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1.1 General Backgrowné,

Heat transfer is one of tne mest discusse

£

sections off thne

wxeoretical science and has coriributed to classical cevelop-

skiz pazer it is attempied to prove that en analvtical solusion for

o b iant 12 5 : L Y -, - b $a
srzngient heet corducizon tased or finmite intervels zan ba obtaired Zre subject 1s associatec with the present developmernts in
rezifly by using o vecraolegy and presents an uniimited scoge lor reasarchh end

7. sLeed eiectronic digital camputer. “re maithod

: N . I devel T, &5 sestified by numerous lications. ZIn
izsaif 10 graphiczl sslution for ra Gevelopment, &5 Sestiiled by rous publication

& mssessmert witk high

nséeyn scieace 1t is essentia’ $hat el) nhymica® processes
cer de meeounteld and predicted Jor end conseguentily csleule—

tions should be analized analytically where possible znd

rerirental stucies coniuctzsd or a wax model to correlzte <re treore+:ox

computasions, i3 also includfed ir this repoxt. cerralsted with the practice or experimentally. Tie introducsion
of electronie compuiers sperad mew Tields of thecreticsl s
which was znot poszible earlier due to the zrens emount of work
characterissic 0 the partiecular anelytic acluticn zevhods.

Iz tae Tollowing sbudy &yzawic heet flow is studisd particulerly
for & two-phese liguii-snlild materisl of finite thiczress. Tke

ultizate resly lenda itself to solutior of prarstica’ proplexs

on e Elgital computer or by Zeans of a grephical comstruczion.

1.1.2

s cne of tZe xany physical

(3)
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DhencTene thsT cannct te solived I y apalytically

zited +o bounded zypathetical
conditisns. A classical exazplée can vé Towd in
e tTaerd e e e IPUINE £510 R
the levicr=3ITodcs cguation Soxr fluid Plow.
Altzough numerous specisliced solutions on transient
neat conduction exist, it is of @ specisl nature for a

specific prablem.

Tre/
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The esgence of the problem is the development of a mathematical
theory to solve transient hest conduction preblems in o bounded
two-phase liquid-solid material with transition front shift and
to define the scope of mpplication and expected diviations in

the application range.

Literature survey:

For conduction, theoretical solutions of the transient conduction
problem are limited to second order linear differentisl eguations,
and the most commonly known aTe the temperature distribution charta ¢
Heisler and Grieber (1), (23, (3) for semi-infinite solids with

a convective boundary. Solutions for radiating boundaries nave

10} 0
been proposed by Fried.mxn,-(lo) Mann and Holf(, Ahe.r‘banel(l !

(12)

and Fairal , Por slebe end cylinders. A more recent investi-

410

gation by R.D. Zerble and J.E, Sunderlan produced a range

of charts for one-dimensionael temperature distributions in a slabd,
insulated at one end, and subjected to thermal radiation at the
other face, using an analogue computer to fimd the solution.
However, solutions of the Fourier equation for & meterial with heat

scources and sinks _ are not 50 readily availsble.

(5) (1)

In their work on heat conduction, Carslaw and.Jaeger and HSU

discuse solutions of the heat conduction equation for melting and
(5)

freezing,which has bees generalized by Neumann The application

of the solutions mre limited to the hypotheticel essumptions made
(5)

to derive exact solutions and except far this epeecinl) caae

(13)

ne
analytical technique exists for findiﬁg aolutions
Landau(lh) in a paper "Heat conduction in & melting soiig"

congidered the special case of the melting of a solid when the
liquid is removed immediately on formation with the other face

ainsulateﬂ. With Gause's theorem applied to heat conduction,

and/ ...

-3 -

Quass

2nG with & bouwndary condition assurption that the teas 2luK o
the rate of heat Zlow ini¢ the solld plus the rate of noet &0
by reltizg, Lanéaa cerived =n enslytically exact relatiocship and
with numerieal {nvegreticn, compused charts of characeristic

(15

sigensicess Sumetions Jor tzis bounded relationsiip. Forster

dizeussas tre Iumtr

solution with a czange of ohase.

c - s - o
epproxizate mezkemetical tecaniqus utB;z:r.g the "heat-talance"

A%

Integrel wes presanted by Gcoi:‘an('w to celeaipte the Transi

freat trevel. The analytic expreselons ave tizmized tc,

o) Fixed souxdary tesperasure

D)  given neet IlLwr et bouniery

¢) rLeet flux
©4)  given heat Tlux 23 zelting front and melt cexplesely
removed
e) “sat &t beiréery given s=d &% zero time weld Segin to
vesourize,
Cowperisons with Xnosn solusicas have Teen made.
Cooirsn &85 DoinTs cut tre meszermaticeal difficwivies encountered

4ita ron-lineer zest vrencler nrcblers, e.g. wizth change of phese.

1ad ihe zeat balance integral,ie

“n the generel spluticn uwsizg
sizpiifies the proslen 57 assu=ing &ll the sclias to te at the
melting texzperatire. Altzoug: his present methed 13 capable of
sexing the temperature Eistridution iz the solid stase into accow

tra egueticns ere conszdcres.y more cezpaicetsd, aceordiug w

rst Symposium o Avrozation =and

7yl o2 the Uriversizy P Cezs Zown

enalegoe method used to stuly the seil

-5 czemivel reusctlons ALthough an alcur

a1ai-ed, tals system Zas ¥ne disedventege that it

of 945 nas seen

et
s

Joeaen

ica=e celeulations reguired Yor a f{inite difference



has to be built un and sested Jox every cc

comdivion aad does zot lexd itself to repeated czleovlations acd

opevizising bowndary condislons, as will decome apparezt in the

owing GlBIuss
analogue computer solutions are &lso discussed by X.

)

ellis

the coxplexity of a pure

anauyulc solusion,

i an expansion o

uezion

the latter 1wo wmeilhods ere ratier e

“ne progremmed solutian can be readily used in sny proolem and -

using small enough intervals &nd iserating a

soundary ¢endition can be calcrulsted o & Gigh degree of accuracy
ané ihe characteriszics cpiinised.

Furtrer, by wsing shls Tethod ené empioying Ine parezevers derivel

Senperature

can 0oe plotted for ergineering meseriels in ihe

treasfer In he

f0ollowiang tesic stud

soundary &nd vithous mass Treasfer from the malérial.

Qa-TACUSH Tae Iran

e azae )

incluged ir Appendiz I ean

dezree oF £CCuraly.

CenBequently Tils

neg

<t

text,

tfhe geceral differentisl egustion for keat conéu

r-
—— L

waere the symdol ' memtIes the hess profuced/wnit volume/uniz
time of the materiel.

ot g woe
Rewriting Q"' In te-ms of

of the zererial, the eguelio

—-—— (2},

3
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It can e shown (hppendin A) irat tne lavter relzticrahip waan

writter in terme of finite intervsls, becomes
’

A e
s 4%
457 —-- {5)
= adT . -
i

and zlso for one-dimensioral finite layers devoted by n, and

isoenrcnes denoted by n, the relationskhip becomes

mt ., nt'm—1.n

wkera tha cuentity a

T™ie latter extrassion is thne conclusion of thae familiar Schamids

graphicel method for kest sonductien in & one-dimensianzl <hareal

ns tre rear dsvalepad/uniz ~anc, T hecomea

+ e

honoganscus meterial.
4

'S

Et B ationship s2 such &oes te to zlens . R
However, this relaticrnship h & no oply protle & layer Az durine &

involving inierral Leet generation o- lesses. In transisien

jhercmens, suel s melsing end sclidiicasicr of solids and

lazens heat

evary mztarzal.

furing Transitior from selié so liquid for tre finite

incrementel layer.

otzer protvlems the ralationshin tecomes nmore compliicatled with

z and ©

¥ = Junesion of [ avlnd
- - - Vornsesuentily
- ’ m, n’= o, which is

of Tinite invarvslae, “ne ecuxtior Bacomes

Ariss

o2 z1l sre ryzothetical czenges ir terpe

during irarsition of phage,

erd for one-dimensionzl conducsion
Hence/.,...

At
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Ilatter moans thot the algebTaic sum ©F TRhe Temperature increeses

= =— , 25 defirad,

23 T2 transilion tezzerature Jor & s3yecili:z

Crvorall arrer carn se decreased Ty eelacting smzlX incremenis of altrer
by waioh tke introducsl arrer o? Va

smparazure/. .. ..




{equaticn (9)), the srarsision is complete feP the sirtisulax

laeyer (m) mnd the cslsulations are rroceuded wi

The wrergition formzletion cer be Zamerssrsted

.

ant layers unnil

. " ey

Jonvective bourdiry coniitiscns a~e readily acecunt:

zozng of 4 feat valznce, which produces the tangeni to the temperctire
(1)

profile ard subsequexnt locus of intersection with the temperazure aw!

25 1llustrated in Appendix B psge 2 amd siandard litergtiure.

This azproach lards iLtseif o eimple ins

vective bouncary cendivion combdinatiars

re3g, source tempersiure, RokT Transier co-e

dezendancy ¢f the ludter ¢wo funciiosns.

dona BImMpLy Dy re~evaluzting T

ch Touresent ine xl;}and Y[Tlaxis ani deter

interrecticer

gvery tita

TAa introdu

without complicating tre demonstrated solution et ell. This

Is definitely arn improvement over any pure aralytical
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nolution, which 1if solveable, becom=g extremaly ccarlox with

1g boundary conditions.

Padietive bourdary conditions osr also bte evalvatad zno

foregoing mernhod by introduczing thae equivalent rad

A
co—afficient(z)’ (10}

Tnig implies that the outside %“emperature for the mew Temterziure

igqockrone is agsumed ard the equivalent heat trarafer co-e?ficizw

(2)

caloulated or read from & greph.

Foliowirz, & mew v,

rrozess 1s repested until the iteration arror becemzs

ed for g

negligible. The prodlem can €4Sily V8 nrog=

computer end golutionm rapiily computeé on an iteratiion o

for radiasior boundaTy conditioms.

Soluziar on a éigital computer 18 clperly essern

czge.

Tor = firite eladb, with heating cn the outmide ard cooling 2n

tne inside,

0¢85 on ihs cutiaide.

the sama grsphicel construction jerfo

-13.
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Jrapiicelly solved examples are imoludaé, figures 5 amd 6.
It cen ve clearly seen that with tkie solutior Trocedurs, complex

analytical problems, cen be rapidly computed and solved
cr the linee of the relaiively simple tieoram znd visuzl

analysie.

Solusion Procedura:

To golve a physical problem of ctransisr: hsat conducsion ir &

two-phase liquid-salid naterial with transizior front

&6 TC Irangiiicn frent travel and tamperaturs gradiente av
temperature igochronss, tae disoussed “uresiomal chneracssaristics

rmugt be derived (figure 1), i.a.

Gy oz gh

(GivY ennns



4.

(iv) bm/e =t/ =/t =t/ (T

=) -

[
—
~

(vi) At w g

pI

Ol‘r‘#

(vii})

Tnese quantities are either added to the computer Progras
{Aprendix 1), or the graphical construction set up by

it (figure 6).

Faving caleculeted the required solution, the temparasur: Time
bhistorTy chartis can be ploited on & iog / lirssr scale (figure
g9 and 10) and correcied as wisth the demonatraved soluzisns,

{ 1 Ty pmam )
-mransition front trevel is zecordingly Tiosted (Figure 7.

With the bourdary conditions sime and temperasure daneniant,
tangential intzrsectior distance corrections are Ted into tie

aplution as the calculation proceeds.

umericzl gcluticns are Tapidly derived for 30e5i-

e
o
[ed
a
"
o
.
5
o
N
<

#ic physical prozlems. In morTe complicated protleza, e
.

Tasie ent n pracsduve carn be used Az & auhrantine in 2

comprehensive compubex programned solution,

20 cen s
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Quslisative evaluation of Thearetical Solutions ari

Zxparimental Work.

In tae foregoing discussion a theory has been outlinsd witn
which epproximeie sclution for isochroral temperaturs gsraiients
and transition front travel can De rapidly acrtiaved fcr un-—

steady etate heat conduction in a two zhase material.

Tne interpretetion of boundary stase configuration. s

or unsteady, deoes not present a major incresse in complexity

of the solutiox procedura.

Subsequently, solutions found by ueing this method for & two-phase
wex material~will be discussed and_ compared with

experimental results of th: seme pagsical confix

Characterissic phenomena asg well rsg accuracios zod 11m

of she soluzior axd exparimantal worx are pointsd our

parsd witn other theories and work dome in this fiell

dices and refererces).

Grepaical comruvatiors.

Grapaical computasions have bhearn done for & materiasl wizth e

same physical consianis anc dourdary cohdition; a2g the TavefTiv
wax uead in ibe expeTiment® tesvs (figure § and §, Anvandiv A0
Op1z could ce done Decsuse tne scode of tha tesss was iritin

davised To act a9 & tasis of correlation for tie formulazed

~heory outlined in wt:is work. (See also Asdendix 4, Bx:

Horik.) Solutions have deen obtained for a two-phase material uSing

the/..c..
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cooling curve.

the physical preperties of rareffin wax ard

Ir the liguid state correiazion with the graptical resulss,

the illustrated graphical finite intervel msthod for change agreement 1s initially reZsonadlé, 4ut deviatlon 1nCreasss

of state as outlined irn section 1,2

zure 4, 7 ard 1l). &

with time (Zayer (1) figure 8).

single phsse solid state mathematical solution for the same

The solid state shois a deviation for initial layers, which
materinl is also included( figures 5 and I3), ° e

terds to tae Schmidt solid state solution snowr, hut fer
5 comparison of these results are stown irn figure 8 ard figure °o.lowing layers tends towards the experimeniel results as

KN Altnough whe grarhical conslruvtion gseems to be very cruis,

tize procseds. It is olear that by taking smallesr layers,

nic=oscoplie T2 TEDY irat a ar. * i i1l i ini H
nicroscopie results ars remzrkably accurate, as can te seern froc this error will be decreaged ard for infinisely small irere—

figurs 7, where the transitisz front travel tims (derived frem menvs will be eliminated
men 2 .

figure & ana 11) is plosied for tae sxparimewrtal results zs woll

: . Say 4 /
. . N . Tris phenomena ia discussed fully in The rext section (2,2
as for tre graphical sclurtion. There is pragizally cempleze B ' 7 v 4 )

: . . computed solutions.
correlation, and confirms tne Quality of tha axmeriTentsel er * '

and results obtszined as to transizisn fron: srevel, flzerrasively the error at transition due 3o finitern

finite interval soluticn{and sutsequent censtart e

Figure 8 ghows & c¢omzerison ¢f tas temperature incrazse For \

etos )can ba co-reectad on ths plotted grara (figure ¢
E T & g 7

layers (1) zrd (3], solved grsphically ara experimenzelly. . . . i1 s . N
shi®ting the so0li2 svase nerting curve until it feacids tne

From snis figuye she limitesiorns of the solutior are apparant liguid sziase curve &% the ~“ransition “emperzzure. The

and this is sviribuizd to ths finltness of ine utei results in figure 10 ere zher si

solu*ior. i.e. tzar the slat is divided info =z rumber of

‘

En

grapnical zomputed results corres-

(fivtesr) ard transition is Congidered Tor one lmyer =% z tive
zp ime meltirs frerns procesds. Physically, this method is true for with tne i1st and 3ré thersocouples ere corrssted 2nd

irPiritely small layersard npt for finite layars &s emvloyed ~sassared with she experimewzal resulis for the lst erd 1rd

in the soiluviow method. This accounts for the constant thermocaurles.
temperature when ihe temperaturs of & layer reachas ihe Tarn- .
Ir tne followinz figurs the correcviom is 1lluerrazad, T

gition temperaiura. In an infimisely smril layer there will

zumve & »'o ¢ d e denoies shie comduted soiutisn and
clearly not be a constant tamperature stage 1n the heasing or

cooling/.....
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2 k' ' 4 o' the correctad compuied zolvTioxm whi<e fo' = cZ

COomMmzx

n' is at the transition temp

- A5' = ge' ané =DAT ITE.

cf toundery corfitions Lased o She confizuration of she expori-

mantal wax medel. Repulta are also piotted in figuwes 7, 3 ani

Fig. 12.

a ob = ce! Tabls 8 sontzins a summation of 3ime inzremesats for Sifferens
) =
—-a4d!
BNE —dil layer ruambeT
i =e¢
| ! 1 [ T I N ) i
7 P 2.2.1 ZISCUSEICH  OF
'
H Table 1 1 This takls z 17
g examole simil ical emmatTucticn and
: i
i i N N N i
: Berves Bg n creck on the ascuracy of she grapzical
h )
: B soclution. Iv Pigure T4 the resulis are rlcttad
i . . N - R
| in the form of trarsition 2roms travel / t:ime
'

Wish tka axperimensal an graghical comrutad

curvas, Cerrelationdis %o within 5 of the shrae

indesendersly solved curves.

from tre Temm

be donc sad kence suuse

_n tne comrute

vistes 202y Prom ihe comruted SuntVe .,

frog fizure -3, is numericel small,

were chosen, .5 layers beirg bhe least

gceunulsting on Tie heativg plate ,

.- . Aryl thae subsagquernt decrsasa in contact
An epproxirzvior. of linear heat Tlow

i3

eat transier coaricient To The wax during the zes:,

iction pronlem ani according

igue § 3%GWsS &S COMDErisScn G- exD

g

ave discuased in Skte rext section.

graphical and computed solutions (IS layers J.

™
1

Tables 1 - 7 conieir. sclutions computed ox an alectronic ,
The/, .. ..

diglzallee..e




error sf approxi 13y

witr 15, end that * 30 the axperi-

®

nrarent as iime increasss to eguilibriun,

mentel plot as <ime irncrescas.

Tadble 2 1 Trig tabie corsains a solution Zor a boundary

) . Tabhle 4 1 Calculasiona for the slab divided inic
concition with % < :%, by zaziry linsar raat flow

30 layers for increase
over tne Pfirst ard last layersand intervoiating

ere skown in f
the btemperalturs curve ovar Iwd inyars, T-e
tergestisl intes-secsich CIiSIcnce oF L2 Temperature $XIs Iv 18 sigridicert that a definfie displace

mert exists between the IS ard 30 layer solutioms.

now kacomes &Y = Z, oa Ihe keating el

onttke toouling side. Herce a&ny poundary corditicn bourdery condit:oxs {figure 74), which 15 atsTidbusted

can be evaluatedusing the Toregoing aprroximatiorn. to the 1ncresssc accuricy o ssLution.

Tzig tmbole cludes a calculatior with Figure 12 shows 2 comparison ¢ tas effecs of

firitersss for 15 lzyer ancd 3C leyer soluiions.

, 2" = Z T oax = 0,33 Alsheugh there 1s 2 cisrlacerment dus <o incrazael

aeeuracy to cerresperndinz layers, the 30 lajyer

rize than the 13 layer

eqluticr

anéd 17T c&n e visualisad Trav Ly sxking

2 = 0.03 << ix

sters si wransition can

7C shows comparat:ve plots.

Tedle 3 Czliculavions are similar 3o Teble 2 excenst tras

tze pouncary conditicns ere eimilzr to

for purse zf cerpariascrn. fesulT . . .
ToF pumposes CoRpaTiach Pesiits are 1 Tze influence o the lstent

iz giudied in trzese sables, Ir
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“he heet of sransformation Tor ihe specific wax fractiion

is sxvern as the rerge 70 - 105 3tu / b it

H) ané ir the lattar calculesicns the leasi valug
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be expected.

1 Tris table s comruted fo= = § . yer diviszeor with

linear flow agproximetzon iy tra ou

is Cesoriled

and lennard ag 2x irizoduetisn 1o thalr own analvsicai-

Tkis selutior is based or tre (suss Irror Pumesior Thesscr

walen Is »rincipally =tks solutisn of a Znd order 1

enixel egwation expanded into o Towsr seliaa,

Yenpann endploys txis trhocrewm To sclve e nén-linear gecord
orier differerzial scvaticn, simllar to tris problem, Y
setting up T«> hedarate iinear differential eguetions Zer

¥, &nd considering

ct
8
o
(-
-
2
=]
A
a
2%
w
o
&
o
™
LS
(¥
t
]
o
[
©
o
<y
]
<t
.
<
®
—

the norn-linearisy {chenge of phase) oy & sxmpla neas =

aver the transition rront, Tnis analysis iz discussed in

ion Dade to

This unique solution is limited by the zasu
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L. Conclusions:
From the foregoingz discussion ard apalysis, it is clear that the
epproximata finite interval solution for transient heat comduction

in & two-phase msterisl with transition front shift, formulated

ars imeluded for rursoses

in this uo@ produces rapid and accurste results, The accurscy

T

1) sivce navinz = neliing Toirs

C

deperds upon whether the solutions sre c¢btained grephicslly or

of the P

computed numericelly, and on the finlteness of the lsyers chossn,

ceuld ot Te £eme Tar —ha E.U, tecauss of

Because of the capebility of the method to handle sny bowrdary
cordition in its appliceation range, the method can be used to

questeiively solve ard optimise complex enginesring problems with a high degree

of mecuracy. The solutions can be found graphically or numerically

on a digital computer and can be plotted in any desired form.

. The programmed soiution used for tce caleulstions in this work
presents a great improvement on the graphical mathod of solutien
of solution on walch it i= based. Initiel limitations to the
program, due to Insdequate dimensional storage of the computer
memory, have been ovarcome by using refined prezrammirg, This

the size of the program (4ppendix I) does naot present an obstacle

to solution, even 1o a8 very high degree of accuracy or rumber of

divisions,

Corperable anelyticsl and nundricel solutions, es referred to in

the litersture, cennct easily be spplied to more complex and

prac@&l problems. The solutions cbtained are linitaid toa
(1) (€]
clsssical natura, eg. BSU ard Carslaw and Jaeger on tke

formation of ice on & water surface.
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Computed Reaults :  Table §

20 Layers (32 divirions) dX = 0..5
Z = 0.16
Z2 = 1.0
ﬂt_ = .»Chég%m@n
) {._i' =38 "z,
I.B.M. 1620
k ™ I+
o TN TN TED .. o
7{ d f_) /

27.6 26.1 24,5

L7 .46 h3 b
10258

24,5 2h.5

Joo61.8 Li6
2‘7,lb 25,0
2.5 24,8

51,5 L&k B1.5 38.0 34,6 32,0 20
25,17 28,0 24,7 24,6 24,5 24,5
24,5 2h,5 24,5 24,5 245 245



ZZ min

22.

Al
X

Cr

) TR TEL

I+

i

TIPS DL L O N DN N

eble 7
™
T2 TG,

£

L
T

od Resu

oOpus

~
v

L4 EAE W WS LG e L
» - . > .

0wy
.

(X%

LT LS LA IENG L G0 WG S L
e . g . H .

L N T N Y )




[ Bl ) N ol
G oL Sun e
> .

S CHRGY eI
\eLco |.73_\u,0
v PR IR PR .

UU.IZZ_ LD D PSSO VS u.;,;fﬁ.,.
[VRNG AN NS IN~ENa AN ERVANCANGAXI ARG ANUERS RN ANl i e i h

AL

nc._, L L ,,7_.U,ﬂ.u7 X

CIEL IS

B PRt VIV VAN

o R UARSNLE 5 B N onivgte LSRR
SNSADMININS ENOBD IS

n

i
!

(m

2w Lo :

© farso.- 71“ O G AT O VAN DD e IND S PN e DD = 1A ED AL A TSN o.:j,b PR ki) NINCy
™ D OLIRVA GO - DI N CTD LS I — PG 2 P G0 OIS 1y = P JrD:;,(...:ZrLL - D« < N (I
11 A e e L I e e e e e N L A IR T S D R I A I ) .C‘o-. « » - « 0 a

& Vs DIV O L LAOND PRS2 CS S D e SN ) P LA N NED ,(7\ 0 D NN IO NS S e v DALEY
4 P PSR INAAANAD A PNPN PP ISP ISP S NP VR DD AR

WP 2 SIe D 6 €10 D 6D Cho D
ﬂ_ 0 W0 J_/E._./),US...} G- O LA - \D e 7?.& et =
A s T T T e e e e T e e
- N of VSO T HLATN D) PR © §
P [l e N S SRS o S 4

BHoR U

me intervals tabulated.

i

t

I

DI2SRLTEENAN

2....4.? R

e 8

abl
Summe

WO NS D e
BRI R o NS [ S8 I GUES o) ol IS I oA Y o N 2 ey




7, -

X

4

wn

|

o

< .
-
g

o 2
[

£

o

L\ I8

L0

.
e

mac
plat

2.

ool:ing mod

coper heat/

~
—

ST TON

~ —

N

/v/
N
N
N
e
NE
// __
B
NE)

:
N
[N ﬁ
(9] S
s N
il hy
-3 NS
in i N .ma

< NI

wn!

7 NI

NI

N |

VN

A N aﬂﬁlm

NI

'

j

N

.

'

RRNE

~

[

oo T
: -l

5
g
] — 1
S rs
" 1N
NEESH I ﬁ,v N
1
N
BNV}
N /%
’ \
N NN \
“ /,/‘1.. S
G _,( )
MINES
ANEN,
RSN
ENIY
A
& N N
_J.._ . / } AN
Lo v
O % ,
] e
= Vil
: BRI,
b BN
. _ Ny oT4
: -FF,
N N .:\; Y
\ - ~
1 = .




t}. (TF)
T—

. (78)
G
Ze
Za)

+
%
[

<

IoDS

&
L

Si

falaminte

1

d

2204

43

S I ICOTTES RGN




] i N <

i,

_ _

| : ' i

aﬁ B |
P

| Sa1dnodow? 4L <_ A_

|

|

uog}isuesy

:

)

W ﬁw::mmy* 1S3L WVINTAINIdXT Md QNI

..;u?mo

o
ww
L%
ya
23
')
W
I
X3
W
N
o

| ol |os
¥ WV v
| e Lty
,_ T , P
SR L
B ST
i ! ) .
T 4 Lo
3 !
HM%\‘ b2ag P
L =
| -
. . - : i
e e |
W S?ﬁ ong ;oL ‘ [ saidnodouniayy V|
A [P 1]
LT T
. o [ s1InS3¥ 1531 1VINININAAXT Md AFININd




Iy

i

S S

IV

0.0L _now_

|
|
W

LV3H INIISNVEL 504 NOLLMIOS

xomn_n__q?uimé_o

QU DA 4




g

¥
T

”

2l
H 3
| T

T
en

i

AN

It ) R N O R
- et ! . —|
F| ; 4 4 HUt B [
H HAE P
HH wl AIG VS Tt n A ;
I I
M It M q it EiRl
1 i@ . i . 1 ]
Il TR i Il f . LE
14444 A [ 1]
Bl i Al
i T $i
LR I T i .

i I \ RN CHin b i
soblbh ity e S ]
H f | T 1 T
i - 4 i i
HHE LA f - HH I
b L | 1 P ] g 1 b
M ; f —TrH K ; T
f /] X ¥ " in fl B Y M [T7 T N
- N { 4 n > | = - 9 s
p # i BE gttt i
1! J a - " i SNAN
otV b g f N HMORENE
uEg t t HHH
0 ) H
o 7]
i I i .

-

D

-

NS

L9

N
¥

Lt

T

:
T
;

|
e
4
£
E:
1

.

=




i
!

ey

=
s

==t

o Fint
V= »

=4
)

Fig, 70.

(M)

nuu
O
HH-H

HTH
liietiisen r
-




10.

Fig.

i1y 6t

o -

T

Nl

Nusan

=R
i

i

==

dliiilie
i
et

B tEs
A

X7
X

=7
T

ST

=1y

e

¢
1e

=i

T

1
T

SRR

=T




T
T
e
HT

—
.

PO o
+ T

M

O

+
——

-

| “ 41 wﬁew
i ! [
I i _Lﬁ
Jii i e n AR
i ,m s T
" i + e
il it +
nifllh
M i

D=4




-l

1f

1




1]

[/ Aasssmsg)
.
:
‘
:
I
.
:
[
|

|
T
i
i
A

Y.




Y

o4,

T T i T T o -
T asa . ﬁ inanl T Ll I T v
Fir P LT T COT ﬁ | &
paRspuliangda H IR - ; : B ppadi]
] I Y . gimgaan:
Ir s - THF d . ; _
A a = . —
{in A BRI LIL H T Q 9 - A
-4 | o I . . A -
T I ] - N - 2 - -1 | N N
3 E v%
pas 111 . . -+
1T e - =
1 U1 uaa N T CEL L ]
N + 14 i LA A .
_ auuns i ,
1 : NSRS -
e
H IS S T
u [ AESENNN LT L nEa
T g a8 tE C
8 . | 3 - 44 - 141
L - T T f 1l
a1 ENGEERERaaN LA L FH- o
+H Hapaeny - TN .
. puNERReRup> yunaas JN&_V A1
; Aagr. 1L |5
441 Skl
q T T i - N - |
. A+ i 1T DRNARAS
pEgqu [ .
Tl i
41 _ -
RN “
ula juas
et
|
_ ol

a7 i H 1 H ’ i: e
4 dt L L { FRA HFRH S o \ I
Sidngs: Dinsa AL TH Mg ST A gk . g5 o
wT“. r r\ u " _y - NS T - . {
THEFEEE = R VSR ik aifs
Lld ‘Thv.v. \; ulf‘ r - vlvr.ﬁLYIv.lM = F rt —t i
-H CTT T S T T [ i} 1
le’LI.LP 4] LTEpL i ! SNNEREE IR - -
Tt u y mi-
] JSHE N SO T i
H , g WA s B B o IogH o T - :
! A, e di
- \ Aok - - =+ LN -
r r Huwid gugAyndidudd e i \ s w
g e - TN .
[ N -1 4
HEN 1 o N g
& SEATEEaN SRR 1EES
Bdua . Sl
- SRS ENEg pamgnsnae s s I EREIS T MuREy EN
S DTS VM THESJO - 38N VY SN e - ]
“FH {NOIISNVAIL - T3HSITAVLSS VAN . T
Tt T T ! AL I _ RS _ i .




D/ 2345 T 8764 357 7 0%, _

P .

e 0 PE Y
v T, Y- T RE- A

S Sy i) Sl wosleil bty et Sty Al N F A R
| "S1INS3Y |SAL-TVINIWINIIXI Mg QIININE- :-W

e el = I Y W SO NGl S

TGO 7T TS T TS T T qﬁ
o ARAprogl | LT (A ARARE Swan Cf
[ 8 h AL Eapgn o “W A HS
@ insade by PR : r -
L&) RN R i LTS
] t o
: -7 ENEE

;] o AR T AT EY ]
{ ﬁ
-+ -
r ] 15 L4 QN e O (YA
oL
T i i T N C
L i JL - 2
H - 1T _ 8 r1
pagas 1 LA
L e A LT
: 4

; Fe a3 T
I , huggs H H
T '] - EREANED=¢ : n BANE L
= N TTLE 1T LH i Il
4 -1 o
LETE B
Ht L AT ul -

T
1=
+

i
T+

T

H—t A |

- [ 4=H-




PLATE 1

PARATUS W1TH HKEATING PLATE IN POSITICH.

A7)

APPARATUS WITH HEATING PLATE REMOVED.




PLATE 2.

PLATE &,
LAYOUT Of THERMOCOUPLES I8 EXPERTMENTAL WAX MODEL. s -

EXPERIMENTAL LAYOUY OF WAX MODEL WITE FRONT
TESULATION COVER.

PLATE 3.

FYVERIMENTAL LAYOUT OF WAX MODEL WITHOUT
FPANT IHSULATION COVER.

LAYOUT OF THERMOCOUPLES IN EXPERIMENTAL WAX MODEL.




PLATE 5.

<o HRATING/COOLING PLATE MACHINED,
4 HEATING/COOLYNG PLATE WITH PERSPEX COVER
c COOLING PLATE MOUTED.

Pago 1, Ao, 2.
APPENDIX. A.

EXPERIMENTAL WORBK
1. DSSIGN QR THE APPARATUS

CENERAL:

The ocasls o ihne design of the experimsriel apparatus hea been
0 siu;ﬂace the generel doundaery conéiziors for amalytical
and numsrical solutions Tor wnstesdy statse nest transfer which can he
golved rapidly aod employed a&s a basis of correlation, This is T."'.E
temperature atep hypotvhesis of the neetirg or cooling source whea the
raterial ia a": uniform temperature.

A reat trarsfer material was seleoted w#ith a relatively low phase
caange temperature range to simplify the apparatus construction, Sub-

sidiary equipzernt, and experizental procedures.

DISCUSSION: Tre general Fourier equation for transient Feat
conductiox in thrse dizensions is:

3% 2 [

2 <
;= @ v ) + Cs
where: 9 - Temperasiture excess
) : 3 3 3
v - [ -, — —= —2_
Dffferential operator = 7% 3 + i
G"'- Seat proluced or withdrawn/unit voluse
a - fHeet transmissjvity of tze rmaterisl

Bliminating the y snd 2 components, the equetion is afpplifici
to one dimensiorn, or prysically, sn Infinive slab of finite talckness,

Hence the aquatlon bocomed”

20 2 ur
0 _ &% __g
3t ax? | aCp

Tne step function bouzdary conditiona becozes

T = =0

=]
-

o
T =

3

1 y 1T <0
where 7o refers Lo a uniform azbient texpararure of the hest transier
materisl and the neating and cooling surfaces, scd T, the comatant

5/



to determire <emperature gradients over its surface, thermocoupies
gpaced longiiudinal welded iron/cons:sn:sn thermocous_es (fig. 1) of

wore imteddoé into the contact surfece of tie materisl; Tour on ire T
neglizgitle neat capacity, the diszster teing only a few ihousenis of
. 8 s late =nd three on the cocliing plaste.
an inch, stretened perpendlcularly to tae direciicn of zeat Tlow Hcruss plas

she muterial with the junction in the centre. Tria proved =o be a very 2 TXPRRTMENTAL_PRCCERURES.

setisfeeicry arrargezernt., Llongaticn due to Sexperature chauge is The appsratus i3 initially cooled througnout  to trerzal

circulating water at constant texperature thrcugh ooth

cozpersated for by meens of sprirzg loaded sispension al the one end ejuilisrism o

with elastic Danés arranged Ir & BrY&Ey. neating and ccolimg piates. The top {heati=g) plate is shen ro-—

<oved and coupled To & saturated steam supply. When tkis heating

Tharmocaiplas were also included to measure possible temperature

gradients perpesdicnlar to the direction of reat flow becsuse of finitenes Lnit nas cosained the temperature of iLe cendensirg steaz trrougnout,

it ie placed into pesision on the apperetius wheraupor reating of the

off the wax slsb.

The resall came to b6 & scpriisticatei experimental errazgezent wEx coppences according to the temperaturesisp of <ie heatirg. The

outpus of all she therzmocouples are recorded end expericental con=

wnich p-oduced very accurate experizentel results with & rTeproducshility

cf bezzer than I5%. iitione sustained until eguilitrium 1s achieved or conditisns rnears

Cozpare tre systemasic sketch {fig. equilidriua, After coolirg the test can be Tepeated todSreTRira

reretition accuracy.

2. CMIRTATION.

Initially a maliichannel high speed sscillograpk recorder wa3 4. EX?AL PTETITS &
szplayed, but due to the low trerzel time response of the experimenszal nave been obteined for paraiTin wex (PW) es well as bees
arrargement, this pethod was stanicned., ix ordirery wultiroint wax (%), The printed exrerimenisl results nave been plotved on &

recorder was thnen used, augmented ty & Single ¢hknnel cintinuous re- Togaritrule scsle and is shown in Tig. 11 end fig. 74. The printel

coréer to cadpture tne tnerzal trarsition phanorena of phase chang +rensizion phenozena for P.W. is &lao shown in fig. 2i.

{tig. 15 and 16) from soild ts ligquid &t tne differe== positlisns in the Gontinuous recorded sransizion traces is shown In Tig. 5 and

ssterial. 2ig. 16 Tor the outer layer (o) ané lev layer (1) respeciively.

is errevgement gave very“masisfacvory reccrdings; the peins

recorisr sacwed clearly the hemzing o equilibrium of the layers
sy tre tnermsccuples &8 woll as tne ynase sransivion, ard the continuous
racoréer the det ila‘of tre Transizions,

Zecoriings are included in this report {fig, % &ni 20 -~ multipoint
recordéing snd fig. 15 and 16 sizgle. poins continuous recording.)

Tane zero zoint was pure zeliing ice.

[x]

o zeasure tne terperavtures of the neating and cocling piates anc




ard for a series of layers n end time interval n

LIDT ESTROD -

ADY STATE HAT COWDUCTICH M 4
HO¥OSENZ0US MATERIAL

oy N
Yo, n =7\t -1, n-1 +“I+;,n—1)

e general Euler ejuatior for neat conmducticn for a voluze wrich is the aritnmetic nmean of e temperatures previously prevailing

elezent is given ty

e

at sections (T - 1) & {m + 1). The same conciusion is zmde if & heat—

2 balence on 8 slab iz coneildered. ()

&= g < {T) ¢ Qv
ot

Various coundary conditions can %e evaluated aré is rapidly dexived by

{1}, (2) ani (3}

where the syzbola denote the Iollowing;=-

=zesna of & rest beiance In tris discusaion s consiens
- = t{enperaiure
Terperatura fluld and convection ccefficient willi be used to cool ®
< - time i
neated tlock.

. 3
9 = OFerelor —- +

Qe reat genarated/unit voluze The -eat Tlow is represeénted Ty
- TrLeaz Tat un rolux

a - ther Sfusivi p ™
taerzal diffusivity G= x (.:A,"
R
For one-cimensinral shermeily homogensous meseTial tie egiation
- & . " ~ - N
Yecczies 1= (% Y

57 327 CamS
7w T RE eg. (Z)y =
S X <
telng e linear second order periialdifferential eguetion. In Schmidt's .
Tt - - 5 i 5 N eng wher T = C
soiasion finite layera or slats are considered ani congejuently the
fy— PRI = r n =N
reiatlonssilp DecOnEs ( st )q = - \-4 <Py
4 * k
;o= 2
- e or
i [ 2, )
tx’ W

wnich c¢an de rearrazged 1o

s

)
()2

6xd Tultipiying oy 8T and reerrenging again

Tre irterpreistion of the letter reletiomahip is tne  nangentiac

the grapnicz_ Zeroulavion as to rnizial

A Zae also figure 3.

¥, & grapkicel constant,

3/ ..

2/ iiiiain
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AFPENDIX D.

8.CaussErrsr-Functicn solution for sirmle transienmt heet cozducticn

¥ith soundery conéitiozs

is savisfied by the eguatiza

¢ = o L - G(2) —=(2
vwhere
. Z 2
8z) = 2 [ g% .4 —aqe)
Jz o
1 = = —-13)

A

G{z) is the Gans Error Sunctics, or Prougbility Tntegrel of statistics,

for z and eauatien (3] gives the relaticnship between z, X, oy T Waere

2z = 2(x,1), ok = congiart,

Zguation (2) cen te expanfeqd in a power series and becones,

oy LR 22 .5 2T y .
$al = e - TGS Tt —{k)

a furcticn of 2z enly.

' 5 (
Tebuleved vaives of {L) are resdily availeble, ond Ty uwasing (1), (3

£
[*])

(L}, resclves an unigue numeric method of soluzion for unstesdystate newn

conduction.

Exanple of numeric values for (<) ESY p. TC.

o o256 4512 o672

2/ v

NSOLUTIOR FOR TRENSIZNT TEAT CONDUCTICN WITH PUASE CEANZI Y

£, =ty =T, x=y (1)

&

PR

temperature excess
transition texperature
transitiou boindury

neat of formetiox

& neat balance gt X produczes,

subsvituting (3) ead (L) iz

lizear hees flow,

o

w




Soluticns for ¢, end ¢, are obuained from (5) and (6) iz the Ervor

Facvion form,

o= [ 1- G(z)] = ¢a£:|. - er:‘c.z] = 9 erf.z

¥,e, Y1 =Aerp, _X

o n): —()

¢ =V =3 erfc, _x
S {8}
2{a,7)2 !

wnere A snd B are coastants

V - excess temperaiure siep, X B D

Substitution o (7) ané (&) into cemdizion (1);

$r = & =T,
x =X
Aer? X =vV_Berfe. X o0 _._(g)
2(a: 1) 2(&27)E
0o solve for A and B, cefine )
% = 2x{a; )2 -—(20}
where ) - numeric caistant.
Hence, from (9):
A =
1)
—_——{
3 =
eri‘c.).(d? )
and (T) asd {(8) becczes:
o, )
3. = *1 er? x —ay22)
Toer2 i 2{ay7)2
V- _v-5 erse x ©o--=13)
~ ’ N 3
eri A \“l/;ﬂ)} 2{ayT)

A is desermine

1
AL n? o
C.7T
1
-] e
: : s N . . - L. — L% n
Tris egquatiox is a IJumeuicoca of 4, , exrl A vy , erfe A,

zrysicel constants, as defined,

Weere bl, k,e, 0y, By L &nd T

asn& ¥ & given beundery concisica, soluions for (14) can te calew.ated,

P

axd piovied us & Junction ol 3 (9)_

In the special caze where | = = and
Ch__ = l‘.Q = &

equations (22), (13), (1L} end (10) sizplizZies %o,

2 2 :
L) et [ TS o y
T2 % T, - erfa ) [y —={3lL]

~ kg [

113 x = axa)* — {10}



Wwith the bouadary conditicn V>T, s 20, eguations (187, {iz., I1Z.

and {1%) vecomes

<
)
s

o= - arfe. x -=—-{18)

) 1w il=
ers X i h

wN
[

n

a

j<3
[l
=
u
o

Zelcaleticns

.

11

e as follows:

corszant inte (24} and {18) and

01

HEUMERYN

essuzpticn &5 cas be seen in appendiu

r whe thermal coastaats through dif

TEDDEIETULE TBIEES.

the acco:

For tais ¢ substance induced exror of wo!

[

with average velues is negligitle.

Tnhe consvens and soundasy conditicns are;

L = K =106 Btu/ld.

5 = by = b, = 0,084 3tu/SN.n%F

X

T x .
. = erd e ext e -7 5Ty 2
: . 2{0.003257)




Subsiizition o B ‘
Zenca the funciioral

o

exs » (13; x = 2.3
27
{38, = ¢. = erde .75
. s 1 (35
= 27e”" 26 72
X~ 3 erlc & 0.3555 x »3 x ~.3 *

w2 R
2 728 (7 : G =
erf & P W

.2 - v or s
e AT arfe A= 0.628 e erf X = 4,33 ) er? X erfe n -

and erfe A = {lear? i) X (3)

5 is solved fox by prozressive itversticn by using (A) & (3) ard ta:
I7r

<~
3
n
1
©
1
&
w
1
I3
*”
re
=

for er? L, until (A) is sauis?ied.

Zacguse these reswlhs are for en itz thick slab inlziglly et 2o.3

Sat
=l

A e exfc & 2 et e E H (reference O cgleulazisns cen cnly be expeesed to correlaete with

sxperirental resulis, due to the diZferent 2nd doundery cexiizion.

id-ohage tengperazure Traverse of  1st lav

o
154

¥

1
|

<
=
[
w
£
|
o

w
frl
u
R
w
o
®
N
o
o
o
o
i
K

5,157 = 1.04 -

;%) 515 55.06  38.26 , 61.2 €3.5h  65.32 £6.51

= 0.272 - $.%28 x 3.0187 x 0.995 = 0.272 - C.CI1T7 =

RE = 7.38 x 955 x .00 = 0.0362 +

e
|

n
]

¢ 87.53 £5.67 70.77 73.6
43,

Taloresabien,

(Fig, &




A3 EIATTAN

LSe35 L2 be zolouicted -

lavar

Tae experimertal slab is

merte 33lution
wmrie ssiution,

Hernce I Lurmeses 9T comparisan, 2

eralile.

T 9 “’ll Treromozouples
~————
Lteyere

pa.14,361i'wu4141'to\

s T~ = - -
Prw/ft RTF 0.38215 2.0835 :
, corsecuentiy the tkickness of ecazh layer 4% = 2. X S.5ET
(< 0,372

n
&
(=]
e
o
~
5]
t

=
N

—
o
>-

i
i
i
i n = ie -z e _ = o “ue of t e 3 - :
J R G- 391 32 - 35 30 - Tne velue of the tize interval for every isocrreze is goeverns
! i
i wA 185 20 _184 - 28 Link " tde relation.
! ! B e =184 A Liod i
t
} ! ! o AT =
; i i i ax™
: | with o = 0.CC328  aré
I : ‘ - &%= 0.025 Fi.

H i 1 - -
‘ 8.73% [ 1) : 5,785 aT= 2x_ = 5 (o.0157)%
! C.1FT ? | V785 530%58 {0.C157,
I | 46,3 8.8 [ 1.7 B,z = 0.0423 %
J‘ i ' = 2.34 Tin
! H :
i‘ i _ B 7t
: 2 3) irg.

The locus points for reating acd ccoling ere fowmd

rasulye, if the latter is plownted sezperature gradis

tig. .. 47

G.28520

ke guantity Z , is nueeric 3mell, wialle Z 2 s numeri

[}
o
©
(o)
I
&3




Page 1.

Theoresicaily Z,=X 2 = _k._. . . (7)
™ APPENDIY . H,  NUMERIC - RELAXATION SOLUTION METHOD.
Zex, . K
e

The proolem is epproached through the general Fourier conduczzsz

is very small, tecause k y tho averege conductivity of the wex 15 Small enl differential equation

the ’n‘v the eguivalent connectlon co-efficiens of contact of tie wax ¢

) o or & T 2 snets o g2
copper pla:e is large. Subsequently the ratic of /K will Ze snell. P
(4) Heas of tramsformation and co-efficient X for taree dimensitvons and
it a2ty
The laten:t heat of solution for the molecular frectisn &2 waX used sr o 2l -—————=(1)
. ) .
(melting point 51.5 °C) <s given by the scource “ms 35-59 Xeel/icg, or =n2 )
equivalent of 70 )} 106 Ztu/lb, for sn  ~phese and - pnase respestively iy s, )
e —z ————--(2)
Hence the co-efficient X for the - phase becomes T m 02 ax
: =128 % = 0%
F = 0725- = 128 = 7 . where (1) denotes cne-dimensional conduction in the soiid state and (2) cre-
Cp +29

dimensional comduction in the liquid state respectively, where hest trsnsfes

«
[9)

The latter vaiue is used ir tke solusion recause the tezperature axis is I

is coupled with a change of state of the nest conduction moée.

. ‘e heat balance
. - Ity
kg ("“3 _ Tk, + egs B ___(3y
x 2 dt

where K k - 801id and iiquid state conduction coefficient respectively

1° 2

tys By = soiid end iiquid state temperature respectively.
Bgs - tremsition heat

R - transitior shift.

gives a relation between (1) ang (2).°

In tikie solution (1) is expandsd inte ira finize ‘ntewvel from Tis

solid state evaluation, i.e.

Lk rlot,k nl(ti—}.,kﬁl+‘t',-_4.1,k+l-‘£

or

NI

=
-
v
'
»
+
-
[
o
Ve
4
o
e
T
i
£
<
%




vhere k1 demotes time T snd in denotes axiel distance .

for the iiquid state, (2) ia transformed by tne transformation

B x, thor) —atS)
inte

a2 2

3T = apT e (6)

] a2 MZ

witha eppropriatve pertial aisferentintion and substitution of bath () ani (

into 3rd power derivitivwes of t and x and 1.

Bvelusting finitely, (6) becomes et the vth itteration.

T xe1h,x (v-1) 2 AW v

i i v aly : - 27; -
— * ) Ti, k41 *i-;, Y+l T1+1, K41 i, ke

h;}
or
2
—Ti.i) wei H(2* L3 O T O
’ 1 i) 2 ’ ia, k41
92t
x —
= (v-1) 2
apt Ti, x4+l

The latier equations (1) mnd (2), and (b) and (7) are clearly not

linear and ere velid cniy in the bounded range shown in the following figure.

] T Ty

The inverse transformation function T/t is

R
x{ty) ‘f.’.a et + x(x,) ———(B)

Jurerical solution.

It is clear that this method does not lend itself to simple
eveluation of a paysical protlem. Solution is done numerically in an arrey

and itterated until the desired degree of accuracy has been obtained — £.372

A\
I, - Y - : -~
Tne au‘t.'uers(? included celculered solutions computed for the 3am?

toundary corditions as in the foregoing demonsirated Neuman analytic soluiis;

(App.D) a3 a basis of correiation from vhich it is apparent thst & decrease

in finiteness, decressestne all over macroscopic error.



) 8.
APPEKDIX I. COMPUTER PROCRAM AMD PROCEDURE 16000 DINENS TGN T(100,3),TW(3
— 16000 READ 1,0X,X,TK, +E.6TY, z\f
16052 1 FormaT{671008) P _ o
A - Llogic T 16128 el -
B - Progran :6‘.?3 71-;75:12. }ggz‘g i‘;‘;]
1o =z 16093 HEATF=70.
A - et =~ Control zis:: 1o The0, 16101 T5=51.5
16157 T The 16109 el
N 16175 z
1102 ek eriz o u=t -
T(M,0+1) = T{m-1,0+1)- DX (=1 S 16206 52 MeMai
0%, + 23y © (Te-iim)-14 16219 17 (M=17)70,71,7 A
L 16738 71 T(M, r«-s):-rfn i l+i,-(DY/(DX/2.+ZZ))*(T(M—-1 el ) =TK)
16331 GO 70 72
' 16326 70 1F(M=1111,16,51
..... w1 16355 11 TN, N1 ={T (DT, 1T (1, H) ) /2,
16418 GO 10 52
1 16423 16 T{M,Me1)=(T(MN-1,1}+TKY/2,
P{m,n+l) = T(z=1,n) + T{m+l,n) Pm,n+1) = Tlm=l,n} - = 16071 GO 70 52
: z ’ : 1676 61 TIM,N+1)=TK
16599 72 1J=M

16507 Mt

Tmynes 18018 TIMNET ST (M1 N1 )= (0X/ (D%} )1 (T{M#1,N+1)-TF)
' 16508 TLIUH-! Y={T(M N+1)+T(M+‘l r1+t))
I ]6671 Meld
( ) = ( s T ihlner.r
(1, m+ 1) = 7(2,n41) (DX/y 2(2,n+1)-TF 16692 17 {8-2)
(0% 32)) )-77) 16711 7 a1
16724 M=t
N 16742 T‘r.'(l)nTH(.”.)
16750 TW(2)=Tv(3)
16768 95 T(MJ,1)=T (ML, 2)
¢ 16796 a6 T(MJ, 2)mT (M) 3)
15025 17 (3. nya7,08,1
T{mn) = Tmn+1) 16843 97 M=MJ+1
: : 16856 G0 TO 95
16061 G8 M=MJ+-1
16674 G0 TO 96
16879 6 M=il+]
16852 15 p=3
______ (36950 17 (K=1)26,26,39
16619 39 IF(T(K ,n)-Ts!zz 21,21
16948 22 GOTO 9 e T s -
16953 21 fh=KA+1
16966 TE(KA-1)23,23, 20
16485 3 T(K,H)=TS
170032 60 0 62
_______ 17008 2 UTH=T (K, M) =TS
17031 TM=|M-'D'H1
1700k T(K,HI=TS
17062 I‘-'("'M-HEATF\ZS 26,26
17081 25 GO TG 19
1708 26 K=l
17089 THe0
17107 KA=0
17120 16 n(l_msz 64,64

17156 6 [1=£1+10
17142 &3 PRINT 99 K, TM, I

17174 69 FoRMAT(3F6.1))
17203 De2M=T, 1d

17217 2 PR LT 100,T(MY,2)
17249 100 FORMAT(F6,1,13
17268 G3 TO 52

17273 3 sTop

17280 s}




2T, J. DISCLSSTION OF COMPUTER PROORAM.

The cozputer program, shown in the preceeding section and
programmed in FORTRAN-code was used to produce tie solutions in tne

tedles section. The caleulation of each table was executed independarsly.

Tna rumeric value Tor every tenth temperature Lsochrone at ihe
cezire of the leyeTs is printed out fully as well as tho temperature

isochrones wien srassition commences and when treamsition ie completec.
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counter denctiny the No. of the isochrome. Becsues of programming
limitatiene the printed figure irn the 3rd column is I + 1 at the I th
intervei. Subseguently the table with the summed %ime intervsls are

descrived oy the counters T end I + 1. Counting starts at I = 1.

Due to progremming, the couater X cortrolling the trensition

layer, is printed as X + 1 when transition is completed in that layer.

Time is eveluated from the table of summed time intervels whicZ
is calculated for five, fifteen and thirty layera. Time tdtals are
printed adjacent to ihe corresponding I'and I + } vaives. {Tadle 8)

Compused results are included in tgblés 1 - 7 and esoh tavle iz
proceeidad by the values of the characteriatic fumciions for wrich the

tacle waa compuved.




