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Black Hills
Summer Conference

On Transport Phenomena

(Mainly heat flow and charge flow in semiconductors at elevated temperatures

Tuesday 21 August

Through Thursday 23 August 1962

South Dakota School of Mines
and Technology

Rapid City, South Dakota

Sponsored by
South Dakota School of Mines and Technology
Office of Naval Research
Visiting Scientists Program in Physics,

American Institute of Physics

OBJECT: To bring together theorists and experimenters, especially those
from laboratories where there may be only one or the other,
who are especially interested in heat and charge flow in solids.

EMPHASIS: Mainly on semiconductors at elevated temperatures, although
related problewss in metals and at low temperatures will be
discussed. Elucidation of current problems and a discussion
of possible new approaches, theoretical and experimental.




A conference to bring interested listeners
together to hear distinguished invited
speakers, and then to encourage everyone
to talk, doubt, discuss, challenge, think and
argue, diverted occasionally by a con-
tributed paper with new results or a new

technique.




PROGRAM

MONDAY, 20 Angust

7:00-9:00 P. M. Reception for all participants and their wives at home
of Mr. and Mrs. Robert G. Moruis, 2620 Brook Lane.

TUESDAY, 21 Angust

8:00 A. M. Registration (free) — Mineral Industries Building, Room
220 (MI 220). Northeast corner of campus

9:00 Opening remarks and welcome, Miteral Industries Build-
ing, Room 222 (MI 222).

9:15 SESSION A, MI 222. G. C DANIELSON presiding

Invited Paper Al: M. J. LAUBITZ, National Research
Council, Ottawa

“Measurement of Thermal Conductivity at High
Temperatures”

10:15 Discussion

10:45 Coffee — Late Registration, MI 220

11:00 CONTRIBUTED PAPERS

12:00 Luncheon at Faculty Club, Liberal Arts Building,
Basement

1:00 P. M. Tour of South Dakota School of Mines and Technology
Muscum of Geology

2:00 SESSION B. MI 222, GOTTFRIED I. MOLLER pre-

siding.  Invited Paper Bl: E. STEIGMEIER, RCA
Laboratories, Princeton

“Absolute Measurement of Thermal Conductivity”

3:00 Discussion

3:30 Coffee, MI 220

3:45 CONTRIBUTED PAPERS

5:00 Picnic, Canyvon Lake Park, Fish Fry Shelter

WEDNESDAY, 22 August

9:00 A. M. SESSION C, MI 222. KEH C. TSAO presiding
Invited Paper Cl: R. W. POWELL., National Physical
Laboratory, Teddington
“The Use of Thermal Comparctor Methods for the
Measurement of Thermal Conductivity”




ﬂ___—______

10: 00 Discussion

10: 30 Coffee, MI 220

10:45 CONTRIBUTED PAPERS

12: 00 Lunci"\lcon at Faculty Ciub

1:00 P. M. -SES3!ON D, MI 222. R. DANIEL REDIN presiding

Invited Paper DI: P. G. KLEMENS, Westinghouse Re-
scarch Laboratories, Pittsburgh

“The Theory of Electrical and Thermal Conductivity of

Solids”
2:00 Discussion
2:30 Coffee, MI 220
2:45 Group picture, in front of Mineral Industries Building
3:00 Excursion through Black Hills and Custer State Park
5:00 Dinner at Buffalo Room, Mount Rushmore National
Meniorial

THURSDAY, 23 August

9:00 A. M. SESSION E. MI 222, SPENCER MACY presiding

Invited Paper EI:  R. K. WILLARDSON, Bell and Howell
Research Center, Pasadena

“Mixed Conduction in Semiconductors”

10:00 Discussion

10:30 Coffee, MI 220

10: 45 CONTRIBUTED PAPERS

12:00 Luncheon at Faculty Club

1:00 P. M. SESSION F, MI 222. M. D. Blue presiding

Invited Paper F1. W. W. SCANLON, U. S. Naval Ord-
nance Laboratory, Silver Spring

“Properties of Non-Stoichiometric Compound Semi-
conduvctors”

2:00 Discussion
2:30 Closing Remarks: Summing Up

3:00 Adjournment




ATTENDANCE: Open to all. No registration fee. We would appreciate notice
of your coming, however, preferably by 15 August 1962.

PROCEEDINGS: Each registered partieipant witlt receive a eopy of the Con-
forence Proceedings. Those giving papers are reminded the
text of their papers is due at the Conferonce.

LOCATION: The South Dakota School of Mines and Technotogy is an engi-
neering and seience college founded mn 1885, With 850 stu-
dents, it offers the B.S. and M.S. degrees in engineering
studies, physies, chemistry, mathematies and geology. Rapid
City is located on the edge of the Black Hills of South Dakota,
23 miles from Mt. Rushmore, a few howurs’ drive from Devil's
Tower, Custer State Park and Wind Cave. It is on the direet
route to the Grand Tetons, YeHowstone Park and the Pacific
Northwest,

BANQUET: Buffalo Room. Mt. Rushmore National Memorial, Wednesday
22 August just before 8 P. M. We shall be seated together
and order from menu. Dinners from $1.70. Not necessary

to go on excursion to join us for dinner.

EXCURSION: By chartered bus from campus Wednesday afternoon, ending
up at Mt. Rushmore for dinner. Bus back to Rapid City
after dimner. Fare to be announced.

RECEPTION: Monday evening 7-9 0 M. 20 August for all partieipants and
wives at 2620 Brook Lane, home of Conference Chairman.

The street is poorly marked; use map. or phone for directions.

PICNIC: Tuesday evening at 5:00 P. M. in Canyon Lake Park, Fish
Fry Shelter.  For all partieipants and their families.  Start
as for 2620 Brook Lane, keep on Jaekson Blvd. till park.
Prices to be announced.

AIRPORT PICKUP: Upon notification of arrival time, we shall pick up arriving
participants at the airport.

INFORMATION: For further information concerning the Conference, hotels,
air schedules and highway travel write or call the Confer-
ence chairman:

Robert G. Morris

Department of Physics

South Dakota School of Mines and Technology
Rapid City, South Dakota

Phone: Area Code 605, 343-1600, ext. 223 8 A .M. — 5 P. M. MST
Area Code 605, 342-6479 Other hours




Titles and Abstracts of Papers

Printed for information of partieipants only. Do not give reference to following

work without permission of authors.
TUESDAY MORNING, 21 August

Al. (Invited paper, one hour) MEASUREMENT OF THERMAL CONDUC-
TIVITY AT HIGH TEMPERATURES. M. J. Laubitz, National Resecareh Couneil,

Ottawa.

A2, THERMAL CONDUCTIVITY MEASUREMENTS ON SILICON TO 1000°K.*
Joel J. Martin and Robert G. Morris, South Dakota School of Mines and Technology,
Rapid City.—The thermal conductivity of single-crystal silicon was measured as
a function of temperature from 680K to 1000 K by means of a series comparative
method. The method of Morris and Hust was used for this ¢ eriment with medi-
fications. The samples were 23mm in diameter and 8Smm in ickness. The stand-
ards were of Armeo iron and had the same dimensions as the sample. Thermo-
couples made of platinum and platinum-1077 -rhodium wire were cemented to the
sample and standards with a mixture of sodium silicate and graphite. This eement
was also used to provide good thermal contacts between the sample, standards,
and the gradient heater. Radiation losses were reduced by using a radiation
guard sectioned to match the sample and the standards. The rate of change of
both the ambient temperature and the temperature differences was less than
0.01' C/min. Subtraction of the thermocouple readings was used to find the
temperature differences. The thermal conductivity of silicon was found to be 0.53
watt/em C° at 680 K and 0.31 watt emi € at 925 K. The low-temperature values
agree with those of Morris and Hust. The high-temperature values agree with
those Abeles ¢t al. obtained from thermal diffusivity measurements. A plot of
1/K versus T (K ) indicates that 1 K is hnearly dependent upon T.

* This work supported in part by the Office of Naval Researeh

A3. THERMAL DIFFUSIVITY MEASUREMENTS ON A FINITE DISK. Paul
D. Maycock, Iowa State University., Ames-——A new technique has been developed
for measuring the thermat diffusivity of finite disk-shaped samples. The radial
heat flow equation was solved by the method of finite differences. An axial heater
was turned on and the temperatures at three radial positions were measured as
functions of time. This procedure determined the boundary conditions necessary
for the solution of the hecat flow equation. By assuming various values of the
thermal diffusivity, we obtained the solution at the middle thermocouple. The
value which gave the best agreement between the computed solution at the

middle thermocouple and the experimental curve obtained at the midpoint was




considered to be the best value for the diffusivity. A FORTRAN program which

calculates the diffusivity from the experimental data was developed and an IBM

704 computer was used to process the data. Data on Armco iron show that the

method is capable of giving correct values for thermal diffusivity.

A4. SPECIFIC HEAT OF ZIRCONIUM BY A PULSE HEATING METHOD.
A. H. Klein and G. C. Danielson, lowa State University, Ames.—The specific heat
of iodide zirconium, from 25°C to the meliing temperature of 1845°C, has been
determined by a pulse heating method. The « - 8 transformation from the hex-
agonal close-packed structure to the body-centered cubic structure occurred at
865°C. For « - zirconium, the specific heat increased from 0.066 cal/g—-°C
at 25°C to 0.082 cal’g—"C ut 865 C. Over the entire temperature range, our
results are about three per cent lower than those of Scott. For g—zirconium, where
no previous measurcments seem to have becn reported above 1000°C, the
errors were greater than for o-zirconium. Approximate values of the specific
heat in the g— range have been determined, however, from our pulse data and
from previously known information on the heat of transformation and on the

temperature dependence of the resistivity,
TUESDAY AFTERNOON, 21 August

Bl. (Invited paper, one hour) ABSOLUTE MEASUREMENT OF THERMAL
CONDUCTIVITY. E. Steigmcier, RCA Laboratorics, Princeton.

B2, THERMAL MEASUREMENTS ON FERROELECTRIC BARIUM TITANATE
CERAMICS. Donald D. Glower, Sandia Corporation, Albuquerque, New Mexico.—
Thermal  diffusivity  and  thermal conductivity mecasurements for unpoled
Ba, ’xCaxTiO:: ceramics (0 <x <0.19) reveal that the effect of adding calcium
is to decrcase the thermal diffusivity in the orthorhombic and tetragonal phase.
and to leave the thermal diffusivity virtually unchanged in the cubic crystal phase.
Direct measurements of the thermal conductivity were made using a variation of
the split rod method. These measurements agreed within 1090 of indirect measure-
ments via the thermal diffusivity, specific heat. and density. The thermal dif-
fusivity was measured using the variation of Angstrom's heat wave method, as
developed by Sidles and Danielson.

The thermal conductivity of the barium titanate ceramic, as measured with
ceramics of density 5.9 gm/cm”, is about 209 greater than reported by Yoshida.
The thermal diffusivity, measured in the temperature range —60° < to <180°C,
shows a sharp drop at the temperatures where the crystal structure changes
from orthorhombic to tetragonal and tetragonal to cubic. The greatest change
is at the 0°C phase change. The addition of calcium causes the greatest effect

on the thermal diffusivity at low temperature.




B3. SERIES COMPARATIVE MEASUREMENTS OF THERMAL CONDUC-
TIVITY WITH THERMISTORS.* William G. Delinger, Francis W. Kalkbrennert
and Robert G. Morris, South Dakota School of Mines and Technology, Rapid City.—

The thermistor, or thermally sensitive resistor, is a semiconductor circuit clement

which is suited for the measurement of small temperature differences encountered
in thermal conductivity work. It can be made small in size (0.11 em and smalter)
and has a high temperature coefficient of resistance ( = -5 /deg C at 25°C). A
preliminary investigation indicates thermistors are stable enough to be used as
temperature sensors—the resistance being repeatable within less than 19, as the
temperature is eycled to 250°C and back to 25°C. Two thermistors (matched by
the Godin technique) are placed in adjacent arms of a balanced Wheatstone
bridge and the unbalance current is measured when the thermistors are at differ-
ent temperatiires. The unbalance current is a measure of the difference in resis-
tance of the two. The slopes of the resistance-vs-temperature curves for the two
thernuistors are nearly the same: this allows one to write AT A R/(dR/4T).
The temperature can be determined from one thermistor. Using dR/dT from a

previously prepared graph. one can find A T very precisely.

* This work supported i part by the Office of Naval Research and by a
Special Research Appropriation by the State of South Dakota.

“Present Address:  Boeing Company, Secattle 24, Washington.
WEDNESDAY MORNING. 22 August

Cl. (Inviled paper, one hour) THE USE OF THERMAL COMPARATOR
METHODS FOR THE MEASUREMENT OF THERMAL CONDUCTIVITY. R. W.
Powell, National Physical Laboratory, Teddington.

C2. MICROWAVE HALL MOBILITY IN GERMANIUM. Y. Nishina and G. C.
Danielson, Iowa State University, Ames—Hall mobilities of germanium single
crystals have been measured at a frequency of 9000 Mc over the temperature range
30° —-300°K. The rectangular sample was placed on the wall of a rectangular
cavity which was doubly degenerate in the TEl_Hmndo and in the TEmmode
at a single resonance microwave frequency. DMeasurements on n-type germanium
were in quantitative agreement with the theoretical analysis by Liu, Nishina, and
Good., Measurements on p-type germanium were more difficult to interpret and
quantitative discrepancies between the microwave Hall mobility and the corre-
sponding de Hall mobility were found. The magnetic ficld dependence of the micro-
wave Hall mobility in p-type germanium was in qualitative agreement with the

analysis of de measurements by Willardson, Harman, and Beer.




C3. LOW-TEMPERATURE ELECTRICAL RESISTIVITY OF RARE EARTH
METALS. R. V. Colvin and S. Arajs, Edgar C. Bain Laboratory For Fundamental

Research, United States Steel Corporation Research Center, Monroeville, Pennsyl-

vania.—The discussion is mainly concerned with a means used to obtain tempera-
tures between 4°K and 300°K. Any temperature that may be desired is first ob-
tained by rapid heating or cooling of a copper sample chamber and then the
chamber temperature is maintained by supplying an amount of heat to the chamber
equal to its heat losses to a liquid gas bath., A vacuum wall and a length of thin
wall stainless steel provide the necessary thermal isolation from the bath.

Althongh the apparatus is particularly useful in conjunction with electrical
resistivity measurements, appropriate modifications make it useful for a number
of other physieal mecasurements. Precise temperature control, continuous cover-
age of the entire temperature range and a temperature controller that can change
the sample temperature automatically in the minimum possible time are some of
the features described.

Resistivity curves of a number of the rare carth elements and of a single
crystal of Cr are presented to illustrate the usefulness of such equipment. The
need for good mcasuring instruments is stressed since studies of hysteresis effects,
dependence of resistivity on time and precise studies of the detailed temperature

dependence of resistivity are possible.

C4. CIRCULATING CURRENTS IN THERMOELECTRIC AND GALVANO-
MAGNETIC EFFECTS. Milton Green, Burroughs Corporation, Burroughs Labora-
tories, Paoli, Pennsylvania.——Circulating currents, which are responsible for in-
creased specimen resistance such as is observed in the Corbino disk, are associated
with field forces having non-vanishing curls. For the steady state, the hole field-
forees are given by the eclectrostatic field E, the hole “pressure-motive-field"
E, = — (kT/e) (grad lap ~ ~,pgrad InT), and the Lorentz-force cp'—vp\ B.
The nonvanishing curls are curl Ep grad InT > Epand curl €y B . grad Vo,
—v,. grad B - B div. v . The fiit curl exists if grad T has a component
orthogonal to grad p, and the second curl will gencrally exist if either or both the
magnetic and the velocity ficlds are nonuniform. Nonuniform magnetic ficlds are
curvilinear (nonrectangular, coordinatewise), and nonuniform velocities are the
result of curvilinear flow paths and/or concentration gradients. (The last cate-
gory includes junctions, inhomogeneities, and other sources and sinks of eleetron-
hole pairs.) Consequently, the cireulating flow of holes in transverse galvano-
magnetic effects is clockwise with respect to B around real or virtual (apparent)
hole-eurrent sources (correspondingly, counterclockwise for sinks) and conversely
for electron sources (or sinks). The circulation emf of holes, op‘-chp B

dR, is a maximum in regions where sources and sinks are absent, i.e., where div

Jp - —div J_ = e(g-r) =0, and eorrespondingly for electrons. For transverse




flow in a diverging (or converging) magnetic flux, the circulating current about

the virtual source (or sink) of flux is counterclockwise (correspondingly clockwise)

with respect to the nonecirculating component of current density.
WEDNESDAY AFTERNOON, 22 August

D1. (Invited paper, one hour) THE THEORY OF ELECTRICAL AND THERMAL
CONDUCTIVITY OF SOLIDS. P. G. Klemens, Westinghouse Research Labora-
tories, Pittsburgh.

THURSDAY MORNING, 23 August

El. (Invited paper, one hour) MIXED CONDUCTION IN SEMICONDUCTORS.
R. K. Willardson, Bell and Howell Rescarch Center, Pasadena.

E2. SEMICONDUCTING PROPERTIES OF Hg, Cd Te*. M.D. Blue and P. W.
Kruse, Honeywell Research Center, Hopkins, Minncsota.—Hgl_xCdec is a semi-
conductor having an energy gap approximately linearly dependent upon x, ranging
from 1.45 eV for CdTe to 0.02 ¢V for HgTe'.

Optical measurements ineluding transmittance, photoconductivit , the photo-
voltaic effect, and the PEM cffect, are being employed to determine the dependence
of the optical gap upon composition, found by chemical analysis.

Hall and resistivity measurements are made between 4.2 and 295°K as func-
tions of magnetic mduction. Because of the large hole to electron mobility ratio,
the conductivity and Hall coefficient are determined almost entirely by electrons
above 200 K. A large dependence of Hall cocfficient upon magnetie field is ob-
served.

Eleetrical data for a sample contaming 2 per cent CdTe have been fitted in
the mixed conduction region to a band model with a thermal gap of 0.025 eV.
The electrical properties of the same sample after conversion from n-type to
p-tvpe (by annealing in Hg vapor) have also been measured. Estimates of
clectron-hole and optical mode scatterving indicate these processes may limit the

mobility of electrons above room temperature.

* Work performed under Contract AF 33(616)-7901 with the Air Force
Systems Command.

'W. D. Lawson et al., J. Phys. Chem. Solids 9. 325 (1959).

E3. DYE-SENSITIZED PHOTOCONDUCTIVITY OF ZINC-OXIDE FILMS*.
L. I. Grossweiner and S. J. Dudkowski, Department of Physics, Illinois Institute
of Technology, Chicago.—Adsorbed cosin dye sensitizes the surface photoconduc-
tivity of zinc oxide thin films to visible wavelengths. The essential step of the pro-

posed mechanism is the photoexcitation of holes in the dye layer and their capture
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at interstitial Zn+, thereby enhancing the zinc-oxide conductivity by incrcasing

the conduction electron lifetime. The process has been investigated by establish-
ing a photoconductivity level in the zinc-oxide layer with light absorbed in its
fundamental band and superimposed visible light absorbed only by the dye. The
equilibrium photocurrent always varies with the one-half pbwer of the “cosin
light” intensity, indicating that the holes generated in the eosin layer decay by a
fast recombination with trapped electrons. The build-up and decay of sensitized
photocurrent is exponential in time, with a temperature dependence which sug-
gests that the kineties are controlled by the carrier motion. The available informa-

tion on band energies in zine oxide and cosin is consistent with the proposed model.

* Work supported by the U. S. Atomic Energy Commission.

E4. FIELD ELECTRON EMISSION FROM SEMICONDUCTORS. W. R. Savage,
Materials Research Laboratory, Corporate Research & Engineering, Texas Instru-
ments Incorporated, Dallas 22, Texas.—The phenomenon of high field electron
emission consists of the tunneling of electrons through the deformed potential
barrier at the surface. The thinned barrier results from the action of a high electro-
statie field at a conductor-vacuum interface. For a semiconductor the field emission
current originates from both the conduction band. j_ . and valence band, i
The relative magnitudes of j.and j, depend on the bulk properties and surface
condition of the semiconductor. Stratton has recently revised the theory of field
emission from semiconductors, The theory includes corrections for the difference
between effective and free electron masses with detailed results obtained for spheri-
cal energy surfaces. The current arising from the conduction band is proportional
to the probability for emission from the Fermi level for positive Fermi energies
or the bottom of the conduction band for negative energics. Deviations from
linearity in the Fowler-Nordheim graph, Inj_ versus 1'F, arise from changes
in surface potential as a function of external field. The current arising from the
valence band is approximately proportional to the probability of emission from the
top of the valence band and is essentially independent of temperature. Experi-
mentally the emission parameters of Fermi energy, surface potential and electron
affinity plus band gap energy may be varied by selection of cathode material, bulk
doping levels and surface treatment. The essential features of the theory are

qualitatively consistent with experimental results.
THURSDAY AFTERNOON, 23 August
F1. (Invited paper, one hour) PROPERTIES OF NON-STOICHIOMETRIC

COMPOUND SEMICONDUCTORS. W. W. Scanlon, U. S. Naval Ordnance Labora-
tory, Silver Spring. .
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Al. (Invited paper) ON THE SERIES COMPARATOR METHODS OF MEASUR-
ING THERMAL CONDUCTIVITY

by
M. J. Laubitz - ' o B
Division of Applied Physics
National Research Council
Ottawa, Canada

ABSTRACT ,

A method of mathematical analysis of series comparators is
outlined and results of calculations for oné particular com- --
parator are presented. It is shown that when the conduct1v1ty
of the unknown diff-rs significantly ‘from the standard, the com-

parator gives grossly erroneous results.
‘ o,

Introduction

Discrepancies in the v.lues reported for the thermal con-
ductivity of various substances appear to be the rule, rather
than the exception, and tend to be generally accepted. Such
tacit glossing over is not possible in the case of the results
reported for titanium carbide, as there fairly fundamental
principles are involved. A brief summary of the experimental
work concerned is here given. Vasilos and Kingery (1954%)
measured the thermal conductivity of titanium carbide in the
temperature range of 100°C to 800°C using a series comparator
with dense alumina as a standard, and in the range of 500°C to
1000°C using an absolute method with an ellipsoidal specimen.
The two sets of results that they obtained match reasonably well

in magnitude when corrected for specimen porosity, and decrease

—
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from 0.075 cal/cm sec °C at 0°C (extrapolated) to 0.012 cal/cm

sec °C at 1000°C. Vasilos and Kingery also measured the
electrical resistivity of their specimens at room temperature,
and obtained values from 60 to 70 { ohm-cm. In 1961, Taylor
reported the thermal conductivity of titanium carbide obtained
by an absolute method involving cylindrical heat flow. His
résults increased almost linearly with temperature from a value
of 0.078 cal/cm sec °C at 0°C (extrapolated), through 0.C96
cal/cm sec °C at 1000°C to 0.11 cal/cm sec °C at 2000°C.
Taylor measured the electrical resistivity of his specimen as
well; it increased from 60 g ohm-cm at room temperature to

liO g ohm-cm at 800°C.

When these results are compared, three disturbing features
appear. Primarily, there'is the obvious discrepancy in the
values reported for the thermal conductivity of *itanium
carbide, both in magnitude and in its functional variation with
temperature: the two sets of results differ by a factor of 10
at 1000°C, while at room temperature there is good agreement
both in thermal and electrical conductivity. Secondarily, the
results of Vasilos and Kingery for temperatures larger than
BOO?C are smaller than the electronic contribution to the heat
céﬁﬁuctivity alone, as computed by the Wiedemann-Franz relation
froa the electrical resistivity results of Taylor. Admittedly,
the eiectrical resi;tiQity repér%éd by Taylor is smaller than '
'Values found elsewhere in literature (see for instance Munstér
a.nd Sagel 1956) but even the hi:gher e e el A R S

resistivity yield an electronic heat conductivity at 800°C that

2
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is twice as large as the measured values of Vasilos and
Kingery."And thirdly, if one subtracts the electronic heat
cbnductiyity, calculated from Taylor's resistivity values, from
his meas;réd thergal conductivity one obtains a remainder that
is.independent pf temperature rather than one displaying the 1/T
relationship exéected of phonon conductivity, the alternate mode
of heat transfer. |

It seems unlikely that the discrepancies between Tayior'g
results.and those of Vasilos and Kingery are due to inherént
differences in the specimens: small differences in cémpositioﬁ
should have little effect on thermal conductivity, while large
differences in composition should significantly affect'the
electrical conductivities at room temperature. Neither does the
assumption of cracks and voids resolve the discrepancy, for if
will no£ account for either set of results if the other is
pres#méd correct. One must therefore consider the only
alternétive; one or the other set of experimental resulfs, or
perﬂaés eveﬁ both, are completely wrong. The following are fhé
po;sigiiities: the results of Vasilos and Kingery are c&rréct;

v

and we must assume that the Wiedemann-Franz law is invalid. in:'.

this instance; or the results of Taylor are correct, and either

the Wiedemann-Franz law does not hold, or the phonon conduc-

’

tivity does not vary inversely with temperature, or there is

L

another important mechanism of heat transfer in titanium carbide

operating at relatively low temperatures. There is of course

the third, by far the most palatable choice, that neither Taylor

o0 o
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nor Vasilos and Kingery is correct. This last possibility does
not impose upon us any further restrictions regarding transport
phenomena; however, the reputations of the authors involved are
such as not to make it very probable.

The solving of this riddle is not going to be an easy
matter. In this paper we propose to take the first and perhaps
easiest step, by taking a critical look at the comparator in-
strument used by Vasilos and Kingery. We will, in fact, invgs—
figate'the following problem: suppose that Taylor's results aré
correct, which means that there is a large difference between
the conductivity of the unknown and that of the standard
(A1203) in the comparator used by Vasilos and Kingery; whét

results would one then obtain from the comparator?

Mathematical Analysis

.An exact mathematical analysis of a series comparator is
fairly straightforward if the conductivity of the unknown is
.equal to that of the standard (Laubitz 1961 - where it is shown
.xhat.comparators can give erroneous results even under this
,ideal condition), If one allows the conductivity of the unknown
.to depart significantly from that of the standard, the exact
qpalysis, although possible in principle, becomes extremely
tedious. One gets involved.wifh two infinite series, one of a
.Fourier and one of a Bessel type, with each of the coefficients
of_either series being expressed.as a weighted sum of the
coefficients of the other series. Clearly some approximate

approach is indicated.
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The system we propose to analyze is shown in Fig. 1. It
consists of three specimens, each of length 2¢ and radius a,
the two end specimens being standards of conductivity kl, and

the mid-piece being the unknown of conductivity k The

5"
specimens are surrounded by a guard of inner radius b, the
space between the guard and the specimens being filled with in-
sulation of conductivity k3. Each of the specimens has two
thermocouples on it, positioned a d}stance A from the specimeﬂ
end-faces. The guard has four thgfmocouples: these ide&ilf.af;
maintained at temperatures equal to those of the sample Q{um;ans
of guard heaters. The two end thermocouples are matched diréctly
with the end thermocouples of the specimen assembly, while‘thé
two middle thermocouples are matched to the average of the two -
sp;éimeﬁ thermocouples at each standard-unknown boundary. The
ratig of the conductivity of the unknown to that of the standard
is cal;ﬁlated from the ratio of the average of the two temper-
ature“dif%erénces measured on each standard to the temperature
di%f;reﬁ;e on the unknown,

in the analysis wevﬁili assume that the guard is perfectly
1inea ub with the specimens, and is at its "optimum" temperature
match with the specimens, by which we mean that the temperature
;lgﬁg f = b can Ge expfeééed by 'a term linear in z, plus a small
term,to ACcouﬁt for the matching 6f the middle thermocouples;
thesé ideélized tempérétﬁfé disttibutions are shown in Fig. 1.

As pointed out previously (Laubitz 1961) - the Vasilos and Kingery

type of comparator can have wildly varying guard temperatures

-
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while ostensibly being matched in temperature to the specimen.
The assumption of an "optimum'" match gives therefore the com-
parator the benefit of more doubt than that to which it is
reasonably entitled. The assumption of an optimum match makes
the mid plane of the unknown, z = O, a mirror plane, and hence
one of constant temperature, assumed zero for convenience. The
two end planes z = t3g are also assumed planes of constant tem-
‘perature, tTo respectively, and.the deviation of the guard tem-
perature from linearity is assumed to be represented functionally

reasonably well by a term in sin ot

3y °
We then assume the following relatively simple solutions
for the temperature distribution, which satisfy the external

boundary conditions.

In the standards

I (& r)
(o]

T(r,z) = T, + gl(z -J) + T A
n

sin -z
1l n

n I (s a)
o n
In the unknown

I (~_r)

_o n

nI (- a)
o “n

T(r,z) = € 2z + T A sin 2
n

and in the insulation surrounding the specimens

F (&, r, «a)
T(r,z) = g .z + D == ‘l > sin ™%,z + Z B Fo(“hr’a'b) L
3 Fo(uib’(ia) 1 n *F (a,<b) SInThE
o n°’™n
where T
. o
T e e
" Bgfog
1
o ok
n 34 .
S | = £ _lo
gl Z,Q ’ gz ,0 b} g3 3‘)
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and
B .
. (3T) - T )1 - 47) |
o 3 sin _/lj
D expresses the temperaturé matching conditions for the mid- I

thermocouples. Io and Ko'ére the associated Bessel functions

of the first and second kind of order zero, and

- 5 %

Fo(x,y) = Io(x) Ko(y) - Io(y) Ko(x)

. It ig impossible to achieve exactly the required temperature

and heat flow matches at the two internal boundaries . B

z =_Y (o<r<a) and r = é (o2 <_J) with such relatively‘simple
solutions., An approxima£e match can be.obtained, however, the
specific nature of £he approximation being best seen by the

approach of '"virtual heat sources and sinks'., Briefly, this:

approach is as follows. If two bodies 1 and 2 with conducti&ity ‘
1 2

k, and k, respectively have a common boundary s with normal n

pointing from body 2 to body 1, then the temperature distribution

for the composite can be calculated by substituting kl for k2 in |
body 2, which makes it a single-body problem, and assuming a ‘
virtual heat source or sink aloﬁg the surface s of specific

magnitude R
kl tﬁg
Q = K; (k; - k,)

.) n
where Ts is the surféce temperature:in body 1 aléng the
boundary.

In our case, we want to substitute the conductivity of the
standard for that of the unkncwn. The source along

z = f(o=r~<a) is given by




=™

‘ Io(Jnr)
QS(V) = : (kl - kz) {gl'+ A v EETT;ET cosL/ny

)

: k3 ;"D sin =, z Fé(vha,oib) - {
Qs(?) = —= (kl-kzh = + LB F (% o by Sinmo z}
o o n O n n :

X Fo(yib,uia)A

2
where F' is the derivative of FO with respect to r.

1
(o]
So far the treatment of the virtual sources and sinks has

been rigorous. We nov malte what might be considered the first

order approximation

kl
Qs(ﬁ)f = (k) - k) g
2
k3 D sin'xlz
Qs(a)"'ﬂn (kl - k2) a F (u\b,/vgy
2 o) 1 1

Under this approximation explicit formulae for An and Bn
can readily be obtained, and the temperature distribution cal-
culated. In physical terms, the approximation means a perfect
temperature match along r = a and along z = f; a perfect heat

flow match along r = a (¥ z=3); and an approximate heat flow

match along r = a (o=z= ) and along z = ((o=r <a). Along

z = f, the approximation is a good one, particularly for higher
v§lues of kl/kS’ the ratio of the conductivity of the spandard
is that of the insulation. Along r = a (0o<.z<}) the term in D
included into the calqulation i§ of the same magnitude as the
‘fi;st term of the rejected infinite series; subsecuent terms of

k

q . -2 <
the series decrease approximately as n ~. For QE’/I, the range
: S l

in which we are primarily interested, the term in D and the

8
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igfinite series. have the same sign; hence our approxima£ion
describes only about one half of the radial heat exchange between
the unknown and the insulation. For k2/k1411, the contributions
“to the virtﬁél'heat source Qs(a) tend to cancel.for'some;values
of kz/kl’ and reinforce for others., Of course further terms
could be inéluéed in the Qs(a) making the approximatic;n better.
This makes the calculation of the coefficients An and Bn more

complicated, but not beyond the range of a desk calculator.

Results of calculations

The aim of the calculations is to obtain the error in the

results of the comparetor, conveniently given by the ratio,

k

2(obs) , of the conductivity of the unknown that the comparator
k
2

yields to its true value. This ratio was calculated for an
arrangement parametrically equivalent to the Vasilos and Kingery

comparator for various values of kl/k3, the ratio of the con-

k2
=L 5

ky

ratio of the conductivity of the unknown to that of the standard;

ductivity of the standard to that of the insulation; the

and XA(, the relative positioning of the thermocouples on the
specimens, In the calculations, the summation was extended over
twelve terms of the infinite series involved. Some of the
results of the calculations are shown in Figures 2, 3, and 4f

If we assume for k_  the values reported by Taylor for

2

titanium carbide, and for k, and k, the conductivities of alumina

1 3

and insulating brick as ued by Vasilos and Kingery, we can, by

graphical interpolation of Fig. 2 and 3, obtain th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>