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SECTION I

INTRODUCTION

In many app lications , thermal energy is avai lable in an intermit-

tant f o rm , and demand for  this energy does not neces sa r i ly coincide

with availability. Solar energy,  for example , is no t available at nig ht ,

and simi lar ly wind powered electrical  systems function only when the

wind velocity is adequate. Also , the greater  cost of commercial  electri-

cal power during periods of peak demand is another application in which

ener gy stora ge could be used to good advantage. For these reasons,

systems which can economically store large quantities of thermal energy

with suitable recovery on demand are of increasing interest.

There are numerous energy storage systems available, at present,

such as ba t te r ies , hydrogen s to rage /hea t  eng ine , fl ywheels , etc . Systems

utilizing the phase change of materials having a high latent heat of fusion

are also being evaluated at present  and are of particular interest  because:

1) heat t r ans fe r  occurs at nearly constant temperatures and

2)  large quantities of thermal energy may be stored in a relatively

small volume .

The basic problem with systems utilizing the phase change of

materials is analytically determining the melting and solidif ying char-

acterist ics of a given system. The problem is inherently nonlinear and

other than a few exact solutions the problem must be solved using
(1)numerical or analogue techniques. Carsiaw and Jaeger discuss the

few exact solutions available as well as some approximate solutions.

Kreith and Romie~
2
~ present solutions for the cases of uni-dimensional

cy linders , spheres and semi- infinite solids for the condition that the

temperature gradient in the solid on solidification is constant or that

the velocity of the solid/liquid interface remains constant. Kreith and

1

—~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~ 
‘

~ 

- . 
- 
—

~~~~~~~‘



Romie~
2
~ also discuss analogue computer solutions for semi-infinite

solids. The bulk of the problems involving phase change have been

solved by numerical techniques and include a variety of app lications and

problems such as continuous casting of cy lindrical ingots~
3
~, two-

dimensional freezing including convection effects in the liquid region~
4

~,

and axisymmetric semi-infinite hollow-cylinder with convective heat

t ransfer  at the inner radius~
5
~

. 2



SECTION II

OBJECTIVE AND SCOPE

The purpose of this investigation is to determine the thermal

characterist ics of energy-storage systems utilizing a cy lindrical annulus

to contain a phase change material. The outer surface is insulated and

the inner surface (a heat pipe ) is subjected to a constant heat flux.

Additionally the influence of longitudinal fins within the annulus , with

regard to heat t ransfer  characteristics, is to be assessed. The fins

will be symmetrically positioned in the circumferential direction.

Since a solution to a problem in solidification is also a solution to

the corresponding problem in melting only solidification will be considered.

The system is of sufficient length, in conjunction with heat pipe charac-

teristics, that axial gradients will be neg lected. The phase change

material will be assumed to have a distinct fusion temperature and

ini tial ly the liquid is uniformly at the fusion temperature. Additionally

the therma l properties will be assumed to be uniform within each phase

and mean values will be used for each phase. Convection within the

fluid as well as radiation within both phases will be neg lected.

I
3



SECTION III

SYSTEM DESCRIPTION

The thermal storage system consists of a cannister surrounding

a heat pipe . The annulus formed by the cannister and the heat pipe con-

tains 4. 1705 lb. of the thermal storage material which is LiF - MgF 2 -
KF. The cannister and heat pipe walls are made of . 065 II thick 304

Stainless Steel. The outside diameters are 1. 5” for the heat pi pe and

3. O l for the cannister.  The geometry of this configuration is illustrated

in Figure 1. Thermal properties assumed for the materials are pre-

sented in Table I. In addition there are two finned configurations

containing three and six fins of 1/ 16”  thick 304 Stainless Steel. The f ins

are parallel to , and project radially outward f rom , the longitudinal axis

of the heat pipe. The configurations with three and six fins contain

3. 9985 lb. and 3. 8742 lb. of the thermal storage material, respective ly.

The finned configurations are illustrated in Figure 2.

4

4

4



THERMAL ENERGY
STORAGE MATERIAL

/1<  ,, ,,
/ 1~~ 

,
/

/

/

/

/ 1

,

, /  ,
I

,, ,, /
/

/
/ , I

/ /

R /

)
,,

~~ 
/,,,

/ 1
/
/

/
/

/ /

/

/ I,
/ /
/ 

,
/ /  I,,,

/ I,

I,,,

INTERFACE BOUNDARY

Figure 1. Axisymxnetric HP/TES System Geometry

5



TABLE 1

HP/TES MATERIA L PROPERTIES

Thermal Fin, Cannister and
Property Storage Mat’l Heat Pipe

(LiF-MgF
2 -KF)  (304 SS)

Density , ibm/f t 3 
181.0 501. 12

Conductivity, BTU/f t  lb° F 4. 11 13. 5

Diffusivity, ft
2

/hr 0. 035 0 .224

Latent heat of f u s ion, BTU/lbm 350. 0 N. A .

Fusion temp, F 1310. 0 N .A .

6
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SECTION IV

ANALYTICAL APPROACH

In order to evaluate experimental data for the system described

previously and to assist in the design of similar systems it is desirable

to have a model of the system. The information sought from the mathe-

matical model is the position of the liquid/solid inte rface and the tern-

perature distribution within the solid material. Also , the time of final

solidification of the salt is sought. For the axisymmetric system, the

equations describing the temperature distribution and the interface

radius are solved approximately in ana lytical form and more exactly in

numerical form by solving a tridiagonal matrix eauation. In the finned

system a more complex fo rmulation involving both the temperature and

enthalpy is used because of the complexity of finding the interface

location.

8
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SECTION V

ANALYSIS OF AXISYMMETRI C SYSTEM

Formulation of Equations

In the axisymmetric model it is assumed that variat ions along the

longitudinal axis of the system are neg ligible. Heat losses f rom the

outer shell of the cannister are assumed neg ligible as is heat t ransfer  by

radiation between the hot outer portion of the system and the cold solidi-

fied salt. The entire system is assumed to be initially at the fusion

temperature of the salt. The heat flux rate at the inner surface is

assumed to be constant with respect to time and over the surface of the

heat pipe. The change in internal energy of the heat pipe wall as heat is

extracted f rom the system is ignored.

Under these assumptions the temperature distribution within the

salt is governed by the unidimensional transient heat conduction equation:

~
2 T 1 ~T

—
~~~~~~~~~~~~~~~

— 1~~~~~~~~~~~~~~~~~ ( 1 )
~i t  

~R 2 R ~R

where T = temperature, F

t = time , hr

R = radial distance , ft

= therma l diffusivit y of salt , ft
2

/hr

Equating the heat flux rate at the inner surface with the rate at which

heat is conducted into a unit area of the surface yields :

k ~-j~ = q ” for R = R 1, t > 0  ( 2 )

where k thermal conductivity of the salt , BTU/ft - hr - F

4” = heat flux rate , BTU/ ft 2 
- hr

= radius of outer surface of heat pipe , ft

9 
0 .
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By assumption the initial temperature distribution is described by

T(R ,t)  = T
F for  R > R

1
, t = 0 (3)

where TF 
= fusion temperature of salt , F.

Also , at the interface, the temperature is always at the fusion temperature:

T(R ,t) = T
F for R = L, t >  0 (4)

where L = radius of liquid solid interface , ft.

Equations (1) through (4) constitute a partial differential equation of

second order in space and first order in time along with the necessary

initial condition and boundary conditions. However , since L is an un-

known function of time , the problem is incomp lete.

To determine L, two approaches are considered. In the f i r s t , the

heat created by fusion at the interface is equated with the heat conducted

from the interface to yield:

2
~~LPh s~ 2~~L k 

~~~ 

for R = L, t > 0 (5)

where p density of salt , lbm/ft

h sL = latent heat of fusion of salt , BTU/ lbm

Equation (5) along with the initial condition:

L(t) R
1

for t = 0 (6)

is sufficient to complete the formulation of the problem partially posed

by Equations ( 1) through (4).

A second approach to determine L may be taken by equating the

change in internal energy of the salt to the heat conducted out of the salt

at the inner surface. This may be expressed as
R=L I :

PTT(L
2_R 2)h sL 

- 

J Pc(T_T
F~

Z vTRdR = 4”t( Z1I R.
1

) ( 7 )

10
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where c is the specific heat of the salt , BTU !lbm°F.

In Equation (7) the f i rs t  term is the internal energy f rom fusion of the

salt, the second term is the change in internal energy from the solid

salt at the fusion temperature and the term on the right hand side is the

heat extracted from the inner surface.

There will be a temperature drop across the heat pipe wall since

heat is conducted across it. Since the change in internal energy of the

wall is neg lected this may be found f rom the steady state heat conduction

equation to be:

r R  1
= ‘Ln ~ (8)

where t~T temperature drop across heat pipe wall, F

kf 
= thermal conductivity of heat pi pe wall , BTU/ f t  - hr - F

p = thickness of heat pipe wall , ft.

Systems such as that described are seldom completely filled with

solid salt in order to avoid excessive h ydrostatic pressure since the

salts are more dense in solid form than liquid. The ratio of the volume

of solidified salt to the cannister volume may be written:

L~~~- R
2

2 (9)
R - R

0 I

where f = volume ratio of solid salt to cannister

R inner radius of outer cannister wall , ft

= radius of liquid-solid interface when solidification is comp lete.

t

11
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To generalize the solutions, it is desirable to express the preceeding

equations in terms of dimensionless variables. Substituting the variables

8 = k ( T _ T
F)!

~~
’R I ; r = R / R

1
; L L/ R

I
; 1. = ~t /R ~ ( 10)

into Equations (1) thru (7) yields , respectively

i ~e ~e— + — — = ( 112 r~~~r ~ r

— 1. for r 1, i• > 0 ( 1 2 )

8(r ,T) = 0. for  r > 1, ¶ = 0 (13)

8(r ,T) = 0. for r = 2 , T > 0 (14)

= 
~~~ ~~ for r 2 , ¶ > 0 (15)

2 ( T )  = 1. = 0 (16)

ST 
- / Ordr = ¶ (17 )

Equation (16) may be solved for 2 to yield

2 = 2 ST~ ( T +  f e~ d~ ) (18)

In Equations (15), (17), and (18) :

5Te 
= q ”R

1/~~ph 52 

. 

( 19)

where ST = Stefan Number

= dimensionless time
2 = dimensionless fr ontal rad ius
r = dimensionless rad ius
9 = dimensionless temperature

12
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It may be seen from Equations ( 11)  through (16)  that the solution

for 8 and 2 in terms of r and ¶ is character ized by the single dimension-

less parameter STe • This is also true if Equation (18 )  is used rather

than Equations (15)  and (16)  in conjunction with ( 1 1 )  through (14) to for-

mulate the problem.

To find the time when solidification is comp lete , f rom Equa tion ( 9 )

= ~J (R 2
-R ~ ) R~ 

= V1 f (r
2

-r
2

) (20 )

and f rom Equation (17 )

2 2 
- 1

= 
S r 

- J 8rdr  ( 2 1 )
e 

1

where = dimensionless radius when solidification is complete

I
f 

= dimensionless time when solidification is comp lete.

Solution

Two different  approaches to sr 1ving the system of equations

representing the axisymmetric system will be considered. In the f i r s t ,

the change in internal energy of the solidified salt is neg lected and an

approximate analytical solution is found by solving Equations (1 1) through

(15) subject to this assumption. To obtain the second solution , Equations

( 11) through (14) are expressed in finite difference form. The resulting
tridiagonal matrix system is solved in conjunction with Equation (18) to

find the temperature distribution and interface motion.

Approximate Anal ytical Solution

1.1 the change in internal energy of the solid salt is neg lected

in comparison with the heat of fusion Equation ( 11)  may be expressed :

13
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+ = 0 (2 2)

Then the expression 8 = C 11n r -f C 2 is seen to satisf y Equation (22) .
App lying the boundary conditions (12)  and (14) gives the solution :

e = i~ (
~

.j ( 2 3)

Substituting (23)  into (1 5)  yields

= —i— (24)

In Equation (24) we may separate variable s and integrate to
find an expression for 2 :

2 = •‘V
~i~ + 2 S T 1- (25)

Note that the expression (25)  satisfies Equation (18) if:

f 8rdr = 0 ( 26)

Equation (26)  is merely a restatement of the assumption that
the change in internal energy of the salt is neg ligible which will later be
shown to be quite accurate for the system being considered.

Numerical Solution

The analytical solution derived above for the axisymmetric
system is an accurate solution where the heat of fusion is numerically
much larger than the specific heat of the storage material. If , however ,
the latent heat is not significantly larger numerically than the specific
heat , then the assumption made to obtain that solution may be too strong
to yield realistic results.  For this reason a numerical solution in which
the internal energy of the salt was accounted for was derived and is pre-
sented here.

14
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Let the t empera ture  distr ibution at time be known in the

form of

8~
k 

= 8(r j , t
k ) ; 1 ~ i � n (27 )

Then ~ 2
k+ l  

= L (t k 1
) is known we may find 8~

k+l  l�i�n+l f rom the

t r id iagonal  matr ix equation derived in Appendix A which is of the form

a
1 

b
1 

- 

d 1

c 2 
a 2 b

2 
8 2 d

c
3 

a
3 

b
3 

= (28 )

c a - 8 . d .n n f l

The procedure  to calculate the t empera tu re  dis t r ibut ion is

ill us t rated by the flow char t  in Fi gure  3. F i r s t , a time increment  ~~T is

selected and r ( 2 )  is calculated from Equation ( 2 5 )  as:

r( 2 ) 2~ = 2(M) \‘l+2S T~~~r ( 2 9 )

and

= 8 ( r = l )  = 8 ( r ( 1 ) )  = 2n( —~~-
) ) (3 0 )

and

= 0 (31)

where  the 8’ s are foun d f rom Equation (23) .

From this  point on , the procedure  to f ind 8i k~~ = ø~
k 

is th e same for

each time step. Initiall y, it is assumed that 0~
k +l  

= 9~k and 2
k + 1 is

calculated f rom Equation (18)  where

15
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I Th PUT
INITIALIZE

CALC U LATE D ( 1 ) ,  S U P ( I ) ,  R H ( 1 ) , ONR G
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
C A L C U L A T E  SUB(NT) ,  S U P ( N T ) ,  DINT) , RH( NT)
FOR Ir 1 ,N T

DIA(I )  = D( I)  1. / ( T P - T N T )
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C A L C U L A T E  B( I ) ,  I 1 , NT
CALCULATE DNRG

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

YES

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
R(NT+l) = YP

CALCULATE RH(I), I 1. NT
NT NT + 1

PT(I) = 8(I), 1 l.NT

~~~~~~~~~~~~~~~~~~NO
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PR INT J
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~~~~~~~~~~~~~~~~~~~ 
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Figure 3. Flow Chart  of Temperature Model of
Axisymmetr ic HP/TES System
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f  
e~ dr [(9~ r e~~1’ r . ) / Z .  ) ( r . -r . (4 r (  -r ) / Z .  ( 32 )

then 0
k41

, i 1 , n are calculated from Equations (28).  This temperature

distribution is used to calculate a new 2 which in turn is used to calculate

a new temperature distr ibution. This iterative procedure is continued

until the change in 2 meets an acceptable e r ro r  cri teria at which point

the temperature distribution for the mew time has been calculated , and

the procedure is initiated for the next time . The time increment is held

uniform except that for the final  time step, ~r is shortened so that L(l’
f

) =

f rom Equation (20).  The computer program developed to calculate the

axisymmetric temperature dis tr ibut ion is documented in Appendix B.

17
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SECTION VI

ANALYSIS OF FINNED SYSTEM

Formulation of Equations

An approach similar to that used for the axisymmetric case could

be used to model the finned system. However , the boundary would be

muc h more difficult  to locate since its location varies with the ang le f rom

the fin centerl ine.  Instead an approach involving both the enthalpy and

the temperature of the salt employed by Shamsunder and Sparrow~
6
~ is

used. In this approach , the solid liquid boundary is found as one of the

results of the solution.

Since there was some uncertainty as to the accuracy of this method

the method was f i r s t  applied to the axisymmetric case and the resul ts

were used to examine the accuracy of the method. This formulat ion will

be presented as an aid to understanding the approach. Then the method

will be used to formulate the finned problem.

In this approach the reg ion of interest  is again divided into elements

of finite size. If there are no sources of energy inside the control volume ,

pressure  does not vary with time , and no external work is done on the

control volume the net rate of increase of internal energy must equal the

rate at which heat is conducted into the control volume . Then enthalpy

and temperature are related in the law of conservation of energy for the

element. 
-

-

~~

._ 
fff 

phdv =f k grad T . fidA (33)

where h specific enthal py BTU/ lb m

= uni t vector normal to the surface and dir ected outward from

the control volume .
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This may also be written in terms of dimensionless variable s

= 

~~ 
1’
=Tjv ~~~~~~ dv ~ dimensionless enthalpy ( 34)

kf (T-T *)
9 = ~ dimensionless temperature (35)

~ p hs2
f s

and enthalpy may be related to temperature by

* 
fC (T ~~T~~ , T < TF

h-h  =
~~ (3 6 )

S 
[c (T-T ~)+hs2 , T > TF

Axisymmetric Formulation and Solution

Let the region R
1 < R < R

0 
be divided into n elements, each a

concentric ring of width ~R. Let the thickness of the cannister wall be

n1~ R. Then , initially T = TF and the thermal storage material is all

liquid so that initially

8 = 0. i = 1 , m

= 0. i �
~~~~~~ (37 )

~1 = l .  n < i � m

where m = n + fl
f 

total number of nodes.

Wri t ing  (33) in terms of the elements gives

2’,R6Rh ,,1 ~ ~~~~~~~~~~~ J
6J~ ~~f

~ t’ ~~~~~~~~ - ~~~~~~~~ (38)

~k 1 
~j ~.4r . r *)l ~ p I ,~g) 

~~~~ ~y , - ‘, ~~~~~~ r-T’ /a~~.C ~~~~~~~~ !i!.’1 sJ
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where k 1 = thermal conductivity at outer edge of element

k
2 

= the rmal conductivity at inner  edge of element.

Expressing (38) in te rms of the dimensionless variables r, 1, 8, and ~1
yields

= (l+~L) -~ ~! (~~- -~~i ~~dT Z r .  k ~ r r Ir r . 4~~!~ 
Zr . . k ~~ r r r . _~~~i Z  ‘ 2

wh ic h can be expressed in te rms of f ini te  differences

(~~~) 2 k k l  
(1 

~2r . ~~~~~~~~ 
(8
~~l 

- 8~~)

k (39)

11 E~r 2 18 k 8 k
- 

‘ 2r . ’ k ‘ i i- l
1 5

If the element is considered to be at a uniform temperature, substitute

Equation (36)  into (34) to find the relation between temperature and

enthalpy:

1 I” 1 2 
pc (T—T*)‘Ti = drp~~v

~ k (T-T ~
” )Pc 5 s 5

t~v k  ~~ p h 5 c~ks s s 2 s

= 0  1 1 > 0  (40)

Now , rearranging Equation (39)  yields

s+~
J_2 

,c ( ( ‘+ ~~~_ ) ~~! + ( I . . . L.) .i j •
k 

-

= i L 2
1 ’l + ( 1 + -

~~;-)~~
-
~

- e:’+i + ( 1 _ i _ ) . ~~ •~~ ~ 1 2 , ..,m  (41)
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kf h < h f
where k 1 

= 2 k
f k R k f

-fk ) h h f
1k  h > h .

I

h �h f
k
2 

= 2 k
f
k /(k

f
+ k )  h h

f 
+ 1

I k  h > h f +l
(~~ s

Substitute for  8 f rom Equation (40)  into the left hand side of Equation (41)

to obtain

I~~ 
___!. ((1 4 ~E~L$ _.! + 

~~
i - !1_) 

k
2 31 ~kr z ~k k

M a k  Zr . k Zr . k J ,  I
S I S ~ S

(~~r ) 2 k - i  t~r 
k 1 k t~r 

k
Z 9 k ,1k 

< o4 ( 1 +— )  — 0 4 ( 1 — —)
Zr . k (+ 1 Zr . k i - i

I S (42)
and

(~~r )
2 

~k 
= j~fJ~ k-i ~ r 

k 1 k ~ r 
k
1 9k ~k 

> ~
~ + ( 1 +—  e + ( 1 — —

t~i I M I Zr . 1 k 1+ 1 Zr . k i - I

At the inner  sur face  of the innermost node , the heat flux is

known so that Equation (33) may be written

p 2tTR~~Rh~~~~ ~ 
= 

k~ 
Z TT (R +~~~~) ~ p 1184 -

a dr  k~~~~ R 2 8 8

= 4’where 4” 21’T R 1

(~ r)
2
(11
k 11~~~l) - 

k
1 ( 1~~~~~)(8 k k ~~~,, R~ 

~r (43)- — 
k Zr 1 2 “e l - 

~ p h 5s s  2

Notic e that the parameter ST has again appeared on the
• e

ri ght hand side of Equation (43). Since , in the previous analysis we

concluded that this was the driving parameter for the solution , it is

f  
logical it should also appear in this formulation. Equation (4~~) may be

2) to yieldrearranged similar to Equation (4 
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5 (~~~)
Z ork 

~~~~~ 
k I ’l

a ~~k - (~~~)
Z 

~1
k i  

~ ~! ~~~~~~ ~~-~- Ic+ 
Z r .  k 

f  
1 - M I k Z r . kci - ST Ar

(44)
If 11~ < 0

Equations (42) and (44) are solved by Gauss-Seidel iteration

with over-relaxation. The procedure is to f i r s t  calculate the ri ght hand
side. Since the coefficient of is always positive the sign of the ri ght
hand side is the same as that of 11 so that the appropriate coefficient may
be determined. 11 is then calculated by dividing the right hand side by the
coefficient  of ‘Ti. When the temperature distribution has been found with
suff ic ient  accuracy the volume solidified and the change in internal
energy are calculated from:

V = Znr .( ’T1~~-max(’T]~~, 0 . ) )  (45)

Et 
= 

i~~1 
2nr .( 11~~-11~~) ( 46)

Finnea System Formulation and Solution

The model for the finned system is set up very similarly to
that for the axisymmetric system. Since the temperature may vary with
ang le as well as radiu s two spatial dimensions must be included in the
model. Because of the symmetry assumed, only the shaded region in

Figure 2 need be modeled and the heat flux across the boundaries ~fr = 0

and ‘~t Tr/(no. of fins) is known to be zero. Also because heat losses are
neglected there is no heat flux across the outer surface. The heat flux

across the inner boundary is specified as part of the problem so that the

heat flux is known over the entire bo undary of the reg ion.

We wri te  the enthal py equation for an element containing a
volume fEw of fin material and a volume ( 1-f )l iv of salt and having thermal
conduct ivitj es k 1, k

2
, k3, and k

4 on the surfaces r = r. + -~f ~ 
= ~,, + jt,

22 
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r = r. - -
~~~~

- , and $ = $ . - respectively. Then Equation (33) may be

written

(5,)
? 

~~ ~~~ ~J . _6L. ( 1. 4! ) —I .4 ~~.
+ ‘ ,S. 2*- k, 1* ,, rI*. J i i

( I i 1 - ~~.~~~~ ” • — ~ 
_-4z . , ’M i,j 1.r 1* i I I j 1* r~. (.)4 1

~~~~~ ~~ (;
~) 8~

”
J , (47)

Now we use Equation (34) to establish the relation between 11

and 8 assuming the element at uniform temperature

11 = 
1 f ffPh -~~~ dv

.j h~ 2

*p c ( T - T  ) p c  T-T
= 

f f s ~ _,~__s S ( l - f ) ~ vp~~vh 52 p~~ v h 52

k (T-T )
= 

~:
P
s
hSL ~ j~~ 

P f
cf + ( l - f ) 3

11
1 1 < 0

1 - 1(1- ~
s f (4 8)

0. ‘ 0 < ‘Ti < 1.

Equation (47) must be modified for boundary elements similar to the

axisymmetric case. The iterative procedure for solution is illustrated

by the flow chart in Figure 4. Here, Equation (47) is expressed:

+ C i ( I . J ) ’~~~~ 1~~ I C Z( 1~ J ) .~~~~ 4 1 + C3( I . J ) .~~~~1~~

+ C4(I , ~~~~ 
~k 

1 / C 5 ( i , J)
‘ ‘

~~ 
(49)

when = 

:~~(i , J) = I) (C 1(1 , 1) C 1(1 , i ) 4C 3(1 , J ) + C4 ( I , i))  / ( i _ r  (i 
!~J_ )

1 , 3
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INPUT

L~ITIALIZE

COMPUTE M . N .D 1S 0
C OMPUTE F,1 1.M J =1 ,N
COMPUTE KI , K Z .K3 ,K4 . I~ 1, M  J = 1 , N
C OMPUTE Ci , C2 ,C3 .C4 .C5 , I = 1 , M  J = 1 ,N

1 1 1  J = 1  ER]~~~~

OW” .
I ‘‘3

COMPUTE 
.,k FROM (4 9~

H ERR - 

YES 
_ _ _ _ _ _  

C5 (I , J)

I I n I 4 l I

YES

YES~~~~~~~~~~~~~~~~~~~ 

NO

PRINT IF NEEDED -
11~
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.
1 

i = 1 , M j = I , N
I , )  I’ )

IS=tS+ 1

NO
IS�NT

YES

[~o~1

Figure 4. Flow Chart for Enthalpy Model of Finned HP/TES System
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SECTION VII

RESULTS AND DISCUSSION

R e s u l t s  with Axisymmetric Case

The approximate analytical solution as previously derived in dimen-

sionless form is

8 = Ln (r/2) (23)

2 = \f~~ Z S T e
T (25)

If this solution is correct , the change in energy f rom the heat
fusion is

iTR~ (2
2 - 1 )p h 52 = ~ E.

and the change in internal energy of the salt, which was neglected is

R

~E2 
= f 

~~
(T
~
T
F
) 2nRdR

2 . 3r Zrr q ”R 1 
k(T

~
TF)

= i rdr) q ”R 11

£

= f 8rdr (50)

1

Substituting Equations (23) into ( 50) and integrating yields

zii4”R~ L 2 
1 z 2 1

~E2 = ~ +~~~Ln(Z~ (51)
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The ratio of the neg lected energy change +~E2 to the change from the heat
fusion ~E 1 is

t~E2 q”R 1 2 2
= 

o~ph 52 2 2 
- 1 

-

= ST 
2 2

~~ 1 
~~~( 2 )  - ( 5 2 )

In the worst case (heat rate = 1.5 kw, 2 = £
f

) the neg lected heat is
onl y 10. 8% of the heat included so that the approximate solution is fairly
accurate for the system. Since the change in internal energy of the solid
salt is such a small part of the heat extracted from the system, the soli-
dific ation time s predicted by this simple model will be very accurate ,
even if part of the solidification take s place on the outer wall due to heat
losses. In this case howeve r , the temperature drop would be less than
that predicted since the heat of fusion would not have to be conducted
across as thick a layer of solidified salt.

Before meaningful results  could be obtained for the numerical
solutions for the axisymmetric case , it was necessary  to determine
convergence. In this program the increments in both radius and time
are determined by the parameter M and was for each case half that of
the precedin g case. Once the temperatures agreed for consecutive time
increments to tnree significant digits , convergence was assumed to be
adequate. For the run s with othe r heat rates , ~t was adjusted to main-
tain the same increment in radius.

In Figure 5 temperature is plotted as a function of radius for
several different times for the axisymrnetric system with a heat extrac-
tion rate of 1 kw. Both the analytical and the numerical solutions are
shown. It may be seen that at any given time the numerical solution
predicts a slightly smaller interface radius than does the analytical

- 
] I . ~~~~~ ~•~• - _ ~ - - _ _ . _ I 
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Figure 5. Temperature Dis t r ibut ion As A Function of Radial
Position in HP/TES System (Axisymmetrical Case)
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solution. This is because a small amount of the heat extracted comes

from the change in internal energy of the solid salt. Therefore the salt

solidifies more slowly than predicted by the analytical model to yield the

heat which is extracted from the system. Also , the temperature gradient

at the inner radius is less steep than predicted by the analytical model

since less heat is conducted through the salt.

Figure 6 shows the wall temperature plotted vs. time for the axi-

symmetric system with several different heat extraction rates. Also

shown in this figure are lines of constant radius of the liquid/solid

in terface.

To establish convergence for the enthalpy model of the axisymme-

tric case , it was necessary to find suitable values for the computer

parameters  ERR , NR , and NT. See Appendix C. It was found that when

ERR = . 00001 , NR = 63 , and NT = 80, the solution agreed within . 002

of solutions with ERR = . 000001 , NR = 126 , and NT = 160. In Figure 7

the approximate analytical solution, and the nume rical solutions with the

temperature formulation and enthalpy formulation are compared for a

particula r heat extraction rate and time. Agreement is seen to be excel-

lent between the temperature formulation and the enthalpy formulation.

Even the slight disagreement shown may be at least partially explained by

the fact that the canniste r wall is included in the enthalpy model but not

in the tempe rature model.

Results with Fin s

Because of the run time and memory requirements, the conver-

gence criteria for the finned model was based on results with the

axisymmetric model. The convergence study on the axisymmetric model

showed that NT and ERR were most detrimental to accuracy. See

Appendix D. Therefore the finned model cases were run with computer

parameters NR = 21 , NS = 30, NT = 80, and ERR = .00001.
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Figures 8, 10, 12 , 14, and 16 show the interface radius plotted

versus ang le from the fin centerline for heat extraction rates of . 25 , . 50 ,

75, 1. 0, and 1. 5 kw at several times. They show that a significant

amount of freezing takes place along the fin but the close agreement of

the interface shape for the two configurations indicates a similar amount

of heat is extracted by the fins in each case. Figures 9, 11, 13, 15, and

17 show the wall temperature profiles for the same cases. Note that a

significant reduction in the temperature drop is obtained with fins. This

reduction is seen to increase with time and with heat extraction rate . It

appears f rom the figures that most of the temperature drop obtained with

6 fins is also obtained with three fins.

Figure 18 shows the wall temperature as a function of the heat

extracted for the zero , three and six fin configurations and a 1 kw heat

rate. The effectiveness of fins as a device for reduction of total system

weight was assessed in the following manner. The maximum allowable

dimensionless temperature drop was arbritrarily selected to be 0. 4.

From Figure 18 the amount of heat extracted was as shown in column 2

of Table 2. The interface radius for the axisymmetric configuration was
2 = 1. 513 and with a 30% void volume allowance , the outer radius is

r = 1. 6857 and the dimensionless volume is v = 1. 8416. The othe r0

cases were sized to provide for the same volume of salt resulting in the

outer radii shown in column 4 of the table . The lengths required to pro-

vide an equivalent amount of heat are shown in column 3 and the dimen-

sionless system weights are shown in column 5. It may be seen that

despite the shorter length s for the finned configurations , the systems with

fins are much heavier than the conventional configuration without fins.

Thus the given fins are probably not an effective way to reduce the tem-

perature drop when system weight is a prime consideration.
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TABLE 2

FIN EFFECTIVENESS

Heat Extraction Rate = 1 kw
Dimensionless Wall Temperature -0. 4

No. of Heat Extracted Re la t ive  
R /R  R e l a t i v e

Fin s Unit  Length Length 0 I W e i gh t

0 1. 36 1.0  1.686

3 1 .52  . 8947 ~.76 6 1. 03 s ~7

6 1. 62  .8395 1 .823 l . 1 1~~9
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SECTION VIII

SUMMARY AND CONCLUSIONS

The heat t r ansfe r  process has been successfully modeled for both

axisymmetric and finned systems. For axisymmetric systems the tem-

perature formulation may be solved very quickly, providing a solution

whic h is extremely accurate. The difficulty in locating the interface

boundary makes it difficult to adapt this formulation to two dimensional

systems.

For those systems , the enthalpy model provides a system in which

the temperature distribution and interface boundary are found simultan-

eously. When this formulation was applied to the axisymmetric system

it was foun d that accuracies  were as good as those attained with the

temperature model but that an order of magnitude greater  computer

time was required to obtain the solution.

For the finned system, an additional order of magnitude of computer

time was required to obtain the solution. The solutions with fins are

slig htl y less accurate than the axisyn-imetric since it wasn ’t practical to

stud y convergence fully. Solutions were attained with suff icient  accuracy,

however, to give a meaningful comparison of the finned systems to the

axisymmetric system. It was foun d that some reduction of the tempera-

ture drop at the inner wall was attained with fins but that systems

employing fins would in turn be heavier. Thus fins may not be practical

for thi s particular f in /sys tem design.

r
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SEC TION IX

RECOMMENDATIONS

Althoug h the analytical and numerical techniques developed were
very accurate , the final solution may be adversely affected by the
accuracy of the measured properties of the salts as well as the limiting
assumptions used in deriving the governing equations. Based on the
analysis completed it is recommended that

1) The salt physical properties , liquid and sol id , should be
accurately determined.

2) The effect of radiation to and from the salt , liquid and solid ,
should be assessed. Radiation properties of the salt are
needed.

3) The experimental apparatus should be redesigned to (a)  r elieve

h ydrostat ic  s tresses on melting, (b) improve calorimetry and j
(c )  determine a fin confi guration to optimize heat t ransfer .

4) The temperature model for the axisymmetric case may be use-
ful to study boundary conditions which vary with time since it is
solved so quickly. It is recommended that this program be
suitably modified and studies of the effects of time vary ing heat
extraction rate be conducted.

5) The enthalpy model has the versati l i ty to stud y solidification

fronts  in unusual geometries. This model should be refined to
shorten the solution time and better define the accuracy.  It
could then be used to examine other two dimensional confi gura-
tion s , including the axial variation of the nonfinned case and the

assymmetry due to the volume void on solidification.

6) The model of the axisymmetric system should be expanded to

include the heat transfe r within the heat pipe and the calorimeter.

~~~ w - ~~~~~
_ 
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Such an expanded model would be useful  in the design of fur ther

experiments with such systems.
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APPENDIX A

AXISYMMETRIC HEA T CONDUC TION EQUATION

In this appendix the axisymmetric i -Dimensional  heat conduction
equation in cy lindrical coordinate s is written in finite difference form
for a variable mesh grid.  This equation is:

( A . l )

Where 8 is the dimensionless temperature at time 1’ and radius r . The
object is to express Equation (A. 1) at r r

k in terms of the temperatures
8
k l ’ 8k and 8

k l  at radii r k _ l , r
k~ 

and r
k+l 

respectively. To do this
write 8

k+l 
and 8

k-l  by Tay lor Series:

~e 
(r

k+l
_ r

k
) 

~
2
ee

k l  
= 8
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Neg lect hi gher order terms and solve Equations (A. 2) for ~ — and
to obtain r
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Substitute Equation (A. 3) into the rig ht hand side of (A. 1) and

group terms to obtain :

+ !.~! — 1

~r 2 r ~ r 
- 

r k
(r

k+l~~
rk l ) ( r k l~~

r
k

) (r
k~

rk l
)

[(3r k~
rk l ) (r k l rk

) 8
k l  + (4r

k
_ r

k+l
_ r

k l ) (r k l~~
r k l~ 

8
k *

+ (3r k~
rk l ) (r k

_ r
k l~ 

8k l
)

= 
~

2( C
k

8
k l +a

~
8
k +bk

8
k+l

) (A .4 )

Let 8 represent  th8 temperature at time ¶ and $ represent  the

temperature  at an earlier time T-t ~T. The ri ght hand side of Equation

(A. 1) is wri t ten by finite d i f ferences  and the Crank-Nicholson method

is employed. Then :

1 f~ 2~ ~~~ ~2, ~-
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~ ;: ~
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k
(8 k 1 +$ k l
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k k
+ a

k
(8
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(8
k l +$ k l ) = = ( A . 5 )

Thus , grouping the unknown terms on the left hand side the finite differ-

ence form of Equation (A. 1) is

ck
O
k l  4 ak

e
k 

-
~ 

bk
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r k l )  (r

k+ l
_ r

k l )
a
k 

- - Zr k(r k+l
_ r

k i~ 
(r k l~~

r k
) (r

k~
r k l ) +

dk 
= 

~~
C

k~~k l  (
~~

ak
.f
~~~

)$
k 

-

If ~ is known for k = 1, 2 ,. . . , n where r is the radius of thek n
in te r fac ia l  surface at time i’-M’ , Equation ( A . 6 )  is applicable for  k =

2 , 3, . .. , n- 1.  At the inner boundary an imaginary  node is assumed such
that

r 2 
- r

1 
= r 1 - r

0 (A .7 )

and the inner boundary condition is expressed in finite difference form:

~ - + 8 - 82 0 2 0
= 1. = — ( A . 8 )2(r 2 -r 1) 2 ( r

2 -r 1 )

substitution of Equations (A. 7) and (A. 8) into Equation (A. 6) for k = 1

yields the equation for the inner boundary:

{ ( r
2

-r 1
) 2 + 

~~ 
} Oj - —

~~~~~~ 

O~~ 
~ ~ - A . 9 )

For k = n Equation (A.4) is not va lid for  ~ since is not defined at r .
Instead , from Equation (A.  1)

~~~ ~~r ~~~I n n n n n
2 r ~r ~T ~r ?r ~r ~~~

,‘

and from Equation (15)

n 1 ~L
25T ~ Te

so that, in finite difference fo rm
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2

~ ! -~~~~~~~ = ( ~~~ ) /2  ST (A . 7 )
n-i - i  n

and substitution into Equation (A. 5) yields

(L-r  ) 2

c 8 1 
4- a 8  = 

n 
2 /2  ST 

+ (A.8)

~~ 
_ - r )  e

n+ l  n

\~~~ere  c and a
n 

are  g iven by Equation (A . 6 )  with L used for r
k+l .
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APPENDIX B

PROGRAM ICE2

This appendix documents the program ICE2 which finds the tem-
perature distribution and interface radius for the axisymmetric system
using the temperature formulation developed in Section V. 2. b. Fi gure
B-i  is a program listing. Figure B-2 shows the necessary control

cards and sample input data to run the program. The input is organized

as follows:

Record 1 has a format of 5El2.  0 and contains the following variables

DIF - diffusivity of thermal storage material, ft 2 /h r

CON - thermal conductivity of thermal storage material , B T U / f t - h r - °F
DEN - densi ty  of thermal storage material , ibm/f t 3

TF - fusion temperature of thermal storage material, °F

HSL - latent heat of fusion of thermal storage material , BTU/ lbm

Record 2 has a format of 5El2.  0 and contains the following var iables

RI - outer radius of heat pipe wall , ft

RO - inner radius of outer caniste r wall , ft

QR - heat flux rate at outer heat pipe wall , B TU / f t 2
hr

DNR - ratio of solid salt volume to canister volume

DT - time between successive calculations, 
2

Record 3 has a format of 4El2.  0 and contains the following variables

DFF - canister wall diffusivity, ft /hr

CFN - canister wall conductivity, BTU/ft-hr-°F

DFN - canister wall density, ibm/ft 3

t P - canister wall thickness , ft
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Record 4 has a format of E lZ .  0, 315 and contains the followin g variable s

EPS - tolerance on calculation of energy integral

IP - print every IPth time calculations are made

L - if L = 1 output is dimensionless otherwise it is dimensional

ICN - case number for identification

I
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urIl2l ,T 1s,Io lo ,cM60000 ,sTcsA. p74o5 79,BANrIow ,KL12 1,229_2835
COMMENT.**********NO t’ECK*******-***

ATTACH ,F, ICE,CY= 1.
FTN,I=F,L,R=3,B=FLGO .
RETURN,F,
REWIND, FLGO.
FL GO, PL=20000.
* E OR

.035 4,11 181. 1310, 350.
.0625 .1195833 8691 ,133 .7056356 .095800525
.2244971 13.5 501.12 .005416667
.0001 1 1 0

*EOR
*EOF

Figure B -2

Control Cards
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APPENDIX C

PROGRAM ENT H

This  appendix documents  the p rog ram ENTH which calculate s the

axisymmetric temperature distribution and interface radius from the

enthal py formulat ion developed in Section VI. l . a .  Fi gu re C - i  is a pro-

gram l i s t ing ,  Fi gure C-2  shows the control cards and sample in put data.

Th e in put is organ ized a s fol lows:

R ecord 1, format  5 E l 2 . O

DIF - thermal diffusivity of thermal storage material, ft 2
/h r

CON - thermal conductivity of thermal storage material, B T U / f t - h r - °F

DEN - density of thermal storage material , ibm/ f t 3

TF - fus ion tempera ture  of thermal storage material, °F

HSL - latent heat of fus ion of thermal s torage mater ia l , B TTJ / lbm

Record 2 , format  5E 12. 0

RI - outer  radius of heat pipe wall , ft

RO - inner radius of outer canis ter  wall , ft

QR - heat flux rate at outer ed ge of heat pipe , B T U / f t 2 hr

DNR - ra t io  of solid thermal storage material  volume to canis ter  volume

ERR - allowable e r ro r  in enthalpy change

Record 3, format 4E 12. 0

ORF - relaxation factor effects speed of convergence

DFF - thermal diffusivity of canister  wall , ft 2 /h r

CFN - conductivity of canister  wall , B T U / f t-h r - °F

DFN - density of canister wall , ibm/ ft
3

Record 4, format 715

NR - number of nodes in radial direction in salt

NT - number of points in time
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IM - maximum number of iterations allowed

IP - print every IPth time

IR - dummy variable

IF - n umber of nodes in radial direction in wall

ICN - case number for identification
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~F ( i eL E . I F)  OF uF-
£F~ U . L T . X F )  ~ t.i=CF~ / C CN

- - - - - - _ 
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-

I~ ( : . E o . I F)  ~k1=2. -~~~~~ C~~~/ 1 L C . . C r N) , C c P .
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - —  -- —-
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:r ( H ( I ) . L T .0.)  GO Te 30

- - — - ~
_ ( 1) 0.--- — - — - — - -—  -

GD TO 40
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c_  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — 
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- 4! V=~ -, 1-~~-4 ,~ ~~~~~~~~~ 3~-,-/~,4440 -, 1’+ X-,~-T~4E~-~ — : J - -l-VI-~~
-
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U~’121, 130 , 1015, CM60000, STCSA. P740579 , BANL IOW , KL121, 229—2835
COMMENT.**********NO [IECK**********
CO iI i I EN T •

ICE~ CY=3 .
FIN, I=F,L,R=3,B=FLGO ,
R ET Li RN ,F
REW1 Nr’ ,FLGo .
F L GO  , PL=20000.

* E OR
.035 4.11 181. 1310. 350,
.0625 .1195833 8691.133 .7056356 .00001
1.92 .2244971 13.5 501.12

63 160 200 16 1 6 0
*EOR
*EOF

Figure C-2

Control Cards

t

- PA~Z 1$ ~
jgr 

~~.*LZfl P*~~X4*~j~j- * , 
~~?T
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APPENDIX D *

PROGRAM FIN

This appendix documents the program FIN used to calculate the

temperature dis tr ibut ion and in ter face  radius for the f inned  HP/TES

systems. Fi gure D- l  is a program list ing while Fi gure D-2 shows the

control cards and sample input data. The input data is organized  as

follows:

Record 1, format 5E 12 .0

DIF - therma l d i f fus iv i ty  of salt , ft 2
/ h r

CON - conductivity of salt , B T U / f t - h r - °F

DEN - density of salt , lbm/ft
3

TF - fusion temperature of salt, °F

HSL - latent heat of fusion of salt , BTU/lbrn

Record 2 , format 5E 12 .0

DFF - diffusivity of canister  wail , ft 2
/hr

CFN - conductivity of canister wall , B T U / f t - h r -°F

DFN - density of caniste r wall , lbm/ ft 3

QR - heat flux rate at oute r edge of heat pipe , BTU/f t 2hr

DNR - ratio of solid salt volume to canister  volume

Record 3, format 5E12. 0 -

RI - outer radius of heat pipe wall , ft

RO - inner radius of outer canister wall, ft

B - half thickness of fin , it

P - thickness of heat pipe wall , ft

C - length of fins , ft

Record 4, format 2E 12. 0

ORF - relaxation factor effecting speed of convergence

ERR - error tolerance on enthalpy change
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Record 5, format  415

NR - number of nodes in radial  direct ion

NT - number of points in time

NS - number of nodes in angular  direction

NFN - number of fins

Record 6 , format  415

IM - maximum number of iterations

IF - print every IPth time calculated

ID - print  diagnostic if ID = 1

ICN - case number for identification

- 
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:$ !I~~~~~~~~~~~ i~~~~ ~~~~~~~~~~~~~~~~~~~~~~~
- - 

74/74 C~~, i  
- - 

~~~ 4~~~+4~ E~ C

~‘*.CG~.M r 1t . C I~ PU~ ,t A P E I  I ~1F .11 ,Ot] PUT ,T~~PE2 OUTPU )
ti !~ E P ~S iO\  C 1 ( 2 5 , 3 0 ) , C 2 ( 2 6 , 3 0 )  , C 3 ( 2 5 , 3 0 )  , C 4 ( 2 5 , 3 0 ) , C 5 ( 2 5 , 3 0 ) ,

1~~H (75, 30), (25,301,1(25, 30) ,NF (25) ,F (2~
) ,RF (30 )

-~~~‘r  ( 1,10 0 )  O i F , C , C)- ., 1F ,~~ .L
- .E-C ( 1 ,10 0 )  CFF,c r~ ,CF:. ,oF .~ s.6 

______________________

E .~. (1,100) ~~~~~~~~~~~~
~E C  ( 1 ,100)  O — F , E - - ~.- E ~~ ( 1 , 2 0 0 )  11 ,,, ,..S, .Fr: -

— ~~~~ (1,20 0) j M ,.~
P ,i~~~,!’ P-! 

____

1C=I~
11:0
j~:=j 4

_____ ‘C- =57. ?‘~5 T 7 3

~~ = ( - .C- —~~1)/ ~ I/~~. ___________

~~~3.1415577/ MFN/ ~iS -

_____ ~~~~~~~~~ ~~~~~~~~~~~~~~~ ____________________________ ____

______ 
_ L  ~~~~ ___________

F~~~F/C  / ? l
F = C .  -~~/ CG~

~~ = ii I (Fl )
:F f F 1 —  N~~( F 1 ) . L , T . . 5 )  IF=!F+1

“1: — I 
________

3F D I F ~~C F P ’~/3FF/4..C~4 -- -

00 10 1 1 , M
—

.. 
_________ _____ ___________

IF( . LE . I F)  GO TO 10
* 

~F( i .& .V~~IF) CC TO 10 
_____ ____

FL)= .- —I (.’ (~.) 
______

I F ( ’  .L .( S~~+ G ) / ~~..) SC. I C  10
r~F I I)= 0  - 

__________

10 C3r1IP.Ur~ —-

~F ( A C . L s . h )  Gu IC 4 —

— 
W*. i~~E (?,~~O0) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~
W~~I1E 12, iOO) IC , S ,  1P ,M,”l ,‘- ~P.j
w~:’~ (2,700) (F(l),i~ 1,M) ______________________________
WDITE (2,tOO) (kF(1),I=1,P~)

I, CC~— 1 Z N L ’~. —_________________
(~O 20 11, Y
3 .C 2 0  ~~~~ Figure D-i. Program rlN

1~ i$ ?I&Z 1$ USI ~~~4T! ,N 4*S~~J 
-

£5 
~~~~~ ~~~~~ 

*

- 
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~~~
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~~~~~~~~~~~
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~~~

- -  —
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-
~

~‘-~r•-~ -



- -

IF (J...E.P . F( I))  ;1( I ,J)=L2( I,J )=~~3( I , J)= C4 ( I ,J )= C F I~ ______-- Z F  ( i .  F’ f l . PF  ( I ) # i ) ~~ fi~~,j T TT(T, JTu1~~r(TT Ft F~~FN 
- -

‘ F  (J . F ’O . t.F (j ) . :~~L.F( I) .L T. . 5)  C2( I ,J )= :C :’~ cF~~/ . 5~ CC f1 +C~~t~) + F C f l
1- ( ‘ - 3 ’ 4 — C F r~)
IF’ (J.E0.r~F(1).1.t.p43.c cI) ..J..5) C4( I,J ) :C 4 C F~~/ ( . 5a ( CO P~+CFN ) , F(

* 1F~ ( C G I ~— C F h ) )
iF (J. 6 O . l~F( I)+1.LN3.F(I) .GE..5) C2( l ,J)=CO N CFN/ ( .5~~(3~’CF U—C OPfl .

1 F( 1) • ( 0t._ C F N) )  
______________________________

IF (J . Fc.r. r (I,+ 1.A N D .F( I) . & E . . 5)  C4 (1 ,J)= CFP~
_ _ _~~~~f 

(J.FO.PF(!)+2.AND.F(I).GF..5) C4( I,J)=C.O I.~ CFN/( .5~~(3.~ C FN— C 0M )4 *

iF (~ 
) • (~..C.’.—(F:~)

20 C-~-~IF (IC.L .1I CC IC 6
W ’ T[ (2, 7 0 0 )  ( L1(I,J) ,J 1, *~ ) ,1 1 ,M ) 

-______________________________

W~~~~. E (2.~~00) ( (.2(I,J1, j=1 ,’Ji ,I=1,P4 )
W~~~~E (2 , 7 0 0 1  ( ( i .3( I,J),J 1,N) ,~~~1,Il)
W~~1T E ( 2 , 7 0 0 )  C ( ,4 (j ,J ) ,J j~~~J )  ,1~ 1,M)

6 1 - Dti INUE
C-C’ 30 Z=1,~

~O 3’) j~~ i , t~ 
- -—

~~~L.0.t) GO TIJ 40
1iL~~,J) 2. C1(I,J)~~~3(X f1 ,J )/ (C 1( I ,J )+C3 ( I+1 ,J ) )
:3(: +1,J) :t i( I,J)  

—4 0 1( 1,J) 1( I ,J )/ L O i~~(1.+C~~/2./~~
)

L?L,J)= ?(I,J)-’ ( Lt~/i ./CS )~~’2./C0N

_____ 
4(1 ,J)=~~4(I,J)4(Oc/~ /D~~)~~-’2./CC!N____- 

IF (I.FO.1) C3 (I,J) 0.
~F (J .EO.1) C’.( I,J)=0.
1’ C I .EO .~’) C1(I,iF 0. —

_____ 
Zr ( J .= O . N)  C?( ! ,J ) 0.
F r — c .
1F_ (J.L E.NF( I) )__FF= 1. 

_________________________________

£ F (J .EO.t ’~F( I)+1e FF=F(I) —-

c5 (I,J)=~+ (ct (I,J)+~2(z,J)+c3(:,J).ck(I,J))/(1.—FF~ c1.—DFr)) *

_____ ~H (1,J) 1.
IF (J . tE . N F( I) )  PH( I ,J )=0. 

--

__________ 
IF (J.~~O.t~~~l)+1) Prl(I,J) 1. F (I)

-

~n C .Lt’* I.IF
!F L D . L .  .1) ~u 10 7W’~ .’3: (2, 700 ) (L1u,J) ,c2 ( I ,J) ,C3(l ,J) ,c .4( I ,J ) ,r5(I,J) ,

j J=1,t~) ,I~~1 . M )
~~~~~ ( 2 , 7 0 0 )  ( (H( I,J) ,Jz 1, p

~),I=1,H)
W ? I ~~E (2 ,70 0 )  ((FH(I,J) ,  J=i,’~

) ,1 1,$)
~~~~~ (2,700) ((T(I,J) ,J~~i,I,) ,I:i,ti )

7 :o INII( —

.M = ~ wc . 1oo
W~ I T E  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
WD T( 12,350 )OE~:

’,0F~~,, ,~ T’~,3IF ,DFF ,MSL,M ,N,N1 ,p,~F.EpF ,IpI —-

w~:~~ (?,3f0)TrFF, F,ST 
— __________________

-- --‘I,. 66
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60 1 =0
95 (

~
) C J 1,P 

____________________—— R F ( J ) 0.
OI~~H (1 , 1)

——________________________ __________________________

rUl, 1) ~O~ Fa (11 ( 1 ,1 )—Oh )  +OH
1 (1,1 ) H( 1 ,j )/ C F i ~
EN 1.~3S (H (1, 1)—C HI
ED uBS (H (1,1))
DC ’ 50 1=2,111 

______________________

3H=H_C!_.1) 
______ _____________ _____

1)) /C 5( 1_,1) 
________ _____________________________

IF (M( I ,1) .LT .0.)  GO TO 60
M U , t ) = H L  , 1) *t S( j , 1)/ 0
T (.,j)=0.

_____ 
£F ( r ~F( 1) .LT . i . ) PF( 1) (I IF H ( T , J ) ) ~~D F(+1.
~~ I C. 0 — - - -

— 
60 F ()H.L~~.C.) hL,,1)=O’F~- (H(I,i)—OH)+OPFF=F ( I) -

~~~~~~

IF (‘~F (I) .GT.0) t~F 1 .7(1,1)=H( I ,1)/ ( 1.— F F4( 1 . —DF ~ ) )

____________ ~~E~ 1+ ‘ FS ( I- ~
( I , 1)—O ’-4 )

E~~=ED+ o 9 S(~ - (1,1))
50 ~C- I1)’U~— 

~~i— h ( P , 1) —___________________________________________________

I F ’ - U V . 1) . LT .0  ~,O IC 90

CC, iC 70 
______

rF(CH.:TT.i3.) H (I ,1)~~E~~F~~(rl (tI,j )—3H)G,.i-HTP  .1) ~I ( , i)/uFr.
Er~=E~)+..E3 (Hfr, 1)—OH)

_________ ~~~ E O+ -.~~ I H U ~, 1))
70 CW.I I N U E  — -

_______ 
DO 5 J 2,l.1
OH=H (1, J)

~i( 1,J)~~(C FH( 1,J) +11t1,J) I(2 ,J) +C2 ( 1, J) ’T ( 1 , J+ 1) +G 4( 1 ,J )~~T ( 1 , J — 1
1—~~. S 1)/ C 5 ( 1 ,J )  —

rC( 1, J ) O ~ F~ (H( 1 ,J)—OI-t ) +CH 
______________

(1,J )=H (1 ,J )/Ctr.
~~~~,::~~~~+t  ~~~ _ (r’(I , J) — Cr1 )

i-O 15 ::2,- t
1 F ’ ( 1 . J )

IF (1(:,J).L..o) GO ~0 25 
— - —~~~~~~~~~~~~~~~~~~~~~~~~ — ———- - —— —- — — - —  -

iF (.
~F(J ) . t T .j ~] f~~( J = :_ : F~~41T JT .o=,1.

GO ~3 15

~~I1 Pill II ~IS? ~V1L*Y! a~~~ *a
67 ~~~~~~ :~~ •.~~ ~~~
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- - 
25 Ci~~ LT . O . )  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Fc=0. 
_________ ______ ______ ___________________

IF (J .LE.P .F( I) )  FF 1.
IF ( N F ( I )4 1 . E O . J )  FF = F( I )

-

EP~~EP) 4~~63fH ( I  ,J )— O H)
EO=EU +A S S ( h ( I , J ) )

15 ~0::IINUE
OH=H (11,.))
HU,J ) = ( D~ FH ( M ,J)+ C2 ( M ,J)~~~ (M,J +1)+C3(Pl,J )~~~ (M—1 ,J )

1+C4 (r~,J)~ T (W ,J_1))/C5(~ ,JI
:F ( ‘4 (H ,J ) .~~~.0.I GO IC 45
,i( J )= H( r ,J ) - ~C5 ( M ,J ) / t ~ 

—

T ( ’ 4 ,J ) = O.  - _________________________________________

Cu 10 35 ___________________________________________
45 IF (O H. LT . O .)  H(t i ,J )=0~ F~~( H( 1 ,J )—0 H) +OH

_____ 

T ( p  ,J ):H(P’,J )/LlFr
E~~~E~4 +hE~ (H(H, J )— 0H )

- = E D +.’ e 3 t h ( M,J) )
35 C’OI~IIUUE
5 

____________ _________________________________________________
Or~~k (1 , p~)

(1,~~) = ( O 4 ~~k(1, t~) +C 1( 1, I, )A T ( 2 , N ) + C 4 t 1 , N ) 4 T ( 1 , N_ 1)
1—3 •S I )/ C 5 ( 1 , t~

)
-4(j~ ~) = 0-F ~ (11(1 , :. ) — O H )  +0k
1(1, ~)= H(1,P~)/C F,~

— _____________________________________________________

55 :=2, M1 _______________________________ ____________________

(jr IH (I ,k)

—1# C6 ( I , N) ’T (t , !~— 1) ) / C 5 ( i , P~
)

IF (rUI ,N) .LT .0.) GO IC 65 
——-  

I f : ,  -~) = 14 ( 1 ,t1 )
~~C 5 ( I,N)/ D -- - — - -

~ (: , 
;~) = 0. 

_____

IF’ (~~F(N) .LT . l .)  RF( t ~) = ( I— F—h( I .N ) ) Dr+1.
0 T C  55

65 !F (3H .LT.O.) hI, r~’=c~ F~~IH U,~~)—0HJ .Ok
FF :fl. 

______ _____________

Z F  (
~4 F ( I ) .C~E.N) FF=17~ 

—-___________ __________________

T ( i~~’’) :11(1 ,N)/ (1.~~F ’  ( l. — ’J Fi~) 
________ __________ __________—- 

E’~~E’~+ ~~~~( H( I,!~)—C ’-U~~~~~~~~~~~~~ 
— _ _ _ _ _ _ _ _ _  — 

J

cs :~~ 
‘?‘,. !J F’

)~-‘:H (p , ________________~~~~~~~~~~~~~~~
( . - , i~ ) : H ( r *, ’4 ) / C~~i... -~~~~~~ — _______ _________

75 ~.0 : ”~~~uE
iF (E’~.L~~.E~~~E~- i )  GO T~ 35 

*

— - 
iF(~~~.~~T.!ri GO *0  ~5

~75 !~~IS+1
___________ __________

:r f 1C.L~~.IP) GO ~~~~ 2
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- - - - -

0 1 1 1, P’
— - - ~~~~~ _ -

~o I
- - -—

lF  ( J . L E . N F’ ( I ) )  n1 0.
IF (J.EO .P-F (i) .li H = F ( I )

_____ 
HJ: MPl t* Xl (0. , 14(1, J)

1 FH(I,.J)=T (i~jT7 ~~~~~~~~~~~~~~~~
—— — - ---——-— --—-—- --

~~~~~~ -

E~- = E ~,/ EC

: j~~7.4 t , F I~ /1.14i5’~27
- - ___________ —~~~~~ ____ — - - - -

_____ 
r,E =SC F’ T (1. +S1)

W~-IIE (2,4C0) TF ,FE,I,E,S~’,iT,E k 
____J1=1 — —____________ -

~~~~~
- - _ - -— -

— 1-3 J2=J1 +J~ __________________

J2 t M Ir .O(J? ,~4 )
W~~1T E  ( 2 , 4 5 0 )  (

~~f (J l ,J =J 1 ,J 2 )
CO S J J I , J 2

C’

W~ j T E ( 2 , 5 0 C )  ( J , J ~ Ji,J2) -_________

~ c ii J= J 1 ,J ?  
_____ ______________________

11. ~F ( J ) (3 .~~~C 1 , J ) — ’ ( 2 , J ) ) / 2 . / ~~I
W~~ 1~~ (2,~~50 ) ( FF ( J ) ,J= J 1 , J2 )

~~ 14 J J I ,J2
- 1’. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

W :I~~E (2 , 7 5 0 )  ( P F ( J ) , J =J1,J2)
W~~.~1E ( 2 , 6 0 3 )
OD

12 W u~I~~E (2 , 65 0)  ~- ,t PH( I,J) ,J=J1,J2)
J1:J2+ 1 

______

iF (J1.LE.P- ) ~~~~~~~ 13
!C:O -

IF ( IS . L E . 1)  1 C 1
2 00 3 1 1, M

00 3 J=1,N
3 F P 4 ( I , J ) h ( l , J )  

____ ________— -______ _ _ _ _ _  ——--- - -

100 F~~-~” ..1 (S F 1 2 . 0 )
— 

200 ~c - ’  4 T ( ~f5) - -_— - - -—- — —- — —  ______ -- _ -
~~~~~~~

-——_ -- —  — --  - — -

300 ~~~~~~ (it~1,/, 2 ( j H O ,/ ) ,1fr ,14X , HE$e T ‘~,-~~,~SFEr. N PHUSE CH’~’ G E/ T HE ,
1~:~~ ENEI-.C.V S T C ~.E..GE !‘ V ,/ ,1hO,3~~~, C ~ SE kU ’~~f~~~,I3,~ C.IWEN~~iC ’~~.~~5S flIj) P~ T~~,j ~~,$ FII~~~~,/,1H0,25X ,~~HE~ T_ FLUX ~~ ‘E_ (B’U/ F1~~~2/h 1

— ____ 
1~~Tf F GEO’ iF~~~Y’ ,22X, FIu GECkF , Y~ ,/,1w0,32X.’w~ LL TH1CI(NE~~~,F I a ,I
110.~~,f X ,~~(’Up ~BFI. OF ~I 3,/ T) 1T34Y t’IN:r. I U i ~~~,FTU.5,
lOX , FII, TH1CKP-4fS~.,FTz~ ,F10.3,/,1HO,34X, C,UTEP ACIUS,FT=~,F10.e ,i.
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IX ,’FIh LEp r~TH ,F1=~~,r1p .6)
35C FC PIt T (///,114 , 56X ,’ ‘

~~ ‘E lP~.. F~ 0PEr. IE~’ ,/ / , lH0 ,39X ,~~PP( °Ei(TY’
1,20X ,~~~h.~~F CHbNL,E ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

____ 
1’ EM~..I Y ,L /F1. 3”,30X , .3,1cY ,Fj.3,/,1w0,27x ,*THE .~MAL_ CO NDUIT :—— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ EIFFUSTV~ TY
1~” ’  2/ NR” ,25X, f l  .6,15X , F c.6 ,/ , lP4 IJ ,27 x ,-’~../.T EUT I-’ E ,.T OF FusIoP~,eTu/ .
13h ,12X, F’t .3 , ///,1t-1 ,52X , jIEr~..I ICj N C.Ot. T CO L PA C ’i E TE ’- ’ 5~ , f / , l H  ,5X~1’~~OCML. ~ T IL .0TURE)# ,!5,4 *~3CES 0IAL Y~~,I5, A~~GU L .~*~ HO~ ES4,I5,*
lIME OTEP ,/,1H0,5X,~~I1E~~.TICl. ~4 i i V t C EL TT~~~F~:

____ 

1 4 ,F6. 3 ,5X , Ebr~&~ IOLE~ A P - E ’ ,E12.4 ,’ XIM U!~ ITER4TION S ’,I5.
160 F0- M~~l (/ / / , IH  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~1jTI~~L ErF’ E TUkE,F~~~,F’.3,12x,’S1EF F, WU?13E~~~~,rj2.~~)
400 FO- r ~~ (1bl, TI’ .~~-’,FC.*.,3X,~~~FF F~~U~~U S~~~,F9.6,3X, HEAT EYTIkACTEI;

1~~,F9 . 6 ,3 X , *SO Lj C V th,. tJ ’4 E + ,F .6 ,3 Y ,~~1i ER4 IO1’0=~~,I4,3X,
1 Er’ .r C ~Fc~~~~~,E  12.5)

4 50 FOt fit .T (1k’),’ 5/ 1 C US’ , lSFe.4 )
500  

— FC - ~~..*.T (111 ,~~FIN G *- N GL E~ , 1SFs. 1)
550 t C~ t~ ,T (lb ,*I0 w&LL IEMP* ,15F~~.4)
600 FO :rM T (lb ,6X ,’r~AOj U~,’,70X, 4N O C A L  U~~HEI~Si O N L E S S  T E M P E ~~L T U k E S  r

1 — TF ) /T’l.~~) 
-

650 ~‘O’ r~~T (lb ,4X ,16F~ .4) -

7 00  ~ O~~r*~.T (l~-~ ,1SFE ~.4)

(II- ,~~O[ P’*AL~ T EM P~~,15F~ .4) 
—

~0f) F u P ~~T (lb ,10E12.5)

~00 F O — ” ~~T ( lb  , I5I5)  
_______ _____ -
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1)11121, 1200, 1030, CM60000, STC SA ,  P740579 , BANE’OW , KL121, 229—2835
COiIMENT.**********NO IiECK**-****~****COMMENT , **-*********93392*******-****
ATTACH ,F,FIN,CY=1
FIN, I=F,L,R=3,B =FLGO.
RETURN,F.
RE (4 IN 1’ ,FL GO.
FLGO, F’L =20000.

* E OR
.035 4.11 181. 1310. 350.

.2244971 13.5 501.12 8691.133 .7056356
.0625 .1195833 .002604167 .005416 667 .05447917
1.93 .00001

21 80 30 6
200 8 0 20

*EOR
W E OF

Fi gure D -2

Control Cards
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