"In presenting the dissertaetion as a partisl fulfillment
of the requirements for an advanced degree from the Georgia Institute
of Technology, I agree that the Library of the Institution shall make
it available for inspeciion end eirculation in accordance with its
regulations goverrning materials of this type. I mgree that permission
to copy from, or to publish from, this dissertation may be granted by
the professor under whose direction it was written, or, in his absence,
by the dean of the Graduate Division when such copying or publication
is solely for scholarly purposes and does not involve potential
financial gain. It is understood that any copying from, or publication
of, this dissertation which involves potential financial gain will not
be allowed without written permission.

A N a M e




THE MEASUREMENT OF THERMAL

CONDTJCTIVITY AT HIGH TEMPERATURES

A THESIS

Presented to

The Faculty of the Division of Gradvate Studies

by

Mack Donald Bowen

Tz Paxtial Fulfillment
cf the Fequirementz for the Degree

Master of Science in Mechanical Engineering

Ceorgia Institute of Technology



THE MEASUREMENT OF THERMAL CONDUCTIVITY AT

HIGH TEMPERATURES

Approved.: m

-1

i if_l

Date of Approval: clus L5878




ACKNOWI EDGEMENTS

T wowid liks 1o exvress my apprecistion to Dr. Kemneth G.
Picha for suggesting thi= pr:blem for study. His assistance and

guidance througheat this lavestigaticn is greatly apprecisted. My

sincere gretitvde 18 als¢ extended 72 Dr. Tharles W. CGorten and

Dr. Henderson C. Ward for *hair kind assistance as membéers of my

regdine committee snd tc D, Fraak A. Themas for his many belpful

suggestione.,

i



ACKNOWLEDGMENT S 2 o

LIST OF

SUMMARY .

Chapter
Is
1T,
I1T.
V.
Ve

VI,

TLIUSTRATIONS.

s & & & ® @& 0

INTECDUCTION .

L]

9

TABLE

-

-

OF CONTENTS

« & ¢ 8 & @

INSTRUMENTAT [ON AND EQUIPMENT. & . »

HEATER FLATE CONSTRUCTION. 2 ¢ o o o

PROCEDURE. « »

L]

DISCUSSION OF RESULTS.

. & W 2 o =

s & &« & a a

CONCLUSIONS AND RECOMMENDATICNS. . .

A.PPEN’DJ::X Av El L] - L] Ul L]

AFFFIDIX B & =& o « @

BIBLICGRAPHY . o « &« o

44,

i1

iv

|

13
17
21

2T



LIST OF ILLUSTRATTIONS

Illustration

l\l

View of Thermal Condunctivity Apparatus.

Side View Showing Removable Half of Tub .

Front View of Apparatus o « v o o o o o

Top View of Cocling Plate with Cover
and Gasket Removed . o o o 0 s 6 = & =

Center Heater Plate Guard Circuif « . o
Center Heater Plate Center Circuit. . .
Secticnal View of Tubs ¢ ¢ o o o o o &

Auxiliary Heater Plate Circuits . » » %
Steps in Producing Wax Mcld . - « o &

Ccmparison of a Sample of Kncwn Thermal
Conductivity with Messured Values . < «

Thermal Conductivity of & Slip Cast
F‘J_Eed Sill'l‘ﬁ s&m}le 6 o & B8 @& o & & 8 a3

Thermal Conductivity of & Slip Cast
Fused Silica Sample ¢ o ¢ o o 2 o 4 v o

Samples of Slip Cast PFused Silica « o -«

~

Schemstic Diagram <f Cocling System 5 o

iv

R; t: o =1 W

3

23

2l

25
26



SUMMARY

This investigsticn was conducted to design and construct a device
which would nct require cumbersome and expensive equipment tc measure the
thermal conductivity cf refractory-type materials at high temperatures
and to measure the themmsl conductivity of semples of slip cast fused
silica.

The guard-»ing n=aier recommwended by the American Sociefy of
Testing Materials for thewvmal conductivity fests of refractory-type
materisls was mcdified so as Tt extend itz useful temperature range to
2000° F. This was sccompiished by medifying the design of +the heater
plate and powsr supply. using Ksnthsl A-L resistance wire, and insulating
the Thermocouples in the surface of the plate.

The performance ¢f the equiipment wa: tested by measuring the
thermsl conductivity of s meterial of known thermal conductivity. The
resulte of this test indicare that the equipment will prodiice satige
factery resultes provided that geod surface contact iz made between the
heaters snd samples.

The method emploved to messure rower in this deviece is unique
for this Yvpe of equipwent. A calibrsted realstance shunt constructed of
constantan wire was placed in series with the main cirsuit heater wind-
ings and the voltege drcp across this shunt was measured with & potentio-
meter., This gave current measurement:s which were very accurste. The

violtage drop across the test ares of the main hester was measured with


condii.ct.ivi.ty
formarj.ee

vi

a potentiomster by using a Lesds snd Northrup volt-box which reduced
the input voltage by & known constant with an accuracy cf + 0.02
per cent,

The surfaces of the slip cast fused silica samples could not
be made with the tclerances specified in the A.S8.T.M. Standards
publication. The errcr that this introduces in the measurement of
the thermal conductivity was not determined, but it can be assumed
that the end result was tc lower the measured values of thermal
conductivity. It is recommended thatl several samples of slip cast
Ffused silica which have been ground and lapped to A.S.T.M. specifica-
tions be tested in thig apparatus in order to evaluate the error

resulting from poor surface contact.



CHAPTER I
INTRODUCTION

The work being conducted by the Chemical Sciences Division of the
Georgia Institute of Technology Engineering Experiment Station with com-
pounds of fused silica required that the thermal conductivity of these
various compounds at mean temperatures up to 2000° F. be known.

Many types of devices for measuring thermal conductivity have
been constructed and used to obtain data up to a mean temperature of
1600° F. Only a few devices have been built to obtain thermal conduc-
tivities of materials above this mean temperature.

At lower temperatures the most widely used device is a guard-ring
heater. It was probably first spplied by Berget (l)* in 1887 in experi-
ments on mercury and later adopted by Poensgen (1) in 1912 for thermal
conductivity measurements of non-metallic substances. In the design of
this device a separate heating ring at the outer portion of s heater
plate was utilized to reduce the edge losses from the main heating
section.

The American Scciety of Testing Materials {2} has recommended the
use of the guard-ring type heater in the testing of refractory materials.
The author undertcok to medify the design of this heater and its power
supply so as to extend its useful temperature range to 2000° F. and to

incorporate it into a single piece of permanent equipment for measuring

*
Numbers in parentheses following names of individuals refer to
the bibliography.



thermal conductivity of refractory types of materials.
The need for a simple device which would not require cumbersome
and expensive equipment to measure the thermal conductivity of various

refractory~type materials prompted this work.



CHAPTER II

INSTRUMENTATION AND EQUIPMENT

General.--The complete unit is shown in Fig. 1. The rubber hoses are
water supply lines to the cooling plates. A constant pressure head was
meintained by a water reservoir located near the ceiling of the room.

The covered tub on the rear of the control panel houses the heater plates;
samples, and insulation. The volt box and potentiometer appear on the
shelf below the control panel. The construction details of the cooling

plates are shown in Fig. L.

Direct current cireunits.--The guard and main circuits of the main heater

plate were supplied with DC power by a compound-wound generator driven
by a three phase induction mctor. The complete diagrams of these two
circuits appear in Figs. 5 and 6.

The guard circuit inecorporated three rheostats in series with
the resistance windings for control. Two of these rheostats were slide
wire resistances of 65 ohms each for rough adjustments. The third
rhecstat was a 12.5 ohms, circular type for fine adjustments. The
maximum current in the guard ring was limited te 3.3 amperes by the
ratings of the control rheostats. However, the edge losses from the
heater plate were small and the maximum current required at elevated
temperatures was approximately 2.0 amperes.,

The main circuit utilized three slide-wire rheostats in parallel

for rough adjustments and a 12.5 ohm circular rheostat in series with



Figure 1. View of Thermal Figure 2. Bide View of Apparatus
Conductivity Apparstus. Showing Removable Half
of Tub.




DIAMETER - 9"
WATER CHANNEL — 14" x 1/4"

Figure 4. Top View of Cooling Plate with Cover and Gasket Removed.



the load for fine adjustments. The resistance of the three rheostats
for rough adjustments was 650 ohms each with a maximum current rating
of one-half ampere each. This limited the maximum current in the main
circuit to 1.5 amperes. At the upper temperatures the current required
in this circuit was approximately 1.4 amperes with a temperature drop
of fifty-one degrees across a sample thickness of one half inch.

A calibrated resistance shunt in series with the main circuit
heater windings served as a convenient means of accurately measuring
the current. The shunt was constructed of constantan wire which has
a resistance-temperature coefficient of 0.000002/(°C) at 25° C. The
diagram of this shunt and its voltage measurement leads going to a
selector switch are shown in Fig. 6.

The voltage drop across a known area of the main heater was
measured by voltage leads imbedded in the surface of the heater plate.
These leads were connected through a Leeds & Northrup volt-box which
reduced the veltage by a known constant. The voltage output of the
volt-box was measured by & potentiometer with an accuracy of #0.02
per cent. This veoltage scrozss the test area ranged from five volts
at relatively low heater plate temperatures to thirty-five volts at
the higher temperatures of the heater plate. Thus, the power, E I,
passing through a known area was easily determined by two settings of
a selector switch, measuring at one position the current, and at the
other, the wvoltage drop across the test area.

Considerable difficulty in achieving steady state conditions
was experienced during initial operation of the equipment. This was

caused by a variation in the generator output voltage. Two modifications



200 WATT
LIGHT BULBS

ROUGH ADJUSTMENTS

TO CENTER CIRCUIT 12.5Q
FINE ADJUSTMENT

GUARD HEATER
RESISTANCE WINDINGS

Figure 5. Center Heater Plate Guard Circuit.
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of the equipment eliminated this problem. These are (a) decreasing the
resistance in the generater field so that it was operating at its most
stable point, (b) placing twe two-hundred watt light bulbs in parallel
in each of the two DC circuits. The filaments of these bulbs appeared
cherry red since only a small current was flowing in each one. Under
these conditions, the filament was very sensitive to any temperature

change and acted as a variable resistance in the cirecuit.

Alternating current circuits.--The two auxiliary heaters were supplied

by one hundred and fifteen volts AC power. Each of these plates utilized
a powerstat for voltage control to the resistance windings. The two
powerstats were connected in parallel to an automatic voltage regulator

which maintained a constant cne hundred and fifteen volt output.

Isothermal surfaces.-=In order to insure that the heat flow through the

test sample over the test area was normal to the surfaces of the sample,
nickel plates 0,250 inches thick and nine inches in diameter were placed
between each of the auxiliary heaters and the low temperature surfaces

of the test samples. A soft ashestos sheet, one~thirty-secondth of an
inch thick, was placed between the nickel plate and the test sample.

This allowed a thermocouple of small wire to be placed on the test sample
without completely disrupting the surface contact. The nickel plates,
having a high thermal conductivity, insured that at least the test area
of the sample was at a constant temperature. The positions of the main
heater plate, samples, nickel plates, and auxiliary heaters are shown in

Fig. T
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Temperature Measurement.--5ix cromel-alumel thermocouples, B. and S.

2l gage, were used to measure temperatures. Four of the thermocouples
were imbedded on cne side of the main heater plate along a radius of

the plate. These four thermocouples were placed so that two were over
the guard circuit and two were over the center circuit. The temperatures
of the two low temperature surfaces of the samples were measured by
placing a thermccouple cn the center of each sample and insulating it
from the nickel plate by a soft asbestos sheet. The recommended maximum
service temperature for this size and type of thermococuple was exceeded
during operation of the apparatus (3}u This required replacement of

all thermocouples after the three tests reported in this investigation

were ccmpleted.,
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CHAPTER IIT

HEATER PLATE CONSTRUCTION

Main heater plate.--The heater plates used are of the "Alundum" type
which were originally developed by the Mellon Institute of Industrial
Research. The percentage composition by weight of the plastic clay

used is as follows:

Kaolin {Putnam) 30
Potter’s Fiint 20
Feldspar (Woodcox) 35

Ball Clay (Kentucky #12) 15

Twenty per cent by weight of the above mixture was used with a
mixture of 70 per cent of 38-60 mesh Alundum and 30 per cent of 180
mesh Alundum. These compozitions were combined with 22 per cent by
weight of water tc ferm & thick paste and cast in a wax mold.

The technique of ceonstruction of the wax mold is given in detail
since the evolution of the technique reguired substantial trial and
errcr testing.

An aluminum disc ten inches in diameter and one inch thick was
clamped in & lathe and recessed to a depth of 0.438 inches and 9.250
incheg 1in diemeter. Tke sluminum plate was removed from the lathe and
the recess was filled with a mixture of one part Gulf Petrowax A and
cne part paraffin wax as recommended by the A.S.T.M. Standards publica-

tion.
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After the wax had solidified the aluminum plate was centered in
the chuck of the lathe and a depression cut into the wax to a depth of
0.250 inches and a diameter of 9.125 inches. The depression was in-
creased to a total depth of 0.350 inches at the outer circumference of
the 9.125 inch diameter recess by cutting a groove 0.094 inches wide
and 0.100 inches deep at the outer circumference of the recess. A
double spiral groove of ten turns per inch with & width of approximately
0.060 inches was then cut in the wax to a depth of 0.100 inches.

In cutting the spiral grooves the tool shown in Fig. 9 was used.
Four ribbons of wax 0.025 inches thick were cut from each groove from
the outside of the plate toward the center as shown in Fig. 9(8). After
cutting one groove to the prescribed depth the tool was repositioned
0.100 inches toward the center and the second spiral cut between the
grooves of the first. On each cut the small end of the wax ribbon
which stuck to the center of the plate was removed by hand using a
small piece of wire sharpened on cne end. This prevented a build-up
of wax in the grooves at the center.

The wax mold was then placed on a mechanical vibrator and the
mixture for the alundum plate was poured very slowly into the mold.

The vibration allewed the grooves in the wax teo fill without trapping
air bubbles. The mold was filled completely, covered with a damp cloth
and dried at 125° F. for eighteen hours. It was then placed in a high
temperature dryer at approximately 220° F. for eight hours.

After this drying pericd the alundum plate was carefully removed
from the aluminum plate and placed grooved side up on a flat surface.

It was then placed in a furnace and fired to 2000° F.
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A. Wax filled mold with circular groove.

C. Cutting second spira! between first D. Completed wax mold.
spiral grooves,

Figure 9. B3teps in Producing Wax Mold,
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The slundum plate was then grooved for thermoccouples and veoltage
and power leads. The back surface of the piate was then ground with an
aluminum oxide surface to produce a surface as flat as possible. After
all cutting operaticnz were completed, the plate was again fired to
2540° F.

A cover plate for the main heater was made in a similar manner.
A single recess 0.250 inches deep and 9.125 inches in diameter was cut
into a wax filled aluminum plate and filled with the alundum mixture.
This cover plate was cemented to the main heater by Sauereisen High
Temperature INSA-LUTE Cement after the heater plate was completely

wired with Kanthal A-1 wire.

Auxiliary heaters.--Two auxiliary heaters were made following the

procedure already outlined with one exception. There was nc need to
produce two identical surfaces on these hesters as was the case with
the mein heater; therefore, the cover plate was nct used. Instead the
resistance windings were covered with Sauereisen High Temperature INSA-

LUTE Cement and were ground flat after drying.
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CHAPTER IV

PRCCEDURE

QOperation of equipment.--The possibility of irreversible chemical

changes occurring in the test sample required that the determination

of the thermal conductivity be done in steps of increasing temperature.
The requirements that steady state be achieved and that the temperatures
be adjusted within very close limits at each step represented the most
difficult part of the operation,

In starting a test run all the heaters were placed in operation
at a low power setting and the velves in the water lines through the
cooling plates were opened an equal amount. During the first several
hours of this initial warm-up period the temperature gradient across
the guard circuit area and the mein circuit area of the main heater
was checked frequently to eliminste the possibility of cracking the
heater plate.

Once the temperature change with time became =small, minor adjust-
ments were made in the power settings of the various heaters every few
hours. These adjustments were made in crder to balance the temperatures
across the guard and main circuit areas of the main heater and to balance
the temperatures of the cold surfaces of the twe samples. When these
temperatures were equal and there was no change in temperature with
time, the measured values of the current, the voltage drop, and the

surface temperatures were recorded.
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Equalizing the temperatures cf the cold surfaces of the two
samples was the most difficult single adjustment. For this reason if
steady state was reached with & temperature difference of one or two
degrees between the two cold surfaces of the samples and the temperatures
between the guard and main circuit areas were equal, the measured heat

flow was divided in proporticn to the temperature drop ascross the samples.

Performance.-~A sample of known thermal conductivity was used to evaluate
the overall performance of the equipment., This sample was a silica base
solid insulation with a trade name of "Min-k 1301".: The k values
appearing in Fig. 10 for this known sample were guaranteed by the
manufacturer to be within ten per cent of the actual thermal conduc-
tivity.

The results obtained with the instrument described above with
the sample of known thermal conductivity are shown in Fig. 10 along
with the values furnished by the manufacturer. The measured values are
within the limits of accuracy given by the manufacturer. However, the
performance of the equipment was largely dependent upcn the surface
finish of the samples. Excellent surface contact was made using the
"min-k 1301" samples. On the other hand, the surface finish of the
slip cast fused silica sample could not be produced with the tolerances

specified by the A.S.T.M. Standards publicatica (2).

Routine calculaticns.--The equation used to calculate the thermal conduc-

tivity is
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where C = dimensionsl ccefficient
E = wvoltage across test srea
I = current in the main circuit
T = thickness of the test samples
A = area of the test section
tl = temperature of the test area
tg = temperature of the cold surface of the test sample
km = thermal conductivity at the arithmetic mean temperature,
ty #,
2

In the particular case wher the temperature cf the cold surfaces
of the samples differed by one or two degrecs the following equation

was used.

where t, and t, are the temperstures of the ccld surfaces (h).

3
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CHAFTER V
DISCUSSION OF RESULTS

The k values measured using the one-guarter inch fused silieca
samples differ by approximately 7 per cent from the values determined
with the one-half inch samples as shown in Figs. 11 and lQ*a The dif-
ference is attriluted tc the smaller temperature drop across the thinner
ssmple which resulted in a larger pessible error in temperature drop
meacsurements, and also to the small differences in particle size, per
cent solids, etec.;, in the two different slips used to make the samples.
A complete descripticn of the twe slips used i=s giver in the appendix.

The rezults of the performence test using "Min-k 1301" indicate
that the apparatus will produce satisfactery results provided that good
surface contact i= made between the heaters and samples. The surfaces
of the slip cast fused silica samples could rot be made with the
tolerances speecified in the A.S5.T.M, Standards publication. The
error that thiec introduced was net determined, but it can be assumed
thaet tThe end result was to lower the measured valies of thermal conduc-
tivity.

The determination of a "maximum” error is given in Appendix A.
This was calculated to be 5.5 per cent. This result is based only
upon the possible errors in determining each of the terms used in the

equation fer calculating the thermal conductivity. Omitted from this

&

Later werk has indicated that firing fime and temperature will
gignificantly affect the thermal conductivity of slip cast fuzed silica.
An investigation of this effect iz being conducted at the present time.



22

result are the possibility of edge losses in the samples, incomplete
contact with all the surfaces of the samples, small changes in room
temperature, and small changes in the temperature of the incoming

cooling water. These effects were assumed to be negligible.
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CHAPTER VL
CONTLUSIONS AND' RECOMMENDATIONS

The performsnce of the apparatus at temperatures above 1600° F.
indicate that nc leaksge to the thermocouples cccurred. This is
zttributed tc the low power requirements cf the main heater, the in-
creased thickness of the hester plate, snd the insulaticn of the
thermocouples in the sarface of the main heater.

The method used to measure power is unigue in this type of
equipment.. The use of a calibrated constantan wire shunt with =
relatively inexpensive Leeds and Northrup volt-box gave power measure-
ments which were extremely asccurate., The economy and accuracy of
this method of power measurement made it superior tc the ususl
technique of using wattmeters.

The results cobtained with the cne-yguarter inch sample of fused
silica are not congidered satizfactery since whe temperature drep
acrogs the sample was small. Ths values measured with the cne-half
inch zamples should m-ore acourately represent the temperature-thermsal
conductivity relaticnship for siip cast fused sgilica. However, ths
measured thermal conductivity of this waterial is probably lower than
the sctual value dve +2 the unsatisfactcry surface finish of the
samples. 10 is recommended that seversl samples of slip cast fused
gilica be ground and lspped to A.S5.TM. specifications and tested in
this apperatus in corder tc evsluate the exycr resulting from pocy

surfacze contact.
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The operation of the apparatus was time consuming and difficult.
This was primarily due to diffficulities in balancing cold surface temper-
atures and achieving steady state. This operation would be greatly
enhanced by installing in the auxiliary heater plate circuits a more

sensitive control than the powerstats.



AFPENDIX A
MAXITMUM EBRROR

The equation for caloulating the thermal conductivity is

3 k Dk
1 san < m 1R+ r -+ T!_l - 4
d{,m_.—;—EGJ:. Tll *—D_dT'_;_AdA'md{At)

CiT CET CET CEIT
dk = dE + ——— dI s Lt L (1 dA
+ ¥ =2
m 2447 A A 28 A+t 507 At
4 (=3 CEH = aldt
280 At

)]
et

ubstituting intc this expreéssion and Tactoring yields

The error computed in thiz manner is a maximum when all the
termz on the right zdd. This the maximam error cen be expressed in

the fellowing wavys

3
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T T al
maximm exror = + Il_dE + 2 TRt ﬁ‘ﬂl]

=4

)

In grder tc determine s numerical valne frem this expressien,
wvalue fcr the temperature drop. S t, across the test samples must be
assumed. The A,S5.T.M. rescmmended minimom At of thirty degrees is

ieed in order that

be a maximun, The error in measuring both E and I is so small it is
neglected.
Sbetituting the numerical valus ¢f the possible error in each

term intc the maximim 2rror expression yields:

meximm error = + '%g"r% - l—,'}g ¥ 100 ofc

maximim error =+ 5.6 2/c



Mill Charge
Fused SBilieca
Water

Grinding Tine

Properties
Slip Deusity

Per cent Spclids

BH

Viseczity

Densirty after firing
Water Absorpticn
Porosity

Particle Size;

Greater than Lh
micren

Less than 2 micron

APFENDIX B

DESCRIPTION OF SLIPS

Slip 18

1233 1b. «~4+2C mesh
31l gallons

16 hoars

4 - 6%

23 - 26%

1233 1bs. =4+420 mesk

31 gallons

2L heours

1.82 gm/fce
7:\2 L 658
120 - .50 cps

1,85 = 1,95 gm/ec

10 & 14%

2w g

3 - 3%
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