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. " . HEAT TRANSFER MODEL FOR COMPOSITE FIRST WALL MATERIALS IN A PULSED HIGH-BETA
CONTROLLED THERMONUCLEAR REACTOR
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53328 ABSTRACT
%ss!ass : - : e L L o .
;EEiisécn : A computer model has been constructed to predict temperature
1) and time excursions for radial composite walls currently under consid-
="’°’_ eration for pulsed high-beta Z-pinch machines. The effects of incident
™, flux, internal heat distribution functions, thermal properties, and

K

1

material dimensions have been examined for a Nb/A1203
establish the feasibility of the model.

composite to

I. INTRODUCTION AND SCOPE

In a previous report,1 a preliminary treatment
of first wall heat transfer and chemical stability
effects was presented. For homogeneous materials
such as Nb, A1203,
sions and/or chemical reactivity with molecular or

BeO, or BN temperature excur-—

atomic hydrogen became prohibitive, indicating that
a composite first wall might present a feasible al-
ternative. Prediction of thermodynamic equilibrium,
kinetic, thermal stressing, and radiation damage ef-
fects require first-hand knowledge of anticipated
temperature-time profiles for composite wall mater-
ials intended for use in pulsed, high-beta, con-
trolled thermonuclear reactors (CTR's) where heat
fluxes on the order of 1 kW/cm2 or more are possi-
ble. Furthermore, estimates of maximum operating
temperatures for the molten lithium blanket are
useful in establishing the effectiveness of proposed
CTR's in producing high temperature heat sources

for direct or indirect energy production.

II. DESCRIPTION OF THE MODEL
A. Basic Geometry

Due to the large radius of curvature (30 m)
and torus diameter (~ 1 m) a rectangular coordinate
system was used for the model. Figure 1l illustrates

schematically how a Z-pinch prototype might be

D
]

Schematic of prototype Z-pinch design.2

Exlaling oluminum
primary '
Fig. 1.
designed.2 The major feature of interest is the
radial arrangement of the composite first wall. In
the prototype design the conductor (material 1) is
an aluminum washer separated by thin layers of anod-
ized aluminum which can be conceptually thought of
as the insulator (material 2). Figures 2A and 2B

schematically represent the geometry used in the
model. The grid has I2 points in the x-direction and J
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Fig. 2. Geometry employed for finite difference

grid. 1I2 x J points having Ay spacing in
the y-direction and Ax1(Ax2)spacing in the
x-direction for materials 1(2).

points in the y-direction with the point at I1 on
the interface between materials 1 and 2.

A time-dependent heat flux impinges on the
inner surface of the composite [i=0, ..., Il,
... I2; j=0], and a liquid metal (lithium)/metal
conduction temperature dependent heat transfer re-
sistance exists on the outer surface [i=0, ..., Il,
eeey I2; 3=J]. The two center lines (-.-) define
mirror symmetry planes in each mgterial and can be

T

represented by a zero flux [ - kg; = 0] condition.

B. Design Criteria

Heat enters the first wall via several sources,
including:

1. Bremsstrahlung radiation,

2. n-Y reactions within the wall, and

3. direct neutron deposition energy.

In a preliminary report, Burnett, Ellis,
Oliphant, and Ribe3 demonstrated that most of the
energy deposited ( > 85%) was Bremsstrahlung energy.

In our model, the total heat absorbed is divided
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Fig. 3. Incident heat flux q and heat distribution

functions f = H(y)/q_ A y expressed as a
fraction of the pulsg heat flux qp (arbi-
trary scales).

into two quantities:

1. An incident flux which is deposited at
the surface y = 0.

2. A distributed heat source function H = f(y)
representing the energy absorbed as a func-
tion of distance into the wall from the
point y = 0 to the extent of the wall
y = Ywall.

Consequently, for a two-component composite, there
would be four H functions corresponding to each
material in the pulse and rest mode. In Fig. 3, we
present idealizations of these heat distribution
and incident flux functions used in the current ap-

proach.



Only distribution (H(y)) curves for the pulse
period are shown in Fig. 3, since negligible values
for the rest period are anticipated when heat trans-
fer to the wall will be primarily by radiation and
convection from the expanding plasma. As a first
approximation, one might assume that H(y)/q = O dur-
ing the rest period for both materials, indicating
that all of the heat is deposited on the inside sur-
face of the wall. Nevertheless, in implementing the
model, the user is free to select any heat distri-
bution function that is appropriate. For example,
for our Nb/A1203 composite both rest and pulse H
functions are set to zero for Nb, and a finite H

used only for the pulse mode in A1203 (see Ref. 3).

In general, the insulator (ceramic) would be expected

to have a much wider distribution function than the
conductor (metal) as is illustrated in Fig. 3.

The square wave function idealization for q is
somewhat of an over-simplification of the actual
case vwhich might show an exponential increase and
decrease of heat flux during the cycle.“ However,
at this stage, a square wave functionality should be
adequate. Actual values for the incident heat flux
q may be determined by design limitations of the ma-
terials used in the first wall. For example, the

magnitude of q can be partially controlled by chang-

ing the amount of first wall surface area for a given

amount of heat produced during the cycle.

C. Governing Equations and Boundary Conditions

The following partial differential equation
(PDE) applicable to unsteady state, two-dimensional

heat conduction was used for both materials.

3%t . 3% Lo 3T
G122t 2| Yo c = %
i p. (¢))

i = 1,2 (for both materials) .

An ambient temperature (TB) equal to the bulk
lithium temperature is assumed for the initial con-
dition at t = 0. Four boundary conditions are ap-
plied to positions specified on Fig. 2B:

1. Incident heat flux at the inside surface

(see Fig. 3)

at y=0( =0), all x

aT t
ki(ay) qi(t) . (2)
2. Temperature dependent flux with contact

resistance at the outside surface

at y=0( =0), all x
aT\_ t
ki(ay)— h (T TB) 3)

where h is an effective heat transfer coef-
ficient applying to the molten lithium
blanket and any solid liners that might be
used.

3. Continuous flux and temperature at the in-

terface

at x = L1/2 (i =11), all y
3T\ _ aT
kl (3;) = k2 (ax) . (Y]

4. Zero flux condition at centerlines of ma-

terials 1 and 2 via symmetry

at x

0: (1= 0),(2—5) = 0 )

at x = LLELD -y (a'r) = 0.(6)

%

In solving Eq. (1) to generate temperature pro-
files as functions of time, a dimensionless tempera-

ture u was defined as

u = — ’ (7)

and finite difference equations were written to ap-
proximate the PDE. Appendix A contains a tabular
presentation of these equations. A detailed descrip-
tion of the finite difference formulation of the
boundary conditions is presented in Appendix B. An
Alternating Direction Implicit (ADI) scheme was used
to solve the system of equations (see Appendix C).
The advantages of an implicit rather than explicit

‘scheme should be useful in conserving machine time

and in adding to the flexibility of the code.

fIn the expression ki or q, the i = 1 or 2 depending
on what material it is.



The tridiagonal algorithmand a complete listingof the
Madcap V code are presented in Appendixes D and E.

III. LIMITATIONS AND APPLICATIONS OF THE MODEL

Several features of the model have been kept
general; for example, various wall sizes can be used
with any two materials. If the repeating thickness-
es in the x-direction, L1 and L2, become much small-
er than the thickness of the wall in the y-dipection
Yw, the code reverts to a unidirectional (y only)
calculation of temperature profiles with area aver-
age physical properties used. Any combination of
incident heat flux and intermal heat generation
terms can be used. The outside boundary condition
(all x, y= Ywall at j=I) is temperature dependent
in order that an effective heat transfer coefficient
can be used which combines the resistances of a li-
quid lithium boundary layer and any metallic and/or
ceramic backing material that might be present.

The interface condition (at i=Il1) can be speci
fied by either of two procedures (see Appendix B):

1. Criteria of continuous flux at the boundary

(w2 () @

2. Criteria of continuous flux and an oper-

able PDE at the boundary.

In using the code, large time steps should be
avoided since they can cause inaccuracies as well as
ingtabilities because of the pulsed boundary con-
dition and the interface between materials 1 and 2.
At least 10 time steps for each pulse comprige the
upper limit, i.e., for a 10 ms (10_3 s) pulse At
would be 1lms . Since the rest period is usually
much longer than the pulse period, e.g., 90 ms com-
pared to 10 ms, a larger At could be used during
this period if conserving computation time became

important.

IV. PRELIMINARY RESULTS AND DISCUSSION

The main purpose of this section is to discuss
preliminary results which demonstrate the feasibility
of applying our heat transfer model to CTR appli-

cations.

A. Choice of a test system
A niobium (Nb) - alumina (A1203) radial com-

posite was selected since it is currently under

consideration as a first wall composite materia1,3
and because its thermal properties are representative
of typical metallic conductors and ceramic insu-
lators that might be considered at a later time.

‘Present Z-pinch design estimates will require an in-

sulating capacity between 1 to 3 kV/cm which will
control the relative dimensions of insulator (2) to
conductor (1).2 Although actual sizes have not been
specified for a real operating system, a prototype
experimental design utilizing anodized aluminium
washers (0.0254 cm thick Al with approximately O.0005
cm of anodized coating) is currently under construc-—
tion by Phillips and associates.2 A large scale-up
from these dimensions is anticipated for future ex-
periments and consequently a test geometry with
about 1 cm width of conductor to 0.1 cm of insulator
with an overall wall thickness of 1 cm was selected.
Total heat flux loads on the first wall during the
pulse period are expected to be the range of 0.1 to
10 kW/cm2 consisting mainly of Bremsstrahlung and
n-Y energy. Niobium, due to its high mass number,
will absorb most of the plasma energy within a very
thin layer ( ~0.01mm).3 Alumina, on the other hand,
will absorb the energy continuously with a dis-
tribution function given in Fig. 4. As suggested
by Burnett et 81-3 an average electron temperature
of 25 keV was selected to define the heat generation
function. During the rest period, approximately 10%
of the instantaneous pulse heat flux will impinge on
the inside surface of the wall with no distribution
within the wall (H(y) = 0). As a first approximation
a constant value was used during the entire rest per-
iod (see Fig. 3). In order to meet the Lawson
criterion a 10% duty cycle corresponding toa 0.0l s
pulse anda 0.09 s rest period has been employed for

the test case. A range of outside surface (y = Ywall,

Fig. 2) heat transfer coefficients from h =0.14 to
14 cal/cm2 s K were utilized to appraximate the
thermal resistance anticipated from a niobium (Nb)/
boron nitride (BN) protective liner and a molten
lithium boundary layer. Average values for material
properties were selected at approximately 800°C, and
these are tabulated in Table I for several first
wall material possibilities.

A summary of the system parameters investigated
is presented in Table II. Again, we would like to
emphasize that our purpose at this stage was to

]



TABLE I

*
MATERTAL PROPERTIES( )

k
Conductors (1) <:al/(<:m2 s K/cm)
Niobium, Nb 0.158
Molybdenum, Mo 0. 350
Insulators (2)
Alumina, a—A1203 0.034
Beryllia, Be( 0.835
k-thermal conductivity p~density

C

p P o=k/p Cp
g/ <:m3 cal/gK cm2/s
8.57 0.0736 0.250
10.20 0.0630 0.545
3.96 0.198 0.0434
3.00 0.50 0.0557
Cp—heat capacity oa-thermal diffusivity

(*) Data based on information taken at ~800°C from

1. "Perry's Handbhook for Chemical Engineers," 4th Ed., McGraw-Hill N.Y., (1965).
2. '"Handbook of Chemistry and Physics," Chemical Rubber Publ., N.Y., 4lst Ed.

(1962).

3. "Thermal Physical Properties of Matter,"

Vols. 1-2 Eds. Touloukian, Powell,

Ho, and Klemens, Plenum Publ. Corp., N.Y. (1970).

B. Temperature-Time Excursions for a Nb/Alz_Q3
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Fig. 4. Heat distribution function for Al,03 for
pulse period (original data Ref 3 kTe-
electron temperature of the plasma).

demonstrate calculational feasibility rather than

propose a definitive design.

Composite
Table III (A and B) provides a complete summary

of the test runs made. The effects of heat flux,
heat transfer coefficient, time step, and grid size
parameters were all examined.

A typical temperature-time excursion for seven
congsecutive pulses (for complete parameter specifi-
cation see Table III, Run 1) is presented in Fig. 5.
Several features of the graph are apparent.

1. There are no inherent instabilities in the

ADI solution.

2. The outside surface temperatures, AT(0,J),
A T(I1,J), and AT(I2,J), do not increase due to
the large value of h = 14 <:al/<:m2 s K used.

3. The interface AT(I11,0) is between the maxi-
mum excursion in the A1203 layer (AT(0,0))
and the minimum in Wb layer (A T(0,0)).

4. The inside surface temperature for either
material Nb or 1*.1203 does not relax to what
its initial level was before the pulse,
hence there is a continuous increase in AT
which should approach steady-state condi-
tions after a temperature profile of suf-

ficient magnitude has been established



TABLE II

SYSTEM PARAMETERS INVESTIGATED

1. Duty cycle Tp = .0ls T " .09 s
2. Incident heat flux
q; (pulse period) 0.1-1.0 kw/cn® (~23.82 - 238.2 cal/cn’ s)
9y (rest period) .01-.1 kw/cm2 (~2.382 - 23.82 cal/cm2 8)
3. Heat distribution/generation function H(y)
separate functions for insulator (2) and conductor (1) during pulse
and rest mode utilized
4. Heat transfer coefficient h = ,14-14 cal/cm2 s K
outgide surface-combined resistance of backing material and liquid
lithium
5. Bulk temperature Ty = 600°c?
6. geometrical parameters
wall thickness Ywall = 1 cm
. conductor thickness L1 = .01-1 cm
Composite
insulator thickness L2 = .0005 - .1 cm
7. Equation solution parameters
grid sizes Axl = .0005 - .05 om
Ax2 = ,0005 - .005 cm
Ay = .01 - .02 em
time steps At =10 - 2000us (10°° )

aReally arbitrary, material limitations will

set the upper bound,

to conduct away the total energy deposited
during the pulse and rest periods.
A series of temperature profiles are presented

in Fig. 6 for the conditions of Run 5 (Table III).
In this case, heat was deposited on the inside sur-
face of the Nb layer during both pulse and rest
periods and on the ingide surface of the A.1203 layer
during the rest period. The heat distribution func-
tion given in Fig. 4 was used for A1203 during the
pulse period. One can see a marked reduction in the
temperature excursion of the A.1203 layer caused by
distributing the heat. All three profiles, at the
center lines of materials 1 and 2 and the inter-

face, are uniform in shape and magnitude for the

three times given. This effect is also illustrated

by comparing Fig. 7b with Fig. 8 which have identi-

cal conditions, except in Fig. 8 no heat distribution
was used (H(y)'s = 0).

The magnitude of the outside surface effective
heat transfer coefficient has a significant effect
on predicted temperature-time excursions (see Figs.
7a and 7b). With h = 0.14 cal/cm2 s K to approx-
imate anticipated thermal resistances, the outside
wall temperature has increased by > 60K over the
bulk lithium value in 30 pulses. This AT will, of

course, continue to increase until steady-state con-

ditions are reached.



TABLE III

TABLE III (SECTION A)
SUMMARY OF RESULTS FOR COMPOSITE/PULSED CASE‘

Heat
Transfer
Coeff.
Total
Time Outside
Geometry Crid Size Step Surface _In%ide_nt_:lﬂ_
Run  Conductor (1) Insulator (2) Ll L2 Ywall Axl Ax2 Ay At h i i
2 Rest Pulse
cm cm co cm cm cn s cal/em® 8 K Period Period
W/ca? kWfen?
Niobium Alunina .
1 N A1203 1.0 0.1 1.0 0.05 0.005 0.02 1000 14 0.01 1.0
2 Nb A1203 0.01 0.0005 1.0 0.0005 0.00005 0.02 1000 14 0.01 1.0
3 Nb A1203 1.0 0.1 1.0 0.05 0.005 0.02 1000 14 0.01 1.0
4 Nb A1203 1.0 0.1 1.0 0.05 0.005 0.02 1000 14 0.1 1.0
549 Nb A1203 1.0 0.1 1.0 0.05 0.005 0.02 1000 0.14 0.1 1.0
6 N A1203 1.0 0.1 1.0 0.05 0.005 0.02 100 0.14 0.1 1.0
7 Nb A1203 1.0 0.1 1.0 0.025 0.0025 0.01 200 0.14 0.1 1.0
8+10 Nb A1203 1.0 0.1 1.0 0.05 0.005 0.02 1000 0.14 0.1 1.0
Molybdenum Beryllia
Mo BeO 1.0 0.1 1.0 0.05 0.005 0.02 1000 0.14 0.1 1.0
* Conditions fixed for all rums: T p=001s T _=0.09s.
TABLE III (SECTION B)
SUMMARY OF RESULTS FOR COMPOSITE/PULSED case*
M—WWMLF_“L
- OQutside
Beat Distribution Functions Utilized® Inside Surface (Plasma Side) Surface
Conductor Interface Insulator Average Couments
AT (x=0, AT (x»I1, AT (x=12, AT( <x >,
y=0,te ®) y=0,te=) y=0,t= ) y=Yuall,t= )
Conductor (1) Conductor (1) Insulator (2) Insulator (2)
Run  Pulse Period Rest Period Pulse Period Rest Period K X K K
Hpl(y) Rrl(y) Hp2(y) Hp2(y)
1 0 0 0 0 370 460 490 -0
2 0 0 ] 260 260 260 -0 unidirec~
tional
3 ] ] 0 0 250 320 380 -0 (y only)
4 0 0 Bp2(y) 0 360 351 348 -0
5+9 0 0 Hp2(y) 0 650 640 640 300
6 0 0 Hp2(y) 0 650 640 640 300 ¢
7 0 0 Hp2(y) 0 650 640 640 3007
8+10 0 0 0 0 600 695 810 300
0 0 Bp2(y) 0

®Refer to nomenclature section (Appendix F) and Figs. 1-2.

bl-‘.'attmpol,ated towtime.
®Refer to section IIC and Figs. 3-4.

quuivalent to run 5.
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ture-time excursion.

For parameter specifications see Table III, Run 5 and see Fig. 7b for tempera-



T I T T T T T L} T

LTN
RS ]
ssohe /Annm <
=T QSQ&x\§&f

W\

o1 11,01

)

1 \ QN@Q\Qk%EE}

a1 19,01 J

[} $0C000 1200000 1000000 2400000 200000)
Time tpuesc t
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C. Approach to Steady State

As steady state is reached, the temperature
profile at any position along the composite will
stabilize except in the vicinity of the inside sur-
This behavior
was observed in a preliminary study of heat trans-

face where it is continuously pulsed.
fer effects.1 Because the thermal time constant

T, = szla is large compared to a cycle time of 0.1
s, e.g., for a l-cm wall T, (A1203) =23 s and
Tw(Nb) ~6s

resistance is imposed by the low h = .14 cal/cm2

and because an additional thermal

s K on the outside surface, successive pulsing
will cause AT to increase at any point in the wall.
A crude estimate of the maximum AT anticipated is
given by superimposing both the ATa equivalent to
steady-state heat transfer through the wall and the
ATh caused by thermal contact resistance at the out-
side surface onto the ATp caused by the pulse it-
self.
ductor (0,0), an estimate of AfZ,

For instance, at the center line of the con-
o 2t steady state
is given by,

- .
ATO,OZ ATa +ATh + ATIJ

_ (net heat transferred/time)

where ATa = *1/Y
Tw
. (qR Tt 4 LI &
('rp + Tr) kl
AT = temperature rise after the lst pulse
P ar (0.0)
(net heat trangferred/time)
ATh = h

~ (qE Tt )
('rp + Tr)h
cmz) pulse

For the case of a 1 kW/cm2 (238.2 cal/s

and a .1 kw/cm2 (23.82 cal/s cmz) heat dump,

ATa = 287 K
ATp = 90 K
ATh = 333 K .

Therefore,

L] ~
ATO,O =710 K .
From Table III, one can see that excursions of 650 K
are typical for these conditions (Runs 5,6,and 7).

D. Prototype Geometry — Effective Undirectional
Heat Transport

Run 2 attempted to simulate conditions similar
to those expected in the prototype Z-pinch reactor
(Fig. 1). The widths of Nb and A1203 in the x-di-
rection, .0l cm for Nb and .0005 cm for A1203.are
very small compared to the thickness of the wall in
the y~direction, 1 cm. Consequently, conduction in
the x-direction is fast and can be neglected rela-
tive to that in the y-direction and the code per-
forms a unidirectional ADI solution to the PDE using
area average properties. In Fig. 9, temperature-
time excursions are presented for the case with h =
14 c:-xl/cm2 s K.

E. Convergence and Stability of the Method - Effect
of Grid Size and Time Step

Convergence of the ADI technique was checked
with Runs 6 and 7 by reducing the grid sizes, Axl
from .05 to .025 cm and Ax2 from .005 to .0025 cm
and Ay from .02 to .01 cm, and time step At from
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Fig. 9 Temperature-time excursion for a Nb/Al;04

composite having similar dimensions to the
prototype Z-pinch (Fig, 1). For parameter
specifications see Table III, Run 2.

1000 to 200 p s.

more than 5%

Temperature profiles varied by no
at equivalent grid locations.
Furthermore, when the composite was reduced to a
single component, e.g., Nb, and a two-dimensional ADI
solution was run, x-direction variation of AT was
less than 0.1% and the temperature-time excursions
were consistent with previous data accumulated for
unidirectional heat flow using an explicit method.1
Although the ADI technique,as applied to rec-
tangular two-dimensional problews, should be uncon-
ditionally stable regardless of the choices of At,
Ax, and Ay,9 our specific application of the ADI
technique did result in instabilities as mentioned
in Sec. III. The pulsed heat flux and interface
condition were probably responsible for this since
when they were removed from the problem by using

a single component and continuous flux boundary, At

could be selected independently of Ax and Ay. Cer-
tain improvements to the stability of the ADI pro-

cedure are obtained if the grid system is converted

_to a half-interval system with the interface con-

taining Ax1/2 and Ax2/2 parts of materials 1 and 2.
F. Concluyding Remarks

The computer model for heat flow in radial com-
posite CTR first wall materials should provide a

useful tool for establishing temperature excursions
and profiles which are necessary in evaluating the

mechanical and chemical behavior of any proposed

materials.

V. RECOMMENDATIONS

1, Additional materials should be examined,
including, Zr02. BeO, and other insulating
oxides as well as Ta, Zr, Mo, and other
conducting metals.

2, Having established anticipated temperature-
time excursions, other properties such as
chemical stability, radiation damage in-
cluding void and helium bubble growth,
thermal stressing, and other aspects of
materials compatability should be consid-

ered.l's'6

3. By selecting a range of thermal properties,
dimengions, incident fluxes, and heat dis-
tribution functions, generalized thermal
history charts applicable to pulsed-high-
beta machines could eagily be generated for

use in preliminary design work.
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APPENDIX A

FINITE DIFFERENCE EQUATION FORMALISM

Tables A-1 and A-2 list the difference equa-
tions utilized by the code. Both sequences of
sweeping x first and then y, and vice versa,are pre-
sented. In addition, two different equations ap-
plying at the interface between materials 1 and 2
are included.
clature employed is given in Appendix F and a par-
Tridiagonal

matrix coefficients are easily determined by re-

A complete description of the nomen-
tial one below for Tables A-1 and A-2.
calling that a would be the coefficient of the i-1

term, b the i term, and c the i + 1 term and d the

remaining terms. (See Appendix D.)

Nomenclature for Tables A-1 and A-2

AL = alAt/(dx1)? - material 1
A2 = a2At/¢x2)2 - material 2
Bl = alAt/(Ay)? - material 1
B2 = qlAt/ (Ay)2 - material 2

Cl = Hl/plC lTB = heat distribution function (f(y))
P for material 1
C2 = H2/p2C 2TB = heat distribution function (g(y))
P for material 2
E = k2Ax2
klAx1
F = [k2Ax1/kl1Ax2])
¢ - K28x201
klAxla2
_ k2Ax2al k2Ax20l
¢ = [Cl +(k1Axla2) Cz] [1 * WAxia 2]

i} K20x2 k2Ax201
E=al [1 + klel] [1 + klelaZ]

84y= Y11,5-1 “211,3 o, 4

APPENDIX B

FINITE DIFFERENCE EQUATIONS APPLYING AS BOUNDARY
CONDITIONS AT THE INTERFACE BETWEEN MATERIALS 1 AND 2

I. CONTINUOUS FLUX AND TEMPERATURE AT THE INTERFACE

Both temperature and heat flux must be contin-
uous at an interface assumed to be in good thermal
contact. Using the nomenclature adopted in this

report, this is equivalent to saying that
1*'ti
u 11 is continuous

and

* *
@ L Cn,;tnay |
Axl

* - *
(W14, - @ 11,5

k2 As2 . (8

Equation (8) can be used directly in the tridiag-

A * *
o:al matrix since only the terms uIl—l,j , uIl,j N

U4y i are involved. Therefore, by rearranging
’.

Eq. (8), the coefficients aIl' bIl' c1ye and dIl
can be specified as:

11
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TABLE A-1

DIFFERENCE EQUATIONS FOR CCMPOSITE (X-FIRST)

Difference Equation

begin x-gveep

1. “*1..1 0.5

Al
. uk, - - 2uk —2uk *
2wy, T T 720 Y el

Bl -
+AtCl + 3 (“1..14'1 2“1.,1 + ui.j-l)

3a. ® (u* )

Kl %
* —-yk — - ==
W, % -1, 998 e, 3T Y, 38R

At

3b.
2Ay2

+ oAt + Hu

*
W1, Yn,3 Yy

+ Al (u'tI + (1+F) u'tI

(1+6)

1-1,4 M

1,3 11+1, 1)

A2
4. (u*i,j- ui,J) -3 (u*i*"l,j - 2“*1,,1 + u*i-l,j)

+ Acc2 + 32 20

2
7 (g 441 = 29g,5 Fuy g)

* -
5. u 12,5 u*IZ-l.j

egin swee no_heat source term

Kk - -
6. km(u 1,1 “**1,0) qu'll/'k‘B

7a. ukk - u* - - 2u*

An
1,3 "2 1,4 1,3

Bm
* Ba -
+u 1_1,.1) +3 (u**i.,ﬁ-l 2\1*"‘.'.1

+ u**i.j-l)

7b. uk

- u

Al
* * *
1,1 " gt @ n,g

T TR A SO

+ 2 (u 11, 41 2u 11,3 + ““Il,j-l)
24y’
- Rk - ukk -
B (ukk, - ukhy g ) S8yh (ukky D

Condition

left boundary
material 1

material 1

Interface

Interface

material 2

right boundary
material 2

material 1 or 2
m=1,2

nel,2

interface

me 1,2

Range Comnents
3o 10005071 Symuetzry (no flux)
i=1,2
J ® lieegd-1 PDE, implicit x
1o 1,.00y11-1

J = lieaeyJ-1

J=1l,...,31
i~11

J=leeJ-1
1 ® I14l,...,12-1

1yee.,J-1
12,12-1

-
[N}

1e1,...,11-1,
Il +1,...12-1
j=~0,1

1ie1,...,11-1,
I + 1y...512-)
3™ 1y.007

i1
J =100

1= 1,...,11-1,
Il+1, .00 ,12-1
j - 31,7

a. Cont. flux

b. Cont. flux and
PDE apply

PDE, implicit x

syometry (no flux)

inside boundary
(incident fixed heat
£lux)

(q* = q, rest time)
(3* = q, pulse time)

naterials 1 or 2 ex-
cluding interface and
right & left boundaries.

PDE {mplicit y applies
at interface 1f Eq.
(3b) 1ia used

outside boundary
(temp. dependent flow
with 1iq. metal heat
tranafer coeff.)



TABLE A-2

DIFPERENCE EQUATIONS FOR COMPOSITE (Y-FIRST)

Range

Comments

Difference equstion Conditions
begin y-sweep
1. km (“*1,1 - “*1,0) o Ay q-/'l‘n materials 1 or 2
1,2
2a. u* -u.--AE(u - 2u 4u ) mnel,2
115 115 2 1"'11.1 115 1'1:.1 ’
Bo i =
+AtCn + 2 (u 1,441 2“*1.,1 +u*1'j_1)
Cl + GC2
* - 22 3 ULl
2b. u I, “Il.j + aT+0 At interface
+ o - | + (Dugy,, L)
1+46) ‘“'11-1,3 11,3 1141, ]
e
+ * - * *
a2 L1 T MnLg vt e
L - -
3. km (u 1,7 “*1..!-1) Ayh(u* 1._') nel,2
begin x-sweep (no heat source term
4e ukk - ukk material 1
13 0,4 left boundary
Al
*k - uk -2 -
5. u 1.4 "¢ 1.9 2 (“**14.1.5 Zuﬁﬁ’.'.1 material 1
+ ukk ) + Bl (u* =2u* fuk )
1-1,3 2 1,5+1 1,3 1,3-1
38
. *k - ukk 2 o
6a. (u .y~ Il-l.j)Axl (““114-1,,1 interface
- ukk kz
L)
. - uk ESux At Al
Sbe wny T n,y YT
2Ay
Rk
(u 11-1,3 + (14F) ““Il,j + (F) ““114-1.,1)
A2
. ukk - uk - 22 (ykk — 2ukk
Te R 3T UMy (g 2Ry matertal 2
+ ukk ) + B2 (u* - 2uk + uk )
1-1,J 2 1,341 1,3 1,3-1
8. “**12,,1 - “**12—1,,1 material 2

right boundary

fel,...11-1, 1141,
ceeyI2-1
3°1,0

1e1,.0.,F1-1, 1141,
eeepi2-l
Jolyeeesd

1«11

1o 1,...11-1, Il4l
eeeyi2-1 '
J = J-1J

lieeesd-1
‘e 001

-
]

1;..45J-1
loeessIl-1

-
]

3= lieeeed-1
i=11

3°1lye000d-1
1~11

JeoliiaayJ-1
4= I14],...12-]1

J=1,...031
i e 12-1,12

inside boundary

(dncident fixed heat
£flux)

(q® =qr for rest time)
(q* =qp for pulse period)

waterial 1 or 2
(excluding interface
and left boundaries)

applies at interface if
. (6b) is used

outside boundary
(temperature dependent
flux with liquid metal
heat transfer coeff.)

gymetry (no flux)

PDE, implicit x

a. continuous flux

b. continuous flux
and PDR

PDE, implicit x

symmetry
(no flux)

13



aIl = -1
k2Ax1
by =1 Y a2
c - - k2Axl
11 k1Ax2
dn =0 . )

The stability and convergence of the ADI pro-
cedure appeared to depend on the choice of Axl and
Ax2 for a given kl and k2.
selected such that

If values of Ax2 were

kl
Axl Ax

i

(10)

[N
-

the ADI technique was convergent and stable. Con-
sequently, an alternate form of the interface con-
dition was developed to keep the PDE itself contin-
uous at the interface. V
II. CONTINUOUS FLUX AND TEMPERATURE WITH MODIFIED
PDE AT THE INTERFACE
By utilizing the technique suggested by
Carnahan, Luther, and Wilkes,7 one can develop ap-
propriate finite difference equations for the
boundary between material 1 and 2 for our case.
Following the conventions of the model, the dimen-
sionless temperature at position Il-1 in material

1 can be approximated by a Taylor expansion as

- Axl (ﬂ) _

u x u
I1-1,j 11,3 ax I1

2 /.2
+ L8xl) <M-> + ...
11

2 2
9x an
2 2
by solving Eq. (11) for (3"u/3x )Il_' one gets
32u 2 u -u
-—2- = — 3 I1-1,j 11,j
3x ol (Axl)
+ Axl (g—:) _
11 (12)

Using the finite difference equation for (32u/3y2)
and 3u/dt

14

2 2y o 1 -
(3%u/3y") = ay? [o12, 501 2911, * “11.1-1] (13)
~ 1 [*
(3u/3t) = Ac [u I,y uIl,j]
) u* at new time t + At (14)

Likewise for material 2, Eqs. (11), (12), (13), and

(14) can be rewritten as,

2
Uriel,q = Y1,y TAX2 (5 ot

+ (szz2 (ﬁfﬂ)
2
nt

2
ox (15)
32u 2 u -u
— = — 1141, 11,j
3x Il+ @A x2)
du
- Ax2 { o=
(3x) Il+] (16)

[“n,j+1 T,y t “11.1—1] an

Suy_ 1 u* -u )
(32 m (CmaTrmy) L e

By substituting into the differential equation,

2 2
3u_  3u du
of—+—5) +C =7 R
(axz ayz) 3t

one can develop an expression for 3u/3t at the

interface. For medium 1, using Eqs. (12), (13),

and (14)

2 u -u + Axl f3u
al |————= I1-1,j3 11,j Y
[(Axl)z < () 11‘)

+ L (“11,j+1 Syt “11,3—1) ] +cl

(19



Solving for (3u/ax)n—, by defining

Sup s Fun, 1~ My ey, g o

Eq. (19) becomes

2
du = Bx1)” ¢ % _
Ax1 (3x) - 2eldc (“ 11,3 “11,3)

ax1)?c1

S ?
201

2apy 2 WY

+ u

11,5 ~ “11-1,4 (20)

Similarly for medium 2, using Eqs. (16), (17), and

(18)
2

_ Su _ (Ax2) *

Ax2 (3x) R TIY: (s ;" t1m,s)
ax? ., (ax2)* Su
202 2 yy

2(Ay)
+ u -u

11,5 ~ Y1141, 3 (21)

Applying the interface condition of continuous flux,

viz,
du Jdu
a () e ()
dx n ax Il+

We can use Eqs. (20),

(22)

(21), and (22) to elimi-

nate (3Ju and f{3u by just rearranging Eqs.
3x n x Il+

(20 and (21).

klAxl *

= Julht (“ 11,5 ~ “11,1)

klAxicl klAxl

- - Su
2al 2(Ay)2
kl (u - uoy )
+ 4 11,] I11-1,j
_ - k2Ax2 * _
+ 202At ( 11, “11.3)
k2Ax2C2 k2A x2
+ + Su
202 2(Ay)2 yy
-k2

) (“n,j - “11+1.j)

(23)

(24)

Equations (23) and (24) can be used to solve. for
*

u

I1,3°
ikl Axl k2Ax2 |
2alAt 202A t I11,]
. [kax | x2axe u
- 2alAt 2020t 11,j
[ k1Axlcl |, Kk2Ax2c2
+ 201 T za2 ]
+ kle12 + k2Ax22 ] 8u ,
L 2¢ay) 2(Ay) y

By simplifying Eq.

I
A =l [Il,j I1 1,3]

k2

u -u .
A2 [Il,j Il+1,3]

(25),

_ k2Ax1 k2_Ax1]

e eenc s 2228y |no1,; - tn,; [" M kleZJ+ 1141, 5 [klez
1.4 - “11.3 Ay2 (Ax1)2 L 4 k28%2 of
2alAt kldx1 a2

(25)

(26)

15



where
- k2Ax2al k2Ax2 al
¢z [Cl * Waxla2 c2] / [1 * dAxia2 (27)
\
k2Ax2 k2Ax2al .
£=ol [1 + klel] / [1 * bxlaz (28)

Equation (26) is similar to the explicit difference
equation presented by A):pac:i..2

with ¢ = ¢, £ = ¢ -

(Note that again the heat source ¢* is put in with
full At,
vals.)

'To determine the coefficients for the tridiagonal

and At/2 1s used for other time inter-

matrix,viz.,an, bIl' €q1° dIl' we define the
following quantities.

gz k2bx2 oo keAxl. o - k20x20l
For the case of no heat generation, Cl = C2 = Q; = Wax1’ T klAx2’ klAxl a2 (33)
A x1 = Ax2 = Ax; and only one direction dependence
*
for u, i.e., Su__ =0, u becomes
yy
* - 2a1At [ ( g) (kZ)]
Y,y T,y T, 7 Moeng T Mg P e
k2ol
[1 *idaz (29)
By multiplying the numerator and denominator of the
= - + i
second term on the right—hand side of Eq. (29) Note that 6“)’}' “n,3-1 zunsj uIl,j+§
t +At.
by k1/k2 and rearranging, one gets, defined at the old cime t rather than
[u -u (1 + ﬂ) u. (ﬂ)]
* _ 201At 141,43 ~ “11,4 k2 11-1,3 \k2
u s = u + »
1,5 0 Y1,y T T, 2 — I Lol
k2 T o2 (30)

which corresponds to Eq. (7.67) presented by

The first three terms on the right-hand side

Carnahan et al. on page 463. If both materials are
the same, al = a2 = a: kL = k2 = k and of Eq. (32) are used to specify dIl' while the
fourth term specifies aIl' bIl' and CIl' along with
u* =u the left-hand side of Eq. (32). Consequently,
11,3 IL,J
-201A¢/2
alt a., = . -ol8e/2
ol (u11+1,j gt “11—1.3) * (31 I axn?a+ 6 G4
which is in standard explicit form for a homogeneous b =1+ 2a1At[2 (1+F)
system. 1 ex1)? @1 + 6) (35
Using implicit formulation in order to imple-
ment this algorithm in the current ADI code, one can c = =201t /2(F
' 0 axn? a+0) (36)
show that
* _ * (a t/Z)E
u 11,3 _ull,j + 9 At+__xy_2___
Ay
[u* _ u* (1 + k2Ax1 )+ u* (kZAxl )]
+alAt/2 11-1,3 11,1 k1l Ax2 T1+1, \klAx2
2 k2Ax2 ol :
(& x1) [1 * WAxia2 (32)
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LAt (Cl+GC2)  Arol (1+E)

07ty Ao 2(1 + G) 8y

Il

2 |%11,4-1 7 11,3t “11,1—1] 37)

(in the Madcap code al = D1 and a2 = D2) .

In the ADI scheme, we also need an equation to
allow us to implicitly calculate u at the inter-
Since Eq.

(25) 1is an equivalent form of the PDE applying at

11,j
face when sweeping in the y-direction,

i = I1 (interface), it can be rewritten implicit in
y and explicit in x. Equation (26) thus can be re-

structured as

* EAL * ok * ]
u 11,3 uIl,j + oAt + 2Ay2 [u I1,3-1 2u 11,3 +u 11,5+
201A¢/2 _ [ k2Ax1 [kZAxl]
+ Ax1)2 Urpop,y T Ynp,y 1B Y kdxz ) *Unia,j |kKIBx2 ,
(Bx1) [1 L K2hxzal
klAx1l a2 (38)
which is similar to Eq. (32). Again we can
solve for the tridiagonal coefficients using
Eq. (33) to define terms.
T € [ Ry e
11,j 11,] (1+6)
Atal [
+ u -@A+PFu + (Fu :
) » I1+ »
(Ax1)2 (1 + G I11-1,j 11,3 1+1,j
EAt * ok * ]
3 [“ -1~ 21,5 Y,k (39)
20y
£ = ol (1 + E)
a+6 (40)
AL ol (1 + E)At
an T2 T 2
20y (1 +6)(2Ay ) (41)
by =1+ B i1 el(L + EL—-—A;
Ay (1 + GAy (42)
€11 = - gAtz _al(l + E) 2At (43)
2Ay (1 + G) (Ay™)
At al At (C1 + GC2)
d =———-—[u_ -1+ Fu + (Fu +u .+
I1 axl)z 1+ G) I1-1,3 11,] I141,j 11,3 (1 +G) (44)

17



APPENDIX C

ALTERNATING DIRECTION IMPLICIT METHOD (ADI)

The implementation of the ADI method as dis-
cussed in Appendix A has been considered by numer-
ous authors (7,9,10,11), and consequently only a
The ADI tech-
nique when applied to a rectangular grid network

brief discussion is included here.

avoids the step size limitations of an explicit
method and also uses a tridiagonal coefficient ma-
trix for rapid calculation of the temperature grid
at any time step. The basic concept is to use two
difference equations, each applied at half At steps.
Each difference equation is implicit in either
the x or y direction. For example, solving the

two—dimensional elliptic equation

a[ﬁﬁﬁ] = du
2 2 3t
x

(45)
would involve iterations using difference equations
of the following form for an (i,j) grid., The x-
sweep [implicit in x] is written as

u = value of uy j at t + At/2 (half time step)

i,3

1,3 = value of u1'j at t + At (full time step).
Richtymer and Morton3 have demonstrated that
this form of the ADI method is unconditionally stable

regardless of the choice of Ax, Ay, or At, Our
particular problem has three additional complica-
tions:

(1) A heat source term C is present [Eq. (1)].

(2) An interface between two materials is
present.

(3) The inside boundary condition is time
dependent (pulsed flux).

All of the above can induce instabilities and/or

inadequate convergence unless the difference equa-
tions applying at the interface and boundaries are
(See Appendix B.)

for the difference equations has been demonstrated

properly formulated. Consistency

if the heat source term is introduced at the full
time step, i.e., CAt is introduced in either the x

* * *
- 2u

*
S T S DA TS 15 Bl 15 B 22 18 LA e 10 2 Bl P8 Bl P2 L
Ae/2 A% oy’ 46)
and the y-sweep [implicit in y] as
Kk * * ) * + * ( Kk ) Kk + Kk )
R VS B ¥%. R © 5. Ealt ¥5 It £ 5 U5 IS U5 = Sl 5, M 151 . ,
At/2 Ax2 Ayz 47)
or y sweep and not at both half-time steps.5 Sys-
where
tematic errors due to this procedure were eliminated
ui,j = value of ui,j at time t

18

by altering the sweeping sequence to XyyXXyyX ... .



APPENDIX D

FORMULATION OF THE TRIDIAGONAL ALGORITHM

24
The ADI technique inherently generates equations [2} refers either to u, P 3l fixed, or ui.j »
’
for each grid point involving 3 adjacent terms in i fixed. The algorithm for solving the tridiagonal
the u matrix. matrix is relatively straightforward. The matrix-

is sweeped from top to bottom and then from bot-

2}. The followi flow
Yi-1,3 Yi,50 i+, tom to top to solve for [Z} , e fo ng
sheet depicts this procedure.
or
TRIDIAGONAL PROCEDURE
“,5-10 P15 U500 - (48) STiRT
The coefficients a,b,c refer to i-1 (j-1), i(j), and
i+1(j+1l) terms, respectively, while d refers to the 80 = b0
remaining terms. Furthermore the a,b,c coefficients d
would be for terms involving the new time step ei- YO = B_o
* ok
ther u or u (see Table I). Thus, the tridiagonal 0
matrix can be represented as 1
[ T u _1 for i =1 to N
bOZO <:OZ1 d0
b,z z d B, = b1 @y 0
3% bk 9% 1 1 B,
Peecsessssscsssscccans PR . =(di_ai Yi—l)
Yi —-'——"‘_‘Bi —
321 b2 cifia| Tl Y l
;
L anzn—l l"nzn dn (49) l
—J L
for j = N-1to O
Z, =y, - (c.Z,
5 =Y~ ( +1)
%

STOP

19
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26 Jul 73 092641

01,001
01,002
01,003
01,004
01,0085

01,006
01,007

01,008

01,009
01,00a
01,000
01,00¢c
01,004

01.00e
01,00¢
01,010
01,011
01,012
01,013
01,01h
01,015
01,016

01,017
01,018
01,019

01,012

APPENDIX E

MADCAP V LISTING

Rec 01 Pager o,

| [ [ | | | 1 1 | | |
*CTR COMPOSITE HEAT Frcv MOLEL®

*ALTERNATING DIRECTION IMPLICIT METHOD YSED®

*Pulsed cate’

*1satropic and homogeneous propertiea ajssumed for each material’
*Hodified Code Vith cortinoua interface condition®

*variadble Specificution’
*T = temperature, °C*

*7, = bulk lithiun tenperaturc, Oce

°Cp = neat capacity, c€al/g°c*

®p ® dansity, ‘,gla'

*h = heat transfor coegficient, cal/cnsec®c’
*k ® thermal coRquectivaity, cal/en aec’c*
D ® trerral Aifgeusivivy ® lecp, enzlloe'

*Tp @ purn time gor pulse, Micro-sec®

‘Tr = test tine, Microwsec®

Tax1 ®» xeatep 8ige in Material 1°

*Ax2 = xestop sipe An Haterial 2°

*Ay = yestep aize*

‘At @ gtep size gor tine®

*Tixe = actual tire, Sec’

‘Tprint e intorval detveen prinvs picro-sec’

'Yv ® ¥all thicknpess, cm°®

°LY = gize Of magerial 1 element, en°
L2 « aize Of Xagerial 2 element, ca’
*aud or postacripils 1 and 2 refer to tvo different Materials*®

* sub or postscripy ) regers Lo average value at intergace’



26 Jul 73 0926+)S
: Rec 01 Page 02

: 1 | | 1 | | | | | | 1
01,010 ‘Differiential Equation (Rectangular coordinates)®
o1,01¢ *p1a2uszax?+a®u/ay®reciy) = ausaee
01,014 ‘*pinensionless paramegers®
01,01e ‘y = ﬂ-'l‘a)l'ra'

01,012 *A @ pavsax?e

01,020 *g = patsay2e

01,021 ‘Cat = BAL/pCH°

01,022 ®QAY/R = incideny heat flux®

01,023 *vhores*

01,02 ‘Postacripts 1 aAnd 2 reger w0 tvo different materials®
01,025 ‘postecripts r and P prefer 10 rest and purn periods®
01,026 *ror exakple,®

01,027 ®* H 48 the internal heat generation term, it can take on®
01,028 ‘valuess Hri{y),Hptly).sr2ly),Kp21y)°*

01,029 *Likeviae for Qs Qri.Qnr1,Qr2,Qp2°

01,02a ‘ue @ direncionlesa tenperature at 1/2 time step®
01,020 ‘use @ dinensionlc¢ss texbPerature at eo-pxoio tise step®
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26 Jul 73 0926+L8

02,001

. 02,002

02,003
02,00)
02,005
02,006
02,007
02,008
02,009
02,008
02,000
02,00¢c
02,004
02,00e
02,00¢

02,010
02,011
02,012
02,013
02,01X
02,015

02,016
02,017
02,018
02,019
02,012
02,01d

Rec 02 Page 01

| ' | 1 | | | | | | |
*gense 1 - on for trigl dat, set’®

*sense 2 -~ on for pript out at each’

*sense 3 ~ on set geNgration teras to gero’

*sense i - on to set yp Plotae’

*senss 5 ~ on to terainato the iteration*

‘sense 6 = on to to;ngnnte 4teration ang initial pilotting*
*sense 7 = ON a8k fOr ne¥ Print interval’

®genee & -~ on to use gld interface condition at 11*

. okt {Au/dx) @ ~k2{qu/ax) in finite difference gorm*
. off to use modifiod inverface condition at 11°

’ Continuous glux and PDZ apply*

*12 cont, flux and PDy are used at the interface then the*
®4nterface 48 inciudeq in tne y sveep*

*senke § » ON tO use parnonic mean for interface,®

. uff for arithnetic area average®

UsUesu®®y 10 110,0 to 110

Z,I.D.C,do to 110

0r1,6r2,0p1,0p2,Hr1,Hp2,0p1,0p2, . (4,

%9 vo 110

*Array asisignaent for piots®
‘AT = r-r'.°c-

s
*ATY ® ingide surgace (plafsna) temp, rise for material 1 at {i®9,3%0}°
*4T2 ® snaige surgace lpladna) temp, riae for material 2 at {i®12«1,3%0(°
*AT3 = ingide surface (plasaa) temp, rise at interface (iely,3=0)*
AT ® vuULside SUrface (14tniunm) temp, rise for material 1 l(i®9,3eJ)°
*ATS = outaide surface |lithium) tenp, rise for material 2 IisI2-~1,3=J)°

*AT6 = outside surface (litnius) tenp, rise at interface {irIy,4eJ)°
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02,01¢
02,014
02,01e
02,012

02,020

02,021

02,022
02,023

02,02}
02,025
02,026

02,027

02,028

Rec 02 Page 02

l?'.ltz,‘Tj.ATl,ATS.lré,to 40 500

Cal

Yaxis

0 to 2000

¢ to 500

D629, 5 40

v eo

*o

.AT'O.A72

008730087

ho-Atso""o .0

{200 characters) Comrpy,CoOmp2

for 4 = 0 to 110

20 is

84eDyecirdyely

0

‘1'11‘7210‘TJin‘Thin‘151.6161 .0

gor § = 0 to 110

Y4.3°%"1,3

'“..1,3 « 0

Tenperature Profiles (r-ra *

c)

23
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Rec 03 Page 01

03,001 £y is ®i = 0 1 11/2 11 [31¢12(/2
. 03,002 22 48 ® 3*

03,003 Tatop ® 1000000

03,00% i¢ sense 1 48 on “Trial data se’

03,005 road console by ® 4t * x oXY ® x 4X2 ® X Ay ® x ®38L,5x%1,4%x2,4y

0,006 read console by ®L1 ® x L2 ® X Yvail ® x°s !.1.1.2,!'

03,007 read console by ® k1% x k2 ® x "3ki,k2

03,008 read console by eCpis x Cp2® X ®3Cp1,Cp2

03,009 read console dy ® pie x p2 & X "ip1,p2

03,002 read console py ® pi® x D2 = x ®*ipi,D2

03,000 read console by ® h ® x°sh

03,00¢c read console bY °Qry & x Qr2 « x *

03,004 cont, ®CP1 ® x QP2 » X%s Qri1,Qr2,Qpr1,2p2

03,00e read console by °* cONPt & x COMP2 & X ®3CORnpi,CORP2

03,002 read console by *7printleicro~sec) = x°s Tprint

03,010 it sense ) is on

03,011 read console bY °‘TEtopex®s Tstop

03,012 othervise *4nput data’

03,013 4L21000) 4X10,05; 4X%2w,005) 4ys, 02

03,014 !.1-111.2-.1:!"-1

03,015 Ki®,1585 k2= ,03L

03,016 Cp1®,07313 Cp2%,938

03,017 p1=8, 573 p2=3,96

03,018 Di1®,25; D2%,0L3%

03,019 h e .1}

03,01a Qr1 = 23,82 5 Qrz = 23,82

03,01b %019238,25 Qp2"238,2

03,01¢c Goupt ® *¥b*

12«1
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03,014

03,01e
03,012

03,020
03,021
03,022
03,023
03,02}

03,025
03,026
03,027

03,028
03,029
03,022
03,02b

03,02¢c
03,024
03,02e¢

It =

31 =

Rec 03 Page 02
{ ] [} [} [} ] ] [} [} {
Oompz = *Al,0, smsll b = 4} caiszcnsec®c *
Tprint = 10000

Tstop = 3000000

600 *Oce

10000 *piero=~qec*
90000 *Micro=gec®
(lrpltn))

Illrporr)ltt)l

[{L1/7{28%x1) ¢ ,5)1
I1 ¢ [{L2/7{24%x2) ¢ ,5))

J = llxley ¢+ 45))

Ay =

Ay =

A2 =

Bl =

+000001 4t ‘conversion to sec from micro sec’
2
DI{oL/ex1)
2
D2lav/ax2®)
2
DY {8t/ay©)

D2(at/say?)

12 sense 9 is on ‘harsonic meane

k3 @ l2x1uk2)/ kg ex2)

25
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Rec 04 Page OF

04,001 othervise *arithngtic area average’
. 0k,002 K3 ® (kinaxiek2%4x2)/ (4x144x2)
04,003 Index = 1§ .
04,00% Delta = [{,000001 X Tprint/it ¢ ,5))
04,005 *snternal heat generagion fynotions as arrays®
0k,006 iz sense 3 is o2t
04,007 read card by °{a10)5°t Points,rracti,Fract2,rract3,fracth
0k,008 nev card
0) ,009 for 4 ® 0 Lo Poipts
0k,008 read card by ®*{da10}5°%: ’1'°"1'°"1'°'21'°”1
0k.000 nev card
04,00¢ Degree = 2
04,004 10 = 4
0d,00e gor § =m0 toJ
ok,00¢ ¥y = Jlay)
0k,010 gor 4 ® 10 to Points
04,011 1y, 2 ¥
04,012 executa 1agrani3,i,Degree,¥)
04,013 10 = 4
04,013 exit from loop
04,015 othervises loop back
04,016 othervise
05.0!7 Fracty = 1
04,018 Frace2 @ 1
04,019 Frace3 = 1
0k,012 Fracth = 19
04,01b gor 3 = 0 to J
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Rec 0} Page 02

0k, 01¢c : Rr!,.'m,."ﬂ’n!n’ ®0

" 0h,014 sConversion froam percent adbsorption to hont.enllel’log e
0k,01e for § ® 0 to J
ok,01¢ nrl‘ - Qr!llrtaltv
04,020 Er2y = Qrz-nrzalu
04,0219 lD', L QD"Hp',/‘y
04,022 lpz’ - sz-npzal.y
04,023 Qr1 = Fractixagrt
0),02) Qr2 = rractangQr2
04,025 Qp1 ® Fract3ingpt
04,026 Qp2 & FractinQp2
04,027 tor 4 = 0 vo 12 *Initial congition U,y " o°*
04,028 for y = 0 to &
0k ,029 “1.3'“.1-3'“..1.3 -0
0), 022 Tine = 0
0k,02h *vegin. Of steration) for each time period 4t as ney to inginity*
0k, 02¢ ®Code will proceed vigh oné of tvo algorithins’
0b,02a . 1 » 42 x and ¥ Progileg are important, 2«D ADI®
0),02e . 18 uUgeq vith entire heat source added at one’
0),022 . half tine step, and iteration sequence altered®
04,030 ’ a8 XYYXXYYX 4N SveePANg X and y arrays,’
0,031 . 2 = 42 conrpoaite has Very small X dimensions,*®
04,032 . id,e. 42 11 and 12 are a=all compared to the®
04,033 . thermal 4aiffusion dertna, oniy the y direction®
0h,034 . 48 Uged in the code, and a unidirectional api*
04,035 . 48 run vith avergge property values used®

04,036 *Test for paradolic I2p) or unidirectional dependence’
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Rec 05 Page 01

05,001 STwxy = (L1/2)2/09

05,002 Tux2 = (L2/2)2/D2

05,003 Twry = ¥, 2/m1

05,001 Twy2 = ¥ %/p2

05,008 12 sense 8 is Off Or (k1®k2) and {D1=D2) and (4xyeax2)

05,006 I0Rit & 1249 ®includes interface in computation®
05,007 . othervise

05,008 Tomit = 14 ‘excludes interface®

05,009 for ne = 2 Lo Anginity

05,008 12 modell) = 1 *Parabolic ADI (2D) X and ¥ pirections®
05,000 iz Index < 1P ‘counter to0 deteraine if in pulse or rest mode*
05,00¢c Q1 = Qp1

05,004 02 = Qp2

05,00e Q3 = {ginaxteq2nax2)/{axy14ax2)

05,002 othervige

05,010 Q1 ® Q1

05,011 Q2 ® Qr2

05,012 Q3 ® {qIx8X24Q2x4%2)/ (8% ¢4x2)

05,013 if ne 48 even *svoep X fLATmt®

05,014 execute eqcnglo)

05,015 for J @ 1 tOo J=i

05,016 iz Index < Ip

05,017 Ct = Rp!,llptlcplxr’) ®pulse period’®
05,018 c2 = upzallpz-cpz-r’)

05,019 Oghervige

05,012 c1 = nrt,llptlcp!urat *rest period*
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Rec 05 Page 02

05,01d ca = lrz’llvzicpzxr.)

05,01¢c for 4 ® 1 to 11=1

05,014 | eXecute eqtvo{i,J,A1,81,01,8¢%,1)

05,016e execute eqthree(It,J,k1,k2,D1,D2,C1,02,4x1,4%2,4),4¢,0)
05,012 for 4 ® I141 to 12=9

08,020 ' eXeCute eqtvwois,3,A2,82,02,40,1)

05,021 execute eqfive(12)

05,022 execute std{l2ja,d,c,d,2)

05,023 for 4 ® 0 to 12

05,02) LLPUPILE

05,025 for L @ 9 %O I2-1 § 4 ¢ Iomit begin ¥y sveep*
05,026 12 4 < 113 Asp1gBaBygkeKtgquql ®materisl 1°

05,027 42 4 = 313 q@q3j) x"k3 *interface®

05,028 1g 4 » 113 AmA2;BeB2 kek2)quq2 *naterial 2°
05,029 execute eq.txco,Ay.q.k,r.)

05,022 for 3 ® 1 to J=1

05,02b 12 4 ¢ Iy

05,02¢ execute eqfourii,3,8,4,0,0,0)

05,024 otherviee

05,02e execute €qsaven{li,J,k1,Kk2,01,02,0,0,8%X1,4%2,8y,4%,0)

05,022 execute eqeight{J,dy,h,k)
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Rec 06 Page 0%

06,001 eyecute stdlJ;a,d,c,d,2)

06,002 for 3 » 0 to J

06,003 uoo"J L z’

06,004 otherviges *Sveep ¥ girst’

06,008 tor L @ 1 to I2-1 ¢ 1 ¢ 1omit

06,006 42 4 € 113 A®ma1pBeBygkeki gqoql *naterial 1°
06,007 12 4 = 113 q®"q3sk®"k) ' *gpterface’
06,008 12 4 > 113 A®A2B®B2Kk"Kk2)Jq"q2 *paterial 2°
06,009 eyecute eq.txlo,ty.q.x.ra)

06,008 Lot J = 1 to J=1

06,00b if Index g Ip

06,00¢c c1 e np!,llp!-cpilr’)

06,004 c2 = szallvzicvzir')

06 ,00e othervise

06,002 cCl1 = Hr|’l|D|IGD|IT’)

06,010 c2 = Hr:,llpz-cpz-ra)

06,011 42 4 < 193 C = CY

06,012 otherviaes C = C2

06,013 12 4 ¢ 11

06,013 execute eqtvoli,d,8,4,0,4¢,0)

06,015 othervise

06,016 execute egseven(I1,J3,x1,K2,D1,D2,01.,02,8%1,4%2,4Y,4¢,1)
06,017 execute eqeightiJ,dy.h,k)

06,018 execute stdld;a,b,c,d4,21

06,019 for 3 » 0 to J

06,018 “.113 - 1’

06,010 for J @« 1 to J=9 *begin of x sveep*
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Rec 06 Page 02

| | | 1 | | | 1 1 1 {

06,01¢c execute eqone|(0)

06,014 for 4 ® 1 to Il=1

06,01e execute eqfourii, 3, A1,81,0,0,1)

06,012 execute eqthree(l9,3,%1,X2,01,02,0,0,4%1,8%2,8Y,45%,1)
06,020 Lor 4 ® 1149 to 12-9

06,021 eXecute eqQfour(|i,j,A2,82,0,0,1)

06,022 execute eqfivell2)

06,023 execute stdl(l2j5a,D,c,4,21

06,02% for 4 = 0 to 12

06,025 ucot.’ - z1

06,626 *Misaing vajues for u at [4%0,11,12; J=0,J)are a8signed via B.C,'s*
06,027 *These are pnot used in the computation of ulx,y,t}*

06,028 “..0.0 - “..1,0

06,029 HQQO.J - u'u'.J

06,022 "..!2,0 & “'.12-1,0

06,020 ustio,5 © U*%12ay,0

06,02¢c 412 x2 ¢ k1 ‘interface valuea at J=0,J°

08,024 Py ® (k2%axq}/(kinsx2)

06,02¢ use o ({phituse 4 ues 3711 ¢ Phi}

1140 11¢1,0 I1=1,0



32

26 Jul 73 0927+30

07,001

07,002
07,003
07,00}

07,005
07,006
07,007
07,008

07,009

07,008
07,000
07.00¢c
07,004
07.,00e
07.00¢
07,010

07,011
07,012
07,013

07,01%

07,015
07,016

07,017
07,018
07,019
07,018
07,010

Rec 07 Page 0%

bt STY ] 1141,3
for 4 = 0 tp 12
gor J -« 0 t0o J

. a yee

149 1,3

[} [} [} [}
e {{Phi)use * uee

{
T1ag,s' /11 ¢ PAL)

othervise *Unidirectional (Yonly) dependence®

A w A1{L1)eA2122))7{L1eL2)
B = (B1IL1)eB21X2))/{121eL2)
Kk ® IKk9{11)ek2{22))/1L14L2)

i Index % 1P

Q1 * Qp1
q2 * Qp2
othervise
Q1 ® Qpd
Q2 ® Qr2
o ® {01{L1)eq2122))}/(L14L2)

execute €q81X{0,4y,q,k,Ty}

gor 3 ® 1 to J=1
12 Index < Ip

0y = Hpy llv!lcbiltu)

3

C2 = Bp2 /lp:ucpzura)

3
othervise

Cy = Hry /lP'lOp'lTn)

)
Com nrzdlipzquzrra)
C ® ICYIL1)*Cc2112))/7(L1412)
executa eqtvo!1,3,28,0,C,4a¢,0)
execute €qeightJ,8y,h,k)

execute atd{Jja,h,c,4,2)

®average properties’
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07,01¢
07,014

07,01e

07,012
07,020
07,021
07,022
07,023
07,02
07,025
07,026
07,027

07,028
07,025
07,022
07,02b
07,02¢
07,024
07,02e

07,02¢
07,030
07,031
07,032
07,033
07,034
07,038
07,036
07,037
07,038
07,039

Rec 07 Page 02

{ { [}
for 4 ® O

[ | [} [} 1 | {
to 12

for 3« 0 toJd

12 Index = It3

Y13 %

Indexsi

othervises IndexaIndexs{ ®end of At period®

12 sense 2 is On; Interval s O

othervises Interyal = 1p

12 (ne=1) = Intervalinod Delta)

*gUTPUT®

Tine ® {ne=q)st
1f senae 3 is on ‘set up arraye for plotting®

v e véy

L, Tine

MY, e Ty

472, ® Uy7,0%%s

4T3, ® ¥4y,0"7s

ATh, T N,
Afsv L] “12,4"!
4T6, = Uy, g*Ty

12 (11000000 Tinme))} » [[Tprine))

Prints date

akip

A lines

prints °*CTR COMPOSITE FIRST VWALL®

akip

2 lince

12 modell) = 1

Prints °Tvo Aimensional ADI ({x and y)*

othervise

Prints *Unidirectional ADI (y-only)®

Printt ®average property values used®

33
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Rec 08 Page Of

| | 1 | l | | | | | {

08,001 skip 1 l4ine
08,002 Prints ®heat generation gunctions for pulse and rest aode®
08,003 for 3@ 0 toJ

08,004 Print by ®jexy y’-x.xh Hriex,x5¢%ee *

08,008 cont, *Hr2ex,x5%ee Ypiex,x5éee °

08,006 cont, *Rp2ex,x5¢ee%s J.J-Ay.nnJ,nrza.nl’.lpzJ
08,007 nev page

08,008 pPrints date

08,009 sxip L lineg

08,008 prints °CTR COMPOSITE FIRST WALL®

08,000 skip 2 1ineg

08,00¢c 12 modell) = 4

08,004 prints °Tvo gimensional ADI (x ang yI°*

08,00e othervige

08,00¢ print: *gnidirectional ADI Iy oniyf®"

08,010 Prints ®averate property values ueed®

08,011 skip | iine

08,012 42 sense 8 je on

08,013 prints ®cont, flux interzaco condition®

08,01% othervise

08,015 prints ®cont, flux and PpE at interface®

08,016 12 sense 9 is on

08,017 Print: ®harnonic mean f0r x at interface®

08,018 othervise

08,019 orints ®"aritpmetic area average for k st ipterface’
08,01a print by ° conductorii) & x insulatori{2) = x*s0ompt,Conp2
08,010 skip 1 1iine

08,01¢c orints *incident flux « k(4aT/ay)y = o°
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08,014

08,01e

08,012

08,020
08,024

08,022

.08,023
08,023
08,025
08,026
08,027
08,028
08,029

08,022
08,02b
08,02¢

08,024

cont,

cont,

Rec 08 Page 02

| | | | | | | | |
print by °® Pulse period QP1°XL, XN Qp2oxh,x)°®

®cal/sgc crle, Qp1,Qep2

print by ° rest period Qrisxi,xh qr2exi.x\*

‘cal/sec cn’®y Qqry,ar2

skip | 1ine

print by vall thickness (y direction) ® x3.xk ca®s¥Y

print by *eiement sizc material 1 (x direction) e x3,.xh ca®3lL9
print by "eiement sizc material 2 {x direction) = x),xé ca®;L2
akip 1 1ine

print by 's¢ @ x5 microe~sec %3[{10000004t ¢ ,5))

print by *8x1 ® X) X5 cm ®34x4

print by °Ax2 ® X)\¢X5 Ca °*3ax2

priat by %4y @ X).x5 ca "3ay

skip 1 1ine

print by 'n|A;IAx|2-xh.xl'x A

print by *Dadv/ax22exk.x$%s Az

print by *Dyat/ay? exi,x$%; By

35
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09,001
09,002
09,003

09,00} cont,
09,005
09,006
09,007 cont,

09,008 cont,

09,009
09,008
09,000 cont,

09,00¢c cont,

09,004

09,00e
09,002
09,010
09,011 cont,
09,012
09,013
09,013
09,015
09,016
09,017
09,018
09,019

09,012

Rec 09 Page 01

| | | | | | { | {
print by 'nzttltyz axh x5°s B2

akip 1 line )
Print by °‘Pulse time ® xX5 SeC rest time ® X,x5 eec®s

TpllCOoOOO,TrI|°OOOOO

skip 1 line

Print by ®for material 1 ke x3,x5 calssec enoc 4

*Cpm x3,x5 c31/8°C pe x3,xk gren? o

*pye x3,x5 cn?/sects x1,cp1,p1,D1
akip 1 1ine

print by ®for material 2 k® x3,x§ cal/sec cn¥ o

*Cpe x3,x5 cal/g % pw x3 %) gle-’ e

*D2® x3,x5 e-z/soe'; k2,Cp2,p2,D2
skip 2 1ineg

print by * b ® xX3,xh effective hagt transfer coeff,
akip 1 14ine

print by °Criq sise » {(xlimaterial 1) = x3 points, °*

enllelzlec°0 “gh

*xinaterisl 2) o x3 points) by [y = x3 points)®s11,112=11).J

nev page
print by °Time® X NMicroesec °; 1000000 Tinme
skip 2 1ine.

print s 10

prints £1

prints 22

axip 2 1lines

176 = [{X11/72)¢

177 ® (11114+12)/2))
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09,01d
09,01¢
09,014
09,01e
09,012
09,020
09,021
09,022
09,023
09,02)
09,025
09,026
09,027
09,028
09,029
09,022
09,02d
09,02¢c
09,024
09,02e¢

09,022

09,030

Rec 09 Page 0%

| | | { l | | | { |
gor 3 = 0 to J

Prant oy *Xxx,el, 8%, x4%08)7,,%s J,

cont, Y0,3" TBeYy, 3 T80 Y196, 37 00
eont, ux‘.’-r'.uxv7'3-r'(ux,.',J-r,.
cont, Y2,3"%s

if¢ sense 7 48 On
read conhsole by *Tprintex®: Tprint
Deita & [1,000001XTPrint/ate,5))
4¢ sense 6 3@ On
Tatop =« 0O
42 1000000xTize » TSLOp and senae ) is on
*plotting routine*
for m & § Lo 6
tor J =1 to v

iz 9 = 43 !nxx-, - AT',
ig mn = 23 !nxtl’ L] 512’
igz * 33 !nxxl’ - AT),
ig a = 33 !nxtlJ - Arha
iz » = 53 !nxtl’ L Arsa
iz n = ¢3 !nxt., L 516’

0629l a AAX l!lxinn)

Nei to ¥

Thax ® HAX cnszsn)

nedt toé

37
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Rec Og Page 0%

08,001 8629 = ® TINE XICRE~SLO®

02,002 T629 = ® ?-rn fc) *

08,003 U629 & *COHpOSITE-PULSLD CASE®
02,00} execute cprineital,2000,1,12)
02,008 execute cOYudolle1,9,5,,14,¥629,0)
042,006 executle c8Yab0l{,1,9,24,14,000p1,0{
02,007 execute caymbolle1,9,0.,1%,000p2,0)
01,008 ig Tmax <500 3 TPax ® 500

04,009 othervige: Thax = 1000

0a,00a Tstop = 1000000xTine

0a,00d execute c8caler{0,Tstop,0,Teax,0,10,0,10)
0a,00¢c .execute cplot10,Tnax,3}

ca,004d execute cplotiTatop,TRax,2)

0a,00e execute cplot{Tetop,0,2)

0a,002 execute c2x{810,0,0,10,8629,17)
02,010 axecute caxis{0,0,90,-10,7629,-10)
08,011 for n® 1 to 6

08,012 Syab ®* &

02,013 for m @ O tO W

0a,01% 42 n = 43 !lxtl- - Ari-
08,015 i n = 23 !nxtl. - Arz_
08,016 ig n e 33 !lxtl- - 513-
0a,017 i n = i3 !nxxlh - Arl-
0a,018 i¢ n = 53 !nxxa: - Ars_
02,019 42 n = §¢ !nx;n' - Ars.
0a,01a qé29 = 3

08,01% for n e 0 tO V¥
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0a,01c

0a,01a
0a,01e

0a,012
02,020
08,021
02,022
08,023
02,02}
04,025
08,026
0a,027
0a,028
0a,029
0a,02a
0a,02d
0a,02¢c
0a,024

0a,02e

Rec Oa Page 02

{ } | { | | | | | | |
execute epxotc|oooooot_,!nx1-_,qtzs)

Q629 = 2 )
eXecute gnunpllr.topo,oz),!nxtl',,|§,8y-b,o,0)
execute cenptyli,})
astvop #1
1¢ sense 5 is on; stop

‘Procequres®

*eo0ne thru eqeight Eenerate coefgicients for the tridiagonal matrix’

¢ eqoNe ~ left hang poundary-material 1 (x-direction)’

¢ eqtvo - material | or 2, PDE at even av/2°

’ eqthree = interface condition at 1y {x~direction)®

. eqf0ur - materiai 1 or 2, PDx at odd at/2°

’ @Qfive = right hand doundary-material 2 (xedirection)®

’ e0six « inside(Pisska) sice poundary {(y~cirection)®

. eqseven = interfyacs condition (PDK) for y sveep’®

’ eqeight ~ outside, 1iquid xotal heat tranafer coeff, (y direction)®

*3ta solves the tridiggonal matrix*
‘lagran generates g lgagrangian interpolation polynoainal gore®

‘estinating discrete values of the heat generation tera®

39
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Rec Ob Pags 0%

| { | | | 1 | { | | |
odb,001 *Nodel{) dqetermines ¥ith a 2-D or unidirectional solution®

0b,002 ®wil1l be used®
0b,00) teee eqone{nj;alil)

ob,00% ln-Oan-lyen--tndn-O

ob,005 T

ov,006 [P eqtvo in,n,r,8,0,4¢,Tegt; all)

ob,007 larraylu

0b,008 12 Test = 9

ov,009 X = '“n,.o|'2“n,.°“n,n-|)

ob,00a ke ® n

ob,000 othervise

odb,00¢c X = |un.'.--zun,-0un.'.-)

ob,004 ke @ n

ob, 000 LI op/2

0b,00& bk. ® jer

odb,010 ck. ® ap/2

ob,011 dk. L OIAtO(tlz)lx)O“n.x

ob,012 cen)

op,013 loeo eqtaree 111, 3,k1,%2,01,D2,C1,C2,4%1,4%x2,4Y,4%,Test25a1l)
ob,01) {arraylu,ue

0b,015 12 gense 8 48 on *continuous flux at interface*
0b,016 ag, ==

ov,017 bx' o (¢ k2naxt) 7 ikI%8x2)

ob,018 €y «(k2nax1)/ (KINEX2)

ob,019 dx' -0

ob,01a othersise *continuous flux and PDE apply at interface’®
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0b,01d
ob,01¢c

ob,014

ob,01e

ob,01¢

ob,020
.0b,021
ob,022
0b,023
0b,023
ob,025
0b,026
0b,027

ob,028
0v,029
ob,02a
ov,02d

0b,02¢

ob,024
0b,02e
ov,02¢
0b,030

ob,031

ob,032

cnel}

Rec Ob Page 02

E = {k2%ax2)/7{X1xsxt)

T o (k2nax1)/{kinax2)

G = (kzltlent)l|x|lixglnz)

B & DY{1¢Z)nlat/2)x{u

20

® Yy

o

» ~iD1xaL}/ Lax121100))

B @ DY{914Z)n{at/2)n{us

14

%14

€14

i2 Test
H2

othervi
H2

a9

. ue

11,3

eQLouUrin,n,r,8,0,4%,Testsal1)

larray)ue

12 Teasr = 9

X ® (us

ke ® n

otherviase

®

ke

ke

x a {us

ke & n

® ar/2

. jer

w2u®
DRy nen

ne1,n”

2us

‘ue

sye

o o IDIXaLXT) /7 {ax12[1400)

13-4

o H2¢ (4L {CI19GRC2)+H)/1140)

n,--l)

n-'.h’

«aqy e |n|-At|(or))l|Ax|2|100))

11,30172%21, 3% %21, 304

w2ue

11,3%%%11, 941

1/ 1ay?)

171892

41
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0b,033
ob,03%
ob,035
0b,036
0b,037
0v,038
0b,039

ob,03a

26 Jul

0c,001
0c,002
0e,003
0c,00%
0¢,008
0¢c,006

0c, 007

0c,008
0c,009

0c,00a
0c,00d

Oc,00c

0c,004

0c,00¢

0c,00¢

0€,010

0c,011
0c,012

0c,013
0c,01}

0c,015

0c,016
0Cc,017
0c,018

0c,019

see)

e}

73 0928+18

see)

‘-l'

XL

cesl

Rec Ob Page 0)

Cye @ ~r/2

dk. - ouAtO-lx)lzouon

on
eqfive{12;5a11)

a . =13d

12 LAY 1

-o.axz-o

12 12

CQllxln.ly.a.k,ragnxl)

LI -] b‘ - 1)y e, * g a, " lQ'Av)llklr.)

Rec Oc Page Of
[} { [} { | { | | { { {

eqsevan (Il J.k1,k2,D1,D2,C1,02,8%1,8x2,4y,4¢,TestIsall)}
{arraylu,us

X = [k2nax2)/{kinaxt)

Y @& (k2ndx1)/(k1%ax2)

G ® {k2x8x2xD1)/ {KkIxdxinD2{

¥ @ Di{14X)/[14C)

P ® (ataD1)/iax12(140))
i1f Test3 =

¥ e plu «l1s2)u olr)ux

I1=1,3 11,3 10113’

2 = “11,3
othervise
R e plue «lyeriue ‘lr)uox'."a)

11=1,3 11,3

B2 = “.11,3

4y, " ~(uxav) s (28y2)

bx' - |0|x-¢g)ll5y2)

c - -lllag)llzayz)

11

dl' ® H24Heat|CI14GNC2)/(140)

egeightin,dy,h,kjall)

- + a_wo
ln - "bn-' Ay'hlklen'OI "

stdinga,b,c,d,2) *Tridiagonal mgtrix algorithia®
tarrayla,v.c,d,?

BsBy vo 110
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0,012

0c,01d
0c,01¢c
0c,014

0c,01¢

0c,01¢2
0c,020
0c,021

0c,022
0c,023

0c,02)

0c,025
0c,026
0¢,027
0c,028
0c,029
0c,02a
0c,020
oc,02¢

Oc, 024
Oc,02¢
oc,02¢2
0¢,030
0c,031
0¢,032
0c,03)
0c,03%
0c,035
0c,036
0c,037

0c,038
0c,039

0c,03a

0c,03b

0c,03¢c

0c,03a

Rec Oc Page 02

| | | | { [} | [} {
for m ® 0 to 110

B-,a- .0

oo - dolBo

for m = 1 ton

l- - b--n-e-.'ls-.'

G, = 1d a0, )/B,

2O0r R ® Noq ,Ne2,.,,0

z- ° a-.°-1-01,a-

coe)

leoe lagranlJed Degreo, i1l
1array) dp1 +Rp2,Hr1,Hr2,Gp14ap2,Gr1,0r2,s,y
for kx = 1 to &
42 keie 3®GPY
12 ke2s 3-0Pp2
42 ka3e anGry
if Kake a®Gr2
ce =

for j* @ i=1 to j¢Degree~t
127 =y,

Hp1, ® apt

3 I

Hp2, ® Gp2

3

urtJ - or',.

® Gr2

Je

Hra2

3 Je

exit from proceoure

othervises go-=0|§-ya.)

i=o0

for 46 ® 41«9 L0 feDegree~1

te ®ocoz, /1y -y}
for J® @ i1 t0 LeDegree~!
42 44 « 3J*3 100p bDack

te = t.llvi.-ya.)

HER T

12 keyg HD', -

it ke2g 5923 .

43
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04,001

04,002

04,003 cns)
04,00) tese
04,005
04,006
04,007
04,008
04,009
04,008

04,00 see)

Rec 04 Page 01

1 | { | |

12 ke Hr1 g ® H

g kery Hrz, -3

nodel({nones all}

Toarx ® {Tux14Tvx2}/2

Toary = (Twyl ¢ Twy2)/2

42 Toarx < ,01TbDAry
noqel{) = 0

othervise

nodell) = 1

*upidirectional’

*2-dinensional’



APPENDIX F

I1 =
12 =
J =

number of grid pts in x-direction material l
number of grid pts in x-direction material 2
number of grid pts in x-direction material 2
k = thermal conductivity, cal/s cm°C

Ll =
L2 =

size of element in material 1
size of element in material 2
density, g/cm3

incident flux on the inside surface
temperature, K or °C

bulk Lithium temp., K or °C
burn time for pulse, 4 s or m s

rest time, U8 of m 8

dimensionless temperature = (T_TB)/TB

5= dimensionless temp. 1/2 time interval
’

= dimensionless temp. full-time interval

»3

scripts or postscripts

l-material 1

2-material 2 ’

est period

p-pulse (burn) period

NOMENCLATURE
Variable Specification
Al = alAt/(Axl)2
A2 = a20¢/ (Bx2)>
Bl = alAt/(Ay)>
B2 = a28t/(Ay) 2
Cl = Hl/plelTB
c2 = H2/ plelTB qor
CP = heat capacity, cal/g°C
C(y) = H(y)/OCpTB designated as Cl or C2
D or o = thermal diffusivity = k/pCp, cm2/s
Ay = step size in both materials (y direction)
Axl = step size in material 1 (x direction)
Ax2 = step size in material 2 (x direction) *
At = full time step Uy
AT = T-T, K or °C fid
B uy
F = k2Ax1/k1Ax2
h = heat transfer coefficient (liquid lithium,
cal/cm2 s °C) ° Sub
H(y) = heat generation rate, cal/s cm3, desig-
nated as Hrl, Hr2, Hpl, Hp2
r-r
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