AD=ADB0 131

DAYTON UNIV OHIO SCHOOL OF ENGINEERING F/76 10/3
ANALYSIS OF SOLIDIFICATION IN A CYLINDRICAL ANNULUS WITH INTERN==ETC(U)

FSS‘IS-T?“C-!OO#
AFAPL=TR=T9=2088

H E BANDOW: J N CRISP
UNCLASSIFIED UDR‘TI'T.-"




"Il |0 022 2

e——— v
= I 22
w g -

i
TR
e

22 s e

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A




Y
s
=i{
-
a0
Q@
<\
o

T

~ (DL

"

N

= %

AFAPL-TR-79-2088

ANALYSIS OF SOLIDIFICATION IN A CYLINDRICAL ANNULUS WITH
INTERNAL FINS

Howard E. Bandow
John N. Crisp

School of Engineering
University of Dayton
Dayton, Ohio 45469

JULY 1979

TECHNICAL REPORT AFAPL-TR-79-2088
Final Report for Period October 1977-October 1978

Approved for public release; distribution unlimited.

AIR FORCE AEROPROPULSION LABORATORY

AIR FORCE WRIGHT AERONAUTICAL LABORATORIES
AIR FORCE SYSTEMS COMMAND
WRIGHT-PATTERSON AIR FORCE BASE, OHIO 45433

80 1

Sl o




NOTICE

When Government drawings, specifications, or other data are used
for any purpose other than in connection with a definitely related Government
procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the govern-
ment may have formulated, furnished, or in any way supplied the said
drawings, specifications, or other data, is not to be regarded by implication
or otherwise as in any manner licensing the holder or any other person or
corporation, or conveying any rights or permission to manufacture, use,
or sell any patented invention that may in any way be related thereto.

This report has been reviewed by the Information Office (OI) and is
releasable to the National Technical Information Service (NTIS). At NTIS,
it will be available to the general public, including foreign nations.

This technical report has been reviewed and is approved for publication.

“Tom Mt

= = <

E. T. MAHEFKEY : ROBERT R. BARTHELEMY (f

Project Engineer Chief, Energy Conversion Branch
Aerospace Power Division

FOR THE COMMANDER

o /" 2/

/KARL H. MULLER, Lt Colonel, USAF
Deputy Director, Aerospace Power Division

AF Aero Propulsion Laboratory

"If your address has changed, if you wish to be removed from our
mailing list, or if the addressee is no longer employed by your organiza-
tion please notify AFAPL/POE, W-PAFB, OH 45433 to help us maintain
a current mailing list''.

Copies of this report should not be returned unless return is required by
security considerations, contractual obligations, or notice on a specific
document.

AIR FORCE/56780/10 January 1980 — 100




SECURI ?&ASS"F}CATIC‘:N OF THIS PAGE (When Date Entered)

L7 REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
.. BEFORE COMPLETING FORM

; / 2. GOVT ACCESSION NO
AFAPILH{TR-79-2088

,/?c/?uem"s CATALOG NUMBER

4. TITLE (and Subtitle NES——— et

ALYSIS OF éDLIDIFICATION IN A CYLINDRI-
CAL ANNULUS WITH INTERNAL FINSO

a—————

ERIO
Final Keport ¢
Octo® 77-October=1978

i [UDR-TR-78694UDSE-TR-78

7. AUTHOR(s)

—— et et

(1)
——
@F33615-77-C-2f504 T25

(s)

; . Howard E /Bandow‘” John N /t'rlsp J

A T————

3145-19-49

9. PERFORMING ORGANIZATION NA ‘E AND ADDRESS
School of Engineering
University of Dayton
Dayton, Qhio 45469

10. PROGRAM ELEMENT. PROJECT, TASK
A & WORK UNIT NUMBERS

1 g

11, CONTROLLING OFFICE NAME AND ADDRESS
Air Force Aero Propulsion Laboratory/POE [1
AFWAL (AFSC)
Wright-Patterson Air Force Base, Ohio 45433

Jul.ﬂ'? 3

o \ﬁ-""“
13- NUMBER OF PAGES -
o/ 7
82 pages GB j 2"’

14. MONITORING AGENCY NAME & ADDRESS(if different from Controlling Office)

15. SECURITY CLASS. (of this report)

Unclassified

15a. DECL ASSIFICATION DOWNGRADING
SCHEDULE

NA

—{

'
oL J

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION ST 4ENT (of =+

abstract entered in Block 20, if different from Report)

18. SUPPLEMENTARY TES

Heat transfer, heat pipes, thermal storage

19. KEY WORDS (Continue on reverse side if necessary and identify by block number)

20. ABSTRACT (Continue on reverse side If necessary and identify by block number)

efflux via a heat pipe. Results are presented for

Solutions are presented for the one-dimensional and two-dimensional
inward solidification of a material contained in a cylindrical annulus. The
outer boundary is insulated and the inner boundary is subject to a constant

the axisymmetric case and

for the cases of three and six longitudinal fins of rectangular cross section.
The fins extend radially from inner to outer radius and were symmetrically \i

p ey

DD ,%n'5s 1473

Unclassified

SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)

Jus

Ho5 377




Unclassified
SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)

20, Abstract
[ spaced in the circumferential direction. The phase change material was
LiF-MgF‘E-KF and was assumed to be initially at the fusion temperature.

.

/

Uncl ified

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

S A —




ABSTRACT

Solutions are presented for the one-dimensional and two-dimensional
inward solidification of a material contained in a cylindrical annulus. The
outer boundary is insulated and the inner boundary is subject to a constant
efflux via a heat pipe. Results are presented for the axisymmetric case
and for the cases of three and six longitudinal fins of rectangular cross
section. The fins extend radially from inner to outer radius and were
symmetrically spaced in the circumferential direction. The phase change

material was LiF - MgF2 - KF and was assumed to be initially at the

fusion temperature.

ACCESSION for
NTIS White Section
Buff Section [J

poC

UNANNOUNCED o {
JUSTIFICATION

BY 3
DISTRIBUTION/AVAILABILITY (
Dist. _AVAIL and/or 'y : |

o | ol
A |

? b

: i




TABLE OF CONTENTS

SECTICN

I. INTROPDUC FION Gt st o damem Bniice il s o
1I. OBJECTIVE ANDSCOPE ¢ ¢« . ¢ ¢ o o o ¢ o o o
III. "SYSTEM DESCRIPTION. o o« o o ¢ ¢ o o o o o o
VI. ANALYTICAL APPROACH . ¢ ¢ ¢ ¢ o « o o o o«
V. ANALYSIS OF AXISYMMETRIC SYSTEM . . . . .
Formulation of Equations « « + « « + ¢ o « &« « &
Solution e e o o e o o e o © o © & o o o o o o o
Approximate Analytical Solution . . . . . . .
Numerical Solution. « « « ¢ ¢« & ¢« ¢ o « o .
VI. ANALYSIS OF FINNED SYSTEM. . . « « « « « .
Formulation of Equations » ¢« « ¢« « & ¢ ¢« ¢ « o .
Axisymmetric Formulation and Solution . . .
Finned System Formulation and Solution . . .
VII. RESULTS AND DISCUSSION: « « &« ¢+ « o o o &« &
Results with Axisymmetric Case. . . . « « .
Results With Fins e o & o o 8 ¢ o e o o ° o
VIII. SUMMARY AND CONCLUSIONS « ¢« ¢ ¢ ¢« ¢ « « &
IX. RECOMMENDATIONS . ¢ ¢ ¢ ¢ o o o o o o o &

APPENDIX
A AXISYMMETRIC HEAT CONDUC TION EQUATION .
B PROGRAMICEZ « ¢« o o s s s o s ¢ ¢ v v 9 o
C PROGRAM ENTH . . L] L] . . . . L] . . . . . .
D PROGRAM Fm . . . . L] L ] . . . . . . L] . L] .

REFERENCES . . . . L] . ] e o . e o . . L] . . . . e .

o

o L3
. 14

. 18

« 18

. 19
o 22

. 25

. 25
« 28

. 44

. 45

. 47

. 51

. 57

. 63

o 12




FICURE

10
11
12
13

14

LIST OF ILLUSTRATIONS

Axisymmetric HP/TES System Geometry. . . . .
Finned HP/TES System Geometry . « . . « « . .

Flow Chart of Temperature Model of
Asizymmetric HP/TES System . « « « « s « o s

Flow Chart for Enthalpy Model of Finned HP/TES
System & L& L@t g el e el e e | ekl e Les @l i L@ s

Temperature Distribution as a Function of Radial
Position in HP/TES System (Axisymmetrical Case)

Wall Temperature and Interface Location in
HP/TES System ® o o o e 4 e e o o o e & o o

Temperature Distribution in Axisymmetric HP/TES
System Determined Analytically and by Two
Numerical Techniques . « » ¢ o = s« = o s o =

Interface Radius vs. Angle for 0, 3 & 6 Fin
HP/TES Systems, Heat Extraction Rate = 0.25 kw.

Wall Temperature vs. Angle for 0, 3 & 6 Fin
HP/TES Systems, Heat Extraction Rate = 0.25 kw.

Interface Radius vs. Angle for 0, 3 & 6 Fin
HP/TES Systems, Heat Extraction Rate = 0.50 kw.

Wall Temperature vs. Angle for 0, 3 & 6 Fin
HP/TES Systems, Heat Extraction Rate = 0.50 kw.

Interface Radius vs. Angle for 0 and 6 Fin HP/TES
Units, Heat Extraction Rate = 0. 75 kw « « « o o &

Wall Temperature vs. Angle for 0 and 6 Fin HP/TES

Units, Heat Extraction Rate = 0. 75 kw « ¢« « o« « &

Interface Radius vs. Angle for 0, 3 & 6 Fin HP/TES
Units, Heat Extraction Rate = 1.00kw . . . « «




FIGURE

15

16

17

18

LIST OF ILLUSTRATIONS (continued)

Wall Temperature vs. Angle for 0, 3 & 6 Fin
HP/TES Units, Heat Extraction Rate = 1,00 kw

Interface Radius vs. Angle for 0, 3 & 6 Fin HP/TES

Units, Heat Extraction Rate = 1.50 kw . . .

Wall Temperature vs. Angle for 0, 3 & 6 Fin
HP/TES Units, Heat Extraction Rate = 1.50 kw

Heat Extracted vs. Wall Temperature for
0, 3&6Fin HP/TES Unite + « o » « = » & 4

Program ICGEZ. &'c o & @& odlle o & o & o & -
Control Cards « « « o « o o o o o & & o & =
Programi ENTEH « o ¢ o o & s @« o o o s o @
Control €ards & ¢ v U des e s v .
Program FIN o o ¢ ol o 0 ois o e o elie & e

Control Cards s o o 'a % e s w 6 e w8 e a8 e

vii

PACE

e J

TR




NOMENCLATURE
B Fin thickness, ft
c Specific heat of the salt, BTU/lbm°F
f Volume ratio of solid salt to cannister
G Fin length, ft
hg, Latent heat of fusion of salt,” BTU/lbm j
h Specific enthalpy, BTU/lbm
k Thermal conductivity of salt, BTU/ft-hr—oF
kl,k2 Thermal conductivities on the element surfaces; r=r. +Ar/2
k3,k4 *J:—ilr “AY/2, r=r, -Ar/Z V= ‘l! =AY /2
kf Thermal conductivity of heat pipe wall, BTU/ft-hr-°F |
| Radius of liquid solid interface, ft
Lf Radius of liquid solid interface when solidification is complete, ft 1‘
£ Dimensionless frontal radius
J?,f Dimensionless radius when solidification is complete
h Unit vector normal to the surface and directed outward from
the control volume
12 Thickness of heat pipe wall, ft !
q" Heat flux rate, BTU/ftZ-hr
R Radial distance, ft
RI Radius of outer surface of heat pipe, ft
RO Inner radius of outter cannister wall, ft
; Dimensionless radius
STe Stefan Number .
T Temperature, oF
TF Fusion temperature of salt, OF .
AT Temperature drop across heat pipe wall, °F 4
t Time, hr 3 L3
v Dimensionless volume = volume/ﬁRI2 i : i
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SECTION I
INTRODUCTION

In many applications, thermal energy is available in an intermit-
tant form, and demand for this energy does not necessarily coincide
with availability. Solar energy, for examiple, is not available at night,
and similarly 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
energy storage 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 batteries, hydrogen storage/heat engine, flywheels, 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 transfer 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 solidifying char-
acteristics 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. Carslaw and Jaeger discuss the

few exact solutions available as well as some approximate solutions.

(2)

Kreith and Romie present solutions for the cases of uni-dimensional
cylinders, 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




(2)

Romie 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 applications and

(3)

problems such as continuous casting of cylindrical ingots ', two-

(4)

dimensional freezing including convection effects in the liquid region' ’,

and axisymmetric semi-infinite hollow-cylinder with convective heat

(5)

transfer at the inner radius

e




SECTION II
OBJECTIVE AND SCOPE

The purpose of this investigation is to determine the thermal
characteristics of energy-storage systems utilizing a cylindrical 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 transfer 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 neglected. The phase change
material will be assumed to have a distinct fusion temperature and
initially the liquid is uniformly at the fusion temperature. Additionally
the thermal 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 neglected.




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 - MgF2 -
KF. The cannister and heat pipe walls are made of . 065" thick 304
Stainless Steel. The outside diameters are 1.5' for the heat pipe and
3.0" 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 fins
are parallel to, and project radially outward from, the longitudinal axis
of the heat pipe. The configurations with three and six fins contain
3.9985 1b. and 3.8742 lb. of the thermal storage material, respectively.

The finned configurations are illustrated in Figure 2.

P ot Ltk




THERMAL ENERGY
STORAGE MATERIAL

SNANNNNNNAN

INTERFACE BOUNDARY

Figure 1.

Axisymmetric HP/TES System Geometry




TABLE 1

HP/TES MATERIAL PROPERTIES

Thermal Fin, Cannister and
Property Storage Mat'l Heat Pipe
(LiF-MgFZ-KF) (304 SS)
; 3
Density, lbm/ft 181.0 501. 12
Conductivity, BTU/ft 1b° F 4.11 13.5
2
? Diffusivity, ft/hr 0.035 0.224
Latent heat of fusion, BTU/lbm 350.0 N. A.
Fusion temp, F 1310.0 N. A,
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Figure 2. Finned HP/TES System Geometry
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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 interface and the tem-
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 analytical form and more exactly in
numerical form by solving a tridiagonal matrix equation. In the finned
system a more complex formulation involving both the temperature and
enthalpy is used because of the complexity of finding the interface

location.

!
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SECTION V
ANALYSIS OF AXISYMMETRIC SYSTEM

Formulation of Equations

In the axisymmetric model it is assumed that variations along the
longitudinal axis of the system are negligible. Heat losses from the
outer shell of the cannister are assumed negligible as is heat transfer 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 from the system is ignored.

Under these assumptions the temperature distribution within the

salt is governed by the unidimensional transient heat conduction equation:

or_ , 2% 1w n
ot BRZ R ©oR

where T = temperature, F

t = time, hr
R = radial distance, ft
Z
@ = thermal diffusivity of salt, ft /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:

oT
2= = g" = S0
k SR q for R RI' t (2)
where k = thermal conductivity of the salt, BTU/ft - hr - F

q'"" = heat flux rate, BTU/fl:2 - hr

"

radius of outer surface of heat pipe, ft




By assumption the initial temperature distribution is described by

T(R.t) = TF forR>RI, 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) = TF forR=1L, 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 incomplete.

To determine L, two approaches are considered. In the first, the

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

from the interface to yield:

o
(oY,
=

ZwLphsz;’T = 27l k 2 for R = L, t >0 (5)

3
where p = density of salt, lbm/ft
hsz = latent heat of fusion of salt, BTU/lbm

Equation (5) along with the initial condition;
L(t) = RI fort = 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

2 2 ’ '
prr(L -RI)h% - f Pc(T-TF\ZanR = q"t(ZﬂRI) (7

o




where c is the specific heat of the salt, BTU/1bm°F.

In Equation (7) the first term is the internal energy from 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 neglected this may be found from the steady state heat conduction

equation to be:

(8)

where AT= temperature drop across heat pipe wall, F

s

p = thickness of heat pipe wall, ft.

thermal conductivity of heat pipe wall, BTU/ft - hr - F

Systems such as that described are seldom completely filled with
solid salt in order to avoid excessive hydrostatic 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:
2
1

5Pt e 9
1

where f = volume ratio of solid salt to cannister

inner radius of outer cannister wall, ft

P 2
o
" 1

radius of liquid-solid interface when solidification is complete.




To generalize the solutions, it is desirable to express the preceeding
equations in terms of dimensionless variables. Substituting the variables
. 2
8 = k = IR - = s = : =
(T TF)/q T R/R; L/RI T r:\'ts/RI (10)

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

2% , 120 _ 28
2" 2 Ay o (A3}
or -
36 1
= = 1. for e = 1, % > 0 (12)
Ofx,T) = 0 ferr > L. T = 0 (13)
8(r,T) = O. forr = £, T > 0 (14)
Y d6 =
N STe s for . = 4, T > 0 (15)
L) = 1 T =0 (16) !
2
zz_-l j 5] d = 7T
2 ST - rdr = (17)
€ 1

Equation (16) may be solved for £ to yield |

)4
L = -\/1'+ ste.(nf 8rdr) (18)

1

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

ST, = 9'R /ophs, (19)

where sTe = Stefan Number

T = dimensionless time
£ = dimensionless frontal radius §
r = dimensionless radius

® = dimensionless temperature » i




It may be seen from Equations (11) through (16) that the solution
for 8 and £ in terms of r and T is characterized 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 (11) through (14) to for-

mulate the problem.

To find the time when solidification is complete, from Equation (9)

2z 3
\[(RO-RI) R} -\/' s
go= Ve —=2—1 . 2 . L+ f(r S orD) (20)
R, R, %

and from Equation (17)

Y
el ff

T, = —— - 8

£ 2 57 rdr (21)
e
1
where Jlf = dimensionless radius when solidification is complete
‘Tf = dimensionless time when solidification is complete.

Solution

Two different approaches to solving the system of equations
representing the axisymmetric system will be considered. In the first,
the change in internal energy of the solidified salt is neglected and an
approximate analytical solution is found by solving Equations (11) 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 Analytical Solution

If the change in internal energy of the solid salt is neglected

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

13
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Then the expression 6 = Clln r + C2 is seen to satisfy Equation (22).

Applying the boundary conditions (12) and (14) gives the solution:
8 = In (%] (23)

Substituting (23) into (15) yields

S
o4 Te
¥ (=4}

In Equation (24) we may separate variables and integrate to

find an expression for £:

L = V1+steT (25)

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

)
f 6rdr = 0 (26)
1

Equation (26) is merely a restatement of the assumption that
the change in internal energy of the salt is negligible 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. H




: . k
Let the temperature distribution at time t be known in the

form of

k
Bi = e(rrtk) ; 1 <iSn (27)

4 1 1
Then if £k+1 = l(tk ) is known we may find eik+ 1<isn+1 from the

tridiagonal matrix equation derived in Appendix A which is of the form

B b o i b

2, B, & g
0
¢y by 2 d;
c a. b
g "% %4 B o

b c a4 | 6 e jd.

n n n n

The procedure to calculate the temperature distribution is
illustrated by the flow chart in Figure 3. First, a time increment AT is

selected and r(2) is calculated from Equation (25) as:

¥(2) = £, = L{A%) = Vl+ZsTeA'r (29)

1
and
81 = O(r=1) = O(r(l = hicac 30
} T 8(r=l) = 8(x(1)) = in(;5) (30)
and
1
02 = 0 (31)

where the 6's are found from Equation (23).

k+1 k
From this point on, the procedure to find 6i = 0i 1is the same for

k+1 k
each time step. Initially, it is assumed that 6i = 0i and Zk+l is

calculated from Equation (18) where




|7 INPUT
| INITIALIZE

CALCULATE D(l), SUP(l), RH(l), ONRG
TP=2. * DT DNRG=ONRG IC=IP NT=2
A

[¥P = SQRT(1+2%F*(TP+DNRG))|

T
CALCULATE SUB(NT), SUP(NT), D(NT), RH(NT)

FOR I=1,NT

DIA(I) = D(I) + 1. /(TP-TNT)
B(I) = RH(I) + PT(I)/(TP-TNT)

CALCULATE B(I), I =1,NT

CALCULATE DNRG
l

ONRG e DNRG - ONRG

=DNRG -ONRG

YES
TP = INT ol
RMAX - R(NT) XE - RMAX . G001

YP - P(NT) YP - R(NT)
(TP-TNT)
€ =1 |

YES

R(NT+1) = YP
CALCULATE RH(I), 1 =2, NT
NT = NT + 1 |
PT(I) = B(I), 1= 1,NT

]

J YES

PRINT
IC=0
)
| I€=IC+1
TP = TP + DT
|TNT=TNT*DT

NO YES

<"LAST PRINTZ>>

Figure 3. Flow Chart of Temperature Model of
Axisymmetric HP/TES System
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) 2 n kil k+l ( r )/2 (32)
1 . - .
f ordr = > {(9:(”%'91-1 rop 2 e e T
1

then Ql;% l, i=l, n are calculated from Equations (28). This temperature
distribution is used to calculate a new £ which in turn is used to calculate
a new temperature distribution. This iterative procedure is continued
until the change in £ meets an acceptable error criteria 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, & is shortened so that l(‘rf) =4

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

axisymmetric temperature distribution 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
much more difficult to locate since its location varies with the angle from
the fin centerline. Instead an approach involving both the enthalpy and
the temperature of the salt employed by Shamsunder and Sparrow(é) 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 first applied to the axisymmetric case and the results
were used to examine the accuracy of the method. This formulation 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 region 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.

2 ﬂf phdv =f k grad T + fidA (33)
at M
v

where h = specific enthalpy BTU/1lbm |

unit vector normal to the surface and directed outward from

=)
n

o

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

n = 3 Av Iff p(h'hT ) dv ¥ dimensionless enthalpy (34)
k (T-T*)
= B e ® dimensionless temperature (35)
afp hst P
s

and enthalpy may be related to temperature by

C(T-TF) s T < TF

h-h

(36)
c(T-TFJ+hsL e B TF

Axisymmetric Formulation and Solution

Let the region R_ < R < R0 be divided into n elements, each a

I
concentric ring of width AR. Let the thickness of the cannister wall be

anR. Then, initially T = TF and the thermal storage material is all

liquid so that initially I

=05 i =1, m
{3 N ¥ i< n, (37)
=y nf € i <m

where m = n + nf total number of nodes.

Writing (33) in terms of the elements gives
AR

RCT

; b IR N o)
Pu CULLLL O p_2nRAR he o
. AR !
r.2R
2
2T yn(n 28 AT poy 28 (38)
Ky 3y MRS - "za 27(R-57)

(n, AkalT=L/0Pb0g) g BB .\ MMa(F-T2Moteg 5 p 8R,) antrias
. x




where k1 thermal conductivity at outer edge of element

k2 thermal conductivity at inner edge of element.

Expressing (38) in terms of the dimensionless variables r, T, 6, and n

yields
k k
Ar ﬂ = (l+—Ar, __l. ﬁ - (]_ Ar) _Z a_e
dr 2r." k r . Ar ar. . k. or Ar
1 s L e i s r=r,--—
2 i 2
which can be expressed in terms of finite differences
2 k
(Ar) K ookl r 1 k k
gk R 2r, )ks Bii= %)
X (39)

Ar 2 k k
i = e AR
i 2ri ) k L

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

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

enthalpy:
Ar
Ee—
15Nz
o gy pc(T-T*)
e = dr
s S 2
B
5 ¥
=F,_Ciks(TI‘)sz ask
Av ks ozs pshslc aks
G'ks
= em— <
2 a k M " s
s
=0 mT>0 (40)
Now, rearranging Equation (39) yields
2 k k
(8r)° ok & 1 4 2, .k
re 'ﬂi + [(“E)k_ + “'Erl.-) -k-—) o, _
8 1 ] ]
i
_gﬂfnk-l s ol oL @2 T (41) (
* N o i’qm*“';’r.’m A BR L ‘
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<
kf h hf
where k| = ﬁ 2 kk_/(ktk ) h =h,
>
‘ks h hf
(
k <
£ . b =h,
k2 3 < 2 kfks/(kf+ks) h =h, + 1
k h>h, +1
s f

\

Substitute for 6 from Equation (40) into the left hand side of Equation (41)

to obtain
2 k k A 2 k
(&r) =8 ——)Ar L2y o0
[ AT a k {(l’Zr k =2 e 5
s i s
(Ar)Z k-1 Ar __1 Bk N (l__AL) __Z. ek 5 Y]k < 0

= 228 n 4 (l+?——) K 1 2 ks i-1 i
a : (42)
8 k-1 R s . 5z % ™ >0

(Ar)” .k (Ar) qk-1 ey =G + (l-=—) — © >

AT nl AT i ( 2 i ks i+l - i ks = y

At the inner surface of the innermost node, the heat flux is

known so that Equation (33) may be written

k
AR ‘e
o] [ . -—R ZW(R+-—Z—) aspshsz - 2nq Rl

21'rRI
(8r)% .k k-1 o Ar .k .k g R
- i = e _— -6 -
il Sl e e . ey 1 Y

Notice that the parameter STe has again appeared on the
right hand side of Equation (43). Since, in the previous analysis we
concluded that this was the driving parameter for the solution, it is
logical it should also appear in this formulation. Equation (43) may be !

rearranged similar to Equation (42) to yield
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— _k
] - A
i kas 41 STe r

(44)

Equations (42) and (44) are solved by Gauss-Seidel iteration
with over-relaxation. The procedure is to first calculate the right hand
side. Since the coefficient of 'f]i< is always positive the sign of the right
hand side is the same as that of 1 so that the appropriate coefficient may
be determined. T is then calculated by dividing the right hand side by the
coefficient of . When the temperature distribution has been found with
sufficient accuracy the volume solidified and the change in internal

energy are calculated from:

m

Kk ]

Vs = 'ZI ani(n?-max('ﬂi,o.)) (45)
i=
= 0 mk

B> gl 2mr (1.°-10) (46)
1—

Finned 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
angle as well as radius 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 V=0
and ¥ = m/(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 boundary of the region.

R
-

We write the enthalpy equation for an element containing a
volume fAv of fin material and a volume (1-f)Av of salt and having thermal

g e = ar . Ay £d
conductivities kl' kz, k3, and k4 on the surfaces r = r, + % V= Wi + >
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&r Ay : ;
TR o5 and ¥ = ¢ - ) respectively. Then Equation (33) may be
i i
written
2 k k 2 k k 2
(an’ [k T T 1 ¥ ar X3 K qar ] K
ol N [“’Z%' FERET (m. ftlarlie % (rﬂsl o
L] = L L]
2 k k 2
Ar) k-1 Ar 1k 2 _or k
e Ll.”_. ni'j P *—! em',, f K L ', °|_m
k k 2
Ar 3 _k 4 Ar k
¢ o) O L W (TEI) 9 s (47)

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

and 6 assuming the element at uniform temperature

= —-'lA ff[—-hs—p;h- ) dv
ps i Sz
p.c(T-T ) Be  TT
{2 - C -
g S¥Ha g LA Sy
ks(T-T:) as
B o {fk— Py ¥ (1-£)}
S s S
Ll
o kf ; L s
1 - f(1-—=—)
. R (48)
0. ’ o< < L

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:

| k-1 k k k
ni'j = [D‘"a,y + ClL ) "m,,- oczu.J)-Tli'j 3

1t C3(1,J)"f]l_l'j

4

+CALDNE /e, )
5 (49)

o k
C5(1,J) = D4 (CII,I)+C2(L, J)+C3(1, Ty+C4(L, 1)} /(1 ‘l-askf) ]
fs

5
s
i
|
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Figure 4. Flow Chart for Enthalpy Model of Finned HP/TES System
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SECTION VII
RESULTS AND DISCUSSION

Results with Axisymmetric Case

The approximate analytical solution as previously derived in dimen-

sionless form is

)

Ln (r/2 (23)

=
1"

Vi s 28T 7 (25)

If this solution is correct, the change in energy from the heat

fusion is

2. .2
TR (47 -1)phg, = 4 E.

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

R

%«
, f S (T-T,) 27RdR

o

AE

£2°R3kTT
mq"' L
j’ q9"R; ( 1‘_)

= = q”RI rdr
1
ZﬂqIIRI3 L
= d— f erdr (50)

1

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

.H 3 Z
2nq RIL {l i 12 1

AE, - Lin(4) (51)
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The ratio of the neglected energy change AE2 to the change from the heat

fusion AE, is

1
1
AEZ . q RI 12 o 1
AEl aphsz Zz v In 2
2
Z 1
= L =
STe zz = Ln(%) > (52)

In the worst case (heat rate = 1.5 kw, £ = JZf) the neglected heat is
only 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-
dification times predicted by this simple model will be very accurate,
even if part of the solidification takes place on the outer wall due to heat
losses. In this case however, 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 méaningful 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 At and was for each case half that of
the preceding case. Once the temperatures agreed for consecutive time
increments to taree significant digits, convergence was assumed to be
adequate. For the runs with other heat rates, At 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 axisymmetric 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

b5 B A
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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

interface.

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 numerical solutions with the
temperature formulation and enthalpy formulation are compared for a
particular 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 cannister wall is included in the enthalpy model but not

in the temperature model.

Results with Fins

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 angle 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 from 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
£ =1.513 and with a 30% void volume allowance, the outer radius is
2= 1.6857 and the dimensionless volume is v = 1,8416. The other
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 lengths 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 Relative R /R Relative
Fins Unit Length Length Orr Weight
0 1.36 150 1.686 1
3 Lo 5% . 8947 1.766 1.0387
6 L. 62 . 8395 1.823 1.1189




SECTION VIII
SUMMARY AND CONCLUSIONS

The heat transfer 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
which 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 found 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
slightly less accurate than the axisymmetric since it wasn't practical to
study convergence fully. Solutions were attained with sufficient accuracy,
however, to give a meaningful comparison of the finned systems to the
axisymmetric system. It was found 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 this particular fin/system design.




1)

2)

5)

6)

SECTION IX
RECOMMENDATIONS

Although 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

The salt physical properties, liquid and solid, should be
accurately determined.

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

The experimental apparatus should be redesigned to (a) relieve
hydrostatic stresses on melting, (b) improve calorimetry and
(c) determine a fin configuration to optimize heat transfer.

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 varying heat
extraction rate be conducted.

The enthalpy model has the versatility to study 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 configura-
tions, including the axial variation of the nonfinned case and the
assymmetry due to the volume void on solidification.

The model of the axisymmetric system should be expanded to

include the heat transfer within the heat pipe and the calorimeter.




Such an expanded model would be useful in the design of further

experiments with such systems.
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APPENDIX A

AXISYMMETRIC HEAT CONDUCTION EQUATION

In this appendix the axisymmetric 1-Dimensional heat conduction
equation in cylindrical coordinates is written in finite difference form

for a variable mesh grid. This equation is:

2
d 8 1 36
o )
r

Q

Where 6 is the dimensionless temperature at time T and radius r. The

object is to express Equation (A.1) at r = r_ in terms of the temperatures

k
8 6 and © at radii r , r.,andr

k-1" 'k k+1 k-1" "k k+1
. e 5 .
write 9k+1 and k-1 by Taylor Series:

respectively. To do this

2
6 = 6 + (r r )ﬁ + (rkH-rk) 829 +
kel T Tk k+l "k’ dr 2! < R
or
2 (A.2)
(r, -r ) 2
C] = 0 (r, -r )a_e+ Seagal BUE ey bty o
k-1 k k "k-1"3r 2! o
or
36 3%6
Neglect higher order terms and solve Equations (A.2) for Fry and >
to obtain or
(r,-r )ZO 4+ (-r, _42r -r ) (r -r )0, - (r -r )z
20 _ Tk k-l ktl ktl "k k-1' kil k-1' 'k k+l kK 8.1
- T %) ke’ Trer ko)
(A.3)
%, 5, U P ko Tker! fct Ttk Y
as’ e ") P T Tt
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Substitute Equation (A. 3) into the right hand side of (A.1) and

group terms to obtain:

e 1

ar2 r dr rk(rk+l-rk-l) (rk41_rk) (rk-rk_l)

Brry ) (7)) Oy + (4o mm ) (P Tiy) O

+ Greern ) e ) 8 d

= -2(c. 8 +a19 +b. 6 ) A.4
R A A i (A.4)

Let 6 represent the temperature at time Tand ¢ represent the
temperature at an earlier time T-AT. The right hand side of Equation
(A.1l) is written by finite differences and the Crank-Nicholson method

is employed. Then:

e am ows raen oL
2 2 ror 2 r Ar e T R
or ar

1 =z ae
t B (B B0 i P et T e AT (A.5)

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

ence form of Equation (A.1) is

ckek_l 4 akek 4 bkek_'_1 = dk (A.6)

where

(

o N L T

k Zrk(rk+l-rk_l) (rk+l-rk) (rk-rk_l) '

3 - G
R e W T U i 8 :
R e L T R TR L AL | ¢
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Ul el ™ Tt TR L 2 TWE R Y 1

a - - .f —
k Tt et B B 97, ) O
d = -c ¢ i (-a +——2-)¢ b, ¢

k k k-1 kAt k k k+1

If d:k is known for k = 1,2,...,n where r is the radius of the
interfacial surface at time T-AT, Equation (A.6) is applicable for k =
2,3,...,n-1. At the inner boundary an imaginary node is assumed such
that

P, = P F R o P (A.7)

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

AL s i SN RRRE e
2(r2—r1) Z(rz-rl) or

substitution of Equations (A.7) and (A. 8) into Equation (A.6) for k = 1
yields the equation for the inner boundary:
| g ) §F B asla g 1 2. % (A.9)
p Tl ' - Pl R el e

2
{rz-rl) (rz-rl) (rz-rl) 27 P |

$ .
For k = n Equation (A.4) is not valid for ¢ since = is not defined at r .

or
Instead, from Equation (A.1)

3 ¢ a¢n a¢n a¢n 8rn_ a¢n 31

or 3T or T or arT

and from Equation (15)

0 0n 1 o4

3r 28y, 3T

so that, in finite difference form




wiere ¢ and a are given by Equation (A.6) with £ used for LT
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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. Figure
B-1 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 5E12.0 and contains the following variables

DIF - diffusivity of thermal storage material, ftz/hr

CON - thermal conductivity of thermal storage material, BTU/ft-hr-°F
DEN - density of thermal storage material, lbm/ft3

TF - fusion temperature of thermal storage material, OF

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

Record 2 has a format of 5E12.0 and contains the following variables

RI - outer radius of heat pipe wall, ft
RO - inner radius of outer canister wall, ft
QR - heat flux rate at outer heat pipe wall, BTU/fchr

DNR - ratio of solid salt volume to canister volume

7 : «.
DT - time between successive calculations, —szt
RI

Record 3 has a format of 4E12.0 and contains the following variables

2
DFF - canister wall diffusivity, ft /hr
CFN - canister wall conductivity, BTU/ft-hr-°F by
DFN - canister wall density, lbm/ft3 ,

P - canister wall thickness, ft }




Record

EPS
IP

L <
ICN

4 has a format of E12.0, 3I5 and contains the following variables

tolerance on calculation of energy integral
print every IPth time calculations are made ‘
if L = 1 output is dimensionless otherwise it is dimensional {

case number for identification

e Mgl oo

At 2

52




LRy

s e R
v ce Yo

AR SR ARSI RS SRR S SRR AR AR IR KA SSASA SRS I REA S AR AAAALRAT AR ST 3T L 4K

J6riM IcT 2 T4/70 Cri=1 FT! L.6+LLH

PoCG-wd TCF2(INFUTZIUTFUT I <PE2=LUTFUT)
2LuERSTON S (100)

COMOM P (100),TNT,30(100),SU=(100),3SUP(100),0(100) 4kH(100) 4+ (100) .
1F

10 100, CIFWCUNGIENTF HEL
S0 1IN0, FLyRGeGFRyalinalit B
T 100.DFF«CFh oo eF
5004 E2Z4_Fololis
1=1,50

’ e
4 O Ml M
T

- St

L9 0.

=l gnle
"W ul- |

QETILN- 2002704 (1= Didn) “n 2RIV /]
“1/CCH
eI ZETF AT/ HS

[}
=l
T Ol i -

"
nonfn ols,

~alny -l

LRALOG(T I/ (RI=F))

sl 4 =3y YN
|

o ] { &
LR )

D (i >y

(U I DN DA
.

BT Eo o e

2T/ L4242 F)
e IE5 )
L«EC¥IGT T9 55
TE(24687) 10
5% 7L _B5
WMo LTE(2,600)77H
S-S Wt ase 00
W- . 2TE(24700) Vg ivlgTi 9TF gmloinLoer
W ZTEl2,750) 08 g LOnyLIFy KT L yOFhgCFNyUFF
WoITE(2,:00)0E1 T
Sio=Lxe /100
30 €7 1i=1,59
T(2)=SCIT 1.+l (DT+ILOG(IRG)/24))
IF (aB85(R2(2)=-"6) eLTel1aF-64-G) L 10 60
P 6= (2)
51 ZCYTINUE
60 CIRinde
“(2)=, . (2)* -
ST =Ltk (1) /R 12))
Cfr=t1e/70 (2)=, (1)) 7 (20=2 (1)) Rt 4
T )= (1)
FOIY = (1) (T (2= T (AN 4L =0 7 (21=-2(1))

i

'
L) T o
b~ -t

L

[SANN ) |

Ul Vi

Te= (2)* (2))/La4 L UG(- (P)) /2

R i g e Ry § 3

10 Y2335V (o426 *F*(iFPel n%6)) g L.
P :=Uf~(YF.'."..‘T.J«‘.TG) | i‘
I T G=CnhG) el T e =Ch=C2EFT) C3 TG 70 kg

o LElhRE

Figure B-1. Program ICE2 N R 1

i M‘“w‘




TT70 T iF (YT (Lier 1aX#4.01°(YP=-2(N 1)) GU C &N
i 72Ty # (&K X=i (KY) )/ (YF=R(LT))*ITF=TAT)
,::I:-
63 79 10
50 S Te1)=YF
- i S T+1)=7(AT+1)%n1
2C 20 T=2,MT
20 FH(I)==(ZUB(I)®*B(I-1)+C(1)*B(1)+SUF(]1)=8(1+1))
NT=NTHL
7 30 I=1407
) 7n =7(2)=24(2)
if tilelTe.?) GO YO SO
Ye=T e 3%~ 1/81F
F(L.E%¢1) GY TL 35
WSTTE (24200) TL 4SINT)
e W-ITF (2.400)
15 R i
5 2(_)=1F#7223(2)
JF(LaERal) GE TC 45
WEITF (2,300) (S(I)4E(I) 9I=1,NT)
25 2o=0
1P (el e« Zs04% TY T2
20 201 &1
ST T
e e
17 (Y el T et - Y=eq012 (2(ns)=2(" =1))) GO TC 10
190 F3 %~ 1 (5E12.0)
3 290 FL M7 (Fh TIF=,F15.6492HERy/y* =£0IUS OF _TQUIT/SOLI0 IN:cr.FAT ==
1.€15.E4,2+F7)
250 Fou i1 ( //74b6H Tit_=gFce 5922Xe17HWALL TEMFERATURE=,
162,79/ ¢1H 411X4*,32TUS CF LIQUIL/SOLID INTEFSCE=*,FG.56)
300 Fo- T (15014 sFcelbgFoe29rielbatelytOelgyrdelorcelsygrcely/))
350 Fe -t TULI5(IH gF2aleyTEalgFR UofBaltgFhaligyFRebyFB8abkyFlaliy/))
Lan 0~ T (1F Z4(36HA SED,r T T-hreF))
450 For a7 (140,4 (16H w0 SEEE V)
50N FOT*'T (F12.0,31I5)
£50 SOOMET (1K1 g5X " AEAT TSANSFE- IN FHASE CPALGE/THEStAL ENEZGY STC %
1GE afsZ=M*)
600  FaimLT (/7 41H ¢ELYVAETKIZ TEAPE2LTULE FCTMULATIO =CLSE NO®4.I3,*
TS IGr oSS GUTOUT %) T
650 FO o= T (//791A¢* SY U HET~1L TE“FEr I TURE FO: MULLTION=(ARSE NO*,13,*
, I L2 ENeill ol CUNEJTT)
770 SRR I a0 HE; © FLUX &uiE=2?4Fi0a34y* ETUZFTR S 2o FTLLED V
N T s S P U i 7 IFCe~- pessiRUE e PErk s URaSESyRTe 2yt * Fi
£330y, whE el 'F"—E.iib‘iz'-F:.?v?“ Foll//41FE $26Y 4®*CANNISTEF GEOME
"y I Yo /ladF 20Ky ™a¥ s ..L:=‘-F1?.-,3~ Fisl/+1R ,(zx, -
IR RS R PRI S e U F2 e/ g1%0e20x W L THICKRESS=24F14 =,
179 €7 g7 /7414 017xq‘l"‘_;\ = sTw ! GE '?E::lLE °-0"E;.'IFS‘) B
750 T T LI W27 Xt LB I TV L0l LDFTY SR,/ G 1HD G 1L " THER

1L . s UT TV TY=2 37 1%e69% S U/NH:=F =r*e /s IHDyISY =t e<F e CIrrUSLV
1°Y=2 gF 107 ¢ F1202/4T 4/ ¢ 1W0,13Y 42 0 (EVT FELT CF FUSION=*,F10.4,*

1.":/..,‘ '/// lh .?'1)(, ..,» \\...lL’ "'-- ."L F"OF‘?.I‘IJZS"//"H '272'
16087 "Y =+ F10aby™ LEA/FT223%, /KN 14 Ry *TREVI L SONCUCTIVITY=,710

1642 27/ r="T=F® /g 1r018Y* r:r
1°)

/913 PAGE IS SEST QUALETY PRAGEISANG

o4 & ru..unsnmmc il

54




S
c U S J O 7T B R W i T e T R a0 o D - T R
R T L
. m A ITFL2,250) PTALE " 48T]
SRy Bimon .
53 16 15
45 W-_T2(2,3510) Cr (=) oPVEYY s T=1 5151 )
6L 706 25
% ene
— — — :
U 1M JFUN(YE,TFLNT oG 36)
.I-f; E.CN TTA0108)
JUAMTY PT(100),76.T,3(4N00) ,5U2(100) 4,SUP(100),5(100) ,kH(100),R(100),
1:
- 5=~ (rT)
'-L:' (r7-1)
T 2e 5/ r L2 UYP=t () ¥ (G-l )*(YCT=-%L))
t0e( ")=-':"‘(":'rC)‘(3 *.6—-YP)
Z (T )2 T (YC=R L) e (4 2ET-YP=2L)
UE T )==c" 2 (6=7.L)*{3.25G=-&L)
TI)=UNYE="G) /(Tr=THT) ) **2/2./7
2C 30 i=tent
ok (1)=.a )1/ E=THNT)
i0 o)== )T (Y /(i 2=5iT) f
el T XC(SUS 3t T g3 5 BeNT) ‘;
Lo G=0,
25 20 '=?, T
20 SN G R CH(S(INY (D)43 (I=-1)2~(1-1))* (5 (I)=-"(T=1))/2,
civ. C=Cii . CHERT)*n (T)2(YP=F (1)) /2,
CETUAN
Ehi
P IUTINE TR AUy o289 SUF g o)
wI Ei.S20! 3Uc(10C) 3] -(100),5UF(100),4,E(100)
IV ee vtY G b 10
2(1):5 (1) /0%, (1) S,
& =6
10 J6 2" v=24t ‘
CL =T YE(YY/TTI M (K=1)

ot (KY=LIA(K)#rL 1 45UF (¥=1)
20 (K)=E(K)4""‘~(K-1I
(X)=20) /014 (N)
=4
OC 30 KCT=24N
K=¥=1
30 ZUK)=(2(K)=SUP(K)*3(K+1)) /0 I2(K)
SETYN
En

5 MILS PACE LS BEST QUALLTY FRAGEISA NS
v PROM BEPY PUSYIINT 10 DOO




Uni21,7T15,I010sCM60000sSTCSA.F740579y EANLIOW YKL 121 +229-2835
COMMENT o XXXXK XX KK KKNO LIECK KK KKK KX K KX

COMMENT o XXXKX KKK KKK 3392 KA Kk KKK KK X

ATTACHsF»ICEsCY=1.

FTNsI=Fysl.yR=3+R=FL.GO.

RETURNyF .

REWINLyFLGO.

FLGOsFL=20000.

+035 4.11 181. 1310, 350.
+0625 +1195833 8691.133 + 7056356 095800525
+ 2244971 13.5 501.12 +005416667
.0001 1 1 0
¥EOR
XEOF
Figure B-2

Control Cards

ry "l
413 PALE LS 5851 QUALX?I PRAGINE
g Y PUSEBILEE v e

56

TR, Sl v =




APPENDIX C

PROGRAM ENTH

This appendix documents the program ENTH which calculates the
axisymmetric temperature distribution and interface radius from the
enthalpy formulation developed in Section VI.l.a. Figure C-1 is a pro-
gram listing, Figure C-2 shows the control cards and sample input data.

The input is organized as follows:
Record 1, format 5E12.0

DIF - thermal diffusivity of thermal storage material, ftz/hr

CON - thermal conductivity of thermal storage material, BTU/ft-hr- F
DEN - density of thermal storage material, Ibm/ft3

ER T - fusion temperature of thermal storage material, OF

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

Record 2, format 5E12.0

RI - outer radius of heat pipe wall, ft

RO - inner radius of outer canister wall, ft

QR - heat flux rate at outer edge of heat pipe, BTU/fchr

DNR - ratio of solid thermal storage material volume to canister volume

ERR - allowable error in enthalpy change
Record 3, format 4E12.0

ORF - relaxation factor effects speed of convergence
DFF - thermal diffusivity of canister wall, ftz/hr
CFN - conductivity of canister wall, BTU/ft-hr-"F
DFN - density of canister wall, lbm/ft:3

Record 4, format 715

NR number of nodes in radial direction in salt

NT

number of points in time




IM
IP
IR
IF
ICN

- maximum number of iterations allowed

- print every IPth time

dummy variable
- number of nodes in radial direction in wall

case number for identification
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O35 4.11 181, 1310. 350.
0625 1195833 8691.133 + 7056356 +00001
1.92 + 2244971 13.95 501,12
63 160 200 16 1 6 (o}
XEOR
XEOF
Figure C-2
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APPENDIX D
PROGRAM FIN

This appendix documents the program FIN used to calculate the

temperature distribution and interface radius for the finned HP/TES
systems. Figure D-1 is a program listing while Figure D-2 shows the
control cards and sample input data. The input data is organized as

follows:
Record 1, format 5E12.0

DIF - thermal diffusivity of salt, ftz/hr
CON - conductivity of salt, BTU/ft-hr-°F
DEN - density of salt, lbm/ft3

TF - fusion temperature of salt, OF

HSL - latent heat of fusion of salt, BTU/lbm
Record 2, format 5E12.0

DFF - diffusivity of canister wall, ftz/hr

CFN - conductivity of canister wall, BTU/ft-hr-"F

DFN - density of canister wall, lbm/ft3

QR - heat flux rate at outer edge of heat pipe, BTU/fchr

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, ft

P - thickness of heat pipe wall, ft

G - length of fins, ft

Record 4, format 2E12.0

ORF - relaxation factor effecting speed of convergence

ERR - error tolerance on enthalpy change
63




Record 5, format 415

NR - number of nodes in radial direction

NT - number of points in time

NS - number of nodes in angular direction '
NFN -

number of fins
Record 6, format 4I5 !

IM - maximum number of iterations

132

print every IPth time calculated

ID print diagnostic if ID = 1

ICN - case number for identification




RS ERI LI SRS B A PRI .5 5 S S B8 AR RS IR § PR SO B T Sk A3 BBk SIS 3 SR L
TETETEET TSI TTr e eRIsTIerIBTRTCITIIITIITIIINILILS TNETLTIRETEETTLTE
PR TR R R Sl I R S SR SER S A SO S UL Ik S SR e S5 3 5 i 53
GZaM FIP 764/74 CPy=1 FIN L.6+4LE ¢
G __FnUGEur FINCINPUT,TAPEL=INFUT,CUTPUT,TAPERS QUTPUT)
UT¥ENSION C1(25,300,(2(25, 3ua.c3(25,30).c6T?§“§ﬁS, 5(25,30),
1PH (25,300, 7(25430)44(25,30),NF (25),F (25),RF(30)
: SIET (14,1000 O1F 4CON,OIN,TFaRsl F .. 2
~EsC (1,109) CFF sCFPNGLFl g QF e D13
SZ.0 (1,100) RignCe39F,C B
2 FESC (141000 O-F,Efx
SEZC C1,200)F NR ] sasSyEse o o o v
Py FELD (iyﬁﬂ).if.."“h.?"
ic=1% e e B e T N T G e o i
13=0
JE=14 L
P0=67,295775
RM. X=r.0/%1 o
ATz G=F 1) /17N
e NZ=3,1L16CS27/NFN/NS = g
ST7=0, % 2/7LIF/JEN/HSL
ST=(RO*=C=F *~1)*Cu/2. 7<1/SV/h7
R O, RO - = A L s e
E -£/C" /°1 R : 1= I R T
F=GC. *-./CCN
oy SR YRt CETE . N iy e LR
(F‘t‘k:f\] (FT,.UTOCS) IF TF’].
- +2*%1F -
_M-i
Nizli=1
JFFf=C1F*CFN/DJFF/CCH I s
DO 10 I=1,M
NF(TI=NS*+1
Flir=1s,
E IF(T.LELIFY GO 70 10 T AR
IF(1.G 4F=1F) GC TO 10
= = (2.*(I-1F)-1.1/2.*CP+1, Aot e
r=5/%1/%/0€
NE(I)=INT () R
FO_)=n=TH) (&)
T RS T2 LR TP - T 7 T il P AR ) S e T T R e
o ~F(I)=0 SheEt; raeilk
F(:)=U.
10 CorTINUE e
iF (1leliel) GO IC & )
S WniTL (?,S00) W RXedngTSyST q-Tquyf',LFP X g
by s WeITE (2,¢00) ICISeIFMeMlghyhl A <
o Wi T2 (24,700) (F(I)yeI=1,M) pos
WOITE (24,5000 (NF(I)sI=1,F)
[ CCrLYINUE

30 20 J=1,%

LD 20 I=1,¥
Figure D-1, Program FIN
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C1(I15J)=C2(240)=03(1,J)=C0L(1,J)=C0M
IF (JelENF(T)) C1(I4J)=02(14J)=C3(1,J)=CGI(T,J)=CFN

TF (JeEQNFUL) e 2NLaFII) el Tea5) C2(1,J)=CCH2CFN/ (5% (CCHCFH)+F(])

1+ (70nN=-CFn))
IF (JeEQeNF(IVI+1-NDeF(T)eiioeS) CU(IoJ)=CONY*CFN/(.5*(CON+CFN) #F (2

1)*(CSH=CFN))

1F (Jo¥0NF(I)+41.ANDeF (1) eGEeeS) C2(15J)=CON®*CFN/(5*(3.*CFN-CON)*

1F {31+ (CCh-CFN))

IF (JoEQ.NF(I)+1.ANIF(I).GEee5) CU(I,J)=CFN
IF (JeEODGNF(I) 42 ANDF (I1)eGFeeS) CUII,J)=CON*CFN/(.5*(3.*CFN=-CON)+
1F ()" (e CN=CF)) RIS | el
{01 IMUE

1IF (IC.L7¢1) GG iC 6
WRZTE (2,700) ((L1(I4J)9J=1,M)+T=14M)

WEITE (24700) ((C2(249J)yJ=19%1)9i=1,H)
WOITE (2,700) ((L3(I4J)9Jd=1yN)oT=1,M)

WREITE (24,700) ((LL(19J)9J=1,yil)91=1,M)
cIhi INUE

0O 30 1=1,F
P=1.4(2.%(3=IF)=1.)/2.%0%
50 30 J=1,KN :

IF (.eZ04¥) GO Ty 40

C10i9J)=2.2CL(T,J)*C3MI41, )/ (CT1(1,0)+C3(T+1, V)
C3(1#1,J)=01(2,J)

T10I,J)=1(1,J) 7000 (140372790
C2(194)=52(T14J)* (CR/i/CE)**2./CON
232,01 =C3(1, 0 700R* (1.-CF/2.7K)

TL(I,J)=CU(I,J)%(DS/F/DS)* %2, /C0N

IF (I.F0.1) C3(I,J)=0.
iF (JeEB.1) CL(TI,J)=0.

IF (I.EG.V) C1(i,J)=D.
If (J.ZC.N) C2(I,J)=0.

FeE=0.

IF (J.LELNF(1)) FF=1,

aF (JoEQNF(I)#*1) FF=F(I)
C5(14J)=04(C1(T,J)432(1,J)+C3(I,J)+CL(T4J))/(1.-FF*(1.-DFR))

“(z,J41=0.
PHII,J)=1,

iF (JaLENF(T)) PH(IsJ)=0.
IF (JezQenFiid#1) PHII,J)=1.=F(I)

H(IsJ)=PHI(I,J)
SCT INUE

TF (IDeL 1) GU 70 7
W2.12 (2,700) ((1(19J)9C2(19J)9C3(14J)sCUIT4J)C5(T9d)y

1J=148) 9 I=144)
WiiTZ (2,700) ((H(I9J) 9J=14K)92=14M)

HZITE (24700) ((FH(I4JVyJ=1yN),yI=1yM)
Wraiis (2,700) ((TU(IgJ) 9J=14i)I=1,M)

70 T INUE
LM =ING*100

W-ITE (2.366)]5“05?“0 Ry -J::!N'N"AOB7QG'G g
L =0ONE /100

WPITE (24350)0EFH yOFNyUUN 9y SFNgOiF yOFF yHSLePyNoRT yOFF 4SRF I Y
WEITE (2,360)TrEF"F,4ST

A




&0 IT=

Q5 Lo €& J=1,AN

& RF(JI=0. ‘
Ok=H(1,1)

H(1, 1) = (0%FHIL, 11421 (1, 1) *T(2,10432(1, 11T (L, 2Y=0R*SY 7CS T, 1V
H(1,1)=0&F*(H(1,1)-0H) +0H
T(1,1)=H(1,1)/CFR
EN=4B8S (H(1,1)=CH)
ED=u3S (H(1,1))
0C 50 1=2,M1 A
IH=H (T 41)
HET41)= (D" FCH(T, 104 1 (T 1) * T (i+1,1)+C2(T I ¥T (I, 2023 0T, ¥ T(I-151
1)) /C5(1,1)
iF (H(Z,1).LT.0.) GO 70 60 i
H(T,1)=HI(I,1)%C511,1)/D
T(301)=ﬂo
iF (RF(1)elTele) RFI1)=(I=IF-H(TyJ)) *DR+1.
GG 1C 50 R
60 IF (OHoeLTe0e) hlLy1)=0tF*(H(I,1)~-0H) +0OF
FF=F (1)
IF (NF(I).GT.0) FF=1,
(J310=H(1,1)/(1.=FF*(1.-0FR))
WZEe tES(H(I 1) =04)
ECSEC#ABS(F(I,1))
59 LO: 3 INUE
“H=R(V,1) SR
Plr g 1) = (O*FHA(My 1) +C2 (Mgl ) 2T(%,2)+C3(ity1)2T(M=1,1))/C5(M,1)
IF(R(F<1).LT.0) o0 TC 2C T
HI 91D =K (1ig1)*25(M41) /D
T(~,1)=0.
A GO TC 70
T30 TF(CHe_Te0.) H(l y1)=CRF¥ (A(M,1)=JH)*CH
T(y1)=K(My1)/0Fi
En=EH*,55 (H(P,1)=0H)
SOTEDHLEILRIN, 1))
70 COLi INUE i
00 5 Jz2,N1
GH=H (1, ) o
HI13J) = (CPPHIL1,J) #2101 4J) *T(2,J) 402014 J)*T(1,J+1)4C4(1,0)%T(1,J-1
1-7 *51)1725(1,J) e
A1y J)=0: F*(H(1yJ)=0H)+CH
T(1,J)=H(1, D /CFr & R
—w=clhi¢t S (n(l1,))=CAH)
T SR e U ) 8 R S e e Y
D 15 =241 '
TH=F (1« J)
H(Ty )= ®FH(T )41 (T 4 J) 2T (L41,00402(2,002T(I,J41)
14030, 12T (I=-1, 00 %204 (1, * 1 (1,J=-10)V7C5 (1, I) T :
IF (A(Z4J).Lia0) GC 70 25 b
L TR I T A
T(IsJ)=0,

IF (2F (J)V elTele) FEUIN=(C=IF=-RT1,J)7%0%¢ 1, VAT f.
| GC 13 15 *:
" ;
‘ | |
I i ;
i W18 PACE IS BEST QUALSYT PRARSIGAIND :
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iF(CH.LT0.) HIT,,J)=THII JV-ORT*JRF+CH
FF=0,

IF (JJLELKF(I)) FF=1.
IF (NF(I)#1.EQ.J) FF=F (I)

T(i9J)=H(I,J)/ (1.-FF*(1.-DFR))
Zh=EN*AES(HII,J)-0H)

15

ED=EU+A3S(K(I,J))
0! INUE

OH=H (M, J)
H(My J) = (CH*FH(MyaJ)+C2 M, J) *T(MyaJ+1)+C3(MyJ) *T (M=-1,J)

140041y J)*T(M93-1))/C5(My )
2F (H{HMeJ)eLTe0e) GO TT 45

AlYyJ)=H(NM,J)*L5(MyJ) /D
T(MyJ)=0.

Gu V0 35

IF (OHeLTe0e) HMyJ)=0RF* (H(M,yJ)=-0H)+0H
T 3 J)=H(MeJ)/DFFR

ENZEN® ABS(H(My J)=0H)
Z0=£D+4LES(h(MyJ))

TOrTINUE
L0 INVE

OH=H (1 N)
H(14M)= (D' HI14N)4C101,1)2T(2,N) +CLIL1,N)*T(1,N-1)

1-3: *S1)/C5(1,44)
4(15d)=0~F*% (H(1,iv)-CH) +0H

T(1,3)=H(14N)/CFn
ShzinecES(H(L, M) =-0H)

EU=Ec+nES(h(1,K))
26 55 IT=24M1

GH=H (T 4 )
HOZ 3 M) = (C2FH(Ty ) 401 (T 4 *T(T 414N 4C3(ZH4NI*T(T-1,N)

14064 (I4R)*T(I4N=1))/C5(1,4H)
IF (H{I4N)elLT40.) GU TG 65

H(Zy N)=H(I N)*C5(1I4N)/D

T(:g:")=00

IF (RF(N)LTele) RFIN)=(I-IF-

50 16 55

E(I.N))*CF+1.

65

TF (OHelLTe0e) R(LyN)=C~F* (H(i,N)=-0H)*+0H
FF=0,

iF (NF(I).GE.N) FF=1.
TOIgM)=H(TI4yN)/ (1e=FF*(1a=0FR))

EN=EN41ES(H(I %) =CH)
Toziieies(hIIZN))

55

S TRUE
SEANSE )

HOr o P ) SO E R (gt )4 3 (Mo ) 45 (=14 i) #C 4 (R N) ST (MyN=1))/CH (N, 1)
" yid) SH(FRGN) /TR

75

LONTINUE

F (ENLTEJ*E-T) TC 35

59

27=17¢1

F(iieiTeTIF¥) GO WG 35

i
i
3/

5

™18 PAOR 13 Bpsy

D pavy s

$=15¢1
(=141 e
ZF (IC«LTeIP)Y GO °C 2

sw=ls
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]

=0.
1

niom

ra |

e}

1
L] (
J

P —
IF S ' T N e s St
s N

o

}C)
uu
Ml

HT=1,

1F (JoeLZoNF(I)) nl=0.
IF (J.EQ.MF(LD)#1) HI=F (1) =
HI=ZaMEX1 (04 yHIZ,4J))
SM=SM#~40SD<* (HI-HJ) e Rl s
HI=HI4F*0S¥ 30 ¢ (HI=-H(I, J))

1 PRI yJI=T(T,0) /87 R Vi TRy
ES=EN/ZED
TPR=PT*TS
SHaSH*2,*LFN /3.1415¢27
HE=HE*2,*NFN/3.1415327 S Ty

HEZSCET (1,454)

WYIiTE (2,400) TF yfE4mE4S%yiTyER
J1=1 i
13 J2=J1+4°
J2=eHIL0(J2,N)
WEITS (2,459) (RF(J) 4J=J1,4J2)
T G J=J1,J2
> SF(J)=(J=,5)"D5%:D
SITE(?2,500) (rRF(Jd)sJ=d1,d2)
¢ 11 J=uyr,u2
11 I3 T (10 =T (2,00 724751
W.ZT1T (2,550) (FF(J)yd=dl,e42)
L

(P

14 J=J1,J2 |
()= (COLAT(IF+1,J)+CFH"T(IF4J) )/ (CON+CFND /ST
TTE (2,750) (RF(J)+J=J1,02)
W-.1E (2,600)
o 12 I=tqM
=144(1=-1F=-45)*Cn
12 WRITE (2+650) =4 (FH(IyJ) 3J=J1,J2)
Ji=J2+1
1F (J1.LE.F) GC 10 13
TC=0
IF (IS.LE.1) IC=1
2 o0 3 I=14Mm
05 3 J=1,4N
3 FH(I,J)=K(1,J)
TF (IS.L7F7) GO YO €0
100 Fo-FaTl (5E12.0)
200 FG-F&T (51I5) Tun LR A e ‘
300 For%aT (1h14/9201H04/) 91 43UXy*HEAT TranSFErR IN PHASE CHANGE/ZTHE}
1ia. ENERGY STC.EAGE TYSIEV*,7,1H0,354+°C4SE RURSFI*F,I3,¥ CIVENT
101.LESS OUTPUTY 32104,% FINS®,/41H0 425X, HELT FLUX SATE (BTU/F12%2/h!
1)="9 103311 X, *F.LLEL VT-“L_U?E;;;FROI" WW"TITf,IPU,mT'_CWE'
1STEF GEOMETOY®,22X*F It GECHE /EY® 3/, 1HN,32Xe* W2 LL THICKNESS,FT=%,i
Xy 110.8 412X, * LURBER OF FINS==,13,7, IHO, 34X, *iNNzr RIDIUS,FT=*,FTU.5,
10X 4270 THICKNESS FT=24F10.9,/¢1H0 434X 4*CUTER FACIUS,FT=*,F10.8,1. 3
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—p— _—— =

1Xy*FIN LENCTH,rT=*,F10.58)

350 FC MET (///41H 456X,* Mt TE2]a_ FiOPEr."IEC*,//41H0,39X,*PRCPERTY®
Gt 1,20X y*“HaSF CHiNGE M»TEr I&_* 4¥,"CANFISTEF HATESTEL®,7,190.27X,
1“;..‘5"‘:41.Y,LE"-/F".3..'30Xgr303,1:-Y1F5039/'1u0)27x1-THEUHAL CONOU:T:
13 Y93TU/FT /Hr/F® 315X s FEe 59 15X FBa Lo/ 3 1H0 27X, “TH-F AL CIFFUSIVITY
1FT2% 2/HR* 425X 9y FE aB 915X s FLaby/91HD 27 X9 *LATENT HELT OF FUSION,2BTU/:
13M* 312X yFLe349///91H 352Xy *ITErRT LON CONWTFOL PACETETERS®3771H 45X
1450CAL STHUCTURES*,15,% ikDCES wEDIALL_Y*,I5,* ANGULAKR NODES*¥,15,*
1IME STEPS®,/31HO04SXs*TTERATICN FAKAMETERSS  OVEC-RFLAXETION FAZ
1CR=*yFH6e345Xs*ERRCX TOLEFANTE=%,E12,4,* MAXIMUM ITERATIONS=#,IS5.
360 FO-MAT (///41H 35Xy *TEFZFcnlS TEMFEraT Ul F=*,F2,3,11X,¥FUSICN/IE

117250 TEPFERATURE gF=® 3 F3,3,12X4*STEFAN NUMBEA=*,F12.7%)
400 FO-HMLT (1K1 4*TIiMe=%3Fl b 43Xy cFF FADLUS=*,F9.693Xs*HEAT EY RACTED:
1* 3 FU. B 93Xy*SOLIL VOLUME®* 4F3.643X,*1TERATINNS=%,T4,3X,
1#S+r OR=%,E12.5) ; e
450 FOTMLT (1HO,* S/L WCIUS*,15F8.4)
500 FCxMaT (1H ,*FIN C. rNGLE® ,15F 3. 1) B
550 FCAMAT (1k ,*I0 WRi' TEMP*,15FEf.4)
600 FO MART (1K 46X,*r AOIUS*,20X,¥*NOCAL UzMENSIONLESS TEMPERAIUXES T
1-TF)/T°*) 3
650 FOFMAT (1h JLXo16Fcels) SR
700 FOrMAT 1+ J15FE.4)

750 @ FOFMaT (1F L*00 wALL TEMP*,15F3.4) Erk:
<0n FU MAT (1F ,10212.5) X
. tgg FormMeY (1K 91515)

SiCP

. vasn 15 5451 Qﬂﬂ‘g:w
| sary BUSRISHID 20

Lo
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uni21,7200,I1030sCME60000sSTCSALF740579 s KANDIIOWyKL1215229-2835
COMMENT « XRXXEKKKKEND DIECK X KX RX XK K XX

COMMENT « XEXKKKKKKKKD 33D 2% KKK ¥ KKKk

ATTACH»FyFINsCY=1.,

FTINs I=FsLsR=3syB=FLGO.

RETURNsF .

FREWINDSFLGO.

f FLGOsFL=20000.

¥EOR
+035 4.11 181. 1310. 350.
’ « 2244971 13.5 501.12 8691.133 + 7056356
0625 1195833 +002604167 005416667 + 05447917
1e?3 00001
21 80 30 b
200 8 0 20
¥EOR
*EOF

Figure D-2
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