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The tlrermal conduct,iviLy of a fe',..' liquids is well esl¿'nl-isheci

íor :i linij-beC range of '"emperatures anC pressures. The operating terc-

pe'rEi;ures arici pressuÌ'es of industrial- ecui¡menl are increasing ::anidly

fc-,r a nr:niber of reasons and tl:e number of liquids being used. for heaf

t,:':li::t;f¿r raecÌia are also i-ncreasing. The need for adcitional , acr:urate

Ll'r':::lâ.I conductivity values cver an exLenciec Lemperaiure range e.re

ti:erefore z'eq.uired." The studies ou|lined in i,his thesis v¡ere di:'ecied

tclu,'¿r'rls naking accurale deNermination cf the thermal- corcuctivit;- of

oi"¿e.níc liquids ai teniperatures up Lo 6OOop alrd atnospheric pressure"

An exhaustive iitera+.ure survey r.¡as nacie anC a resuné of

the inves+-igations carriec out by the ,ncre import,ant researchers is

$ì.ìi:rî.äí"izecÌ in iabular forn" A nu,'ltber oí eirrpirical ând theoreiical

excressions for ',he ihermal conducLivit¡' o¡ li_quids are reviewed as

t"¡el-l- ¿s ihe methods enployec by a number of the many previous

investi.gaLors" Invariably the rneNhod of del,ermining ihe tÌiernaj-

coniuciiviLy of a liquid consisterl of measuring the conå:clance of a

-La:¡'€,¡' of t,he liquid. The geonetric errangement s of the apparat uses

ha,ve been nuïr.erous and va¡'j-ed and ihe:iLa.j-n criterion of their desi!:n

h¿¡s been t,ire avoid.ance of conveciion and Lhe isol-ati-on of the lreat

I .r.: ., 
", 

*

T\ro appa:.¿Nuses, the hot-wire cel_I and the concentric ryIinder

celi, were selecLed as suitable apparatuses; the first for its sinplicity
and the second for ihe higher pressure dete:.ninations" Bobh ce-lrs
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reiìuire Lhe use of a constant tenpe:'aiur.e bath" For the temÌ:eralure

r¿ll,Ee anc lhe accuracy recruir.ed a suit,abl-e bat,h was devet oped " The

:-rsi.i-l-l !,'ias an oil bath suitabfe for a iernperature range frorr 60 ío
-...0,-?:',"'Ì i-n i"rhich Lhe neasure,i Lemperalure c¡:n be herd'*ithin ï o"cc2oF

f ûr' ållout one hour periods 
"

The hot-v¡ire cell rn¡as used to deierrnirre the thermal c<¡nducti-

vi:¡¡ of Carbon Teirach-lorice ani roluene at atmospheric p¡essure for
a l:empera+r.'Jre râflge f rom TOoF to Lheir respective boiling point,s"

Dei:eminaNions r.¡ere also inade for two organic liquids, Ìcior^rn as IiB-40

and Hvdroqenp-tec santowa:< otr'l , at aLrnospheric pressur.es and ai

t,c:ii¡,eralures up to óOO% "

The design of the cel_Is anC Lhe bai;Ìr is described in-t,he

ì;hesis; the caribration and Lhe use of the hot-i.¡ire cel-l- are also

compl-et,e1y docur,renLe .. The varues of the ther.m.al- conducùivi_ty d.ete:-

;nin:cl fo:' carbon Te'brachloride anl Toluene ere comparec to the most

rel-iab1e resurts Íro¡i tìre 1i-te:'a"ture, ¡-ree ccrrvection is evicent

al, the higher Lemperatu¡'es for the above ftuids as lr'ell- as for the

o:'qanic fluids tesied. The resulis are iherefore consiCered unr-e1iable

anl furlher work is required Lo isol-a|e the effects of convecLion.
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NOÞiEr'icLATuEE

.,1' : Surface ârea normal to heat fl-ow"

a : Thickness of the J-iquid layer.

C - Veloci{¡ of propagaLion of the rrphonon-gasrr.

C- = Specific heat at constanL pressureo
v

Cv = Specific heat at constant volume.

j : Specific gravity at, óO%.

CI.- : Mean effective diameter of th filament.

,lj. : Inside diameter of the glass tube.

ci^ : Outside Cia¡neter of the glass tube.

,¿ = Acceleration drre to gravity. ,

i{ : Ent,halpy of the rrphonon-ga,stt.

il = Thermal Conduct ivity. 
r,

iig : Thermal conCuctivity of the lyrex gIass.

í, = I,Iean effective ]e ngth of the test section"

Ê. : Length of the mean freepath"

, l,l : Molecular '*eight,

c : Heat transferred per unit time.

It : Univorsal- gas consLant" 
I

ri : Inside radius of the glass tube,

vf : lt{ean ef fective radius of the filament," .

ro = Oulside radius of the glass tube.

T : Temperature. 
,

| : Tine.

Tb = Temperature of the bath.



xr.v

Tr :- i.r¡erage tenperature of the f ilament,

Ts : Melting tenperature.

U : Velocity of sound in liquid.

V : l,loiar vol-ume of the liquid"

V,o : l,lean molecular velocity"

Vs : I'{olecu1ar volume.

x : Direction of heat transfer.

GRIEK LETTERå:

ßt = Coeff icÍent of .therrnal expansion.

A T = Temperature di-ff erenceo

uÅL - Viscosity.

)) - Ki¡ematic vlscosity" '

Î : Density'

Í - Temperature interval.

D :inens ionle s-s- Iiunbers l
t

Gra-shof lJu¡nber .., lie : +
JL

Prandtl Number . ", NpR
C^ ,tl
rK

Rayleigh Modulus = (ltcn) (Npn)



ï : INTRODUCTION

Increa.sing use is be5,ng made of liquid cooli-ng medi¿ in

many lndustrial processes inrrolving 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 the:.mal-

conductivity of the liquid. The convective heat transfer coeff i-cients

can be correla.ted in terms of dimensionlass groups of the relevant

physical properties which inc-Lude ühe therrnaL conductivity. Therefore,

accurate values of bhe thermal conductivity of liquids, are not only

of prÍrne importance 1n engineering applications, but are al-so necessary

for the theoretical development of the physlcal sciences. It is a

property that arj-ses in al-I conduction anri convective heat transfer

probJ.ems an,i its Ír:nportance i-n enerry transport parallels that of

viscosity in monentum transport,

The deslgn ancl efficient operation of inCustriaL heat

transfer equignent employing liquids at high temperatures and pressures,

rlelnands reliable inforurati-on concernlng the physical properties of

liquids and of these, thernal conductivity is particularJy important.

The available informaùion on the thermal conductivify of liquids,

however, is frequentþ uncerLai¡. Dqta on the thermal corductivity

of organic liqujCs are particularly pcarce and almost non-exisLant at

ternperatures and pressures in use aù presento Some values of this

property for organic l.iquid.s of industrial irnportance are becoming

availablo but they represent, for the nost part, values deüernrined at
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ï'r):1.;:itively low temperatures and pressures,122,123* Investigators have

e:.¿her hel-d the tenperature at a lcrw solected value anrl subjecLed the

liquid to j-ncreasing pressures or kept the llquid at a fjxed pressune,

usua.Lly atmospheric, and eLevated the test temperatures. Alnost, all
the available data for the thernar conductivity of organic liquid,
therefore, is at atnospherlc pressure and at ternperatures below the

boili::g point of the liquid. only one investigator, Abas-zaderlr2(a)

has sLuriied the combineC effect of high preseures and temperatures on

the therm.aÌ conductivity of organie llquidso He experimental-].y ,1eter-

¡nined the therma] conductivity of Benzene, Toluene, and þrene, at

tennperaùures up to 752oF anc pressures up to 200 atnospheres.

The operating tennperatures ard pressures are ever i¡creasing

for a number of reesons. The enginegr and the scientist requiring ncre

accurate therraal conductivity dpta for organlc liquids for high tenpera-

ture, or high ternperature and high pressure appricetions, rnust

exLrlpolate the existi.rrg 1ow teçperature vaÌues to the desi-red cond.itions.

In many cases onþ one value exlsts anl this must be used for all calcu-

l-ations. Such exLrapolatlons are obvlousþ questionabJe and, therefore,

a need exists for the experirnental dgterrnination of the thermal

conductivity of organic llqulds at hl,gh temperatrrres anC pressures.

. Certain high boillng organig substances such as biphenyl,

phenyl et,horn anC their mixLures n.rq, long been used as heat transfer

fluids because of their 1ør vapon pressure and high resistance, to FÐrro-

{tslbliography has been amanged in a}phabetlcal order
rather than the ord,er of appeardnce. i,



lysis" Interest' ln these substances has recentþ been renerserì, as they

seern to offer advantages over other fluids as coolants and mcd,erators

j¡ nriclear reaetors, or even as working fluids in heat engines of

nuclear povrer plants. The research deserlbed herein was unCertaken for
two nain reasons. Flrst\r, to suppþ some of the missing data for the

thermal conductivity of organic liqulds being used or likeþ to be used

in the atomic enerry field. Second.lf, to gain experienco with sùandard

nethods for measurements up to s5ooF and 150 psr, in order to proceed

t'¡j-ih ihe developrnent of other nethods that may prove suitable for work

at higher temperatures ard pressuresoj

up to novr, alnost all,the lonown investigators have enployed

sl,eacy state heat conduction through p layer of liquid for tho d.eter-

mination of the thermal_ conductivity. The basic equation describing

pure conduetion through a 1ayer,of substance 1s,

^--Y- KA4!Àx

r+here K is bhe thermal conductivity ard the variables whlch must be

accuraleþ deternined are: the Xiquidr layer thickness (ax¡, the

temperature difference across the Ìa¡rer ( at¡ anC the heat flow (q)

through an area (A) " i

In all steady state mpasur€ments of the thermal- conductivity,

the heat transfer by convect,ionland radi_ation across the 1ayer i¡ Lhe

cell rnust be avoided and the hept loqses isolated for the measurements

to have an¡r meaning. For liquids, hebt transfer by radiation is

usualþ negriglble but heat transfor by convection nay be equal to or

greater than the heat transfer þ puqe conduction. Elj¡nination of

li

li
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convection in various ceJI forrns has been discussed in some detail in
section fV of the thesÍs.

The use of a nethod deperding on steady state heat conduction

is t,ine consum¡ring due to the tine requirerl to establÍsh therrnal

equilibriurn. Rapid measurenents can be obtained by ernploying transient
heat conduction. The nethod ls based on the transient temperature rise
of a rine heat source at a constant energy input. This neü¡oc was

first suggested by schleiermacherl2T in 1ggg, but apparentry no

successful applicaticn was made of it until van Der Held and van

D"L,rt"r,ru9 fn fç4g, anaþsed the sources of error ard. developed. a tech-

nique which re:noved the inffuence of heat capacity and density of the

specimen frorn the determlnation. ',áliþh transient rnethods, convective

cuffents are avoided by nakfurg the measurementg over a short perioC of

tj.me so that the d.ensity difference cannot develop the disturbing con-

vection currents,

As a transport phenomgnon many attempts have been made Lo

derive the Lhermal conductivity of liquids fron the pureþ theoretical
grounds. The better lorown equatlons,are given in the section dealing

with t,he preCiction of the thermal- cgnductivf.ty of liquids, The empiri-

cal correlations ar¡d the theoretical equations have been considered

separately 
i

As an inbrocluction to the cell designs, Fourierrs heat con-

duction equatlon has been developed and applied to various geometrical

configurations selecied by the modern investigators. The ceLl forms

that have been used by the researchere in det,ermining the thermal con-



ductivity of liquids have briefþ been summed. up. The heat transfer
in l-iquids by convectj.on has been investigated ard the imporùance

of t,he (NCn)(Npn) product in the celi designs pointed. out,

1\*o apparatuses, the hob-wire celI and the concentric

cylincer cerl, were sel,ected as suitable apparatuses; the first for
its si.nplicity anC the secord. for the higher pressure determlnations,

Both cel-ls are descrlbed fulþ in this report.

The hot-wire cer.r is based on similar designs usec by

Gcldsch¡nidt57 ana Hutchinson66, *nd empJ-oye the method of radial heat

flow from a rrhotrr cylinder to a concentrlc r¡coldrt cyli-nder, The liquid
is contained ln a snall diameter Pyre¡ Brand glass tube v¡ith the heated

filanrent in the centero The cell requires very snalJ_ sarnples of the

test' Iiquids anC reaches steady-state in a comparatlvely short perioC.

The concentric cylinder cel] was desfgned such that the con-

Cucüing liquld is cot'¡talned in a 0.0J5 lnch annular space, to rnin].r:rize

the possibÍIlty of convection. Hes.tr, supplied by the heater located at

the center of the inner cylinde¡, wou,ld be conducterl rediaÌþ from tLre

irii¡cr ùo the ouLer cylind,er" The temperature difference across the
:

li-qrriC layer is to be rneasured by síx pairs of calibrated'thermocouples

anC one pair of theþmisbors, Suitable guard heaters have been installed
at cach enC of the ceIl, to compensate for any end. losses and to proviCe

a constant temperature zone for, a'I1 Ieads, It was envisaged that this
c':r.i.-1. could be used, for invesui6ating,various IÍquide over ¿ wi.dc

I,

tet;peraturs range, and that the convective currents would be absent at
a temperabure dj-fference or 5or" o. 1""" across the ltquic layer, The

I



c}'lildrical shape ttas chosen for convenient contr"ol of the heat Losses

as welL as adaptabiliby to a high pressure system,

A constant temperature bath was designed for oppration of the

thermal- conductlvity ceIls and conplete details of the bath are given

i::L f,he thesis, Two oils, a light transformer oir and a quenching oi1

having a high flash point, were employed to obtain the desireci tempera-

t,,rrr: range. The baüh has been used for tests up to 600%, but r^ras

cir::signeri for use up to B5OoF, with a suitable bath medium, and a pres-

sure of 150 PSI"

The bath ternperature rn¡st be controrled closely for fhe

tl:ermal- concluctivity rneasurements to be sufficientþ accurate. By

using a mercury thermoregulator and continuousþ suppþing the losses

bo the bath, temperaturo hras controrled to t o.oo2oF for about one

h<ru'r periods. A thermistor-typg temperature controller was d.esigned

for future r*ork to control- the bath temperature to at Least j o"co5or.

ar"rd it is described fuJ-J.y in this reporbc

The thesis also contaþs a comprete description of the cali-
brations and' the experimental procedure, tha bath temperature eontrol

and all temperature lneasuremontp, and, the neasurenent of the porver

supplied to the test section whire conciuctlng the tests. Append.lx r
contains all the calibration data. {ppendix II contains the accumulated

experinental data ard. the available physical properties of the tiquids
tested. In Appendix III design details of the concentric cylincier cell,
the therrnistortype temperature controller ard the arc weld.ing apparatus

suj-table for Joinfng smaJ*l diameter thermocouple conductors, are given.Iì'
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The characteristics of the compcnents employed in the construction

of the thermistor-type tenperature controller are outlined in AppenClx W.

The hot-wÍre cell was used to determine experinent,alþ the

absolute values of the thernal conductlvity of Carbon Tebrachloride,

Toluene, H"B"-40 and Hydrogenated Santor,¡an OM. Carbon Tetrachloride

anl Toluene r{ere investigated fro¡i about ZOoF to near their respective

boiling points, while Ii.B,-40 and Hydrogenated Santowax OM were tested

frorn about 250% to about óO0otr'. This work does not in any l¡rây

represent a llnit for the therna] conductivity measurer¡Bnts but serves

to illustrate how values at higher tçmperaLures can be deterrni¡ed.

The experlnentaL values for Carbon Tetraehloride and Toluene have been

cornparod to the most reliabÌe experlmer¡t,aI values avairable in the

l-iterature. No dlrect comparisons cgurd be rnade for HB-40 and Hydro-

genated Santowax OIvÍ as no experimental data for these liquids were

reported i¡ the ]j.teratur"3 b,rt comparisons rsith extrapolated data

for similar organlcs have been made,

liil

I

'l'

il



TI : RELEVAIIIT LTTERATURE SURVIY

The flrst qualitative experiments on the thermal condrrstiyl¿y

of J-iquids were reported þ Rumfordl2r 1n L786, '*t¡ereas the first quan-

tjrlative measurements of this property were perforrned by Despretz4l

in 1838. Honrever, it was not ttrl rgÐ23 that rellabre experlmental

values of the ther¡nar ccnduct{ity of riqutds becamé availabl-e, The

rnternational criticar Table"ó? urt what were consi.dered to be highþ
reliable vaÌues of the thermal conductlvity of sixteen llquids ¡¡hich

were determined prlor to 1923. rn that year Bridgman23 showed Lhat

the values for fijteen of these liqulds r{ere unreliab}e, with the

result that the work prior +,a Ig2j has now become of academic interest

only and is of no particuÌar va-Lue tp the moder4 investigator,

Therefore only the work of the nore important invesüigators
:

si-nce L923 is considered revelant ar¡4 a, review of this work is
presented ln thj.s section" ,, ,, , 

.
a

rj

li

,l

:]

rl

il

I

I



Experimenta] Work Subsequent to 1923

For the prtrposes of clarity and cornparison, the methods of

meesurements were arbitrariþ classified into the followJng two main

groups and sub-groupso

çRQU^I r, - STEADY-STATE r{EAT COND.USJIOJ

1o thin Film Methods. 
,l

(a) Parallel Plate CeIL : Fiin thickness varies between

0.00985 to 0"197 1n.

(b) Concentrlc Cþl1nder CqU :ìFilm thicÌsress variee between
1,ll

0.OI to 0.01!6 1n.

c) Spherical CeIL ,'Fil.ro Lhlctcr""" varles between ò.02 to
l"' o.o3g5 i¡., rr

(C) Hot-'r'llre Cell s pÍ]m thlckness varles between A.0393 to

0.I98 in"
', il

2" Thick F11m Methods. ;

(a) Pararler Plete cçrl ¡ Filn thÍckr¡ess varles between
, tl ì

9.4n to 7'0.ln,
GR,CUP II. - UNSNIA,DT-STATE IfiAT CONDUCTION

i '' 
ilI. Thin Film Methods, 

I

(a) Hot-Wj¡e CeIL : I

For all the cages cited, tire observer, the year thab the

work was carried out, the reference 
"Lor"u, 

the fl]¡n tåic},mess'em-

ployed, the fi-l-m tenperature drgp, thå temperaturc and the pregsurs

range coveredn the number and types of llquide lnvestigated, are lndi-
rJ

i1 N ,
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caLed wherever such inforrnalion is avail-able.

Sakiadis and Coates, two notable contributors to the fielcÌ

'-'f thermal conductivity of liquicls, preceded their experimental deLer-

minations by tabulations of the existing informrrtionl22"

The reliability scal_e adopted was as foll_ows:

IxceìÌent- !2% ì VeryGood- !S%; Good- !12%;Average_
Reliable ; Poor - Unreliable.

The scal-e was based on considerations of the accurac]¡ of

determining the various factors entering lhe cal-culation of lhe thermal

conducLivity, and on whether the conditions of pure conduction were met

in the apparatus. This scale has been adopted by the author for an aLlempt

to assess the reriabjlíty of the work of oLher investigators. rf t,he

estimaLed experi-mental- error of the results was greater than r2%, the

work was consi-dered unreliable"
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GROUP I - STEADT SJATE _CCNÐUCTrON

1 Thi¡ Film N1etho{g

(a) Paraltel P1aùe Cell

0bserver Y.a¡¡ Ref Thicì<-
ness
inches

Film
Temp"
Drop

oF

Tompera-
ture
Rango

Covered
o¡.

Presgure
Range

Covered

Number
and type

of
Liquids

Investi-
eated

Accuracy
cf

Results

Kaye and
Higgins L927 75

0"0c485
to

0.0197

.A,ppro>

7 "92 Atmos.
Sine
Liquids Àverage

Kaye and
Higgins L929 76 0.0ú/¿

5
ùo
9

231+

to
410

Atmo8"
Liquid
$ulphur Àveragø

Mart,in
and
Lang

L933 90 0.0421
50
to
14.o.5

Atmos" '[,iater Good

Erk and
Kel-ler L936 lr,5 O.II8

12"6
to

2L"6

l+2.8
to

r6t.5
Abmos, GJyceroI

-'.vater
very
Good

Þia.lal 1940 110 O"O39t+ Atmos " 0rganic
Liquids

very
Good

Fron-
tasev L9l+6 52 0.L97 70 Atraos. L1quid-

LiquiC
Solu'r,ions

Gcod

RiedeI L91+7 111 ).O39lL Atmos. 0rganic
Liquids
& rni:cbure

very
Good

Kraus ]948 80
) "0L57
).ol+33
)"o59

1.8
to
).O

ó8 to
281+ e.

90-
L52.5

Atmos.
GþcoIs

and
Watgç

Good
for
'[fater
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(a) (cont,r¿)

0bserver ïear Ref.
Thick-

inches

F ilm
Tenp.
Drop

oF

Ternpera-
ture

Range
Covered.

op

Pressure
Range

Covered

Number
and type

of
Liqulds
Invest,i-
sated

Accuracy
of

R,esult s

Vargaf-
tik 1950 15r o"lg7 69,g Atmos.

Pherryl
drazine
.4,ceta1-
dehyde

Hy.
Good

D ick
and
IlcCready

L95l+ 42
0.087
to

o"023

5"4
to
10.8

6s
and
14,0

Atmos.
Nineteen
0rganic
Liquid
Compounds

Good

Saki¿dis
and

Coates
L955 L?J+ 0.02

85
to
L72

Atinos 
"

Fif ty
bhree
Pure 0r-
ganic
Liquids

Good

Chal-
Ioner &
Porr¡e11

1956 28
o.077
to

0"1-17

t"o
to
10.8

35.6
to

t79 "6

Atmog.
Seven
I,lquids

very
Good
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(b) ConcentrÍe Cyl1¡der Cel-I

l
i

I Observer
i

ü
t --llear
I
I

i
1

Ref.

F ilrû
Thick-

inches

Film
Tenp"
Drop

oF

Tempera-
ture
Range

Covered
oF

lr*"""rrr*
I Rung*

f 

Covered

Nurnber.and
type of
Lr-qu]-cis In-
vestigated

Accuracy
of

rÌesulls

Bridgman Lg23 23 0.0156 1"08 Bó and
!67

lto
11630
Atmos,

Fifteen
Liquids

Average

Smith L930 t35 0.015ó 1
8ó,1-40
167 ar¡a
2L2

Atmos"
F ifteen
Liquids Average

Dani-
J-OI I r932 )ö 0,0156 t

86,t67
and
2L2

Atmos"
Seven Nor-
maI Primary
Saturated
alcohols

Average

Smith r934 t37 0.015ó ]. ú Atnos.
Straight
run ar¡d
cracked
gasoline

Average

ê-¡+LJlu4Ur¡ r936 138 0.0L5ó 1 86,140
and 212

Atmos 
" Twenty one

Liquids
Average

Mark-
v¡ood and
BennÍng

l-9t+3 89 0.0156
Ã

to
11

14or167
and
320

Satura-
tion

Pressure

$ix ttp¡gq¡tt
Liquids Average

RiodeI 1948 112 0"01 óB Atnos.

lwenty f lve 
I

Hydroearbond
Thirty two 

I

llydrocarbonsi
Fifty six 

I

Compounds 
I

very
Good

RiedeI L9t+9 113 0.01
32
to
t76

Atmog.
Sugar, solu.
tions, fruil
Juices and
nilk

Very
Good

Riedel 1950 115 0"0r Various Atmos, MineraL
oils

Iery
]ood

Riede] L95L LT7 0,0]- -112 to
L?6

Atmos " Eighteen
0rganic
LlquÍds

üery
]ood
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(b) (cont¡d)

0bseEver ear

F iln
Thick-

i¡ches

Film
Tenrp "
Drop

oF

iTenpera-
I ture
I Hange
lCoveredlor

Pressure
Range

Covered

i'iuraber and
type of
Liquids In-
vestigated

Accuracy
of

Results

Riedel 1951 ]"18 0"01 Atmos "

þlbctures of 1

various o"g.l
nic llquids
with water

very
Good

Uhlir l-952 u7 0.01 Nor¡ral
boillng
to wel-l
above
crii"ical

Up to
twi-ce
Critical

Lic¿uid
årgon
and
Irlitrogen

very
Good

Schnidi
¿nd
Leiden-
frost

l-95l+ 131
.o394
fo

0,156

32 to
]t76 Atmos " Toluene

Very
Good

Pagerey
St 

" Clair
anC
s ibbit

]?56 99 o.022
0"1
to
5

ó8
to
194

Atmos " Ten organic
Lþuids

Very
Good

Briggs L957 2J+ "0276 J"ö ó8 Atmos "

Nineteen
0rganic
Liquids

Good

Chal-
Ioner
and
Por¿¡e11

l.958 29 "ol+92

3"6
to
9

68
to
)J+9

Atmos.
þridine tri-
fluoro tri-
chloroethane,
chlorofluoro-
carbon oils

very
Good

Spencer
and
TorlC

1959 139 0.04 ?.71+
-148
to
-197

Liqujd boron
tri-f luoride

very
Good

Zlebland
and
Burton

1960 t62 "oo7e7

0"9
to

I.8
-l.67
to

500
Atmos. Heaqy waber

Very
Good,

Scheffy
and
Johnson

1961 L26 .o275
up
to
7"2

l-54
to
529

Atmos. eight,Liquids
Very
Good
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(b) (contrd)

Cbserver ïear Ref.

F il-n
Thick-

inches

F ilm
Tenp"
Drop

%.

lenpera-
ture

Range
Coveredo-

-c

Pressure
Range

Covered

Number and
lype of
Liq.ricis lrr-
veotigated

Accurac¡r
of

Result s

Z iebland
and
Burbon

- ^t -J-YOI lt63 "0Ì02
and

"0391',

1.8
-4
to
233

ALmos. Toluene very
Good

Ziebland
and
Burton

1961 L64 "o297

l+"22
to

12.7

LL7
to
?37

Àtmos.
to

t+"62
Atmos.

Bi-phenyl
Phenyl ether
Dow thern À
Santowax R

very
Good

(c) Spþeriqal Ce\]

Riedel 1951 rI7 "o395 -1I2 to
t76

Atmos, Eighteen or
ganic Liquid

very
Good

Richter
and
Sage

l-957 109 0.c20
)
to
1+

40
to
100

14 to
340
Atmos.

Nitrogen
dioxide in
Liquid phase

Good

¡¡
I (d) HoLr,,iire CeIl
r-

Davis 39 ,0389
59
to
t63.3

Atmos "

Toluene and
Carbon tet:'a
chloride

Good

KarcÌos l-933 74
5
and
8ó

Àtmos "

ToluenerethyÌ
and met,hyl
chloride

Good

Tinrot,
and
Vargaf-
tik

19¿o u5
Ito
400
Atmog.

l{ater very
Good

llubch-
i-nson lor.< 66 )"195 1"8 61t"4 Atmos. Seven Liquids Good

Abas-
Zade LgLLT I

up to
752

up to
200

Atmog,

Benzene and
Toluene Good
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(a) (contea)

'0bserver Year R,ef "

F ilm
Thick-
n6e e

inches

F iln
Temp"
Drop

oF

Tempe:'a-
ture

Range
Covered

oF

Pressure
Range

Covered

Number arrd
type of
LiquiCs In-
vesi igated

Accuracy
of

Resulbs

Äbas-
Zaö.e L9L+9 2

up to
critical

up to
critical

Benzene
Toluene and
Xylene

Good

Itern
and Nor-
strand

l-9¿+9 77 0.195 1"8
79.7
to
298 

"1,

Atmos"
four fatty
acids Good

Cecil-
and
l'Íuncir

1956 ¿o
"QL26

0"2
to
,32

77 Atmos "

F ive corn¡non
liquids Gocd

CeciL
and
l,lunch

l956 26
"cL?Á

0.2
to
2a

82
and
L78

ALmos"
SixLeen mix- |

tures of AroJ
clor 121"8 & I

di(2 ethyl I

hexyJ-) ad.ipai

very
Good

nê^i 1

Koerner
& Munch

rg5'l 27 .0l.26 bo
2a

ú
to
l+?3

A,tmos.
Six pure
0rganic
Liquids

Very
Good
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2. Thick Fil-n l'lethcds

(a) Paral]el Pl-ate Cel-l-

Cbserver Year Ref.

Film i

Thick-l
ness I

rnches 
I

I

F il:l
Temp
Drop

oF

Tempera-
ture

Range
Covered

op

Pressure
Range

Covered

I zuunuei aø-
I type or
lLiqurds In-
I vestigated

Accuracy
of

Resul-ts

Kall-an l-923 73 t"00 Atmoe, 'uf ater Poor

Bates L933 7 r"92 80 68
to
t5o

Atnos 
"

DistÍIIed
water and
Red oil

Average

Louis
anci
Carretbe

r933 87 Atmos" 0ils Average

Bates r936 O ) L75 Atmos,
Liquid mix-
tures of
glycerol and
water

Good

Bates,
Hazzard
and
Palmer

t938 o 2 r22 50
to
t58

Atmos.
Methy1 alco-
hol-water &
Ethyl alcoho-
water solu-
tions

Good

Ha-mman L%e o¿ c"473 -33o Atmos"
Liqùid oxyger
liquid nibro-
gen & their
mÍxLures

Good

Eates,
Hazzard
& Pal-ner

1941 10 1 131 Atrnos "

Twelve Chlor
nated Hydro-
carbons

Good

BaLes
and
Hazzard

L945 11 1 160 Atmos.
Alcohols
and Gþco1s Good

Babes L9t+9 L2 I 160 Atmos " Liquid
SiLicones

Good
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GIìOUT, II - UI'STEA¡Y-STATE I-EAT CONDUCTICN

1" Thin Film l'{e'r"hcis

(a) tiot-Uire Cell

0bserver Year Ref.

Temperature
Range

Covered cF

'Pressure
Rauge

Covered

Number and
type of 1i-
Quids In-
vestigated

Accuracy .
of

Results

Van Der
Held and
Van Drunen

1949 1À9
5"1.2
to

76.7
Atmos.

Several
Lio,uids and
acid
solu+.ions

Very
Good

Van Der
l{e ld ,
Hardebol
and
Kalshoven

t953 v0 Abmos "

',,'IaLer, Ethy-
lene G1ycol,
Carbon botra
chl,oride

Yery
-Good

AL1en L958 l+ 72 to
L76

Atmos, Transformer
oil

Gcod
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ITI : EMPIRICAL 9OÅRELATI0ITS AND TI]BORETICAL EQU-ATICNS FOR

T1TB PRJDICTION OF THE TFüRI"IÀL CONDUCTIVITy OF LIQUIDS

In practice, that is for an acLua1 design, experimental data

aÌ'e necessary; for a conceptual engi:reei'ing study experimental data may

not be available anC it is then necessary to resort to theoretical or

seni-enpirical expressi-ons to obtain the required. d.ata. Theoretical

consid.erations also assist Ln selecting t,he experi.¡nental- ,;;ì;rr-J-ques to

be used and rcay uncover the weakness of a partÍ-cuLar method. In add.ition

they usually indicate suitable methods of expressing experimentaL data.

.¡\ number of theore',"ical analyses areu therefore, reviewed in this seclion.

the basic relation for heat transfer by conCuction originates

from the French physicists Biot and Fourier5O . The formura, which is

developed in the next, section, states that the rate of heat flow by

conduct,ion in a maLerial- is equal to üre product of the thermal-

conductivity of the material, the area of the sectionthrcugh v¡hich heat

flows and the temperature gradient at the section, The thermal condue-

livity:, therefore, is a physical property cf the material and ind,icates

the quantity of heat bhat will flow aóross a unit area j-f the temperature

gradient is unity,

As a Lransport phenomena, many aLtenpts have been nade to

d.erive thernial conductivity from purely theoretical considerations.

Thermal conductivity can also be correlated with other properLies of

i-iquids sucir as the molecular rveight, tlre vJ-scosity, the velocity of

sound. in the liquid., the specÍfic heat and the density. Many authors

have tried to esLablish these correlations between the thermal cond.uc-
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tivity of liquids"

In order to express the therrnal conCucLivity by an ernpirical

or a Lheoretical equation, an intiynate lcnowledge of the iniernal

siructure of a liquiC is necessary. In the past it was genera)-ly

bel-ieveC that because liquids fLow and d.iffuse reaC5-1y" their sLructure

r.¡as sjmilar to 'r,hat of gases and the behavior of the molecul-es in

liquids coulC be described by modifying the kinetic theory of gases"

Tire physical model for the kinetic theory of gases is based on random

molecular movernenL and one of the assumptions is that the molecules are

of negligible size compared to mean free path of the movement" This

lheory yields the foLlowing equation.

K =àulirc, ooc6ø ooeóeooc (ttr.r)

r¡here f Kr is the thermal conductiviLy, flhe densj.ty, !, the mean freo

path of movemenl, i* thu mean molecular velocity and C' the specific

heat at constant volume,

0n the other hand, more recently postulated theories assume

that liquids are structurally closer ùo soLids than gases" these

fheories a:"e based on the fact that near t,he melting point the density

of a liquid is close to that of a solld.and, hence, there is Iittle

possibility of a free movement of the moLecules within liquid, A brief

descri-ption of the rnechanlsm of heat transfer in soliri follov¡s without '

ary enphasis being placed on mathematical derivations. DetaiÌed.

mathemalical treatrents of tle theory of heat conduction in solids and

gases are given by Carslaw and JaegerzS and. JakobTÖ in their respectiive

iexL books"
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ÌIhen djscussing heaN Lransfer by conducLion in solids, a

clear distincLion should be made between non-metallic and metallic

subst,ances. In non-rnetal-lic sol*ids thermal conduction i-s only by

l-aitice rüaves proCuced by atomic motions, v¡hil-e in metals a¡rd seml-

conductors lhermal- conduction is considereC to be by labtice waves

and electrons"

The atomic motions in non-metallic solids assume the fornr of

thernial vibraùions which are regarded as a superpositlon of thermoelastic

or bhermo-acoustic waves lcror^m generally as lattice l¡raves, nuUf,9 
"lau

íirsL t,o introduce the concep'r, of laLtice vraves as a thernal-conducting

mediurn in solids and the concept of thermaL resisLance due to scattering

of the l-at,tice waves by self-int,erference and lattice defects,

The ther¡na] conductivity of semi-condùctors is the effect

produced by ùhe transpoz'b of enerry þ the lattice $taves and þ' electron

movernent"' The wave ioncepb can be useC or bhe lattice v¡ave can be

considered as a trphonon-gasrt and the electron movefiÞnt as an trellectron-

gssrro The potential- causing the transport of enerry by the phonon gas

is the enbhalpy gradient and resistance to flow the self-interference

end lattice defects referred to above" This sbrrrctural interference

is almost independant of tenperature buL the self-interference increases

with temperat-ure. The trphonon-ga.str concept leads to the following

expression.

q = 9i Lc= -co[c qr
ilx - dx

(rtl"e)

It is then apparent that¡

K = g co!.c (rrr"3)
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liihere

q = heat transferred per unit ar.ea in the rrxrr direcLion.
IJ
'iå = the mean f ree path r+hich consists of tvro parNs; one for

the self-inierference anC one for the defects.

C = the velociLy of propagation of the rrphonon-gasr'.

In the semi-conductor the concentration of elect,rons available

to transport enerry d.epends strongly on bhe temperature, In metals

abou'¿ 90 per cent of the thermal enêï#i- i.s 'ùi*r;-,,.,i. n.-.- -j .;ic electrons

(except at very loru temperatures) and thus a depenclance be|ween thernal

conduc"r,ivity and electrical conductivity exists, The expression

defining this dependance is not revelanL to the v¡ork bhat fol,Ior,¡s.

Based cn the above discussed theories describing thermal

conduction in liquids, many authors have proposed empirical an,i

theoretical expressions to preclct thermal conductivity"'t¡ebe"l5?

nas first to propose such an expression in 1880 but sjnce then other

empirical and iheoretj-caI equations have been suggested and the more

innpor"Lant ones, which are appticable to engineering calcuLations, are

listed in fhis section. ¡

Section A :' Empirical Correlations

( r) ,,,¡a¡nnus ¡e-urrro¡l

One of the earl-iest expressions relating thermal- conductivity

to other properties of liquids is that proposed by,v,lubu"157, He first,

gave his expression as Å: constant, but l-ater modiJied ib to:
PC-p
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( rrr,4)

I{ = thermal conduc'civi'"y , CaLs/(Sec)(Cm)(oC)

O"cai5g: Constant , crå/sec

¡ Ë <r€cj_-fic heat, Cals/(Gm)(oC)"p ,I- -V \ei¡r/ \ \J/

.P = dun"ity of liquid , Gns/(C*¡3

M s þÍolecular weight, Gms

It rvi1l be noted that ( ê/w) is bhe mole votume and ( fl¡v¡lZ
has the dimension of a length ard the eo¡ation is thus analogous to the

expression describing the I'phonon-gasrt concept"
r37,t38Srnitñ' compared values calculated by using equabion (II1.4)

with the obserued exper'lrnental results and found that better agreement

coufd be obtained by changing the constant of the equation. This

resulLed in i¡Ieberts modif ied equation which is,

K = 0.0043 cp.P( ,P/v¡ll oceoocoo (rrr.5)

Dick and Mc0ready4z , h their investigation of the thermal

conCuctivity of sone organic liquiCs found thai the values obtained

by using equation(ttt,5) rvere aboub 2J por cent lower than their

experiment al- result s,

( z) srqrri{'s nQu¡,rloxs

...135Stariing in 1930¡ Smith-- - proposed a series of entireþ

empiricaÌ correlations for calculating Lhe ther¡nal conducbivity of

liquids" The first equation of the series is that e

K = o"oo3 59 cpl ( g/yù !3

i{ æ B.r x ro-4 d'11s-rjl-lf'192E
¿41'

( IIr.6)
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idhere

K e thermal cond.uct,ivity, Cals/(Sec) (C*¡1og¡

Ð - ¿..,, - *Jnsity of liquid, Cms/(Cm)3

n - êÐecific heat, CaIs/(Cnr)(oC)ull - Þ¡

I'f : I,Íolecular v;eight, Gn'rs

,ìL - viscosity, Centipoises
12.Snnith*" found that equation(Uf ,6) satisfied the fifteen

ilquics fcr which experimenLai c¿¿.ùa',';as available at the ti¡ne" The

agreement r.rüh experj:nenLa1 values was l¡ithin l+"5 per cent for all

ì-iquid.s except tr+o oils " In tl:r original paperÚ5 , the errors for

these oj-ls rvere quoted uu a¡o,:.t ó and 9 per cent but were modified, to

3 and 20 per cent respectively in a subsequenL o"0""t38" He tested

equaLion (fff"ó) with aodilional experimentaL d.ata obtained in 1936

anC found. t,hat the agreement v¡iNh the new dat,a Ìras poor"

Dick and I'{c0ready42 "Iuo compareC their experimental values.

r+iih those obtainecl with equation (ffi"ó) and found that the ca.l-culated

values rú.rere consistently higher"

fn L93(r, SmithÚ8 could see litt1e chance of mod.ifyirrg the

of eo^uatlon (l¡1,ó) to saLisfy all liquids, so he tried. a

approach. By taking variations from approxirnal,e mean values

that,

Kat 3Ooc * o.OO03ó1 + (cp - 0.45)3 +
L55

+ jlvg - L c, o..
l0r00c

exponents

di-fferent

he found

roeó.oc, (ru"?)
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'Ihi-s is eouivalent,

lf

"^+ cnOnð.ú )W w
c.ocoor-r , tlo- o;lt)t .gH#.d#

r : c"Bl3 [r - o.ooo3 (t - 32ilt\ --; Idr-

to

o d ô o ó o o o (rrr,s)

The unüs of eouations (IIL]) and. (III"8) are the sa;r,e as

ln equa.l"ion (fff "6) excepL +.ywL Y is kinematic viscosity in centistokes.

^ . .138Smitìr--- conpared his experi:nental results with the values

¡: r-ilnerl f rorn equai;ion (III"8) and found the average error !.:t '': about

ó,/ per ceirt" Based on this conpar'íson, Smith considereC equation

(IIl"3) to be satisfacbory for engineering use"

( 3 ) C,ì.ÀGOEjg-_EC'UÄTI0N

In 1929, C"rgo"35 proposed the foLlovring equation to facilitjate

calculations of t.he thermal conductivity of petroleum liquids. He stated

*h¡á

ocoøøoao (Trr"9)

t"Ihere K : ther.mai conduct ivity, Bt,u/(Hr)(r¿)2(or'/i-n")

d : specific gravity at 6OoF

i : tenperaLure, oF

Srnit,hl38 
"o,"p*red. 

the values obtai¡ed by employing ec¡uaL5-on

(III"9) r+ith those observed experimental.þ ard founC that the average

error was 12.7 per cent, r.¡ith a ma-ximum error of 39 per cent" l^Ihen he

assurneC a cons',,ant value of O.O0O34 CaIs/(Sec)(Cn)(oC) for the therrnal

cond.ucLi-vi.ty of oils al 3OoC, the average erncr was ó per cent and the

maximum errcr was plus or rninus l3 per cent "
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Cragoers equation 1{as al-so tesiec by Dj-ck an'i HclreaCyb? "

The conp:rison of catculaieC val-ues r,;ith the experimental results gave

a rnaxirnun error of 2L per cenL, r'rhich vras stightly better ihan what

Smith found foz'the oils he used. '¡trhen Dick and. Mc0ready useC the

constant value O"OCO3Z? recornrnended by Smith, the maxinua error was

reciuce,i to 19 per cent

(4) PAU,TER's EQUÀqIqU

'¡fhile checking values cf thermal conductiviiy of liquids

obtai¡e,i by using Weberts equation (Itt"/r), palmurr@, in l948rrnodified.

ihis:o,uatlon by introclucing in it the Troutonfs constant anC the nolal

enLropy of vaporization. Palmer suggesLed that,

côco.ocô (rrr.to)

\{here:

K : thermal conciuctivity, Cals,/(Sec) (Cm) (oC)

K:Af cp tqq;)t/3, t/þ-_
"r^dTB

A : Const znr, crf /sec

.F : dens il y , Cns/ C,ê

specific heat, Cafs/(Cnr) (oC)

molecular weþht, Gns

L/Tu : Trcuton¡s Constant, Cals/(¡ior)(or)

"u^{rB 
: Moral entropy of vaporizaLion, cars/(¡¿or)(or)

Ti'outon¡s constanL js defineC by Trouton¡s mle which states

that ihe r¡olecular heat of vaporizalion of nonna] Iiquid.s at the

boiling point under aLmospheric pressure divjded by the absolui:e

vp-

lf-
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boiling tenperature is a conslarrt and is approximaLely erlual to 2I"

Pafmer found that if 21 x A r+as taken as O'O9t+7, the rnagni-

Nurje of error between experimenLal values and ihose ob'r,ained by using

/-** - ^\equaL].on (I.L-L"J-Ul was reaucea"

(5) liEpuirls BQUÃUoN

T- 'r oÃ LL'/.,, -72Ls Riedet*' rvorked out the follovring equation relating

Nhermal conductivity of liquids to reduced temperature.

z/t[ :1+ó.2(t-+_)
Kcrit Tcrit

oè.....o (ilr.11)

In the above ecluaLion Kcrit is an empirical parameter which has the

formai signif icance of the thermal ænductivity coefficient, ab Lhe

criiical temperaiur"&ó ¡ Tcri¿ is the critical tenperature and. I-- : Tp
Tcrit

the reduced temperaLure" This approach essentiaLly assumes that the

theriul con,luctivity fol-Ior'¡s the law of corresponCing slates" If K".it

j-s unknov¡n, two determinations of the thermal con<ì.uctivity at different

i:emperatures ere necessary to allow the use of equation (III"1})

Sectiorr B ; Iheoretical EqÈeL-ions

The Lheory of the liquid state of substances has not been

developed to the point where a satisfactory equation for thermal

conductivity may be arrived at r.¡ithout vüiating assumptions. À

sinpl-ifieC theoretical equation is therefore desirable! one such
a2

eqrration was d,eveloped. by Bridgman'/ an<J the equation is surprisingþ

successful in spite of its simplicity.
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Since Bridgman proposed his

equat,ions have been proposed ald. more

tÌiis seciion.

( i) !alæì,r^A.rI' s EQU_Ulcry

In 1923, Erid.g,nan23

conouci:ivity of liquids which

conductivity and the velociLy

equaiion states that,

equation oiher theoretical

inportant of these are given

derived an expression for ì;he thermal-

irnplied. a relationship betv¡een the thermal

of sound in a respective liquid" Brldgmanrs

K : 2RU cals/(sec)(c*¡1og¡
-2d

(lrr.tz)

T,'Jhere K is the thermal conducLivity, R is t,he universal gas constant

in heat units, U is Lhe vel-oci+,y of sound in the liquicl, and d is the

nean disiance betiçeen the ceniers of mol-ecuÌes and is equal to (\W)V3 
"

R*i.lomanZ3 tesieri values obtained by employing equation,4.*51¡l!¡:^

(fff "fZ) i.¡iûh those he deterrnined experimenLaJ-Iy for eleven liquids"

The co::nparÍson shc,veC that 'che average error betr.,'een the calcul-ated

and lhe observed thernal conCucNivities v¡as l"ó.ó per cent, with a

maxi:nurn error of 38 per cen|,
ìâó

Srnith-'" determi-ned experinental thermal concÌuctivity values

of several other liquids for which bhe velocity of sound, was available"

A c.heck beiween lhese experlrnental vaiues and those obtained from

equaLion (fff,fe¡ gave an average error of L5,2 per cent and the

maxirnu¡n error of 39 per cent"

Dick and Mc0ruad.y42 found that Lhe val::.es of thermal conduc-

iivity obLained from Bridgrnan¡s equation were consistent{y higher than
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lheir e,r:peri:nental resul'ts f or irigh rnoiecular vreight organic liquids"

SakiaCis ani Coaie"124 obLtinerì experinenLal values cf the

thernal conductivii;y ofl twenly eight liquiCs and compared ther¿ t,o

those de.5errni¡ed b:¡ using equaLion (III "f2). The conparison sho'ored

Nha'c the average devj-at,ion of the calculated fro¡r the observed values

l.¡as i ì-J per cent, rvhile the max:-n':m deviation l¿as t {0 per cent,

(z) ni.o's ilQUATroN

Fao107 egaj.n reverLeC to a rnol-ecular theory of solid.s whereby

the atoins are consirlered to be simple-harrnonic oscillators and proposed

Lhe folLowinq equation" _i.

-['- T 12
K : 2"096 x t-05 I -" 

, I c"r"/(sec) (crn)(oc) 1rrr.r3)I 4/31
l-* u" 'l

l^Jhere K : thei'maf corCuctiviLy,

T- : mefting temperatur.e (oC)
Þ

I'i : molecular ueight (Gms)

\¡ : nolecular volume (C*¡3vs - ¡rl

Dick and. ÞícCready42 ext,rapolated. their experimental tÌrerrnal

conCuciivity values for the high nolecular rt'eight conpounds investi-gateC

f ron 20oC to the f yeezing point " A comparison be'r,ween t,hese exLra-

poJ-ated values a¡rl those obtained from equaLion (III.13) showed the

calculaied results to be consisl,ently higher than the observed. values'

by a factor of a'rruL 2.

(3 ) qounlrnn's so.u,trrcll

Fournier5l d.srived an equation f or calculating the therrnal

conducLivity of liquicis" ilis discusslon r,r'as baseC on the cage theory
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of liquiCs suggesie<i. by Po-tiuuarlo3 . In derivine his eeua',,ion,

Fournier assuned tha| t,he molecules of the J-iquid in their ceges undergo

nrcLicns in¡ermed.iate between the harmonic rnotion of crysLalline solid.s

and. t,he transl-ational ätotion of gases" Fournier¡s equation states t,hat

K:f'2r2," - "v=*i.-i cals/(sec)(c*¡çog¡ oooooe oo (rrr"r¿)
nTT 

vs+e/\vL

r,.'here K is t,he Lhermal- conductivity, Cu. is the molar heat capacity at

cons'cant.rolume, L is the rnean distance betv¡een molegl Ies, T is the

absolute ì:enperature, V is the molar volume, ayñ7þ is the coeff icient

oí r'iscosity"

lytr"}It4ó"lo'bu" t,hat equat,ion (III.14) is rnoderaLeþ success-

fu1 for roughly spherical molecules but gives values v¡hich are much

too srnal"l for chain mol-ecules such as hexane"

(4) sAärADrs A¡JD coÄ'rrsl EeuATrotr

Sakiadis and Ccate rl'4 , in L955, ierived an eouation for

prectÍciíng the thernal conductivit;' uttd its temperature coefficient of

pure organic liquids" The eo¡ation was based on a particular molecular

errangement j-n the liquid, consistent with the results of X-ray

diffract,ion stuciies in liquids, The theoretical equation of Sakiadis

and Coates siates that,

K : CNUPL BtV(Hr)(FI)(%) (rrr "15)

r..¡here

C^o : specific heaL ai: constant prossure, BtV(Lb)(h)

U : velocity of sound in the liquid, FL/Hr

.P: Iiquid densiby, tu/tt3
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L: available intermol_ecul_ar distance, FL.

Sakiadis anl Coatrurfz4 compared the values obLaineci from

equal,ion (III"t5) r,+ith the experinental vaJ-ues the¡r 6þ¡¿ined for

forty*tr,."'o Iiqui,ds" The conparison shoi.¡eC that, t,he average deviaiion

oí the caicul-ated fron, the observed, values o,ias t 2"5 per cent,, r¡h1Ie

the m.axjmr.¡¡n d.evia,iion v¡as about f ó per cent.
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Iú : IüTRCDUCTCIiY i.liAT TiLÀ¡iSFäi TliEOlìY ÀS AFI'L]EI)
TO T!ÌE T}-iTiJ.i.L COI'JDUCTIVITY C]J|L DESiGÌi

Ey applying a teroperaiure gradient across a liquid layer, heat

can be'oransferred fron the reg'ì6n of higher temperatures to that of

l-o,+er Len:peratui'es ì:;r one or more of the follo.¡ing rnodes.

(a) Conduction, l"¡hich i-s a process by v¡hich thermal enerry is

transmilLed by direct rnolecular conrounication"

(¡) Convec|ion, v¡hicl'r is by mass moti-on of ener&r-containi-ng

fluid particles fron the hot to the cold zone.

(c) naO*ati-on,,v¡hich is transport of thernal enerry in the forrn

of electromagnet,ic waves and consequenL absorpt,ion of radiant

Éfõ'a4Tv.¡v¡ b, o

In an¡r therrnal conductivity measuring apparatus, the heat

transfer by convecLion and radiation shoulC be el-j¡ninated. The equations

governing heat transfer by concluction in various possible geometrical-

configurations are Cerived and then the eUmination of heat transfer by

convec'úion and radj¿tion is ciiscussed briefþ.

The funclarnente.l relation for the conduction of heat in fluids

(Iictui-as and gases) is tne sarne as for solids" The steady flow of heat

by pure cond.ucLion Ì1Ías stud.ied. by the French physicists Bj-ot ar,d Fourier5o

and may be expressed by:

al* Ë dQ. æ KA A*T coôcco.c (W"f¡
l¡
Li [/ ÅX
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This fornula implies ihe assunpiion of a honogeneous sub-

slance in r,¡hich a cons+.ant iemperaLure d.if ferenceA-T is held between

lhe poinis of a piane area A and any poín'cs at a short perpendicular

dislance-Ô.X fron Lhis area, Then, a si:ead.¡' raLe of heai; flol^r o,x, per

unit tinee occurs in lhe direction of Nhe decreasing temperature. The

facLor of p::oporlionality r6: is call-ed rrheat conductivi'byrr or thermal

conduci:ivity.

1,, Developnent of Fourier.ss Law of Heat, Conduction

Consider a sl-ab of so1jC rnaierial of area A betv,,een iwo large

peralleL plates a Cistance Y apart" Initia[y (for tirne t<.o) the

solid material- is at a temperature To tlt'oughout " At t jme t, = o, the

l-or,¡er plate is suddenly b:'ought to a slightþ higher tanperature 11 and

najnta.ined at that: teraperature. Ås t jme proceed.s, the temperat,ure pro-

file in the slab changes, ed ultÍmateiy a linear steady-sLate tempera-

ture distribution is aitairredu as shown in the diagra"n on bhe follovring

pege 
"

During the transient period the relationship between tenpera-

t,ure (T), Li;:re (t), and positiony is gwerned by the folLowing differen-

',,iaÌ equaLion and the appropriate bounciary conciitions.

rJl_ = l!

òt PCp
è2t
ò)"

ø.co.""" (w.2)
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SOJ,D Ï']IT]ALLY
AT TEþíPERATUTì^E T

LOi,]EiT PLq.TE
SUODIñJLY RÀISED
T0 T,0l'iPEilATUi';E T1

m-m--r

c\ìr'Á T T Lur1,A!! U

DEVELOP},.M}ff OT FOURIEN.IS LAI,.'I CF HEAT COì'üDUCTTON

rig (a)

ilhen the steacÌy staLe has been reached, the hea'r, fiol^r per

unit area across a given plane becones Ll"^e sarne at aJ-I planes i¡ the

sol-id layer, the temperature distributlon is invariant with tirne, and

it is possible to write Fourierr s lar.¡ in the form:

T(y,t)

q-- e, -li A AT\/-"Áy
ccøøøøøø (ri/.3)
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Ì"iosi neasureinen'"s of Nherrna'l cond.ucLivi{;ies of l-iciuids have b,:en ,-naCe þr

eriplorring eouation (IV,3)" !-f o¡,'che::ate at r+hich heat, is tr¡¡.nsferred

b;r pu:'e concìuction acl"oss the lio,uid layer and t,he temperature,3radient

AT are rìeasured ',+hen'¿he s'beady stai:e is aitained, the thcnnal con-
iIy
duciivi'b¡,' cair be calculated from this equali-on, In theory the procedure

for the exprinental determination of ther"rnal conduetivity of liquids

looks sinple bu-r, scäie oí lhe rnajor experimental dj-fficulties are the

time' requjred. for each dei,erminaLion, ihe prevention of heaL losses d.ue

to end effects, and an eccurête determination of the heat transferred

ecross the liquid l-ayer" For the experi:nent,al cìetermination of the

j"hermal conductivity of sol-ids, the quantity K can be obtained from
-pe

a suitable ini:egrat,ed form of equation (IV"e)-U¡í"n"asuring the iempe-

rature in ihe sample as a funciion of posiLion and of tjme diring the

period prior to Lhe establishment of the steady state. This method
r/,ô

r";as app1ie,l to 1-iquids b)' Soonp.lai{a*- but, the resufts were not encou-

. l¿',.ó t+q,55 ,56 oWg ,LjOraging-"- " l,iost widely used,- non-steady state methoCs

for rneasuring the lhermal conductivity of liquids are based on a

neasurement of the raie at which heat is lost from a thin metatl-ic

fil-an''enù i:nmersed in the tesi; Iiquid.

Equation (lV,3) :-s ttre one-djmensional form of Fourier¡s l-aw

of heat conduction, valid içhen T is a function of y, IL states that

the heat flo".,r by coni.uction is proporliorrel to the-Uernperature gradient"

In an isoiropic neCiu¡n in r,¡hich the temperatwe varies in all

ihree d.irections, an equation like (IV.l) can be wriiten for each of

the co-ordinate Cirections,
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o = - ÀA rJ!'
'-i"

A.tQj-

^ .- - T¿/r ì¡,i.¡!t-. v L'.Y -::*-- /ì \rvJ

- rtf, \ ñq_ 
= - Âê Ul

Çt !)

/¡r l.\o. o o e ø é o \¿v ortri

( rv. 5)

oca..o.. (rv"e¡

By an isot,ropic inedium it is meani that the coefficient K ln

equaiions (IV.4), (rv-"5) and (IV"6) has the same value in all three

direciions" The assumpLion of isotropy is satisfacLory for fluiCs and

for nosi honogeneoirs solids; the principat non-isoLropic maLerj-aIs are

singl-e non-cubic crystals and fibrous or la¡rinalecÌ solids.

The above rel¿itions are the compononLs of the single vector

equation:

q Ë - K¡-vT oooo6ê,e (rv"Z)

v¡hich is Lhe three-dinensionai forn of Fourier¡s law. IL s'bates that

the heaL frow vector q is propor|ional to the lemperature gradient VT

an,1 ìs opposit,e in direcLion"

Of a}-l- lhe various types of apparatuses used by lnvestigators,

Lhe more import,an'r, of these have been characteriøed by the s-t eady-siate

heai con'luciion across a thin layer of the test liquid" Various r"ypes

of nechanical designs have been used" The test liquiC has been enclosed.

betueeni;wo pararle.i- fl-at piates of tno concentric cylinders. Hiua"tIU-lI9

anC P,ich'bei' anC S"g*f09 seem to be the only investigators who have

successí¿lly adop|ed the concenLric-sphere cell for the ther¡uaI

conducti'rrit;' ouu"'orem.ents of liquiCs. The basic relallonships for

the steady staNe heat lransfer by conduciÍon through the above mentioned

geon:eNrical arrangemenLs are deveJoped"
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(a) S¿eacìl¡-Siaie iìea¿ irlo',¡ Throu;1h ;r. ii,anc l,all

For" rhe simpls case oí steaiy-s1,a¡e heal f-Lor,¡ through a plane

-r^râlJ-, thre tenper:at ure gre.dienL and -bhe heat fior,¡ do not vary l.riih tirne

ani Lhe cross-sectional area along '"he heat flow path is unifo::rn" The

basic Fourieris equat,ion (IV,l-) has aj-:'ead.y been staieC for a;o1ane

ê"rea, Ií the plane r,rall has a finite lengt,h tt1tt, then lhe variables in

equaì:ron (IV.I) can be separaì:eC and integraLed between the approp:.iate

-ri¡nüs to ¡risl¿ the fol-Ior+ing equr-Lion,

/mñ\\II' hoi cofd' o.cø.coe (rv"s¡

(b) å!g,ij¿Eg!e!.e He+!*[.]91¡ 1'hro+,qþ {__Holl-oi+ Cvlinder

"/- 
t

I
¡

r j s."*.( ¡)-

inay be rewriLLen in the following manner,Equation (fv"f¡

q
L

q_- -KAqr_
dr

i\
:"\,
! 'r \1

'¡ ...a0, '

i \ \\
i\! '|\
i-^N
lnt!l-:/ t

lrt I

I /^.
/!./\¡ .)f

a'/\"

oo.uo,o. (ru.ç)
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b¿.eed on fhe assurnl:iion iha'c i:he tempera-bure at any point i¡ lht hollc''..r

cylincer can be exoressec as a function of ihe radius only" Thus iso-.-

Lhei'ras, oi' lines of consianL temperature, are concenNric ci-rcles lying

btllween ihe inner en{ ou'ùer c)r-L-;nder bounCayies"

If the cyl indei' is hornogeneous and suÍficienLly long Lhat

enC effec'cs inay be neglec'Ued and the innez'surface iernperature ís main-

laineC consiani ai T1 -v¡hile ihe ouNer su:'íace ternperaLure is n'raintained

unifornly at Tsr Lhe raLe of heat conduc'cion is as in equation (W "9) z

where fl is the temperatu:"e gradient in Lhe radial direction" For a
^.¡

cylinCer of finiie lengihrtl'¡, ihe variabl-es in equation (IV"9) can be

separ"aied ar¡ì then inlegrated belv¡een the appropriaLe linits to yield

'uhe f otloliing equalion"

õqÌ-, lñ n \Ê, l'.r!\_\ri,- L-o) eoðôcooo (rv.ro)In r û
;
'i

(c) åtqaity*Siate ijeat Fl-or.r Through a Spherigal Shel-l
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Coniuciion lhrough a sphericai shell i-s also a one-di'nensional

sì;eady-st,ai;e p;'oblen if the in'r,er"ior" anC. eri;erior surface lemp,eratures are

uniforrn and consbant" Equalion(w,9) c¿n be ¡,.¡rii;ùen in the f c1J-owing

f orn:

q = - Ii (4r*2) ar
dr

The varj-abies in the above equaLion can

j-ntegrated betvseen the appropriate limit,s to yield

e qua'i ion;

oeoooôcc (¡¡"II)

be separated and then

the foÌlowing

4-;r ri ( rv "12)
-o -l-

¡ls already rnentioneo ihe heat f-ransfer.by convection and

radiaiion in a therinal conCuei;ivity ce}l must, be avoided" In most

.ihei:rnal- concLuciivity n'Leasure¡lents for riquicls, snalJ- tenperatu.re dj-ffe-

rÈnces are enployed between the fhoLl and ¡ccidt cytinders, Also most

J.iqui,J.s are opaque to infra-reC radiation and, consequently, heaL transfer

by radiation in liquicls can be ignored"

lieai tr:ansfe:: by natura,I conveclion i-n a thermai conductivily

ceì1 l'ril-l be significant u:rless precautions are iaken to avoid convec-

lion, In a cell- v¡here the liqu:C is encl-osecl between tv¡o horizontal

p}.r',es, the natural convecbion currents in the Iiqul-d wil-l be kepL to

e mi-ni:rlurx iJ the heal flows from the upper to the lower plate"

In & parail-e}-piate ceil- v¡here the lovrer p1at,e 1s hot,ter

ihan l,he tipper plate, convection curi'ents rvi1l noL conmence until the

product -of Grashof number (based. on disl,ance and tenperature difference
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bel',.;eeir the plal;es) anC Pranitl number (Rayieigh i'lodulus) reaches about
1.1,,"i'Ì¡11 r'7'^^¡'¿his vaLue of j;he ÌlroCucL of Grashof and FranCtl numbers¿lVV o r!I¡ei:

'ìs reache.1 rCell-ular noti-onr, f irsi siud-ìed. experil.enNal-Ly by Bénard

in l9C0¡ cier¡el-cÐs Ín the liquid, This florr pa|i;ern is shci,;¡n in the
1r /^

foll-o',ring diagram.*'Th" J-iquicì in the inieríor of these cells moves

DEVEL0FÌ';ü'I\T 0F 9CBLLULAR ì,{OTION! 0N A FIAT FLATE

Ðig.(¿)
in an up,;iarC direction and returns dor'¡nward near the boundaries of the

neighbo:"ilig cell" The t cel-lular not icnl remains uncharrgeC ti1l, a value

of the pi"oduct of Grasi:¡of ani PrandLl numbers of abouL I+7,OCO is reached

r",hsn ii ciranges Lo irregurar turbulur'r""1'4 " R"ytuig*O8, in 191ó,

theore'Lically calcula-red the }o',,¡er criLical- Reynolds number a.t whích

!cellular mobiont eornmences ânde consequently, the product of C'rashof

and PrandLl rrunbers is cal.leC Rayleighrs Vioclulus,

T¡Ihen the liquid. Ia¡'er is containecl betv¡een tv¡o horizontal-

concentric c¡rlin¿""", 0cellu1ar notion¡ or convective currents do noL

cotrmence if the va-Lue C Rayleighrs nodulus is below 1000 and this

val-ue of iìayieights modulus can also be ùaken as a li'nit for the

LTQUID

il
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appåì.i"elus r,{her-e ihe }iquid is ccniaire.i bei;ween t:*o ve:"tical- concenLric
tl6 L.L,-c;rli¡,fs¡s*-" Eclcer-L--' siai:es r;hal, in a therr¡al coniuctivity neasuring

appar:alus ,iilËr"e tne liquiJ. is contained bet'..;een t.n'o vertical walls, the

hea.'c iransfer takes place b;.' 1.ure conCuction f ,

Nc" { 124 (äpr)-t ( # + tr'ì\/ i,/¡\ øc.øoeoø (ïv"13)
¿L 

¿L/\Dle.l øc.ooeoc

T,rl¡,>r¡,¡ "

,b* : Gr"a.sÌrof nu,nber

1þ,. .ï Prandil number

L : Layer height

b = Laye::' iili clmess

He .further siai:es that near. the Ior,,er and upper ends cf the

r.rall-s the'Lemperaiure drop across ihe layer is non-Iinear over a height

ai eacir end equai i;o ihe la;rs¡ Lhiclcress" This situation can be avoided

by pt'oviding guar"d heafers a.'b each enC aird by rnaking Lhe height of the

r+alls considerably greai;er than ì:he l-!o¡:id layer thickness"

2. Cel-I Forns E¡nployed By Other InvesL-igatotg

The forms of cell-s, baseC on the geonelrical configurations

al-reaây discussed, whi-eh have been ernployed b;' other invesiigators can

be briefly sumrneC up as foll-orvs:

(a) ¡ Drsc i'l¿pe Cell-

:l Cisc type ce1-l consists of a lhin layer of liquid between

0.01 i¡ch t,o 0.20 inch thicit, encJ-csed bei;ween tr.¡o parallel plabes. Ihu

upper plate is usually the heaied plate v¡hile the bottom plate is cooled"

Ë À-8BFÐ.å @v ì

\fu=tàpl
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Heaiing is acccrilplisheci eiì:he:: eleci:ri cal1y or by circulatin¿; r.o'L water

o,¡er |he i:op piaLe. Thernocoupr"cs are enp]-oyed for ienperaNu.re neasure-

inents ,

( o) ¡. Co:c,nii' j-c C iil.-.ie :: C -,:1.

The concentric cylinder appa::aLus util-izes t,he a¡nular space

*-o encl-ose tÌle test liquid. Heat is supplied by a resisiance heater at

the cenlei" oÍ'ihe insÍde cylinCer, usually called the emi'r,ter" The ap-

paraius is usuaÌIy enclosed j-n a steeJ- cyi-inder and irnmersed in a con-

s*uênt teniperaiure bath, Te;eperature meesurenen'Ls are usuarfy made r*ith

'uhernocotipl-es . The llqul,t f il:¡r t,hickness ve,¡ries from approximately

0"01-5 inch to 0,1-00 inch. The rugged consf,mc'cion of thjs apparatus makes

i-'b reaiiiþ ada-plable for high pressui:e rneasu;'ements.

/\(c) ¡- Hct,*,'Iire Cel-I

-;""tt"t 
ahei:i'nai concuclivity cerl v¡hich may be consid.ered a

r:odiicaiion of the concentric cylinder ap;caraNus is the hoL-r,,rire type

cel-l-" I'b consisNs essenNially of a vrire affixed co-axialJ-y in a cylin-

i.ricai- Lr:.be, of eiiher FJrrex or a metaJ" The cell is placed in a con-

stan-t, te:,:perature ba|h" The f ilamen| or the l.¡ire used is usuatly

platinurn or iungsten an,C heating is acconplisheC. by applyi.:rg a voltage

to the vrire and Nhe wire serves both as a'heater and a resi-stance

ihermometer'. The f il_m thicisress is usually betr,¡een 0"04 inch to 0,20

inch,
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(¿) + 9e-gçry{rq ,S.pþgie_gg.1}
il-ó- iiS ì /rc)

H.ieder & i.ici:-ce:: & Sage*"'seeït'- to be üre on-Ly invesiigators

',^iho erriplo;red a sphei:e for i:he ihe::mal conductivity measurements of liquids"

F,ieiÌe}Îs cell r¡¡as a coppeï" si:he::e enclosed in a copper block giving an

al-l- round clearance of O,0395 inches" P1ati:rum resistance 'r,her'¡noneters

rr'ei"e used lo ineasure the iempei'aiu:'e ciose to ihe liquiC metal- interface"

(e) Oti¡gr C,eil For.rns

Sonie oÍ the less :-':iporLant apparatuses are i;he thick fil¡r and

the unsieady-state designs" The thic]c fil'n rnethod utilizes a relatively
la¡'Ee iilü 'r,hi-ckness r¡hich varies frcrt O"L,'/i inch to 7 i¡ches. This

nethcü i:equires a large 'Lemperature drop across the liquid layer anC i¡l

soae )leil-iorls reaches U5o¡-, The accuraey of these apparatuses are depen-

dani upon careful tr,her"¡nal guarding and. to jrrsure no heat losses, Cor-

rections for heat transfer by radia'bion and conveciion across the liquid

iayer are also necessary for" r'eliable bhermal conduct-i-vity values" In

nan;,/ cas()s'i:hese nequire¡iienis r,¡ere not rneL by the investigators uslLng

these ap'paraiuses "

IJirstea,Cy-stete nelhcds have been r¡seri Ly sorne recent investi-

gators" These methoiÌs are characie::ized by disconti-nuous heat transfer

across the liquä layer. 'Ihc thermaJ- conducLivity is calcul¿ted by as-

suuing cei"iain boundary eondiiions and integraiing the differential

equati-on oí Fouri-er,

E:;pei'imenial deter¡nina*urons of 'bhe lherrnal- conductivity of

Íluids can be made v¡it,h the aj;i of re'ìaLive or absolu'ce method"tó3co**on
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¡:re-:'equisi-Les foi: al'l absoluie delerilinaLrons axe 'íhe accurate knowledge

of cerraln c\zrac'ieristic oinerrsioirs of the conductivi';y celr and the

absence of nctersorbhy heai iosses or 6ains from or to the ceil. The

fac'bors '¿o be c ons i,:ìer-ed ai"e, 'ch: ief ore:

(a) Accuracy of neasur"einent of tire physicai djmensions of the

apparatus.

(A) nccuracy oí rleasuremeni,s of temperatures ard temperature

drops "

(c) Accuracy oi nreasutrenent of heat, fl_or,¡,

(a) Iìeai l-osses by convec'¿j-on and radiation arC corrections

t,c be l:låde,

(e) Reproduci'oil-ify of resulù s.

!1igh precision is required in Lhe fabrication and in the as-

seirbl;' of corrd.uctiviiy cells for absol-ute detern'ri-nations and in many in-
si;ances;l.te i"esulting hi$ cost of the equipnenL cannot, be justi-fied fon

cieteri:linat,iorrs of a routine character requiring Iess accuracy. Hence

arJ;raratusers of a sinpler design and greaùer ease and higher speed of

opera|ion have often been used in the pasL in which deterrrrj¡ation were

naCe r-el-ative lo anoLher fl-uid v¡.ith an establ-ished thermal conductivity.

The accuracy of such measurenents depends therefore in the fjrst place

on the rel-iabirity of t,he l,al-ues of Lhe caJ-ibrat,ion fLuid.,

i'/ith the excep'Lion of sever"al substances v¡hose thermal con-

cuc'bivity has been well estabtished in Lhe gaseous state, Lhere is,
-LiouicJ ã,'¡ater excluded, no oLhei- substance r';hose thermal conCucLivity is

suffici-enily accurai.ely icorrn over a l.ride range of temperature in order
163ùo ::ecomi:iend ü as a ca.l-ibi.at,j-on or a conùr"ol fl"uid"- A sLudy of the rele-
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verii iiieí.aiure sholrs -;hai djscrepancies of up -"o 3A,1, beiween diiferent

?ioï'l{,eltsr val-ues fo:: a cerLain substance are by no ¡fìeans a rarlLy.

For" purely scienijr-fic purposes Lhe .Ioul-e is used as the energr

u.nir since'i,he hea'b ilow in sieady slaLe processes is usuall¡r measured

el-eciricaily, lengih is ineasurei in cenÙineters, tine in seccnds and

ie-rnp'e::aiure in degrees ceniigrade" This gives the unlts of thermal

co'r'cìuc;ivity as Joul-es ' C^/ (Sec)(crn)2(oc) .

rn engineexíngu i;he Bri'¿ish The::rnal llnir is used as the

energ! unit, 1;he lengbh is rneasu-¡'ed in feet, tjme in hours, and tenperature

irr C.cgr.ees Fahrenheit" This leads to the units of thermaf conductiviLy

¿s Biu*Frl(sr) (rt2) (op ) or etV(i¡r) (pt) (or') 
"
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As this r,roÌ.Ìcs nai-ks 
"he 

beginnlng of i;he progr"enne on an an-

vcs'lig¡lion oî rneihods suiLable for the abso}r¿e rneasurenen¿s cf +.he

therrnai ccnauci-iviiy oí liquids, zt!'Lhe necessary equipnen-r, had firsl

io be ciesigned anC builr before any Lesis could be períormei" In all,

t..¡o cells suir:able for Lhe 'bhern¿I conductivity neasurer.rents, a constant

+-cnpe:.aiu-r.e oil bath, an orr-oíf Lype and a lhernisNcr-type Nempera'r,ure

cont::ollers, anC a clevice suitable for i+elCing sinail diameLer therno-

couple r¡irese tr.r,ei'e oesigned.. The design deNail-s of tlre equipmenl actually

ernpls-,rs.-l ío:: ihe J-nves"uigalions reported in the Nhesis are orrtlined in

'bhis section .ç.¡hil-e '¿he cleiails of the re¡aaining equipnenL are given in

Àppe¡c:-x IIl" The Cesigns cf the hoL-r.¡ire cell, Lhe consLani LerLperalure

oil f:,¿t,h an<1 Lhe on-oÍf lype ierrrperalure controlleï' ei'e descri-bed in this

pa::1,, Appendir.- III contains cornpJ-ete design details of the corrcenNric

cylin.ie¡. cell, lhe thermistor:-Lype Lemi:erature control-Ier and t'he device

suii;able for v¡el'ditrg sr'aIl dia¡neter therrnocoupJ-e r'rires"

l. The Ho',,r',íire Cerl

in a:iy ceil lo be err^rpioyed -fcn the sieady stale rneasurements

of the thernal conductivity of liquids, heat transfer by convection should

be el-j-:irinaterl" The }iquid. l-ayer should not be made so thick that large

ienpera.Lui'e di-fferences are necessary Lo Nransfer heat, rieither should

the l-a;.er be maCe so Nhin Lhai, iis 'uhickness caru:ot be measurecl accurately.

A builqf and an unnecesseriiy large cell shoulci be avoided in order lo
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el:¡rrin¿te ic.rg i:eriods of tire 'bhai ¡nå.y be required by tiie cell "bo at't,ajin

siead;z s*¿¿rte. One 'cype of cell r"Ihich neets these requi::eEents is a hoN-

wire ce-lì r¡hich in íac'L is a modlficaNi-on oí the concenNric cy3-inder type.

The hoi-r,¡ire technique i,¡es Íi:rsi useC by Goldschaiat5T and,

rror-e recenì:ly rer,"ised. t:y l{u'bc::ingon6ó, C*"il- anC Ì'íunch% '27 .nð'
1 -/Ian

l,Iate:.m¿n-'-" HuNchÍnson uijiized a singJ-e tube, rvith no compensati-on for

enl lossers, containing a coi'ìed hoN-v¡ire filanent" This fact'o in conjunc-

iicrr \.Íi'¿h ihe laci< of correci,ion for end effects made absoiu';¿ l:isa5-u.i"enrents

3.:l¡rossi-b1e ar,C ü: r+es necessary íor HuLchinson to calibrate the cell against

knor.¡n s'Landards, Discrepancies anci unceriainiies exisi:ing in the literaturet

howeve¡', räake i;he choice of suitable calibration liquids diíficuit,

A irighJ-y refjnecÌ mod.iíicaì:ion of ihe hoL-v¡ire n'ethcd has been

used in this research" A ho1,-v;ire ceII, shctr'n in Fig. I, was designed

to elirlj-ne.j;e end effects uirich existed. in tiutchinsonts apparai.t.u66. The

cerl ís a nodifical,ion of !Ìu'¿chinson¡s apparatus and incorporates the

meihcC useC þ Gold.schr.ridL5T , and., consists of Lr^o units i-dentical- in

all r"espects excepL lengÌ;h. One half of coil B sj¡iulates an equivalent

-ìength in the uppeq part of Coil A, v¡hile ì:he oLher half of colI B

sj-mulal,es an equivalent lengirh in the l-o'¡¡er parL of coi] A" Thus povrer

consunp'rion and losses in the end sections are identicaL if the same

eurrenL is passed. through both units, The end losses from Nhe t,est section

can, therefore, be cornpensat,ed for el-ecLrically, and the polrer and resis-

tance of i,he test sectj-on obtained easily. The coiled filaments are made

frcm O"OC34 inch diameter tungsben r,rire, and accurately centered in the
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'L-l rce 'ir:l^:-c

The íi-l-li:i3 '-..rbe 
-r-"oüi'-ùd.es through ihe cenLra'l cir"cu.Le.r ba¿h

crver ,: disi¿nse oÍ ebou.¿ 6"5 lnches" j',t, thÍs poi-nt a speciei l:emovable

ccn:1ccic: is at,'¿achecl to the ii-i l-ing .¿t-',be. Thls connec¿r,or" consiË'bs

b¿:sicaliJ'of a fiillng cui: and a pressure attaci'u¡eni: v¡hieh enab-les'che

iiquid j-n ihe cell to be pressurized, i-f so desi:'ed" The hoL-.rire cell,

wi1"h íhe centre -line of ùhe ùest secNion in line wi+"h the ve¡'t,ical

c2,L¿,'¿ li;re of '¿he consLari i;enperei,u]'e balir, is held in place i:y a

specii.ì c'lar,lp" This speci ¿-l s]¿ìnp is a'r,t¿cheC to a vei-'¿ical, thr.eaded,

he:ia;-ro-ral b:'ass blr" '13 3/8 :-tc:es J-ong uhich is screued in'co'i;he under

^{^1^ ^." -:1..^ l^^.!LÐ:iE va u!:J u;!uI: COVeI".

The ce] I -r¡as'¿es'Lecl under hi-gh vacu'.:m to fÍnd any l-eaks but

none üer"e l-oca.'bec" The gJ-ass 
"¡o::I< 

in Lhe manufacturiirg of Lhe ceil was

carried ou-i, by 'i:he Che:mistry Departnenb, University of l"ianiLoba,

If p;'oper'þ useiÌ, 'chis ce-Ll- is c¿pable of providing accurate

da'La and since Ni:e Lerripei:atu::e of ihe s'úrrounding baNh deternines the

maxinu,:n cperaii.ng temperai;ur"e, the eq¿ipnent can easily be used to deter-

ni¡e thc thermal conducLivity oÍ any i-iquid. l*rithin a iemperature range

af -3OC to 10OO%', as long as the tiquid is compa'cible with glass anC

tungsten,

The celi is i:rexpensive anC relalively easy to manufacture"

It uses s'nrall cuantities of besi; liquids and can be used for liquids

r*hich rr'ould nornai-l.y a|tack metals
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!fic .i.<:i.,.\-5
¡r!:e qvvJ:¡rv

,\1n 1¡r :tqÕ^l

I inli,ì¿' c*
¿JeujsJ çv

t¡,"ii¡cier Ceti

À eonceniric cyi inder cell '¿o be used

d end ihe Cesign deiails n.re gi!"en in
.1^-^ r r-^ 

^'-^ ^ì: O; u jl; ¿..JSù r'L:-i- --l;l*---l*.';:;..1.1;U Oi ìlne

high teriperât'iLrec and pi.essur"eso

ì n subsequen'it iri.¡esiigations

Appendix ïII" ThÍs cell

Nhermal- conducLivity cf

l_o Tþç .Ç,qf-:-yen'ú Tq+pq{glure

The i-i:porianee of pr'oviciÍng a constant tenperaiur"e heat sink

for the prcper funcNi-oning of the tesù eell-s \'res fuily realized at ihe

begi¡ni'.:'- of -i;he preseni pr.ogrejntre" Ìrjo sui,cabie ec¡uipnent l,¡it,h the desired

'be¡ttlle:"aiure con'¿r'ol i,¡as a-,,aiiab'l e corûireicizily and it, lhus becarli.e necessary

io design : suiÌrabl-e baih anC a 'oenpera'bure control system, A molten salt

6'n ¿ -iiq¿:'-e netal bath appeâT'ed'bo be an unnecessary conplicaLion due to

ihe design ienperai:ure ra:rge f ro:ü rocni ternperatur.e t,o about BOOo.?. A

';e:lpe:'ing ol: â sil-icon oii i.d-th e high flash poini r¡oulcì cover the tempe-

ra'¿ure i"ange by slightly pressurizing i"he baih medium, anC Nhe design

;:i:oblen w¿LS consequen*rly reduceri'co that of Lemperature controL and, an

even'cernp<;rature disÍrr j-bu"u ì on 
"

For i;esis to be niede ai: roon Leuperal"ure, a bucket of water,

sij-:'reci bJ'hand r'rriLh a good sized v¡ooi.en paddle, is an excellent constant

iernpei"eLure si-nkrhardly to be sur"passed es concerns accurecy abtainable

by t,ìre nos1: elaborai:e mechanisirr5 'Lo5, !'or the envisaged t est temperature

t'¿nger ho:;evero a eonstani; temperature oij- baih r'¡as ¿esigned to opera|e

áû o; rrr¿rir-jriuiii. ue!ì'oer"aiure oí a'cout SCOA- a:rd a i-iìexj-r¿ì.u¡i pressure of 150 psig,

The l¡a'¿l: consisNe essen|iels], of three ecui-length tubes, held side-by-
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side, loc¿.'bed in a p::essui-e vessel at a. di sNance o'Í E inches fron the open

enC an: ).'/j incLes f ::om Lhe ì:ase of fire r¡essei. îL3" 2, sho-rrs the front

a'cC enÕ, seci:ioned. vie'.is oÍ ihe baLi:" a ol¿n i¡ier.; oÍ' ihe cove:: plates,

-.^; ;--.- jì^ 
^t-',i1:!i, usrclr-:e ui 'LÌie ni¿iir'one he ai jrag 

":|ar,ura¿ 
s end. the sl{e leioi'i usec to

i1tí'zy!c:e'íl':e ba'LÌ: heabei"s" Fig" 3, sho',,+s lhe detaj-]s of thc s-íi-r"rer

shaft seal-s, the bear-,::gs anc Nhe hous'ing forbhe stirrer"s, anc, an iso-

inet,i:Íc vieu of the pressì.ìre vessel anC the cover pia,r,es" Fig" l:., sho',,rs

. i -- ; -r-^il^ ^¡ -'-'^,u--, ----,-.,,. q.-1 u;ù!l 'il9U¡il-l-S Oi Llle il,'..-..-,__,' .r...J¿\;ù

anc Pro';i:les air iie¡nizec lisi; oÍ the cc::ponenls used. Fig" 5, shcrnrs a

scìl.en¡-i;ic,iiag¡an of i;i:e nealers, and, iheir colinections, for j:he consLant

;eni:eraiu:'e l:atÌr"

The cen.l-,ral Lu'oe is.[he coni¿in,er for the hoi-wire anC the

co:lc=niric c;zll¡t¿ur cel-ls in ihe verticaì posi'cion" This con'uainer is a

l-C inch st,anC¿'.rC pipe open ai boLh ends, ani having a length of 15i inches,

l";c l¡ ircÌ:es ciiacre'L':ï" pipes, open at, boih ends, and, of ihe sa¡e length

anci n:aieria--ì as fhe l-O inches d.iai:'reler" pipe, are rigidl.y fixed on eiiher

sìde oí the ceniral tube. Eaeh of these tr¡o tubes contains a siirrer
and. a sei oí heal:ers, The concentric cy3-inder cell can be positioned

horiøon-baily in Lhe space be-l,ween the t':¡o s*rjrrers at lhe Lop of the three

;ubes

The heai;ed. ba'bh mediurn is mj:çeC by i:vro moLor driven scre'd

propel'lers" Tìre propell-ers are bel-t-'driven q¡ a 3/+ horse polrer a,c" notor

and. rotaLe ai abcri! 950 lì"F,i'f . A set of 'oaih heaters is located. above

eecll s'1,*rrei", ani the i'oi;a'Lìon of propel-ters is such that the bath nediurn

Íirst pesses overbhe heaNing el-enenNs before passing'ihrough bLre screv¡
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-j1'^"- i¡ì^'; L')jcJ:".-:r ì:ci;ic;,r cl .,ii'r'¡:'tu'¡¿'; r:loj;ic'leS:lkin3"_J: V:JJ::U- Je -::C UUUI:Ì Ui .,L-j I U:

Oui-de vÊ,i-t<; s are lccaiecì ai üi¡e coïners be'l o',r ihe siir"r'ei' -bubes ic pre-

VliIli./ -ilì1 u-gaJ Jr-

ì:¿in -,-"as fi:.';ber" ilr:;..;d b;r or,:;rlt::¿ c-Í'ih: s¡races'oe'L-,¡een -"he centxal

e.i:,j. t,he sii:"ier. 'Lubes io pl"cviCe a. deail. air. space to pr"even'c radial- heal

tr"ansfei: Íi'oil ihe heating eic:irenis to the neciiuni in the centr"ai rube"

iech seL of b:ih heal;ei's consists of tr+o separaiely connected

;iOO,;iail:, he¡:.ie¡'s ail'i a 2 hj-lor.,.¿i;'¿ he¿le::, Tha lhree heaLeys of one sei

ír.;"ú c,l:ri:€:;ei ::: seriss'bo r,i:e co;'rl;SÐc::line heeiers of Lhe oi,he: sev"

!'riis ar;.., jlJe..1:ru essen-bìa-i 1;'pl"oviì.es ihe b¿th l+äh one d kiio.^'aii, and
i

.r.-.- 4A^. _._.:.1 ì^^-.-r_._.-^ À h-ì-,^.! iighir i,fåS i¡reol:pOraied in Lhe CirCUit Ofi¡l.i-; .:Ur-,i .ic-t tr !¿çaLü--Þo r- O:.:-Uu -

eacir se'¿ of heatet's to indac¿iie,.,Íhen t,he heaters ?-Jei',::, or'r" The heating

..:j-1 ,Jiier.õs are ineC"e f:"on b¿re nichron':.e';ri-re and- arranged in tt+o six inches

lons ire:r,er skel-t:tons shoi.¡n in fig. 2, This figui'e also provicies other

pertiüen-c details of i;he hea'terso

Tv;o :n-iner:a] oits r..:ret'e seiec-Lei. e.s the heating media. For the

iesL:':;nge fron roon'l,einìce:"ai:ure^bo aboui:250of a light transforner oil

r¡íå3 usrli., r.rÌ'l-ì1-e íor i:he tes't i"ange frcn 250c,ç to 6OCoF a hea'ry benpering

,lil l,r¿s usel" The p::operi:'1es end the naaes of the suppliers of the two

oi-l-s . ar'e girren be'l slr ¡

(u) Transf o:rer Oil- * VoI'b Esso l!.

I iash Poin'b 3 290cli- 
"

rJl5seeii;r z 5S(iOO%') to 3l+(210h) Sa¡rþe1¿

Un:LversaI"

Specií i c GraviL;' , õ. F ¡ ì\ 1
c ))o) l"-ct oJ-o



É.-1

(b) Teirip:i:i-n.r 0il \îo" lrC

F ie'sir i:o inÙ

\r -: ^ ^-. ^ i.! --V ¿ùUUD:v/

SpeciÍ-i c Gr':v'l;)¡

Specrfic heat

J U}-.-'J:çr

,'^o-

Iiii

l. ,^, ilrr,r.-'o./¡*rÈ::v ¿./ :tv úil v.;L

l-CO V e'(, 60 cycles 100oC .- -l-)¿

Trnper"ì aI 0il R,efinery, tlinnipeg,

¿^^C- /,.. \OjU ¡ (r'ianJ

Lä5 - 550 s.u.s"(eroor)

!) ")

0.4 (ep!:'ox")

E"F" Houghi.on & Co", 100 Symes R,oad,

Toron'bo 9r OnNar'1o.

-l -.' -. i ^ -ì 'r'ii v;- _ v+iu

Cc,'}o:r R::srcluc i,

D iel ec'Lr"i c S'"reng;Ìr

In'¿ e::Í¿ci-al Tension

?c-r,.ci" "ir¿c'Lo:"

Qr=rr'.^ì i.:.r.p uiJirr:-^

Teni:er'Í;eg oii lilo. lliO is å viscous oi}" green-bl¿ek j:r colour"

Tiic oi-t is suiie¡ble for ron"Linlicus us€ el tenperatures up to abcub 35AoF,

bui cen'ce used ir sho::t-ter';,r i:ests at tenperaiures up No iis flash poin'u.

The b.:ih tenperaiure I'ras conirollect to f O"OC2eF Uy ihe method.

to be d.escribed i¡'¿he seciion dea]ing -,rith tne experinenNal procedure.

The bai;h Lernper¿rbur"e r'rasmonitored by tr,ro caiibrated rnovable

i;i-:crüloccu;:le proìres, Iocar:ed ln the l:a;h as shor'¡n in Fig, 2. The therno-

coupi€s consisi ol ircn and consianùan ccnduci,ors insulated r.rith asbestos

anci fìbei"gJ-ass" The caribraii-on g::aphs for these Lhennocouples are given

Jrj, -ra iJlij:j!ì;i- -!- o

The bafh has 'been conpl-eteþ insula-þed t,o prevent heai loss
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::'¿:.roi':i::s:11; shoulii i'eil&ÌÍS on ine Ì:iiÌi becoí1s íleccss:ì.rl¡"

.l'-.i: ¡,n:rtr¡rq.! 'l ;:.--^: i.".r'.r.Á:-.. trr'-_r ic n¡i ¡,lrf ir c:r-ii-¡l¡1.: la¡.- 'Fh.r
--I-(ì Vç:lrjUA:iU V¿.:^& -GUË¡ v Ua.U:: :i :.vr vr¡:Jr JuluLv-v ¿v^

3'¿e::i.i¡-5te'ùe ih3i'inr.-l con3.iì.c¿¡-vit)' el:per:-ien-Ls bui a tso Ídeai foi' ac-

cliraie calibi"aiion of lhei'¡lcco'J.Ðies and thei"::lcne-bers, e::C, ar:J'other

ueseårcll ldoiî!: requiriig e eonsNän¿ iel'npe::atui'e enl,rj rcnrnent.

Åi qu:--be e.n eâi'Iir si;ete oÍ ihe jl¿"csent prograr¡rne on lhe s'¿e:dy

*slaie ireasrìïeire::is of 'ohe 'lhc:::rai conductivüy of l-iquids, it beca"ne

apÞareli tiret a ver;r ssnsi¡i.¿e ',,enpe::a'Lu"T'e ccn'Lroller r,'¡as re,ìriireci No

rontrol- Ì;he baih i;eraperaiure oÍ a'L leas'U i O,OClu¡'" Tiris magnitude of

-benper.¿iur"e corrircl- i-s essen'¿j¿i f or :rhe rneasured '¿hernal conducLivi-ty

v,ålues i;o be sufficientr;r eccur"¿ie foi" 'i;he envisaged srnaÌl- tueÍrperature

d|Í'Te::erice åcross the 'bes'b t-iquid iayei:" The ciegree of temperature con-

':- 
^^ì 

.:'' '! l^a ..¡¡r-û¡v-L ua ur¡s uurr-;*\¡ani, t,enrpez'aii:.re bai;h is ¡xoË"e cri'bieal Lhan inLicated in
Ã/.

íh.e -i !'i:er"aiure, For insùance, ir:it,ial- e:rpl-craiory 1'iork/? in U"S"A"

sì:o'v¡ed i;hai ci:'ifi;s of C"COicF pe:: rn{nuLe could proCuce a 50 per ceni

euuor in il:e therual coniuctivity rneasui'ernents. Hor,rever, cycling on

¿he oi'der of i O"OI-ÕF r,¡iil: a pe::icd of a few seconds did noL affecl the

i'eas'Jreíîe3"u 5 ar:rÐie C i¿bi-y,

A conn] ete revj-cÌl: of fhe e:{¡erj.:i'enNal r"¡ork of the leadi:.lg re-

seaicilei.s in ihe field oí lhei:nal conCucti*¡iiy r,¡as carrþd out'ûo as-

cey+-ary:. ihe 'l;rpes of ienipera';ui"e conirciler"s e,:rpl-oyed and the degree



ÃÕ

ci ir,i:ir.Jr';!-a'¿ïû ccnrù:'ol a¿';a:] nci, :riosL oi ¿ne ¿u¿hoi"s ci c nc'L s 2zc!î'¡ L':'z

coriti:ol -r i:,rl;s åi:iain,3í], cn ;ì:e ccnei¿:-l'L -'iei:^ine::a¿u¡'e baih or îurl:€:"ce, anà,

:':,:t-':::t:i':ll::;','J-'7 i:,,co.;l::,';1::::i;:,-:l:,:t1y e;eii-ng'bh¿i-Lrc balh

';¿:lìt3r-::;r'i".C ;igs Cct^rl]I"oì,reC. clc:,:iy enoil¿ir Sc tliaij iiS snall CyCling haC

:::.o ¡:Í'ícCi clr the Ì,e::¡erai'-L¡'e d¡'o: ¿c-"c=s'Lhe tes'; secticn. Sone aui:hOrS

did s¡aie i;he nagniiude oÍ ;r-e r;enperairrre con'bro] aLiaineo, I-lo'rever,

tlone reìiiì-r3ei'Lo coei,i'ol- Ì;he b¿:ih or furne.ce tentpera'cure to beì;ter than

: uoui-.* ,

I"ihen ihc l-iì,e¡"a-ci:i"e sear"ch in loca'Li:rg a suilabie 'r,enperaLur"e

cc::'¿¿-..c-,;-ei t--r.cve,i. io be fyui'¿i,;;s, i¿'.;as deCiCed to eontaei:, bhe l-eading

r.:.nlli¡:c-;ï:r'e¡'s cí'Lhis liind cf'equi;cieenb" Ï't, liàs surpT'ì-sing Lo ciisco-,"er

.i.hci- .¿,4-,1^ ..1 'i-he e¡,-¡i"¡¡r¡ri ¡i 1rr rr,r¿if¿blr¡ eontroll ers 1{ere ceìoal¡l-e oful:;9 l:v-rv v- r v-Ë-L+j

eon¿¡.ol-Iing ihe ba'bh tenr¡:ei:at"dre bettei'than t 0;O2oFr ove:: the desired

r-iage, fci' a lc:t3 per"iocì." Soiae oÏí*on 'ùJ,rpe F.ercury Lhermoregulators

aîe ar.,¿il ,::l¡'i e ,,,¡c-lc n are caìlable oÍ ec¡:.!i"oiiing the ienperature to t O.OOSaf

.:j¡ 'l .':,7 r',..v;i.-ln-; i;e¡ilpgfatur'es, One of bhe inhel'ent faulils of off-on.x! ¿9:. .'vl -!-r¡ L 
_

tes:.nerelui.e ccn'';r:cllei's, ho',,rev'*r, is thai; progressive-ty lesS sa'uiSlacLOry

nerfo¡r:i:nce is o¡t¿ined. ¿s .;he desired. oi:erating iernperature difiers

nol:e !.fi(Ìeiy f:'ori the ani"oierrÙ ieinpei"ai:u::e"

å sirirle nercu'rl-Lhe:"-'noi'eguiaLor" I'ras one possÍble method to

con'¡¡.ol-'lhe 'Lerr;ce::'a'brre -Lo: O"lcF, ad i'õ vras obtained Lo allow the

fsniiiiliiz¿tlon ::uns to oi.oceed whiie a xtore accu::a'ce ternperature con-

,¿loi ecvering'L,he d.esire:l i+or"king i'ange r'ías developeo. the resu'lt l'ras a

*ì¡¡-=.risi;¡-¡r-.1-t¡nc .1,91¡¡oCî€i.bUfe COntj.Olie¡" -iO COn'rygl ''"enpefatu¡:eS tO atUI]ç::i!:J UV: VJ :JV
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-ie :s'b J- C,03)Ûl " A b;:-! ef ie s¿í'it¿-l ojl

g:-v,::rr ir -rhis scciion ad l-ppeni-{-: rr*

oi ¡oih cf Lhese con'b¡'oi-Lers i-s

i : ) r'._ .. t.'-.--n...-._,= ..,'c.....-..:ô,!,\.__:'l r.: r.¡\'-.' -:,*::-*--
.l-.r.. .-..r, ì, i.r.-. -. .. .-.; --.+ ,..-..ìr..j/.': i..4.: -ì.,-,-r¡ ,--.,...-1-.4.)- ì1y.a i.^

-; 0.:' j-i , ,-r co::: ji:l'.1;!o:1 ..'.':i tii " :'u-ì e,¡ " î,:e le3-url ato-' is esse,lirall;z a

ccniaci n¿i{ing 'ihe:::-tcne'tej: i'Jl--i,il e.n ed;ustabl-e r¿ng,J lrain -35oF to

-^^¡- -..-,^-i.!jr.--l'i.- ^.r 
-i - -r\-'lCC":r, :.:-ri:r,r ¿ se,lsj'L:v:'-¡n-oi - 0"l"lr. Ii consisls of a laige nercury

buii: ,;:i'¿,h .!", cz ca.pi-l la:-y t-r-ibe cr-wl:'L" The up;:e:: l:uìb serves as a

l,:se::'¡¡o:l-i ícr the 5'¡1"i: rus ì-i?i'cì^r'j¡. TLe i.le:cur:y rj-s::rg in t,he caltillaixr

s'ie:¡. co:r'l¿cis fir"s-i: one pia-Li::';in r¡ire:n,i lhen the second, thus co:n-ole-

trng t,he e-l-ect,¡:ical- ci-rc¿it -;¡ühcui: íjloÌÍenen-L of 'r,he eiectrodes

'l- l- ::,:r .r ,:. ì : ¡.¡ .,:
u::vl!J./-v v! o

À voi'íage oi'30 r¡oi'bs d"c, oï a i.irect cur¡'enL oí 3 i::ilii'a.r:i-

ileîeÐ j eciors ¿he in,ol.:t isrr¡¡i¡¿ls, wiii operai€ the rela¡'. The designed

::e'l z;r, s¡.c'.;:-r i:i Fi3" ó, su:r'::l ies i j0 vol-is e"e. t,o oi-re set of iwo 300

i.;aiL he::.ie:'s" A pilci ii-gl:1: incoipci"a'¿ei ir thjs óCC i'ratt hee'ber: sysien

ì-igh-Ls u.Ìr riihen i;he hea'i;eÍ"s ai'e on and goes oíi'r.¡hen no heat, is being

si:'r;rij-sj io the baih" The opcratic:r-r of the r"eiay is sl,raight fon"ard"

-tpp::c-:li-:'naiely 3C r¡ci'Ls Íror'n ihe llQ r¡elis ¿.¿, lj:re az"e supplied to the

inpui'i:erninars oí *ui:e i'el:.)- Ì"hrough a pcue:'siat and a simple recij-fier

Ì:::icge ci:"cuib" Befo're -rhe ¡'eci;ified voi-fage is supplied to the relay,

ho'..;e-r¡er', i'i. is passeC i;l-irough t'*o ó0 inicro-farad capacitors, co::nected

ì-n p.t;'all¿'ì , r..'n-ìch bioclr !lr;r s*O,rtlnposeC a"c,e anÌ, a choke, r,rnich has

e::esist.znce of l0 oÌins anC an'lnducLance of S lienries, io smoot,h ou*"

any rippie 'i:r iire ::ec'ilfied vc'ì Lege" é, C*Ç, \'oiruae'¿e: and a rnÍlliarunet,er
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are positioned. in the reiay circuit Lo check the voltage and Lhe Cirect

curreni being supplied to the relay. The relay has a resisLance of

I0Or000 oLrns with a current rating of 3"2 miLlianperes, d"c"

The relay is constructed such that v¡hen no curent is flowing

through the relay coi}, the ó00 watt heater contacLs remain ciosed,

and heat is supplied to the bath" l{hen the oil in the bathr has reached

the desired temperature, the rising mercury in the thermoreg'.tlator capil-

1ary conlacts the second platinum eleclrode, bhus completing the el-ectri-

c:il circuit and operatlng the reJ-ay" As soon as the electrical circuit

is coarpleterl, the main contacts to the 600 watt heater are opened and

no nore heat ls supplied to the bath tilI the temperature faits O.fl'

fron the set tenperature" The thermoregulator must be pre-set to the

'iesired control- temPerature.

(b) Design of the Therroistor-Tvpe Temperatlge Controller

An el-ectronic temperature controller incorporating a therrnistor

was design--d anC the details are given in Appendix iII" The consLrucLion

of the controLler cou1C not be completed in tj¡ne to make its use possible

in the reported, work. äowever test runs performed at a later date shovted

that tk¡e temperatures coul-d. be controfled to Ï O,CO5of with lhis conLro.Lfer.

The controller, howevor, can onþ be used within the range fron room

^ i-b
temperature to about óOOh as thermistors beco¡ne unreliable afLer 600"F o



5 " The Arc l,'lefding ApPar?tus-

The ther'¡nocouples selected to measure the temperature difference

across t,he liquid layer in the concentric cylJ-nder ceÌ'l rvere the ttCeramort

C.uplex conCuc|or type therrnocoupJ.es. The rrCeramorr bherrnocoupi-es consist

of two 0.C]0 inch dianeter wires of conpatible thermocouple mat,eriai con-

t,ained in a 0.040 inch diameter stainless steel sheath. The space between

ihe r'¡ires anC the sheath is packed rvith a ceranic cr inert rnetal oxide

insul-ation to insulate the wi¡es from each other and from the shealh.

The stainless sbeel sheath protects the thermocouples fron pre..sure and

chemicaÌ action of the liouids to be invesLigated.

A special apparatus for affect,ing the union between t,he wires

was necessary as convenLional fla¡ne welding rnethods are unsuitabl-e due

t,o the small size of the wires" The apperatus design and constructicn

deLaj-ls are given in Appendix III.



/t

Fi'icr i:o +;he te si :'uns '..i--;rl ;ll(: oi-,3ârj-c l-iquiCs, ri .,ra.s

î.lJ,cJÊ3ï,- 'Lo c:.--; i'nraie ihe -le sl sec'i:-cn oÍ iiie lioi--r.¡ire cei I ¡.::.:i Lile

'c::-¿i, r---.;-';:.;;iU,:,-:S , !O: 't,:¿ ¿;:.",--Í¡f ;ì-ile LiCLs!i:'Jil:lí¡'¡iì " The Cef:-b:'aiiOfrS

y,.,.t;ic Ð€r'icrrr¿.i. i;ith a pi'eci s-i on il "=.ii:t., l'¿si.siente 'Lhe rnioìîei,ei'¡ re -

cen'u-ì-y caij-br';iLed '- b;. -bne l'l;r-¿i o:l¿i Iìese ¿:.v'ch Counci 
-i 
, Ottatla "

It r,;as piann¡:d inüia--lj¡ to u:¿ calibraied 'cherr.ceoupl--es f or

lhe batl-: ierape-r"ature i":ee.s'Lr.í"e:l.,Jrr-Ls -in biie coììrse of the tesi ru.ns, During

,,äe ca-l-i-'¡r'¡,itåon tlins. ho-.Jcìrtr) .',, ,,!¿-s r"eeJ-lzed ihai i;he 'canperatui'es

cculcl no-L lce ne¿sn::ed. 'bc ;he desrr:ed âcc'ùracy l¡i1,h Lhernocouples, The

c¿'ìi'¡¡':r.'ied::esis-bance the::ncnc'ber',,íe-sj rci-jseoÈen'bl-y, used fo¡: al-L tem-

Fe ï+.\i.ye riìe¡lgi:j:eríle,-:'ís Cu::i ng ;i:e ¿esL ïuns "

The cal-jbraiions and the ba'Li: 'lenl:e¿"a''"ure at ¿ii the test

l,oi::ls we::e iclerä{neC lri'Lh a LeeCs and lio¡"t,hrup preeision, four'-lead,

¡riaiinuri resi slance ihernoneLex , nu;nbe,' 6L6) " Tire therrnometer r^¡as calþ
Lì i'

:i"c.';cit'-' bl, o-:: I'jailcnal- P,"eseårch Ccuncil s Ol'b¿wa, fro:rr -iB3oC to ó3OoC.

Ter-rri:e:laiu:"es corrtsponCing to ihe neasur-ed resistances of Lhe

òer we¡"e cc;ripu'l;rleci by using the i:teLhcCs given by Schvrab and

. For a LeatcÍ¿urre i¿:i3c ci OoC to 6óOoC, the NenperaLure

':y "!-= :rsis'::.::ce '¿lte-'nc,:re'ie!'c¿:t'se cal-culi.¡¿i to r+iLhj¡ i;he

i;hei"no;-rr¿
1^^

^ .. L)-
Ji:t-:ûll

n¿:Si,:ied
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ì:.-i;Ci3.-Cj-. c.' úL:' J:':--ûi: ) ':. ::- ,r:.:..-"; " J.:... -....::'--:J: C:i :. C¿lC;1.-'it:-:j

..-:Ji j..:, i'.--: sl::'- -': úc-.: :-ri..-: '-:- .-s c-,--.. '. c;si.l-' c 'ìi ':':r? '.c::'p,.::.;uÌ"c

...i,:'- L: c¡'-.:..t'::;:^ ¿o'...';l-1:: --Ù:l :- -;l:; :.¿';.'.:1. 'L;-.:-:e::i-¿'l:e- 1c:.:)c:.lLu:c

i'e ¡igii,'.lice pi-c-ís "..."::'c n.:lc l:"' c;..1 cul.::'l:r:.;, r.re¿ueÊ of rrR-rrr fo-i. rr.r-lr acs:].

i,c varicus 'Lc:irt::::a:ui'es ::i-¿h:-rr 'che 'Les'L :"angû fi"c:n '¿he fund.anenta-l

:',1::-i¿.-t : jC.. ;--:e ;.eS]¡'L:.nC3 -;ìr3:.,-.e-- .: -:. ì -. ! ( - - 2r
:U..-., u v:' , aa = ;¿C \ j- -,- --- t/ -i Þ l, J '

'i.t, sBt ¿¡rC tR_t al:e rui1e Lhe::ncineter" conc'beni;s detei'Ílined þ
( I ¡.-'/-)

c;¿*r i b:*i ic::' " Th¡g; ¿-re-lh¡ ..;ûr-e ì:s'rd tco esii-niaL e the -r, *:pera'cure

(:c-'- -:i:rJ::ii-r.'; "i.o tl:o Ìî.e asu¡"et re sis"ba,nce of 'f he ihe r",nc¡rreier, anci then

'Lh¿ ¿c-fu¿ù r,e.¡ii:elatu!"e r..i¡:5 c¿lcuì¿becÌ 'c¡. ru-:sli-Lu'cing '¿he estira¿-bed
1'1.2

r.feiue ir-;o ihc íci:':la --i ve;r ';7 Sci:1.;ab ¿:.ni Srii'';h"-'"
cì.:

.¡- ì-lue-i lel Tenperaiure !i-ìi3e ", j--i conji-,.nc'Ljcn r,.¡i-';h a Ì-iercury
c'2

Ccii.t¡ii;'b¿.'3c: " n 'ri::o uscd -Lo irte ê:û{^Ië ;ire ?i¡ê:'¡,lGir"r,ú!ti. resisianee.

Thr Lecds end idoz'ihi"ulr ilueìle;' Te,lpe::s.tu¡e tsrrd.gee nrxïber 8C67,

i.s ¿r j:;'ecision i::irurrc:r; Ccsi:;necl lc ii:easul.ù tempeÌ"ature ol: tenpera'cui'e

ci:-fierences io a hi¡;h ie¡zree ci accurac)," the instrurnent is essentially

l:, ':'.'hc:;i.;i;c:i¿ br'iige ai:L 'r¿e.su:es i"esit-Lanee or resis'¿ance dilferences;

..'l:+c.-i ii: 'iu:'rr per¿:-ls ôeie:::rr.;::aiiorr of tenpe::a|ui"e or ien.oerature dif-

l'c::crrces" Ë-::i"or"s Cue üo conLaci vesis'Lance i-n 'i;he sLep-by-step swiLches

r:r,;:C :ii-' 'cLre insL::ui'ren';, ere redüced Lo. a neqligibre value by shuniing the

s;,.,;i Lci'ie s and series resis'úo.rs (of co:,ipa::ativeì-y high resisj;ance) l"it,h

lesisiol"s havi-ng -ìo:t r"esis'Lance vaJ-ues" The maximun resisiance r+hich can

be ne¡':ur"ed bJ-'t;he br"icSc j-s 5I,1li ohr¡äs an] Lhe ins-t,ru.nen'r, read.s to
^È11 f\^l /)

r/JUV: ç-:-:o

Si¡ce -¿he th¿:ro::ieie:" i.ised i s a poNeniiel }ead plaLÍnu,n resis-



oo

ï¿:iÌc¿ ir]zrr:;c'::'.¿'"r'-', L ';i.-'e e ,:o-:c dcubl-e b:i;or," ì¡riÍe sl¡i'lcìr o!' a i:!2T'ciir-í

crcr.ì'i¡u'r-:,-ùûr' i-s roqr'ly'cd ¿s a :,,;'i-'i,cli-n4 cìcv-ce" :i 'i,eid.s a¡d ir:o¡.¿hi.un

,1":'':u:'.; tc::.:-'':¿:.'Lci, ::u:.t'lel'ð3,1Ú. ì.'-;s c:.-rlo:.'ti fc:" this pul:ros:" llhe

cc.i:Tir';,.:.ioi'pÍ.c-.'.,åcs a sii:,:ie a:-td rariC neens of n'l:ii:Íyinr tlre eitec'c

ci u::.;,4;Li;:.-i isr.d ;.esisi¿icû, å Dl:ecauilon neressaj.-)r'.;h::i tilal:ìng pi:ecise

-1,:,i,ll;:.':r'cuÍ'3 är¿âsli?sn:en'ils xi-ii: ¿ resist:rce the::rnci:='¿er" oÍ'che po-i:enlial

--=.-l':;"':r- 1'o r-..'.1-r -.iy- Lì:e eÍicc'b oÍ u:¿cu¿J leed resis'Lance L'..:o i"eaiings,

C::,lr i';i'Lh-íile n¿r'cr:')r Sr,"rì-LC].i j:i the Ir¡ç:"iullt a::1 i;he o|hei- r,ii;h i,he

r'.rì:i-.r-r¡ ¡',::-bci: ìn the ir:.evaÍgcr: ;cos!iion, i.,:gre i,âìien at each leEoer¿'bure

::c;ci,:.¡-." iihr-r :ralij-ng 'i,el::::cr-¿i'tr.e r:rêã-suÍ'crilcn';e , the i, T, C anC c te:-':ni*

:'.¡.1: cj' ::e-Lh:::,:c:.::;c-".-t:j'u CcÍ-jLec;ei i;;1:rc'i,i;e'.;'to'fhc'U, T, C and

i: 'ier':¡ijn¿"is cí ihe r-".e:':-.:J-)/ cc.;,::-::ir-ior." The T, '1 , cs and C 'bernjnals of

'i;hc tr"Le;'c-u:'.1r ccn!"ir''.its.'Lo:" rrere ccnnec'i:ed j-n iu:.n ic the T, L, C, end C

t,r:r't:rin¿ls of -Lhe l.-ur.: ri,¿:- ):ï3e. À hone;ry:ell-!¡ç',,¡n nul-t deì,ec',,or was

useci to ascerLain il:e b::idse "D¡.1:nce" Ti:e bt"iCge ldes energ'ized. by two.

.i-, j r.r;-¡ cl,:;r gsil5 conriected i:i paral ie-r ¿nd. sappiying approxi:ne,",ely

i i"riil-ianÐer-es iireci cu¡'z"en'b'bo ihe l:r":age. Fig. ? sho.l+s a sehen:atic

cí ihese conneei-ìons,

The ter,-i1:el'aü{ire - r'csiefance ¿eL¿tionshìp f or 'uhe resi-stance

;iri:n-¿;:.--;j:-, es ri.e¿srii:cd- du:ing ihe coui'se of the test tuns, is sirown in

,:he ¿il':ì:s of Se'L À" lhese graphs can be founci in Anpendix tr.

Duri::g the Íani.li¿::izaticn runs wii;h t,ire equil;men';, iL unique

^.i.--.--ì .. *^-! l^-i ^.1s-!i:1ù ! È r:crt1of, or eoirl¡.Ol -t j.ng the be-iir ielirpera'bure l*¿s discO",.e:"eC.

r¡-reii:oc has'oeen,,¡eï'y Ëuccessfu-'j during -fhe corrse of j;he pl"esenL work

---+

! .1- -].i
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a:',c he: el¿biei ihe icnr¡¿i"a'bure ¡o ì:,e cl;,ì-Lroll.si tc ¿- C"OC2c-r c''¡er'atc

r:..-r33 i;-ic.r ';o :r';:*f " The i:l'oceC,rtt"e Ío; rbtainin:3 i]::is con'brci is ti'tt-i1i':;;

-'::"..',:.:¿." ï.t: ':-'-i--;::-;,. :";J*-:'i:::c: ';i:t-,-.::c.;r;':e: is uled ior 'i:ie ;3r:::31î1a.'¿Ll.:'3

ìri-¡i3si-i':;-i:rnis arrd- ir::.p1rrc-:ii::.ie r:3s-ii'L¿:aice co¡.îespcnciing';c ary parii-

ci.l.':-: i.,:i':lcj'a'Lr::"e is cb'barnel ír"c;:t'i;he 3r'¿::lhs oj Se-b A ;or"o-rideci i:i

Arler-rci.-: -1 , Slt'ice -the liuej Ie:: Teiipei"a'bui"e Bi"id-ge is use.i t¡ nee:rut'e -bhe

reei3.ùance oi lhe'Lh::'i;o.rc';er', Nl're appro-=.rir:atc r"esis-bance de';er'::lj.ned

í¡'cil 'r,iie ap;:i'cpr'i a';e ,.3i'e.¡:ì:s, is ¡:r"e*.sei on ihe bric¿e, Th'i s proceCure

2.:ii:!!ús a ccr¡Lj-nüou:: noniio¡'i-ng of 'l;he ba't!: terrlperaiu.re cn Lhe null-

cl:'L¿ci'ii crillrccbcd '5c ;n.: 'c.-icì;;" 1'he i,eJ"c'ury ihe::nor"egul ato:' is inser|ed

:iri "ùì:c'¡¿.'ih ¿.,ncì cc:i:rlcieL, -i:Lri"ough ihe lelay, to one seL of the ó00 r¡eL'¿

he¿'ie¡'s" ;1.11 'bhe hc:ieïs ¿îe then tu¡'ned oi: and the bd¿h i'irediura heaLed

;o ir\e ccsirec lenpei'¿.tu:"e" l;,'hen this -Lenpera'bure is reached aI | 'bhe

l:;¿-i:;-s, e::rcr:L'bÌ:e sc'í of ó00 ",tl'b'i heaie¡'s con'Lrolled by'ihe iì:ermo-

:.,, , rr1¡ ..:". :',-: -¡'ti.i:eC OÍf " T.',c b¿'"h jS ¿'i ì i;..'ci tc reaeh the Slai,e rvhere

j,-rq :- -: - -^.^-'-.^^ì-Ì ^^l !.-. :a ,'a -¡Ù: t^-- r-1.^--- iru:jjirrir'i;,u Lli'd -i s corr*Lro] ied 'Lü '- v"- .' ,y r.r. 'úllernoiegr:IatoÌ" ldhen

'i:h5-s de¿i:c¿ of ¿eii'riier"å"bu:-e ron'Lîo-i is ¿r,'LaineC, i:he pe.r:iod of '¿he off*

c-'ì c/'û-i e c-:'ice óC0 "';a.Li: hea¿ers is meesured lry o'oserving the pi.l-o'L

ligiÉ cn-Lhe s",'¡i'rcir par:.eJ- cf i;l-rc baùÌr hea-berso Fron the meazure<Ì cycle

'Ll-c e:¡:c:!"å'i:' he¿i lo:;s Írc:l ì;he b¿ih is calcula|ed, and this loss

sup;,lreC ccniinuousJ-¡¡ by"Lhe seeonå sef oi óC0 r+at'L heaiers. The el-ec-

Lri-cai ini:u-ru'Lo this set of he¿.ùc¿'s is suppì-ied Lhi-ough a rnanualJ-y

c,.i:jt":-¡.ed \.â:'ie,c, -{fie¡,o ss'¿Nliilg peri_cde final adjusi;rnents of 'bhe

';¿.¡'-j-¿c ¡ri'e i::ce unirl- ihe:e ls eeco deÍIec-bi-on on the null delector, In

ti'::Ls i,arnet *u'r'e b¡,ll-l-;enn:ra;¿;-e cen be eontrolled to * O"CO2OF for a



o'J

.,.;,--i ':.r-'-.c* , :r...: -.f5 ;h: C¿';---, :- ¿ J--';- . ',-i' '.'1,: f;-: I ili;CCíC;:' p:'inuel

...:,- .-:'; .:.-.'- -:'i.'.: r;S :'jlÐ ;::-;*:: -'i,-'l-':'¡U'; ia hi'..-i.'r'fi-C b:iì -"taS ¿S*

..:--...-\: vr-J ^-;" i l'!:---:çL:. i¡i¡Y ¡.r\iL-:-l-:J-':U-:- 
'.--.-J "

-iu j-¡ !ti'", hc'::;-r';-', -Lh¡L ihe b¿,,ì'i ier¿'terairlie col-¿1'()1 iE

,:vc¡: bc't'L<-:r" iha,-i: O"OC2OF aue ¿o the jnl'rcreni oì:ability oí the bath.

'lls av¡r'-Í ¿bie i.iucl j cr bri-igc ca.-i cni;' :il:;r.sìl3e -Lne -¡esìstance I o

î"CCû- clrr, Â cl:a'-:¡;: of 0"0CC:r olL:'n -in iho :-esislance oí'ii:e pla'binurn

t'.:::yi!.c¡:::..icr coi'i'e.si:o:rcs to ¿ cha.nge oi 0"001?ST i::l 'bl:e ielrrpere*ture of

¿he i-.:,:';ii, iri<;c.i'ui¡, ïf an a.ìd.i'i,:-cna-l sieit*b;r-sie;o suitch rtas availabìe

oi:'¿1:er 1'-'':,:l-l-ei" b,:iiger'Li-e b.;h -bernner3'Lut:e could easi-Iy be ccni:roIIed

'i.c f û,.C,,J_iù:ï"

t\io i;.on*coiis-L¿ni¿Ì.::' ii:e:"irLocourles, nracie in';o adjuste,'c'l e probes,

,.i¿re i:::.:i:.-iied in lhe ba'¿h" lire p:"obes',';eÍe naCe both ieak procf and

t:rcEJ'--:..j i;i-gl:1; ic nerni'b 'bhei:: i-ise j-f -íhe'¡aih rnediun is pressui"ized" The

:i:,:ïíjll,;ctü!'i rS 'rie:¡ CO-titOû;Ci ';O a t,tlCrriy pCint geleCtOZ' S,^¡ir;ch" lire COI-d.

;u:,ci-lcr cÍ 'Lhe 'Lhe:',rocorip.t.3s .-ï:rs ke .ct, r;i iee poi-ni (32o¡-). Th:r poientia-L-
a

¡;,1-'^;: irr i ,-rrrì:r i"I.oín ihe sel ec-,-o:" s",";iich wcí'e ¿'cj:ached io a i¡ole'r:tiornaLer

'brlii:¡h e- dcubl-,t*.;cìc: dc':bir-.'¿l:roür, prscieìon ins'¿::un¿nb sr+üch,

The e,;:--:. 3erc::aic'1 'oy tìle ihe r¡nocouples is measured by a pre-

,,-?<:i.^.n r,o¡,{q "-..i };o¡iþr.up poi,eni,io,-rieierlCó, n,l'nb" x 85'62" The genera-i:edu-o-.J-:.lJve+r ::lq

e"r¡i.Í', cen be ;:e¡rsuvec :ccu¡¡;lel¡r 'Lo 0"0i nillivolt ¿¡lC esti.:¡ated io
/a ala *^-"1 _ i-.-^-:.'-.-.\JljJl Ì:lr I i i*ij ûl'u5 r.'.:)ì:n ÊOO1 åCCU]^ Z¿'jr 

"

The c¿l j-';i":'Lion iLr¿--, ¿nd g:.-api'ls for tne baLh thernocouples a:'e



'la

ir:-r..ú:1 :l:: åppeir,1i:l I. ?ì:g icL;¿i'ziurl;-:ír:.-l-i:.r¡oi'b rej¡ii9"1shii: is siro".¡n in

'i.i,.r ¿:'r.':ìls ¡f Sei E jn il:c Iitce:ttlil..

/ ^'--: 
-ì --" '!i 'r'- ^ir '¡i:: äe:i; S;c;i-r:,:, -icl' -ihe 'ir..,;:ì¡3reiiii-e ì':ea.5Lìf crl:¡:ni;s",:1., Lr a- -,- - . i:,, L' -'- :- : r " l-. i,. :_y-_,:!_:,]i-_Y__:_:,!:.1:

..'-.- : :.-...::.-'--',¡ .-¡- ;l-, ---'--'. :,:-..- ::,,: - :-:; ì::..Js cÍ ¿:^-c hc; -'"-i.":

¡;ty.-¡1 ',.¡¿1i¿ ccriiscÌ.ei. j-n s.e¡.j ¡;s" Â colrpe¡. iri:i1 r.,,'¿S ei'LacheC a"" il::e rnidCle

,;;:l'¿i:.e J-e:.d jcinj'l5'ihe i:.'o jj-i.r¡.ents i¡:Lì.s il-rolriCine en arï'ântei'nenL

'- ''"'-1 "-"r:':''. -!- ^ .!..'..'.; 'r 
e¿:,d dif fc¿'¿i-iii-ai :';gisj;¿.-nce -Lher"niclneter". i'r-e f inal(-:-,r.iU !r!f, rV a ú

r:"t;:-ii'' n.3 is ihe ôi-ir'urr:rce b¡',;v.'er:n Li:c i'*si-s'Lence of 'bhe i'"¡o f i.l¿.nen';s,

r..::'i, 'Lii:; i:e sili;¿.nce is rne¿suied ci::ec;ìir on ihe iifuell er bridge. løo

ùrìl:,ra :,1;¿n;io:-r ì ea,i¡ oi e ,-ri'.ij j-engLh r;ere ¿Liåcheii. 'bo ihe Ír'ee, end of

':;,:.cìi :i:i'l alie.:.i" TL^re i:h;'ee le¿rfs 1;ere ccilnec¿ed lc the }iuel.l-er blidge as

-1:¡',1i.. ? 1¡¡
.--!.-.>" r9 ù::-¿J w{"

Ti:e '¿-s; r'ai¡c Íc.' C:¿'boil ?c¿r'achloi'id,: ¿..n,i Toluene 'úIas f l:'om

¡;-¡c"u-:i, óScir -¿o ,leaï' ¿he ir reeì:eci i'vc 'c.::-l i::g poin'b's , while ihe rrunge fo:l

.iI*lC.::;:i L.;'.-ii"ogeu';e* 5¿ln'bo"..;a; Ci"Í uas f::on ¿.¡:ou-[ 25CoF to aboui óOOoF"

i.'ltc-;enir;r.a'Lures ai'.,:1:icn the the¡':na-L ccnduciivi"Lies oÍ the íou:: liquids

r.::J úo :;i .-.:l.s:.':i, l:';l"l l;c-r ..3t-ied" ?i'ioi" to f illin3 , 'che ce-.I r.'as

iì-,ílì'oìr,'t-r ir¡ cie¿ned:;'!th sol.¡enis and. evacuateC in order Lo elim:i-:¡ebe con-

;::.r.:-:¿;-ì on cf ihe ie sr, i ieuid.s, Fori,he caiibr¿r.Ùion i'snge frgn ó8oF to

¿bcr-r'; 23A4,ì ihe cei'i ",.;s5 fr-l'l,.¡d r*l-bh Tc-iuene. The level- of 'bhe liquid

-iL: r;ne cel'i rt:,s such 'Ll::-¿ boiil the fiì¿,,re::ís r,,Jere comple-bely :-.rnil:.erseC.

?l:', ce l-L ''iifs ihen !-iLne:'sed. rn the 'cain arrc ihe oil heateci to a'nou'¿ 5%

belc't.; t¿i:e lle:'rl:e¡'aiüi"e a'b rr;hich'¿hc cc:.:uclivü;' rieå.su!"éit-eni r+as io be

:r.:i.e" TÌ:c baíh ien':eraiui.e'!,ie.s corr¿rciied"t,o Ï O,OO2ol a'l i;hls i*rpera-



IL

iure, anC resistance of the test section measured r+ith lhe i,íue-ller

brirlge. ?he bath was then heaLed to the temperaLure at, which Lhe con-

ducti,viiy value was required and the resj-stance of the test section

rneasured aga.in" Sjmilar proceiure rsas carri-ed out at a temoerature 5oF

above the selected test temperature" This procedure was repe3t,ed to

provide accu¡'ate resi-stance of the test section at 5oF belo* and above

each tenperature selected for a thermal conductivity measurernent "

Àfter the calibration of the test secbion for the iernpera-

r-ure measurements had been conpleted to abou.t ?3O%, the cell- v¡as

enrptieC, thoroughly clea.ned with solvents, evacuated for a. Icng period,

and then refill-ed with HE-40" Since HB-40 has a boiling range between

6tçt+ - 744%, it was used to provide the requirecL constant temperature

environr.ent in the cel-I for calibration of bhe iesL section beiv.'een

250% and about 6oOoF.

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

t,ance relationship for the test section.

5" l"Íeasurement of the Power SupplieC to the Test Section

For accurate debe¡'mina.'uion of the thernaL conductivity of a

test liquid, the ìreat dissipated by the test section of the ceII must be

neasured very accura.teþ" The heat to 'che test section rvas supplied in

the form of direct current frcm ó and 12 vol-t storage batteries,

connected j¡ series. Although d"c" mi]lian¡eters are avail-able for such

measurenents, it was felt tÌrat since the power dissipated by the test

seciion would be quite smail-, a more accurate and reliable methoC r"as

warranLed. the methori used is briefly cut,Lj¡ed i¡ this secLion"



The el-ectrical power supplied to the test section r^¡as cÌeLer¡rined

i¡'om accuraie measurements of the heating current and Lhe resis'cance of

¿he test seclion i^¡hen lhe filament r+as ciissipating heaL at sieady sLate"

It was therefore necessary to make both neasurements sj-¡nultaneously"

The resisLance of the t,est section of the ceIL v¡as neasureC

Cirec'Liy on the l'íueiler bridge" The ceII was connected to the briige

irl the marlner similar to Lhai for the caiibration o.f tìre tesL section

described j¡ secblon VI.4" Since the l,{uel}er bridge is essentially a

tr'íhealstone bridge, the cel-l filaments fo¡rned one ratio arm of NÌle bridge.

Therefcre the heating current that couli be supplied Lo the ceil was

linited by the bridge. To prevent clamage to the bridge, the maxi-rnun

current was about f2 millianperes. Since the filamenLs in both linbs

of the cell- were connecLed j:r series, the cell current was thus li'nited

t o 36 rniÌliamperes "

The current, suppliecì to the cel 1 was determlneC fron measur:ng

-,-he voltage drop across a precision manganin resistor connected in

series v¡ith the t,est section filament (see Fig" 7)" The resistance cf

the m,anganin resistor was accurataly predetennined on a precision

I(elvin bridge in the StandarCs Laboratory, Department of Electrical-

Engineering, Universit.y of l"lanitoba,

The thermal enerry dissipated by the t,est, section '*as conse-

quently determi¡ed fron the electrical power supplied 'bo the test section"
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SecNion B : Exr;erirnenLal- ProceC.ure

Carbon Letachlori.de and Tol-uer:e were testeC as received fron

ihe manufecturer, anC, !iE-4.0 and Hydrogena|eC Santor"ax 0l'í were t:steC as

recej-ved from the Atomic Enerry of Canada Lj¡niteC" Prior t,o each filling

with the t,est liquid, the celÌ was t,horoughly cleaned by the procedure

pr"evicusly Cescribeci. 'v'Ihen filling, caution was taken to make sure

that i;he -Level of the 3-iquiC. v¡a.s sufficient to completeiy imnerse the

filanenls.

The filled ce}1 r¡ras suspended i¡ the oil baùh but the filament

leads ,¡ere noi connected to the }iuel-ler bridge. The various instruinents

and their connections as used in the thermal conductivity test,s are shown

schernaticaì-Iy in Fig. 7.

.A.fter the cell vras mounbe<i in Lhe oil bath, the platinum

resistance thermometer anC the mercury Lhermoregulaior were positioned.

The resistance thermorneter !v{as connected. i,o the }luel-Ier bridge through

'Lhe mercury conmulator, and, lhe nercury thermoreguleLcr r,¡as connecLed

Lo the electronrc :'e1ay, thus controJ-Iing one set of 600 watt heaters,

The ì'íuel-Ier bridge vras pre-set to meesure the resisLance the iherrno-

neter will- have at, the tennperalure the tesL r.¡as to be performed" The

bridge hras energizeC by the J-,5 volt d.c. batteries. The bath ìreaters

v¡e:'e then turned on anC the oil- heateC to t,he desired test Lemperature"

l"hen the oil reacheC the set tenperature aII the heabers, excepL the

set of 600 v¡att heaters controlLed by the thermoregulator, were turned.

oíf" The bath rvas thon allowed io reach a steaCy ternpereture as
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o,eie:'::j-red by t,he preset thermoiegularior" Using Lhe rnethod described

i:: sec'¿ion Y!, 2, page 68, ihe heat losses from the bath rvere accuraNely

cornpensaled for and if lhe bath Lenperalure did not vary by more than

t O"COeof over a period of about one hour, the bat,h and the cerl were

assurneC to have reached the steady state"

Once the steady sLate was esNabl-ished, the resistance i;herrno-

neter l-eads r+ere disconnecteC from the l.{ue}ler bridge and the ba|h

tenpe:.ature monitored throughout the test period by the tv,'o calibratei

-t hermocoupJ-es. The ì4uell-er b:'idge r,¡as then used t,o measure the resisLance

of ti:e iesL section filamenl prior to Lhe applicarion of the heatlng

current " The baLteries supplyi"ng lhe current f or heating r'rere conneci,ed.

an.l a heallng current passeC through lhe fj-lenents and the I'iueller

bridge to deternj¡e the resisLance of tìre f ilarnent duri-r:g tì:e tesL "

The exacl magnitude of the cell- curi'eni was ascertained by rneasuring

rhe vol-tage drop across the 0"1,003 ohn precision resistor co^*inected. jn

series r^¡ith the tesL section filameni by means of the precision poten-

Lione¡er. The i'esistance of the test section 'r¡as continuously checked

irhen the ìieating current rilas passi:ig through it, and, wì'ren:-t cìid ncN

vary over a period. of about 15 to 20 rcinuies, the sieady-siaLe Ìreat

tlansfer by conduction was assunel to have been estgblished. At lhis

stead¡r-5fate, Lhe resistance of the filancnt and the heating current

passing through it were accurateJ-y measured. The storage batteries

anri the ce]l- leads were then disconnecie,Ì, and the resisLance thermo-

met,er re-connecteC to ihe bridge through the nnercury cornmutalor"

/ifLer conpJ-eLing the thermal conCuctivit;¡ test, 'r,he bath ternperature



(>

,..ias re-checked, and., if i', has variecì. b;, rnore lhan t O.OC2ol', a-Lr lhe

d.aLa accunu-lated for that test r,¡as rejecied.

The bath h'as lhen heateC to t,ìre nexL test tempera;ure anC the

ioi'e¿oing procedure repeate:ì. for securing t,he relevant data at that

iemperaLure. The tenlpe:'at.;.re of the roorn was kept relati.¡eiy conslant,

and sufficienL -.i¡re allor.¡ed beiween the tesLs for the tesL sect:ì-on

f ilameni to reach lhe sarne terncerature as t,he b'a|!:"

Fig. I on the next page, shoivs a general pho'r,ographic view

cf the thermal coniuciivity anparatus.

AppenCrx II contains the experirnental data and the avai-ia.bl-e

physlcai properLi-es of the four organ;c liquid.s tesled



G
E

N
E

R
A

L 
V

IE
W

 O
F

 T
H

E
 T

H
E

R
M

A
L 

C
O

N
D

IJ
O

T
IV

IT
Y

 A
P

P
A

R
A

T
U

S

F
!G

. 
8

{ o



7',1

C'i',. ï -r.l;i

l;i:l::;l rei L_- r\^__ ¡jr....-__,-j.
! ,' tL-v - -*e.,-V.-¡l 

¿ ¿

(ri ìLi)

is r:lar:e'

ù c;:rûr- si:.:'=:-:¿ ü- --':3 ¿lt:s ltiis " ll-s ., citper.e-

i.h¿¿ ¿i 'r,lle inl¡:r' sulf ace of Ll:ie bube; (lo:se-

¿ii.is¿ 'o¿ r'acÌe fcr iire ien:celp-iu:'e dr.op -uhr;righ +-he

T,1

:JLj,--l--' :U:-UL:

'i'

;,)

ì... -, ^L,i{l"u

¡:,-.:.ar-1 ¡.-, rr,.^, Iìo*-.

**',-..*j,
i

l-
'ì

Cc:ibini:rg eql-r¿il:icns (VU.1) :ra (t¡i1.2),

c.;',,a*t.-i, -r--hic-: is usei Í'or cr.¡aluå.-üi.ng lhe ihe::¡ral

ì irrrt j¡ì 1,..i.,.-. -in.,,."*1. i :¡rl,-.ì -:r- .i ..r---.-: u _c)ú u r\+ .

.):-:-:c:'li-:t ;ìi:::';i-i; o-1

al-sc conciilclei lhrc'ugh

heai- ccndricled ihrou¡: ihe i:¡:uid irr

.:.1-.- --Ì.-_^ _-.-ì1 ,_C ¿he Cil in ih,_.C¿i)f,uji.: ,!*.lì)Þ !ict-j-l tJ

(vri 
" z)

s-o-uarion ('/Ii.j) is

cc:riuct ivi'Ly cí '"he

i)
a
_l_

l_r Õ

rliì- ,=.¡"--i-i^..-::t-ù v/r.t.auj!/i:

-:{ T'ì:--,- -.."i _'_

I' t'

' '-i-i c

/=.--+ 
^ 

\
ooooo'""lv]-L"))

]1

-o!n
t.

l-
cl

n:;.-¡ be

e

¡\

r,.¡:ci '¿'Len as f oIlor,¡s:



?B

i.here A and B are consLants dependent onlv on the dimensions and malerial

of conslruction of the apparatus. ¿\T is determined from measuring the
'o¡:¿h and the lest section temperatures under test conditions. The quan-

tit,y of heat conducted, e, is ascertained from measuring the test section

resi-slance and the quantity of direct current passj-ng through lhe ceII.
AT'l'hus - - . obtained f rom actual- measurements in con.iunction with the cel-Iq

consLants A and B, enabled Orrn to be cal_cu1ated.

Fquation (VII"4) assumes that there is no significant tempera-

lure difference between the outer wall- of the gJ-ass lube and the balh

liquid. This condition could not be rnel but with l-ow heat fluxes and Lhe

fcllowing precautions its effects were kept to a mini¡rum. Before passj-ng

an¡r electric current through the test, section of the cell- it was necessarv

to eslabl-ish stead¡¡ state conditions" The cel-l containing the test liouid

was jmmereed in the bath and the bath heated to the desired lemperatììre.

The pì-atinum resistance the¡rnometer was used to measure and control bal,h

temperalures as outlined in section VI. The test sectj-on of Lhe cefl and the

ad,iustable thermocouple probes had previously been calibrated by using the

resistance thermometer, At steady staLe the temperature of the tiquid in the

cell- was deterrnined by measuring the resistance of the Lest section and this

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

therrnometer was alwa¡¡s located close to the unit of the cel-l- containing the

test section" At sLeady state conditions the resistance therrnometer was

moved up and down to check any temperature variations in the balh. The

adjustable the¡rnocouple probes had been nade sufficientl-y long so tha!
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ihe;r couiC iouch the cutsicÌe of t,he un:-i of the cell containing ihe

tesi sec¿ion- Ägaln aL st,ea1¡r stp.Ì:e Lhese probes were noved across the

bath to check any ùeinpera-Lure variaticns i.n the horizont,-e.j ul-ane. 'ytrhen

the elect,::ic currenl l.ras passeC ihrough t,he test sectjon at exper.inental

condiLions, the arl;usLable thernocoupfe probes vrere alr,,¡ays jn contact

rvith ihe orrtsÍ,ie of the glass tube. These probes, horvever, r.rer.e nol

sensiiive enough io permit an;v- predictions to be mad.e as t,o the iernpe-

:'atur': of t,he glass

There is a large uncei't,ainly i,n the thernat conductÍviiy cf

lhe glass (Kg), The publisheC vaiues fcr t,he thermal conrlucrivit;r sf

various qi-asses are far from bei-ng consisient, since serious iechnical

diÍficuities are encountereC in neasuring this va-Lue accurateqr. The

manufacLu::ers of the glass fron rvhich the cel-l is fabrica|ed, Ccrnilg

Glass i'íorks, Co:'ning, Ner+ Yorku r+ere contacLed regarding the availability

oi accurate va..ues o^ K 33 t3h' 
^Lvr vr ^,g ünly three values of i(* aL ]?oF , 39201 ,

and.752oF r{ere provideC by the Cornj-ng Glass ru.lorks, anrl the thermal

conduct:vj-ties of the glass aL oiher t,enperatures ÏIere interpolated.

linear-Iy frc¡n these values" The geornetrXr of the cel-l- is such ihat, a

2Ùþ ercor in K., oniy results in a 1% error i¡ t,he calculated values of

v"Iiq"
The following expressions shov¡ the manner in v¡hich the celL

consLants A and E Cepend on ùhe Cj-mensions of the apparatus.

In-
^f

,lA:
^41lal)J
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The values of A and B depenC on the effective length of the

test section firament, the effective radius of tire firament, and., the

inside and outslde radii of the glass tube, The insi,Ce and outsile

dianeters of the glass tube were accurately rneasured and are as follows:

Inside ctJ,ameter, di : 0.393? ín.

Outslde diameter, do : O.l+785 tn"

The niean effectlve diameter of the fil-ament were arrived at

in the following manner. The test section filament was fabricated

fron 0.0034 lnch diamet,er Tungsten wire and r¡ras wound. on a O.O5O5 inch

core" After removlrg tire windlng core the outside diameter cf the fi-

l-amenL was measured to be 0.0600 lnch" The pitch of the fil-arnent was

l-74 turns per lnch" rt was necessary to make the pitch small because

if pit'ch ls too large three-dlmensional heat fl-ow effects could occur'

Iocally which wouLd l-ead to errors in ühe exper5-mental val-ues of the

thelTnal- conductivity of the liquids tested, From this data the rnean

effective diameter of the filanent was calculated as outl-i¡ed below,

Effectlve fllament Ciarneter = wi¡dlng core dia" * dia. of
Tungsten wíre.

= (0.0505 + 0.0034) in"

= 0,0539 Ín.

= outside diameter of filament* cila. of Tungsten wlre.
The effeetive fllament
diarneÈer ls al-so
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: 0.05525 ín. ! 2"6'p

The nean effecl;ive lengLh of the iest section was calcul-a'r,ed

as -fol-l-o'.'¡s. The cold resisiances of bct,h the filanents l¡ere rneasured

before e:rd after they were seal-ed. i¡ iheir respecLive lirnbs" The tesi

secLion lensth v¡a.s c¿Lcutated for each case, anc the average t,aken to

oblgin iì¡e n:ean effecLíve length,

ì'Íean ef-îeciíve iiaraeter.
9I I.i-I.i;i,lçIlU

Caicul-at1on of Test Section Length Before

iiesisiance of the fÍIannent i¡ ihe shorL

Specific resisLance of this fila¡rent

(o.o6oo - o.oo34) in.

vcw)ç'J LLte

o"or() + o,c565
2

<ìacl in-!vors15

Resistence of the f il-ament in 't he iong li-rlb

Specific resisLance of this fil-ament

,"- Len¡th of the test secLion

I,-ilarnents i:r the Li.mbs:

P F^ /).)JO on¡ûs

) c))w nhnc na*: v.::r!u pv¡ ]'j'l .!.973

2"805 ohms per in.

tr " 5 03 oir¡is "
ì I Xa\t-1 "=Y'= oh¡ns pe:' in.
l+"O99

2"806 ohms per in.
1r"503 - 5"536 ,.--ffi=t,="

of Test Section Lenp'th After Seal-ing Filsments in the Limbs:Calcule-tion

Res ista;rce

R,esistance

Speci-f ic

of filameni i-n the shorN l-imb

of fil"*rnent in the long J-inb

resisLance of this filament

5 "539 ohns

11" 903 oh¡rs

11.903 oì":ns per in"
4"A99
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-", Leng'uh of t,he 'LCSL SCCLI ON

ilean EffecNive T ength oi the test sect ion

The ceII constants

: 2"I5t9 ins" j r.i;¡
: O "1799 fL "

calcu-r ateC as shorvn beiow:

-1

-1

2"90388 ohräs per in"
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A and E r+ere ihen

.i-L-'i:
^é 

Y¿ti L qf

^ 
to?r/

l- v.),/t I

^ ^ÃrôÃw e w))L)

i..--:.-:---
z_ x Q"t'199 x'ff

-lr"737L9A3 fù" *

-ìr"7372 f+-" * ï 1 trc!

g : =+= l-r', 
to : 

-L 1n þ rt,-i2'.¿ L ri z^fíL - d;

: l- in 9:{-e5- "* -fñffi-'6Æ1 r-'u"

: o.L7256O15 ft.-I
: o.1726 fr"-1 j r.¡r

The accurac¡r e¡ the ve.lue of lhe lhezmal- conductivit¡. ¿"Oot a"

on the accuracy wiùh v¡hich lhe filament t,ernperaLure can be ial-culated

r^¡hen it, is dissipating hea'u, Three separate test runs were pe:'forned

wiLh Carbon Te'Lrachioricle and Toluene, and, two rr,ith IIB-40 and Hydro-

genateC Sant,oiïax Ol.f " The test section resj-stance, with no heating current

ihrough it, had aìreaCy been established at each desjred tesL tempera-



-o_';ur3 ar.::ì at 5"F beloi+ and. aJ:ove t,his par.iicular terä.pera'r,ure, anô'che

cia-i,a plo-L¿eC accuraLel;r tc obiain the average ternperature slope, oF

pe:'o|fl, for each'uest *,en,cera.lu:.e of each liquid. At test conCitions,

the ba¿h tempera';ure wes rneasureC xith t,he precision l.esisLance ihennon-

J:-el', Since:ro heaiing currenL was passe'ì through'uì:e cel_I at, ihis

s'late, the test section r.¡as at, ihe sane ienperalure as ùhe balh and lts

resislance ìÍas neasured. on the Ìvr.uell-er bi'iCge" The tesr scction resistance

?Jas measured r+hen ihe heating current lt'as on and, the stead¡r statr hea"t,

transfer ihus es+uablished" TÌre inci'ease in the Lest section r"esisiance

r'¡as then obiained ancl AT, ii,e ciifÍerence betrreen Lhe fílarnent anci ihe bath

't,elnpêratlires, \^ies calculaLeC fron Nhe rerevant average teraper.aiu:le slope,

i speci:nen cal-culalion for i-{E-ÀO, shor^rn be}ow j¡dicates the

proceCure adoplec to ealcuiaLe tÌ:e thernal- conductivity of t,he liouids.

The procecìure is ill-ustrateC for -Lhe iest a:c 35033% "

Äveia¡e appl-icable ì:en;!e:a¿ure sior3 _ L.t ro¡ _^- ^L-'9l¿) t LrCl UlllllcalculaieC frorn th.e c¿Itbra¿ior:. CaLa

Increase in resistance of the tesi
section r.¡hen ireaiing curre"i p".lãa : c'0175 oh¡n

.", ÁT, rìiffer"ence in the fil-anent Aq E. _. ^ ^-,"rroDví.) 
^ 

wowll) Lano lne þaLn t,enDereture

: l-.LSIb

Voitage Cr.op across lhe 0.1003 resistor : 3 "63L niliivolts
Current through the tesù section : 2"17*^ ¿nps' 0.10c3

: 36.20U+x tO-3 amps.

F,esi-sLance of ',"he test secùion wlren
Clseipat,ing heaL

: 10"21+37 o'rns



El-ect,:.icai ccv,rer dissipa'bed by the t c L a¡t, __ 1^-3,2
LesN sec'',ion Uu'¿vrr' )i ru )

x LO "2!+37 r';aLLs.

: ljL+.2L7g x IO-4 r,rait,s

: L3L.z47g x l-O-4

x 3"4L297 BLn/Hr

: l+5s " LeL x t-0-4 Etu/lir

Ther"mai contluciivity oí giasc at 35o"3jol : c"7t+5 BtV(Hr)(Ft)(9r)

Substitut,ing reievanl values inNo Equat,ion (VII,4)

l"lst-2
458"Is x l-O-4 Kl-io o"7t+5

Kr;., : 0"có8 ¡¿u/(ur) (Fr) ( orr 
)

--l

"", Therrnai Ccnductivilv of HB-40 aù 3iO 33% : O"068 ntu/(ttr)(ft¡11¡

A similar procecÌure was applied -bo calculat,e Nhe thermal conrì.uc-

ij-vity of al-i other iicuiCs rt their respecii_ve tenperatures.

Graphs in lhe nerL sec"Lion show t,he absol-ute ther"mai concÌuc-

ti-vit¡' versus temperature relationship for iìre f our organic liquids iested

durÍng ihe course of t,his work"

The experi¡aental Lhermar coniuciivity vaiues and other reievant

experinenLar dala, as well as ihe available physical properties of rhe

J-iquids investigated, are contained in .{ppendix iI,

The::"inal enerÐ' di-ssipated b;- tlre
ies+. section
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'fhe 'Lhe:'r:al co¡-rductivrfy values foi" tìre foui" or.gaiic 1,rq-ur'ds

ics'beú r*el"e cal-cu'l al,ed in ihe riìe¡neT" out-Lined in'bhe sectio::r or, d.al¿

a.naiysis and caieutatj-ons" The expcr'inenÈai values thus evalu¿,Leci are

pìo-b¿-c, agains'b tenpera'cu::e and the resu-i ting graphs are co::ioei-ned i:.a

'u.his ssç¡i6t. For easy'i"eference, the test tein-pera'r,'.:.::es and '¿he cor*

::eepc::ding'cirer'*.al conduc|ivib¡' v.1tt*s for each Lio.r.id are givei-i in a

t¿bul ai" f oJ"ü.r,

Tì'ie thern,rl conductivi'ty of Cerbon Tetrachioride end ?oiuene

a'b vai-j-ous terrneraùu-::es are avaiiable in the li.teraturep ad those

r.re,i-riûs '".rhich ar"e consioei'ed to be the nost reliabl-e are pJ-oiteC on the

gi"ai:iis shoring the resul-ts of i;hj-s i.rorli.

itio expe::imental fherniai conductivjty val-ues fo¡" HÐ-40 or Hydi'o-
).

genaied. Saniorrax, OI'í are avaiiable in i;he literatwé to enable a conparlson

r,¡i-th the abso luie values d.eier¡rined in this worku 
'
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The ì:oL*-;¡i¡-e cei-i as Cesi.lnrJi :li-i.l cons-Lr.u c'¿eri Ìras l;'re;r used

3'.ìcci:-i::¡;ilriiT'ic i,ìûî.sL::f'e ih.: ¿:.ìrsclute 'i;hei"¡.-¿l cor.-iuc'ú!,,,:';;, c.'l o:":ianic
-i --r-clu:,-iis Íi:on looin ie r.¡ei'¿i'iur"e to óccoìi . 'ltJe cei -i ¡¿* cc;:e iccia,cl-e

Í-l¡;::-l:ili;;:; ì.)i.3 -uo,:il¡.:l^:.;-lure cÌiïfc¡.eílce ecross ,;he 'ì icuic filn can be

v.ti"iecl a::ì the iicuia can be nr-¿ssr-i;.:sci,:. to aboui l_OO psi". ",,"ii,houi

ce.iI, ii h¡.s been sugg."i:"o5i'' ihai foi" the 'ther-n¿.I con*

Ì:e suffici ¿¡ii-l ¡,. accut,3.¿.3, L'íte consian-u'c,einper.a-ûure bath

cclls nusc be con"¿r"olÌeci io ai, leas'L: O,COic-r. This

L._C

io

.¡^

.r--lcc'uii3.L)' ;.c; :.-n ;,re p..cs::ri iìrorl.: as t,he balh usúG r/r;j:s

î O"OCZof' o'¿er" ihe coni:Ìe-le tesi i;eni:eraiu::r ra-rg,s" Thj-s

4 CCüîirCj¡ Ci ;:,¡lre::¿i;ure coi:¿iol- -r,ra.s ira-ì n..Laineo fcr ¿l-l iest per.iod s,

:¡i:ich -i n so::ile câses l-astei or¡cy an hour."

'l-he ¡:cnr'otluciÌ-¡iliilr ani prec:is-ìon oí ine ec,uipnent h'as cì:ìecliei

L:.;'rä:iÌti:'r¡1 ii-:i'ee :uns creh r'.ri'bh úa:'bon TeN¡'echlo¡'i,-ìe anci Tofuenee an¿, t¡ro

i-!;re e.:.cn 'r..itii o:rga.nie cooianis, HÐ*.!O ¿nc üyrir'ogenaied Sanior.¡a_r CÌ{"

l'he -bher"t:ral concl.uc'brvlt ies ai ;esi'LenporaLures of each'l iquid llor eveì.y

l:.r:'l l.'Jr'È c¿.lci¡le.'Led, anc ihe i:esuit,ir,g val_ues djc rrot, vary by rnc¡e than
jr .-, r^- r-ì^-, :^r- ,!}o oi'Lne ro;al- nurber of tesi jruns conxple'ueo. v¡iih each iiouic,

Tne accuz'zcy of tl:e de-Ler"mina.t,j.o:i na.d.e t*j-th lhe equipaenL may

be es-iin"rei b;":,"akiirg into ccnsidera¿icil ¿he errors in t,he ineasurement

of' each quant,ii;y enie:=ing ihe heai-conduciioir eouaiion. The elecir.ical

ro:r'3: suppl iei lo t,he ies'l s¿c'r,ìon ',;ås deicr.ninec by measurin;3 ii:e
-,io'iti:.Ee d;'o,c aci"oss a -cllecj-sion resislor" Ðl 3s.e¿ in series v¡ith r,he tesi
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secLroìì " 'ihe voli,age il'cp r,ras rnelsurci r:rt,i: the precision noieniiometer

Lo an accurecy of C.O-!" an:';he shunì: i'esistance ì,Ies rneasui^ed on a

i::"ecision Kefvin bridge ì;o 0,Cl-7,. Tire eiectric"l- curren| supplied to

iire ceJ-l r*as ihus caicuiated lc an accur3.cy of A"CZþ. The r.esls!ânce

oí Nhe lesi secùion r'ilament, r'.,hen cÌisslpati:rg heat at steady sùate,

lras measured Lo A"C027" of it,s resisiance overthe conplete range. To

ca-Lculate the thei.mal ccnduclir,'iiy va-Lues of the liquids t,ested, the

nean racÌius of the iesi section filarneni ,,ras er^iployed and an estirnated

error in accuracy of Ï 27;,,.,au in'croCucei by this prooeCure. The rela-

iivety large error of'22:Ã Ín r:ieasuring ihe tesi section fil-arnent raiius

r,;as rnaini¡r due t,o therrsprirrg backrrof 'r,he filanent aíùer the rernoval-

o-i the winding coreo -{ir err-or of Ï f"5ii v¡as also j¡troduced by uncer-

tai:rties in lengih anC t,hus an overail er"r.or of t 3 "5fr Vy lhe geomet:'y

oí t,he ceiI" The oulsicle rÌia.:net,er of the gÌa,ss tube containing Lhe

-uesi section filp-r,renL ¡;;ls rreesuied io ar: accuracy of 0,0-t%" 'Ihe bo::e

of this glass tube was stated by'i;he Chenis'cry Depar-bnenù, r*rho asselnbie.C

Lhe ce11, to be accural--e to v¡lthin 0"1¿" The temperaLure difference

across Ì;he lio-uid layer ru'as carculateci fronr the pre-tests cal-ibrations

to an accuracy oî O"Til" This ienperaLuÌ'e difference was assumecÌ io exist

beLween ihe rremrtt,ing cylind.errr represented by the mean diameter of the

t,est section f j-l-anent and the tþeceiving cylinderlr represented b;r the

insiCe diameter of ihe glass tube containing bhe test section. If,

hor..rever, the measured temperature difference is i¡ fact between the

cyJ-inders represented by the outsid.e dia¡.eter of the filament and the

bore of the glass tube contalning Lhe fil-arnent, then the error in
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asst¡ni-ns i,Ytzi '¿'se :lean iiareie:: oî fhe f i];'nen¡ is i:: eííeci chc

t,:::nperij.iure oí '¿he rrernilti-ng cyìinder¡r can be ca-t culated by enpìoyjr-

i-:e rr-iruiieci cablerr t,heorlr o¡- a î1'¡x ploi., i3y using these neihods lhe

ðrroi" -n |he caÌcuiat,ed Lhermal coniucii-vity vai.ues r.ras approxinat,ed

to 2"+í" îaki:i,q i-nto accounL a-i I errors discussed above, Lhe ¡oaxi¡.u¡n

possible errorî in ihe meê-surer:lenls of ihe cuantities ent,ering the heat

ccrCu¿Lj-on eouaiion was thereí'ore of the o¡.Cer of t 7'¡ buN the probable

eï'ror 1s esiii::La'ued Lo be of the cr-,le:" oî -! J7. The d.i-fference ha'inø

due to lhe ine'Lhod used in al-l-c.,ring for t,he Cj-screpancy of the gecmetr;'"

i'ihile assenibling the ccll, ¿r-eaL care vrâ.s iaken in cenLr.aliz:ng

'uhe filaments in t,Ì:eir respective glass iubes. In ihe assessinent of

possible errors and in the cal-culations of the themaL- ccnduciivity

oî t,he liquids tested, ,cei"fec'L concen+,:"ici j:l' has been assumed" I"" is

acparer:.t tìrat a furthcr eri'or r.¡ill exist in ihe calculations if ihe

fi]amenls are noL l-ocpried conceniri-cally" The na,gniiude of tÌ:e e:.ror

tnus j-n'Lroduced will depend. on ii:e eccenlricity of t,he firanent,s.

The ecuaùion (Vll"d) v"'as used to cafculate all thermal_

cc:Cuciivity vatues obt:-inecl in i"l:is rtork with the hot-r¡ire cell" For

t::e ec,;uation to hord ihere shourcì be no significant Lenper.ature diffe-

r"ence betr^¡een ihe outer rral-t- of the glass iube and the bat,h liquid"

ii a t,emperelure gradien| exisLs on the cuter wall- then an error wi]-i

exisi in the varues carculatec by using equatÍon (vri"4). The magnitude

of the error inLrocuced by i;his íilm t,empei-aLure drop, if exi sient, will
depend upon the convecti-ve ccefficient and t,he agitation of the bath"
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Apart fron t,he eÌ'roi's in'ui'oil.uced by inaccurate rneasut:ernents

of lhe various quant,i'r,ies entering lhe heat ccnrìuct,ion eouaiion, the

accurecy cf resulLs depenCs ent irely on esrabl-ishing equilibriur con-

Citions during the iests. The proceciure foliov;ed 'bc ensure th:rt

equilibrium conditions prevailed duri:rg alf- tests has been e:<p-La.inec

fully in parl VI of the thesis, This procedure can briefly be s,r¡m"rj.zed

as beLol.¡.

(f) fne bath was heated to ihe desired temperature and i-t,s

lenperaiure control,Ied to i C.COZof' by the meLhoct

outlineC in part VI.

(2) The res:stance of Lhe 'cest sect,ion filament was neasui.eC

accurately an^d its tenpcrature determircd fron the pre-

t,esLs cal-ibrations" In all cases the temperatur(l of 'r,he

filamen| was equal to the ternperature of the bath"

(3) The bath ternperature was conbrol-led to j O.OO2oF for at

leasi one hour prior to passing the heatj-ng curr.ent through

the f i-l-aments "

(4) rrre resistance of the Nest section filanent was continuousry

rneasureci when the heating cur¡.eni vras passing through it "

-llhen ihis resisLance did not va.ry for fifteen to twenty

rninutes, the fil-ament was assumed ro be t,ransferring heat

at sLeady state.

(5) liirun the heating current was passing through the tesù

secLion fiLa:rents, the adjuslabJ-e ther.nocouple probes

nere always in contact r¿¡ilh the outside of the glass tube
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conlajriing i;he t,esi section f il_a¡ient, This pr"ecaution

.¡¡as laken t,o deLecl an;' t,enperatu:.e difference betlqeen

the ouber vsall of the glass tube ard the bath nedi,.:-n.

(ó) lt the cornpletion of the iest, tÌ¡e b'th ienperaiure r.ras

re-checked by using the resistp*nce ihermomeLer ancl the
' ad.juslable therrilocoupJ-e probes. If lhe bath tempera+uure

harl varied. by more than i 0"OO2h from the tenperature aL

'"he beginning of the test, the data fcn the LesL was

rejected "

The hot-l^¡ire cel-I was originaily desigred for the measurenenis

of Lhe thernal conductivity of viscous organi-c cool-ants. A numìrer of

*orku""26 '27'66'L56'157 have empJ-oyecÌ a si:nilar cerl to obtain the:'mal-

conductivity values. Before t,est,ing HE-40 anC HyCrogenat,ed. Santowax 0Ì,í¡

iL v¡as decided to test Carbon Tet,rachloride ani Tol-uene, ed compare the

expei'iriental values thus oblained rsith the most reliable values in the

J-ilera'"ure 
"

In view of the experimenlal difficult,ies it is not surp:.ising

that t,he resulLs of different author.s for the ther:nai cond.uctivlty of

the same substance have rrot alrvays been in good agreenent. A ì-arge dis-

crepanci¡, for instance, exisls j-n the daia for Carbon Tetrachlorid.e

and Toluene, obLained by va.rious worker.s over a n'.¡mber of years" Graph

No, l and Graph I'io. 2 shol the experirrental absoluLe thermal corrCucti'¡ily

val-ues obtained in this research for Carbon Tetrachloride and ioluene

respectivelSr. A comparison of the values obLai¡eC for 'r.he a'oor,'e nen-

lioned trvo liquids is made -*it,h the data of oLher workers which has been
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frequently quoteC in the relevant literature " it was indeed fortunate

ihat ¡nost of lhe cle'r,errninations were absolute ones and v¡ere rnaCe with

djiferenl types of conductivily ceils employing djfferent methoCs of

'benperature rneasurements" Greater confldence ean obviousþ be put into

¿verage values which r,¡ere derived from an analysis of data obiained by

different methods, as the possibility of propagating inherent errors Cue

to the use of only one experirnental method is eli¡ri¡rated.

Graph }io" 1, contains Lhe absolute values obtained for sarnples

of Co.rbon Tetrachloride when tested in Lhe hot-v¡ire ce]I, The rtreliabletl

values obiained by other workers are included in this graph and sorne

surprisingly large deviatj-ons are apparent. The values obùained during

ihe course of the present work are considerably higher than those ob-

iaj¡ec by Challoner and, Power128, Duri"39, Rledet1l7, Schmidt and

^ .131 1at
Leidenfrost---o and, Shib^-t*, but Ic¡*er than those obtained þ
i-iutchinsorr66, 

"rrd, 
Bates , Hazzard. and. PalmerlO. There is a good agreement

between the values obtaj-ned by Challoner and Powel128' Dr,ri"39, Ri"d."lII?,

Schmi.d.t and. Leidenf"o"tl3l anC these values are among the best available.

The results of these authorst v,'ork are further supported by the exbensive

series of measuremen'i,s carrieC out by Filipov, using different designs

of thin-fiIm, steady-stale 
"ul1u48.

,A,fLer lhe first test run on Carbon Tetrachloride was compleled,

lhe therr^ra1 conductivity values were calculateci. It was seen that

lhese values were considerabþ higher Lhan the accepted values of

Challcner and Powe1128, Riud"tlu and schrnridt and Leicenfro"tl3l. Tt^¡o

nnore test runs were nade to see if ary errors existed in the test
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pi'ocedure. ì'Jhen the results of al-I the rurrs at e:ch tenperaiure vreï'e

reproCucible lo within ! 4, t,he possibility cf convection j:'r Lhe cel-I

'..¡as :.nves""igateC. Ap'proxj¡,ate values of lhe proCuct of Grashof and

iirandtl nu'rbers, (iV^O)(*rO), for Carbon Tetrachloride at the ibest

'Lemperatures 'were calcr:Iated by using the âverage tempe:'atur.e rÌj-fferences

obtaineC cluring the tests. These values are shc¡.rn in Table ó an'l are

plott,ed on Graph lüo" 5 shorvn on the nexL page. It is seen that

(*O*)(*ro) product increases slowþ to abouL 9óoF and then rises

sharply.'llov¡ever if the graph is extrapol-ated back to Ool', il is

noticed thaL the (naar*)(sro) prod"uct fcr the ceLl- is abour 4ooo, which

is considerat'ry higher than the upper IÍnii of 1000&6 * .or,.,ection is

to be insignificant. This criterion points out, therefore, thal at arr

the t,est temperaiures for Carbon TetrachLoride, heat was not Lransfe::red

by pure cond.uction only" The scatLer in the data obtained inlicates

that tcellular noLiont $ras present i¡ the celL at all test temperatures,

The experimental- values frnther indicate thaf the lcellul-ar rnotionr was

not fully d.evelopeo an'i broke dovrn due to insufficient the:'nal energr

being supplied to the cell, A varue cf the thermal concuctivity of

Carbon Telrachloride was measure.l at 69.25of, and allhough this ,¡alue

^ Ilr9agrecs with that of Van der HeId and Van Drunen-*', it was rejected

because of fhe difficulty Jl controlli::g the bath temperature to the

desÍred accuracy at room temperature, The present cell, therefore,

is unsuitp-ble for accurate delerrnination of tlre absoiute thermal

conductivity values of Carbon Telrachloride" It is feLt that the

la.rge discrepancy beLween the data of various v¡orkers for Carbon Tetra-
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chl-oride Ís due largely to convecLion j:r their cells. Fiu+-ehin"on66,

for instance, useC a ho'u-lvire cell sjmilar to the one used for t,his

work, anC his Cala has been criticized23 on account of convection.

Ceei] and Munch26 rluo employed. a hot-wire cell- sirnilar to

Lhe one used for this research, and they checkec for convecLion b¡¡

neasuring ihe thermal conductivity of an approxirnate 2,5'Í sol-ulion of

gelatirl in distilleC water, -A,Ithough the viscosity of this sohrt,ion

was six times that of water, its thermai conductivity was found t,o be

equal to that of distill-ed water" The authors omitted to state the

tenperature at which they performed. this test, hornrever they did state

their value for the thermal conductivity of Carbon Tetrachloride at

77oF, rvhich a conparison showed. was less than the value stated by

Challcrrer and Polçel-128, brrt v,ras higher than the values d,eternin':d by

RiedeIlU, and., Schmidt and Leidenf,.o"tl3f" The rejectecl test macÌe

on ca.rbon Tetrachloride at 69.z5or yielded a the rmal- concuctivi Ly

value which vras onry 10fr higher than that of chaLloner ar¡1 powell28.

There-oore it appears as if Cecil and Munch% test,ed. Carbon Tet:'a-

chloride at higher temperatures than 77o, in which case convecùion 
¡

would have been set up in their cell, as was the case in the hot-rvlre

cell used in this study.

The experimental- thermaL conductivity values for Toluene are

conLained in Graph No" 2" As in the case of Carbon TeLrachloride, the

I'ieLiable'r values for Toluene, obtained by oiher inves'"igators, are in-

cluded on this graph, and again large deviations are noticed" At the

first look, it j.s noticed tiraù the values determineC rn this research

agree wel-l wlth the vaLues of oùhers up to 1ó8oF " On clcser ex"anj¡ation
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it is seen, however, t,hat Challoner and Powell28o P"iucullfT, Sc,hnirlt

^ .l?1 -t/'.
ar.d Leicenfrost-'-, anc, Ziebland'"/ found thal t,he thermal corrduc- 

._

tivity of Toluene rlecreases with j¡creasing tenperature, as inrleeC is

the case for most liquids. The vaiues of this research beiweerr Bóo!'

and IOOoF do decrease rvith increasing temperature anC Lhen begi¡ to

increase with increasing temperature. A line through the values of

Challoner and Porve1128 pau""s through the val-ues obtaj-ned in ihis work

at 8óoF and lOO%. Since there is excellent agreement bet'r¡een the

values of Chailoner and. Por+e1128, RieaotlrT, Schmidi and Leicur,-fro"Ll31,

and. Zieblan¿ió3, ,nu accuracy of the values obtained here up ¿o lOOh

can be accepted. Although the thermal conductivity oí Toluene r.rs.s

determined. at room ternperature, it is not sl:own on Graph No. 2 as it

is though| to be inaccurate due to the Cifficulty ín controlling the

balh temperatune at room tem.perature.

I,lhen the thernal conduclivity started to increase after

aborrL lOOoF, the possibi.lity of convecti-on in the cell was again

investigated. Approxirnate va-rues or (N*o)(nrn) product at the Lest

temperatures were calculated by usirrg the acl,ual lemperature differences

obtai¡ed during the tests. These values are shown in Table J anc are

plotte,1 on Graph No, 5, l¡,lhen the graph is exbrapolated back to O%',

ttre (NaO) (*rO,) proCuct is about 3OO0 which is consid.erably higher

lhan the upper }init of 1OOO&6" The results of this research seem

to inCicate, hor.rever, that if'there is convection in the cerl i+" is

insignificant t,ill- about 1OO9F " At lOOoF, the (*aO)(Npn) product is

about ó000, v¡hich def.initely poi-nts to the presence of convection.
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Hcwevei Ll'iese resu--i is ere ec.ce?-Llble fcr" Toluene a-t iernpera-uures up

-^^.._ . , -28¿c l-û3"î but after''bha'¿'t,he:esuits of Chs.rl-cne¡':nC Fci.'erl i
'1J l?l '7't

l-'e3e | , lcnnrCt anC Le:-cìcnîrosirii, a::1 Z:-c.ciand'"' shcu--i 'c: used."

In o::d.er t,o check .ihe rep::oducibrl-iiy of resufts Nl:i'ee

sepai"a'Le i:esi: runs r,^¡ere taken with To-Luene. The resu-Lts of ari chree

r"uns a| each temperature were reproducibl-e '',,o wiihin : ?Á, The

scatiei" i¡ resufts indicales thai alihough convection vras presenì: at

al l tesL Nemperatures and had ¡. rnarlce'l ef fect on Nhe results after

iOOoF, i!:e tcellular noi,iont ,.ras again nci fully deveiopeC anC br"oÌ<e

d.or,un Cue t,o insufficient i;hernal enerã/ being suppJ-ied to the cel},
2 ". 23

As sho'..¡n on Gr"aph lJo" 2, i;he va.iues of Abas-Zade-, BriCg:ran--,
?a nt. 1?/, 'l?<

Javis", Kardos'*, Shiba*'* eni Sni'bh-" ezree r.rell, Lhey ar:e consis-
)Q rrt

tent-Ly higher than thcse oí Cha.l'loner ani Fowel]-'ö, Ri"d.elrr/, Scì'unidt

^ .l-11 .L63and Leiden.iros'i;*-*, Zieblani---, and ll:is r'¡ork, anC, shroulC not,

ihereiore, be used íor any accurate apF-ricaticns" The varues of
\.7 . 69:feber*'' and Jakob-'are not in agreenent l¡ith 1,hose CeLermineC later

b;'oi;her authors, anC can be regarded as being -the least accura'be of
l?Ã

al-I evailable clata" Smi'ch-" reprodrtced ihe vaiues obtaineC by
a)

5r.icÌgnan'-' bul he used the concentric c5,'li¡t¿"r cell of BriCgman.

There is hor.¡ever, a close agreenent bet'¡¡een ihe values of Bri-dgman

^:nC -¿.bas-Zade- for Totuene Ceter.rnined with cc-axial cylÍ:rders and

hct-v¡ire cells respecLiveiy. The causes rvhich nay have IeC to the

rel¿tively large discrepancies beLween Sridgnans s Ceterrnination antl
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those of later workers have been thoroughly discussed ty ilieCelllT

anC need noi be repeated here. Fron the close agreenent betr.reen t,he work

of ¡\bas-Zade and Bridgrnan, one could alrnos't, gain the inpression that

Lhe former authorts apparatus was cal-ibrated with the aid of Eridginants

results

The Atomic Enerry of Canad.a Li¡rited.3, (l.n.C.L.), and other

industrial groups in Canada engaged j¡ various aspect,s of nuclear

energy, have expressed interest in obtai¡ing originaJ- thermal concluc-

tivity data on organic coolanùs. r1,"E.C"L" have specified Hydrogenated

Santowax OM as one of tle possible coola¡rts for use in the new

t¡lhiteshell Reactor, and. HB-40 is planned to be usecl j¡ the fuel i.rash:-ng

systens at the same reactor site" HB-40 is Santowax Ol'íP hydrogenated

fo l+U;á of the naximum theoretical amount" Sanples of these eoolants

r+ere obtai¡ed from A,E"C.L, anci their Lhermal conduciivity values

de|ermined experimentally beùween 250% an¿ óOO%'.

The resulting vaìues are shown on Graph I'ios.3 and 4"

Frevious experinenLal d.ata had not been publi-shed3 on these organics

and, lherefore, no cornparisons with the va-Iues obtajned. in Uhis work

v¡ere nad.e. The thernal conductivity values obLaineC during the course

of this resea.rch increa.se with increasing temperatures as indicated

on the approp:'iate graphs

ïn order t,o check for convection in t,he ceil at test

temperatures the values for Lhe product of Grashof and Prandtl nunbers,

(NCa)(Npn), for both organj-cs at each test temperaùure were estinabed.

r¡Jhen searching for suitable properùy values to evaluate ihe Rayleigh
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L ta
no.ìrìiLs, il r.;as noticecì ihaN iì,e viscosrL; ci o:Een1c îeacLor coc-Lanis"4'

iecreases r.apiCl;r as'¿he ¡:cn:¡:'.aiure i:c¡'eases. The esii:l¡uea values

oi the i,ayì-eigh incCulus íor bo-i:,h organics a-L each ùest ,,eirlperaiure elle

s:roh.n in Tables 6 ani 9- 1aÌ<:n3 ihe c;'i-¿rcai va-ue oí the Rayleigh
1t,!.

::crjuii¡s as 10CC-*-: conveci:j-on -:+as p:"esenl clur"ing ai-I Lesi:s ior" Hyd.rc-

3ena|ec. Santor.¡ax 0i,1 and, thereíore, 'Lhe thermai conCuctiviiy r¡¿1¿"=

a::e un¡'eliabl-e" Flor"¡ever, ihe values ci lhe RayJ-eigh modulus v:er"e beìou'

IOOO ior- the äB-l*O tests zt 25O ¿nd 3OOcr-. In r"elerence ó, Lhe ihe¡.nal-

conduciiviiy cí l{B-10 e-t 2OCOF :s s'¿alec io be C"C65 ¡tu/(är,)(nt)ioe¡

"¡hi-ch 
ind.ice'Les'Lhat ihe v:lues obtained in this reseai'ch for Lhe san:e

liouid zt 25a ani lCCol are fa:: too loi+,

As sila¿ei ea:'iier eoua-Lion (Vir"4) r.r'âs lts€i t,o cal-cul a'çe zii
-¿hernal conductivity values and ihe e,llua+"i-on assurnes LhaL ihe::e is no

signiiicani 'uer,pe:'ature difíe,:ence be-L,,;een Lhe ouLer wall of t)re gle:s

'¿ube con+-ainirrg i;he test seclion fita::eni anC the baNh rnedir:-n" )u:':-n3

i-he course of each'cest, i,he ir^¡o aCjus-LabJ-c ihermocoupl-e probes ivei'e

alvrays in conLaci vriLh the oulsicie of t,he glass Nube ccntainÍng the

'cesi seclj-on fila¡nent" These ihernccouples coulC onJy measure ihe

-Lemperatul'e accuralej-;' 'bo 0.3oi, Since tLie atrerage tenperature ,Crop

scross Lhe lest, ilcuíd laye::',..;as in t,he oi'der of f%, a consiCerable

ei'rol: i¡ 'Lhe neasurel tÌrernai cc::duct:vi-iy val-ues couLd exisr due to

neglecting tlre fiJ-rn iernperature irop, iÍ exis",,eni, on lhe ouiside oí

+"he gì-ass tube" No ieriperaiure difíerence betr+een the ouisiCe cf the

glass tube containing the test secticn fì-1a:rent and the b¿t,h;nediun

r.;as CeLected Curi¡g the coul:se of the reported',;ork and consecuentl¡.'
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Jlc cc:i'ac-':ion l¡;..s::"-Ce icr âiil¡ îj-i'n-iÈ,ilì-,cî2-'i*'ce dr.op on the crrisiCe

c-'Lli: ria:s Lrbe" å cc:recLion fc:r'ihe e:lo:. lue to a. f.cnpel-atri:.e

r,-ì.:roÐ on th,: oii'¿er. 3uiÍace cl -i,he sl-:"ss :"¡oulC ::erÌuce l"he ef lec'cive

'Lenpela*"uf e ::o'-' 33ic5s i:l:e '"¿g': Ia¡'.r-' i:-i ihus ;nc¡'a-¿:Se ihe .¡aiue cj

Eich cc':r,c'l c'¿e ;gs'¿ i.¡iih t,he o::qanics',.,.as per.ioi.nc:l i.¡iihsu¿

:,:.;r shu'r, do'..¡ls :nd 'ccth cocl-:.nis r^¡ci'ä coniinuously sribjec'bed to

i:lperalui3s abcve jOO% fo;. ai l-easi: ihirty five hou:.s" :i rvzs

noùicet1 iha*u ihe cooianis starieC lo disco-ìou¡" a.fLer e fe'¿¿ hours use

ai ùe;n':eratuÌ"es above 3OOo¡ anC ir i+as then t,hought, ì:haL 1:erÌ:aps t,he

ccol-eir-ts s'r,âîferi lo breakCol¡n" L subse¡uenl check wiih peopie associaleC

ltl+uh'l,rte or',qanics ioinled oui t,hat d.eccilposit,icn rvas not posslbte wit,h

r"-^ ìi*:+^ì ì^--',ing encountered. Thus ihe .l:isco'louration coul-d haveU-.:C I:lr:-lJUi.i ;.i.(j.L L

been caused'cy a -1 eal.:a¿e cf iÌ:e bat,h n:eiìj"'.1-¡l into lhe cel-I or by any

:n.ourities'Lha-,,:r'j-ghi have been nreseni: inthe-Lr,.n¡rsten w:-:e use.l j¡

'ihe nanufactu::e cÍ the îi-Ianen'L;" In lhis case an o-o-icìe filn cculd

hr,.¡e been deposiied oil +,he sui"-flaces of the fil-amenis r.¡i:ich r+oull iniro-

iuce an ex'¿r.r resisiance tc t,he heat f,-cx fi"oi:l the iesi section filarnenN.

Thereicre iess hea*r- than +.h¿t caiculaieri b;:r.easuri-ng the resisiance of

ire ies-í secLion v¡ou1d. be coriducted ihrough ihe ]a;'sr and Ic',.r,'thernal

ccnduc¿ivily values ir¡olrlC resuli as in the case o-f ïiB-40 at 25O a:rd 3OOh.

The resistance of ihe fil-anent, should have been checked afLer tlie tests.

Ii has been observed in the evaiuaLion of the ernpirical

correÌ,qtions an,ì theoreLical eouations that the groups of physical

prope:iies invotveC do not, accounL íor variations in the cbser.ved.
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thernna} corducLil'ity, lls the study shov¡ed no one equalion predicts

the ihernal conrluctiviby,va.lue for all liq.uids and, therefore,

experirnent.el data should be used if availabre "

The experinental results have shown that the hot,-r.¡ire cel-I

used i¡r this study is onty suitabLe for measurÍng the absolute thernal

cond.uctivity values of viscous liquì-d,s, If it is desired to use a

hot-r^¡ire cell at elevated temperatures to measure the thermal conCuc-

tivity of low viscosity liquids, then a modi-fied celJ- similar in

design to thp"t used for the reporLed work ilray be employed. To minimizè

convecLion in the ceIL, however, it will be advisable to reduce the

present f iLm t,hiclcne.ss"

The construction of a hot-v¡ire ce]l requires a good.craftsman.

Seve¡'al authors have remarked on their diff iculby in centering the

heaLed wire with the required precision in the surrounding glass iube"

This difficulty evenLually forced them to resorl to some for¡r of

calibration with a liquid of rrloorrrnrr thermal cordr:ctivity for d.eter

rnining the trrie geometrical constants for their cells,

¡11-l the op,antities required for the calculatj-on of the cell

geornetric constants can be measured preciseþ. Some controvers;y

exisied over the i'adius of the coiled fil¿ment to be used in thre

calcul-ations of the cell- constant. The file:nent wes closeþ wound on

a solid core, v¡hich vlas removed before assembly, and the coil experienced

I'spring backrr. For Lhe results stated j¡ this report, the mearr

diameter of the fil-anrent was used" ïlhen assembling the apparatus,

great care shoufd, be taken to avoid heat flow dsr^rn the glass tube as
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this heat f I c¡n¡ could distorb t,he tube Lhus resuiting in a, non-u::riform

film thickness. Despite all the assembly cÌifficulties an accuraLe ceil

was constructed and theru:a1 ænCuctivity yalues det,errn.lned for tr+o ner¡¡

organic coolants"

It is si-ncerely hoped that the performance cf Lhe hot-r^¡ire

cell will- be checked with the concentric cylÍnder ceII wÌ^pn il is

complelerl. The acorracy and ¡rrecision of the concentr.ic cylincer

cell should be checked by taking a few test n:ns with Carbon

Telnchloride and loluene, and by conparing the values obtai::ed 1..'ith

those recornmended i:r this report" Once the accuracy of t,he concentric

cylinder cell has been established, it shoulC be a relativeþ easy

rnaLter lo carry out r'easursnents at, higher lemperatures and pressures.

the most important auxiliary equipment, namely the consùant

tempe:'ature bath, has proved to be a highþ suitable piece of equiprnent

and cen be conLrolled to fhe lirait specified earl-ier, over a long period.

of Lj,ne" Cool-ing coils or a thermo-el-ectric cooler shoul-d be installed

in fhe be.th, however, to enable tests at temperatures below the room-

temperature. Add.itÍona1 heating coils, virapped on ihe outsice of ùhe

bath, will herp to heat the viscous tempering oil, which is necessary

for tern¡eralures above ÐO%. The technio.ues for carrying out üre

tesLs have been well established and the future users of the equipnent

should have no di.fficulties i-f the precautions outLlned jn the report

are exerclserl ,
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TABTE 5

CALIBRATION DAT¡^ FCR THE THERI,ÍAL CONDUCTTVTTY APPARATUS

- ç il

Temperature

On

Resistance
The¡'mometer
Beslstance

0A'{S

E.M.F' of Bath
Thermocouples
MiIl-ivol-ts

Hot-r"¡ire c.;i"-
lest Secti-ozr
Resistance

0m{s

61n"65
69 "2529
6g "893tþ
73 "lZI5

27 "l+C5O
27,66t+O
27.7000
27.901+0

"9395
L"076
I"089
1.1-98

6"zoz8
6,261+2
6 "27L9
6 "3220

79 "o39b
86.976L
87.64be
89.5l^¡5

28"z]'¿;O
28"6591+
28"6969
28,8020

1.36r
L.595
t"617
r.672

6 "391+5
6 "5ol-,z
6 "5uz6.536j

93 "9875
99 "A882

roo"5?L9
104"8l}38

29.0521+
29.3380
29 "l+2IO
29.6600

1"907
1.9ó0
2.O03
2.l.25

6 "59966.67t0
6 "6918
6.75L7

1rB"9162
r23 "3705
Lzl+"9389

30.l+1+60
30.69h4
30"7818

2"5t*t
2"689
2"737

6.9469
7 "0055
7 "OzßL

1t+3 .206
u9 "7598
110"4013
L54"tL67

3L"8458
32.L623
32.Lg7g
32"1+01+0

3,3l:6
3 "l+9L
3.508
3.623

7.2959
7 3n9
7.3797
7.1+379

r6t"2603
l.67 "5sú
]-óS.4lJ+96
L72"4992

32.80C0
33.L5OO
33 "]96ì
33 "h220

3.81+5
l+.C36
À"06?
4"186

7.5363
?.6232
7.63}I
7.691+9

Lgg.629r
]-95.A5U+
r99.3984
L99 "5t5
200.3617

3l+ "3678
3t+"666e
3l+.9060
3l+.9124
34"9590

t+"7O9
L,e82
5.Or7
5.070
5.048

7 "ghol+
9"0]35
8"0497
8.0509
8.091ó
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Bath
Temperature

op

Resist,ance
Therrnometer
Resistance

0m'is

E"M"F, of Eath
Thennoeouples
Millivolts

Hotr^sire coll
Test Section

Res lstance
0t{i'is

2I0"144?
21ó.9119
22t"L296

35.1o97O
35.8686
36 "1000

5 "347
5 "557
5 "6g9

9"2262
t"32L8
I "3szz

t:¿5 "325
4O"rzh

36,3ooo
36 "5929

5 "8r7
5 "965

9.4419
I "5071+

24¿l.gB11
250"t56
25I"t+384
25t+"251+6

37.4000
37 "6880
37 "7580
37.9LL6

6 "379
6 "5lrz6.598
6 "654

8"70L7
8"77L7
8.9030
8.9262

29L.1+353
3OQ,326
302.2966
306.33L5

l+0.0955
/+0,4I44
40.52rO
l+O"7392

7 "9l.8
8.091
9"169
8"282

9 "t+czo
9.1+87L
g 

"5395
9 "5790

3t+5.5708
350"325L
35t+"552L
355 "9636

42.8532
43.]064
l+3.3350
43.1a1O7

9 "5U
g 

"655
9.832
9 "839

ICI.L57r
L0.2262
L0.3263

.10.3408

394.95L8
400.c66
40L.7561+
l+O7.2?35

l+5.1+93h
l+5 "7655
45 "8554
4ó.1¿60

11"052
Lr"262
l-r"262
l-]-,hl*z

10"9C08
rL.oo52
Lr.0009
11,0910

t+t+3.3576
4h9 "5398
t+5L"0576
b55 "1645

48.0859
l+B.39l:O
48.3922
l+8.6822

L2.3r2
L2"795
12.973

tL"5392
rr"7352
LT.72T3
11.8129

L93.0232
499.3929
50o.2903
504.9565

50"6700
5r.0031
5r.0500
5r.2938

u.r57
u.372
Il+"388
u.554

W "l+O85
12.50Ì0
],2"5L59
12"5910

51+4'L,LU
5t+g "t+956
55l."2028
556.754

53 "31+70
53.6100
53.6990
53.9863

t5"780
t5.95r
t5 "998
16.185

lJ "2081
13 "2916
13 "3227
13.4006

597.1730
599.8586
6oj "zogt+
608"35t+6

56.o7oo
56.2080
56"3800
56.6¿r+o

l-7.t+O5
l-7.54?
r7 "639
L7.7gh

14.0441+
14.0824
14.1408
U.z?J+I
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TABLE 6

(r) nxpraûß¡nnl tqrn ¡,No rHys-Ic¡,r,.p.Rcìpm,Jrns or ceneol¡ mrnrcämam_o

Density ar lfl z 98.952 tAs/n3

Boiling range : l-ó9.88 - L7O.Z+aF

Residue after evaporation : 0"001Ø

Sulphur Conpounds ¡ O"QO$

I'fanufacturer : Fisher ScientifÍc Co" Li-miüed
245 Carlaw Ave", Toronto 8.

Catalogue Number : C-199

alnterpolated values fronr data supplied by
Corning G1ass l{orks, Cornlng, New York.

Test
Tenpora-

ture

h'

Thei":*.ral Con-
ductivi""y of
þrex Brand

GLass No. 7740
BrV(irr) (Fr) (oF)

-4,verage
Tenpera-
ture drop
across the
liquid
f iln o¡'

Heat Dis-
sipat,ed
in the
tesL sec-
L ion,
gt,ì1,/HE<104

Thermal Con-
ductiviiy
of the li-
,quid
Õ'JU/
(ur)(nt) ( "¡')

(n*") (uro

69 "25 0.55!tí O"7l+6 293.30 o "0692 l+1165

876t+ o.561+ 0"653 3OLr'!+l+ 0.c82l_ l+78O

r00.57 o"573 0.ól-g 3r2"37 o "0892 52C0

l.2l+"91+ 0.589 o "698 327 "t3 0"0825 7000

150"40 0.607 0,ó96 3h2"82 0.0880 9340

168"41 0"620 o"728 353 "938 0"085ó r].200
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TABI_.8 7

(z) EXpERF.:F.NTAL IATA Ar.ili pHysJc.¡,L.pROpERTrEs- oF lo.LUEt{E

tiaacrL

Tempera-
ture
o-Í

ThermaL Con-
duct ivity of
þrex Brand.
Gl-ass No" 77¿rC

BLV(i{r) (¡'t) (or)

Average
Tempora-
Lure drop
across the
Iiquid
f ilm %'

i{eat Dis*
sipated in
the Èest
sect j-on 

,

¡¿r-rr/gr:cfO+

=:-æTherinaL Con- i

d.uctivltv of I

the riquia 
{ 
(**o) (*u*)

I

Btu/ I

(sr) (rt) ( 
o") 

I

69 "Bg o.55L 0"7L5 293 "79 o.0723 l+B50

gó,gB o"563 0"690 30h"5L o.o?77 >)ov

()9 
"09 o"572 o"7L3 3Lr.63 o"0769 5980

L?3.37 o" 588 0.74] 325.67 c.0773 7220

u9 "76 0"607 o"758 3t+2.23 o"o7g5 9000

L67 "53 0"ói.9 0.?50 353.!+O o"0792 10400

t95.Q5 0"ó3s o"790 369 "68 0.0823 r2700

2L6.gr 0.653 o"746 38L.36 0.090r u950

230.L2 o"66? o.757 389 "87 0"0895 1680C

Specific gravity : 0.866

Bolling range z 23O"72 - 23L"44oF

Residue after evaporation z O"OOØ,

Sulphur compounds : 0.C0QÉ

l{anufacLurer : Fisher Scieniific Co. LtC.e
2115 Carlar¡ Á,venueu Toronbo B"

Catalogue number ¿ I-324
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TABI,E 8

(3) EXpERT-IIENTAL ,plrÀ .åNp 
pgysrcÀlj p&qpERrrES pl.Iits;-4q

HB-40 ; Santowax OIP HydrogenateC to
4q'

Boiling rarge z 6t+4 - ?lrt+"}oP.

Tes &

Tenpera-
ture

ÛF

Ther¡¡ral Con-
ductivity of
þrex Brand
Gle.ss No. -7740

BrV (Hr) (nt¡ 15¡

Average
Teinpera-
ture drop
across the
liouid
f i}a oI'

Heai Dis-
sipaberl in
the test
secfion
¡tVHrxlo4

The¡'nral Con-
duciivity of
ùhe liquid

BLtr/
(ur) (pr) ("r)

(n*o) (rro)

25O"L6 o.676 r.278 397.7L O.O5l+5 lr9L'

)vv ")) o"7u- r"226 1,27 "72 0"0ó11 875

))v ") ) O"7t+5 1"181 458"18 0"c680 l3l.2

b)t"76 o"777 1"186 ¿+89 "32 o.c723 181-0

,15.roUb o"790 L"737 52L"2ß 0"0805 2335

540 "29 0"803 L.Og7 552"57 0.c885 4030

55t"20 0.9r7 1.049 583.90 0"0978 5620

603 "zL 0"931 0 "921+ 6r? "23 0 "u77 6¿uzo
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T_q.BLE 9

(4) EX¡¡RryENT/!!_DATA AND pHysrcAj, pH,opERTrES oF HyiiRcGEu¡.rED

SANT01'{A.4 -9i!{

: Hydrogenated to J.3lSantowax Olf

Conrposition of Wantou¡ax 0m before
Hydrogenation"

I eipheil¡I ¿ 3"&

Ortho Terpher¡r1: 6I.lA

Meta Terphenyl z 7"#

Para Terphenyl t 7.#
Liquidus point

' Boiling Point,

¡ 1O5"SoF

z 62bor

ra^^:.

Tenpera-
ture

On
.r

Thermal Con-
duc'civity of
þrex Brand
Glass No" 77lO

BtV (Hr) (r'r) (or)

Average
Tenpera-
turo drop
across the
liouid
fifn%

Hcab Dis-
sipa.'i;ed in
the test
secLion
¡tVHrxto4

rFl1õ*ñõl n^--¿ ¡¡v¿ ¡uG¿ VV¡¡

Cucbivity of
the liquid

Btu/
(Hr) (ri:) (or')

(r¡ )(r,¡ )GR PR

25L"¿+t+ o "677 ]."205 399 "31+ 0"c560 r930

342.30 0"7l.2 r"252 L3L.AU 0.0603 t+5o0

35!+;55 0"7t+8 i,27t+ t+6b"2.1+ 0.0638 ?320

&00"c7 o "776 t"307 493 "25 0,0ó61 10040

l+i+g "6!+ 0.789 1-"3t,2 523 "O3 0"0583 l-3580

t$9 "39 0"803 t"363 554,33 o,o7t3 L7260

5l+9 "t+9 0.8]ó L"367 586 "O3 0.0751 22300

599 "e6 0"830 t"309 6U"52 o.0823 26700
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APFE}J]) I]T I]]
DrlSIGl'I DET;\ILS CF AUIILIA}ìJ EDUIPÌ'IÐ(T

J-" Ti{E CO¡JCEI,INìIC CÍLI'JDER CE]IT

.À.n apparatus of the ccncentric cylinder type has been used by

a varieLy of v¡orkers for the s't,eady sùate neasuremerrts of the therrnal

ccnductiviby of ì-iquids. 'fhe cylindricaÌ shape was cÌ:osen for conve-

nient control of heat loss, and the rr:gged consLruction of the ceII

makes it suitable for xneåsurernents at high i;enperaiures anC pressures.

It is recornrnendu¿iÅr146 that vlnen the liquid is contaj-ned

either beir.¡een horizontal or veri;ical concentric cylinclers, convecf ion

can be avoicìe,l by using a thi¡ liquid layer and a sma]-l temperature

di-fferenc,3 across the layer, so that the product of Grashof and Prandtl-

n'¿mbers is l-ess than 1000ü6, If the liqriici i-s contaj¡ed betr¡reen vertical

concen+.ric cylinders ard if the above nentioned conditions prevail,

heat vril¿ be transferred by pure eonducLion over the major porti-on of

the J-ayer, ¡.t the lower anC upper ends of tlæ layer, over a height

equal to the layer thickness, a non-J-inear tenperature drrrp across the

layer wil-l exist44 :-f no thermal guardlng is provided.

In the designed cell, the layer thiclmess is 0"075 inch"

Using the geonetr¡, s¡ the cel-l- anC a reximum operating temperature

diff'erenc.e of 5oF across +.he layer, the product of Grashof a.nd prandtl

nunbers is less. than 7C0 for most liqrids, thus adequalely meeting the

recon¡nendations for avoiding convection in ihe cel-L The layer height

has been made very much greater than the layer thicls'ress and guard

heaters are providec ai the l-or¡er and upper ends of the layer" rt is
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enviseged, therefore, that this cel-l can be useci fcr the absolute

r¡eâsuremenLs of the thermal conductivity of several J-iquids and that the

convection curonts will be absenL aL a tønperature dj-fference c,f about

5(f or less across the layer.

The ee}l designed for thjs programme consists of an ar:,nu1ar

.Lio^uid layer contained bebween concenLric brass cyI5-nders. the designs

of t,he celI and the constant temperature bath are such that the ceIl can

be positioned in the bath either horizontally or vertS"caX-þ" This pro-

vision in design v¡ilI alJ.ow the absol-ute thermal conductivity measure-'

vnents to be made j-.r both positions of the cell. L

Figs.9, 10 and 1l-, show conplete details of the concarntrie

cylinCer ceII. The cylinders and the end caps are mede fron fn,*e cutting

l:rass, a high conductivity maierial" All bhe components of the ceII are

accurateþ machi¡red and polished to provide an annular gap of O,,A75 inch,

a figure which represents a conpronise betr.'een the possibllit¡r of convec-

tion at ihe exLreme conditions for some J-iquids and mainbenance of the

effec'b of the geometrÍ-c djmensions on the eccuracy" The surfacc¡ finish

of the enriLting and guarqi cylinderso and, the bore of t,he outer cyJ-inder

is 20 micro inches. The concentricity of the cylinders j-s maincained þr

tight and precise fitting of the erd. caps over the guard cylind,ers and

i¡to Lhe out,er cy}5:rder" The alignrnent of guard cylinders v¡ith bhe inner

cylinder is naintained by four accurately machined spacer pins nade

from steel, The assenbly of the eoraplete celJ- is shown i-:r Fig" J-l

The ppçsise machl¡ing and finishing of aI[ the cylinders for
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the cell '1.¿as undertaken by the Brist,oi é,ero-Industries Ltd,, ilinnipeg,

The heaters posi'cioned in the emi'cting and. guard, cllinCers

ere shor,rn in Fíg. Ç" Instead of tho sho"i..n flexible l-eads, so1iC terinj-nais

r+ere used i¡ the f inal consLrucLion" A }farr connector or a similar

cievice can be used to a'r,tach a stranded asbestos wire to each te¡r¿i¡aI,

The heat,ers consist of three parts. The mj.Cdle heater supplies heat to

t,he emitting cylind.er while the remainÍrg trrro are fo¡. each of the guard.

cirlinder, An autotransformer should be used to ad.just, voltage to each

heater.

The tenperature difference across the liquid rayer is to be

measured by fourt,een íron-constantan, ilceramorr duplex cond.uctor type

thermocouples, and .two exactþ matched glass-coated therrisbor bead,so

The characteristics of these ihermistors are given in Apperdix rv as

these thermistors are sjmilar to that used in the themiistor-Lype tem-

perature controll-or.

The m¿i¡r feature of i;he thernisrors is that, they have a high

temper.ature eoefficient of resistance thus provlCing a relai;ive1y large

resistance change with a small- change in thermistor temper.t.."u58 
"

I{oi..,ever, one major reason for the thermisiors not haviry found a wide

appiication for the absolute iernperature measìr.rements is that thelr

eging characteristics have noL been werl este¡tished.16 " rt is feIt,
however, that if a pair of exacLþ matched thernistors are used, in the

same environment then theír aging characterístics i^¡ítl remain the se.m6,

Tt is recommended that the thermistors shoufd be agec after assenbþ

ai; 3C0t for several rì.ays, to improve their staUiJ-ity&3. Â d.irect
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cìrrent, o-i abouN 150 micro amperes sÌrouid be passed duri.ng this aging

period, r¡Ihen the actual LesLs are beÍng períoimed. a currenr¿ of approx-

unateþ 90 raicro aaperes should be used. An operaiing current, of JO

to 100 nicro enperes r,¡i1l e*ll-ow gool sensj-tivi1;y v¡itho¡rL any epprociable

self-heai of the thermistor" The Lhernistor resistance must be checkecl

frequenily at the ice poinb and it, is expec|ed t,hat, the thermistor

resist,ance variaùion will noL be nore Lhan f 60 ohms i¡ TOOeOOO ol..n"Ul.

The aetual experlnenLal procedure is very simil,:r to that des-

c¡"ibed for the hot-wire eel-I. The annular gap bei:v¡een Lhe concenLric

cyiinder is fille,t with t,he test liquid, and the entire ce]L imrnersed in

the constanb tm,peraLure bath" The cel] is then brough'c up to bhe tost

ten¡:roi'ature by heaiiry the bath mediun to that temperature. T¡fhen Lhe

s'beaCy-sÍ;aÈe has been establishedu the electric heater located in the

enitting cylinder supplies a snall amount of thermal enerry which flo'ir¡s

raCiaiþ t,hrargh the annular Ìiquid layer" Guard cylinders are provided

to cotnpensaLe for end losses and to assure Lhat the heat flor,¡ is rádiaI"

Tho quantÍLy of heat conducted is deternined by measurirrg ti'ie elecùrical

inpub to the heaLer and the ther¡nal conductivity of the liquid can be caL-

culaied from equation, II/"10"

2 " rHE r H E4r,r r s r0 n--1ry_FÆ -TstpEBfl-Eg_c 0 NrEgLrE n

One of bhe most wideþ employed designs of a ternperature

conì;roller incorporai;es a cjrcuit, v¡here an error signal from a therno-

couple or a resj-stance thermometer causes a deflection of a gaivanoneter

r¡lrich j-n turn controls the bai;h heater through a photocell re1ay9z'99.

The sensltivity of such a controlJer, hor.,.ever, is ljmlteå to t O.O19F.
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For a more sensitive conbroller, a teaperature sensing device other than

a thermocouple, must be used, For exarnple, if an iron-consbantan thermo-

couple is used as a t,enperature sensing cÌeùice, then for a temperature

change of 0.005oF, the change in the t,hernocouple output or the eror
signal l+iII onþ be 0.15 microvolts. This signal must, of coarse, be

anplified in order to actuate a relay. The degree of atrplification can-

noL be mace too large as hum or the noise l-evel of the amplifier and

stray pick-ups r¿i1} cause B,n erroneous sign,ar to'be fed to the galvano-

meter, and, eonseo¡ently an j-ncorrecL control v¡i1l result" The j¡¡lrerent

problens of amplifying a snral} signar and the high cost of sensit,ive

amplifiers, lirnil the sensit,ivity that can be obtalned with a contro]]er

enploying a therrnocouple as the temperature sensing devÍce, The use of

a precÍsi-on resistance thermometer as tho Lenperature sensing unit in a

conirol circuit is noL warranted because of its cosLo and, especiarly

r';hen just, as sensi|ive, and cheaper uni.is like thermistors are available"

á' photoca:I1 relay is unsuitable for temperatwe controllers obher than

the off-on types.

A temperature controller capabl-e of controlling to at least

* O"OO5%', over a range froin roorn temperature to 600o.e-, was designed

and is shorr¡: schematically in Fig. 12" Althougl: this contrcIler was not

completed in tjme to raake .its use possible in the reported work, test

runs perfor¡ned at a later date shor¡ed that it could control temperatures

tc tho stated U.ilits" The bath te.nperature v¡ill be controlled to * O,OO5%

by a ldheat'stone-bridge circult, one leg of which is a thermj-stor sus-

pended in the oii. A siight change in the tmperature cal¡ses an unbal-ance
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in the bridge" The resulting error signal :-s ampli-fied by an operational

ainpiifier, anC, it is ùhen fed to a paralleled. Ioss iube" The,lirect

curre:'rt being supplied. t,o the conLrol vdndings of the sat,urable-core

reacbor is cÌranged in magnitud.e by the erl.or signal, rhus controtling

the bot,h heai:e:"s connected to the povrer r.rinCings of the reactor"

Í' thermisLor v¡as selected as the temperature sensing device

because iLs resistance changes markedþ with a slight change in teln-

perature" A graph of the t'ætperature-resistance relaiionship for the

thermist,or selected is sho.q'r in Appendix f\¡" thernistors are rrThernal

resisLorstr or resistors r+ith a high negative temperature coefficient
, 141of resisLance , tuhich is opposite to the effect of temperature changes

on metals.

A thermistor bead r+as incorporaLed j¡to a suiLabl-e tempera-

ture probe" The thermistor has a resistance of Ì001000 O.hms aL 77%"

'l',Ihen a parLicular tenpe:'ature is to be controlled, the resisiance of the

thermistor at thaL temperatr-rre is obLained from t,he graph in Appendfu W,

a:xi the bridge circuit appropriaiely balanced. Three volts d"c. are

supplieC t,o the bridgeo so that the resulting current is jnsufficient

to cause any self-heating of the thermistor bead..

A slight change in temperature causes an unbala¡rce in the

bridge ej¡cuit" the resulting signal is amplifled before it is fed to

the loss tube. The ouLput voltage, or the amplifled emor signal, i-s then

fed ùo Lhe grid of t'he paralleled óAS7G loss tube. A regurated power

su*opl-y is used to supply the required voltages to the loss tube, and the

relevanL eLect,rieal connections are shov¡n j¡ Flg " J.2. The d,cn output
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voll¿ge fro¡n the l-oss Lube is supplied to the control l"¡inding of a

balancecl saturable-core *"."Lo*3ó , thus controlling the amounL of a"c"

voltage suppJ-ied to ùhe bath heaters "

the operat j.on of the desig:red tønperature controller, ther"efore,

is th¿'u v¡hen ihe bricige j-s balanced for a particular tenperature a con-

stanrS amoirnf of d"c" voliage is being supplied by ihe l-oss tube to the

control r+indings of tho satui'able-eoi'e reactor. t¡Ihen an unbal-anee occurs

ir, Lhe briCge circuit due to a cha"nge in the bath temperaLure, the

voltage being supplied to tho conLrol vrinclings of the saiurabl,e-core

reacì;or increases or decreases e causing an increase of decrease, as the

case maybe, in t,he alLerne.ting curren'b being supplied to the baLh heaters"

-c.l I the error signal transmiLt,ing leads are shielded co-axial

cabl-es - a preceuiion taken No avoid stray pick-ups.

Various characteristics of so¡re of the conponenLs enployed in

the d.esigned l,emperature controller are given in Appendix I\r . u

Fig. 13 shows a phoùograph of the ther¡nistor-type temperature

coróroLler while ÍÌ: r,¡as und.ei.going post-assenbly tesis.

3 " lHE ARC I,,.I'ELDI¡JG Á.PFAR,ATUS

In general, ihere are the following six nrethols available for

consLructing a junction beiv.'een two r¡ires.

(1) tiechanical contact¡ e.B, tr,risbing the ends of the two

dissi¡niLar wires t,ogether 
"

(2) Sol,ìerlng or brazing"

(3) Percussive welding,
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(+) O>qf-eas vreJ.ding"

/ -\ -(5) ResisLance ..re-Lding"

(ó) ¡rc welcting.

0f íhe six nre'bhcds possibie, the arc r+elding nethod l,¡r¡.s selecLed

since it was consid.ered to be rather nore convenienl94 to, uni'bing ivro

clissir¡il-ar r.¡ires which are laid side by side" The reascns for re jecting

the other five rnethoCs are briefþ as follous,

The raechanical con'r,act neLhod is of a telporary natur,e and the

juncNion cannoi; be subjeci;ecì to a high temperature"

The scl-'ering or b:.azing processes give thei:-nocoupl ee 6¡

reasonable performancee but the maxjmi¡n tenperature, to r.¡hich Lhe junci:ion

can be subjecLed is necessariþ loiueri;han that, lrhicir the componenL me|a1s

r,¡irl l+Ìthstand, bei-ng deiernined by the melting point of the solder"

In bhe percussive welding process, a charged eÌecirclytic
. 148.cond.enser is connected to Lhe two c)amped r+ires, one of l+hich is

app:'oaching the other at high velociby; the discharge on conLacù affects

the weld. Ho't+ever, the necessary equipnenL is of a rather specialized

nature and quite expensive, but necessary for butt welding"

The ory-gas weLding process was rejecLed because it i.s un-

suítabie for snall gauge r+ires and has a tendency to 'rieaken th.e thermo-

couple v¡ires just behind Lhe bead,

The resÍsiance weiding is excellent for butt-rvel-ding thermo-

couples but arc welding process rras seleeted. because of its zuitability

for unitirig l"rires r.¡hich are laid sid.e by si_de"

' Fig" i4, shor¡s the schemaiic diagram of the arc welding appara-
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tus used f oi" uel-díng bherinocoupies" This apparatus is a si:npl-ified
!r,

version of Lhat designed by the Neiional Physical Laborat,ory--, Landa'n.

The appa-ralus consj-sts oí a Pyrex glass tube, 6 inches in

length ar¡L 2 i-¡rches in ou'r,side dianeier" A rubber stopper is inseried in

each of the ti.¡o open ends. Tv¡o la incir diareter gLass Lubes are inser'ced.

in the main Pyrex glass tube thro"rgh one of the rubber sioppers" One of

thçse tubes is used. for lead.ing gas into the main tube whi.l-': t,he other is

used f or l-eading in the thermocouple. Througln the other r¿bber stopper, a

i inch Cieme'cer glass iube io Let the gas fJ-or'r out, arC, a å inch dianneter

carbon elecNrod.e, are inserted int,o the main tube. The graphite elec-

troCe is connected to one si.d.e of the suppiy mainsu

The teehnio,ue required for we1-di::g in Nhis seb-up is straight

fon+ard" Frcpane or hydrogen is Led into the tube at one end and ignit,ed

at Nhe obher end" One end of each of the thermoeouple wires is s'r,ripped, aid

Lhey ai"e tv¡isì:ed together, and, the end is nippeC off" The Jlurther ends

of both i.¡ires are ccnnecied to a terininal which leads t!:rough a variable

resis'Lance to Èhe other sicÌe of the supply mains" The twist,ed enC is then

thrusi fhrough the glass tube provicied for the therrnocouple, and, alJov;ed

i,o rïouch the carbon electro,le" As soon as the thermocouple conpletes the

electrical circuit by touching the el-ectrde, the twisted end is with-

dravm abcuL /B incn end the resulbing arc for¡ns a small bead bridging

the en<is of the wi¡es. tr'Ihen the junction has cooled in the gas stream,

it is roriLhdrar..¡n fron: rihe tube. This process is suitable f or all the

usuaì base metal thermocouples anC cen be used for pairs of wires of

widely differing diemeter-s,



L58

The size of tÌ-:e bead can be con'crol-Ied to sone exfcrrc'oy ad-

justn:eni of the current, and a provision in design of Lhe elecirical

ci;r'cuiL has been provii.ed No check the magni'"ude of the cu¡"rent before the

al'c rve'lding operation'ìs pei'formed" The size oí *,,he beac can al-so'oe eon-

'c::ol-leC by repeating the arci-r.g several tj¡nes" If Lhe arcing is repeated

iN rs desirable Lo clean the bead beineen each att,empt"

The advantage of the Lherrnoeouple junctions nad.e this r,ray 1s

i;ha'c no fl-u:es are used, also the r'¡ire near the junction is nct over-

hea'bec and therefore nct v¡eakened as in fbne rvekiing" This ¡nethod can

'ire appÌj-ecl t,o a liide range of r^¡ire sizes.r sa¡r fron about t6 S,Ì,í,,G" t,o 4ó

íi.il"C" 'Iûsis on Lhernocouples made in thio l*ay have shown ihar; the cali-

bra'"ion of ùhe fhermocouple is unaffected"

A photographic viei¡ of the apparatus is shovne in Fig" 15.
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TI{Ë ARC WELDING APPARATIJS
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ÀFT'EI]Dtr{ IV

CiåR.n 0 Tji.p" iS T IC Cr COr'iF Cr.iEÌ',T Sj!il:!qI¡¿_W
iiJì": PEÐITUÌIE C Cií T¡C.LIEP, "

The thermistot' sel-ected has tlæ fol-lor"i¡g characterisiics:

Res isLan c e at ?7ol : J-OO 
'OOC 

oirms

ToLerance ! ! 2.5/"

CoCe Number 
, , Gþ, 5l J 35

ResisLance ag 77_o.{ -1C"3 (see graph for tempe:.ature and
ll"sist,.nc" at-ffif ' resislanee rela'uitnship")

D is sipation Const:.nL : C,7

Ti¡e Constant z 2 seccnds

lead Dia:r¡ieter : 0"004 inch

Leaci nralerial : PlaLinu¡n-Iridium

Lead. length ; 0,25 inch

The::nistcr bead
diamet,er : 0,0I.3 inch

Manufacturer ; Fenv¡al El-ectronics, Ind"
F ramingham, I'iass achus etis,

( 2) OPIIIìATICÌ\IAL AIíPLLçi-Eit

i,4orlelNumber : M2-X

Gain : 300rC00 d.c" open lock

Response z Srnail signal - l_ lrricro seconC rise
Lj.rne r,vilh banC wicj.th over 250 KC
vrhen used ae a unlty - gain inverter.

DiÍfereniial input : Impedance - either input - 100 l"f ohms
levels (open grid)



tor

Current : Eiiher inpui - typically less than
iO*g anpcre"

Ðias :'equ{reC Íor : AdjusLable f ron 0.8 to I"B volts
balance be-L'';een pin 1 and 2,

Por,'e:" required for" r:! i'iornai oper"ation (l-00 K l-oad) l-Ì.8
Íuel ouiput :::--,1::¡p:i'e a'L -i )CO volLs d"c"

8.2 nilU¿apare at - 300 volts d"c"
C.75 anpere at ó"3 volts a.c. or
volts d,c"

Tube ccnplernent : I l-zAX? o-r 7025

I6AN8

Temioera'cure : i'fa:rj¡aur* ail-olrable case temperature
(hoL spor) r¿ço¡"

Base : Octa1 plus

Dine:rsions : OveraLl z 4"5 j¡ches high

Above socket L 7/16 inches r,¡ide" x
2 Y8 i¡ches long x l+ 3/32 inches high"

l-lanufacÈurer: ; George Â." Phil-brick Researchers, Inc",
285 Coiurnbus Àvenue,
Boston l-6, l'{assachusetts .

(3) L¡ss TiiBE-LC:,¡f r,ir.i T¡ilN TE!0D8"

Tu'l¡e Nu¡nber

öese uonneetrons

F ilament Volùs

F il-amen'b ê-aperes

þfaximun plate v¡ati:s

itiaximuin prate volts

liegative grid vol-is

Pl ate roilliaic.peres

6j.57-c,
6BD

onJ

)É,

]-3 per section

250

R e25Ol:



LO¿

'r ^'- ^ '; 2e0lLh vl !liJ

G,, " ,".ric::o rnhcs : 7CC0

fac'¿or z 2

i'lanuÍactui"er' : Canad.ian Genei"a1 ElecLric Conpany"

(l) s¡,Tuit.l.Etjt * coFiì REAcroR

( e,) Pg.'¡_er lij.,-:diegs:

Ì4a:ijmun Voitage : L10 vol-ts a.c. 6A cycles per secorC

Rating : 1500 volts-anrperes

I{axi¡o'r:m current
ai; s'Lead.y s'6ate : 14 erirperes

l,r'inciings tapped 0

20

l+0

60

^^ÕU

lCO per cedu turns.

If pari, of r+incÌing is used as prÍmaryu voltage must be
pro-rated,

(b) Çontrol Tlinclírtgs g_

D.C, Resistance : 100 ohrns

i{axj-¡aun cuffeni; ; 3CO ni}Iiamperes d"c,

Coil rated voltage : rCÐ volts d"c.
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