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Io many two-dimensional stesady-statc heat souduetion
problems, where the guoiutrtcal shapes are more gomplicated,
the analytical methed often fails tc soive thesc problems.

Other methods have been developed, The most impori-
ant three are, the reluxation method, the eurvilinear square
graphical method and the electrical analogue method, The re-

laxation and the graphival methed involves tedious trial-and-

PP as T

erroy work, therefore becomes impractical as the geometirical
shape of the systenm gets more gomplicated, The ¢lectrical an-
alogue method was oclaimed to be the best available method by
the previous investigators, The purpose of this thesis is to
investigate the electrical methed mere thoroughly and inten-
sively and to develope the technigue,

The fundamental principle of the electrical analogue
method is based ou the similarity between the heat flow by
conduction and the flow of eleetric current by cenduction., Two
methods were used in this investigation, The first method was
the eleotric mapping method, This was dome by obtaiuing a
map of equipotentisl lines om & conductivity paper corresponding
to the isothermal and adiabatic lines obteined from gcurvilinear
square graphical method, The seocond method wae the electrie



shape-factor method, The shape~facior, A/i, was caleulated
by substituting the messured current and the total potential
drop aeross the conduetivity paper, which was cut into a
shape representing the heat conduction system, inte the
equation: ' |
A/X = (1/aB)(f)

where £ iz the resistivity of the paper.

8ix systems were iunvestigated and a techuique of
eolving the heat flow rate through two mediums with different
¢onductivity was developed., It was concluded that the electric
akalogue method is no doubt the silmplest and the best method,
For siumpler systems the electric shape-factor metnod is re-
gommended and for complicated systoms the slectric mapping
method is recommended,
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SRMMARY

In many two=dimensional steady-state heat con=-
duetion ﬁroblms, where the geometrical shapes are more
compliceted, the znalytical method often falils to solve
these problems,

Other methoda have been developed. The most
important three are, the relaxation method, the curvilinear
square gﬁpbiul method snd the electrical anslogue method,
The releaxation and the graphical method involves tedious
trial-and~orror work, therefore becomes impractical as
the geometrical shape of the system gets more complicated,
The electrical analogue method vwas cleimed to be the best
available method by the previous investigstors (2). The
purpose of this thesls 1s to investigate the electrical
method more thoroughly end intensively &nd to develope
the technigue,

The fundamental principle of the slectrical
analogue method is based on the similerity between the
heat flow by conduction and the flow of electric current
by conductions Two methods were used in this investiga~
tions The first method was the electric mapping method,
This was done by obtaining a map of equipotential lines
on & conductivity paper corresponding to the isothermal
and adlabatic lines obtained from the curvilenear squere
grephlcal methods The second method was the electric shape~
factor methods The shape~factor, &, was caleulsted by

t) |



subatituting the measured current end the total potentisl
drop across the conductivity paper, which was cut into a
shape represented the heat conduection system, into the

A =
S ¥
where £ 1s the resistivity of the peper.

8ix systems were investigated and a technique
of solving the heat flow rate through two mediums with

equations

different conductivity was developed. It was concluded
that the #lectrical analogue method 1s no doubt the
simplest and the best method. For simpler systems the
electric shape=factor method 1s recommended and for
complicated systems the electric mapping method 1s ree-
commended,



JJ
CTIO

Heat transfer by conduetion is the transfer of
heat from one part of a body to another part of the same
body, or from one body to another in physical contact
with 1t, without appreciable displacement of the particles
of the body. In the great majority of cases arising in
engineering practice, heat flows from some medium into
and through a solid retaining wall and out into some other
mediume The resistence to the conduction of heat through
the retaining wall is only one of a series of resistances,
but a solution of this resistance is often~times essential
to the designers in designing a heat~transfer process.

In many mechanical and chemical engineering proceses, the
heat flow through a retaining well involves only a two
dimensional steady-state type of heat conduction, that is
the heat flows only in the dirsctions of the cross-sectionsal
plane and the tempersature at évery point inside the solid
wall does not vary with time, This type of heat conduction
is what this thesis 1s concerned with,

The badle equation for thermsl conduction in the
steady state 1s:

qQ = KA g

wherein A/dx may be interpreted as a shape fsctor, entirely
governed by the geometrical shape of the system or the re=
teining walls, In few cases this shagpe factor can be



can be evaluated rather esimply by some enalytical methods,
such as heat=flow through the walls of & e¢ylindrical pipe.
But in meny other cases the geometry of the systems are
too complicated for enalyticel solutions.

Various other methods of solving these problems
have been developed. The most important three are:

(1) the numericel method or the relaxation method, (2) the
mapping method, (3) the electrical analogue method, It
mast be mentioned that all these methods were developed in
assuming the thermel conductivity, X, is constant through
out the solid walls

The relaxatlion method involves a great deal of
numerical trial and error and 1s extremely tedlous as the
geometry of the system becomes more complexe Therefore
it has limited applications FHmmons (4) used this method
to caleculate the heat loss from a furnace walls For 5§
percent deviation from the experimental result, 0.75-hr,
was spent in caloulating, while for a deviation of 2.8
percent l.75~hr. was required, ‘

The mepping method, which can be carried out by
trial and error graphicel solutions, using the method of
curvilinear squares (7), is also very tedicus end is
relatively insccurate. A detalled explanation of the
method is shown in the Appendix.

(2=
.’:i‘ﬂ



The electrical analogy method seems to be the
most promising one., Pecple h"é long realized the simie

larity between the heat flow and the electric current
flow (6)e¢ In order to solve & complicate two dimensional
steady-state heat conduction problem by actually set up
the heat treansfer systom and epply the tempereture differs
ences, a2 most compliceted and elsborate set up will be
realized, But if an electrical snalogy method 1s used,
the problem can be zolved in a much aimipler menner with
good accurscy, provided, that one can obtain & thin sheet
of material with relatively high resistance to electric
current and un’formly conductive to electrieity, Not
until recently has such & sheet been developed, which
expleins why this method has not been widely used, Ine
vestizators (1)(2) had used the electricsal analogue to
predict the rate of hesat flow in the two dimens=icnal
systemss The rasults obtained checked clo;cly with the
results obtained from the enalyticsl, the numerical and
the graphiceal methods. The procedures used by the pre=
vious investizators l1e es followa:

The conduction paper was cut into the shape
determined by the cross-sectionel geometry of the system
under investigetion, divided by a line of symmetry, which
was aleo an adlabatic line. The dimensions of the paper=



shape were proportional to the exeet dimensions of the
system,

An electric potential difference was set up
aoross the paper Iin the same pattern Iin which & tempara=-
ture gradlent v-~ld be applieds Using s potentiometer,
the 1ine of symmetry was divided into & number of sguipo~
tentlal pointse LILquipotential lines were then plotted,
These lines are analogous to isotherms in heat flows, This
can be shown by comparing the Ohm's equation with
Fourisr's equations

si = I8 @ T3 ()
at = qi$) (%)

These two equations are analogous 1f the current flow by
conduction end the heat flow by conduction are assumed
identieal, By dividing the first eguation by the sscond
egquation, 1t 1s posalble to see that the ratic of the
potential difference to the temperature differeonce 1s
egqual to & constant times the ratio of the current flow
to the heat flow.

Using a second piece of paper, with the elec=-
trodes located on the linss of symmetry, equipotential
lines representing adlabatics were presented.

The lines representing adlsbatics and isotherms
were superimposed by treclng from the two experimental
plots, to obtain a map. This map was equivalent to the

map obtained by the grephical method.



The purpose of this thesis is to continue the

work of the previous investigators, snd to apply the

elootrical ansloguse method more intensively in solving

the complex two dimenslonsl steady-state heost conduction

problems,

gix different heat conduction proglems have been

investigated. They are:

Problem 1t

Problem 23

Problem 33
and 4

Problem 53

FProblem 63

heat flow through & rectanguler
flue duct,

heat f'low through a flat plate with
longitudinael bar fins on the top
surface.

heat flow from longlitudinally
finned condensore.

heat flow in a cored, ateam heated
platen of 8 vulcanizing press.
heat fPow thru two mediums with
different conductivety.



HOCED

Two electrical analogue methods were used in
this work. identical apparatus was used for the two
methods, @8 shown in figure l.

The first method, that 1s the graphlcal method,
which 18 essentially the same &s used by the previous
investigators (2).

Two pleces of conductivity peper were usged to
golve each problem. Both were cut into the proper shape
to represent the heat flow problem, Metsl bus bars were
used as the electrodes, Aquadag, 8 colloldel suspension
of graphite, was used as & glue to attach the metal bars
on to the paper. Across the first plece of the paper an
electric potential difference was applied, in the same
pattern in which a tempereture gradient would be applled,
Lquipotential lines were then plotteds These lines are
analogous to isotherms in heat flow,

On the second plece of the paper, with the
electrodes located on the lines of symmeétry, equipotential
linea representing adlabatics were presented.

The lines representing adisbetics snd 1sotherms
were superimposed by tracing from the two experimental
plots, to ocbtain & map.

In problem five, only the lines representing
the lsotherms were plotted. It was not possible to plot
the adisbatic lines by the electrical method becesuss the

(5
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geometrical shape were not symmetrical. Therefore the
adiabatic lines were drawn in by formiug curvilinmsar
squares with the experimentally determined isotherms.

In problem six, since a portion of the condue=-
tion material has # different conductivity constant than
the rest of the material, therefore a special set up was
neceEsary. The minor portion, which has lower conduc=-
tivity was eut out from the conduectivity paper , of which
the entire cross-section of the syetem was represented,
Another plece of the conductivity paper was out out inte
the same shape as the portion with lower comuuetivity.

It had dimensions equal to the ratio of the conduotivity

of the major portion (portion with thehigher conduetivity)
to the conduotivity of the minor portion multipiied by

the original dimengions of the minor porsion. This plece
of the paper was laild within easy reach 1rom the paper
representiag the major portion., S8mall metul electrodes

of the same sizes were attached along the sides of the
major portion where originally these were tne sites of

the minor portion, A smull distunce was neccessary to sapa-
rate one eleciroae Ifrom the other, Along the sides of the
enlarged minor portion, ecual numbered small slectroges were

attached. On each edge, the total effective length of thege

electrodes was equalled to the length of the respective edge

of the originul minor portiom, 7The small electrodes of the



Lal b

major portiom were conmnected with eopper wires to the
respective eleotrodes of the enlarged minor portion. The
isothermal edge of the enlarged mipor portion was attached
to u metal bus bay which bas the effective length again
equal to the length of the respective edge of the original
minoy portion, Thig isothermal edge had the same tempes
rature as the isothermul edges of the major portion adja-
cent to the minor portion, Hence, these edges must bhave

the same potential. sSubsequently, they were connected to
the same potential source, Figure 1l can further clarify
this set up, The isothermal lines were plotted in the

sane way o8 in the previous systems, The adiabatic lines
were drawn in due to the faot thut the second and the third
isothermal lines were parallel to the lsothermal edge. (3See
Fig., 10) 7The positione of the &diabetic lines can be easi-
iy located to form the cutvilinear scuares with the isothere
mul lines,

The second wethod, the shape-fuctor method, is
simpler than the first method, For oéeh problem only one
plece of the conductivity paper was required, The electriec
conductivity constant of the paper, which equals the recie
precal of resistivity, was firet obtalved by applying a
potential difference across a piece of the paper with known
shape-Tactor, Then another pilece of the szame paper was out

into a shape repressnting the heat flow problem under inves-

s

Sucin



tigation. The metal bus bars were arrsntged in the same
manner a8 in the case of plotting the isothermal lines.
An electric potential difference was apylied in the same
pattern as a temperature gradient would be applied. The
potential difference across the paper and the current
flow through the pajer were accurately measured., By sube
stituting these quantities into the equation:

1= ; (a5)

Where 1 = current in m.a.
F = shape-factor
f s resistivity
ai = potential difference in volta
The shape-fuctor was obtained for that parti-
cular shape. This method was not used in determing the shape
=factor for problem No, 6 becaue the ammeter was damaged

during the test.

vy

[ o



RESULTS

Altogether six systems were investiguted, The first
system was a rectangular flue duct with hot flue gas flowing
inside the duct and the outer surface of the duct exposed to
the air, The temperature of the hot flue gas would change as
it flows along the duoct, DBut this change in temperature was

neglected in this investigation, The gecond system was a
flat piece of metal with bar fins. on its top. The third and
the fourth system were lomgitudivally finned condenser tubes
of two different types., The temperature along the wurfaces
of the fins is aseumed uniform, although in practice a slight
temperature difference would ocour along these surface3. The
fifth system was a cored, steamheated platen of a vulecanizing
press, JThree sides of the mwetal block were insulated with
asbestos and were assumed adiabatie, Hot steam is presumed
to condense inside the circular bores of the metal block to
heat up the top surface of the metal block where unvulecanisged
rubber would be ﬁlauoo. The metal surface in contact with rub-
ber was assumed isothermal,

The sixth system consisted of a long square block made
of two different kinds of metals. Two sides of this block were
insulated and other two aldes were exposed to two different tempe-
rature levels, It has no practical use, but was investigated just
to develope the method of evaluating heat flow through twe mate-
rial mediume of different conduetivity.

The cross~sectional shapes of these systems were

sketeched in Figures 2, 3 and 4,
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The results of the investigation were glven 1n
terms of shape factor in table I, For prectical use K,
L, end At must be speclified in order to evaluate the rate
of heat flow,.

The sctual meps were also presented 1in Flgures
6, 6, 7, 8, @ end 10« In Figure 9 only half of the com=
plete mep wae shown., This was because the other half would

Just be the mirror image of the part presented in the
figure.

.

- %



System ghape Faetor =~ F

ot fhape Factor Method
1 104286 £ 0458 10.8 * 0,57
2 2,33 20,09 (Per fin) 2.68 * 0,14 (Per Fin)
3 3.0 + 018 (" %) 5l c03FE 1Y ")
4 30 2038 (" ") 318 20,17 (" Y)
8 23,5 12.8 16,90 £ 2,0
6 0489 20,087

q = %K(At) s FLKat



DISTRIBUTION OF ISOTHERMAL AND ADIABATIC LINES IN A RECTANGULAR FLUE DUCT

Figure 5
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DISTRIBUTION OF ISOTHERMAL AND ADIABATIC LINES IN
A FIAT LONGITUDINAL BAR FIN SYSTEM

Figure. 6
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DISTRIBUTION OF ISOTHERMAL AND ADIABATIC LINES IN A LONGITUDINALLY
FINNED CONDENSER

Figureld
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DISTRIBUTION OF ISOTHERMAL AND ADIABATIC LINES
IN A LOBGITUDINALLY FINNED CONDENSER




DISTRIBUTION OF ISOTHERMAL AND ADIABATIC LINES IN STEAM
PLATEN OF A VULCANIZING PRESS
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DISTRIBURION OF ISOTHERMAL AND ADIABARIC LINES IN A SYSTEM CCNSISTS
OF TWO MEDIUMS WITH DIFFERENT CONDUCTIVITY
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The results of the two methods for the firat
system checked clesely to wlithin 5%, The error estimated
for each of the method waz about 5%. By using the analytical
apporoximation of Awbery and Schofield (see sample ecaleulations
in the Zppendix), F of 10.23 was obtained, This checked to
within 0.,2% deviation from the result obtalned by the mapping
me thod .

For aystems 2, 3 and 4, the error estimated for
both methods was 4 - 5%. The deviation of the results be-
tween the two methods for system 2 was sbout 15f%, which
exceeded the estimated errors, Ho definite explanatlion can
be given to this large deviation. As for systems 3 and 4
the results checked closely between the two methods and
are within the estimated error.

The estimated error for system 5, wes sbout 9%
for the mapping method and 12% for the shape factor method,
The deviation betwesn the results of these two methods was
sbout 30%. This large deviation was due to the following
reasons: (1) The edisbatic lines were drawn in to form
curvilinear squares instead of by electrical plotting.

(2) The long contsct length between the electrodes and
the peper, might cause the potential drop scross the
"aquadag" paint to be non-uniform slong the entire length
of the electrodes,



From Table I, it i1s possible to sec that the estie
mated errors were slightly lower for the mapping method
than the shape~factor method, This was because the shape~
factor method required very accurate measurements of both
the current and the potential and also the comductive paint
used to attach the electrodes on to the paper should be
spreaded extremely uniformly aloung the lengih of contact
in order to insure a uniform potential drop across this
layer of paint, The mapping method is less sensitive to
the potential deviations along the isothermal edges, be-
cause cach isothermal line was drawn though a great number
of points which automatically averaged out the small poiential
differences, Therefore the shape-factor method iz pro-
posed to use only in investigating a relatively simple
systemj even so, a number of measurements of the total

potectial drop along the isothermal edges 1s necessary

in order to obtain a more representative average value,
Another advantage to the mapping method is that it shows
the pattern of heat flow through the rigid wall. cpnitant
ochecks can be made during the mapping process. If the iso-
therms or the adiabatics do not go in the directions ex-
pecied, or the isotherms and the adiabatics do not form
curvilinear squares, then the circuit and the connections
will be inspected in order to locate the flaws and to make
necessary adjustments,

The new develpment of evaluating the heat flow



through two ditferent mediums in a two dimensionul system
presenteda clearly in system 6, (3!0 Appendix in regards to
the exaot set up arnd procedure.) There are several impor-
tant facts in regard to this development is worth mention-
ing here,

(1) This kind of set up and proecedure nllovi the
two different solid mediums to have a wide range of differe
ence in the resistance to heat flow, This can be done by
Just varying the dimensions of the emlarged portion, But
as the difference in conductivity between the two mediums
becomes too large this method may fail, It is because of the

faet that the dimensions of the enlarged portion will increase

proportionally to the ratic of the conductivities., As the
lengths of the sides of the enlarged portion become too great
a8 compared to their original lengths, the small electrodes
along the sides of the enlarged portion will be so scattered
and wide apart from each other that this set up will cause
the system to deviate tremendously from its original condie
tions. In the original system, the current; (which is ana-
logue to heat), by conduction, flows across the esntire area
of this section of low comduotivity, with the small elec~
trodes saparated apart along the sides of the enlarged pore
tion, the current tends to by-pass certain areas, This une-
desirable effect becomes more significant as the distance
between the elotrodes increases and the set-up becomes less

and lese representative to the original system,

- 3



(2) This technique can also be applied to the rela~
tively complicated systema, For instance, in the case of sys-
tem $, 1f the shape~factor for both the vulcanising rubber
and the steamheated platen is required; with krown relative
eonduetivity of the rubber and the platen,; a set-up similar
to the set-up smployed in the system ¥o, 6 can bLe used, Small
electrodes can be attached along the top edge, representing
the surface of the steamheated platen, and are connected to
the respective electrodes along the bottom side of the en-
larged rubber portion, representing the rubber surface adja~
cent to the platen, The long metal electrode should now be
attached to the top edge of the enlarged portion, represen-
ting the top surface of the vulcanizing rubber, The long me-
tal electrode is conneoted directly to a potential source.
dome difficulty may be encounteded in the above described
set-up, Oince the surface of the platen is so long a great
number of small electrodes will be used, Imperfect contact
between the electrodes and the conductiorn paper can hardly
be avolded, This difficulty has even been experienced im
preparing the set-up for problem 6., The way to minimige this
difficulty is to decrease the number of electrodes by increas~
ing the size of the electrodes, But this improvement is made
on the expense of the accursey which will be mentioned in the
next paragraph, Therefore & balance should be made in select~
ing the size of the electrodes,



(3) The pumber of emall electrodes used is dir-
ectly proportiomal to the acouracy because in the actual case
the potentials (same as the temperatiire) aslong the interface
of the two mediums vary continuously. This is true until a

eritical number is reached where the acecurucy will drop off
as the number of electrodes incresses, 7This is because more

space will be left uncovered by the elecirodes along the edge

of the small rectangle (see figure 11), siuce the total space

necessary to saparate onme electrode from the other will be in-
ereased as the number of electrodes increases,

(4) In caleulating the rate of heat flow, if
the shape-factor F is evaluated by dividing ¥ from total Ni,
the conductivity constant X of the major portiom will be used,
From Figure 10 it is apparent that in the large rectangle the
areas included by the isothermal and the adiabatic lives are
not curvilinear squares., In this system the Y/X is equal to
3y since the material of the major portiom has the conductie
vity constant 1/3 that of the major portion, This can be
shown further by just locking at the major portion below the
isothermal line No, 8 as shown im Figure 10, Here N/¥y is
equal to the total /Ny divide by 0.7, and the ot eguals to
the total ot multiplied by 0,7. The two effects cancel each
other,

| In this work an important modification ium

plotting the isotherms and adiabatics was made. The previeus
workers (2) assumed the potential drop across the aquadag paint



‘vnu?aaslzalhlc. 80 only ove probe was used. The other lead
from the potentioe-meter wus attached directly to the metal
bus bar, Wheress in this investigation it vas found that
thore was & significant amount of potential drop weross
the aguadag paint layeyr. Therefors two probes were used,

The potential drops measured were thes actual drops across
the paper between the two probves. JV this modification the
paint with relatively high resistance can also be used pro-
vided it must be apread very uniformly alorng the edge. This
is because that by ueing two probes the potential drop aecrose
the paint layer is not included inm the potential measurements.
frevious investigators (2) had recommended a
short-cut way to arrive at a solutionm by the eleotric mapping

Inﬂﬁsda The yecommendation is as follows:

Number of isothersel lsnes, ¥, is set arvi-

trarily, and short sections of twe isotherms are plotted im
& regiom where nearly perfect squares will be formed., The
distance vetween these lsotherms 1s wmeasured, At the same
position om the adiabatic plot, the potential necessary to
make ¥/X = 1 is measured, The total voltuge werose the pa-
per is then divided by the Y potential. This gives the nume
bear of lanes, and the necessary data for the caloulations
bave been obtained,

This shortegut method certainly simplified

the procedure. But there are certaln disadvantages. Firste-

1y, after going through setting up the ¢lectrodes asud the



wire attachments for both the isothermel and the adiabatic
plote, “'n will certainly be a great lose not to obtaim the
eatire plot of the heat flow patterm., BSecondly, in laying
out the short seetions of two isotherms ouly very few points
ean be plotted, In some complicated systems there are me
good waye of cheoking these points, Thirdly, this shori~
out method cannoi be aprlied to some systems where no lines
of symmeiry can be selected, such as in the case of problem
§ where the adiabatie lines bave to be drawn in, In view of
the above disadvantages this shortecut way is not recommended,
If a fast sclution is required in a relatively simple eystem,
the shape~factor method is more advisavle to use,



In conclusion the .xuuim atalogy method is
the simplest method im solving the two dimeniional stewdy-
state heat transfer problems and still gives good accuraey.

The elotrisal shape~factor method is recommended
for simpler systems and for the more complicated systems
the sleotrical mapping method is recommended,

The method for evaluating rate of heat flow
through different solid mediums as developed in this
investigation is satisfactory. Although this method can
be applied to systems with relatively wide raunge of differ-
ence in the conductivity of the twe mediums, it 1s still
limited. Some more work should be done im further testing
this method and to aimplify the present tedious seteup,



APPENDIX
A+ Detailed Prosedure
le The first method or the mapping method:

In the first problem the conduction paper was
cut into a shepe reprosent 1/4 of the cross-szection of
the duct. The four sides adjcount to the corner re-
pregent the inner and the outer surfaces of the ducte.
The other two sides were the lines of symmetry or the
ndfpatlo liness A@ for the fin problems, the papers
were cut into shepes represent only one of the multiple
fina of the systems. The lines to seperate ons fin
from 1ts adjecent fina were the lines of symmetry.

As to the rubber velcanizer, no lines of symmetry were
selecteds Therefore the paper was cut into the same
shape as the entire cross-section of the systeme. (The
dimensions of the sides do not affect the shepe~factor
in enyway as long as all the sldes are increased or de~
creased proportionaly from the original systems.)

The isothermal lines were first plotted by apply=
ing electric potential on the sides which represent the
inner and the outer surfaces of the systems snd were
gssumed to be igothermal. Flat snd polished metal bus
bars, were carved so as to fit the edges of the isothermsl
sides of the paper. These bars were glued on to edges

with the "Aquedag" paint. The electric wire with elther

St
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a8 positive or & negative charge was attached to the metal
bars glued to one of the isothermal edges and the electric
wire with an oposite charge was attached to the other
isothermal edge. The total voltage drop across the paper
was measured by two probes (one on sach isothermal edge)
which were connected to the two terminals of a potentiale
:ieto:u In measuring this total voltage drop, the needle
of the probes were held as c¢lose to the metal bars as
poasible without touching them, In order to test whether
the bus bars had good contact with the conduction paeper,
the probes were moved along the isothermal edges. The
total voltage drop should be the seme througout the whole
lengths of the ilsothermal edges. A reslistance box was
connected in serles with the conduction paper. It was
used to regulate the voltage drop across the paper to a
desired range. After the total potential drop wes obtained,
equipotential lines or the igsothermsl lines were than
plotted, The péooodum can be illustrated by a simple
example. If a totel voltage drop of 4/10 volts wes
obtained (this voltage drop cen be regulated to any
desired vaelue by adjusting the resistence) and four
l1sothermal lenes seemed to be adequate for the map, the
4/10=volt wae divided by four which gave 1/10=volt for
each lanes One probs was always held in the original
position, that is on the isothemmal edge and the other
probe was moved over the psper to locate the points
where the voltage drops were 3/10, 2/10 and 1/10 volts.



Smoothe=lines were drawn tlurough the polnts with the same
potential and thies gave 2 plot of isotherms,

Az to the adisbatic lines, & second plece of
the paper with the same shepe and dimension was used,
The bus bars were now glued to the adlebeatlic edges.
Again the contsot between the bare and the paper was
tested, On the first plece of the paper, a curvalinear
square was carefully constructed between two isothermal
lines and an adisbatic edges The distance between the
adlsbatic edge and the newly constructed line was measur~
eds Then this distance was laid out on the second plece ‘
of the peaper in the same menner &s on the first plot.
The potential drep for this dilgtance was messured. Then
the adiabatic lines were plotted with each adisbatic lane
& of the above measured potential drope. In plotting the
adlabstic lines, the plot always sterted from one end of
the peper to the other., PFor most ceases the last adisbatiec
lane had potentisl drop leas than for the other lanes,
The potentisl was measured and sn average value was ree-
corded, In counting the number of adisbatic lanes for
the calculation, the last lane was counted as & fraction
of one lane., This fraction factor was equal to the ratio
of the average potentlal drop of the last lane and the
potential drop for the other single lane,

In plotting the isothermal lines for the rubber

volecanizer, mercury was used as the electrode on the long



continuoue isothermal Cdﬁo. A dam was bullt along the
sdge to confine the mersury inte a long and narvow line
touchsed the paper uniformly along the edge. IThis was done
bescause of the fact that 1t wae imposeible to have smooth
and uniform contaot between the metal bar and the paper
for such a long edge, Also in this system, due to the
lack of lines of symmetry the adiambatic lines could only
be obtained by drafting these lines om to the plot,

As for system Ho, 6, where a portion along the
surface of the system has different resistances to heat
flow frow the main body, It has & erosse-seciion s shown
in Figure 4. It was arbitrargly chosen that the resistance
to heat flow for this portion was three times greater than
the main body or in another words in this portion heat
has to flow through a path three times longer thaw the
ayparant pathy; if this portion was made out of the sane
material as the main body, Therefore by keeping this in
mind, & method was developed,

Two pleces of conduciion paper were used in
paking the isothermal plot, One plece of the paper was
cut into the shape of the maln portion which has the high-

er conductivity, Aloag the three sides where the interfaces

of the two mediums were located, u number of sumall electrodes

were attached. These electrodes were of the same eclge and
. were saparated from each other by a very small distance.

They were set aw close to each otoer as poscible but without

36



37

toughing, Then another plece of the conductlion paper was
out imte a shapeof the miuor portion (the portion with lewer
condugtivity), It bad dimensions equal to the ratic of the
conduetivity ofthe mimor portiom te the conductivity of the
main portion multiplied by the origimal dimeneiocns of the
minor portion, In thie case all the Bimensions of this en-
larged wmicor portion were three times the original dimen-
sions. (see Plgure 11) Small elecirodes were attached to
the threesides of this big rectangle where origivally these
sides were in contact with the maln body, The mumber of
elegtrodes on each side corresponded to the number of elec~
trodes attached to the respectiive side of the major portiom,
The total effective length of these eleotrodes on such side
was equal to the length of the same side with original dimen-
sien, The ssmall electrodes along the sides of the large rec~
tangle were connected with copper wires to the respective
small electrodes along the sides of the major portiom., As
should be noticed the slectrodes attached te the enlarged
minor portion were distributed evenly along the nidos.‘ 311~
ver aniut {an excellent conductor when dried) was used to
glue the electrodes on to the paper because any potential
firop vetween the electrodes and the paper sﬁnnla be avolded,
The fourth side of the large rectargle was part of the iso-
thermal edge of the system, Netal bus bar was atteched te
this edge and again the effective length of this bus bar
must equal to the original length of the same side. This
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This isothermal edge must have the same temperature as the
isothermal esdges of the major portiom adjacent to the minor
portion, Therefure the bus bars mlong theee isothermal
edgens were counected to the same potential source. Aunother
bus bar,which was at a different poteutial level, wae attached
to the base of the major portion, The isothermal lines were
plotted in the same way ac in the previous system, The adia-
batic lines were Ernun in due to the fact thut the second and
the third isothermal lines were parallel to the isothermal
edge, (sec Fighre 10) The positions of the adiabatic lines
can be easily loounted to form the curvilinear squares with
the ilsothermal lines,

2+ The second method or the shape-fauctor method:

‘ The set-up for this method was essentially the
same as the set-up used in the first method when plotting
the isothermal lines, The only difference was that u very
accurate milliammeter was oonnected in series with ibs
conduction paper.

The conductiviiy comstant, or the reciprocal of
the resistivity, of the conduution paper was firest obtuined.
This wae done by using a-plocc of the cownduction papey which
bore a square shape, Bus bare were attached to the two oppoQ
site edges of the square, The total potential drop acroes
the paper and the curment passed thru the eireuit were acou-

rately measured. 3By substituting these values into the follow-



iog eguations

1% @) (an)

@) ) (+2)
or f & ai(l)/1
f was obtuiaid. The ab;ve aguation 1s soaloguse 0
q e (A/Z) (K) (at)

Then another plece of the conduetion paper wae
sut out inteo the shape of the system under investigation,
Hatal bus bars were attached to the isothermal edges and
potential difference was applied as iu the came of pleot-
ting the isothermal limes, The total potemtial drep and

f

in this case I

the ourrent were again accurately measured., By substie
tuting these values into the abeve eqguation with f al-
ready kuown, the shape~factor A/X or F(L) could be cal-
culated,
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By SUMMAEY OF DATA

TABLE II
Elect Happi Hethod Electric Sha actor He
(E = 1.9196 £ 1%)
] . ( ;
System By, Fag) Iinma. | oE inve | Pafil)

1

(% of Totel Ares) |10.252,9%| 4.0+t2.58| 2.57 £5.4% [1.52 £1.3% | 1.08 = 3% 2.7 £ 5,38
2 :

(one fin) 14,0 F 2,15 | 6.0 1. 7% | 233 +3.8% |1.52 +1,3% [1.09+ 3% 2.68%5,3%
s - . -

(One fin) 12,0 & 2,5%| 4.022.,58| 3.0 ¥ 5% 1.22 2 1.2% |0.7323% 3.2 £ 5.2%
4 : : _

(One fin) 12.0 2 2,58 | 4.0 £2.5%| 3.0 = 5% 0.88 23,18 (0.8 21,35 | 3.,12:5.4%
5

(Entire Ares) 46,8 * 4.3%| 2,02 58 [23.319.3% (2,641 0,76%/0.30%10% [16,9*11.8%
6

(intire Area) BsD 2 587 (10,0228 [0.89 £7.6% o ————— - ———




Cs S ation of the equatlion fo1

In deriving the equation & simple aystem is used
for illustrations The system conslsts of a square blook with
two opposite sldes insulsted and the other two sides ex-
pose to two different temperaturess Cross=section of the
system is shown in Fig. 18, There 1s no heat flow in the
longitudinal direction L, measured at right engles to the dnwms
of Fige 18,

In epplying the method, one may arbitrarily sube
divide the integral étﬁdc into any convenient number N of
equal parts, £ txe The heat may be visualized as flowing
in series through & narrow lane starting at the isotherm
AB, representing ty, and ending somewhere along the isotherm
CD, representing tg (sse Flge. 128). Heat flows at the steady
rate q through each such lenes. For eny small part, such
as OPQR, of any lane, the hoat 1s flowing at right angles
to the erea Ly, where L is the length of the body, and y 1s
the mean width of the quedrilateral OPQR, i.0., ¥y equels
(PQ+OR)/2+ The conduction equation is
“ s Kimatz/x » E(Ly)(atx)/x, and since Katx from one
isotherm to the next 1,; the seme, and q and L ere algo
constant throughout the lane, the eguation shows that the
ration y/x must be constant throughout the lane although
both y and x may varys. If the constmction used in drawe
ing each lane iz such that y equals x, as i# the case in
Fig. 12, the heat flow per lsne 1s KL(tl-t2)/W, end the
total flow carried by the total number of lanes, Np, 1s



AN ILLUSTRATION FOR DERIVING THE EQUATION
FOR THE GRAPHICAL METHOD
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NIKL(%; =ty )/N. A comstant K is sssumed im derivimg this
equation.

Ome may fix N and by trial, so locate the iso-
therms and the flow limes they interscet at right angles to
form quadrilaterals such that Y is substantially equal te
X, that is, the ratio of the sums of opposite sides clesely

approaches unity,
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1.

Se

Zemple Celeulationg
The flrst system 1is used for 1llustration.
The celeoulation for the electric mapping method,

q = %:. (L)F) (k) (48) = .EL (L) (£)(at) since & w1

Hom 10.25%0,3
Ny e 4 & 0.1

“(02 129 s 10,85 ¢ 5.4%
(total) % i1 Za Eg

® 10,25 ¢ 0.55
q = (10,85 0,58) (L) (k) (at)

{Por 1/4 of the totsl area)

The calculations for the electrical shepe factor method.
A square shape conduction paper was used to evaluate f.
I g2 006 meno 3 L0086
E » 0,9598 v, = ,0002

f 059998 © 2928 (1) = (1.9296 ¢ 1%) (L)

Now for the rectangular duect.
I » 1:62 2 0,08 ma.
E = 1,08 % 0,03 ve

B <o o8 PNERRRL I M .

or F w 2,72 5.,3% (For 1/4 of the duct)
q= (4) (P)(K)(L)(2t) @ (10,8 ¢ 0,57)(K)(L)(at)
Caleculations based on the approximetion by Awbery & Schoe
fields (1)

askk (p + c8j(at) (For one corner)



q total = ﬁ..!& (p#0C B)(at) = qxim Em-e)*o.ssguﬂ (at)

s 10,232 KLsat.



qQ = Quantity of heat trenasferred Btu/(hr)(it)of the body.

K = Thermal conductivity Btae/(hr)(ft)(°F).

L = Length of the system, (fi)

Ny, » The number of adlabatic lanes carrying heat from

source to sinke.

H = The number of zones into which the lenes were divided
by isotherms to form curvilinear r:ctangles.

s current in milli-smperes.

z Potentlial difference in volts.

» Resistivity in (volts)(ft) / (milli-amperes).

e Hesistance in volts / milli~asmperes.

Area through which heat flows at right nnglas,ftz.

= Length of conductlon path, r_t.

s Shape factor A/X, in ft.

i g M B o oM B M
8

2 Length of any inside edge of a parallelepiped, ft,

e
L ]

Length of the internal boundary of the corner of

an square edge, rt.l

B e Thickness of the reectengular flue duct, ft.

€ = A dimensionleass conatent of the order of, but necess~

arily greater than, 0,477.
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