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In ay twodie.nsIonal steadyastate heat .on-

fuetion problema, where the geomstpeal shapes are more

complioated, the analytical method often falls to solve

these problems.

OUer methods have been developed. The most

important three are, the rolazation nethod, the ourvilinear

square gVaphleal method sud the elestrieal analogue method.

The relaxatiou and the graphieal method involves tedious

trialanderrer wovk, thersfore bo@omen Improetioal as

the geometrloal shape of the system gets more eouplioeted.

The eleotrieal snalogue method **m olaited to be the best

available nmetod by the previous investigator. (!)' Tm

purpose of this thesis is to investigate the eletrical

method more thorougily and intensively and to dovelope

the technique.

The fuaaintal prinaiple of the eleotrical

analogue method is based on the similarity between the

heat flow by conduction and the flow of' eletrio current

by eoufdution. Two methods were used in this investigaw

tion. The first method was the electrio mapping method.

This was done by obtaining a map of equipotential lines

on a conductivity paper eorresponding to the isothermal

and adiabatic lines obtained from the ourvilenear square

graphical metod. The seoond method was the electric shape-

factor method. The shapefacter, 4, was calaulated by



sAbstituting the measured current and the total potential

drop awrose the oonduetivity paper, whioh was out into a

shape rprsented tho heat sonduation ystmO into the

equations

where t is the resistivity of the paper.

Six systems were investigated and a teohnique

of solving the heat flow rate though two mediums with

different oondumtivity was developed. It was osmleuded

that the eeostrioal analogu, method is no doubt the

simplest aM the best method. Por simpler systems the

eleotrio shapefaotor method is wseo deand for

oomplioated systems the elestrie mapping method is re*

omended.



Beat transfetr by eonduetion is the transfer of

heat from one port of a body to another part of the some

body, or tro. one body to nother in physical oontaot

with its without appresiable displacement of the particles

of the body. In the great mijority of oases arising in

engineering pmSetteo, heat flows from soame medium into

and though a solid retaining wall an out into some other

medium. The resistance to Ite soafdetlon of heat thwoagh

the retaining wall Is only one of a series of resistanoes,

but a solution of this resistanoe is oftenmtiues essential

to the designers in designing a heat-tansfor process.

In any mshenloal and shestoal engineering pwosese, the

heat flew through a retaining wall involves only a two

dimensional steady-state type of heat eonduetion, that i

the heat flows only in the direotions of the cross-sectional

plane and the temperature at $Very point inside the solid

wall does not very with tine. This type of heat conduction

is what this thesis is ooaoewned with. .

The ba4e equation for thermal conduotion in the

steady state lot

t. CA dt

wherein A/da may be interpreted as a shape factor, entirely

governed by the goometrical shqpe of the qystea or the re-

taining wall. In few eases this sbape factor can be



en be evaluated rather simply by some analytical methodes

suah as heat-flow through the walls of a sylindrical pipe.

but in many other ooes the geometry of the systems ae

too compliooted for analytical solutions.

Various other methods of solving these problems

have been developed. The most important three are#

(1) the aumerical method or the relaxation method, (2) the

mapping methodo (3) the eletrioal analogue method. It

must be mentioned that all these methods were developed in

assuming the theMl oudetivity, K, Is constant through

out the solid wall.

The relaxation method involves a great deal of

numerical trial and error and i extremely tedious as the

geometry of the system bosomes more oomplex. Therefore

it has United applieationo Emns (1) used this method

te oaleulate the heat lose from a furnese wall. For S

perent deviation from the ewpWrimental result, 0.7&4fr.

was spent in Gcloulating, while for a deviation of 2.S

pereont .7-bre was required.

The mapping method, which can be carried out by

trial and error graphical solutions, using th method of

curvilinear squares (1), is also very tedious and is

relatively inaaeurate. A detailed explenation of the

method is shown in the Appendix.



The eU1*trioal azalogy method seems to be the

most promising me. People have long realised the sii,&

jarity between the heat flow and the elseo bio ourrent

flow (1). In order to solve a eomplicate two dimensional

steady-mstate heat oonduction problem by aetually set up

the heat transfer system and apply the temperature differ.

ences, a most aomplicated and elaborate set up will be

realized. But. if an eleotrioal analogy method I used,

the problem can be solved in a mnuh simipler marner with

good accuracy, provided, that one can obtain. a thin sheet

of vatorlal with rolatively high resistance to electric

ourrent and uniformly conductive to olectriaity. Not

until recently has such a sheet been developed, thich

explains why this method has not been widely used. Ino

vestigators (1)(1) had used the eleotrioal analogue to

predict the rate of heat flow in the two dimensional

systems. The results obtained ehecked closely with the

results obtained from the antlytical, the numerical and

the graphical methods. The procedures psed by the prem'

vious investigators tosas follows:

The conduction paper was out into Whe shape

determined by the cross-seetional geometry of the systa%

under investigation, divided by a line of symetry, wibh

was also an adiabatie line. The dimensions of the paper.



ahap. were proportional to tuo exaat dimensions of the

system.

An eleotris potential differenoe was set up

&*rose the paper in the same pattern in which a tempera-

tue gradient vo-mkd be applied. Using a potentiometer,

the line of symetry was divided into a ourbew of equipo--

tential points. Equipotential lines were then plotted.

These lines are analogous to isotherms in heat flow. This

can be shown by comparing the Ohm' s equation with

V ouriert S equations

a * IR 0 T,

At * I

These two equations are analogous if the ourrent flow by

conduction and the heat flow by *onduction are assumed

identleal. By dividing the first equation by the second

equation, it is possible to see that the ratio of $Wo

potential differeno. to the temperature difference is

equal to a constant times the ratio of the current flow

to the heat flow.

Using a second pieco of paper, with the eIe*

trodes located on the lines of symsstry, equipotential

lines representing adiabaties were presented.

The lines reprecrxting adiabaties and iotheras

were superimposed by troeing from the two experimental

plots, to obtain a map. This map was equivalent to the

map obtained by the graphical mothod.



wow purpose of this thesis to to continue the

wok of the preVious investigators, and to apply the

eleotrisal analogue method more inteneively in solving

the 6o0plex two dimenaional steady-state hoot conduction

problems.

Siz different heat oonduction proglems have been

investigated. They are*

Problen I: heat flow thmou& a reotangular

flue due*.

Problem 21 heat flow thromgh a flat plate with

longitudinal bar fins on the top

surfaet.

Problem 3: heat flow from longitudinally
anM 4

finned eondensore.

Problem St heat flow in a *ored, steam heated

platen of a vuloenisng pross.

Problem 6: heat ftow thru two uedius with

difftront eonduativety.



LMEDjR&

Two eleotrioal analogue methods were used in

this work identleal apparatus was used for the two

methods, as shown in figure I*

The first method, that to the graphioal method,

which is essentially the sme as used by the previous

investigators (3).

Two piees of conduetivity poper were used to

solve eaoh problem. Both were out into the proper shape

to represent the heat flow problem. Metal bus bar* were

used as the electrodes. Aquadag, a solloide4 suspension

of graphite, was used as a glue to attaeh the metal bars

on to the paper. Aoross the first pioee of the paper an

eleoctria potential differenee was applied, in the same

pattern in which a temperature gradient would be applied.

Equipotential lines were then plotted. These lines are

analogous to isotherms in heat flowt

On the sosond piece of the paper, with the

eleatrodes located on the lines of syiintry, equipotential

lines representing adiabatios were presented.

Th. lines representing adiabatios and isotherms

were superimposed by traoing from the two experimental

plots, to obtain a mn.

In problem five, only the lines representing

the Isotherms were plotted. It was not possible to plot

the adiabatic lines by the electrical method because the
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ge*trieal *hap* were not sym.trital. Therefore the

Miabatlo lines were drawn in tW formilug ourviltaiar

squares with the eaperimentally determioed isoterms.

to protlem six, since a portion of the oondue-

tion material has a different oonductivity o*notant than

the rest of the material, therefore a special set up was

neo6ssary. The minor portion, which has lower eonduo*

tivity was eut out from the oondutivity paper , of which

the entire eroesseetio of the system was repremented.

Another piece of the conductivity paper was out out into

the same shape as the portion with lover coeuetivity.

It had dimetsios equal to the ratie of the ondu*tivity

of the major portion (portion with thshtgb4X Senduotivlty)

to the Sonduativity or the minor portio multipiled by

the original dimensionu ot the minor portion. This piace

of the paper was Laid within easy reach trom the paper

representig the major portion* SmalL metal electrodes

of the same aies were attaohed along the sIdes of the

major portios where originally these were tat sites of

the minor porten. A snail distanse was neosesoary to sapao

rate one oeletroe from the other. Along the sides of the

enlarged minor portion# equal numbered small eleetroces were

attaobed. On eaoh edge, the total effective leng t of thos

el*otrodes was equalled to the leg6th of the respective edge

of the original minor portios. The sma11 eLestrodes of tke



major portion were eonneotet with @ppr wires to the

rnpeotiye elntrdes of the eclarget minor *rtioa. The

isethermal egs of the elargetd misor portion *as attahed

to a metal bus tar hieh ha the offsetive length agat

equal to the length of the repeetive edge of the origina

mimer pertie. This ioothemal ege a4 the same tewpee

rature as the ioothermal edges of the major portion adjaW

sent to the minor portiou, Rews. these edges must bav,

the se potential. Jubsequsctly9 they were oonnocted to

the saf potential sne. flgure 11 0a further clarify

thie set wp. The isothermal It** wer plotted is the

samwy as is the previous Systeme. The adiabatc lises

were draws to due to the fact that the seond aed the third

ioothermal LINes were parallel to the Isothrmal e4ge. (Se

Pig. 10) The positions of the diabetto lines can be easI-

ly located to foam the out18linear Squares ith the teether.

sal U1ses.

The seond method, the shape-factor metbed, is

simpler thaw the first method. For eab *robles only *me

pIece of the seontetivity paper was required. The clectris

oesduativity csnstant of the paper, which equals the rets.

procal of resistivity, was first obtained by applying a

potential difference aoross a pece of the paper with known

shepe-fastor. Then another piee of the same paper was sut

inte a shape represeutiug the heat flow problem under iaves-



tigation. ho luutal 4"t4 4ssweu a i eu

Manor as In the ease of plotting the isothe"mal lines.

An eleotrie potential dIffereno* woe appilId In the same

pattern as a temperature gradient would be applied. The

potential differene aEros the papr and the eurrent

flow throtgh the paper wore accurately neasured. By subo

sttituting these quantIt4es Into the equation:

Where I o ourrent in n.e.
F shape-faotor
f s resistivity

's potential differenoe In volta

The shape-factor wae obtaInoa for that partlw

*ular shape. This metho was not used In doteruing the shape

-fastor for problem No. 6 becaue the ameter was danaged

during the test.



Altogether six systeme were invostigted. The first

system was a reetangular flue duet with hot flue ge flowing

inside the duet ad the outer surface of the dust exposed to

the air. ?be tenperature of the hot flue gas would ehange as

it flows aleug the duet. But this change In temperature was

negleeted in this tuwestigatiou. The soond system was a

flat pis.t f metal with bar fiua on its top. The third and

the fourth system were lOSgIttdinmAly firned oondenser tubes

of two different types. The tem.rature along the vurfaCes

of the fine is assumed uniform, although in praetice a slight

temperature differense would ecour along these surfaoe4. The

fifth system was a "sred, steuNheated platen Of a vaTeaisiug

press. hrse *ids of the metal blok were insulated with

asbestos and were assumed Noiabati. Not steam is presumed

to eogdense inside the oireular bores of the metal bloek to

beat up the top surfae of the metal blok where unvuloanised

rubber would be plased. The metal surface in sontaot with rub-

bhr was assumed isothermal.

The olith system consisted of a long square block made

of two different kinds of mtals. Two sides of this block were

insulated and other two aides were etposed to two different temp.-

rature levels. It has n0 prastoal use, but was iUvestigated Just

to developo the method of evaluating heat flow through two mate-

ria mediums of different conductivity,

The erosssetioal shapee of these systems were

skethebd in ?igares 2, 3 and 4,



GROSIECTONL AEA

(Th shddaesaete0ra netgtd



CROSS-SECT IONAL AREAS
(he shaded areas are the areas Investleated)

SYSTEM 3

SYSTEM 4

Figure

5-14-54



CROSb-SECTIONAL AR&AS
(The shaded areas are the areas investigated)

SYSTEM

7TRI111ITTWITTRIIIIIIII III Hill

SYSTEM 6

Figure 4

15-14 5]4 s.i.



The results of tho invostigation wore given in

terms of shape ftetor in table I. For pretical use K,

L, and At uaut be sp**ifi#d In order to evaluate the rate

of heat flow.

The getual maps were alSO presented in FPigues

6# 7, 8,9and 10. In Pigure 9 only halt of the om#

plot* map was shown. This was bcsause the other half would

just be the mirror ige of the part presented in the

figure.
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The results of the two methods for the first

system oheeked clesely to within 5%# The error estimated

for each of the method was about 8%. By using the analytical

approximation of Awbery and S3hofield (so* sMpILe calculations

in the Appendix), F of 10.23 was obtained. This checked to

within 0.% deviation from the reslt obtained by the mapping

method,

For systems 2, 3 and 4, the error estimated for

both methods was 4 - 0%. The deviation of the resIts be-

tween the two methods for system 2 was about 16%, *dh

exeeded the estIated error. No definite eaplanation *an

be given to this large deviation. As for *yetes 3 and 4

the results checked closely between the two methods and

are within the estimated error.

The estimated error for system 5, was about 9%

for the mapping method and W% for the shape factor method.

Me deviation between the results of these two methods was

about 30%. This large deviation was due to the following

reasonss (1) The adIabatie lines were drawn in to form

ourvlinear squares instead of by eleotrical plotting.

(2) The long eontact length between the electrodes and

the paper# might cause the potential drop acress the

aquadagf paint to be nonsuniform along the entire length

of the electrodes.



From Table l It 1 possible to son that the ost1w

mated error* weto slightly lower for the napping method

than the shape-fastor method. This was beacuse the shape-

Castor method requir*d very asourato measuwrments of both

the ourrent am the potential and also the sendustive paint

used te attueb the e*eotrodes on to the paper should be

spreade0 extremely uniformly along the ength of Soutaet

to order to insure a anifern potential drop aeress this

layer of palat. 2t mapping method is less sensitive to

the potential deviations along the Isothermal edges, be-

ausO ea* isothermal inae was drawn tough a great number

of points whish automatically averaged out the small potential

diferenees. Therefore tbe shapo4fastor method is pro+

peed to age only In investigatlag a relatively simple

system$ even sop a number ef measurements of the total

potential drop along the se0thmrml edges is soessay

1n order to obtan a more repzesentatIve average valne.

Another advawtage to the mapping method is that it shows

the pattern of heat flow through the rigid wa11. Constant

eheeks san be made during the mapping process. If the Iso-

them or the adLavatles do not go to the direotions ex-

poetede or the isotherms and the adlabaties do not form

Strvilinear squar*sp then the orouit a&n the Oenntions

will 6e Inspected t order to losat. the flaes and to nake

neeessay adjustaUts,

2ho new devulopmeat of evalua&Vig the heat flow



presente Iearly l system 6. (See AppeA4ix l regard* to

the =at set up and prooeouro.) There are soveral inporw

taut fasts to isgard to this develpment Is worth mention-

Ing hors,

(1) This kis of sot up aft prosedure allows the

two differeot el1 neoiuie to have a wide range of diff r.

*e* I te rosistaUce to host flow. This *an be don* br

just vary$*g the dOmuwsteu of the eslarged pertloe. But

a the diffreeso In ost0uetivIty botweos the two medim

Ueesmes too larg* this methot may tall. It Is beause of the

fast that the dimelsne ot the euargod portlon will Suorease

proPwrtioay to the ratio of the oonduetivitles. As th

leugthe of the sides of the enlarged portion boeome too great

as eomparod to their original lengths, the elall eloetrodes

aeong the sides ot the enlrged portles will be so sattred

and wIde Apart from each ether that this set up will *ausc

the *yst.M to dovlate tromendously 9tvo its origlual *eI-*

tie.n. In the original systems the owiroAtq (whieh is an&-

1ogue to heat), tV eveduette, flow. acress the entire area

of this seOtto* of low ondueotivity. with the small ele

tredee esparatot apart along Me sides of the enlarged porw

tin tho surrent tends to b7-pass eertiu" ara* This un-

desirable offet becomes more signlfleant as the disteaec

botwees the eletqdoes luoreases an tho setpup beeones less

and less rep*osentativo to the origiwal system,



(2) This tnhotque can also be applied to the reta-
tively oesplieated systms, per lustavwe in the sass of eye*

teoS, if the esape-faetor for both the vulauistng rubber

sad the steemkeated platen Is required with known relative

*uduetiutIty of the rubber and the pisten, a set-up sImilar

to the etup employed LU the system Wo B em be used. $mat

eleotroedes can be attached aloag the top edge, representing

the surfae of the steeskeated platen, and are esaneeted to

the respeotive eleatrdes along the bottom site of the ono

targed nabber portion, representing the rubber surface adjao

nat t the platen The losg metal eleotrote should new be

attaed to the top edge of the enlarged portion, represen.

tiug the top surfa"e of the vuloamiSiNg rubber, The Iong me-

ta electrode is cOUneoted directly to a potential source.

Soe difficulty may be snUOantefed In the above described

et-up. 3iuee the surface of the plates i se 10g a great
number of small electrodes will be used. amperfet eestaet

between the eletrodes Wut the onduestow paper an hardly

be avoided This tiffioulty has eves been experiensed is

preparing the set-up for problem 6. the way to misJts this

difflOulty is to decrease the number of eleItrodes %q tenres-

tug the else of the electrodes. But this improveent is mate

on the expense of the acuracy whisk will be mentioned in the
next paragraph. therefore a kalasee should be at.# ia seet-

Ing the site of the eleotrotes.



(3) The *umber or .mali eeotrodes usec is dir-

estly proortional to the ascuraey bosause to the actwal case

the potentials (same as the to P.w~am) ale 1it. utorfao,

of the two mdium vary sutinuously. This Is true unti) a

eritioi sumoer to rea ed where the saeuracy vial drop off

as the number of eiotrotes ieer*es, This is besus. nore

spase viLl be left uoeeverod by the eleotrodes along the edge

of the smsll reetafgle (see figure 11), wine the total spase

meessary to sparate one eoeetrode fro* the other will be in

oreased as the umber of eleetrodes Inoeiase.

(4) In eaLaUlatig the rate of heat flow, If

the *hWpemfator 1I eI* vated by dIviding N from total NL#

te *OUdUitlvlty #oUstawt I of tbe Mujor potioa will be uased.

Item VIgure 10 It to apparent that In the Large reotaugle the

areas intuded by the Isothrml and the adiabotie lives are

not ourvillnear squares. In this system the T/,X is equal to

3# sin*e the material of the majOW petVlov has tho oadueti-

vIty constant 1/3 that of the major portion. This ea be

shown further by Just looking at the major portion below the

isothermal line 39. a "s shown In flgure 10. Revs N/L Is

equal to the total X/VL divide by 0.7. and the &t equals to

the total &t multiplied by 0,7. The two effects cancel each

other.

In this work as iaportant modifIcatIon lit

plotting the seotherms and adiabaties was made. The previous

workers (1) assumed the potential drop ars the aqsda paint



wes megligible, so onl one probe wn" Usod. Th. ether leA

treM the POtesti4mter "s atteehd tireotly to th metal

his bar. Whereon is this leetiatios it was found that

there was a eignlleasWt anut of potetial drop aoro*s

the sqistag pait Lanr. Therefore two probes were uset.

The POteutia trope meastured were the astnl drope aene

the paper between the two probee. fr this ditinties tho

paint with relatively, high resistasse eat also e used proW

vised It aet be sproad very walforsty along te edge. this

ti ba ae tat be ueiag two probes the potential tn a*ress

t* paint ay. is st insists in the petsebat sesureweute.

Previous iaAtigators (3) hat renused a

shertAout way to arrive at a solution by the eleetrie sapping

mthSd. the mnumsatius1 As follows.

0mber of iatemsr lans, N, is set artl-

trfly, ant short eotiens of tws isthonse are p'tted Sn

a refow where early pefleet states ill he omet. The

Uistanos between eo tte*ietenus to neasurot. At the earn

position on the Saatto plot, the potetial nenary to

uahe RZ u 1 5I measured. The total voltage ense the pa-

per S the tividd by the T potetial. This gives te uma-

bar ot Lanes, ss the msfstazv data for te taloulatione

have been obtaned.

This shrt-nt method ertainly simpitfiot

the proseture. SMA thee are setrin tieatvastags. fret.

IY, after going through ettieg 'g the eleotroee0s at the



wire attehate for beth the tntheml act the diabetle

p1t*# it wi oertaily be a great Lss not to obtaisthe

ettr plot of the heat mw patten, Soudly, io LeIu

et tbo stint saoties * two lamtheus only very few polite

san be plotted. In ease *owIeated cYstsM there ase M

Sea wre of se*kRq thas poiats. !kflilyj this sent-

*ut Metod esant be a&pLie to *me sysmtes whew, as Use

of syimmtry a be seloet p sufl as is te ease ef probLem

* where the Mtiabatit Lines have to be dtrav I*, L view of

the above dstasmataos this shortout wa lsyt eeinmeflnt.

if a fast solute so required is a relatively simple system,

the sbsnsfaetor med is nfl aerisable to use.



tt

Lu eolMpeu the .intritlL 4s4o8Y *stbtA i0

the smplest method in solving the two dimetieo4 stesy.w

state beat tWamfer pwfllsus sat still gives good a"Urowey.

2bs *t*twiaL sbapeofater method to neemsdht

fer StmfIer systes *Ad for the mowre eapliested systs

the eleetriesi mspplg asthed to re nmstaed,

the asthod for Valuating rate of heat flow

through different aoli metims as twelet $n this

Sn estigatts Is satlefe tOry. Attgh A this Ottfl 0"

be aPtetU tt syses with "WativeLy Wie range fltiffer.

*N Is thbe Sukdwstivity of the two mediums, it is still

LimtS.d go are work shoutS be tome Is further testing

this mothd ad to salify the present tedious nst'up.



A. Detakilod Prj!AW

I. The first method or the mapping methodi

In the first problem the conduction paper was

out into a shape represent 1/4 of the crosse-setion of

the duet. The four sides adjaaent to the oorner re

present the inner and the outer sarfa es of the duet.

The other two sides were the lines of syuetry or the

adlJatio lines. As for th. fin problems, the papers

were out into shapes represent only one of the maltiple

fine of the systems. The lines to seperate one fin

from its adjacent fins were the lines of symetr7.

A. to the rubber valoaniser, no lines of seetry were

ibbeeted. Therefore the paper was out into the same

shape as the entire oross'setion of th. system. (The

dimensions of the sides do not affect the shapefaetor

in anyway as long as all the aides are inereased or de-

creased proportionaly from the original systems.)

The isothermal lines were first plotted by apply-

Ing eleotric potential on the sides which represent the

inner and the outer axrfaees of the systems and were

assumed to be isothermal. Flat snd polished metal bus

bars, were cerved so as to fit the edges of the isotheamal

sides of the paper* These bar* were glued on to edges

with the *Aquadag' paint. The eletri, wire with either



a positive or a negative charge was attaohed to the metal

bars glued to one of the isothermal edges and the electrio

wire with an oposite sharge was attahed to the other

Isothermal edge. The total voltage drop aeross the paper

was measured by two probes (ono on each isothermal edge)

which were conneeted to the two terminals of a potential-

meter. In measuring this total voltage drop, the needle

of the probes were held as close to the metal bars as

possible without touching them. In order to test whether

the bus bars had good contact with the conduction paper,

the probes were moved along the Isothermal edges. The

total voltage drop should be the sme througout the whole

lengths of the Isothermal edges. A resistance box was

connoeted in series with the oondution psper. It was

used to regulate the voltage drop across the paper to a

desired range. After the total potential 4wop was obtained,

e4ouipotamtal lines or the Isotheonal lines were than

plotted. The procedure can be Illustrated by a simple

eawmple. If a total voltage drop of 4/10 volts was

obtained (this voltage drop can be regulated to any

desired value by adjusting the resistanoe) and four

ieothewual lanes seened to be adequate for the map, the

4/10-volt was divided by four vioh gave 1/10-volt for

ea lane. One probe was always held in the original

position, that is on the isothermal edge end the other

probe was moved over the paper to locate the points

where the voltage drops were 3/10, 2/10 and 1/10 volts.



3meothalinos were drawn throusu the points with the same

potential and this gave a plot of isothe*ms.

As to the adiabatte line s, a second piece of

the paper with the same shape and dimension was used.

The bus bare were now glued to the adiabatic edges.

Again the contaot between the bare and the paper was

teated. On the first piece of the paper, a ourvalinear

mare was carefully construeted between two isothwmal

line* and an adiabatic edge. The distans between the

adiabatic edge and the newly construoted line was neasurm-

ed. Then this distanoe was laid out on the seoond piese

of the paper in the same mwnner as on the first plot*

The potential dop for this distaneo was measured. Then

the adiabatic lines were plotted with each adiabatie lane

of the above wasured potential drop. In plotting the

adiabatic lines, the plot always started from one end of

the paper to the other. For most cases the la at adiabatie

lane had potential drop less than for the other lanes.

The potential was measured and an average value was re-

corded. In counting the mnuer of adiabatic lanes for

the calculation, the last lane was esunted as a fraction

of one lane. This fraction tactor was equal to the ratio

of the average potential drop of the last lane and the

potential drop for the other single lane.

In plotting the isothermal lines for the rubber

volcaniser, mercury was used as the electrode on the long



eAtiuw isOthermal edge. A 4S was built along tt*

edge to aentie the sunny into a long and narrow LIe

Smehed thI paper usifenly along the edge. This ms tdoe

oes of the fast tbt it was iApossible t# hove smooth

at uniform ostaet between the metal bar at tme vaper

for susk a Long edge. Also in this cystsw, due t# the

Lsek Of lines of symetry the adiabatct line soult only

be obtained by drafting these lines 0n to the plot.

As for syta No, 6# where a portio along the

uutaee of to system ae different resetacees to bea*

flow from the Mn10 bde. It has a eme-Oeetios as Shwn

-to ygr. 4. it ws" arbitnraly hnqeu that the rosistane

to beat flew for this portion was three times greater than

the ai body or u another words in this portion bat

has to LOW through a path tree ties longer thaw the

apparAnt path, if this portion was ate out of the Sae

materiel the mat body, therefore y keesping tM# in

wind, a method was developed.

Two plsoes of oondutio's paper were used is

making the isotherml plot. 0ue piece of the paper was

out int the shape of the Sa portion whieb has the high-

or e4*duotv1lty. Along the three sites where the interftee

of the two mediums wen Lenfted, a etcber of smal elotroos

were attaohed. tese eletretes were of the same si" act

were *sparated from sAb other by a very sma11 tietafe,

they were set as etose to eaa ster as possible but without



teaching. Teb aottr piee of tho ecduetion pawer was

et lot a shapeWf the Minor portin {tbe partlou with tower

*.SntOtifty), it ba iweunsoc squv4 to te ratio of the

onduttity oftne aiser portion to the oondutivity of the

niS portiR nltpietto by the original olseusess* of the

mimer portien, Is this ease all the SaMs Ins et thi *no

target mier portIon ten three times te rtgtnl tsn

slows. (sec Figure a1) am. i elsetrotee were attaohet to

the threesidee of ta* big restangtl wher. originally tose

sides were Ia 0sateet with te main bo the amuser of

atectrotes on cash cite eorespectct to the masher of e!A

trot.. attasket to the tepeettve *id. ot the major partiU*.

the Wotal effeOive length of these eteetretes n eek side

was equal to the lOngth of the soe sIt* with orinSa dissu

ste, th sa1 etestrotes along the stoit of the large ieee

tangle were sen stet with esepper ires to the respective

sall ectetes aOng the sites of the major pSrtno, As

shalt be setiest the dtntroe attacheS to the earged

siswr portion were 4ttributet ewvey along the sites. St1e

ver aint (an eselnen .emtuctor whew dried) was weet to

glue the seetrods n to the paer because any potential

(rep between the eteotretec and the paper shoald be a,.ted

the fourt site of te Large restangle was part of the te-

theImal *tge of the system. Xtal bus ar was attabeh to

this edge at agiw the efteotiT LUgth of this bus bar

Must epeat to the origi ml Length of the sas site. Thie
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Tis isothermal tge aet have te same teaperature as the

istemMl eds of the major portion adjaent to the miner

portion. theretor the bus bars along these isothermal

stges were coueOtetS to the same potential soure. Anether

bus baraehieh was at a different potential level, was attached

to the bae of the major portisa. The setberma lines were

plotted In the ease way as in the previous eystem# The adie*

batie ls* vore draws is due to the fact that the seeS0 ad

the third isethevAm4 Limea were paralel to tt isothermal

edge, (see figtre 10) The positions of the adiabatie lines

sar ho easily loeated to foa the curvilinear equarea with

the isothermal Ii Des.

3. he s*end setbfd or the shapefeaotor moetsOd

the soteup for thi methed was eseuntialy the

same as the setup mused is the first method when plotting

the isothermal Ues. tbe only differ*noe was that a very

assurste miil aufsr was cooneted in series With the

oontuetioo paper.

The osdutivity c*natant, or the reoelprecal of

the roesitivitys of the ossdsatie paper was first obtainet.

This was doe by using a pioe of the onducties paper which

bore a square shape. Sus bars were attached to te tw oppe..

site etges of the square, The total potential drp acros

the paper an the oursent passed thru the cireult were aoeuV

rately aseured. My substituting these values into the followo



leg eqwiteose

or A* Aw(

I we" obtadS, Thb above eqUotloc is anaaogue 4*

Z (A/v} ) t)

TVos another pleoe of the ontntos paper Was

out eut ite t0 sap. of the syte* uSet lcveettattns,

fltai us n wer attbed to the tstherst s"ges a"

potetio4 diftltenae was an1iS a i the ease of pAot

tlq the lsothssl limes. the total petastat Step aS

the eurrknt were again aserately measured fl suhti.

titlag those values Ite the abes eattu* with f ato

rekdy now- the sbqe-faotew A/ or (L) 0oa be ewt

oulatet,



ElectriO "12apRn Method Electri- sape-Pactor ethod

(f 1.0 9 & 1)

(*of Total A

2
(one fin)

(one fin)

4
(on. fin)

(Eatizq Ar.a)

6

we.)

N (Pat) I in m.,. A& In v.
I I I 9 9- I

10.25 2.9%

14.0 2.1%

12.0 2.5

12.0 1 2.5%

48.6 4.3%

8.9 5.06%

'4.0 a. 5%

4.0 2.5S%

2.0 5.j

10.0 *2%

2.57 *s.4%

3.O? 5%

3.0 i5%

23.3 * 9.3%

0.89 7.6%

1.52 11*.*

1.52 1.3%

1.22 1.2%

0.65 3.1%

2.641 0.70%

1408 3%

1.09 t 3%

0.732 3%

0.4 *1.3%

0.30* *o%

2. ? *31t

2.68 5.3%

3.2 t 5.2%

3.125*.4%

16.9!11.08

A

O.{.u)

6. 0 1,07%k. s a *9



C. Deriyajion of t equetio tor tr graaLioal m6 d.

In deriving the equation a simple system is used

for illustratien. The system consists of a square block with

two opposite sides insulated and the other two sides .x-

peoS to two different temperatures. Oreaseseotion of the

system is shown in Fig 12. Ther is no heat flow in the

longitudinal direction L,, measured at right angles to the drawing

of Fig. 12.

In applying the method, one may arbitrarily subo

divide the integral dt into any eonvenient ==er N of

eIaa parts, K t. The heat may be visualised as flowing

in series thouA a narrow lane starting at the isotherm

AB, representing tw and ending somewhere along the isotherm

CD, reproe ntine t2 (see FIg. 12). Heat flows at the steady

rate %, through eoah such lan*. Por any Smali part, soh

as OP4H, of any lane, the heat is flowing at rigt angles

to the area Ly, where L is the length of the body, and y iS

the man width of the quodrilateral OPQR, i.e., y equals

(K+OR)/t. The sondustion equation is

ag s KA3 tu/Z * K(Ly)(At,)/x, and mine Katz from one

isotherm to the next is The asme, and qL. and L are also

*onstant thioughout the lan*, the equation shows that the

ration y/a mst be sonstant throuaout the lane althougt

both y and z may vary. If the oonstiuetion used in drawe

ing e&h lane is Mui that y equals x, as is the case in

Fig. 12, the heat flow per lane is KL(tl-t2)/N, and the

total flow earried by the total nunber of lanes, YLO is
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JL3(%5- 2 )/B. A o&Utat K 1* as*ime 1U 4eiig thtO

.twat1,s.

n &i aug t trial. so 1at. th. loo.

thew ad the tfow uIns thoy luterseet at WIght augihe tO

tom vuarilaterals sh that is substamtia1 ora to

19 that is, the wti. ft the sum of opposite sits Ue1 ly

seashes unity.



D. Sample Cloulstions

The first system Is used for Illustration.

l. The coleolation for the electria mapping method.

q e (L)f )(K)(At) a I (L) (j)(4t) ainoo a 3

N a 1250. (For 1/4 of the total area)
1La 4 20.1

?s f .. , 4z( 0 . 10.25 * 5.4%

. 10.25 * 0.66

q : (10.25 * 085) (L) (N) (At)

S. The osloulatione for I&* eleetrioal shape faetor method*

A equare shape conduetion paper was used to evaluate f.

I e 0.s =.a. 1 .00

3 a 0.9596 v. i *0002

* +() * (1.9*96 0 1%)CL)

New for the re tangular duct.

I a 1.52 * 0.00 ma

I a 1*06 0#03 vo

( ) s F(L) S(L)L99

or F a 2.7 5.3% (for 1/4 of the duct)

q a (4) (P)(K)(L)(At) a (10.8 t 0.57)(K)(L)(4t)

3, aloulations bamed on the appzximation by Awbery & Scho-

field. (1)

q a 1 (p + cs) (At) (For on* corner)



q total a (p C (a) ( 6+-2)+0*. 58 ( 4  (it)

S 10.238 KLat.



E. TA8LR N LQCLATU$E

q e Qpantity of heat transferred Btu/(hr)(ft)of the body*

K a Thermal condutivity Bt*/(hr)(ft)(9p).

L a Leangth of thb systema (fi.)

NL a The number of adiabatie lanes carrying heat from

wuras to sink.

N * The number of sones into whiah the lanes were divided

by Isotherms to form ourvilinear reetanglost

I a ourrent in mill1-aumperes.

E Potontial difference in volts.

f * Resistivity In (volte)(ft) / (milliwamperes).

R * Resistanee in volts / Milli-epries.

A * Area through whiah heat flows at right ungleeft 2 ,

X * Length of ooaduction path, ft.

P a Sbap factor A/A, in ft.

Y a Length of any inside edge of a parallelepiped, ft.

e * Length of the intern boundary at thb corner of

an square edge, ft.

B a Thi*ness of the reotan.alar fnue duct, ft.

0 a A dianionless *onatant of the order of, but neosa

arlly greater then, 0.477.
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