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ABSTRACT

The goal of this study was'to experimentally evaluate
and mathematically model the performance of phase change
thermal control devices containing high thermal-conductivity
metal matrices. Three aiuminum honeycomb fillers were
evaluated at five different heat flux levels using n-oct-
adecane as the test material. 1Initially phase chanée per-
formance was evaluated with no filler in the n-octadecane
so that a base line perfermance for each heat flux level
could be established.

The experimental equipment consisted of a test-cell,
‘two electric heaters, a watt meter, two ammeters, and a
multipoint recorder. The test chamber measured 15.24~by-
7.62-by-2.54 centimeters (6-by-3-by-l-inches). The cell
was heated by two 7.62eby-7.62 centimeters (3-by-3-inch)
electric heaters, which were held at a constant heat flux.
The amp and watt meters provided the measuremeht of the
heat flux to the heaters. Temperature responses to the
upset were measured by 16 copper-constantan thermocouples
located throughout the test cell.

The system was mathematically modeled by approximating
the partial differential equations with a three-dimensional-
implicit-alternating direction.technique. This implicit
method was used so that the sﬁall time step requireced by
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the presence of the metallic filler in the explicit method
could be eliminated. The boundary conditions ﬁsed in this
model were a temperature profile on the copper heating plate
and insulated on the other five sides.

The mathematical model predicts the system quite well.
All of the phase change times are predicted. The heating
of the solid phase is predicted exactly while there is some
variation between theoretical and experimental resu;ts in
the liquid phase. This variation in the liquid phase could
be accounted for by the fact that there are some heat losses
in the cell and there could be some convection in the ex-

perimental system.
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INTRODUCTION

Phase~change phenomena have received wide scientific
attention for some time. Phase change is of significant
importance in many technical problems such as solidifi-
cation of an asphalt layer, melting and solidification of
metals and alloys and general crystal growth. In recent
years solid-liquid phase change has been used for thermal
control devices in space vehicles. In concept, such'
materials would be used in passive systems that employ
the process of melting or solidification to remove or add
thermal energy from or tq a system.

In a study by Northrop Corporation (l); the prop—.
erties that phase-change materials must have ‘in order to
control the temperature of electronic equipment were foued.
The phase-change material should be nontoxic, chemically
inert, stable and noncorrosive. The material should also
have small density variations with a high latent heat of
fusiorn. The material should also melt in 283 to 338°K
(SQ—to 150°F) range. N-paraffins with an- even number of
carbon atoms are the most promising phase-change materials.
N-octadecane was used in this study.

Virtually all of the currently used phase—chenge
materials have a low thermal diffusivity. Therefore,

their use in phase-change thermal control units is hampered
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by their inability to conduct heat. Their thermal con-
ductivities are on the same order of magnitude as thermal
conductivities of some of the best insulating materials.

A method to improve heat transfer rate of the phase-change
material is to surround the phase-change material with a
high thermally conductive metal matrix. The metal would
conduct the heat and the phase-change material would
absorb the heat 1§ad.

Bentilla, Sterrett and Karre (1) evaluated a number
of metallic fillers in a phase-change environment. They
evaluated alumirum foam, aluminum wool,laluminum honeycomb
and copper foam. Their work showed that the most advanta-
geous type of filler was the aluminum honeycomb. Hale,
Hoover and 0'Neill (2) developed a method using an overall
energy balance to predict the performance of thermal control
phase-change devices. 1In theif stgdy they found that by
neglecting three-dimensional heat transfer éignificant
errors were introduced. The goal of this study was to
increase the understanding of increased thermal‘diffusivity
phase-change deyices by experimentally evgluating and
mathematically modeling them. With the aid of the three-
dimensional mathematical model developed in this study
engineers will be able to design phase-change thermal

contronl units more efficiently.



LITERATURE SURVEY

There has been a large amount of literature pub-
lished on the subject of phase-change phenomena. This
literature survey deals with only a small portion of the
published material. One of the first studies of phase
change was made by Carslaw and Jaeger (3). In their s£udy
they developed an approximate mathematical model for semi-
infinite bodies. They discussed the problem of modeling
a system with a moving interface. No exact solutions
were given for the mathematical modeling of finite bodies
with phase change.

At this institution two studies have been completed
which are concerned with the one-dimensional interface
equation given by Arpaci (4). In the first study Pujado,
Stermole and Golden (5) developed a theoretical model for
the one-dimensional melting of a finite'baraffin slab.
Finite difference methods were used to solve the partial
differential equations governingvthe physical system.

This model solved the two-phase one-dimensional heat-
transfer equations with phase change and variablé thermal
properties. In their theoretical analysis Pujado, Stermole
and Golden neglected free convection in the liquid phase.
The results from the study were in agrecment with those of

an earlier study by Northrop Corporation. The second study
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by Ukanawa, Stermole and Golden (6) was the iﬁvestigation'
of the solidification of a finite amount of liquid para-
ffin. A mathematical model was developed to solve the
two-phase heat-transfer equation with phase change. This
model used constant thermal properties for each phase and
moveable boundary conditions. The model neglected convec-
tion, supercooling and nucleation effects. The comparison
was good between theoretical and experimental results.
There have been three studies at this institution
which concern the two-dimensional phase-change problemn.
Shah (7) investigated the solidification of n-octadecane
using microphotographic equipment and a temperafure re-
corder. In this study a two-dimensional matﬁematical model
was developed to predict the temperature profiles in the
freezinz paraffin and the average interfacial height during
the solidification process. The model neglected convection.
An approximate method was used to calculate the phase
change. A presentation of the various types of phase-
change calculations is given by Dusinberre (8). Reasonably
good agreement was obtained between the experimental and
theoretical results. The second study by Bair, Stermole
And Golden (9) was an investigation of the gravity-induced
free convection in the melting of a finite paraffin slab.
Temperature profiles were measured when the test cell was
inclined at different angles to produce the free convection.

In this study a two-dimensional pure-conduction model was



presentced. Finite difference methods were used to solve
the governing partial differential equations while the
method of excess degrees was used to calculate the phase
change. Since the model neglected cpnvection there were
significant differences between the theoretical and
experimental results. This study showed that gravity-
induced free convection can be important in the melting
process. The third investigation by Ukanawa (10) studied
the effect of gravity-induced free convection upon the
solidification of a finite paraffin slab. A two-dimen-
sional heat-transfer model was developed in this study.

~ The model used an important velocity profile and a
limiting velocity in the convection calculation. A pseudo
heat-capacity was used to calculate the phase change.

Other papers have also been published which deal with
the meltins of finite slabs. Chi-Tien and Yin-Chao Ten (11)
presentcd an approximate solution for the temperature dis-
tributions and melting rate. The heat transfer was by
natural convection caused by buoyancy férces. Goodman and
Shea (12) developed a series solution to_éolve the one-
dimensional problem of the melting of a finite slab.

Crank and Nicholson (13), Douglas and Rachford (14),
Peaceman and Rachford (15) and Brian (16) all developéd
three-dimensional finite difference techﬁiques to solve
the unsteady state heat-conduction partial differential

equation. The three-dimensional alternating direction



technique develéped by Brian was used in this study.
Brian showed this technique is unconditionally stable and
has the accuracy of the Crank-Nicholson method.

Grodzka (17) suggested two methods to increase the
thermal diffusivities of phase-change materials and thus
the heat-transfer rate into the thermal control unit. One
was to put metallic panels in with the phaSe—change material.
The other was to mix the phase-change material with a com-
patable but higher thermal diffusivity material. She pursued
the second method and suggested several possible materials
that could be mixed with the. phase-change material. 1In
~ their recommendation for the improvements of thermal control
phase-change packages, Shlosinger and Bentilla (18)
recommended that a metallic filler be added to increase
the heat transfer rate. Bentilla, Sterrett and Karre (1)
evaluated a number of metallic fillérs in a phase-change
environment. These fillers included aluminum wool,
alwninum foam, aluminum honeycomb and copper foam. Their
work showesd that the aluminum honeycomb was the most
advantageous geometry for a high thermal diffusivity
filler material. Hale, Hoover and 0'Neill (2) developed
a method by which the ratio of the phase-change material
to the filler material may be optimized. They used an over-
all enercy balance to optimize the ratio of the filler
material area to phase-change material area as a function

of the hot plate temperaturc.



THEORY

The finite difference cecquation which can be used to
mathematically model a nonhomogeneous system with phase
change will be developed in this section. The test cell
was heated from the top to minimize convection, however,
presence of the metal matrix is likely to cause convection.
The paraffin closer to the metal matrix will heat up
faster due to the high rate of heat transfer througﬁ the
metal and this situaﬁion will cause some convection. The
convection caused in this way will be considered negligible.
Since the assumption was made that convection currents
have no significant effect on the heat tranéfer in the
test chamber, this development will neglect convection.

For a discussion of mathematically modeliﬁg a phase-change
system with convection see reference 10. The general three-
dimensional heat-conduction model will be deveioped first,
then the threé—dimensional alternating direction technique
of Brian (16) will be discussed. Finally, the general
hgat-conduction equation and the three-dimensional alter-
nating direction technique will be applied to the non-

homogeneous phase-change problem in this study.

General Three-Dimensiornal Equation

The general heat-conduction equation may be derived

by making an cnergy balance on a three-dimensional non-
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homogenecous nodal system. Making an energy balance on

node i,j,k in figure 1 yields

or,

where

Energy in - energy out + energy generafed

= energy accumulated (1)

(PC V) pp (TH(i,3,0)-T(i,3,k)) = (a, A ) ~(ad ) o
at + (qyl\ly)J-m—(quy)é,u,c
+ (quz)in-(quz)out

+ Gv' (2)

the heat flux in the x-direction

the heat flux in the y-direction

the heat flux in the z-direction

the cross sectional area of the node i,j,k
perpendicular to the x—diréction

the cross sectional area of the node i,j,k
perpendicular to the y-direction

the cross sectional area of the rode i,j,k
perpendicular to the z~direction

energy generated per vélume

volume of the material generating energy
the temperature at time t+At

the temperature at time t

time



Three-Dimensiornal Nodal System

i-1, i, i+1,
J+i1, j+1, j+1,
k k k
i~-2, i-1, i, i+1, i+2,
Js Js Js Js Js
k k k k k
i-1, i, i+1,
j-1, J-1 Jj=1,
k -k k
l"'l, i-l’ l"‘l,
Js Js - Js
k-1 k. k+1
i’ i’ i, i, i,
Jos J> Jdos Js Js
k-2 k-1 k k+1 k+2
i+1, i+l i+i,
Js Js Js
k-1 k k+1
Figure 1
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At = time increment
(bCpV)eff = the effective (pCpV) for a nonhomo-
geneous system
The heat flux may be found in terms of the temperature
difference of the nodal system from Fourierfs law.' From
Fourier's law one obtains

7.

— K(T(i-1,3,Kk)-T(d,3,k))/ax O ®)

(a,) ;.
where
K = the thermal conductivity of the material-
Ax = the incremental distance between nodes in the

x~direction
Writing a similar equation for each of the other heat flux
terms in equation (1) and'substituting back .into equation
(1) yields

(PCEV)eff (T*(i,j:k)"T(i’j,k)) =
At

((KA) ) pg (r(i—l,j,k)-T(i,j,k))/4x -
((KA) ) e (T(i,j,k)-T(i+1,j,k))/Ax +
((KA) ) o pe (T(i,j-l,k)—T(i,j,k))/Ay -
((KA) ) g (T(3,3,K)=T(4,3+1,K))/ay +
((KA) ) gp (T(i,3,k-1)-T(i,3,k))/az -

((KA) ) pp (P(i,3,K)=T(4,3,+41))/az + GV' ()
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where
((KA)x)eff = the effective thermal_ponductivity times
the effective area in the x-direction for
a nonhomogeneous system
((KA)y)e-ff = the effective thermal conductivity times
' the effective area in the y-direction for
- a nonhomogeneous system
((KA)z)eff = the effective thermal conductivity times
| the effective area in the z-direction for
‘a nonhomogeneous system
AY = the incremental disténce in the y-direction
A7 = the incremental distance in the z-direction
Equation (4) is the general three-dimensional heat-
conduction equation written in an explicit finite difference
form. To usc this equation one must define and evaluatc¢ the
effective pCpV and the effective KA terms. The effective
pCpV will be defined as the sum of the pCpV terms repre-
senting each material present in the node or,
(PC V) ope = gpncpnvn (5)
where |
| N = the number of different materials present in the
node
This is just the sum of the heat capacitance of each of

the different materials. An expression for the effective



12

KA term can be found b& looking at the one-dimensional
steady state energy balance on a nonhomogeneous node. A
three-dimensional system could be used to dérive this
expression, but the analysis is simpler in one-dimension
while the same result is obtained. An energy balance on
node m in figure 2 yields

(aA); -(aA) . = O o - (6)
The heat flux into node m is the sum of the heat which flows
through each of the different materials, or

(qA) ;= Agay + Ayay + Azag (7)
where

q; = the heat flux through material 1

q, = the heat flux through material 2

d5 = the heat flux through material 3

A1 = the area of material 1 perpendicular to the
heat flux

A2 = the area of material 2 perpendicular to the
heat flux

A3 = the area of material 3 perpendicular to the
heat flux |

From Fourier's law the heat flux terms may be evaluated as
follows:

(qA);, = (KA) pp (T4-T )/Ax | A ¢

Aja, = (KA), (T, 4-T, )/ax - (9)
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Aya, = (KA)Z.(T21-T2m)/Ax ' : (10)

A = (KA)3 (T31—T3m)/Ax | ' (11)

393

Substituting equations (8) through (11) into equation (7)

yields |
(KA)eff (Tl-Tm) = (KA)I(Tll—Tlm) + (KA)Z(TZl—T2m)

+ (KA)3(T (12)

317 3m)
Since there is assumed to be no gradients in a node in a
finite difference network the following is true.

T, =T, =T, =T (13)

1 11 21 31

Tm - Tlm - T2m = T3m (14)

The effective KA may be found by substituting equations (13)
and (iﬁ) into equation (12) and dividing by T,-T, - This
procedure yields

(KA) jpp = (KA), + (KA), + (KA), (15)

or more generally

N
(KA)eff = TK A ' (16)

For the nonhomogeneous system we must define an effective
pCpV for each node and an effective KA for each of the six
sides for each node. Equation (4) may now be rewritten in
'tefms of the above relations as

(i, ,k)-T(i,j,k)

At(Kl\(i,j,k)x)eff (T(i"l,j,k)"T(i:j,k))
Ax(pcpv(i,;j,k))eff




where

= AC(KA(i+1,3,1) ) pp (T(4,3,1)~T(i+1,5,k))

Ax(pcpv(i,j,k))eff

+ At(KA(L,35K) ) e

AY(PCpV(i,j,k))eff

(T(i,3j-1,k)-T(i,],k))

- At(KA(i,j"'l,k)y)eff (T(i)j,k)"T(i,j+19k))

AY(PCpV(i;j,k))eff

+ At(KA(i,j,k)Z)eff (T(i’j,k“l)‘T(i3j:k))

'Az(pCpV(i,j,k))eff

- At(KA(i,§,k+1) ) e (T(4,3,k)-T(4,3,k+1))

AZ(pCpV(i,:i,k) )ers

+ GV! At
C V(L,3,5) ¢¢

(KA(i’j’k)x)eff =

(KA(i+1’j:k)x)eff =-

(KA(1,3,1)) e

(KA(i,j+1,k)y)eff

the effective KA term perpen-

dicular to the x-direction on

left side of the node

the effective KA term perpen-
dicular to the x-direction on
right side of the node

the effective KA term perpen-
dicular to the y-direction on
left side of the node

the effective KA term perpen-
dicular to thé y-direction on

right side of the node

15

(17)

the

the

the

the
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(KA(i,j,k)Z)eff = the effective KA term perpeﬁ-
dicular to the z-direction on the
» left side of the node
(KA(i,j,k+1)z)eff = the effective KA term perpen-
dicular to the 2z-direction on the
right side of the node
pCpV(i,j,k)eff = the effective pCpV term for the
| node
A simpler form of equation (17) can be written in terms of
variable constants in placé of the effective terms.

T*(i,jyk)"T(i,j:k) = Cl1(T(i"1,j:k)"T(~i;j:k))At

Clz(T(i,j,k)—T(i+1,j,k))At
+ CZI(T(i,j+1,k)-T(i,j,k))At
- CZZ(T(i,j,k)-T(i,j+1,k))At
+ CSI(T(i,j,k—l)eT(i,j,k))At

- C32(T(i,j,k)-T(i,j,k+1))At + GC

4At (18)

where the constants are defined as follows ard are evaluated

for each node as indicated.

Cyq = (KA(,3,%) ) es = X KA(i,d,k,n)_
pcpv(iyj:k)effAX AXEPCPV(i:j,I\',TD (19)
C]_Z = (KA(i"'l:j’k)x)c_f_f- = ZKA(i-l-],j,k,n)x
Pcpv(isj,k)effo A"’EPCPV(i;j:k:n) (20)
Cyy = (KA(L,3.1) ) pp = ZKA(L,j,k,n),

pcpv(j-:j,k)eff.AY A)’ZPCpV(i,j,k,lﬂ (21)



Cyp, = (KA(i,j+1,k)y)eff = z;KA(i,j+1‘,k,n)y
PCpV(i,jak)effAY AyZpCpV(i,j,k,n)
C31 = (KA(i;-j:k)z)eff = ZKA(i;j’kyn)z
pCpV(i,j,k)effA.z Azzpcpv(i,j,k,n)
Csp = (KA(i,j,k+1)z)eff = XYKA(i,j,k+1,n),
pCpV(i,j,k)effAz AzZ;H%ﬁKi,j,k,nT
c4 = v'/(pcpv(i,;j,k)eff = \A

pCpV(i,j,k,ﬁ)
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(22)
(23)
(24)

(25)

Equation (18) may be used over the entire nodal system

by just varying the above constants in order to define the

effective terms for ecach node. By redefining the constants

in equation (18) it may be used on the boundaries also.

To

see how this may be done look at the one-dimensional form

of equation (18). Again a three-dimensional analysis will

give the same result, but the one~dimensional analysis

simpler.

T*(i,j,l<)-T(i:j,k) = Cll (T(i-laj:k)—T(i,j’k))At“

+ C.y (r(i,j,k)-T(i+1,j,k))At

+ GC4At

Figure 3 shows the four types of boundary conditions
that can be used. Each type will be described in the

follcwing section.

is

(26)

Type T: This boundary condition represents a system

in which there is heat transfer to a fluid. An energy

balance on node 2 of this nodal system yields
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T% ~T. = At hA(Tl-TZ) - At KA(Z)eff(Tg_T?))
PC V(D) e¢ ax pC VU opp (27)

Comparison of equation (27) to equation (26) shows that

Cy = hA |
PCV(1) e - (28)
C4 = 0; since there is no generation of (29)

energy in this node

is defined by equation (20).

Ciz
Types 1T and TITI: These are two types of insulated
boundary conditions. An energy balance on node 2 of these

two systens yields
T#,-T, = ~At KA(Z)eff(Tz—Tg) ,
AxpCpV(l)eff (30)

Comparirg equation (30) with equation (26) indicates that

€12 7 © : (31)

c - o - - (32)

Type IV: This ﬁype of boundary is insulated and
energy is being generated in the boundary node. An energy
balance on this system yields

*,~T, = -At KA(Z)eff(Tz—T3) + U" V'At
axpC V() ¢p PC V(1) opg (33)

A comparison of this equation with equation (26) yields

C, =0 (34)

G =u" | (35)
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By setting G equal to the energy source in any node in
the system, there mnay be a generation term in any node

or boundary equation.

Three-Dimensional Alternating Direction Technique

The time step required by the stability criteria in
the explicit solution of equation (18) is extremely small
due to the presence of the metallic matrix. The requireé
time step is such that the computer time required tb'model
an experimental run exceeds the actual experimental run
time. Therefore, an imblicit technique waé'used to elim-
inate the stability requirement on the size of the time
step. The implicit method used in this study is the
three-dimensional alternating direction technique developed
by Brian (16). This method is a variation of the Douglas-
Rachford method that has the accuracy of the Crank-
Nicholson method and has been shown.to be unconditionally
stable.

The three-dimensional technique of Brian solves for

three intermediate half-time-step temperatures and then
uses these to solve for the new full-time-step temperature.

The equations that demonstrate this method are as follows:

AZ(ce(i,3,k)) +AZ(CT(1,3,K)) +AL(CT(i,5,K)) =

TH(d,] K)=T(di,3,%)
At/2 (36)




where
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2 e 2t 2,
AX(CF'"‘(l,J,k)) +Ay(CT"‘""'(1,J,k)) +AZ(CT(1,J;k)) =

T#% (4, ] JK)-T(d, i.k) "
At/ 2 (37)

2 wf e s 2 vl s s 2 s f o .
AX(CT-"-(lyJ:k)) +Ay(CT7‘-"'(1:J,k)) +AZ(CT.""'"""(1’J,k)) =

(i, 3,k)=T(i,j,k)
At/ 2 _ (38)

2, s s 2 s f 2 s 2 s f s
AX(CI""-(laJ,k)) +Ay(CT.""’"(1,J,k)) +AZ(CT"‘"""’“(1,J,k)) =

T'(i,4,1)-T(i,3,k) .
At (39)

24 it . . ..
AX(CP(I,J,k)) = ClIT(l—l,J)1{)—(C11+C12)T(1)J’k)

+ €y ,T(i+1,3,k) (40)

2 . . - TNl s s
Ay(CT(l,J’k)) = CZIT(l’J_l)k)-(CZI-*'sz)f(l)ayk)

+ C22T(i,j+1,k) (41)

AZ(CT(4,3,K)) = €y T(i,d,k=1)=(Cyy#Ca,) T(4,,k)

+ C32T(i,j,k+1)_ (42)
T = tﬁe temperature at timeAt
T!' = the temperature at the new full time step t+4t
T3¢, T, T#%% = the intermediate half-time-step

temperatures
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11° 219 C31 and C,, are evaluated for each node

and are definecd by equations (19) through (24). For

C Cias C
stability it is imperative that T#* be used in the x-
direction difference, T#*%* be used in the y-direction
difference and T*¥¥% be used in the z-direction difference.
A simpler form of the equations (36) through (39)
were used to solve the problem presented ih this thesis.
When T##% is eliminated from equations (36) through (39),

the following set of equations results.

AZ(ct#(i,3,10) +AZ(CT(4,3,K)) + AZ(CT(3,3,K)) =

T%(i3j5k)_T(i3j3k) .
At/2 - (43)

AZ(cTox(i,3,k))- Ai(cT(i,j,‘k)) =

Tk (L, ,1) =T (d,3,k) |
At]2 | (44)

A%(cr(4,3,1))- AZ(CT(4,3,k)) =

T'(i:j3k)+T(i,j:k)"2T**(i)j;k)
At/2 (45)

Equation (44) is the difference between equations (36)
and (37), while equation (45) is found by elimirating
T#%% from the difference of ecquations (37) and (38) and
the difference of equations (38) and (39). Equation (43)
rclates the unknown T¥* values along é réw parallel tb the
x-axis. When equation (43) is solved for the urknown T¥

values a system of simultaneous equations results:



¥* 3 =
blTl + csz7 dl
ale-,r + szzw + 02T37r = dz
T,% + b,T % + c,T * = d
4372 373" T 374 3
(46)
an-2T—'n—3 + bn-ZT#n—Z + Cn-ZT-\-n—l = dn-—2
an—lT—"n-Z + bn-—lT n-1 = dn—1
The values of the coefficient aj, bi and c, are the
coefficients of the unknown T¥% temperatures and di is
the sum of the remaining terms. .+t is supposed that the
{
grid points are designated by 0, 1, 2, 3, . . . n-1, n and
that T0 and Tn are determired from the boundary conditions.

The matrix of the coeffiéients a, b, and ¢ is
tridiagonal. There is a very efficient method of thé
solution for the tridiagonal system. The value of Ti*
in equation (46) car be found by following procedure:

T#* = F (47)

n-1 n-1

T*i = Fi—ciT*n+1/wi (48)

L)

where Wi and F,; are determined by the following recursion

formula
w, = bi—aici—l with w, = b, (49)
Yi-1
F; = d;-a;F; ; with F, = d,/b; _ (50)
b,
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Bquatioﬁ (44) is then solved in a similar manner,
but this time the simultancous equations relate T#%* values
along a row parallel»to the y-axis. The solution of
equation (45) is then found in a similar manner with sets
of tridiagonal simultancous eqﬁations relating T3¥#¥#%

values along a row parallel to the z-axis.

Nonhomnoeneous Phase-Change Problem

The system in this study consists of a hexagohgl
aluminum matrix in n-octadecane. The physical prop-
erties of aluminum and n-octadecane are givén in ref-
erence 19 and 20 and are tabulated in table 1. Due to
the symmetry of the system only a small portion of the
test cell must be modelled. Figure 4a shows how the
test cell can be broken down by lines of symmetry in the
two horizontal directions. 'Using these lines of symmetry
the fillcr system can be broken down into the system
shown in figure 4b. The sides in the x and y directions
are considered insulated from lines of symmetry. The
bottom of the cell will be considered insulated in this
aralysis. Actually this may not be the case but fairly
good agrcement between theoretical and experimental data
results if the bottom is considered insulated in the
theoretical analysis. The nodal system will be defined
as shown in fizures 5a and Sb; The x-direction is indi-

cated by i, j indicates the y-direction and k represents
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Table 1

Literature values of the physical properties for n-oct-
adecane and aluninum.

N-OCTADECAKE

Density
p(solid) = (-0.0003336)T + 1.0918; g/cc
P (1liquida) = (-0.0012505)T + 1.1316; g/cc

Heat Capacity

Cp (solid) = 2.164; watt-sec/gm/°K

c, (liquid) = (0.008213)T - 0.14237; watt-sec/gm/°K
Conductivity

K (solid) = (-0.50054 x 107°)T + 0.002914; watt/cm/°K
K (liquid) = (-0.50054 x 10°)T + 0.002014; watt/cm/°K
Melt pcint = 300.60 °K

Hf (liquefaction enthalpy) 243.9; watt-sec/gm

ALUNMNTNUM
p = 2.685 gm/cc

c, = 0.9792 watt-sec/gm/°K

K = 0.1282 watt/cm/°K
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the z-direction. When the system of equations (43)
through (44) is applied to equation (18) the following
systems of equations results, where At = At/2

For all i, j and k the a;s bi’ c, and di are

defined as follows for equation (43).

a, = —CllAt
bi =1 + (c11 + Clz)At
¢ = —Cyqat

d; = T(1,3,1) + (A7(CT(1,3,1)) +AE(CT(4,3,1))) a0

Civs

4

according to equations (19) and (24). If there is no

28

(51)
(52)
(53)

(54)

1 - 1 _
C12’ C21, C31 and C3° are calculated for each node

filler in the node the volume and area of the filler in

these calculations is set equal to zero. The inzulated

boundary conditions are evaluated as follows:

when i and/or j = 2 for 3<k<K
C11 =0
Coy =0

when i = I and/or j = J for 3<k<k

Cip =0
Cpp =0

when &k = K for Z2<j<J and 2<i<I

C =0

(55)

- (56)

(57)
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A temperaturc boundary condition was used on the copper

heating plate in this study. This condition is taken care

of by setting T(i,j,2) equal to the heating plate temp-

crature.

For all i, j and k the aj, b., Cj and dj are defined

as follows

a. =

d, =

J
for equation (44),

_CzlAt (58)
1+ (Cyy + Cyplat (59)
_czzAt : (60)
T# (4, 3,10 (A2(CT(4,3,K)) ) at | (61)

The boundary condition coefficients are calculated by

equations (55) through (57).

For all i, j and k the ap s bk’ e and dk are defined

as follows

o2
i

o
]

where

]
1

3
1

0
i

for equation (45).

-C31At (62)
1+ (c31 + C32)At (63)
~Cq,85 (64)

2T**(i,j,k)—T(i,j,k)—(Aﬁ(CT(i,j,k)) + B)at  (65)

0 for 2<i<I; 2<j<J; d<k<K (66)

C T(i,j,2) for 2<i<I; 2<j<J; k=3 (67)

31

0 for 2<i<l; 2<j<J; k=3 (68)
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A summary of the various phase-change calculation
techriques is given by Dusinberre (8). A modification
of the mcthod of excess degrees was used in this study.
Since the n-octadecane used in this study was not a pure
material (practical grade) it was allowed to melt over a
1.76°K (3°F) temperature range. Since the heat capacity
‘of n-octadecane is the same above and below the melting
point, a term which has the units of degrees results
when the laternt heat is divided by the heat capacity.
This term is called the excess degrees, which is the
number of degrees the node would have risen if the phase
change had not occurred, The following procedure is used
to calculate the phase change.

T(i,3,k).R.T | (69)

If T(i,j,k) < Too - (70)

the node s still solid,

If T(i:jyk) > Tmo (71)

the node is in the process of melting.
If equatior: (71) holds then the following procedure is
followed.

T, (i,3,k) = (T(i,j,k)—Tmo).R.Hf/Cp (72)

If Te(i,j,k) < Hf/Cp. , (73)

the node is partially melted and its temperaturc

is definred by
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T(i,j,%) =T, + T, (i,3,k) *C *1.76/ Hg (74)

mo
But if

T (i,3,k) > H/C (75)

the node has meclted and the temperature of the now
liquid node is given by

T(i,j,k) = Tmo(i,j,k) + 1.76 +

(T (i,3,k)*C - He)/C (76)

Each necw full-time-step temperature is corrected by the
abhove phase—change'calculation.

A computer program was written using the above
procedure to solve the nonhomogeneous heat-transfer
problem with phase-change presented in the study. The
" results are shown and described in the discussion of

results.



EXPERIMENTAL EOQUIPMENT AND PROCEDURE

A description of the experimental equipment and the

experimental procedure are given in this section.

‘Equipment

The equipment used in this study can be seperated
into three sections which are thc test cell, the power input
measuring system and the temperature recording system.
Thesc sections are discussed below.

Test Cell: The test cell (figures 6 and 7) con-
sisted of a rectangular test chamber and a heating plate.
The test chamber, 7.62-by-15.24-by-2.54 centimeters (3-by-
6-by-1-inches) was milled out of a block of plexiglass to
minimize the sources of leaks. The heating plate was a
10.16-by-17.78-by-0.625 centimeter (4-by-7-by-0.25-inch)
copper plate upon which two 7.62-by-7.62 centimeter (3-by-

3-inch) electric heaters were epoxied. The electric heaters

werc obtained from Electrofilm Incorporated of North Holly-

wood California. The cell was sealed by compressing the
O-ring. During the run the cell was encased in approximately

3.81 ccentimcters (1.5 inches) of styrofoam.

Power Input Measuring System: This system, shown in

figure 8, consisted of a seven and one half ampere
powerstat, a Hickok watt meter and two Welch A.C. am-

meters. The powerstat provided a variable source of power

32
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to the electric heaters. This power was measured by the
watt meter. The output of the watt meter is a direct
measure of the heat flux liberated by the electric heaters.
The functién of the ammeters was to insure that each
heater received the same current and thus provide even
heating. |

Temperature Recording Systcm: Sixteen copper-

constatan thermocouples and a Bristol multipoint recordef
comprised the temperature recordins system. The recorder
was able to record each point every two seconds with an
accuracv of + 0.4267°K (+ 0.75°F). The thermocouple wires
in the test cell werec erncased in glass probes. The glass
probes served two purposes. One was to insulate the
thermocouple wire from the metallic filler, the other was
to lteep the thermocouple at a constant height. The thermo-
couple locations aré given in table 2, where coofdinate

0, 0, 0 is the left front upper corner of the test chamber.

Experimcntal Procedure

Experimental runs were made using the following
procedurc.

1. The cell was filled with n-octadecane after the
fiiler material had been put into the test chamber. The
cell was then bolted down to seal it.

2. The ccll was leveled to help minimize convection.

3. The recorder was turned on to record the initial
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temperature of the cell.

4. When the test chamber had reachecd a constant
initial temperaturce the powerstat was turned on to start
the run.

5. The run was\allowedbto continue until the hot
plate reached a temperature of 338.61°K (150°F). At this
temperature the plexiglass began to deform around the

copper plate.
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Table 2

THERMOCCUPLE LOCATIONS

The location of the coordinate 0,0,0 is the left front
upper corner of the test chamber. The x-axis is along
the 15.24 cm side of the test chamber, the y-direction
is alorg the 7.62 cm wmide while the z-direction is along
the vertical .54 cm,

x y z
Ther:wocouple MNc. cim cm cm
1 1.905 . .9525 0.635
2 . 5.715 .9525  0.635
3 . 9.525 .9525 °  0.635
4 . 13.335 .9525 0.635
5 . 1.905 2.8575 1.27
6 . 5.715 2.8575 1.27
7 - - 9.235 2.8575 1.27
8 . e o+ s « « <« 13.335 2.8575 1.27
9 . 1.905 4.7625 1.905
10 . . . 5.715% 4.7625 1.905
11 9.235 4.7625 1.905
12 . 13.335 4.7625 1.605
13 . 5.715% 6.6675 2.54
14 . 9.235 6.6675 2.54
15 » 13.335 6.6675 2.54
16 . 7.62 3.81 0.0



DISCUSSTON OF RESULTS

Three types of fillers were evaluated in this study
at five different levels of heat flux. A set of runs
was made 1ithout a filler to set a performance base line
for each power level. The three fillers that were tested
arc presented in t#ble 3. The thickness givenrn in the table
is the wall thickness of the filler, while the depth is
the length of the filler in thé z-direction. In thé theo~
retical analysis, average physical propertiés were used
for n-octadecane, while the literature values, given in
table 1, were used for the aluminum filler. The average

physical properties that were used are as follows:

Density

P(solid) . = 0.8969 gm/cc

P (1iquid) = 0.8545 gm/cc

Heat Capacity

Cp (solid) = 2.164 watt-sec/gm/°K
¢, (liguid) = 2,406 watt-scc/gm/°K

Thermal Conductivity

K (solid) 0.001521 watt/cm/°K

1

K (liquid) = 0.00735 watt/cm/°K
When the literature value of the latent heat of
fusion was used in the mathematical model, the phase-

change times werc not predicted. This can be scen by

39
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Table 3

GEQMETRY DATA FOR THE ALUMINUM HEXAGONAL FILLERS

The thickress is the wall thickness of the filler, the cell
size is the distance across one cell of the filler, while
the depth is the distance in the z-direction.

Thickness Cell Size Depth

Filler }o. cim Ciii cm
1. 0.00889 1.005 : 2.54

2. 0.011038 0.635 2.54

3. 0.05969 0.635 1.7
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comuaring figures 9 a-d and 25 a—ﬂ. Therefore, a reduced
value of the latent hecat of fusion was used. When this
value was used it predicted-the phase-change times more
accurately. The latent heat of fusion for n-octadecane
used in this study is given by ﬁain (21) and is as follows.

Hf = 182.83 watt-sec/gm

If the addition of fillers increases the heat-
transfer rate into the phase-change material, the hot
plate temperature should remain below a given control
temperature for a ionger period of time as the amouﬁt of
filler is increased. In figure 10 the ratio of filler
weicht to n-octadecane weight is plotted against a pseudo
control temperature. This pseudo control temperature is
the hot plate control temperature minus the initial temp-
erature, This figure is not intended to be used for
design, but rather to show that the experimental data
is consistant. However, if the control temperature minus
the initial temperature should be 22OK, this figure could
be used for approximate design purposes. This graph
should not be extrapolated beyond the experimental cdata.

Fisures 11 through 34 represent the theoretically
predicted temperature profiles compared with the
corresponding experimental data. The thermocouple
locations are given in table 2. Response data from only

one thermocouple will be plotted for each height since there
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Figure 9

Theoretical and experimental temperature profiles for
filler no. 2 at 40 watts with the literature value for
the liquefaction erthalpy

Figure
Qa 0.635 cm.from tﬁe'heating plate
9b 1.27 cm from the heating plate
Oc 1.905 cm from the heating plate
gd 2.54 cm from the heating plate

Leger.

N F2-40-1

O rF2-40-2

~—— Theouretical
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is little difference between the temperature profiles
recorded by each thermocouple for a given height.

In figures 11 through 16 the theoretical and ex-
perimental data from the pure paraffin or no filler runs
are plotted. Due to the low Héat—transfer rate of n-
octadecane and the hot plate temperature limitation
discussed éarlier only a small portion of the n-octa-
decane melted during these runs. In these figures .the
paraffin at 0.635 cm has melted and the ﬁemperature of the
liquid is rapidly rising for all power 1eveis. At 1.27
cm the paraffin has just melted in the 20 and 30.-watt
runs while it has just reached the melt point in the 40
watt run. It is still below the melt temperature in the
50 and 100 waft runs. In the 20 and 30 watt runs the
pafaffiﬂ is in the process of melting at 2.905 apd 2.54
cm. In the 40, 50 and 100 watt runs the paraffin at 1.905
and 2.54 cm is still heating up to the}melt temperature.
The hot plate temperature prpfiles for the pure paraffin
runs are presented in figure 16.

The filler runs are presented in figures 17 through
34. The fillers will be discusééd in the order in which
they are presented in table 3, and referred to by the
nunber indicated in the table. In figures 17 to 22 the

theoretical and experimental data for filler pumber 1 are

plotted. In these rurs more of the n-octadecane has
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Figure 11

Theoretical ard experimertal temperature profiles at
20 watts for pure n-octadecarne

Figure
11a 0.635 cm from the heating plate
11b 1.27 cm forim the heating plate
llc 1.905 cm from the heating plate

11d 2.54 cm from the heating plate

Legend
N p-20-1
O p-20-2

—— Theoretical
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Figure 12

Experimental and theoretical temperature profiles.
at 30 watts for pure n~-octadecane

Figure
12a 0.635 cm from tge heating plate
i2b 1.27 cm from the heating_plate
12¢ ' 1.905 cm from the heating plate

124 2.54 cm from the heating plate

Legend
N\ P-30-1
O p-30-2

—— Theoretical
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Figure 13

Experimental and thecretical temperature profiles
at 40 watts for pure n-octadecane

Figure
13a 0.635 ciu from the heating plate
13b 1.27 cm from the heating plate
13c 1.905 cm from the heating plate

AN

13d 2.54 cm from the heat&ng plate

Legend
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Figure 14

Experimental and theoretical temperature profiles
at 50 watts for pure n-octadecane

Figure
14a 0.635 cm from the heating plate
14b 1.27 cm from the heating plate
l4c 1f905 cm from the heating plate
144 2.54 cm from the heating plate
legend
A p-50-1
C) P-50-2

~—— Theoretical
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Figure 15

Experimental and theoretical temperature profiles
at 100 watts for pure n-octadecane

Figure
15a 0.635 cm from the heating plate
15b 1.27 cm from the héating plate
15c 1.905 cm from the heating plate

15¢ 2.54 cit from the heating plate

Legend
A p-100-1
C) P-100-2

——— The¢ouretical
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Figure 17

Experimential and thecretical temperature proflles
at 20 watts for filler no. 1

Figure
17a 0.635 ca from the heating plate
17b 1.27 cm from the heating plate
17¢c 1.905 cm from the heating plate

174 2.54 cm from the heating plate

Legend
N\  F1-20-1
O F1-20-2

— Theoretical
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Figure 18

Experimental and theoretical temperature profiles
at 30 watts for filler no. 1

Firgure
18a 0.635 cm from the heating plate
18b 1.27 cm from the heating plate
18¢ 1.905 cn from the heating plaﬁe

18d 2.54 cm from the heating plate

Legend
N  F1-30-1
O  Fi-30-2

Theoretical
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Figure 19

Experimental and theoretical temperature profiles
at 40 watts for filler no.:1

Figure
19a 0.635 cm from the heating plate
19b  1.27 cm from the heating plate
19c¢ 1.905 cm from the heating plate

16d 2.54 cm from the heating plate

Legend
0 F1-40-1
O F1-40-2

——— Theoretical
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Figure 20
Experimental and theoretical teupcerature profiles

at 50 watts for filler no. 1

Figure
20a 0.635 ¢m from the heating plate
20b 1.27 cm frbm the heating plate
20c 1.905 cm from the heating plate

20d 2.54 cin from the heating plate

Lezend
A Fi-50-1
(O F1-50-2

—— Theoretical
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Figure 21

Experimerital and theoretical temperature profiles
at 100 watts for filler no. 1

Figure
21a 0.635 cin from the heating plate
21b 1.27 cm from the heating plate
21c 1.905 cin from the heating plate

21c¢ 2.54 cim from the heating plate

Legend
O F1-100-1
O  Fi1-100-2

—— Theoretical
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melted compared to the pure paraffin runs. The theore-
tical curves in all cases predict the solid-phase temp-
eraturc profiles exactly, while there is some variation
in the liquid phase. The liquid phase deviations are
always onr. the high side. If the theoretical analysis had
considered the heat losses, the theoretical temperature
profiles could poésibly have been brought down in line.
with the experimental data. The phase change times are
all predictcecd. The théoretical prcfiles that curve up
smoothly throuch the melt point are nodes closer to the
aluminum filler, figure 17, while those that jump sharply
after the phase-change are nodes farther away from the
filler, figure 17b. The hot plate temperature profiles
for filler rumber 1 are shown in figure 22.

Figures 23 to 28 show the experimental and theo-
retical results for filler number 2. The same statements
that were made for filler number 1 can be made for filler
number 2.

The results from filler number 3 are plotted in
figures 29 to 32. Note that the theoret%cal temperature
pfofilos deviate sharply from the experimental profiles
at the 1.27 cm level. TIn this case the filler is only
1.27 cm deep, and when all of the n-octadecanre has melted
in the thcoretical analysis, the whole éell will heat up

rapidly as shown ir figures 20b, 29d, 30b, 30d and 31b.
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Figure 33

Experiinental and theoretical temperature profiles
at 20 watts for filler no. 2

Figure
23a 0.635 cm from the heating plate
23b 1.27 cm from the heating plate
23c 1.605 cm frem the heating plate

%~3d 2.54 cm fromrn the heating plate

Lezent
N r2-20-1
() F2-20-2

—— Theoretical
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Figure 24

Experimental and theoretical temperature profiles
at 30 watts for filler no. Z :

Figure
24a 0.635 cm from the heatihg plate
245 1.27 cm from the heating plate
24c 1.905 cm from the heating plate

244 2.54 cn from the heating plate

Legend
A F2-30-1
O r2-30-2

—— Theoretical
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Figure 25

Experiacrtal and theoretical temperature profiles
at 40 watts for filler no. 2

Figure
25a 0.635 cm from the heating plate
25b 1.27 cm from the heating plate
Z25c¢ 1.905 cia from the heating plate

25d 2.54 cm from the heating plate

Lezend
O F2-30-1
(O Fz2-30-2

—— Theoretical
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Figure 26

Experincntal and theoretical temperature profiles
at 50 watts for filler no. 2

Figure

20a 0.035 cm from the heating plate
26b 1.27 cm from the heating plate
26c 1.905 cmn from the heating plate

26d 2.54 cm frem the heating plate

Legend
JAN F2-50-1
(D F2-50-2

Theoretical
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Figure 27

Experimental and thecretical temperature profiles
at 100 watts for filler no. 2

Figure
27a 0.635 cm from the heating plate
27b 1.27 cm from the heating plate
27c¢ 1.605 cm from the heating playe

27d 2.54 cia from the heating plate

Legend
ZB F2-100-1
O F2-100-2

—— Theoretical
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This is due to the fact that the bottom is considered
insulated and there is no more sdlid to change phase
and thus absorb heat. In the experimcntal cell there is
definately heat loss through the bottom, which could
aécount for scme of this deviation. Also the 2.54 cm
deep cell was mocdified to test the 1.27 cm deep filler
by inserting a 1.27 cm plexiglass plate. It was nece-
ssary to drill holes in this plate to accomodate the
existing thefmocéuples. These holes fillgd with par-
affin. With this e&tra n-octadecane around the cold
plate or 1.27 cm thermocouples considerable more heat

is absorbed, thus keeping the thermocouple temperature
down. The hot plate temperature profiles for the third
filler are shown in figﬁre 32. It should be noted that
the inflection in the hot plate temperature profiles are
probably due to the presence of air bubbles.

Figures 33 through 37 demonstrate some of the theo-
retical studies that can be made with the mathematical
model developed in this study. In figure 33 the temp-
erature profiles from various filler wall thicknessess
are plotted. It can be seen from these plots that as the
filler thickness jincreases sc does the heat-transfer rate.
This is shown by the way in which the slope of thc curve
above the melt point increases as the wall thickness of

the filler incrcascs.
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Figure 29

Experimental and theoretical temperature profiles
at 20 and 30 watts fer filler no. 3

Figure
29a 0.635 cm from the heating plate - 20 watts
295 1.27 cm from the heating plate - 20 watts
Legend
/N F3-20-1
O F3-20-2
————Tﬁeoretical
Figure.
29¢ 0.635 cm from the heating plate -~ 30 watts
29d 1.27 cm from the heating plate - 30 watts
Legend
D F3-30-1
O r3-30-2

— Theoretical
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Figure 30

Experimental and thcoretical temperature profiles
at40 and 50 watts for filler no. 3

Figure
30a 0.635 cim from the heating plate - 40 watts
30b 1.27 cm frem the heating plate - 40 watts
Legend
AN F3-40-1
O F3-40-2
—— Thecretical
Figure
30c " 0.635 cm fro the heating plate - 50 watts

304d 1.27 cm from the heating plate - 50 watts

Legend
A F3-50-1
(O r3-50-1

— Theoretical
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Figuref31

Experimental and theoretical temperature profiles
at 100 watts for filler no. 3

Figure
30a  0.635 cm from the heating plate

30b .1.27 cit frem the heating plate

Legend
AN F3-100-1
O F3-100-2

— Theoretical
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Figures 34 through 37 are included to show the
temperature profiles in the x-y plane. In figure 34,
there is rot much deviation.in the x-y plare. This is
intuitively correct sirce the graphs were made from data
taken at a time early in the run. As time increased so
does the temperature variation in the x-y plane. (Fig-
ures 35, 36 and 37) eqg that.the n-octadecane closer
to the filler rises to a higher temperature than that
farther away at any given time. This type of heating
profile is exactly what is expected with a high thermally
concductive metal matrix in a phasé—change environment,

The expefimental-data in this section could be used
for design pfoviding that the desigp requirements fall
within the experimental data and situation as presented
in this study; The computer program written for this
study can be used to predict the capabilities of other
thermal—éontroi devices by varying the physical prop-
efties of either the filler or phase-charnge material.

If a different filler geometry is to be studied the
subroutine which calculates the areas of the filler and
phase-change material must be changed to accommodate the
different geometry. If heat loss from the system is to
be considered, the computer program can be modified

as described in the theory section to provide for this.

The computer programn written for this study_cah also be
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Figure 34

Theoretical temperature profiles in the x;y plane at t=

600 sec
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Figure 35

Theoretical temperature profiles in the x-y plane at t=

1200 sec
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Figure 36

Theoretical temperature profiles in the x-y plane at t=

1800 sec
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Figure 37

Theoretical'temperature profiles in the x-~y plane at t=

2400 sec
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used to predict the performance of thermal-control
phase-change devices under different heat loads by
modifing it to use a heat-flux boundary condition as

described in the theory section.



RECOMMENDATIONS AND COKCLUSIONS

Conclusicns

Based upon the results of this study, the followirg
conclusions are presented,.

1. As the weight of the filler material increases
the heat-transfer réte of the thermal-control phasefchange
device in?reases.

2. The computér program written for this study
predicts the experimental solid—phase—temperature.profiles
and the phase-change times correctly. While the maximuwn
deviation between the theoretical and expepimental solid-
phase~temperature profiles is 2.8°K (5°F), there is
essentially no deviation in most of the runs. There is
as much as 14°K (250F) deviation between the theoretical
and experimental results in liquid phase. This deviation
could possibly be corrected by changing the boundary
condition alorg the bottom plate, in the computer progrém,
to one in which heat loss is allowed.
| 3. The mathematical model presented in this study
is general in terms of variable filler geometry, physical
properties of the filler and phase-change material and the
types of boundary conditions that can be placed on the
theoretical mcdel. The computer prograin written for this
study is general in terms of variable physical properties
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of the filler aud phase-change material and sizes and
shapes of the hexagonal filler. While the computer
program is written for insulated boundaries along the
bottom and four sides, it can bé easily modified to
allow for heat loss or gain along these boundaries.
The computer progran uses a temperature profile on the
heating plate but this boundary, as discussed earlier,
can also be changed to utilize‘a heat-flux boundary
condition.

4. A three-dimensional analysis is needed to sce
the detailed temperature profiles in the x-y plane. As
shown in the discussicn of results section these theo-
retical temperature.gradients car be as much as 11,1°K
(20°F).

| 5. This study has shown that to correctly model
the experimental system the heat losses must be known
or predicted. If a heat-flux bourdary condition is to
be used in the theoretical model, the heat-flux into the

test chamber must be accurately known.

Recommendations

The following recoﬁmendatious are presented baséd
on the results ¢f this study.

1. The test chamber should be redésigned in such
a way as to eliminate air bubbles.

2. Since the n-octadecane used in this study tended



%

to trap air in the solidification process, other phase-
change materials should be considered. These other
materials could include lithium ritrate trihydrate and
acetamide.

3. Since the filler material adds weigﬁt'to the
phase-charnge thermal-control urnit, and subtracts from
its heat-absorbing capacity, other filler materials and
geonmetries should be studied with the goal of optimizing

the ratio of filler material to phase-change material.
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NOMENCLATURE

Coefficient of the unkrnown temperatures in the

tridiagonal matrix

The cross sectional area perpendicular tc¢ the

heat flux; cm2
The heat capacity; watt-sec/gn/ K

Amounit of energy generated per urit voluane;

watt-sec/cc
The heat-transfer coefficient; watt/sec/cm2
Enthalpy of liquefacticn; watt-sec/gm

The last rode ir the x-direction in the ncdal

network

The last node in the y-direction in the nodal

network

The last node in the z-directiorn in the nodal

network

Thermal conductivity; watt/cm/°K
. 2

The heat flux; watt-sec/cm

O’
Temperature; K
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PCV)ess
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Subscrints
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o
The excess degrees; K

wWall thickness of the filler; cm

-

The initial melting temperaturc; °K
The melting temperature; °k

Time; sec

Incremental time; sec

The volume of the material that generates

energy; cc
Volune; cc
Density; gm/cc

The effective (pCpV) for a norhcmogeneous node;

watt-sec/K

The effective (KA) for a mnonhomogenecus node

watt-cm/°K

X-direction which is along an axis parallel to

the 15.24 cm side of the test chamber

Y-direction which is alcng an axis parallel to

the 7.62-cm side of the test chamber
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Z-direction which is along an axis parallel to

the 2.54 cm side of the test chamber

Indicates the x-direction in the finite

difference formulation

Indicates the y-direction in the finite

difference formulation

Indicates the z-direction in the firite

difference formulation



APPENDIX I

Computer program to solve the norhomogeneous phase-change
problen, :

This computer program was written in FORTRAN IV to
solve the nonhomogenecous phase-change problem presented
in this study. Thié program uses 14 cafds of input data..
The coefficients of the three straight—lipe fits for th;
hot plate temperature profiles are read on the first 2
cards., The physical properties of the filler and phase-
change material are read on the next 9 cards. The filler
geometry is specified by the last 2 cards. The following

table specifies the exact variable to be read on each card.

VARIABLE
Card 1

Al Coefficient of t in T = At + B; °F/min

B1 ‘B in T = At + B; °F

TI1 The last time for which Al and Bl hold; min
’Card 2

A2 Sanie as Al

B2 Same as Bl

TIZ2 The last time for which A2 and B2 held; min
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VARTADLE

Card 3
A3

B3
Card 4
DIF
TH

TA
Card §

CPM

HF

TS
Card 6
ATI
xic
Card 7
TH
RF‘
CPF
Card 8
FK
Card 9
DX

DY

DZ

108

Same as Al

Same as Bl

The melting temperature range; °p
The initial melting point; °F

o

The initial temperature of the test cell; F

The heag capacity of the melting paraffin;
BTU/1b/"F

Enthalpy of liquefaction; BTU/1hL

The ending time of the run; min

The time for the first print cut; min

The time increment between print outs; min

The wall thickness of the filler; in
Density of the filler; 1b/cf

Heat capacity of the filler; BTU/1b/°F
Thermal conductivity of the filler; BTU/ft/hr/°F
Length of the node in the x-direction; in

Length of the node in the y-directicn; in

Length of the node in the z-direction; in



VARTABLE

Card 10
DT

PKS

PKL

Card 11
RPS
RPL

crs

Card 12

CPL

Card 13

NX
I1
I2
Card 14
NY
N2

N4

109

Time increment;_ sec

Thermal conductivityoof the solid phase-change
material; BTU/ft/hr/ F

Thermal cdnductivityoof the liquid phase-change
material; BTU/ft/hr/°F '

Density of the solid phase-change material; 1b/cf
Density of the liquid phase-change material; 1b/cf

Heat cagacity of the solid phase-change material;
BTU/1b/°F

Heat cagacity of the liguid phase-change material;
BTU/lb/ F

The number ¢f nodes in the x-direction plus 1
The first node of the angular section of the filler

The last rode of the angular section of the filler

The last node in the y-direction plus 1
Set equal to 3

The last rnode ir: the z-dircction plus 2
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DIMENSION VP(7,7),VF(7,7)

DIMEMSIAN A(32),8(32),CC(32),0(32),T(32)

DIMELSION APXI(7,7) 4, AFX]1(7,7)

DIMENSTION ARYI(7,70 ) AFYI(747)

DIMENSION T4(7,7,32),72(7,7,32),73(7,7,32)

DIMENSION TE(?.?.32);KJ(707:32) .

DIMEMSRION APZ(7,7)1AFZ(7,7)

COMMON /S3i/ N4, 1,0iK

COMMON /227 VP, VF

COMMON /537 APX],AFXI N

COMMNON /S4/ APY],AFYI,NY

COMMON /S57 APZ,AFZ,NE

COMMONl /867 A,B,CCiD

COMMON /877 TYM HF,CPM,DIF, VT

COMMDON /SR/Z AL, A2,A3,B1,R2,B3,T11,712.71]

COoMMOL /S9/ FPKS,PKL

....... COMMNIL /S84G/ RPL RPS,CPS,CPL

ConuvnterseseM2 NODE THAT STARTS THE TEST MATERIAL
CoooennnraeoNde THE NO, OF NODES [N THE TEST MATERIAL
C...........VF VOL OF FILLER e ROE(F)Y®#CP(F)/DT
Coooocc'cannvp VOL OF PARA, & ROE(P)Y#CP(P)/DT
cooc||on-':ohx- 0, OF NODES [N X DIR,
coutctaoqoto“Y' MOy OF NODES IM Y DIR,
COIQCIIQ!OIIMZr NO, OF NNDES [N 2 DIR,
CI||IOOQOOQ|TH + MELT TEMP, CF PARA,
CovvernonraoHF2 HEAT OF FUSSION OF THE PARA,
Coc.ao-.e...cp* HFAT SAPACITY OF THF PARA, AT THE MELT TEMP.

C|0c0llelovtcpr HFAT CAPACITY OF FILLER
cncnunnoocn'Rr DENSITY OF FILLER
conoc.oo'unopp=DrN517Y OF PARA,
C||collo|||opK THERMAL COND, OF PARA,
c,..........rchHF"MAL COQD nrF FILLER
READ(2,672) Ai,R1, T110A2082'T125A3083
READ(2,600) DIF;TM:TA,CPH,HF,TS;ATI.XIC
READ(2,604) TH,RF,CPF,FK
‘READ(2,672) DX,DY,D7,07,PKS,PKL
READ(2,6023) RPS RPL, (PS, 4
READ(2,671) MX, Iiil?v'yi~2'V4

609 FORMAT(61)
600 FORMAT (3F )
604 FORMAT(3])

WRITE(1,6002) AL,B81,)T14:+A2,B2,712,A3,83
WRITE(1,683) DIF,TM, TA,CPMHF,TS,AT],X]C
wRITE(i.ﬁﬂd) TH,RF’CPF;FK
WRITE(1,645) DX,nY,D7,0T,PKS,PKL
WRITE(4,607) RPS,RPL, C‘»au L
WRITE(1,6068) MX,14,12,HY,N2,44
622 FORMAT (4%, "AL=t,FBy4,) DEGF/MINT,7X,'By=",F8,4,' DLGF!,
48X, ' TIa=1,F8,4,0 MIN'/Z,4X, 0422 ,F8,4,' DEGF/MIN!
27X 1B2=",F8,4," DEGF ', 6X,'TI2=2,F0,4,' MIN'/,
SAX, 1A=, F, a4, DEGF/HIN';?X.'B}:’jFa.A;' DEGEY)
603 FORMAT(3X,'OIF=Y,F8,4," NEGF ' 14X, ' TH=",F&,4,1 DEGF',6X,'Tas",
1F8,4," DEGF ', /3X,1cPM=t,FB, 4, BTU/LB!,9X,"HF=",FB,4,"' BTU/LB",
RAX TS, R, 4,0 MM, /7, 3K, AT = Fa, 4, MINY, 14X, 'X]C=0,
3F8,4,"' MINT)

604 FORMAT(AX, ' TH=1,F8yd,! INCHES!, 9%, 'RF=!,FB4, ' LB/CFY)4X,1CPF=T,
- “4FB.4y " BTU/LB/OEGF ')/ 4X) 'FK=Y,FB,4, 'BTU/FT/HR/DEGF ') -
605 FORMAT (4%, 'DXat,F8y4, ! IHCHES!,9X, tDYS!,FB,4,! INCHES!
494X, D231, FBy4, " INCHES' )/, 4X,'0T=1,F8,4," SEC,',4X,'PKS="1,F8,4,



: 111
1'BTU/FT/HR/DEGF ', 3X, 'PKLe',F8,4,' BTU/FT/HR/TDEGF )

606 FORMAT(A4X, "NX31, 13,21X, 1143 ,13,16X,1]2=",13,/74X,'NY=",13,
121X, "N231,13,16%,'N471,13) :
607 FORMAT(4X, "RPS=1 ,FB8,4, 'LB/CF')3X,'RPL='FB,4,'LB/CF!

13X, 'CPSw',F8,4," BTU/LB!,/,4X,'CPL=",F8,4,"' BTU/LB")
599 N3esnN2el
NZZaN4e]
T2,
NE=N4
DY=DT/60,/760,
NXsHXet
NYsMYey
DXEDX/12.
DYsDY/42,
DZeDZ/12,
- VTeDXeDY«DZ
THaTH/42,
CALL AREACIL:12,TH,0X,0Y,D2,0T7,RF, GPF FK)
DO 5 K=2,NZ '
DO 5 Js2,NY
DO 5 la2,NX
T¢I JaK)=2TA
T2(1)JyK)=TA
TEC(1,JK)=aTA
Kdll,Jd,X)al
5 CONTINUE
6 CALL TBN(TBL)
Ti=sT1¢2,4D0Tw60,
CALL TBN(TE2)
TRe(TRL«TB2)/2,
DO 7 Js2,NY
Do 7 I??oNx
Ti(14J42)=2TB
T2(1,Js2)=78B
T3(1,4,2)2TR
7. .. CONTINUE
CrvsonesSOLVING FOR T2
DO 15 Ks3,NE
KKaK#* 4
DO 15 J=2,NY
JJsJey
DO 41¢ 1=2,NX
CALL KC(C,KJ(],J,K))
Ilsled
CALL Kl(CiloIoKJ(IOJ K
CALL Ki(Cc12,11,KJu(],
CALL K2(c21,J,KJ(!

1)
1K)
K))
K))
))
K)

1K
CALL K2(£22,J0,KJd(l,dy
CALL KI(C3IL, KyKJ(]1JsK
CALL K3(C32,KK,KJ(1,J,K))
621 FORMAT(' €S8',312,4E)
610 FORMAT(' COE'312,5E)

A(1)=2aCLl1/C/DX

B(])=1,+(C11¢C12)/C/DX

CC(1)=~(12/C/0X

DI =T1(L,dy KD

Zie(CoioTL(l,Jml, K)=(C21+C22)8T4(],J,K)+C220TL(],J¢1,K))/C/DY
DEIYsD(])e?e .

Z2R(C3L4#TL(],J, Kad)=(C31eC3208T1(1,J,K)+C324T1( 1,4 Ked))/C/DE
612 FORMAT(3X,4E)



......

20

B

Con'ocun

29

30

D(1)=D(])+A2
FORMAT(3E)

CONTINUF

CALL SOLVE (T,2,NX)
0O 12 Kl=2,NX
T2(KI JaK)ET(K])
CONTINUE

DO 25 1=2,NX

ISEIRL]

DO 25 Ks3, M2

KKeK+4

NS 28 J=2,NY

CALL KC(C KJ(]I,J,K))
NNENZE)

CALL K2(C21,J KJ(1rdsKD)
CALL K2(C22,JJ,KJ(],d.K))
A{J)s 021/7G/DY
B(J)=.,+(C21+C22)/C/DY
CC(J)==CR2/C/0Y
ZelCoi+C22)0T1(],JaK)eC218T1(], J .1 ,K)=C22aT1(], J*l K)
ZeB/c/ny
DCJI=T2(L s )K) w2
CONTINUE

CALL SOLVE (T,2,NY)

DO 22 Kl=2,NMY
TIC(L, K] K)STIKD)
CONTINUE

CONTINUE

DO 28 Kz2,Ng¢

DO 28 J=2,NY

DO 28 1s2,NX
T2¢1,J.K)2T1(],4,K)?
CONTINUVE

SOLVING FOR T3

DO 35 J=z2,NY

JJeJ+g

DO 35 1s2,NX

11el+q

DO 33 K=3,LT

CALL KC(C,KJ(I, J,K))
KKeK+4

Calbl K3I(CIL K, KI(TaJdsKY)
CALL KI(C32,KK,KJ(!, J K))
£332(34

ECsa,

1F(K,GT,3) GO TO 29
EC=T2(1,JyKn1)aC31/C/DE
€33z,

A{K)==(C33/C/02
B(K)=s1,+(C31+C32)y/C/D2
CC(KYsaC32/C/D2

D(K)=2, #T3(1 1 d,K)eT2(]sd,K)
30(031*C12)“T2(I JoK)aC3l“72(I JiKa1)=C326T2(1,J, K+1)
Zsd/C/02

DIK)sDIK)+Z+EC

CONTINUE

CALL SCLVE (T,3,NZ)

DO 32 Kl=3 N2
TLClaJWRI)=TUKD)
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32 CONTINUE 113
15 CONTINUE
DO 37 KsN2,NZ
D0 37 J=2,NY
DO 37 1=2,NX
CALL PHASE(TL(Y,J,K) KJ(1 ) dy K).TECI JoK).VP(I JY T20IaJeKYeDT)
37 CONTINUE
38 IF(TI, LT ATL) GO TO &
WRITE(1,42) T1,78
DO 42 K=2,Nz7,4
le:K-
L2sK#+1
WRITE(:Z . 44) Li,(TL(I,2,L1)0122,NX)
WRITE(1,44) L1,(TL(1,30L1) 1= 2 NYX )
WRITE(1,41) KD(Tl(I'Z!K)l!=20NX>
WRITE(1,41) Ky (T1(1,3,K),132,NX)
WRITE(L,44) L2,(T1(1,2,0L2),152,NX)
WRITE(1,41) L2,(T4C1,3,L2),1=2,NX)
WRITE(1,444)

40 CONTINUE

444 FORMAT(//)

45 FORMAT(4(3X,312,F6,41))

41 FORMAT(3X,13,4(3%,F6,1))

a2 FORMAT(/Z/3X, 'TIMER",F8,3," MIN,',3X,'TB=",F6,1,/)
43 FORMAT (11X, 42(212,5X)) .

ATI=ATI+X1C

IF(T1,6T.TS) GO TO 999

GQ 10 6
999 sYoe

END

SUBROUTINE AREA(IIUI? TH DX,0Y,D2,07T,RF,CPF,FK)

DIMENSION VP(7,7)sVF(797)

DIMENSION AFXI(7,7),AFXI(707)

DIMENSION APYI(7,7),AFY1(7,7)

DIMENSION ARZ(7,7)1AF2(7,7)

COMMON /827 VP, VF

COMMON /83/ APX1,AFX],NX

COMMON /S47 APYI,AFYI,NY

COMMON /S5/ APZ,AFZ,NZ
Cooynoc-noguuDX>DY/(TAN(AAH97 DEG,)
CQltli.OQIOOQQIAHFRE]
Cq11y||.cno||a|o-|AA' THE ANGLE THE FILLER MAKES W]TH THE HORISZONTAL
CQ:ooQ.c!io'oouoooll =NO, OF NODES IN THE X DIR,
' CQGcovo-cvnoooaoouJ Non OF NODES IN THWE Y DIR,
Cccon'u'0||'0.coa011' NO. OF NORES TO THE ANGkE PART OF THE FILLFR
CQlio|lcl|00|qtooo!?‘ NO, OF NODES IN THE ANGLE PART OF THE FILLER
Colooocvonlovoncnall & 12 MUST BE JNTERGERS
Conncocooupvcouo..TH =FILLER THICKNESS
c&ggglc'cono'-acwnox =DELTA X
c'l."i‘!'llllliilnY =DELTA Y
C'lqollclooctcttanoz DrLTA Z
Cy[10'oo||||oonTHIS SURROUTIME WILL PRODUCE THE FOLLOWING ARAYS]
C."...".‘.'...'..'APXI AFEA OF‘ PARA. XN k"ODE I J I'\J THE X DIR'
C,|.0||o||||||c.|oAFxI SAREA OF FILLER IN NODE 1 J IN THE X DIK,
C..."..""......APY! AREA (']F pARA. IN *JODE I J I'\' THE Y DIR.
C.......o.........ArYI =AREA OF FILLER IN NODE IoJ IN THE Y DIR,
Covnettnoronnnsses  APZIAREA OF PARA IN THE Z DIR, IN NODE I,J
convetloc'noncouonAr?= AREA OF FILLER IN THE Z DIRy IN NODE [
'Cocootaoaooo|o|00|VP =VOL, OF PARA [N NODE I,J
cllvooco’ooovooouuvr =VOL, OF FILLER IN NODE 1.4



12
i1

12

14

16
i8
19

20

' 11
[UaNX=1
JU‘NYsl
L=l
Jhei .
TASFLOAT(12=11)/FLOAT(JUnJl*+1)
AASATAN(TA) _
ReFLOAT(12=11)4DXeFLOAT(14)aDX
DO 53 J=JdbL,JU
YLEFLOAT(JUnmJel)adY
YUsFLOAT (JU=J)aDY
XLerReTARYL
XUsReTA#Y!
00 52 1=1L,1U
IFCTLLELIL)Y GO TO 10
IFCILE,12) GO T0 22
IF(L,LE,IU) GO Tn 33
IFCJ, 6T Jl) GO To 14
APXT(1,J)2D24(DYeTH/2,)
APYI(1,J)22, |
AFZ(1,J)=DXuTH/2,
AFXIC(L,J)=sD2aTH/2,
AFYI(1,J)s9,
IFCLEQ,IL) GO TO 12
IF(JL,EQ,JU) GO TO 34
GO T0 B2
ARXI(1,J)s9,
AFXIC(L,J)=0,
GO TO K2
APXT1(1,J)=DYuD?
APYT(1,J)eDX#D2
AFXTIC(l,d)ed,
AFYI(I!J);M.
AFZ(1,J)=2,
IF(XBL.EQ.XL) GO TO 18
IF(X2L=DX,EQ,XU) GO TO 19
IFCIEQ, 1LY APXI(1,4)20,
IF(JoEoldL) APYI(IOJ)gmi
GO TO B2
APYI(1,J)s0Ze(DX=TH/4 )
AFYI(l,J)2DXeTH/4,
GO TO 16 )
APXI(I:J)=DZ*(DY!TH/4.’
AFXI(1,J)eDZ8TH/ 4,
GO TO 16
XBLaFLOAT(])aDX
TFOXBL,LE,XL) GO TO 14
IFCXBL=0X,GE ,XU) GO TO 14
XiaXRB ~XL
IF(X1,6T,0X) GO 10 28
IF(XULT, XEL) X1aXUsXL,
Hi=2X1/SIN(AA)
Yi=X1/TA
APXT(1,J)=DZ#DY
APYTI(1,0)=0Z86(DXaTH)
AFZ(1,J)sH1aTH
AEXI(1,J)ysE,
AFYI(I,J)=liZeTH
IF(XEL=DX,EQ,XL) GO TO 31
IFCIel EN, TL,AND JGER VL) GO TO 26
IF(JLEC,JLY GO TO 25 A



25

26

28

31

33
34
52

50
102
101

200

G0 70 %2
APYTI (), J)etr,
AFY1(L,d)s0,
GO TO 52
APXT1(1,J)8DZe(DYaTH/2,)
AFXIC1,J)=D2aTH/ 2,
GO YO 23
YEFDYnYl
HisY2/COS(AA)
APXT(1,J)=DZa(0Y~TH)
APYI(],J)=DXuNZ
AFZ(],U)aTHaly
AFXT(1,J)sDZaTH
AFYIC(L, )0,
GO TO 21
APXI(],U)=0Z0(DY=TH/4,)
AFXI(I, )= NZeTH/4,
APYTI(1,U)=0Z0(nXaTH/4,)
AFYI (T, J>=AFXI(I J)
GO T0 22
IFCJ,EG,JUY GO TO 1%
GO TO 14
APYI(1,J)=DZ4DX
GO TC 62
APZ(1,J)=DXeNY=AF2(],J)
VPl JY=aP2(1,0)e0d2
VF(I,J)~AF{(I )z
APXI(IU+10J)=3|
APYI(1,JUel)=2,
AFXT(ILed,0)=2,
AFYI(T,JUs3)=2,
XBlL=¢,
Xi=3,
VF(I:J)=VF(IoJ)#QF“CPFVDT
VP(1,J)=VP(],J)/nT
AFXI(IoJ):AFXI(IqJ)“FK
AFYTI(L ) J)sATYL(}, U uFK
AFZ(I:J) AFL(I J)“F“
CONTIHUE
FORMAT(1X,212,4F)
FORMAT (4%, 4L)
APXI(IU‘laJU*l) =7
APYI(IU*loJU*1)='
AEXTC(IUSY ,JU+L )=
AFYI(lU+1,JUel) =,
D0 270 1=1U,1L,=1
DO 229 J=JdU,JdL, =1
APXTC(Tes,ur1)2apx](
APYI(1#1,J%1)3APY](
(
(

AFXT(leq,Jeq)=4FY]
AFYT(1¢1,0%1)2AFY]
APZ(T48,0¢1)2AP7 (]
AFZ(T+1,Je1)=24F2 (],
VP(I+1, i)Vl (], )
VE(Ted, e )=VFLL, 0)
CONTINUE
DO 210 =4
ARXT (1, JL)
)
)s

v
J
J)
J)

I
Iy
Iy
I
J)
J)

AFXTCL, JL
APYL(T, Ul
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21i¢e

215
521

ipe
181

AFYI(T,JL)=2,
APZ(1,JL)s0,
AFZ(T,JL)Y=0,
VP(T,JL)=ad,
VE(I,JL)=2,
CONTINUE

PO 215 Jai,JU
APXT(IL, U=,
AFXTCIL J) B0,
APYI(IL,J)=2,
AFYT(IL,0) =3,
APZ(IL, J) =6,
AFZ(IL, )R,
VR(IL,J)ei,
VECIL,J)ed,
CONTINUE
FORMAT(2X,212,2F)
RETURN

END

SUBROUTINE KC(C,K2Z)
DIMENSTION VP(7,7) ) VF(77)
COMMON /S1/ N4,1,J1K
COMMON /827 VP,VF
CALL HC(KZ,RP,CPP)
Vi=RPafEPeVR(],J)
V2sVF (1,J)

Cavisve

IF(K,EQ ,N4) C=sC/2,
FORMAT(' SC',3E)

FORMAT(! SC1,312,4E)

RETURN
END '
SUBROUTINE Ki(€1,11,L)

DIMENSION APXI(7,7),4FX1(7,47)

COMMON /S1/ N4, 1,01K
COMMON /S3/ APX1,AFX],NX
IFCIILER, N+1) GO TO 62
[FCI1,6Q0,2) GO TN 62
CALL TH(L,PK)
ALzAPXI(11,J)8PK
A2sAFXIC(II, J)
IF(K,EQ,N4) GO To 49

C\ s s PARAFFIN AND FILLER NODES

4

60

65
100
181

GO TO 65
AisAl/2,
A2=A2/2'
GO TO 65
AlsD,
AZED,

‘CisAL+A2

FORMAT(' 5C1',312,2E)
FORMAT ( 4F)

RETURN

END

SUBROUTINE K2(C2,JdL.)
DIMENSION APYI(7,7),AFY1(747)
COMMON /S1/ M4, 1,J.K

COMMON /S4/ APYD,AFYI,NY
IF(JJLEQNY#+1) GO TO 60
IF(JJ,EQ,2) GO Tn 6¢

(@
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CALL TH(L,PK)
ALsAPYT(]1,JJ)aPK
A2=AFYI(InJJ)
IF(K,E0,N4) GO TO 40

- C......PAQAFFIh AND FILLER NODES

40

69
65

182
181

wwwwwwww

GO TO 65
Al=Al/2,
A28A2/2,
GO 70 65

- Al=D,

A2ed,

C2=A1+AL2

FORMAT(' SC2',312,2E)
FORMAT(4E)

RETURN

END

SURROUTINE K3(C3,KK,L)
DIMENSION APZ(7,7)1AFZ(7, )
COMMON /547 M4, 1,JaK
COMMDN /S5/ APZ,AFZ,NZ
EC=3

IF(KK £a, M?¢1> Go YO 60
CALL TH(L.PK>
AL=APZ (], J)aPK
AZ=AFZOT,0)

C,....,PA”AFF]t AND FILLER NODES

62

65
100
181

20

32
101
190

G0 TO 65

Ai?gl

A2z,

(3zAleA2

FORMAT(' SC3',312,3E)

FORMAT(4E) ’

RETURN

END

SUBROUTINE SOLVE (T,J1sd4)
DIMENSION A(32),8(32),CC032),0(32),T¢(32)
DIMENSION W(32),6(32)

COMHMON /%67 A)B,CaD

J2adlel

J3zJ4 e

W(J3)sB(JL)

G(J1))=l(JL¥/HEJL)

DO 20 1=2J2,J4

XeCC(lml)/W(]el)

W(1)=B(])=A(])®X
GUIY=(L(1Y=AlIYeG(l=0)) /70 ()
CONTINUE ' i
T(J4)YsG(J4) - ' i
DO 30 1=2J3,dia=1

XsCcC(1)/% (1)

T(I)=G(I>wX“T(I*1)

FORMAT(/)

FORMAT(5E)

RETURN '

END

SURROUTINE PHASE(T KZ,TX,V,70,DT)
COMMON /67/ TM,HF,CPM,DIF,VT
VPeVeDT :
IF(KZ,6T,1) GO TO 20

IF(T,LT,TH) GO 70 2¢



12
22

19
20

4
14

19
20

30
49

SUMzTaT04 TX

- IF(SUM#VTeCPM/VP,GE,HF) GO TO 12

TXeSUM
TaTMeDIFaSUMBCPMaVT/VP/HF

GO TO 27 .
TsDIFeTHe (SUMBCPMaVT/VPmHF ) /CPM
KZa2 '
RETURN

END

SUBROUTINE TH(L,PK)

COMMON /S9/ PKS, KL
IF(L,GT,1) GO TO 10

PKsPKS

GO TO 202

PKePKL

CONTINUE

RETURN

END

SUBRAOUTINE HC(L,RPHCPEP)
COMAGN /S10/ RPL,RPS,CPS,CPL
IF(L.GT,1) GO TO 12

CPPaCPS

RPR=RPS

GO TO 14

RP=RP|,

CPP=CPL

RETURN

END

SUBROUTINE TBN(TR)

COMMON /S8/ A1,A2,A3,BL,B24B3, TI1,712,T!

IF(TILE,TI1) GO YO 17
IFCTILLE,TI2) GO TO 23
GO TO 32

TBzA1eT1+B1

GO TO 49

TB=AZ26T]«B2

GO 70 42

TB=A3u4TI+B3

CONTINUE

RETURN

END
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