can he easily The solution les

% (r^) *

-where t

&j ■ a^ fee)_________________

(«j^ < hf) Qk (ejcy 2

and aj are the positive roots of

C&j (adC) = -h Jo (a3C) (5)

To aminate the roots of equation (5), h must be determined.

fbr a blinder initially above environmental temperature, Newton’s 

law of cooling can be written ast

<rplt"^ 8 21T6 az h »

'LL = 
u 41 c

where t (Ts apeeific heat

* density

n s twbratKe of sect on under conaldoration

C « radius of cylinder

Sow the quantity CPf Au has been determined for the furnace 
u wr

used. îM>vi&usly this quantity would de^wd upon the thermal conductivity 

of the material packing the furnace (Ml*o-cel) and would be the same to 

all materials in the furnace if they are machined to the same shape and 

sise. It has been found that this quantity has a mine of a^roximateiyt

R s 0.00^ cal



Sowt

aM*

Set

h s

K *

h -

Tims aquatic® (5)

O.311T5 aj Ji (iyC) = -3.0g» x KT*

Wwi J* (X) » (X)

S» 0.3175 a, Ji (0.3175 a») ■ 3.02b x IcH*
“ 3 --------Jo (0.31% Oj)

This equation can be solved exactly for any given vaine of K. If the 

tewl coodüctivlty is Wees «8 .
0*03, oî...... . .# ths first fmir roots 

see c® oc
of this equation are fbumd to be*

a^ * 0.1667 a5 • 22.11

* 12.07 - 32^

There are an infinite number of roots* 

#os at r s o (outside surfhoe of eylindar) the tes^rature function 

is*

«(c^> =2

j’1 («3^ 4 A [X («g^J

Bat Awn (5) above*

- 17 •



KI • 0*0J then h * 1*01X10*^ and the aeries bacuaeai .<9
O -r- *
Tx _ I jg^

a (0.3175,2) ■ 0.997 ^^-«,676 4 Z- K dj

This series converges ^ctresMü^ rapâdiy» Sa fhct If only the first term 

of ths series is used the sexism error involved in the determtoatton 

of temperature vould be at 290 where the error to obvioasiy:

MO S 0.3%

Thus *ithto the socuracy of the experimental method employed the tea* 

perature at the outside (at r * c) of a sesi-tofinite cylinder can be 

writtw act

e (0.3175,2) 9= ïo ^-.toTZ S (6)

stere k* h* c have ths values indicated abow.

Alt 2 • 30
-IM 

% • 0.0000% %

Thus if the ton of the rod to heated to a temperature equivalent to 

100 cm on the galvanometer ( N?) the bottom of the rod (% « 30 cm) 

weld change by 0.0% sm in the steady state condition. Thus within 

the accuracy of the expriment the rod to sœsi-infinlte and does not 

require a heat slide.

Since the above series converges so rapidly that only the finit 

term to necessary, (toe. only the first root of equation (5) to re­

quired) it is possible to find an approximate expression for this root 

in tems of the thermal conductivity. Rewriting equation (5) in the 

final form we had abovea

0.3175 «j (0.3175*3) • * (0.3175 *3)

Utt 0.3175 *3 * X

• 18 •



15m» ne swi find the roots of

» «p ■ -"F* <v 

x«a i x> 
(:j) " 1 -TT ____

Since fro® the above we knew the first root of the above 

equation is a^soxisaWy:

*X x 0.W7 w t 0.U18

we @an obviously »^3eet the third tera ta the above alternating series 

®ven for X * 0*2 the series let

(M) »|-.<a ♦ ^00025 - • .....

likewise*

. I ' 4 *.....
Sshstitstlag these series into equation (5) and rearranging we gets

* L» • ■ ‘
n^leeting WU with rosiest to i# w gett

Thas fro® equation (6) above* 

» (0.31TM) * (?)

which is the exact solution of at thin wire radiating to its surround*

Ings with one and at temperature % and whose isotheres are planes 

perpendicular to the axis of the wires*

It is the approxinste formula for the temperature of a rod 

0*3175 en in radius and W%se thermal conductivity is between 0*01 and

1.0.



It has be^ ehcim in the pwvV'us analysis that when a gradient

1» applied to a long rod under the farsace conditions with wo 

work, the steady state temperature of the rod can be expressed ast

T (Z) • V /l8 (1)

idierei

f (Z) • tespemture at my areas metis» Z centimeters 

froa top

% ® t^^^atura at section Z * 0 

k « thorssl conductivity

.. calories........ 
B » 8* r^r^Tsec^T*

1 * heat Ransfer cWficimt between rod and

m)

G x radius of rod (ce) 

inking the logaritte of both aides of the above equation: 

>.,<,.> = x.^-J , (t)

whim is the equation of a strai#t Mao on samMog paper* 

The slope (b) of the straight line 1st

Thues* 
x • a 

3

Menos, in order tn determine the thermal conductivity of a sample 

we wood only plot the temperature of the rod as function of (distance 

down the rod) aad-ddtmdne the slope (e) of the straight Mae* If R, 

which is a fimetion of the rate of heat leas, is known then X is 

iaeediatoly determined*

- 20 -



w bo a H of the npperwt eonSaetlvîty 

of the SllScel powjer which packs the furnace* FayweSl hag calculated

the apparent coodueMvlty of a substance @c%X)Md of spheres of one 

codlum dispersed in another usodiu» and has arrived at the 

eqnation* (^3)» (3k)

, ,. % 
r

%hore%

ip s cmBdoetivltv of aggregate

% g conductivity of matrix

x conductivity of dispersed Ktedd

% » volume fraction of the dispersed phase in the mixture

The Siloeel powder seed in packing the sample in the furnace 

consists of solid particle» of dlBtanBæ&mgr silica dispersed in dr* 

Since the conductivity of the sir is negligibly small compared to the 

conductivity of the solid particles, Maxwell's equate on cm be reduced 

tot

(* * 1)
wheret

Kp « oon^Mivity of powdered Siloed

% e eemdtvetlvlty of dr

?! • fkectlm of total volume occupied by air

(It should be noted that there is amstuslon in all three of the 
above refererx:*®! Wien they attempt to apply %uadl*e equation to the 
apparent conductivity of a powder* Ms confusion sees» to stem from 
Indan*» original application in I^W* A^arently, the ether two 
author*» are following Euckm* aucken makes no distinction between a 
sutwtan^ «sepwÂ of solid particles dispersed in dr, such as powdered 
Siloed, «nd dr dispersed in a solid, awh as Styrofoam* He treats 
a powder as if it oonsisted of dr perddes dispersed in a solid, and 
hence arrives at a different formula than we do here*)

21-



2%
*• r • S___ ______ 

TT'C A T

Sinew
A è-

obérés

% w® of ooppor Ww used as f^rnaoe

2^T 2 tespeBstore ^Lfforence betsieem sample and ftirnaos 

lining lu steady state when ample is Mag Q 

calorie# ZwV en length*

We oan writes / 

..

Since t

C s 0*3175 es
3.8/

T2* 1^=

— 7.^3 Kp

The Sll*o**3el as packed in the fhxmoe is about 82^ air by

volume* Hence*
- H -

tat »t race taepenttarei

s J»8S7

Sot Kp . .000076
Aads R - ^Kp » 0,0035

«■? ®c see

This theoretically computed wlm of R eewparee^favorably with the 

«cperl»«itally aeaswed value» of about 4*l%* We should expect eeaae- 

shat higher values escpwisentally sinoe is really an apparent con~ 

ductility itself and include» the influence of radiation ikon one solid 

* 22 *



particle to the asset across the air sap* (Convection in the air pockets 

will probably be negligible since they are so smile) Hence tn ©oa- 

poting R above we should not have used the true value of the conductivity 

of air, but southing slightly higher* Since Pa varies only fro» 89% 

to 82;$ for loosely packed or tightly sacked cur coaputed

value of R could only vary from wOCQl te*0035* Actually such extreme 

peeking conditions are Impossible in the furnace and it is doubtful if 

R opuld vary note Was from one fhTnaco to another* Hence R values 

should be consistent fro® one furnace to ancthur* ^q^ris»ntally# this 

fact has been upheld although in our original work extremely erratic 

values of R were obtained since it is very sensitive to the measurement 

of the teernereture difference between the people and the furnace and 

great care must be t^^n in order to obtain consistent values*

Now, for any particular furnace packing is a constant and hence 

from above:

<p - «K 

or:

% »

where the constant A is given by «
A - "I5

Hence» the temperature coefficient of R should be the same as 

the temperature coefficient of K&* Since, however, is an apparent 

conductivity of air it is difficult to compare the experimentally 

measured value, with the actual temperature coefficient for 

Newtheless, it hua been exjwsrlwntally determined that:

R ^Rc (1 * *Q009t)

Ro « (extrapolated) value of R at OP C 

t 2 tesneratwre of furnace °C*

• 23 *



fKB ; n aandkicti'sity* 1»$»
R

N w

%% cas «rite

■ (1 • .Ü0096) w2 
------------

Thne relative values ef inductivity csa be obtained fbr a particular 

furnace without actually seastariRg % absolutely* ^ea values will be 

know as accurately as the temperature coefficient (*OOOR) le known* 

It is felt thet this bee been dsten lncd to at least * 5<*

It should be pointed out that the greatest errer is introduced into 

the experiment through the measurement of R* If accurate values of R 

ware the thermal conductivity could probably be deteiialned with 

an error of about ♦ which is introduced in the d^eminatlm of VF). 

This author, however, in early wor^msaw^sd R values which later work 

showed were in error by almost ZOOM* It is necessary that the furnace be 

in an extremely stes^ state befbre en attend is made to determine R* 

Whatever voltage control is required ibr the furnace «rest thus be 

used* The author foetid Sela transformers adequate*

la addition to adequate voltage control, mother precaution is to 

make certain that the reference thermocouple actually measures the 

temperature of the copper tube furnace lining* The best location for 

the reference is indicated in figure^ X

The author believes that the R values as «pitted Aon the above 

simple theory will lead to more accurate résulté than experimentally 

measured wines of R w^sss very great care is takm and unless adequate 

voltags control is supplied and ample time is allowed for the furnace 

to come to the steamy state* It is impossible to sake acre than one

» 2b •



Tier Irmrr R Amsco of the ^ro 4®slm RiaoXy

be^'oe it to go i^rtm-t to wit until the fbyrace is steady at 

the ner t^^mtABre he^re dfta is taken*

* 9$ **



Ik to illustrate tM prosent mUiod of date analysis, a 

date sheet for the determination of the thermal conductivity of stainless 

steel type 446 is presented end the calculations are made in detail. 

Furnace temperature fhr this run was 2^0»

&«M»i C.
#1

T.C* T*C* 1*0* 2*0. T.O. Galv*

Met* Aron
Therm* 1 0cm R cm À cm 6 cm 6 cm 20 »

Zeroes 95.0 95.2 95.2 95.3 95.5 96.8

I^sistan^s 2O.li3 20.U 20.1.3 20.1,3 2O.li3 20.1:3 20*10

^eter *m at 7*20*00 at 0*6 amp®

The fsllewk% ^gradient* was recorded at 9:^*00*

27.8 56.0 72.5 81*8 87.6 95.5 96.8

Aw R denomination

Current passed thru rod at 4:35*00

Red in steady state at 6*35*00

IB drop in rod*(between T. C. # 1 ^nd ?. C. # H)

Gbv  l.lOmv 6*2tw 3»19snr 20.0»v

T beteeen T. c. < end copper teke * 14*1 cm* (^l^* defl*)

Galv. deflection whan placed nomas 0*001 stat carrying current 

which Is heating sample * 59*8 est»

Hub  it was shown previously in this report theta

B a JEL, 
I A JAT

Butt

T « Kp d.

— 26 —



where:

G « themoelectrie power of thmwcouple (wits/ °0)

« resistance of galvanometer and thermocouple circuits (ohæs) 

dj % galvanometer deflect ten («%)

K * galvanometer constant (amns/ms.)

Thus:

*= ÏH.
;h  <si 

where:

V« T (wlta/c*#)

BA: n
0.001 I « [%

i^eret

* resistance of galvanometer plus any resistsnee in series 

with it* (ohms)

* deflection of galvanometer when placed across 0*001 ohn shunt* 

(cm)

v dg C x 10$

far a rod dis* A « 0*317 cw?

Also:

pg «

and at 25° C

R

0® O*QL(& X 10*5 wlWoC 

0*0192 dg v x 10 3

Now, from the data sheet



T * 1,02 X 10*3 VO1W CM

- 20*10 (data sheet InclMee resist?sioe of galvaitoaeter) 

Soi
B « O*OChO .. . calories „ , 

est 3 sec °C

Now if ®e subtract gaiwiGiaatar readings a gradient existed 

down the rod Av* those which oeuured î.hœ no gradient existed we get 

the "temperature" of the roa at the various points where thwmooouplee 

are attached*

Thus:

These nuKbm'S are plotted in 1

9U.9 9$*0 95.2 9^*3 95.5

•Safi. ^6*0 -&£ •<1*8 07*6 72*5

67.1 22.7 33*à 7*7 0

6 ire (10). lbs slape of this

straight line is the quantity

Xa this case:

m = 3*272

ss? = 0.P7Î10

s 0.10
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There are reported hej with# the tb Ihisb  of the bhemal een* 

<h%tlvity end @3 metrical condwtirlty of Iimnel, Co®®erclal *** NictoL, 

Stainless St-eel Alloys tyre 303# type 310# tyaa M7> and ty>e ÎM»

The ana^rses of these specimens sre as fellow «

C %* 31 SL Cr P 3 Cu N Al Gb Al

Inconel 0.03 O*W 0.39 73^19 — 0.00? G.Q3 NMW 0.83 6.99

Nickel 0.06 0.29 0.02 99? ? ---- ™ 0.00$ 0.0$ O.lh

Type»10.1? 0.61 Ml 8.97 102 — **■* •*** wee Bel.

Type316 9.10 1.83 O.8I1 80,61? 0.025 0.00g — <— 50.98

Type3fc70.06, 1.80 0.70 11.20 18,10 0.021 0.007 ---- ee—— 0.77 W.

TypelM 0.13 o.56 o.5o o.io 26.00 0.012 o.oo? — O.Ui BbI.

The values of the thamal eonduativity of these allx^s are

tabulated agios.

■ 2^ •



(calorie»........ )
(era. sec. ^T*)

TM Wuee of the eXestrical eeWeetivlty of these aUo^ are

Temperature 
OC

Inconel Hickel 303 310 347 bb6

0 0.1% 0.03b 0.031 0.0b6 0.054

100 0*038 0.156 0.036 0.03b CM*? 0.057
200 0.%3 0.138 0.(98 0.039 (M93 0.061

3GG o*oW 0.MB 0*Gb2 0.0g6 0.665
4<n 0*(% 0.11b 0*^7 0.0116 0.061 0.068

500 0*060 o.ia û.(91 0.(94 0*066 0*072

600 0.065 0»12@ 0.055 0.060 0*070 0.076

?ûü 0*073 0*236 o.e 0*066 0.075 0.080

âoo 0*(%l 0.064 0*072 0.081 o.M

900 0*089 0.150 0.068 0*078 0.06? 0*067

listed below*

gUm^ICAL œNDUOKVITI (*W<»e) % k H

Tesperatore 

°C
laeonel Hiehel 303 310 347 446

0 11*3 1.38 1*27 1.75

100 0.814 7.56 1.25 0*999 1.13 leM

200 0*%^ 2*12 1.13 0.951 1.11 1.25

300 0.79b 3.87 l.oç 0.908 1.07 1*12

boo 0.784 2.87 0*988 0.070 1*03 1.02

0.774 2*62 0.940 0.641 1*00 0.940

600 0.764 2*60 0.900 0*818 0.984 0.880

700 0.770 2.25 0.870 0*800 0.967 0*860

800 0.762 2*10 O.6^ 0.78$ 0.950 0.620

900 0.795 2*02 0*826 0*771 0*933 0.610
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of the In the w two tables are i.^esentec. ^rnphle*3üy 
11, and

in figvsrt»^Sâ 13> % l^lv, aaW3.

^.th imd r^lnærr (25), after having, investi&Pted the eleetrleal 

and thermal coiîducti^tîes of a number of copper alloys* feemd that 

the tbwwl cendnctirlty aonld be repfoamted by a strai ^ht line 

relate (whip of the for»

k « LrT+a.

rhere I end a W constants for a particular set of alloys which best 

similar physical wo perties, This rslaVô» has been fbtæd to hold for
I1> and __

all the «étala reported cm in this paper, Flgwras^lB, H «hew

graphically the result obWned by plotting k versus the product f"?

for incnn^L* nickel* and type 310 @hd type UX stainless sUwla* In 

all cases, the points fall wry nearly on a straight line. The ex* 

perimeptally determined wines for 1$ end a earn be obtained from the 

slope and intercept of the straight line,

The values obtained are as fbllowst (l^wts constant *

9.585 X sr5)

& a K «TO
Inconel 0,810 x Ô.012 0.032

Type 303 C.71 x 10-3 0 0.034

Type 310 0^ x IO-8 0 0.031

Type #7 0.046

Type IM o.73 x 1er 0.019 0.054

Bickel 0.56 x MFÜ 0 0.174

Alusinm 0.502 x 10-8 0,03 0.570

It should be pointed out that considerable expsriewntal mor 

exists in determining either of these constants. This is « because
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the restive change in thermal conductivity over the range fro» Q^C 

to lOOO^c is seall for sone of ths alleys reported and an error of 5$ 

in the thermal conductivities can introduce errors of 20^ or wore In 

the slope ?f the so-called plot* Hence the actual value of

the above constants are in considerable doubt. XevdîtheSess» a rather 

interesting < signifient trend is avioe^t in the above listed values.

It is evident that the Betels which are good conductors such 

as aluaimgr (or copper) give a value of 1 which is less than the 

classical Areata constant (f!^^ ( )• Estais vhich are

intermediate conductors such as nickel give a value of L which la 

wry nearly ecaal to the wmlg trustant and poor conductors give 

increasingly large values for L. Thus type Idj6 stainless which has a 

thermal conductivity of O»Q£L at 6^0 gives a value of L nouai to 

0.73 x IO**® while inconel which is a w:ch poorer conductor gives a 

value of 1 equal to 0.610 x 1(HL This trend is apparent in each of 

the work which appears in the literature.

In the past, the relation 

k • LM 4 a 

has been interpreted to show that the thew&l conductivity of metals 

is equal to the sun of two terms» first tem, LfT^is supposed to 

represent the won tribute n of the weduction electrons, and the second 

term» which is the interetepb of the straight line,is supnosed to re* 

present the contribution of the lattice. There are nany objections to 

this interpretation. One objection is that the lattice contribution 

would have to b- a constant at all temperatures. Mother objection is 

that even with this interprétât!on, the constant I turns out to be too 

high. As we have shown in the introductif, the constant « k®

— 32 —



2

for hx a should £/ nt all

and a this wlw &r I • rimms* tM plat

for gi%& a valu* of X * U«o3 x lu"^ wîôab is hl^«r than • 

Tow uns ms into trouble if he trias to idsmtify X as I*e

Anothw very serious objection arises with the attempt to identity 

the Intercept a, of the tor enta plat with the lattice condnetivltye 

As poirted ent in the irtraductit#, it is expected that the contribution 

of the lattice to the thermal oond^tlvity of copper, alusinun or other 

good conductor should be negligibly ewaH since the Ares electrons in 

these natals scatter the lattice saws* On the other hand, Betels such 

w iron, inconel, etc* which haw only a fraction of a eondsction 

electron per atoa should haw correspondingly larger lattice eon- 

tributions* BxperiMentalZy, it is fmmd that aluminas giwe an inter» 

copt of 0»03 on ths lorenta plot which is hi^hw' than that of any metal 

or alloy measured. Thus the show inwrpratati cr leads to a grew 

discrepancy regard to the order of magnitude of the lattice 

contribution.

The author bel lews that fact that the thermal and electrical 

condastivity of almost «11 metals and alloys can be repreuemted by a 

straight line on she Io rents plot is a coincidence as f-r as the 

jreesnt day theory is ctacwmed. This arises frea the fact that for 

all the alloys tested a graph ofr? verras T is also a straight line» 

Why should be se in not kecwi# it is go  be expected for

pure metals that the product (p~? is practically constant at all 

temperatures w?wi ^7# l

^os for alumines» it has be^ feimd experimentally that 

k » 0.502 x 1CT6 (fî * M3

— 33 —



and we ex met (see introduction) a relation such as follows to be 

valid:

k a kg e kg » I* o-T ♦ kg

It w wtlsD shown la ths j^trodu^ti * thMt for T"/^ %i we 

wsld expect for aluadnw that:

Ie 0.9L - o»9 x 1(T^) - AfAéX

Kmee for temperatures near ^s Debye temperature (39^K for 

Alwi®um) we should expect th* following relation to be true for 

alw&m»

k • 0.526 x KF6 <T

and espirioaHy ne find:

k 5 0*^ x llH <T*T V KF8 * Q*Q3

But for almiinun (99*99^) the rreditetfM is prseMcelly constant and 

equal approximately to 1 x 1<A thus we write the empirical relation 

above in the fora»

k» a.%6 « Mr8 ♦ 0.03

k * 0.526 x IXH f 0.006

where the first tern represents the contribution of the conduction 

electrons and the second term reiuwsec^B the lattice contribution. 

This relation is, of course, only valid in the region where % I 

since for values of the temperature much lower than this 1® cannot be 

expected to be constant.

%r Nl^cel it wm  found $ xperiwnt ally that 

k • 0*56 x 1G^ <r T

This would indicate from devious interpretation#. that the lattice 

contribution is aero* However, f$o» calculation identical with 

those in the introduction it can be shown that for nickel^

- 3U -



% lu1®

Ter sKô s

^Is®, *he product F9 fer mldosl ta 0*2 x IC*® àhd while

it le mot es constant sa fur elmîiaïc ire can newrtiwleM

k * 0*^3 x 10^ (T T * 0*01

vWre the s^né (&&L) %hleh ïwrea^ts the l&ttiee eemtrihoticD 

le mot really mené tant, rince the preewt (F^T Ie not constant but 

aeverthalesb %131 be of the order of wi<nitw^ ahown.

In the Wc ex^rplos abowe, Ke haw written the total thessal 

conductivity of the metals as the sum of two tsr®s, one a UiUee 

eontrihnxtten and the other a free electron œntribetWi# Both free 

lactron terws rrere ccm^ntod by Manno of SfiXscn*# squattons (see 

introdnetien)» The restating lattice contributions are not completely 

temperature indoendant, they are of tl® correct order of far %

lattice eenduetivit^ and the nickel weenie a larger lattice 

conductivity than aluBimna, whMt, according to the introduction, is 

expected*

Since for the stainless steel alloys it is laoossible to compete 

the value of X® fro* theoretical considerations T*e can ably inspect 

the date obW nwd ft**» %eee alloys wre or lees qmlitatively* Sow- 

ever» as shown in the introduction, the presence of impurities in a 

estai tends to make the value of I® encroach 1® wore rmpidly* Thus 

it seems probable that the value of %® fbr the stainless steel alleys 

will be very cl^ee to Z^«

If we average the values of I and a which are found empirically 

and listed above for inconel and the three stainless steel allays we 

get the following average values*

- 35 *



L « 0.775 x

a « 0.007

Thus we ©an write

k » 0.775 x 10~8(T T 4- 0.007

or i

k » 0.585 x 10*8 <TT * 0.190 x IO*8 (FT * .007

Bit the product 1 can be represented empirically by the 

equation

(TT « A 1 + B

which is valid from 0°C to 1000%

The constants A and B vary somewhat from one alloy 

to the next but since we are here only interested in quail 

tative results we can represent all alloys by the average 

equation:

(M * 1.8 x 106 -c 0.66 x 104 T

Putting this into the above equation for thermal con­

ductivity leads to the expression:

k » 0.585 X IO*8 rï * 0.95 x 10*2 * oas % 10*4 T

where :

ke « 0.585 x 10*8 (T- T

k « 0.006 + 0.15 x 10*4 T

at 400° K thia gives for kg

k_ « 0.015 6

This gives a value of kg which is larger than the 

value obtained for nickel, which is as we expect. In 

addition a lattice conductivity is obtained which is not

temperature independent. -36*
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IN

THE SÆm AND LIQUID STATES

METHOD

In order to determine the thermal ecnducti.--d.ty of aluminum in the 

liquid state, the sample was prepared in the following mimer» An 

•lundum tube 12 inches long and with a bore of J* manufactured of Norton1 a 

M 98 material was used* This particular material, was chosen because it 

drills quite easily. Holes were drillxd in the Alundum tube, into which 

the chromcl-alinel thermo couples could be placed. Thermo couples were 

instated into the tube (projecting inside) at two centimeter intervals 

down the tube» The thermocouples were then cemented into the holes with 

Alundum cement and the whole t^e was co vered with a thin coat of 

Alundum cement which covered the thermocouple wires completely. This 

cylindrical crucible was then dried and baked at UOQ°C to set the cement» 

Thin aluminum rods were melted in the crucible until the crucible was full 

and then the aluminum was allowed to freese from the bottom up so that 

no voids would occur. The sample was then ready to be placed into the 

furnace»

The thermal conductivity of the aluminum was measured in exactly the 

same manner as the theraal conductivity of the metals which have been 

previously discussed with the one excention that the R values required 

for the determination of thermal conductivity in the liquid state were 

extrapolated from the R values which were measured in the solid state» All 

these R values were in agreement with the values of R calculated from the 

thermal conductivity of air as discussed above.

- 37 -



The vsTnes obtained for the thermal eonducti^ty of aluminum 

(99»996^) are a? follows : (melt Ing point 658°C J

0e^?0 calories/ree# cn Og

1000 0*5:60

200° o*34L

300^ 0*328

4oo^ 0»%

^00^ 0*497

600° 0*480

7OD° 0*247

79CP 0*290

These values are consistent %ith the following equation»

k - 0*5:02 x 10-8 T 0*03

- 38-



COLLUSIONS

The need for dependable data on the thermal conductivity of 

metals over a wide temperature range cannot be overemphasised# The 

range over which this data is required for engineering application 

is being enlarged rapidly today due to the increased Interest in 

power plants of all types which operate at high temperatures, in 

addition to this practical application, knowledge of thermal and 

electrical conductivities is of fundamental importance in the 

modern theory of the metallic state. There is good prospect even, 

that reliable data on the thermal conductivity of molten metals 

would give some insight into the structure of the liquid state.

Much data occurs in the literature which is obviously in 

error. Even more misleading, however, is the data which exists in 

which the errors are much larger than is claimed by the author, 

and which are not completely obvious to the reader. For this reason, 

the complete mathematical analysis of the Forbes bar technique was 

made. This alone, indicates that the basic assumptions usually made 

in this method lead to an error of about 1# in the determination of 

thermal conductivity» It is believed that experimental errors, mostly 

in the determination of R, the rate of heat loss, lead to a total 

error of t 5$ in the determination of the thermal conductivity. In 

order to reduce these errors to a minimum, a completely new method of 

treating the data is introduced here. The major improvements consist 

of eliminating the need for knowledge of the specific heat and the 

elimination of the usual graphical analysis which required the measure 

ment of the slopes of arbitrary curves. It is hoped that these Im*

•39*



provenants will give to the physicist another dependable tool 

with which he can check the present day theory of metals*

In most respects then the basic theory of Alison and 

Bakinson which is presented in the introduction of this 

dissertation is found to be valid* Essentially this states 

that the total thermal conductivity of a metal can be represent* 

ed by the sum of two terms* The first term, that due to electron 

conduction can be computed theoretically* The second term, or 

that due to crystal lattice conduction, should be less than the 

conductivity of a similar crystal which is an electrical insulator 

and it should be less for metals with a large number of free 

electrons than for those with a small number, because the free 

electrons scatter the lattice waves and thus reduce the lattice 

conductivity*

•40*
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