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The thermal conductivity of a few liouids is well established
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range of temperatures and pressures. The operating tem=
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erstures and pressures of industrial ecuipment are increasing rapidly

for a2 nmumber of reasons and the number of liguids being used for heat

media are also increasing. The need for additional, accurate
thermal conductivity values over an extended temperature range are
therefore 7\,czulz\ecl. The studies outlined in this thesis were directed
towards making accurate determination of the thermal corductivity of
rganic liquids at temperatures up to 600°F and atmospheric pressure.

An exhaustive literature survey was made and a resumé of

sunrerized in tabular form. A number of empirical and theoretical
expressions for the thermal conductivity of liquids are reviewed as
well as the methods employed by a number of the many previous
investigators. Invariably the method of debermining the thermal
conductivity of a liquid consisted of measuring the conductance of =
lgyer of the liquid. The geometric arrangements of the apparatuses
have been numerous and varied and the main criterion of their design

he aveidance of convection and the isolation of the heat

Two apparatuses, the hot-wire cell and the concentric cylinder
cell, were selected as sultable apparatuses; the first for its simplicity

and the second for the higher pressure determinations. Both cells
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reasuire the use of a nstant temperature bath. For the temperature

range and the accuracy required a suitable bath was developed. The

suitable for a temperature range from &0 %o

in which the meazsured temperature can be held within T 0.002°%
for about one hour periods.

The hot-wire cell was used to determine the thermal conducti-
vity of Carbon Tetrachloride and Toluene at atmospherig pressure for
a temperature range from 70°F to their respective boiling points.
Determinations were also made for two organic liquids, known as HR-40O
and Hydrogenated Santowax OM, at atmospheric pressures and at
temperatures up to 600°F .

The design of the cells and the bath is described in the
thesis; the calibration and the use of the hot-wire cell are also
completely documented., The values of the thermal corductivity deter—
mined for Carbon Tetrachloride ard Toluene are compared to the most

relizble results from the literature. Free convection is evident
at the higher temperatures for the above fluids as well as for the
organic fluids tested., The results are thersfore considered unreliatble

and further work is required to isolate the effects of convection.



ACKNCWLEDGEMENTS

The work described in this repert was supported by
the National Research Council of Canada through a research
grant.

The author wishes to express his sincere thanks to
Professor R. E. Chant, Chairman and Head, Department of
Mechanical Engineering, whose guldance as director of this
work was invaluable,

The author 1s indebted to all the technicians of
the Departments of Mechanical and Electrical Engineering, but
in particular to Mr, R. Lacomy for his keen interest and ever-
rresent assistance.
nanks are algo due to Professor E. Bridges,

Department of Electrical Engineering, for his help in designing

the tnermistor-type temperature controller,




o3

@ ¢ o © © © ¢ © e © e e 9 ® @ o @ o6 o & e © o
o FART NN MG
e NTENT
C. C\ NILDHNLD 3 o o o 6 o o o 6 © o o e © o 8 e o o o e o

Py HITo
A U WE
£ .LC DD o o 6 o @ o 0 © o 0 © © o o © 06 o ¢ a o a o e

INTRODUCTICN o ¢ ¢ ¢ o o o o o o s o o o s o o o o s o =

RELEVANT LITERATURE SURVEY . o o o ¢ o o o o o o ¢ o o

Experimental Work Subsegquent to 1923 . o . ¢ o o o o o o

EMFIRICAL CCRRELATIONS AND THEORETICAL EQUATIONS FCR
THE PREDICTION OF THE THERMAL CONDUCTIVITY CF

L:[QUIDS @ o ° o L4 - ” o @ @ L o @ -] o ° o o 4 ° o o e ©
Section A : Empirical Correlations . . . + o o o o o o o

Section B : Theoretical Equations o o« o v o v o o o o &

v

PAGE

e

=
}J-

19
22

27



e

Vi

e

1. Development of

2. Cell Forms Employed by Other Investigators

INTRCDU

DESIGH
1. The
2, The
3. The
L. The

(a)

(b)
5. The

CALIBRATIONS AND EXFERIME

Section A :

] F
oECT
DAT:

ALA

N
o]
o]

Ia)
v

TORY HEAT
THERM AL CONDUCTIVIT

i EQU IP" 1\ o e e o e o © & @

1Y -

not -4

TRANSFER THEORY
TT

t

(@]
=
)
bef b
W
F—i

GNS . .

Fal

Fourier's Law of

flire Cell . o ¢ o« o o o &

@

Constant Temperature 0il Bath .

m

Temperature Controllers . . .

°

o

The Mercury Thermoregulsztor . . .

The Thermistor~Type

Arc Welding

1.

U
°

(w3}

-LI\.AJ.JVD Ib
CONDUCTIVITY .

Calibrations and

Experiment

AND

Apparatus . o o

[ENTAL FROCEDURE

Methods of

o

°

°

°©

o

°

e

AS APPLIED TO

o

e

°

°

°

Heat Conduction

°

Temperature Controller

°

°

@

Measurements

Temperature Measurements . . .

Temperature Control of

Calibration of the Bath Thermocouples

ballbr tion of the
eTop

°

the Bath

o

°

Measurement of the Power Supplied

to the Test Section .

tal Procedure .

e o ° @ @ ® @ @ e o @

°

e

L]

v

Test Secticn for
U.I‘ e l‘ easurenents

©

°

°

32
33
L1

77



X

: PRESENTATION OF THE RESULTS & v v v ¢ o o o o o o o o &

CONCLUSIONS AND DISCUSSIONS OF RESULTS & v o o o o o &

BIBLIOGRAFHY AND REFERENCES & 4 v o o o o o o o o o o &

AYPENDICES ., . . .

APPENDIX I

APPENDIX II

APFENDIX III :

APPENDIX 1V

e o o o ¢ o o ° e e @ » o o e s o o

CALIBRATICN DATA FOR THE THERMAL
CONDUCTIVITY APPARATUS . . . . o .

EXPERIMENTAL DATA AND PHYSICAL
PROPERTIES OF THE LIQUIDS TESTED .

DESIGN DETAILS OF AUXILIARY
EQUII‘I’J(ENT e © o e o0 @ © @ @ o o o

1. The Concentric Cylinder Cell .

2. The Thermistor-Type Temperature
Controller « o o o a o o o o »

3. The Arc Welding Apparatus . .

CHARACTERISTICS OF COMPONENTS
EMPIOYED IN THE THERMISTOR TYPE

- TEMPERATURE CONTROLLER o o o . &

vii

9

110

121

iz2

139

143

149
154

160



10
11

INDEX TO FIGURES

DEVELOFMENT OF FOURIER'S LAW OF HEAT CONDUCTION

STEADY STATE HEAT FLOW THROUGH A HOLLOW CYLINDER o

STEADY STATE HEAT FLOW THEROUGH A SFHERICAL SHELL .

DEVELOPMENT OF "CELLULAR MOTION" ON A FLAT PLATE .

DETAILS CF THE HOT-WIRE CELL

e e o e o o a o o o e

SECTIONED VIEWS OF THE CONSTANT TEMPERATURE
OIL BATH AND DETAILIS CF THE BATH HEATERS . . . . »

ISCMETRIC VIEW OF THE BATH SHELL AND -DETAILS
OF THE PROPELLER SHAFTS AND SEALS

L4

¢ o e o o °

CONSTRUCTION DETAILS OF THE PRESSURE VESSEL

FOR THE CONSTANT TEMPERATURE OIL BATH

o L] @ o L4 o .

SCHEMATIC DIAGRAM COF TEE HEATERS FCR THE
CONSTANT TEMPHRATURE BATH . . . . &

e o L] e ¢ e

SCHEMATIC FCR ELECTRONIC RELAY FOR THE
MERCURY THERMOREGUILATOR ¢ o o o o o o o o o o o o

SCHEMATIC COF THERMAL CONDUCTIVITY MEASUREMENT
APPARATUS FOR ORGANIC LIQUILS .

¢ o o

s e o© o ‘o o

A GENERAL PHCTOGRAFHIC VIEW OF THE THERMAL

APPENDIX IIT

CONDUCTIVITY APPARATUS & ¢ o o o o ¢ o o o o o o =

DETAILS OF THE HﬁATuR FOR THm CONCENTRIC

CYLINDER CELL % o « o &

e o o @

°

s e e ¢ o o

DETAILS OF THE CONCENTRIC CYLINDER CELL COMPONENTS

ASSEMBLED VIEW OF THE CONCENTRIC CYLINDER CELL . .

SCHEMATIC FOR THE TdERNISTORrTYPE TEMPERATURE

COL\‘ TR.O IJIJAJR 0 LA ° o o o

e o e

o e o o6 o° o o

@

o

°

viii

76

145
146
147

151



ix

............ rosvmr

[ CURE PACE

13 FHOTOGRAFH CF THE THERMISTOR-TYFPE TEMPERATURE
CONTROLLER UNDERGOING PCST-ASSEMBLY TESTS . . . . . . 153

1 SCHEMATIC DIAGRAM FOR THE THERMOCCUFLE ARC WELDLG )
APPARATUS v v o o o o o o o o o o o o o o o o0 o oo 155

15 PHOTOGRAFH OF THE ARC WEIDING APPARATUS . . . . . . . 159



GRAPH
1

2

INDEX TO GRAPHS

PAGE
THERMAL CONDUCTIVITY CF CARBON TETRACHLORIDE . . . . . 87
THERMAL CONDUCTIVITY OF TOLUENE o o o o o o o o o o o 89
THERMAL CONDUCTIVITY OF HB=4O o ¢ o o o o o o o+ o o« Ol
THERMAL CONDUCTIVITY OF HYDROGENATED SANTCWAX OM . .  ¢3

GR PR
FOR CARBON TETRACHLORIDE AND TOLUENE + o o o o o « o 101

ESTIMATED N.,x N_. PRODUCT AT TEST TEMPERATURES

APPENDIX I

GRAFHS 1 TO 4 INCL: RESISTANCE VS TEMFERATURE
RZLATIONSHIP FOR THE PLATINUM RESISTANCE
THERMOMETER AS OBTAINED DURING THE TESTS . . . o . . 124

GRAFHS 1 TO 7 INCL: CALIBRATION OF THE CONSTANT
TEMPERATURE OIL BATH TEMPERATURE . & ¢ ¢ o o & o » » 128

GRAPHS 1 TO 4 INCL: CALIBRATION OF THE HOT-WIRE
CELL TEST SECTION & & o s o o e o o o o o o o o o o 135

APPEND IX IV

TEMFERATURE~RESISTANCE REILATIONSHIP FOR FENWAL

ELECTRONICS~THERMISTCOR BEAD-CODE NO, GA51Jd35 . « « . 163




TAR

E

GROUF 1

GROUP II

\u

INDEX TO TABLES

STEADY STATE CONDUCTION:
1. Thin Film Methods:
(a) Parallel Plate cell ¢ ¢ o « o v o o o o o &
(b) Concentric Cylinder Cell . . « v v v o o . .
(c) Sherical Cell o o o o o o ¢ o o o o o o« o &
(d) Hot=Wire Cell v v o o o o o o o o o .4. . .
2. Thick Film Methods:
(a) Parallel Plate Cell . e o o o s o o o o 6.0
UNSTEADY STATE CONDUCTION
1. Thin Film Methods:
(a) Hot=Wire Cell o v o o o o o o o o o o o o o o
EXPERIMENTAL VALUES OF THE THERMAL CONDUCTIVITY
CF CARBON. TETRACHIORIDE . o ¢ o o o o o o o « o »

EXPERIMENTAL VALUES OF THE THERMAL CONDUCTIVITY
OF TO LUEI\IE o o o o L d ‘ 0 ° o o o o o e ° L L4 . °© L o L4

EXPERIMENTAL VALUES OF THE THERMAL‘CONDUCTIVITY
CF H B-lbo el L] ° @ e L e ° Ll ° L4 e L ° L3 e L4 @ @ © o @

EXPERIMENTAL VALUES OF THE THERMAL CONDUCTIVITY OF
HYDROGENATED SANTOWAX OM & ¢ o o ¢ o o ¢ o o o o o &

APPENDIX I

CALIBRATION DATA FOR THE THERMAL CONDUCTIVITY
APPARATUS o L] L L o a o L] L d L] L4 © ° ° L L d o ° L @ °

xi

PAGE

11
13
15
15

17

18

86

88

90

92

122



xii

TABLE PAGE

AFPPENDIX IT

6 EXPERIMENTAL DATA AND PHYSICAL FROPERTIES
OF CARBON TETRACHIDRIDE ] s [ 4 o L L4 Ll L 0 o o o ° ® 13 9

7 EXPERIMENTAL DATA AND PHYSICAL PROPERTIES
' OF TO IUENE e L o L4 o o L] L] o ° o ° ° a L] o L] -3 L] e MO

g EXPER IMENTAL DATA AND PHYSICAL PROPERTIES
. OF HB-Z&C 4 » o o L] L4 L] L] o o ° ° - L L d L] o L] e ° 2 l[“l

9 EXPERIMENTAL DATA AND PHYSICAL FROPERTIES

Cr" HYDROGENATED SANTOWAX OM o & & o o o o o o = » o 142



A

[

NOMENCLATURE

Surface area normal to heat flow.

Thickness of the liquid layer.

Velocity of propagation of the "phonon-gas",

Specific heat at constant pressure.
Specific heat at constant volume.
Specific gravity at 60°F.

Mean effective diameter of the filament.
Inside diameter of the glass tube.
Outside diameter of theiglasé tube.
Acceleration due to gravity. .

Enthalpy of the "phonon-gas',

Thermal Conduct ivity.

Thermal conduct ivity of”the Eyrex glass,
Mean effective length of the‘test section.
Length of the mean freepath.

Molecular weight,

Heat transferred per unit timp.
Universal gas constant.

Inside radius of the glﬁss tube.

Mean effective radius of thefilament. .
Outside radius of the glass tube.
Temperature, :

Time,

Temperature of the bath.

xiii
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Average temperature of the filament.
Melting temperature.

Velocity of sound in liquid.

Molar volume of the liquid.

Mean molecular velocity.

Molecular volume.

Direction of heat transfer.

LETTERS

Coefficient of thermal expansion,
Temperature difference.
Viscosity,

Kinematic viscosity.

Density.

Temperature interval.

Dimensionless Numbers:

3
Grashof Number ... Npp = gr 5;‘ 2
, i
‘ C
Prandtl Number ... N = he) ale

PR

Rayleigh Modulus = (NCR)(NPR)



'I_: INTRODUCTION

Increasing use is being made of liquid cooling media in
many industrial processes involving the transference of heat. One of
the properties required for the prediction of the heat transfer or
the correlation of the results of such measurements is the thermal
conductivity of the liquid. The convective heat transfer coefficients
can be correlated in terms of dimensionless groups of thes relevant
pnysical properties which include the thermal conductivity. Therefore,
accurate values of the thermal condugtivity of liquids, are not only
of prime importance in engineefing aﬁplications, but are also necessary
for the theoretical development of the physical sciences. It is a
property that arises in all conductipn and convective heat transfer
problems and its importance in‘energy transport parallels that of
viscosity in momentum transport.

The design and efficient coperation of industrial heat
transfer eduipment employing liquids at high temperatures and pressures,
demands reliable information concerning the physical properties of
liguids and of these, thermal conductivity is particularly important.
The available information on the thermal conductivity of liquids,
however, 1s frequently uncartain. Déta on the thermal conductivity
of organic liquids are partiéuiarly scarce and almost non-existant at
temperatures and pressures in uée at present. Some values of this
property for organic liquids of induétrial impoftance are becoming

available but they represent, for the most part, values determined at
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122,123 Investigators have

relatively low temperatures and pressures.
either held the temperature at a low selected value and subjected the
1lijuid to increasing pressures or kept the liguid at a fixed pressure,
usually atmospheric, and elevated the test temperatures. Almost all
the available data for the thermal conductivity of organic liquid,
therefore, is at atmospheric pressure and at temperatures below the
boiling point of the liquid. Only one investigator, Abas-Zade,l’z(a)
has studied the combined effect of high pressures and temperatures on
the thermal conductivity of organic liquids, He experimentally deter-
mined the thermal conductivity of Benzene, Toluene, and Xylene, at
temperatures up to 752°F and pressures up to 200 atmospheres,

The operating tempera@ures and pressures are ever increasing
for a number of reasons. The e@ginegr and the scientist requiring more

accurate thermal conductivity data for organic liquids for high tempera-

ture, or high temperature and high pressure applications, must

extrapolate the existing low temperagure values to the desired conditions.

In many cases only one value exists apd this must be used for all calcu-
lations, Such extrapolations are obviously questionable and, therefore,
a need exists for the experimenpal d?permination of the thermal
conductivity of organic 1iquidssat hégh temperatures and pressures.
Certain high boiling érganig substances such as biphenyl,
rhenyl ethsr, and their mixture§ havg;long been used as heat t;ansfer

fluids because of their low vapor pressure and high resistance, to pyro-

*Bibliography has been arranged in alphabetical order
rather than the order of appearance, i

i



lysis. Interest in these substances has recently been renewed, as they
seem to offer advantages over other fluids as coolants and mcderators
i nuclear reactors, or even as working fluids in heat engines of
nuclear power plants. The research described herein was undertaken for
two main reasons, Firsﬁly, to supply some of the missing data for the
thermal conductivity of organic liquids being used or likely to be used
in the atomic energy field. Secondly, to gain experience with standard
methods for measurements up to SSCQF and 150 PSI, in order to proceed
with the development of other methods that nay prove suitable for work
at higher temperatures ard pressures,

Up to now, almost alluthe kpown investigators have employed
steady state heat conduetion through a layer of liquid for the deter-
mination of the thermal conduct;vityﬁi The basic eéuation describing

pure conduction through a layer of substance is,

AT
AX

gq=-~K A
where K is the thermal conductivity and the variables which must be
accurately determined are: the liquid: layer thickness (Ax), the
temperature difference across the layef (AT) and the heat flow (q)
through an area (4).

In all steady state measurements of the thermal conductivity,
the heat transfer by convectioni and rgdiation across the layer in the
cell must be avoided and the heat lo§§es isolated for the measurements
to have any meaning. For liqﬁi@s, heat transfer by radiation is
usually negligible butwheat transfer by convection may be equal to or

greater than the heat transfer by pure conduction. Eliminatiog of

i



convection in various cell forms‘has been discussed in some detail in
section IV of the thesis,

The use of a method depending on steady state heat conduction
is time consumming due to the time required to establish thermal
equilibrium. Rapid measurements can be obtained by employing transient
heat conduction. The method is based on the transient temperature rise
of a line heat source at a constant energy input. This method was
first suggested by Schleiermacher127 in 1888, but apparently no

successful applicaticn waé made of it until Van Der Held and Van

149

Drunen, in 1949, analysed the sources of error ard developed a tech-
nique which removed the influence of heat capacity and density of the
specimen from the determination. With transient methods, convective
currents are avoided by making the measurements over a short period of
time so that the density difference cannot develop the disturbing con~
vection currents,

As a transport phénomgnon many attempts have been made to
derive the thermal conductivity. of liquids from the purely theqrétical
grounds, The better known equations are given in the section dealing

with the prediction of the thermal conductivity of liquids, The empiri-

" cal correlations and the theoretical equations have been considered

separately. ’ (.
As an introductién to the gell designs, Fourier's heat con=

duction equation has been devel§ped énd applied to various geometrical

configurations selected by the ﬁodern investigators. The cell forms

H

that have been used by the researchegs in determining the thermal con-



ductivity of liquids have briefly been summed up. The heat transfer
in liquids by convection has been investigated and the importance
of the (NGR)(NPR) product in thé cell designs pointed out.

Two apparatuses, the hot-wire cell and the concentric
c¢ylinder céll, were selected as suitable aﬁparatuses; the first for
its simplicity and the second for the higher pressure determinations.
Both cells are described fully in this report.

The hot-wire cell is based ‘on similar designs used by
Goldschmidt57 and Hutchinsonéé, and employs the method of radial heat
flow from a "hot" cylinder to a.concentric "eold" cylinder. The liquid
is containe d in a small dlameter Pyrex Brand glass tube with the heated
filament in the center, The ce;l requlres very small samples of the
test liquids and reaches steadyjstatgjin a comparatively short reriod.

The concentric cylinder ce}} was designed such that the con-
ducting liduid is contained in a 0.075 inch annular space, to pinimize
the possibility of convection., Heqt; supplied by the heater located at
the center of the inner cyllnder, would be conducted radlally frcm the
inner to the outer cylinder. The temperature difference across the
liguid layer is to be measured by 51x pairs of calibrated thermocouples

and one pair of thermistors. oultable guard heaters have been installed
at cach end of the cell, to compensaye for,any end losses and to provide
a censtant temperature zone f6r al1 ieads. It was envisaged that this
enil could be used for investigétingi%arious liquids over a wide
tenperaturs range, and that’theﬁconv?btive currents would be absent at

a temperature difference of 5°F”or less across the liquid 1ayér. The

! i




¢ylindrical shape was chosen for convenient control of the heat losses
as well as adaptability to a high pressure system,
| A constant temperature bath was designed for operation of the
thermal conductivity cells and complete detaile of the bath are given

i the thesis, Two oils, a llght transformer oil and & quenching oil
having a high flash point, were employed to obtain the desired tempera-
ture range. The bath has been used for tests up to 600°F, but was
designed for use up to 850°F, with a suitable bath medium, and a pres-
sure of 150 PSI,

The bath temperature must pe controlled closely for the
thermal conductivity measurements to be sufficiently accurate. By
using a mercury thermoregulator and continuously supplying the losses
to the bath, temperature was controlled to T 0.002°F for about one
hour periods. A thermistor-type temperature controller was designed
for future work to control the bath Pemperature to at least i:O.OOBOF
ard 1t is described fully in th;s report.

The thesis also conta?ne a complete description of the cali—
brations and the experimental procedure, the bath temperature control
and all temperature measurements, and, the measurement of the power
supplied to the test section whjle cenductihg the tests, Appendix I
contains all the calibration deﬁa. _%ppendix II contains the accumulated
experimental data and the availeble Physical properties of the liquids
tested, In Appendix III design.details of the concentric cylinder cell,
the thermistor-type temperature controller and the arc weldlng apparatus

suitable for joining small dlameter thermocouple conductors, are given.



The characteristics of the components employed in the construction
of the thermistor-type temperature controller are outlined in Appendix IV,
The hot-wire cell was used to determine experimentally the
absolute values of the thermal conduétivity of Carbon Tetrachloride,
Toluene, H.B.~4O and Hydrogenated Santowax OM. Carbon Tetrachloride
and Toluene were investigated from about 70°F to near their respective
boiling points, while H.B.=40 and Hydrogenated Santowax OM were tested
from about 250°F to about 600°F, This work does not in any way
represent a limit for fhe thermal conductivity measurements but serves
to illustrate how values at higger tgmperatures can be determined.
The experimental values for Carpon Tgfrachloride and Toluene have been
compared to the most reliasble experiﬁental values available’in;the.
literature. No direct comparisgns cguld be made for HB-40 and Hydro-
genated Santowax OM as no experimental data for these liquids were
reported in the literature3 but comparisons with extrapolated data

for similar organics have been made. .



II : RELEVANT LITERATURE SURVEY

The first qualitative experiments on the thermal conductivity
of liquids were reported by Rumfordt?! in 1786, whereas the first quan-
titative measurements of this property were performed by Dee.pretzl*1
in 1838, However, it was not till 192323 that reliable éxperimentalv
values of the thermal conducti{iiy of liquids becamé available. The
67

International Critical Tables ' list what were considered to be highly
reliable values of the thermal conductiyity of sixteen liquids which
were determined prior to 1923. In that year Br-idgmam‘23 showed that
the values for fifteen of thesé:liquids were unreliable, with the
result that the work prior to 1923 has now become of academic,inter?st
only and is of no particular vélueltp the modern investigator,
Therefore only the wéFk of the more important investigators

since 1923 is considered revelant ané é review of this work is

presented in this section.

’



Experimental Work Subsequent to 1923

For the purposes of élariﬁy and comparison, the methods of
measurements were arbitrarily classified into the following two main

groups and sub-groups.l

i

GROUP I, = STEADY-STATE HEAT CO&DUCTION

1. Thin Film Methods.
(a) Parallel Plate Cell :jfilm thickness varies between
| . 0.00985 to 0,197 in,
(b) Concentric Cylinder Cgll :\Film thickness Qaries between
- 6.01 to 0.0156 ih.
(c) Spherical Cell : 'Film thickness varies between O 02 to
" 0.0395 in. i
(d) Hoﬁ‘Wiré Cell : Film thickness varies between 0.0393 to
| 0.198 in,
2; Thick Film VIethods° :
(a) Parallel Plate Cell : Fllm thickness varies between
' o 473 to 7.0 in,

GROUP II. = UNSTTADY-STATE HEAT CONDUCTION
i

P

!

1. Thin Film Methods.
(a) Hot=Wire Cell

i f

For all the cases cited, tke observef, the year that the
work was carried out, the referénce égurce, the film thickness'em~
ployed, the film temperature drép, tné temperature and the pressure
range covered, the number and types Qf liquids investigated, are indi-

1 !
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cated wherever such information is available.

Sakiadis and Coates, two notable contributors to the field
of thermal conductivity of liquids, preceded their experimental deter-
minations by tabulations of the existing informationl22°

The reliability scale adopted was as follows:

Ixcellent - ¥ 2% 3 Very Good - % 5% ; Good - * 12% ; Average -
Reliable 3 Poor - Unreliable.

The scale was based on considerations of the accuracy of
determining the various factors entering the calculation of the thermal
conductivity, and on whether the conditions of pure conduction were met
in the apparatus. This scale has been adopted by the author for an attempt
to assess the reliability of the work of other investigators. If the
estimated experimental error of the results was greater than 12%, the

work was considered unreliable,



GROUP I - STRADY STATE CONDUCTION

1 Thin Film Methods

(a) Parallel Plate Cell

11

Tempera- Number
: Film | ture Pressure| and type
Observer|Year | Ref| Thick~|Temp.| Range Range of Accuracy
ness |Drop (Covered |Covered Liquids cf
inches| ©OF Investi~ |[Results
. zated
Kaye and 0.00985} Approx., - "Nine
Higgins 19271 75 to 7.92 Atmos. | Liquids |Average
0.0197
Kaye and 5 234 Liguid
Higgins {1929 76 |0.0134 |to to Atmos., | Sulphur |Averags
9 410
Martin 50
and 1933 | 90 10.0421 to Atmos. | Water Good
Lang 140.5
Erk and N 12,6 | 42.8
Keller (1936145 10.118 to to Atmos, | Glycerol |Very
21.6 | 161.5 -water Good
iedel 1940 110 |0.0394 Atmos, | Organic |Very
Liquids |Good
Fron-
tasev 1946|152 10,197 70 Atmos. | Liquid- |Gcod
Liquid
Solutions
Riedel {1947 |111 [0.0394 Atmos. | Organic |[Very
Liquids |Good
& mixture
0.0157 1.8 68 to Glycols |Good
Kraus 1948 {80 10,0433 {to 28l & Atmos. and for
0.059 3.6 90 - Waten Water
152.5




(2) (cont'd)

i

e T AR

12

Tempera- Number
Thick-{Film ture |Pressureland type jAccuracy
Observer;Year {Ref.{ness |Temp.| Range Range of of
inches{Drop |Covered [Covered |[Liquids Results
O of Investi~ | .
2 s gated
Vargaf- Phenyl Hy~
tik 19501151 {0.197 69.8 |[Atmos. |drazine -| Good
Acetal-
dehyde
Dick 0.087 | 5.4 68 Nineteen
and 1954142 to to and Atmos. |Organic Good
McCready 0.023 | 10.8] 140 Liquid
' Compounds
Sakiadis 85 Fifty
and 19551124 10.02 to Atmos, |[three Good
Coates ' 172 Pure Or—-
ganic
Liquids
Chal~ 0.077 | 3.6 35.6 Seven Very
loner & | 1956|128 to to to Atmos. |Liquids Good
Powell 0.117 | 10.8| 179.6




(b) Concentric Cylinder Cell
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Film |{Film |Tempera~ Number :and
- {Thick~|Temp. | ture Pressure|type of Accuracy
Observer Year|Ref.{ness |[Drop | Range Range |[Liquids In-| of
inches| °F Cogered Covered |[vestigated [Results
r
Bridgman{1923|23 {0.0156| 1.08| 86 and I1 to Fifteen Average
' 167 11630 Liquids
Atmos.,
86,140 Fifteen
Smith 19301135 {0.0156| 1 167 ard [Atmos. |Liquids = |Average
. 212
Dani= 86,167 Seven Nor-
loff" 1932138 {0.0156| 1 and Atmos. |mal Primary |Average
212 Saturated
alecohols
Straight
Smith 19341137 10.0156 | 1 86 Atmos. |run and Average
cracked
gasoline
Smith 1936|138 {0.0156 | 1 86,140 {Atmos. |Twenty one |Average
and 212 Liquids
Mark= 5 140,167 {Satura~ |Six "Freon"
wood and {1943 189 10.0156 | to ~and tion Liquids Average
Benning 11 320 [|Pressures
Twenty five
Hydrocarbons
Riedel 11948112 {0.0O1 68 Atmos. |Thirty two | Very
Hydrocarbons Good
Fifty six
Compounds
32 Sugar, solu-
Riedel (1949113 {0.01 to Atmos, |tions, fruit] Very
176 juices and | Good
milk
Riedel [1950)115 (0.0l Various |Atmos. |Mineral Very
, : oils Good
Riedel 1951117 1{0.01 =112 tolAtmos. |Eighteen
176 Organic Very
Liquids Good




(b) (Conttd)

Film <(Film {Tempera- Number and
Thick-iTemp. | ture Pressure|type of iAccuracy
Cbserver {Year iRef.iness |Drop | Range Range | Liquids In- of
inches| COF Coyered |Covered |vestigated [Results
¥
Mixtures of
Riedel {1951{118 }0.01 Atmos. |various orga- Very
nic liguids | Good
with water
Uhlir 1952 1147 10,01 Normal |Up to Liquid Very -
boiling | twice argon Good
to well | Criticall and
above Nitrogen
critical]

4 Schmide | - 0394 32 to Very .
and 1954 1131 | to 176 Atmos. | Toluene Good
Leiden~ 0.158
frost
Pagerey 0.1 {68
St.Clair {1956 {99 1{0.022 |to to Atmos. |Ten organic |Very
and 5 194 Liquids Good
Sibbit

Nineteen
Briggs 195724 |.0276 3.6 |68 Atmos. | Organic Good
Liquids
Chal- 3.6 |68 Pyridine tri-
loner 11958129 | .0492 |to to Atmos. | fluoro tri- |Very
and 9 1149 chloroethane,| Good
Powell chlorofluoro-
carbon oils
Spencer -148 Liquid boron | Very
and 1959(139 | 0.04 {7.74 |to trifluoride |Good
Todd ' ~-197
Ziebland 0.9 |=167 Very
and 1960162 | .00787| to to Atmos., | Heavy water |[Good
Burton 1.8 | 500 :
Scheffy up 15 Very
and 1961(126 |.0275 {to to Atmos. | eight.Liquids|Good
Johnson , 7.2 |529 e




(b).(Cont“d)
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Film {Film {Tempera- Number and
Thick-|{ Temp.; ture | Pressurejtype of Accuracy
CbserveriYeariRef.|ness {Drop | Rangse Range |Licuids In-~ of
inches| °F |Covered | Covered |vestigated |Results
I
Ziebland} . 0102 -l
and 19611163 | and 1.8 |to Atmos. |Toluene Very
Burton : 0394 233 Good
Ziebland L.22 {117 Atmos. |Bi-phenyl
and 1961{164 |,0297 | to |to to Phenyl etherl Very
Burton 12,7 | 137 L.62 Dow therm A | Good
Atmos. |[Santowax R
(¢) Spherical Cell
Riedel (1951{117 |.0395 -112 to |Atmos., Eighteen or |Very
176 ganic Liquids| Good
Richter 2 40 14 to Nitrogen
and 19571109 {0.020 |to to 340 dioxide in Good
Sage L 100 Atmos, |Liguid phase
(d) Hot=iire Cell
| E 59 Toluene and
Davis 1924139 1.0389 to Atmos. |Carbon tetra-|Good
163.3 chloride
‘ 5 Toluene,;ethyl
Kardos }|1933{74 and Atmos. |and methyl Good
86 chloride
Timrot 1 to
and 19401145 400 Water Very
Vargaf- Atmos, Good
tik
Hatceh-
inson 1945166 0.195 1.8 |64.4 Atmos. |[Seven Liquids|Good
Abas-— : up to up to Benzene and -
Zade 194711 752 200 Toluene Good
Atmos °




(a) (Contrad)
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TFilm |Film | Tempera- Number and
Thick=| Temp. ture |Pressureltype of Accuracy
‘Qbserver YeariRef.|ness |Drop | Range Range |Liquids In- of
inches| °F |Covered |Covered |vestigated Results

Abas=- up to up to Benzene

Zade 194912 critical]criticallToluene and | Good
Lylene

Kern 79.7 four fatty

and Nor- 1949 77 10.195 |1.8 |to Atmos. jacids Good

strand 298.4

Cecil 0.2 Five common

and 1956126 1.0126 |to 77 Atmos, liquids Good

Munch ’ 32

Cecil 0.2 82 Sixteen mix-

and 1956126 1.C126 |to and Atmos. |tures of Aro- Very

Munch .32 1178 clor 1248 & | Good
di(2 ethyl
hexyl) adipate

Cecil 1.2 86 Six pure

Koerner {19577 {.0126 ito to Atmos. {Organic Very

& Munch .32 423 Liquids Good
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2, Thick Film Methods

(2) Parallel Plate Cell

Film {Film |Tempera- Number ard
Thick=} Temp.! ture Pressure|type of Accuracy
Cbserver{YeariRef. ness |Drop | Range Range |Liguids In- of
inches| °F |Covered |Covered |vestigated |Results
c
F
Kallan (1923173 100 Atmos, |[Water Poor
Bates 193317 1.92 {80 68 Distilled
to Atmos., |}water and Average
150 Red oil
Louis
and 1933187 Atmos. {0ils Average
Carretie
Liguid mix~
Bates 1936 .8 2 175 Atmos. |tures of Good
glycerol and
water
Bates, Methyl alco-
Hazzard {19381}9 2 122 | 50 Atmos., jhol-water & } Good
and to Ethyl alcohol
Palmer 158 water solu-
tions
Liguid oxygen
Hamman {19381{ 62 {0.473 =330 Atmos. |liquid nitro- Good
gen & their
mixtures
Bates, o Twelve Chlori-
Hazzard (1941110 i1 131 Atmos. |nated Hydro- | Good
& Palmer carbons
Bates Alcohols
and 1945111 |1 160 Atmos. Jand Glycols | Good
Hazzard
Bates 1949 112 {1 160 Atmos. (Liquid Good
" ISilicones




(2) Hot-Wire Cell

GROUP II - UNSTEADY~-STATE HEAT CCNDUCTICN

1. Thin Film Methcds

18

Temperature { “Pressure| Number and
v Range Range | type of 1li- {Accuracy -
QObserver (Year | Ref. Covered OF Covered | quids In- of
vestigated | Resulis
Van Der 57.2 Several
Held and 11949 i 149 to Atmos. Liquids and |Very
Van Drunen 76.7 acid Good
sclutions
Van Der Water, Ethy-
Held, lene Glycol,|Very
Hardebol (1953 | 150 Atmos, Carbon tetra=Good
and chloride
Kalshoven
Allen 1958 | L 72 to Atmos., Transformer | Geod
176 oil
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IIT : EMPIRICAL CORRELATIONS AND THEORETICAL EQUATICNS FOR

THE PREDICTICON OF THE THERMAL CONDUCTIVITY OF LINUIDS

In practice, that is for an actual design, experimental data
are necessary; for a conceptual engineering study experimental data may
not be available and it is then necessary to resort to theoretical or
semi-~empirical expressions to obtain the required data. Theoretical
cdnsiderations also assist in selecting the experimental iccinigues to
be used and may uncover the weakness of a particular method. In addition
they usually indicate suitable methods of expressing experimental data.
A number of theoretical analyses are, therefore, reviewed in this section.

The basic relation for heat transfer by conduction originates
from the French physicists Biot and Fourierso . The formula, which is
developed.in the next section, states that the rate of heat flow by
conduction in a material is equal to the product of the thermal
conductivity of the material, the area of the section through which heat
flows and the temperature gradient at the section., The thermal conduc-
tivity, therefore, is a physical property of the material and indicates
the quantitj of heat that will flow across a unit area if the temperature
gradient is unity, |

As é transport phenomena, many attempts have been made to
derive thermal conductivity from purely theoretical considerations,
Thermal conductivity can also be correlated with other properties of
liquids such as the molecular weight, the viscosity, the velocity of
sound in the liquid, the specific heat and theidensity. Many authors

have tried to establish these correlations between the thermal conduec~
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tivity of liguids.

In order to express the thermal conductivity by an empirical
or a theoretical eguation, an intimate knowledge of the internal
structure of a liouid is necessary. In the past it was generally
believed that because liquids flow and diffuse readily, their structure
was similar to that of gases and the behavior of the molecules in
liquids could be described by modifying the kinetic theory of gases.
The physical model for the kinetic theory of gases is based on random
molecular mofement and one of the assumptions is that the molecules are
of negligible size compared to mean free path of the movement. This
theory yields the following eguation.

K = 7 ovvvo co0eeco0 (III.l)
‘ -§J9zQ.Vva

where 'K! is the thermal conductivity, P the density, { the mean free
path of movement, ﬁm the mean molecular velocilfy and Cv the specific
heat at constant volume.

On the other hand, more recently postulated theories assume
that ligquids are structurally closer to solids than gases. These
theories are based on the fact that near the melting point the density
of a liquid is close to that of a solid.and, hence, there is little
possibility of a free movement of the molecules within liquid. A brief
description of the mechanism of heét tfansfer in solid follows without -
any emphasis being placed on mathematical derivations. Detailed ’
mathematical treatments of the theory of heat conduction in solids and

25

gases are given by Carslaw and Jaeger and Jakob70 in their respective

text books.
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Vhen discussing heat transfer by conduction in solids, a
clear distinction should be made between non-metallic and metallic
substances. In non-metallic solids thermal conduction is only by
lattice waves produced by atomic motions, while in metals and semi-
conductors thermal conduction is comsidered to be by lattice waves
and electrons,

The atomic motions in non-metallic solids assume the form of
thermal vibrations which are regarded as a superposition of thermoelastic
or thermo—acoustic waves known generally as lattice waves. Debﬁg'was

first to introduce the concept of lattice waves as a thermal-conducting

medium in solids and the concept of thermal resistance due to scattering

of the lattice waves by self-interference and lattice defects,

The thermal conductivity of semi~conductors is the effect
produced bj the transport of energy by the lattice waves and by electron
movement,  The wave concept can be used or the_lattice wave can be
considered as a "phonon-gas" and the electron movement as an “electron=
gas', The potenfial causing the transpo?t of energy by the phonon gas
is the enthalpy gradiént and resistance to flow the self-interference
and lattice defects referred to above. This structural interference
is almost independant of temperature but the self-interference increases
with temperature. The "phonon-gas" concept leads to the following
expression,

a = - OH fc= —cpgc 4ar_ cosesses (III.2)
ox dx

It is then apparent that:

K-‘-\,DCPQ,C cesessss (III.3)
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Where

q = heat transferred per unit area in the “"x" direction.

“ ¥ the mean free path which consists of two parts; one for

the self-interference and one for the defects.

C = the velocity of propagation of the "phonon-gas".

In the semi-conductor the concentration of electrons available
to transpoft energy depends strongly on the temperature. In metals
about. 90 per cent of the thermal energy is Ttraunvposeua oy oie electrons
(except at very low temperatures) and thus a dependance between thermal
conductivity and eleétrical conductivity exists. The expression
defining this dependance is not revelant to the work that follows.

Based on the above discussed theories describing thermal
conduction in liquids, many authors have proposed empirical and
theoretical expressions to predict thermal conductivity. Weber157
waé first to propose such an expression in 1880 but since then other
empirical and theoretical equations have been suggested and the more
important ones, which are applicable to engineering calculations, are

listed in this section.

Section A ¢ Empirical Correlations

(1) WEBER'S EQUATION

‘One of the earliest expressions relating thermal conductivity

to other properties of liquids is that proposed by Weber157. He first

gave his expression as _K_ - constant, but later modified it to:

Py
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K = 0.00359 cpy( £/u) V3 coecenes (III.L)
Where
K = thermal conductivity, Cals/(Sec){Cm)(°C)
0.C0359 = Constant, Cm /Sec
Cp 2= Specifiec heat,‘Cals/(Gm)(oC)
9]

= density of liouid, Gms/(Cm)>

[
i

=
§

= Molecular weight, Gums

Tt will be noted that (/M) is the mole volume and (J%ﬁﬂ)l/B
has the dimension of a length amd the equation is thus analogous to the
expression describing the "phonon-gas" concept.

%ggﬁ compared values calculated by using equation (III.A)
with th obsérved experimental results and found that better agreement
could be obtained by changing the constant of the equation. This
resulted in Weber's modified eguation which is,

K = 0.0043 cpp(ﬁ/M)l/3 Cvveees. (II1.5)
Dick and I\&cCreadyz*2 s, in their investigation of the thermal
conductivity of some organic liquids found that the values obtained

by using equation{III.S) were about 25 per cent lower than their

experimental results.

(2 ) SMITH'S EQUATIONS

1
Starulng in 1930, Smith 35 proposed a series of entirely
empirical correlations for calculating the thermal conductivity of

liquids. The first equation of the series is that,
I
2,15 Ctl°*5 M0.19_2
T 0.12
S

K= 8.1x 104 p

knnao'ooo (III'é)
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Where

K = thermal conductivity, Cals/(Sec)(Cm)(°C)

P = density of liquid, Gms/(Cm)>
C.. = specific heat, Cals/{(Gm)(°C)

M = Molecular weight, Gms

S = viscosity, Centipoises

Smith™” found that equation{III.6) satisfied the fifteen
iiguids feor which experimental dats was available at the time. The
agreement with experimental values was within 4.5 per cent for all

135

liguids except two oils. In the original paper s the errors for
these oils were quoted as abou% 6 and 9 per cent but were modified to
3 and 20 per cent respectively in a subsequent paper138. He tested
equation (III.6) with additional experimental data obtained in 1936
and found {,hat the agreement with the new data was poor.

Dick and McCreadyl*2 also compared their experimental values -
with those obtained with eguation (III.6) and found that the calculated
values were consistently higher,

In 1936, Smith138 could see little chance of modifying the
exponents of equation (III.é) to sgtisﬁy all liquids, so he tried a

different approach. By taking variations from approximate mean values

he found that,

Kat 300¢ = 0.000361 + (cE - O.L-,S)3 + (y/M)lézou 0.20
155

+y¥9 4

& 9 000 09 CO0OGOeD (III.?)
710,000 .
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This is ecuivalent to

) )3 3 /9
(C_ - 0.45) o3

. - L VD (J/1) y

Kot 300p = 0-0000LL + 55— T g6 ¥ 10,000

esoc0oc000 (III.S)
The units of equations (III.7) and (III1.8) are the same as
in equation (III.6) except that }/ is kinematic viscosity in centistokes.,

138

Smith compared his experimental results with the values

6.7 per cent. Based on this comparison, Smith considered equation

(III.8) to be satisfactory for engineering use.

(3) CRAGOE'S EQUATION

In 1929, Cragoe35 proposed the following equation to facilitate

calculations cf the thermal conductivity of petroleum liquids. He stated

that,
M - - \
K=_._,.0~§1,3. [1-0.0003 (t 32/} ceveesss (IIL.9)
Where K = thermal conductivity, Bty (Hr) (F£)2(°F/in.)

d = specific gravity at 60°F
t = temperature, °F

oo 138 . . .
Smith compared the values obtained by employing equation
{(III.9) with those observed experimentally and found that the average
error was 12,7 per cent, with a2 maximum error of 39 per cent. When he
assumed a constant value of 0.000327 Cals/(Sec)(Cm)(°C) for the thermal

conductivity of oils at 30°C, the average error was & per cent and the

maximum error was plus or minus 13 per cent.



Cragoe'!s equation was als_o tested by Dick and IVicCt'ezsLdyb'2 p
The comparison of calculated values with the experimental resulis gave
a maximum error of 21 per cent, which was slightly better than what
Smith found for the oils he used; When Dick and McCready used the
constant value 0.000327 recommended by Smith, the maximum error was

reduced to 19 per cent.

(4) PALMER'S EQUATION

While checking values of thermal conductivity of liquids
obtained by using Weber's equation (I11.4), Palmerloo, in 1948,modified
this zguation by introducing in it the Trouton's constant and the molal
entropy of vaporization. Palmer suggested that,

K=ApCp (ppy¥3 - L/T, cessssss (III.10)

Lyey/ T3
K = thermal conductivity, Cals/(Sec)(Cm)(°C)
A = Constant, CmB/Sec |
£ = density, Gms/Cm3
C. = specific heat, Cals/(Gm)(°C)
M = molecular weight, Gms
Lb/Tb = Trouton's Constant, Cals/(bio;)(oK)
Lvap/TB = Molal entropy of vaporization, Cals/(Mol)(°K)
Troutonts constant is defined by Troutonts rule thich states

that the molecular heat of vaporization of normal liguids at the

boiling point under atmospheric pressure divided by the absolute
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voiling temperature is a consbant and is approximately equal to 21,
Palmer found that if 21 x A was taken as 0.0947, the magni~-
tude of error between experimental values and those oblained by using

equation (III.10) was reduced.

(5) RIEDEL'S EQUATION

: Lt . .
In 1951, Riedel 7 worked out the following equation relating

thermal conductivity of liquids to reduced temperature.

2/3
)/

I

K =1+6,7 (1L~
£ (

cosesese (IIT.11)

erit Yerit

In the above equation X is an empirical parameter which has the

crit
formal significance of the thermal conductivity coefficient at the

critical temperaturelh s Topiy 1s the critical temperature and T = Tpn,
T .
crit
the reduced temperature. This approach essentially assumes that the

thermal conductivity follows the law of corresponding states. If Kcrit
is unknown, two determinations of the thermal conductivity at different

temperatures are necessary to allow the use of equation (II1.11)

Section B : Theoretical Equations

The theory of the liquid state of substances has not been
developed to the point where a satisfactory equation for thermal
conductivity may be arrived at without vitiating assumptions. A
simplified theoretical equatién is therefore desirable; one such
equation was developed by Bridgman23 and the equation is surprisingly

successful in spite of its simplicity.
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Since Bridgmen propossd his equation other theoretical
equations have been proposed ard more important of these are given in

this section.

- (1) BRIDGMAN!'S EOUATICN

In'1923, Bridgman23 derived an expression for the thermal
conductivity of liquids which implied a relationship between the thermal
conductivity and the velocity of sound in a respective‘liquid. Bridgman's
equation states that,

K= 21 Cals/(Sec)(cm)(°Cc) evesees (IIIL12)
a

Where K is the thermal conductivity, R is the universal gas constant
in heat units, U is the velocity of sound in the liquid, and d is the
mean distance between the centers of molecules and is equal to (MA9)1/3.

Bridgman23 tested values obtained by employing equation
(III1.12) with those he determined experimentally for eleveﬁ ligquids.
The comparison showed that the average error betwsen the calculated
and the observed thermal conductivities was 16.6 per cent, with a
maximum error of 38 per cent., |

Smith138 determined experimental thermal conductivity values
of several other liquids for which the velocity of sound was available.
A check bstween these experimental values and those obtained from
equation (III.12) gave an average error of 15.2 per cent and the
maximum error of 39 per cent.

Dick and McCready42 found that the values of thermal conduc-

tivity obtained from Bridgman's equation were consistently higher than
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thelr experimental results for high molecular weight organic liquids.

) . .
5124 obtained experimental values cf the

Sakiadis and Coate
thermal conductivity of twenty eight liquids and compared them to
those determined by using egquation (III1.12). The comparison showed
that the average deviation of the calculated from the observed values

was T 15 per cent, while the maximum deviation was ¥ 4O per cent.

(2) RAQ'S EQUATION
107

Rao again reverted to a molecular theory of solids whereby
the atoms are considered to be simple-harmenic oscillators and proposed
the following equation, ' i

K = 2,096 x 10° Cals/(Sec)(Cm)(°C) ... (III.13)

Where ¥ = thermal corductivity,

T, = melting temperature (°c)

M = molecular weight (Gms)
Vg = molecular volume (Cm)3
Dick and McCreadyh2 extrapolated their experimental thermal
conductivity values for the high molecular weight compounds investigated
from 20°C to the freezing point. A comparison between these extra-
polated values ard those obtained from equation (III,13) showed the

calculated results to be consistently higher than the observed values

by a factor of ak-ut 2.

(3) FOURNIER'S EQUATION

Fourniersl derived an ecuation for calculating the thermal

conductivity of licuids, His discussion was based on the cage theory




s s o s 10 - . . .
of liguids suggested by Polissar 3 . 1in deriving his equation,

Fournier assumed that the molecules of the liquid in their cages undergo

moticns intermediate between the harmonic motion of crystalline solids

and the translational motion of gases. Fournier's equation states that
K =0, LT

—=  Cals/(Sec)(cm)(°C) covovece (IIT.14)
Ve e

where K is the thermal conductivity, C

v is the molar heat capacity at

constant volume, L 1s the mean distance betwesen molemles, T is the
absolute temperature, V is the molar volume, and tis the coefficient
of viscosity.
w6 ] .
Tyrrell ~ states that equation (III.1l4) is moderately success—

ful for roughly spherical molecules but gives values which are much

too small for chain molecules such as hexane,

(h) SAXIADIS AND COATEZS! EQUATIO

=

Sakiadis and Coateslz& s in 1955, derived an eguation for
predicting the thermal conductivity and its temperature coefficient of
pure orgarnic liquids. The equation was based on a particular molecular
arrangement in the liguid, consistent with the results of X-ray
diffraction studies in liguids. The theoretical equation of Sakiadis
and Coates states that, o

K=CUPL  Btw/(Hr)(Ft)(F) coeseses (III.15)

where

C, = specific heat at constant pressure, Btu/(Lb)(°F)

o]

o
il

velocity of sound in the liquid, Ft/Hr

“5
|

= liquid density, Lb/Ft>



L= available intermolscular distance, Ft.
s 124 L
Sakiadis ard Coates compared the values obtained from
equation (III.15) with the experimental values they obtained for
Torty-two liguids. The comparison showed that the average deviation
of the calculated from the observed values was &+ 2.6 per cent, while

the maximum deviation was about ¥ 6 per cent.




IV ¢ INTRCDUCTCRY HEAT TRANSFEZ THECRY
IO THE THERMAL CONDUCTIVITY CEL

Ey applying a temperature gradient across a liquid layer, heat
can be transferred from the region of higher temperatures to that of
lower temperatures by one or more of the following modes.
(a) Conduction, which is a process by which thermal energy is
transmitted by direct molecular communication.
(b) Convection, which is by mass motion of energy-containing
fluid particles from the hot to ihe cold zone.
(c) Rad.ation, which is transport of thermal enmergy in the forﬁ
of electromagnetic waves and consequent absorption of radiant
ENETEY o
In any thermal conductivity measuring apraratus; the heat
transfer by convectidn and radiation should be eliminated. The equations
governing heat transfer by conduction in various possible geometrical
configurations are derived and then the elimination of heat transfer by
convection and radiation is discussed briefly.
The fundamental relation for the conduction of heat in fluids
(liquids and gases) is the same as for sclids. The steady flow of heat
. . s s . . 50
by pure conduction was studied by the French physicists Biot and Fourier”
and may be expressed by:

a = d.Q b= - KA AXT eosco0es 0 (IV,].)
Vx =5 AX




33

This formula implies the assumption of a homogenecus sub-

14}

tance in which a constant temperature dif ference & T is held between

ot

he points of a plane area A and any points at a short perrendicular
distance A X from this area. Then, a steady rate of heat flow Qs PET
unit time, occurs in the direction of the decreasing temperature. The

factor of proportionality 'K! is called "heat conductivity" or thermal

conductivity,

1, Development of Fourier's Law of Heat Conduction

Consider avslab of solid material of area A between two large
parallel plates a2 distance Y apart. Initially (for time t <o) the
solid material is at a temperature T, throughout. At time t = o, the
lower plate is suddenly brought to a slightly higher temperature T1 and
maintained at that temperature. As time proceeds, the temperature pro-
file in the slab changes, and ultimately a linear steady-state tempera-
ture distribution is attained, as shown in the diagram on the following
vage.

During the transient period the relationship between tempera=-
ture (T), time (t)g and positiony is governed by the following differen=-

tial equation and the appropriate boundary conditions.

I{ 32T @ 56 0 g o0 OO (IV.2)
PCy oy?

i

(% v
ot -3
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| SOLID INITIALLY
Y t<0 AT TEMPERATURE T,
|
LOWER PLATE
t = 0 SUDDENLY RAISED
T0 TEMPERATURE T,
E
j
|
T(Yﬁt) i _
; SMALL ©
S
i
|
B E LARGE
(y) i

DEVELOPMENT OF FOURIER'S LAW OF HEAT CONDUCTION

Fig (a)

When the steady state has been reached, the heat flow per
unit area across a given plane becomes the same at all planes in the
solid layer, the temperature distribution is invariant with time, and
it is possible to write Fourier's law in the fom:

a = "KAE_I co6oovoc (IV»B)
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Most measurements of thermal conductivities of liguids have been made by
employing equation (IV.3). If Q5 the rate at which heat is transferred
by pure conduction across the liguid layer and the temperature gradient
DT are measured when the steady state is attained, the thermal con-
oy

ductivity can be calculated from this equation. In theory the procedure
for the experimental determination of thermal conductivity of liquids
looks simple but some of the major experimental difficulties are the
time reguired for each determination, the prevention of heat losses due
to end effects, and an accurate determination of the heat transferred
across the liguid layer. For the experimental determination of the

.

thermal conductivity of solids, the quantity K  can be obtained from
Fcy

a suitable integrated form of equation (IV.2) by measuring the tempe-

rature in the sample as a function of position and of time during the

period prior to the establishment of the steady state. This method

1.0
was applied to liguids by SocmalawaJr but the results were not encou-
146 L6 ,55,56,149,150

)

raging . Most widely used non~steady state methods
for measuring the thermal conductivity of liguids are based on a
measurement of the rate at which heat is lost from a thin metallic
filament immersed in the test liquid.

Equation (IV.3) is the oné-dimensional form of Fourier's law
of heat conduction, valid when T is a function of y. It states that
the heat flow by conduction is proportional to the temperature gradient.

In an isotropic mediuwn in which the temperature varies in all

three directions, an equation like (IV.3) can be written for each of

the co=~ordinate directions,
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O)X - "KA bl R EEE K] (IV[-}}
ox

a - - KA .GT 20060000 (IVWS)

7 oF

q, = -Ki BT ceverens (IV.6)

By an isotropic medium it is meant that the coefficient K in
equations (IV.4), (IV.5) and (IV.6) has the same value in all three
directions. The assumption of isctropy is satisfactory for fluids and
for most homogenesous solids; the principal non-isotropic materials are
single non-cubic crystals and fibrous or laminated solids.

The above relations are the components of the single vector
eaquation:

q = = KAYT cossoese (IV.7)
wnich 1s the three-dimensional form of Fouriér's law, It states that
the hest flow vecltor g is proportional to the temperature gradient vT

nd is opposite in direction.

I

Of all the various types of apparatuses used by investigators,
the more important of these have been characterized by the steady-state
heat conduction across a thin layer of the test liguid. Various types
of mechanical designs have been used. The test liquid has been enclosed

P ek o . . y 117-119
between two parallei flat plates of two concentric cylinders. Riedel
B 109 ~ . .

and Richter and Sage seem to be the only investigators who have
successfully adopted the concentric-sphere cell for the thermal
conductivity measurements of liquids. The basic relationships for

the steady state heat transfer by conduction through the above mentioned

geometrical arrangements are developed,
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For the simple case of steady-state heat flow through a plane
wall, the temperaturs gradient and the heat flow do not vary with time
and the cross-sectlonal area glong the heat flow path 1s uniform. The
basic Fourier'is egquation (IV.l) has already been stated for a plane
area, If the plane wall has = finite length "L¥, then the variables in

squation {IV.l) can be separated and integrated between the appropriate

limits to yield the following equation,

qg = XKa (7T -

-—-—1: hoﬁt' ‘Lcold)» o e o 00000 (IV&S)

(b) Steady-State Heat Flow Through A Hollow Cylinder

g = - K 4 dT onaaca-oo. (IV-9)

N
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ps

bzsed on the assumbpition that the temperature at any point in the hollow

cylinder can be expressed as a function of the radius only. Thus iso-
therms, or lines of constant temperature, are concentric circles lying

batween the inner and outer cylinder boundaries.

If the c¢ylinder 1s homogensous and sufficiently long that
Jr [ >

D

end effects may be negleqted and the inner surface temperature is main-
rined constant at T3 while the outer surface temperaﬂure is maintained
uniformly at T,, the rate of heat conduction is as in equation (IV.9) s
where “~ 1s the temperature gradient in the radial direction. For a
c¢ylinder of finite length “L¥, the variables in equation (IV.9) can be
separated anﬂ'then integratsd between the appropriate limits to yield'
the following equation,

g = 27ILK (Ts = T,)
in 1

Bo00oe o0 (IVolO)

v

(¢) Steady-State Heat Flow Through a Spherical Shell
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Conduction through a spherical shell is also a2 one-dimensional

o iy
steady-state problem if the interior and exterior surface temperatures are
uniform and constant. Equation{IVa9} can be written in the fcllowing

form:

q = =K (bwro) aT_ ceeeeees (IV.11)
dr 7

The variables in the above equation can be separated and then

intezrated between the appropriste limits to yield the followin
(=) p iy Fy y N g

q = L.";‘:;I‘i I‘O I\. (TO - Ti) 60000000 (IV°12>

As already mentioned the heat transfer. by convection and
radiation in a thermal conductivity cell must be avoided. In most
thermal conduc%ivity measurements for liquids, small temperature diffe-
rences are employed beiween the thot! and ‘Ycold! cylinders. Also most
liquids are opaque to infra-red radiation and, consequently, heat transfer
by radiation in liquids can be ignored.

Heat transfer by natural convection in a thermal conductivity
cell will be significant unless precautions are taken to avoid convec=
tion, In a cell where the liguid is enclosed between two horizontal
plates, the natufal convectlon currents in fhe liquid will be kept to

2 minimum if the heat flows from the_up?er to the lower plate.

[

n & parallel-piate cell where the lower plate is hotter

than the upper plate, convection currents will not commence until the

g

roduct -of Grashof number (based on distance and temperature difference




¥,

between the plates) and Prandtl number (Rayleigh Modulus) reaches about
1700 . When this value of the product of Grashof and Prandtl numbers
is reached 'Cellular motion', first studied experimentally by Bénard

in 1900, develops in the liquid. This flow pattern is shown in the

L6 e ey s e s - ]
following diagram.”  The liguid in the interior of these cells moves
LIQUID
Z 7 >
T ] T — =
i ! )
FL AN y VoA i Y B b vy
| | i
<t e
7 1]
¢ q
) HEATED PLATE g
7
{

DEVELOFVENT OF *CELLULAR MOTION! ON A FIAT FLATE

Fig. (d)

in an upward direction and returns downward near the boundaries of the

neighboring cell. The fcellular motion' remains unchanged till a value
of the product of Grashof amd Prandtl numbsrs of about 47,000 is reached
when it changes to irregular tﬁrbulencegh o Rayleig% > in 1916,
theoretically calculated the lower critical Reynolds number at which
Ycellular motion' commences and, consequently, the product of Grashof
énd Prandtl numbérs is called Rayleigh's Modulus.

When the liguid layer is conﬁained between two horizontal
concentric cylinders, 'cellular motion' or convective currents do not
commence i the value of Rayleigh's modulus is below 1000 and this

value of Rayleigh's modulus can also be taken as a limit for the
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apparatus where the licuid is containsd between two vertical concentric
linders . Bckert states that in a thermal conductivity measuring
apparatus where the licuid 1s contained belween two vertical walls; the

neat transfer takes place by pure conduction if,

-
Nﬁ 2 - 2. I\ = E 2 - N
o L 12 (hPr) Q‘E% + “Pr){ L/b) vevoseas (IV.13)

b = Layer thickness
He further states that near the lower and upper ends of the
walls the temperature drop across the layer is non~linesar over a height

at each end equal to the layer thickness. This situation can be aveided

i

by providing guard heater

w

% each end and by making the height of the

[

9

~walls considerably greater than the liguid layer thickness.

2, Cell Forms Employed By Other Investigators

The forms of cells; based on the geometrical configureations
already discussed, which have been employed by other investigators can

be briefly summed up as follows:

(a) A Disc Type Cell

A disc type cell consists of a thin layer of liguid between
0.01 inch to 0.20 inch thick, enclosed bestween two parallel plates. The

upper plate is usually the heated plate while the bottom plate is cooled.
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Heating is accomplished either electrically or by circulating hot water

over the top plate, Thermocouplss are enployed for temperature measure-

The concentric cylinder apparatus utilizes the annular space
to enciose'the test liguid. Heat is supplied by a resistance heater at
the center of the inside ¢ylinder, usually called the emitter. The ap~
paratus 1s usually enclosed in a steel cylinder and immersed in a con-
stant temperature bath. Temperature measurements are usually made with
thernocouples, The liguid film thickness varies from approximately
0,015 inch to 0,100 inch. The rugged construction of this apparatus makes

it readily adaptszbls for high pressure measurements.

Another thermal conductivity cell which may be considered a
medification of the concentric cylinder apparatus is the hot-wire type
cell, It consists essentially of a wire affixed co-axially in a cylin-
drical tube, of either pyrex or a metal. The cell is placed in a cén—

2

stant temperature bath. The filament or the wire used is usually

platinum or tungsten and heating is accomplished by applying a voltage
to the wire and the wire serves both as a heater and a resistance

thermometer, The film thickness is usually between 0.04 inch to 0.20

t )
1ncn,
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Riede Lo be the only investigators

@

Ly

who employed a2 sphere for the thermal conductivity measurements of liguids,

»

Riedel's cell was a copper sphere enclosed in a copper block giving an

all round clearance of 00,0395 inches. FPlatinum resistance thermometers

o

were used to measure the temperature close to the liguid metal interface.

(e) Other Cell Forms

Some of the less important apparatuses are the thick film and
the unsteady-state designs. The thick film method utilizes a relatively
arge f£ilm thickness which varies from 0.L73 inch to 7 inches. This
methed requires a large temperature drop across the liguid layer and in
some methods reaches 1757F. The accuracy of these apparatuses are depen-
dant upon careful thermal guarding and to insure no heat losses. Cor—
heat transfer by radiation and convection across the ligquid
layer are also necessary for reliable thermal conductivity values. In
many cases these requirements were not met by the investigators using

Unsteady-state methods have been used by socme recent investi-
gators, These methods are characterized by discontinuous heat transfer
across thé liguid layei'° The thermal conductivity is calculated by as-
suming certain boundary conditicns and integrating the differential

eguation of Fourier.,

B

-
Exper

ental determinations ¢f the thermal conductivity of

s

. . , .. . 163
fluids can be mede with the aid of relative or absolute methods, ~ Common




or all absolute determinations are the accurate knowledge
of certain characteristic dimensions of the conductivity cell and the

noteworthy heat losses or gains from or to the cell. The

(2) Accuracy of measurement of the physical dimensions of the
apparatus.,

(b) Accuracy of measurements of temperatures ard temperature
drops.

(¢) Accuracy of measurement of hesat flow.

Heat losses by convection and radiation and corrections

(e) Reproducibility of results,

High precision is required in the fabrication and in the as-
sembly of conductivity cells for absolute determinations and in many in-
stances the resulting high cost of the equipment cannot be justified for
determinations of a routine character requiring less accuracy. Hence
apparatuses of a simpler design and greater ease and higher speed of
operation have often been used in the past in which determination were
made relative to another fluid with an established thermal conductivity.
The accuracy of such measurements depends therefore in the first place
on the reliability ofvthe values of the calibration fluid.

With the exception of several substances whose thermal con-
ductivity has been well established in the gaseous state, there is,
Liguid water excluded, no other substance whose thermal conductivity is
sufficiently accurately known over a wide range of temperature in.order

- 163
to recommend it as a calibration or a control fluid., A study of the rele-
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¥

nows that discrepancies of up to 30% between different
workers! values for a certain substance are by no means a rarily.

For pursly scientific purposes the Joule is used as the energy
unit since the heat flow in steady state processes is usually measured
electrically, length is measured in centimeters, time in seconds and
temperature in degrees centigrede. This gives the units of thermal
conductivity as Joules - Cm/(Sec)(Cm)2(oC)o

In engineering, the British Thermal Unit is used as the
energy unit, the length is measured in feet, time in hours, and temperature

in degrees Fa renk’i . This leads to the units of thermal conductivity

25 Biu-mt/ (Hr) (Fe2)(®F) or Btw/(Hr)(Fi)(°F).
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sginning of the programme on an in-
vestization of methods suitable for the absolute measurements of the
thermal conductivity of liquids, 21l the necessary equipment had first
to be designed and built before any tests could be performed. In all,
two cells suitable for the thermal corductivity measurements, a constant

temperature oil bath, an on-off type and a thermistor-type Lemp rature
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couple wires, were designed. The design details of the equipment actually
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tions reported in the thesis are outlined in
this section while the details of the remaining equipment are given in
Appendix III. The designs of the hot-wire cell; the constant temperature
oil bath d the on-off type temperature controller are described in thie
part, Avpendix III contains complete design details of the concentric
cylirnder cell, the thermistor-type temperature cont roller and the device

suitable for welding small diameter thermocouple wires.

1, The Hot-Wire C=il

In any cell to be employed for the steady state measurements
of the thermal conductivity of liquids, heat transfer by convection should
be ¢liminated, The liquid layer should not be made so thick that large
temperature differences are necessary to. transfer heat, neither should
the layer be made so thin that its thickness cannot be measured accuratel

4 bulky and an unnecessarily large csll should be avoided in order to
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ong pericds of tims that may be required by the cell to attain
cady state. One type of cell which meets these requirements is a hot-

wire cell which in fact is a modification of the concentric cylinder type.

57

The hot-wire technigus was first used by Goldschmidt”™ and
I5Ye

26,27

more recently revised by Hutchinson o0 , Cecil and Munch and

Watermen™~ . Hutchinson utilized a single tube, with no compensation for
end losses, containing a coiled hot-wire filament. This fact, in conjunc-
cion with the lack of correction for end effects made absoluce measurements

o 2,

impossible ard it was necessary for Hutchinson to calibrate the cell against

=

known standards. Discrepancies and uncertainties existing in the literature,
however, make the choice of suitable calibration liguids difficult.
A highly refined modification of the hot-wire method has been

k)

used in this research. A hot-wire cell, shown in Fig. 1, was designed

[¢i]

o s . . s X 66
to eliminate end effects which existed in Hutchinson's apparatus” . The

cell is & medification of Hutchinson's apparatus and incorporates the

methed used by Goldschmidt57

, and, consists of two units identical in
all respects except length. One half of coil B simulates an equivalent

length in the upper part of Coil A, while the other half of coil B

lates an ecuivalent length in the lower part of coil A. Thus power
consumption and losses in the end sections are identical if the same
current is passed through both units. The end losses from the test sectipn
can, therefore, be compensated for electrically, and the power and resis-

tance of the test section obtained easily. The colled filaments are made

frem 0.0034 inch diameter tungsten wire, and accurately centered in the
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tube protrudes through the central circuler bath

cover & distance of about 6.5 inches. At this voint a specizl removable
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centrs line of the constart temperature bath, 1s held in place by a
special clamp. This special clamp is attached to a vertical, threaded,

ong which is screwed into the under-
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The cell was tested under high vacuum to find any leaks but
none were located. The glass work in the manufacturing of the cell was
carried out by the Chemistry Department, University of Manitoba.

data and since the temperature of the surrounding bath determines the
meximum copesrating temperature, the equipment can easily be used to deter-

mine the thermal conductivity of any liguid within a temperature range

of =300 to 100”059 as long as the licuid is compatible with glass and

The cell is incexpensive and relatively easy to manufacture.
It uses small cuantities of test liquids and can be used for liguids

which would normally attack metais,




Appendix ITX. This cell

thermal conductivity of

emperature 01l Bath

a constant temperature heat sink

cells was fully realized at the
beginning of the present programme. No suitable equipment with the desired
temperature control was avelleble commercially and it thus became neceséary
to design a suitable bath and a temperature control system. A molten salt
or a liguid metal bath appeared to be an unnecessary complication due to

the design temperature range from room temperature to about 800°F. A

f)p

tempering or a silicon oil with & high flash point would cover the tempe-
ravure range by slightly pressurizing the bath medium, and the design
oroblem was conseguently reduced to that of temperature control and an
even temperature distribution.

For tests to be made at room temperature, a bucket of water,
by ﬁand with a good sized wooden paddle, is an excellent constant
temperature sink hardly to be surpassed as concerns accuracy attainable

. . 5,105 | .
the most elaborate mechanism”’ . For the envisaged test temperature

e

gt a maximum temperature of about 800°F and a maximum pressure of 150 psig.

The bath consists essentially of three equi-length tubes, held side-by-

in subseguent investigations
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side, located in a pressure vessel at a distance o

shaft seals, the bearings and the housing for the stirrers, and, an iso-
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he cover plates., Fig. L, shows
Lo cuauiuction details of the Dresocis Joloa el viee o oL mimleS

and provides an itemized list of the componeﬁts used., Fig., 5, shows a
schematic diagram of the heaters, and, their connections, for the constant
Lemperature bath,

he central tube 1s the container for the hot~wire and the

concentric cylinder cells in the verticazl position. This container is a

10 inch standard pipe open at both ends, and having a length of 15& inches,

are rigidly fixed on either
¢ oI the central tube, Each of these two tubes contains a stirrer
and a set of heaters. The concentric cylinder cell can be positioned

horizontally in the space bestween the two stirrers at the top of the three

batn medium is mixed by two motor driven screw
propellers. The propsllers are belt-driven by a 3/4 horse power a.c. motor
and rotate at about 950 R.P.M. A set of bath heaters is locabed above
cach stirrer, and the rotation of propellers is such that the bath medium

{irst passes over the heating elements before passing through the screw
~ el D o
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N

end the stirrer tubes to provide a dead alr space to prevent radial heat

transfer from the heating elements to the medium in the central tube.
Zach set of bath heaters consists of two separately connected

500 watt heaters and a 2 kilowatt heater. The three heaters of one set

m oroom tempera

selected as the heating media,

For the

ture to about 25OOF a light transformer oil
tal

. - - - o .
was used, while for the test rangs from 250°F to 600°F a heavy tempering
0il was usel, The oroperties and the names of the suppliers of the two
oils are glven below:

Tlash Point
Viscosity

Specific Gravity

o0

o

Transformer 01l =~ Volt Esso 35,

290°F,
58(100°F) to 34(210°F) Saybolt
Universal?

33.5 AP.I.
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- - ) .
i N e < £ i
Pour roint s =507F,

Flash point : 630°F (Min)

Viscosity s 475 = 550 S.U.S.(210°F)

Specific Gravity ¢ 23.5

Specific heat s 0.4 (approx.)

Supplier s E.F. Houghton & Co., 100 Symeé Road,

Toronto §, Ontario,

2

Tempering oil No, 110 is a viscous oil, green-black in colour,
The oil is suitable for continucus use al temperatures up to about BSOOF9

but can be used In short~term tests at tempsratures up to its flash point.

to £ 0.002% by the method

Wity T

bath temperature wasmonitored by two calibrated movable

he experimental procedure,

thermocouple probes, located in the bath as shown in Fig. 2. The thermo-
uples consist of iron and constantan conductors insulated with asbsstos

and fiberglass. The calibration graphs for these thermocouples are given

The bath has been completely insulated to prevent heat loss




[ ko) ] o ]
I [ i (0] [
3 ] ® Gy By 0] [} Ko S
w0 ot £ <2 0} o O 4+ 4 [ e, +2 i
oY ® e 1 4 [0 £ 42 ori o ® 43 < &0 0 0]
PR 3] o ] © B NN ° o o o @ ©
3] TR S © S - B S A o £y L I3 33 -~ I
[N o o] Sl R 0] [0 o] 42 f ju] O ° [$] o] O kol e &)
o [ 4 o} 43 £ e ) Q Q 42 ord [7p) jwi Nl o} tH] [9]
o o] O v orrd o oo £, « Lo ° £ o G O] el
) ® o5 By o 3 o3 » 3 ) £ m o] ORI o 4 1+
) 42 ~] o &) ol o (&) < » mw * [oN 3] -3 0]
0 e Ke} ,“ [ @ a 0 12 | ] 5000 © o <o
B} 3 ¢ L} [0} L) £ & (&) £1 fod s (@} [$) O Ko 3
v £ > @ N4 £ n ~ ® 9] wn o 2 (e}

[ o) S o e} 3 i = 3 0 0N | ~{ +2 Ry ™ aw ce]
K L2 I fou o < Q @ o) <« o « ¢« EE IR Vo 53] 15 o} Gy or w
) ¥ 0 3] = ) =} = £ = o &y 4 » m [e] 4

o o} o] 1 50 o' £t 1 0 (o] o~ iy 0] > L
3 o @ by @ a0 o £ ® a o 3 o 4 o]
-l @ 9] ] fan! 0] L T —l [0} K] o] 0] [} B =] = 0 4 9] [0}
%] ] < 0] 4 ot jal ~1 ° ) [0] © o 3 O ko] @] >y
o R < (o] © B G- i %r &f) $a -+ = O fasi o = [ &)
i K 4 42 o 42 o] (o] o] 53] an o b ) £ (o] 3 ~
jos] ) O] ) ] 0] 0] ol wi & AN\ [0) (] [0) B o £24 Q 4 = jon
0 « € [@] L o S (D} By <@ & o o O 43 o Q « s}
o Ko le) ] (@] [0} @ 9] 4 e (@} [ & V] <} 0n (9] . By [0}
] 3] 0 2] 1 i~ 0] o O s 155 = Q [0} 8y —l 4D o R
) i 18] 4 £ jou) = S jo= [ O 3 ® L fa Q o) ot ] @ ot 0
G K A el £ © #2 o) £ e 9] e 0 ] O o (0] | A £4
e ) ® o 3 5 4+ O 1 = ® £ Qs o £ & o] v o}
£t =] ) £ 4D 0] 9} £y Kl » [0 ot 43 4
o @ o Rl < o B @ 33 ° D © » e @ [0} O
o) Ty e} oh O %) < 4D n K« 2 o 40 3 Q, ef 0
@ iy o & e ] | s 3] 32 % ® 1& s} 1] G I g fa
oy &g b <« [ G o] [ ] [o] By Ke fond o3 @] 0] a 1D
» -+ » O [$) [ ~ £ Gy ) 3 e o 0] o) !
o [0} 0] 2 Q o ] ! 42 & = o] 0] (&) O
4D 0] 43 o 0] ] 2] 42 ¢y [ £ v O .“ 3}
o B bey e & 43 o <] (0] 23] 42 <3 « & By el 23
D fs 42 Q @ o a ] ER) =4 o) ! [0] ot @ i) £ ©
o - o3 42 & B £ o I e ) Ly jon ol mv ey L
ﬁ jon b O 1) O 1] O] @O O o] =3 ot ps B 5 s &) =3
o 0] oot O o o e b 43 O B! -+ 0] N ot . 42
o3 0 43 O [¢] 5 By 42 ol ) o O ~ I O O 4 @ ® G
) ] ¢y O] 1 42 L @ ol S [ | (9 G St
® - ot £y o8 &y © et o3 19 42 q 5 Q =3 K sl @
e, 4 3 Q s} « R 0 RS 0 by 0 & A < 3 42 2 g Qy
=3 < [ £ 0 9] 2 o 5] ® = © =] %! o 4 o e D ]
4 o) O 2 an K V] - 43 ) D o (@] (o} = =1 8] 0]
IS = (5] = £t < ey 0 103 0 < 43 a o L . ke O
po 43 Gy “L (o O o o ay (6] (%] oy ] [0 ~
9] S | o] pa ° ey & o K 42 f= o] ~ O e 4 @ G
Q 3 I ol o3 o] 16! j ® ] [ . o [¢] «d ) [ o ) o]
£ a3 £t =} =] B 4 0] -+ O ol od Iry ) & O ) - ey
1) 5 51 Q (o} ] o > & G~y 9] 42 - b N bl Qy 0]
4 C 0] et ) ] D) < 42 by 2] n ﬁ V) O joN 4 [0 o]
3} L ER] £ fea b «d 42 < sl ) ol 4 H o] o (&} A Ly
0] ) ol O st} (o] w 2 O @ £y 4+ -0 53] [ 43 )
4D ! [ Lot 42 2. 42 Rl [$] (@] O 2 3 32
O { ® Q [ et : I © 3] foed ® Sy 9] <} o
et 23 o O 193] L [0} o) L O] %) a2 <3 O b o )
% o i~} = 3 1 Kor 2 a L2 o3 g 4+ o A3
I e <t ] S I O & s L K a o 9] 2
O 0 O < £ -+ 4D -4 o 0] 43 [ o) o Sy
] { O [ ot Iy » ey 4 o 3 D ) 3
O @) & [0) £y ) [0 (e} Ly [} pa o e 3 i ~ vt st
. 4 o ] S ] 22 ey o [0} [0} b5} = [0 L4 Q ] 2 @
Q 5] 9] 0] 3 3 4 jon js] &y ~t joid o] [ 2 L3
I o $ 0 43 €, o it = L. Q ® o] Ly (0] o I N
g 42 o [ )] O O (0] et o ; L3 o & K [ o] o
W < I 1 fis} O 1D > fe! EL ] 4 ) ® 43 £ 0 O




auvthors
er than

T

e
v

Some
to be

sections

cure

.

S

[
1
[0

el

Tese
o
[

i

!

are CcO

!

3

2t

ra

s
o

&

"
Ty

193

oot
i3

o

"

Lol

H

)

a
b

)

¢

!
3
)

o
o]
e

T

~J

.

20T LNE]

£

NF

e lnd
L

{13
-

S amTe

juie}

-l
ko]

lea

e

ded to contact th

o

d

aesire

k]

ffers
7 the

1%

o
allo

.

the
method to

2
19

e
&

he result was a

£y

less satisfacto
mperature con=

to
T

ratures to at

g

d.o

mperature d
ined

te te

emnp

progressively
te
va
ra

v

0:02°F, ove

o

()

s one possible
ob

cou
rol

in
<

-
o
=3
-
KR
v

.{.
mercury bvhermoregulators

D
02,
O

~—
O
o>
O]

ol

was

o

(S

S

TV

J jva

.

-

tor w
it
mor

t
operat

TO con

U,

b=
i
b

e
v

Y

oe

egula

¥
)

o
14

R

hateal.
LS
&
o,
o
a
Ter
BRSF

i

1

FAY

oLi=0n

equl

&

Cp

LI0

1

0.1

e
&
£
o)

/

COoxL

v

©

3

o

;

Q)
(o]
n

ture

ture Lo
YT
ere

da

pera

Py

'p

0
9]

o

i
HE

s
b
1)

£ Y,
17 elc]

el
o

[9

e e

control

N

N
riormance
-

&7

N
n

o
t



ned

=3
<

1
jo4
<

a

<7
np

o

L
desi
o 300

J

LW

ntial
The
L -

oL

anr
& e

e
SeT

watt heater system

S €8se

o
R

2

econd, thus co

€O

&

0]

& rel

G

/

9]
o}

4

zpulat

3

Th

the electrodes

S &.C. LO one

—'—t

Ie
1

@)

2

0

¥

-

i

T

an
s dsCe

5,
%}
it

)

Tit

1

B

50 vo

Z

~

F
I}

oL

being

when no neat is

Fale)
Ol X

on

o yem
-

;S

D
o
[0}

A

5]

I
£

ie

Y 5
v

o
-

il

rel
iammeter

’

.
nected

d to the

ill

aight forward.
ie
le rec
the

a2 simp
ed to

and a m

.’(

Lr
acitors, con

es, 1o smooth ou

pol

&
o

enry

o
&
G

su
mete

L
AV

elay is s

]
o3
o8
3
0
0]
&
@
m
1
k3

arad cap

s

o

I

LT
O
W

e

¥

e of 3 E

d.Co VO

T

5

o
mic
ne
- -~

clta

b

PR S
operadicn O




61

dOLVTING:E

s B e 0

)

7

e

00 0G0

bccimacss?

A Ol




62

are vositioned in the relay circuit to check the voltage and the direct
current being supplied to the relay, The relay has a resistance of
100,000 ohms with a current rating of 3.2 milliamperes, d.c.

The relay is constructed such that when no current is flowing
through the relay coil, the 600 watt heater contacts remain closed,
and heat is supplied to the bath., When the oil in the bath has reached
the desired temperature, the rising mercury in the thermoregulator capil-
lary contacts the second platinum electrode, thus completing the electri-
cal circuit and operating the relay. As soon as the electrical circuit
is completed, the main contacts to the 600 watt heater are opened and
no more neat is supplied to the bath till the temperature falls 0.1%
from the set temperature. The thermoregulator must be pre-set to the

desired control temperature.

(h) Desien of the Thermistor-Type Temperature Controller

An electronic temperature controller incorporating a thermistor
was designed and the details are given in Appendix III. The construction
of the controller could not be completed in time to make its use possible

in the reported work. However test runs performed at a later date showed

that the temperatures could be controlled to T O,OOSOF with this centroller.

The controller, however, can only be used within the range from room

1
temperature to about 600°F as thermistors become unreliable after 600°F .
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5. The Arc Welding Apparatus

The thermocouples selected to measure the temperature difference
across the liquid layer in the concentric cylinder cell were the "Ceramo"
duplex conductor type thermocouples, The "Ceramo" thermocouples consist
of two 0.010 inch diameter wires of compatible thermocouple material con-
tained in a 0.040 inch diameter stainless steel sheath. The space between
the wires and the sheath is packed with 2 ceramic or inert metal oxide
insulation to insulate the wires from each other and from the sheath.

The stainless steel sheath protects the thermocouples freom pressure and
chemical action of the liouids to be investigated.

A special apparatus for affecting the union between the wires
was necessary as conventlonal flame welding methods are unsuitable due
to the small size of the wires. The apparatus design and constructicn

details are given in Appendix III.
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ture, and resistance of the test section measured with the Mueller
bridge. The bath was then heated to the temperature at which the con-
ductivity value was required and the resistance of the test section
measured again. Similar procedure was carried out at a temperature 5°F
above the selected test temperature. This procedure was repeated to
provide accurate resistance of the test section at SOF below and above
each temrerature selected for a thermal conductivity measurement.

After the calibration of the test section for the tempera-
ture measurements had been completed to about 230°F, the cell was
emptied, thoroughly cleaned with sclvents, evacuated for a leng period,
and then refilled with EBR-40. Since HB-40 has a boiling range between
oLl - 744°F, it was used to provide the recuired constant temperature
environment in the cell for calibration of the test section between
250°F and about 600°F.

The graphs of Set C in Appendix I show the temperature-resis=-

tance relationship for the test section.

5. Measurement of the Power Supplied to the Test Section

For accurate determination of the thermal conductivity of a
test liguid, the heat dissipated by the test section of the cell must be
measured very accurately. The heat to the test section was supplied in
the form of direct current from 6 and 12 volt storage batteries,
connected in series. Although d.c. milliameters are available for such
measurements, it was felt that since the power dissipated by the test
section would be quite small, a more accurate and reliable method was

warranted., The method used is briefly cutlined in this section.
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The electrical powsr supplied to the test section was determined
from accurate measurements of the heating current and the resistance of
the test sectlon when the filament was dissipating heat at steady state.
It was therefore necessary to make both measurements simultaneously.

The resistance of the test section of the cell was measured
directly on the Mueller bridge. The cell was connected to the bridge
in the manner similar to that for the calibration of the test section
described in section VI.4. OSince the Mueller bridge is essentially a
Wheatstone bridge, the cell filaments formed one ratio arm of the bridge.
Therefere the heating current that could be supplied to the cell was
limited by the bridge., To prevent damage to the bridge, the maximum
current was about 72 milliamperes. Since the filaments in both limbs
of the cell were connected in series, the cell current was thus limited
to 36 milliamperes,

The current supplied to the cell was determined from measuring
the voltage drop across a precision manganin resistor connected in
series with the test section filament (see Fig. 7). The resistance cof
the manganin resistor was accurately predetermined on a precision
Kelvin bridge in the Standards Laboratory, Department of Electrical
Engineering, University of Manitoba.

The thermal energy dissipated by the test section was conse=-

quently determined from the electrical power supplied to the test section.
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Section B : Experimental Procedure

Carbon tetachloride and Toluene were tested as received from
the manufacturer, and, HE-LO and Hydrogenated Santowax CM were tssted as
received from the Atomic Energy of Canada Limited. PFrior to each filling
with the test liﬁuid, the cell was thoroughly cleaned by the procedure
previously described. When filling, caution was taken to make sure
that the level of the liguid was sufficient to completely immerse the
filaments,

The filled cell was suspended in the oil bath but the filament
leads were not connected to the Muellef bridge. The various instruments
and their connections as used in the thermal conductivity tests are shown
schematically in Fig. 7.

After the cell was mounted in the oil bath, the platinum
resistance thermometer and the mercury thermoregulator were positioned.
The resistance thermometer was connected to the Mueller bridge through
the mercury commutator, and, the mercury thermoregulator was connected
to the electronic relay, thus controlling one set of 60C watt heaters.
The Mueller bridge was pre-set to measure the resistance the thermo-
meter will have at the temperature the test was to be performed. The
bridge was energized by the 1.5 volt d.c. batteries. The bath heaters
were then turned on and the oil heated to the desired test temperature.
When the oil reached the set tempersture all the heaters, except the
set of 600 watt heaters controlled by the thermoregulator, were turned

off. The bath was then allowed to reach a steady tempsrature as



determined by the preset thermoregulator. Using the method described

in section VI, 2, page 68, the heat losses from the bath were accurately
compensated for and if the bath temperature did not vary by more than

T 0.C02°F over a period of about one hour, the bath and the cell were
assumed to have reached the steady state.

Once the steady state was established, the resistance thermo-—
meter leads were disconnected from the Mueller bridge and the bath
temperature monitored throughout the test period by the two calibrated
thermocouples. The Musller bridge was then used to measure the resistance
of the test section filament prior to the application of the heating
current. The batteries supplying the current for heating were connected
and a heating current passed through the filaments and the Mueller
bridge to determine the resistance of the filament during the test.

The exact magnitude of the cell current was ascertained by measuring
the voltage drop across the 0.1003 ohm precision resistor connected in
series with the test section filament by means of the precislon poten—
tiometer. The resistance of the test section was continuously checked
when the heating current was passing through it, and, when it did not
vary over a period of about 15 to 20 minutss, the steady-state lieat
transfer by conduction was assumed to have been established. At this
steady—sfate, the resistance of the filament and the heating current
passing through it were accurately measured, The sforage batteries
and the cell leads were then.disconnected, and the resistance thermo~
meter re—conﬁected to the bridge through the mercury commutator.

After completing the thermal conductivity test, the bath tempsrature




75

WAS T

¢

SR io . , + o N
~checked, and, if it has variled by more than - G.002°F, all t

>
+

oy

[¢]

data accunmulzated for that test was rejected.

Tne bath was then heated to the next test temperature and the
foregoing procedure repeated for securing the relevant data at that
temperature, The temperature of the room was kept relatively constant,
and sufficient time allowed between the tests for the test section
{ilzment to reach the same temrerature as the bath.

Fig. & on the next page, shows a general photographic view
cf the thermal conductivity avparatus.

Appendix II contains the experimental data and the available

physical properties of the four organic liguids tested.
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Yhere A and B are constants dependent only on the dimensions and material
of construction of the apparatus. AT is determined from measuring the
vath and the test section temperatures under test conditions. The quan-
tity of heat conducted, q, is ascertained from measuring the test section
resistance and the quantity of direct current passing through the cell.

Thus DL

, obtained from actual measurements in conjunction with the cell

constants A and B, enabled K to be calculated.

liq
Equation (VII.,) assumes that there is no significant tempera-
ture difference between the outer wall of the glass tube and the bath
liquid. This condition could not be met but with low heat fluxes and the
fcllowing precautions its effects were kept to a minimum. Before passing
any electric current through the test section of the cell it was necessary
Lo establish steady state conditions. The cell containing the test liquid

was immersed in the bath and the bath heated to the desired temperature.

The platinum resistance thermometer was used to measure and control bath

temperatures as outlined in section VI, The test section of the cell and the

ad justable thermocouple probes had previously been calibrated by using the

resistance thermometer., At steady state the temperature of the liquid in the

cell was determined by measuring the resistance of the test section and this

temperature was equal to the bath temperature in each case. The resistance

thermometer was always located close to the unit of the cell containing the

test section. At steady state conditions the resistance thermometer was
moved up and down to check any temperature variations in the bath. The

adjustable thérmocouple probes had been made sufficiently long so that
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they could touch the cutside of the unit of the cell containing the

;ain at steedy state these probes were moved across the

o

t
(0]
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ct
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ot
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rath to check any temperaturs variations in the horizontal plane. When
the electric current was passed through the test sectjon at experimental
-conditions, the adjustable thermocouple probes were always in contact
with the outside of the glass tube. These probes, however, were not
sensitive enough to permit any predictions to be made as to the tempe-
rature of the glass,

There is & large uncertainty in the thermal conductivity of
The published values for the thermal conductivity of
various glasses are far from being consistent, since sericus technical
difficulties are encountered in measuring this value accurately., The

manufacturers of the glass from which the cell is fatricated, Corning

Glass Works, Corning, New York, wers contacted regarding the availability

w 33,34
Kg o

and 7520F were provided by the Corning Glass Works, and the thermal

of accurate values of Only three values of Kg at 77°F, 392,
conductivities of the glass at other temperatures were interpolated
linearly from these values. The geometry of the cell is such that a
20% error in K, only results in a 1% error in the calculated values of
o
Kliq'
The following expressions show the mamner in which the cell

constants A and B depend on the dimensions of the apparatus.,




80

The values of A and B depend on the effective length of the
test section filament, the effective radius of the filament, and, the
‘inside and ocutside radii of the glass tube., The inside and outside
diameters of the glass tube were accurately measured and are as follows:

Inside diameter, d3 = 0.3937 in.
Outside diameter, d, = 0.4785 in.

The mean effective diameter of the filament were arrived at
in the following manner. The test section filament was fabricated
from 0.0034 inch diameter Tungsten wire and was wound on a 0,0505 inch
core. After removing the winding core the outside diameter of the fi-
lament was measured to be 0.0600 inch. The pitch of the filament was
174 turns per inch. It was necessary io make the pitch small because
if pitch is too large three-dimensional heat flow effects could occur:
locally which would lead to errors in the experimental values of the
thermal conductivity of the liquids tested., From this data the mean

effective diameter of the filament was calculated as outlined below.

Effective filament diameter = winding core dia. + dia. of
Tungsten wire.

(0.0505 + 0,0034) in.
= 0,0539 in.

The effective filament = outside diameter of filament
diameter is also -~ dia., of Tungsten wire,
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i

0.0600 - 0.C034) in,

The mean effective length of the test section was calculated

1258

2g follows. The cold resistances of toth the filaments were measured
before end after they were sealed in their respective limbs. The test
section lenszth was calculated for each case, and the average taken to

obtain the mean effective length.

Calculation of Test Section Length Before Sealing Filaments in the Limbs:

Resistance cf the filament in the short limb = 5,536 ohms
o . . . 5.536 .
Specific resistance of this filament = 7;§%§ chms per in,
Ao

= 2,805 ohms per in.

Resistance of the filament in the long limb = 11.503 ohms.
o . . . 11.502 s
Specific resistance of this filament = RRNGSE ohms per in.

= 2,806 ohms per in.

11,503 ~ 5.536 .
2,806 s

2% Length of the test section ‘ =

i

2.1263 ins.

Calculation of Test Section Length After Sealing Filaments in the Limbs:

Resistance of filament in the short limb = 5.539 ohms
Resistance of filament in thez long limbd = 11,903 ohms
s . C s o , .
Specific resistance of this filament = 11903 ohns per in,

4.099



Mean Effective Length of the test section
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= 2.,90388 ohms per in.

11,903 = 5.539 .
2.9038¢ A0S

0

W O~

= 2.,1916 ins,
2

4 o D 3 .
_ 2.1263 + 2.1916 5o

2

N

= 2.15%9 ins. I 1.5%

= 0,1799 ft.

The cell constants A and B were then calculsted as shown below:

ry 1 5
L= z=y In r. | 2% L in as
B 1 0.3937
T 2x 0.1799 %7 In 0.05525 fe.
~ 1.7371903 1.7t
= 17372t £3.59
1 To i do
= 1n = 1 L.
P rmi ZnL 4,
— 1 _ in Oql’,785 ft,_l
27 x 0.1799 0.3937

= 0.17256015 ft.

1

= 0.1726 ft.”% ¥ 1.53

The accuracy of the value of the thermal conductivity depends

-1
ft.

-1

on the accuracy with which the filament temperature can be calculated

when it is dissipating heat. Three separate test runs were performed

with Carbon Tetrachloride and Toluene, and, two with HB-40 and Hydro-

genated Santowax OM. The test section resistance, with no heating current

through it, had already been established at sach desired test tempera-



ture and 2t 5°F below and above this rarticular temperature, and the

data plotted accurately tc obtain the averags temperature slope,
per ohm, for each test temperature of each liquid. At test conditions,

precision resistance thermom-

[l
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ot
ct
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85}
¥
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¥
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oter. OSince no heating current was passed through the cell at this
state, the test section was at the same temperature as the bath and its

resistance was measured on the Mueller bridgze. The test scction resistance

heat

D

was measurad when the heating current was orn and the steadv stat
L) &

transfer thus established. The increase in the test scction resistance
wag then obtained and AT, the difference between the filament and the bath

temperatures, was calculated from the relevant average temperature slope,

A specimen calculsiion B~40, shown below indicates the
procedurs adopted to calculate the thermal conductivity of the liquids.

The procedure is illustrated for the tes

ct+

at 350,33°F.

Average applicable temperature slope

= 67.5% per ohm
calculated from the calibration data

T C‘J a‘,l .t’l > L
Increase in resi f ce of ?e test = 0.0175 ohm

section when heating current passed

S DT, difference in the filament 6 - e Om
= . <UL

and the bath tempsrature 7.5 x 0.0L757F
= 1,181%

Voltage drop across the 0,1003 resistor = 3,631 millivolts

Current through the test section = ‘iiéil~ amps

0.1003

2

= 36,201 x 10 ° amps.

-

istanc° of the test section when A ,
: 10,2437 crms
4i 331p ting heat




joal
s

Electrical power dissipated by the ~ (36.201L x 10“3)2
test section ‘ *
x 10.2137 watts.
= 134.2,79 x 107% watts
Thermal energy dissipated by the = 134.2L79 x 10k
test section g -
X 3.412G7 Lu/Hr
= 1455.184 x 107% stu/Hr
Thermal conductivity of glass at 350.33%F = 0.745 2tu/(Er)(Ft)(°F)

Substituting relevant values into Egquation (VII.4)

1,1812 . L7372 0.1726
458,18 x 1074 Kyso 0.745
Kliq = 0.068 Btu/(Hr)(Ft)(°F)

»» Thermal Ccnductivit

A similar procedure was applied to calculate the thermal conduc—

tivity of all other liguids 2t their respective temperatures,

he absolute thermal conduc-

ct

Graphs in the next section show
tivity versus temperature relationship for the four organic liquids tested
during the course of this work.

The experimental thermal conductivity values and other relevant

experimental data, as well as the available physical properties of the

of HB-40 at 350.33%F = 0.068 Buu/(Hr)(Ft)(°F)
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VIIT ¢ THE RESULTS
The thermal cordnc01”*ty values for the four organic liguids

gsted were calculated in the manner outlined in the section on date

D..
o]

enalysis and calculations. The experimental values thus evaluated are
plotted against temperature and the resulting grephs are contained in

this section. For easy reference, the test temperatures and the core—

responding thermal conductivity values for each liguid are given in a

The thermal conductivity of Carbon Tetrachloride and Toluene

@
o
<
m
}_J .
}_.l
o

gt various temperatures ar ble in the literature, ard those

[

values which are considered to be the most reliable are plotted on the
graghs showing the resulis of this work.

No experimental thermal conductivity values for HBE=-L0 or Hydro-
5
zenated Santowax OM are available in the literature to enable a comparison

4

with the absoiute values determined in this work,
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secticon., The voltage drop was measured with the precisicn potentiometer

Q.

ezsured on a
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to an accuracy of C.Cie and the shun

orecisiocn Kelvin bridge to 0.01%. The electrical current suprlied to

l

the ceil was thus calculated to an accuracy of 0.02%., The resistance

issipating heat at steady state,

y

of the test section filament, when

o,

was measured to 0,002% of its resistance over the complete range. To

calculate the thermal conductivity values of the liquids tested, the

mean radius of the test section filament was employed and an estimated
grror in accuracy of T 2% was introduced by this procedure. The rela-
tively large error off2%Z in measuring the test section filament radius
was mainly due to the "spring back" of the filament after the removal
of the winding core. An error of T 1.5% was also introduced by uncer-
tainties in length and thus an overall error of T 3,5% by the geometry

glass tube containing the

=y
ct
)
o

of the cell. The cutside diameter of

o an accuracy of 0.01%. The bore

[

4

o

test section filament was measur
of this glass tube was stated by the Chemistry Department, who assembled
the cell, to be accurats to within C.1%. The temperature difference
across the liguid layer was calculated from the pre-tests calibrations

1

to an accuracy of 0.2%. This temperature difference was assumed to exist
between the '"emitting cylinder" represented by the mean diameter of the;
test section filament and the 'recelving cylinder! represented by the
inside diameter of the glass tube containing the test section. If,
however, the measured temperature difference is in fact between the

cylinders represented by the outside diameter of the filament and the

tore of the glass tube containing the filament, then the error in
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temperature of the "emitting cylinder® can be calculated by employing

the Yourisd cable! theory or a flux plot. By using these methods the
srror In the calculated thermal conductivity values was approximated

to Z2.4%. Taking into account 21l errors discussed above, the maximum
possible error in the measurements of the cuantities entering the heat
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fore of the order of T 7% but the probable
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error is estimated to be of the order of T 5%, The difference bein

OQ

cue te the method used in allowing for the discrepancy of the geometry.
While assembling the cell, zreat care was taken in centralizing

the filaments in their respective glass tubes. In the assessment of

]

L

possible errors and in the calculations of the thermal conductivity

of the liquids tested, perfect concentricity has been assumed. It i

0

avparent that a further error will exist in the calculations if the
he magnitude of the error
thus introduced will depend on the eccentricity of the filaments.

The ecuation (VII.L) was used to calculate 211 thermal
conductivity vaiues obtained in this work with the hot-wire cell. For

the equation to hold there should be no significant temverature diffe-

ho)

L
0

ence between the outer wall of the glass tube and the bath liguid.
if a2 temperature gradient exists on the cuter wall then an error will
exist in the values calculated by using equation (VII.4). The magnitude

of the error introduced by this film temperature drop, if existent, will

depend upon the convective ccefficient and the agitation of the bath,
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Apart from the errors introduced by inaccurate measurements
of the various quantities entering the heat ccnduction eguation, the
accuracy of results depends ent irely on establishing equilibrium con-
ditions during the tests. The procedure followed tc ensure that
equilibrium conditions prevailed during all tests has been explained
fully in part VI of the thesis. This procedure can briefly be summarized
as below.

(1) The bath was heated to the desired temperature and its

| temperature controlled to ¥ 0.002% by the method
outlined in part VI.

(2) The resistance of the test section filament was measured
accurately and its temperature determined from the pre-
tests calibrations. In all cases the tempesrature of the
filament was equal to the temperature of the bath.

(3) The bath temperature was controlled to I 0.002°F for at
ieast one hour prior to passing the heating current through
the filaments,

(4) The resistance of the tést section filament was continuously
measured when the heating current was passing through it.
When this resistance did not vary for fifteen to twenty
minutes, the filament was assumed to be transferring heat
at steady state.

(5) When the heating current was passing through the test

section filaments, the adjustable thermocouple probes

were always in contact with the outside of the glass tube



o]
@

containing the test section filament. -This precaution
was taken to detect any temperature difference between
the outer wall of the glass tube and the bath medium.,

(6) At the completion of the test, the bath temperature was

re-checked by using the resistance thermometer and the

ad justable thermocouple probes. If the bath temperature
héd varied by more than ¥ 0.002°F from the temperature at
the beginning of the test, the data for the tgst was
‘rejected,

The hot-wire cell was originally designed for the measurements
of the thermal conductivity of viscous organic coolants., A number of
worker§26’27’669156’157 have employed a similar cell to obtain thermal
conductivity values. Befors testing HE-4C and Hydrogenated Santowax O,
it was decided to test Carbon Tetrachloride and Toluene, and compare the
experirental values thus obtained with the most reliable values in the
literature,

In view of the experimental difficulties it is not surprising
that the results of different authors for the thermal conductivity of
the same substance have not always been in good agreement, A large dis=-
crepancy, for instance, exists in the data for Carbon Tetrachloride
and Toluene, obtained by various workers over a number of years. Graph
No, 1 and Grarh No. 2 show the experimental absolute thermal conductivity
values obtained in this research for Carbon Tetrachloride and Toluene

respectively., A comparison of the values obtained for the above men-

tioned two liquids is made with the data of other workers which has been
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frequently quoted in the relevant literatura. It was indeed fortunate
that most of the determinations were absolute ones and were made with
different.types‘of conductivity cells employing different methods of
temperature measurements. Greater confldence can obviously be put into
average values which were derived from an analysis of data obtained by
different methods, as the possibility of propagating inherent errors due
to the use of only one experimental method is eliminated,

| Graph No. 1, contains the absolute values obtained for samples
of Carbon Tetrachloride when tested in the hot-wire cell. The "reliable"
values obtained by other workers are included in this graph and some
surprisingly large deviations are apparent. The values obtained during
the course of the present work are considerably higher than those ob-

39

tained by Challoner and Powe1128, Davis™’, Riedelll7; Schmidt and

134

1
Leidenfrost 3;, and, Shiba™" ", but lower than those obtained by

Hutchinsonéé, and, Bates, Hazzard and Palmerlo. There is a good agreement

117
39, Riedel

between the values obtained by Challoner and Powellzs’ Davis
Schmidt and Leidenfrostlsl and these values are among the best available.
The results of these authors! work are further supported by the extensive
series of measurements carried out by Filipov, using different designs
of thin-film, steady-state cellshs.

After the first test run on Carbon Tetrachloride was completed,
the thermal conductivity values were calculated. It was seen that
these values were considerably hizgher than the accepted values of

Challoner and Powellzs, Riedelll7 and Schmidt and LeidenfrostlBl. Two

more test runs were made to see if any errors existed in the test




rrocedure. When the'results of all the runs at each temperature were
reprocducible to within f 2%, the possibility of convection in the cell
was Investizated. Approximate values of the product of Grashof and
Frandtl numbers, (NGR)(NPR), for Carbon Tetrachloride at the test
temperatures were calculated by using the average temperature differences
obtained during the tests.' These values are shown in Table 6 and are
plotted on Graph No. 5 shown on the next page. It is seen that
(NGR)(NPR) product increases slowly to about 96°F and then rises
sharply. However if the graph is extrapolated back to OOF, it is

noticed that the (NGR)(NPR) product far the cell is about 4000, which

is cénsiderabiy higher than the uppef 1imit of lOOOlAé if convection is
to be insignificant. This criterion points out, therefore, that at ail
the test temperatures for Carbon Tetrachloride, heat was not transferred
by pure conduction only. The scatter in the data cbtained indicates

that vcellular motion' was present in the cell at all test temperatures.
The experimental values further indicate that the 'cellular motion' was
not fully developed and broke down due to insufficient thermal energy
being supplied to the cell, A value of the thermal corductivity of
Carbon Tetrachloride was measured at 69}25°F, and although this value

149

agreecs with that of Van der Held and Van Drunen s it was rejected

because of the difficulty in controlling the bath temperature to the
desired accuracy at room temperature. The present cell, therefore,

is unsuitable for accurate determination of the absolute thermal

conductivity values of Carbon Tetrachloride. It is felt that the

large discrepancy between the data of various workers for Carbon Tetra-
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chloride is due largely to convection in their cells. Hutchinsonéé,
for instance, used a hot~wire cell similar to the one used for this
worK, and his data has been criticized28 on account of convection.,

Cecil and Munch26 also employed a hot-wire cell similar to
the one used for this research, and they checked‘for convection by
reasuring the thermal conductivity of an approximate 2.5% solution of
gelatin inAdistilled water. Although the viscosity of this solution
was six times that of water, its thermal conductivity was found to be
equal to that of distilled water. The authors omitted to state the
temperature at which they performed this test, however they did state
their value for the thermal conductivity of Carbon Tetrachloride at
77°F , which a comparison showed was less than the value stated by
Challoner and Powellz8, but was higher than the values determinsd by
Riedelll7, and, Schmidt and Leidenfrost’>t. The rejected test made
on Carbon Tetrachloride at 69,25°F yielded a thermal conductivity

value which was only 10% higher than that of Challoner and Powe1128.

There“ore it appears as if Cecil and Munch26 tested Carbon Tetra-
chloride at higher temperatures than 770, in which case convection
would have been set up in their cell, as was the case in the hot-wire
éell used in this étudy. |

The experimental thermal conductivity values for Toluene are
contained in Graph No. 2, As in the case of Carbon Tetrachloride, the
"reliable" values for Toluene, obtained by other investigators, are in-
cluded on this graph, and again large deviations are noticed. A4t the

first look, it is noticed that the values determined in this research

agree well with the values of others up to 168°F. On closer examinaticn
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. 117 .
it is seen, however, that Challoner and Powe1128, Riedel ', Schmidt

1 .
31, and Zlebland163 found that the thermal conduc~

and Leidenfrost
tivity of Toluene decreases with increasing temperature, as indeed is
the case for most liquids. The values of this research between 86°F

and 100°F do decrease with increasing temperature and then begin to
increase with increasing temperature. A line through the values of
Challoner and Powe1128 passes through the values cobtained in this work
at 86°F and 100%F. Since there is excellent agreement between the
values of Challoner and Powell28, Riedelll7, Schmidt and LeiienfrostlBl,

and Zieblamd'L63

, the accuracy of the values obtained here up to 100%F
can be accepted. Although the thermal conductivity of Toluene was
determined at room température, it is not shown on Graph No. 2 as it
is thought to be inaccurate due to the difficulty in controlling the
bath temperature at room temperature.

When the thermal conductivity started to increase after
about 100°F, the 'possibility of convection in the cell was again

investigatéd. Approximate values of (NGR)(NPR) product at the test

temperatures were calculated by using the actual temperature differences

obtained during thé tests. These values are shown in Table 7 and are
plotted on Gfaph No. 5. When the graph is extrapolated back to OOF,
the (NGR)(NPR) product is‘about 3000 which is considerably higher
than the upper limit of 1000146. The results of this research seem
to indicate, however, that if there is convection in the celil it is

insignificant till about 100°F. At lOOoF, the (NGR)(NPR) product is

about 6000, which definitely points to the presence of convection.
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to 1CO°F but after that the results of Challoner and Powell ,
117 oy P o 2163 s
Riedel™ ™', Schmidt and Leidenfrost™ ~, and Ziebland sheuld be used.

In order to check the reproducibility of resulits thres
separate test runs were taken with Toluene. The results of all three
runs at each temperature were reproducible to within T 2%. The
scatter in results indicates that although convection was present at

21l test temperatures and had 2 marked effect on the results after

(e

100°F, the 'cellular motion! was again not fully developed and broke

down due to insufficient thermzl ensrzy being suprlied to the cell.

. b4 2 . 2
As shown on Gravh No. 2, the values of Abas-Zade™, Bridgman

39 L .. 134 o 135 .
Davis™ 7, Kardos7”, Shiba™™ and Smith™”’ agree well, they arc consis-

‘ - . . N . A L 28 ., 2417 Vs
tently higher than those of Challoner znd Powell , Riedel ™', Schmidt
1

ol
404

and Leidenfrost s Ziebland , and this work, and, should not,

therefore, be used for any accurate applications. The values of
o 157 .69 . g s .

Wzber and Jakob * are not in agreement with those determined later
bty other authors, and can be regarded as being the least accurate of

.y . L 135 N - .
all aveilable data. Smith reproduced the values obtained by
but he used the concentric cylinder cell of Bridgman.
There 1s however, a close agreement beltween the values of Bridgman

2 - , . c . .

and 4bas-Zade” for Toluene determined with cec—axial cylinders and

hot-wire cells respectively. The causes which may have led to the

relatively large discrepancies between Bridgman's determination and
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those of later workers have been thoroughly discussed by Riedelll?

and need not be repeated here. From the close agreement between the work
of Abas-Zade and Bridgman, one could almost gain the impressiocn that

the former author's apparatus was calibrated with the aid of Bridgman's
results,

The Atomic Energy of Canada LimitedB, (A.E.C.L.), and other
industrial groups in Canada engaged in various aspects of nuclear
energy, have expressed interest in obtaining original thermal conduc-
tivity data on organic coolants. 4.E.C.L. have specified Hydrcgenated
Santowax OM as bne of the possible éoolants for use in the new
Whitéshell Reactor, and HB-40 is planned to be used in the fuel washing
systems at the same reactor site. HB-40 is Santowax OMP hydrogenated
to 40% of the maximum theoretical amount. Samples of these coolants
were obtained from A.E.C.L. and their thermal conductivity wvalues
determined experimentally between 250°F and 600°F.

The resulting values are shown on Graph Nos. 3 and 4.
Previous experimental dats had not been published3 on these organics
and, therefore, no compariéons with the values obtained in this work
were made., The thermal conductivity values obtained during the course
of this research increase with increasing temperatures as indicated
on ths appropriate graphs.

In order to check for convection in the cell at test

temperatures the values for the product of Grashof and Prandtl numbers,

(NGR>(NPR)’ for both organics at each test temperature were estimated.

When searching for suitable property values to evaluate the Rayleigh




pot
o
O~

3
3

sted values

cof the Rayleigh modulus for btoth organics at each test temperature are

critical valiue of the Rayleigh

1L . . , ;
=~cdulus as 1000 convection was rresent during all tests for Hydrc-

]

renated Santowax OF and,

are unreliable. However, the values of the Rayleigh modulus were below
1000 for the HB-LO tests zat 250 and BOOO‘?o In reference 6, the thermal
conductivity of HE-LO at 200°F is stated to be C.085 Btu/(Hr)(F:)(%F)
which indicates that the vilues obt ed in this research for the same

liquid 2t 250 and 3C0°F are far too low.
As stated earliier ecuation (VII.L) was used to calculate 2il
1 \
thermal conductivity values and the equation assumes that there is no

gnificant temperature difference between the outer wall of the glacs

=

}Ae

s
tuke containing the test section filament and the bath medium. During
the course of each test, the two adjustable thermocouple prokes were

1

always in contact with the outside of the glass tube containing the

C

test section filament. These thermccouples could only measure the

temperature accurately to 0.37F, Since the average temperature 4dro

s

w3

0,

across the test liquid layer was in the order of loF, a considerable

o

error in the measured thermal conductivity values could exist due to
neglecting the film temperature drop, if existent, on the outside of
the glass tube. No temperature difference between the ocutside of the

5

glass tube containing the test section filament and the bath medium

was detected during the course of the reported work and consequently
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that decompositicn was not pessible with

the limited heating encountered. Thus the discolouration coul?d have
been caused by a lesakage of the bath medium into the cell or by any
impurities that might have been rresent in the tungeten wire used in

the manufacture cf the filaments. In this case an oxide film could

nave been deposited on the surfaces of the filaments which would intro-
duce an extra resistzance te the heat fliow from the test secction filament,
Therelfore less hent than that calculated by measuring the resistance of
the test section would be conducted through the layer and low thermal

conductivity values would result as in the case of HB-LO at 250 and 300°F.
The resistance of the filament should have been checked after the tests,
It has been observed in the evaluation of the empirical

5

correlations and theoretical eqg

cf'

ations that the groups of physical

properties involved do not account for variations in the cbserved
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tnermal conductivity. As the study showed no one equation predicts
the thermal conductivitj value for all ligquids and, therefore,
experimental data should be used if available.

The experimental results have shown that the hot-wire cell
used in this study is only suitable for measuring the absolute thermal
conductivity values of viscous liguids. If it is desiréd to use a
hot-wire cell at elevated temperatures to measure the thermal conduc-
tivity of low viscosity liquids, then a modified cell similar in
design to that used for the repofted work may be employed. To minimize
convection in the cell, however, it will be advisable to reduce the
present film thickness.

The construction of a hot-wire cell requires a good .craftsman.
Several authors have remarked on their difficulty in centering the
heated wire with the required precision in the surrounding glass tube.
This difficulty eventually forced them to resort to some form of
calibration with a liquid of "known" thermal corductivity for deter-
mining the true geometrical constants for their cells.,

All the quantities required for the czlculation of the cell
geometric constants can be measured precisely. Some controversy
existed over the radius of the coiled filament to be used in the
calculations of the cell constant. The filament was closely wound on
a solid core, which was removed before assembly, and the coll experienced
tgpring back". For the results stated in this report, the mean
diameter of the filament was used. When assembling the apparatus,

great care should be taken to avoid heat flow down the glass tube as
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this heat flow could distort the tube thus resulting in a non-uniform
film thickness. Despite all the assembly difficulties an accurate cell
was censtructed and thermal conductivity values determined for two new
organic coolants.

It is sincerely hoped that the performance of the hot-wire
cell will be checked wiih the concentric cylinder cell when it is
completed, The accuracy and precisicn of the corncentric cylinder
cell should be checked by taking a few test runs with Carbon
Tetrachloride and Toluene, and by comparing the values obtained with
those recommended in this report. Once the accuracy of the concentric
cylinder cell has been established, it should be a relatively easy
matter to carry out measurements at higher temperatures and pressures.

The most important auxiliary equipment, namely the constant
temperature bath, has proved to be a highly suitable piece of equipment
and can be controlled to the limit specified earlier, over a long period
of time, Cooling coils or a thermo-electric cooler should be installed
in the bsth, however, to enable tests at temperatures below the room
temperature, Additionai heating coils, wrapped on the outside of the
bath? will help to heat the viscous tempering oil, which is necessary
for temperatures above 230°F. The techniques for carrying out the
tests have been well established and the future users of the equipment
should have no difficulties if the precautions outlined in the report

are exercised,
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APPENDIX I

TABIE 5

CALIBRATION DATA FCR THE THERMAL CONDUCTIVITY APPARATUS

Srth Resistance EM.F. of Bath | Hot=wire coli.
. Temperature Thermometer Thermocouples Test Section
‘ Resistance Millivolts Resistance
op OHMS OHIS
6L..65 27.4050 .9395 6.2028
69.2529 - 27.6640 1.076 . 6.2642
69.893L 27.7000 1.089 6.2719
73.5215 27.9040 1.198 6.3220
79.0394 28,2140 1.361 6.3945
86,9761 28,6594 1.595 6.5012
87.6LL8 28,6969 1.617 6.5142
89.5145 28,8020 1.672 6.5363
93.9875 29.052, 1.807 . 6.5996
99.0882 29,3380 1.960 6.6710
100.5719 29,4210 2,003 6.6918
104 .8L38 29,6600 2,125 6.7517
118.9162 30.4460 2.541 6.9469
123.3705 30.6944 2.688 7.0055
124.9389 30,7818 2.737 7.0261
143,206 31.8458 3.316 7.2959
149.7598 32.1623 3.491 7.3739
- 150.4013 32,1979 3.508 7.3797
- 154.1167 32.4040 3.623 74379
161.2603 . 32,8000 3.845 7.5363
167.5816 33.1500 L.C36 7.6232
1«68'4%98 33 « 1961 1#0062 75633&»L
172.4992 33.4220 L.186 76949
189.6291 34.3678 4.709 7.9404
195.0544 34.6668 L .882 8.0135
199.398L 34.9060 5.017 8.CL97
199.515 34.9124 5,070 8.0509
200,3617 34,9590 5.048 8.0916




APPENDIX I (CONTINUED)

Bath

Resistance E.M.F. of Bath Hot=wire cell

Temperature Thermometer | Thermocouples Test Section

op Resistance Millivolts Resistance
OHMS : OHMS
210, 1447 ~ 35,4970 5347 28,2262
216.9118 35,8686 5.557 g.3218
221,12%96 36.1000 5.689 8.3822
225,325 36,3000 5.817 8.4419
230,124 36.5929 5.965 8.5074
24,8811 374,000 6.379 8.7017
250,156 37.6880 6.542 8.7717
251.438L 37.7580 6.598 8.8030
254 2546 37.9116 6.654 . 8,8262
29,4353 - 40,0955 7.918 9.4020
300.326 L0 L1LL 8.091 9.4871
302,2966 L0.5210 8,168 9.5395
306.3315 £0.7392 8,282 9.5790
345.5708 L2,8532 9.517 10,1571
350.3251 43,1084 9.655 10,2262
354.5521 43,3350 9.832 10.3263
355.9636 43,4107 9.839 .10.3408
394.9518 L5.4934 11.052 10.9008
400,066 45.7655 11.262 11,0052
L01.7564 L5,.855 11.262 11.0009
LO7.,2235 46,1460 . 11.44.2 11.0910
443 .8576 48,0859 11.5392
- 44,9.5398 48,3910 12,812 11.7352
L51.0576 48,3922 12.795 11.7273
L55.16L5 48,6822 12.973 11.8129
5L93.,0232 50.5700 14.157 12.4085
499.3929 51,0031 14.372 12.5010
500,2903 51.0500 14.388 12.5159
504 .,9565 51.2938 14.554 12,5910
544 4114 53.3L70 15.780 13.2081
549 4,856 53 .6100 15.951 13.2916
551.2028 53.6990 15.998 13.3227
556,754 53.9863 16.185 13 .4006
597.1730 56.0700 17.405 14004
599,8586 . 56,2080 17.547 14.0824
603 . 2081, 56.3800 - 17.638 14,1408
608.3546 56.64140 17.794 14,2241
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APPENDIX II

TABLE 6

(1) EXPERIMENTAL DATA AND PHYSICAL PROPERTIES OF CAREON TETRACHLORIDE

Test

Heat Dis=-

Thermal Con— Average Thermal Con~ (NCQ)(NPR)
Tempera=- | ductivity of Tempera= sipated ductivity : ;
ture Pyrex Brand ture drop | in the of the 1i-
Glass No, 7740 across the) test sec~ | ,quid
°F tu/ (He) (Ft) (°F)| liquid tion. | Btu) o
b film OF | Bbu/Hrx10T | (Hr)(Ft)( F)

69.25 0.551% 0.7k6 293.30 0.0692 L1565
8764 0.564 ©0.653 304 o4k 0.0821 1780
100,57 0.573 0.618 312.37 0.0892 5200
124,94, 0.589 0.698 327.13 0.0825 7000
150,40 0.607 C.686 342,82 0.0880 9340
168,41 0,620 0.728 - 353.938 0.0856 11200

Density at 77°F

Boiling range

Residue after evaporation

Sulphur Compounds

Manufacturer

Catalogue Number

: 98.952 1bs/ft>

s 169.88 = 170,24°F

: 0,001%
0.002%

: Fisher Scientific Co. Limited
245 Carlaw Ave., Toronto 8.

C-199

e

*Interpolated values from data supplied by
Corning Glass Works, Corning, New York.




TABLE 7
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(2) EXPERIMENTAL DATA AND PHYSICAL PROPERTIES OF TOLUEBNE
Thermal Con- Average Heat Dis- ! Thermal Con- T
Test ductivity of Tempara- sipated in | ductivity of
Tempera~|{ Pyrex Brand ture drop | the test the liquid (N_ ) )
ture Glass No. 7740 | across the! section L GR™ "~ PR
o Bty/ (He) (Ft)(°F) | liquid Btu/Hrx10" | Btu/ o
I _ film (Hr) (Ft)(F)
69.39 0.551 0.715 293.79 0.0723 4850
86 09\.) 09563 00690 301@051 030777 5360
99.09 0,572 0.713 311.63 0.0769 5980
123 .37 0,588 0.7L1 325.67 0.0773 7220
149.76 0.607 0.758 342.23 0.0795 §000
167.58 0.619 0.750 353.40 0.0792 10400
195.05 0.638 0.790 369.68 0.0823 12700
216.91 0.653 0,746 381.36 0.0901 14950
230.12 0.662 0.767 389.87 0.0895 16800
Specific gravity : 0.866

Boiling range

Residue after evaporation

Sulphur compounds

Manufacturer

Catalogue number

s 230.72 = 231.44°F

¢ 0.000%
: 0,000%

¢ Fisher Scientific Co. Ltd.,
245 Carlaw Avenue, Toronto 8.

s T=32L4



TABLE 8

(3) EXPERIMENTAL DATA AND PHYSICAL PROPERT

TUTTETE

- Boiling range

e

s 6L = T44.8°F,

Test Thermal Con- Average Heat Dis=- | Thermal Con-
Tempera~| ductivity of Tempera- sipated in| ductivity of
turs Pyrex Brand ture drop | the test the liquid
' Glass No. 7740 | across the| section L (8 YN )
Cp Btw/ (Hr) (Ft)(°F) | liquid Btu/Hrx10™ | Bty/ o GR PR
£ilm (Hr)(Ft) (F)
250,16 0.676 1.278 397.71 0.0545 LS4
300.33 0,711 1.226 L27.72 0.0611 875
350.33 0.745 1,181 L58.18 0.0680 1312
1401.76 0.777 1.186 4,89.32 0.0723 1810
451,06 0.790 1.137 521.26 0.0805 2335
500,29 0.803 1.097 552.57 0.0885 4030
551,20 0.817 1.049 583.90 0.0978 5620
603,21 0.831 0.924 617.23 0.1177 6420
HB-40 : Santowax OMP Hydrogensted to




PERIMENTAL DATA AND PHYSICAL PROPERTIES OF HYDRCGENATED
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(L) BX
| SANTOWAX OM
"mz:e‘:sc“’l"‘hermai Con~ Average § Heat Di;M Thermal Con-
Tempera~| ductivity of Tempera=- sipated in | ductivity of| .
ture Pyrex Brand ture drop | the test the liquid (N )(n )
Cp Glass No. 77%0 across the| section L GR PR
Btu/ (Hr) (Ft)(°F) | liguid Btuy/Hrx10” | Bty/ o
B , £ilm (Be)(Fe)(°F)
25144 0,677 1.205 399.34 0.0580 1930
302.30 0.712 1.252 L31.0k 0.0603 1,500
354.55 0.743 1.27 L6k, 2L, 0.0638 7320
©1,00,07 L 0.776 1.307 493.25 0.0661 10040
449 .64 0,789 1.342 523,03 0.0583 13580
4£99.39 0.803 1.363 55L.33 0.0713 17260
549,49 0.816 1.367 586.03 0.0751 22300
599.85 0.830 11.309 614.62 0.0823 26700

Santowax OM

. Composition of Wantowax Om before
- Hydrogenation. ’

|
N

Biphenyl

Ortho Terphenyl:
Meta Terphenyl :

Para Terphenyl

Liquidus point

Boiling Point

2 3.2%
61.5%
7.5%
7.8%

: Hydrogenated to 13%

: 105.8%
s 625°F
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APPENDIX TIT

DESIGN DETAXLS OF AUNILIARY ROUIPMENT

1. THS CONCENTRIC CYLINDER CEIL

An apparatus of the ccncentric cylinder type has been used by
a variety of workers for the steady state measurements of the thermal
conductivity -of liquids, The cylindrical shape was chosen for conve-
nient control of heat loss, and the rugged construction of the cell
makes it suitable for measurements at high temperatures and pressures.

J*lenduedl'*h’:u‘6

It is recomn that when the liquid is contained
either between horizontal or vertical concentric cylinders, convection
can ve avoided by using a thin licuild layer and a small temperature

di

]

ference across the layer, so that the product of Grashef and Prandtl
numbers is less than 10001A6, If the liquid is contained between vertical
'coﬁcentric'qylinders-ani if the above mentioned conditions prevail,
heat will be transferred by pure conduction over the major portion of
the layer. At the lower and upper ends of the layer, over a height
equal to the layer thickness, a non-linear temperature drop across the
layer will existhh if no thermal guarding is provided.

In the designed cell, the layer thickness is 0.075 inch.
Using the geometryvof the cell and a maximum operating ftemperature
difference of 5°F across the layer, the product of Grashof and Prandtl
nurbers is less. than 7C0 for most liguids, thus adequately meeting the
recommendations for aveiding convection in the cell. The layer height

has been made very much greater than the layer thickness and guard

neaters are providéd at the lower and upper ends of the layer. It is



et
£

envisaged, therefore, that this cell can be used for thelabsolute
measurements of the thermal conductivity of several liguids and that the
convection currents will be absent at a temperature difference of zbout
5CF or less across the layér.

The cell designed for this programme consists of an annular
liguid layer contained between concentric brass cylinders. The designs
‘of the cell and the constant temperature bath are such that the cell can
he poéitioned in the bath either horizontally or vertically. This pro-
vision in design will allow the absolute thermal conductivity measure=
ments to be made 1. both positions of the cell, N

Figs. 9, 10 and 11, show complete details of the concentric
¢gylinder cell. The cylinders and the end caps are made from free cutting
brass, a high conductivity material., All the components of the cell are
accurately machined and polished to provide an annular gap of 0.075 inch,
a figure which represents a compromise between the possibility of convec=
“tion at the extreme conditions for some liguids and mairntenance of the
effect of the geometric dimens?ons on the accuracy. The surface finish
of the emitting and guard cylinders, and, the bore of the outer cylinder
is 20 micro inches. The concentricity of the cylinders is maintained by
tight and precise fitting of the end caps over the guard cylinders and
into the outer cylinder. The aligmment of guard cylinders with the inner
c¢ylinder is maintained by four accurately machined spacer pins made

from steel. The assembly of the complete cell is shown in Fig. 11

The precise machining and finishing of all the cylinders for
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the cell was und@rtaken by the Bristol Aero-Industries Ltd., Winnipez.

| The heaters positioned in the emitting and guard cylirnders

are shown‘in Fig. 9. Instead of the shown flexible leads, solid terminals
were used in the final construction. A Marr connector or a similar

device can be used to attach a stranded asbestos wire to each terminal.
The heaters consist of thrée parts. The middle.heater supplies heat to
the emitting cylinder while the remaining two are for each of the guard
cylinder. An autotransformer should be used to adjust voltage to each
heater.

The témperature difference across the liquid layer is to be
measﬁred by fourteen iron=-constantan, "Ceramo" duplex conductor type
thermocouples, and two exactly matched glass—cozated thermistor beads.
The cheracteristics of these thermistors are given in Apperdix IV as
these thermistors are similar to that used in the themistor-type tem—
peratufe controller, |

The main feature of the thermistors is that they have a high
temperature coefficient of resistance thus providing a relativeliy 1;rg@
resistance change with a small change in thermistor temperatures8 o
However, one ma jor reason for the thermistors not having found a wide
application for the absélute temperature measurements is that thelr

‘s i 16 .
aging characterlstlcs have not been well established”™ . It is felt,
however, that if a pair of exactly matched thermistors are used in the
same environment then their aging characteristies will remain the same.
It is recommended that the thermistors should be aged after assembly

at 300% for several days, to improve their stabilityu‘s° A direct



current of about 150 micro amperes should be passed during this aging
period., When the actual tésts are being performed a current of approx-
imately 90 miéro amperes should be used. An operating current of 50
to 100 micro amperes will allow good sensitivity without any appreciable
self-heat of the thermistor. The thermistor resistance must be checked
frequently at the ice point and it is expected that the thermistor
resistance variation will not be more than ¥ 60 ohms in 100,000 ohmslhl,
The actual experimental procedure 1s very similar to that des-
cribed for the hot-wire cell., The annular gap between the concentric
cylinder is filled with the test liquid, and the entire cell immersed in
the constant temperature bath., The cell is then brought up to the test
temperature by heating the bath medium to that temperature. When the
steady-state has been established, the electric heater located in the
emitting cylinder supplies a small amount of thermal energy which flows
radially through the annular liquid layer. Guard cylinders are provided
to compensate for end losses and to assure that the heat flow is radial.
The quantity of heat conducted is determined by measuring the electrical
input to the heater and the thermal conductivity of the liquid can be cal-

culated from equation, IV.10.

2. THE THERMISTOR=TYPE TEMPERATURE CONTROLLER

- One of the most widely employed designs of a temperature
controller incorporates a circuit where an error signal from a thermo-
couple or a resistance thermometer causes a deflection of a gaivanometer
which in turn controls the bath heater through a photocell relay92’99.

The sensitivity of such a controller, however, is limited to I 0,01°F.
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For a more sensitive controller, a temperature sensing device other than
2 thermocouple; must be used. For example, if an iron-constantan thermo=
couple is used as a temperature sensing deViée, then for a temperature
changa of 0.005°F, the chanze in the thermocouple output or the error
signal will only be 0.15 microvolts. This signal must, of course, be
amplified in order to actuate a relay. The degfee of amplification can-
not be made too large as hum or the noise level of the amﬁlifier and
stray pick-ups will cause an erroneous signal to be fed to the galvano-
meter, and, consequently an incorrect control will result. The inherent
problems of amplifying a small signal and the high cost of sensitive
amplifiers, limit the sensitivity that can be obtained with a controller
employing a thermocouple as the temperature sensing device. The use of
a precision resistance thermometer as the temperature sensing unit in a
control circuit is not warranted because of its cost, and, especially
when just as sensitive, and cheaper units like thermistors are available.
A photocell relay is unsuitable for temperature controllers obther than
. the off-on types. |

A temperature controller capable of controlling to at least
T 0.005°F, over a range from room temperature to 600°F, was designed
and is shown schematically in Fig. 12. Although this controller was not
completed in time to make its use possible in the reported work, test
runs performed at a later date showed that it could control temperatures
to the stated limits. The bath temperature will be controlled to & 0.005°F
by a Wheatstone-~bridge circuit, oﬁe leg of which is a thermistor sus-

pended in the oil. A siight change in the temperature causes an unbalance
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in the bridge. The resulting error signal is amplified by an operational
amplifier, and, it is then fed to a paralleled loss tube. The direct
current being supplied to the control windings of the saturable-core
reactor is changed in magnitude by the error signal, thus controlling

the both heaters connected to the power windings of the reactor.

A thermistor was selected as the temperature sensing device
because its resistance changes markedly with a slight change in tem-
perature, A graph of the temperature~resistance relationship for the
thermistor selected is shown in Appendix IV. Thermistors are "Thermal
resistors” or resistors-with a high negative temperature cbefficient
of resistancelhlg which is opposite to the effect of temperaturs changés
on metals,

A thermistor bead was incorporated into a suitable tempera-
ture probe. The thermistor has a resistance of 100,000 Ohms at 77°F.
When a particﬁlar temperature is to be controlled, the resistance of the
thermistor at that temperature is obtained from the graph in Appendix v,
and the bridge circuit appropriately balanced. Three volts d.c. are
supplied.to the bridge, so that the resulting current is insufficient
to cause any self-heating of the thermistor bead.

A slight change in temperature causes an unbalance in the
bridge circuit. The resulting signal is amplified before it is fed to
the loss tube. The output voltage, or the amplified error signai, is then
fed to the grid of the paralleled 6ASTG loss tube. A regulated power
supply 1is used to supply the required voltages to the loss tube, and the

relevant electrical connections are shown in Fig. 12. The d.c. output
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voltage from the loss tube is supplied to the control winding of a

36 .
balanced saturable-core reactor” , thus controlling the amount of a.c.
voltage supplied to the bath heaters.

The operation of the designed temperature controller, therefore,
is that when the bridge is balanced for a particular temperature a con-
stant amount of d.c. voltage is being supplied by the loss tube to the
control windings of the saturable-core reactor. When an unbalance occurs
in the bridge circuit due to a change in the bath temperature, the
voltage being supplied to the control windings of the saturable-core
reactor increases or decreases, causing an increase of decrease, as the
case maybe, in the alternating current being supplied to the bath heaters.,

All the error signal transmitting leads are shielded co~axial
cables ~ a precaution taken to avoid stray pick-ups.

Various characteristics of some of the components employed in
the designed temperature controller are given in Appendix IV

Fig. 13 shows a photograph of the thermistor~type temperature

cort roller while it was undergoing post-assembly tests.

3. THE ARC WEIDING APPARATUS

In general, there are the following six methods available for
constructing a junction between two wires.
(1) Mechanical contact, e.g. twisting the ends of the two
dissimilar wires together.
(2) Soldering or brazing.

(3) Percussive welding,




(4) Oxy=-zas welding.

(5) Resistance welding.

(6) hrc welding.

Of the six methods possible, the arc welding method was selected
since it was considered to be rather more convenientgh for uniting two
dissimilar wires which are laid side by side. The reasons for rejecting
the other five methods are briefly as follows.

The mechanical contact method is of a teuporary naturs and the
Junction cannot be subjected to a high temperature.

The sol'ering or brazing processes give thermocouples of
reasonable performance, but the maximum tempsrature, to which the junction
can be subjected is necessarily lower than that which the component metals
will withstand, being determined by the meliing point of the solder.

In the percussive welding process, a charged electrolytic

18 . . .
condenser is connected to the two clamped wires, one of which is
approaching the other at high velocity; the discharge on contact affects
the weld. However, the necessary equipment is of a rather specialized
nature and quite expensive, but necessary for bu‘b‘tiweldingn

The oxy-gas welding process was rejected because it is un-
suitable for small gauge wires and has a tendency to weaken the thermo-~
couple wires just behind the bead.

The resistance welding is excellent for butt-welding thermo-
couples but arc welding process was selected because of its suitability
for uniting wires which are 1aid side by side,

Fig, 14, shows the schematic diagram of the arc welding arpara=-
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tus used for welding thermocouples. This apparatus is a simplified

version of that designed by the National Physical Laboratory659 London,
The apparatus consists of a Pyrex glass tube, 6 inches in

length and 2 inches in outside diameter. A rubber stopper is inserted in

each of the two open ends. Two % inch diameter glass tubes are inserted

in the main Pyrex glass tube thrcugh one of the rubber stoppers. One of

the

(i

¢ tubes is used for leading gas into the main tube whils the other is
used for leading in the thermocouple. Through the other rubber stopper, a
% inch diameter glass tube to let the gas £ low out, ard, a £ inch diameter
carbon electrode, are inserted into the main tube. The graphite elec-
trode is connected to one side of the supply mains.

The technigue required for welding in this set~up is straight
forward. Fropane or hydrogen is led into the tube at one end and ignited
at the other end., One end of each of the thermocouple wires is stripped, and

they are twisted together, and, the end is nipped off. The further ends
of both wires are cennected to a terminal which leads through a variable
resistance to the other side of the supply mains. The twisted end is then
thrust through the glass tube provided for the thermocouple, and, allowed
to touch the carbon electrode. As soon as thé thermocouple completes the
electrical circuit by touching the electrode, the twisted end is with-
drawn about 1/8 inch and the resulting arc forms a small bead bridging
the ends of the wires. When the junction has cooled in the gas stream,

it is withdrawn from the tube. This process is suitable for all the
usual base metal thermocouples and can be used for pairs of wires.of

widely differing diameters,
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The size of the bead can be controlled to some extent by ad-

justment of the cwrrent, and a provisiocn in design of the electrical

c¢ircuilt has been provided to check the magnitude of the current before the

!._!-

arc welding operation is performed. The size of the bead can also be con~
trolled by repeating the arcing several times. If the arcing is repeated
it is desirable to clean the bead between each attempt.

The advantége of the thermocouple jurnctions made this way is
that no fluxes are used, also the wire near the Junction is nct over-
heated and therefore not weakened as in flame welding. This method can
be applied to a wide range of wire sizes, say from about 16 S.W.C. to L6
5.4.6. Tests on thermocouples made in this way have shown that the cali-~
bration of the thermocouple is unaffected.

A photographic view of the apparatus is shown in Fig. 15,
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X IV

CHARACTERISTIC OF COMFONENTS ZMI LOY IN THE THERMISTOR-TYFPE
TEMPERATURE CCONTROLLER,
(1) THERMISTOR Th RATURE TROBE.
The thermistor selected has the following characteristics:
Resistance at 77°F : 100,000 chms
Tolerance s 4 2.5%
Code Number ¢ GA 514 35
Resistance at 77 |  10.3 (sees graph for temperature an
Resistence at 1220F ° resistance relationship.)
Dissipation Constsnt 3.7
Time Constant : 2 seconds
Lead Diameter : 0.004 inch
Lead material . Platinum-Iridium
Lead length 2 0.25 inch
Thermistor bead
diameter ¢ 0.043 inch
Manufacturer ¢+ Fenwal Electronics, Ind.
Framingham, Massachusettis,
(2) OPERATIONAL ANPLIFIER

Model Number
Gain

Resyponse

Differential input
levels

LYY

M 2-X

300,000 d.c. open look

Small signal - 1 micro secend rise
time with band width over 250 XC

when used as a unity - gain inverter.

Impedance ~ either input - 100 M ohms
(open grid)




Current

Bilas regquired for
balance

Tube complement

Temperature

Base

Dimensions

Manufacturer:

Tube Number

Base Connections
Filament Volts
Filament amperes
Maximum plate watts
Maximum plate volts

Negative grid volts

v

oo

ve

00

¢o

o

13

oo

I0SS TUBE-ICW MU TWIN TRIODE.

oo

o

e

o

[T

Ld justable from 0.8 to 1.8 volts
between pin 1 and 2.

Normal operation (100 K load) 11.8
millismrere at + 300 volts d.c.

&,2 milliampere at = 300 volts d.c.
C.75 ampere at 6.3 volts a.c. or

L

volts d.c.
1 12A7 or 7025
164N ¢

Maximum allowable case temperature
(hot spot) 149°F.

Octal plus
Overall ¢ 4.5

inches high

ibove socket 1 7/16 inches wide. x
2 1/8 inches long x 4 3/32 inches high.

George A, Philbrick Researchers, Inc.,

285 Columbus Avenue,
Boston 16, Massachusetts,

6A357-G

8 BD

6.3

2.5

13 per section

250



R, chms

G micro mhos

Rating

Maximum current
at steady state

Windings tapped

ce

o

'3

vo

e

°o

162

280

7CC0

2

Cenadian General Electric Company.

110 volts a.c. 60 cycles per sscord

. 1500 volts-amperes

14 amperes

100 per cent turns.

If part of winding is used as primery, voltage must be

pro-rated,

(b) Control Wirdings:
D.C. Resistance

Maximum current

Ceil rated voltage

(13

o

a
°

100 ohms
300 milliamperes d.c.

100 volts d.c.
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