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’ " . HEAT TRANSFER MODEL FOR COMPOSITE FIRST WALL MATERIALS IN A PULSED HIGH-BETA
CONTROLLED THERMONUCLEAR REACTOR

The effects of incident
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;E?& A computer model has been constructed to predict temperature
=== and time excursions for radial composite walls currently under comsid-
=9, eration for pulsed high-beta Z-pinch machines.

™, flux, internal heat distribution functions, thermal properties, and

M

1

material dimensions have been examined for a Nb/Alzo3 composite to
establish the feasibility of the model.

I. INTRODUCTION AND SCOPE
In a previous report,l a preliminary treatment
of first wall heat transfer and chemical stability
effects was presented. For homogeneous materials
such as Nb, A1203, BeO, or BN temperature excur-
sions and/or chemical reactivity with molecular or
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 emnergy 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

feed plates Existing oluminum
primory

Fig. 1. Schematic of prototype Z-pinch design.2

designed.2 The major feature of interest is the
radial arrangement of the composite first wall. In
the prototype design the conductor (maferial 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 éeometr§ used in the
model. The grid has 12 ﬁo!.nt:s in the x-direction and J
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Fig. 2. Geometry employed for finite difference

grid. I2 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 Il 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, ..., 11,
eeey I2; 3=J). The two center lines (-.-) define
mirror symmetry planes in each material and can be

represented by a zero flux [ - k%% = 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 P (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
In Fig. 3, we

present idealizations of these heat distribution

material in the pulse and rest mode.

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 = 0 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 which might show an exponential increase and
decrease of heat flux during the cycle.4 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.

a%r . a%r o 3T
o2 Y 2| Yo, T At
*lex 3y

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

3T +
2. Temperature dependent flux with contact

resistance at the outside surface

at y=0 (j = 0), all x
oT\_ +
ki(?y)— 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 (1 =11), all y
aT\ _ T
k1l (§;> = k2 (ax> . (%)

4. Zero flux condition at centerlines of ma-

terials 1 and 2 via symmetry

at x=0: (1 = 0),(%%) = 0 (5)
at x= LI (oo (%T(-) = 0.(6)

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

ture u was defined as

u = —-— , @)

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
on what material it is.

the 1 = 1 or 2 depending



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~direction
Yv' the code reverts to a unidirectional (y only)
calculation of temperature profiles with area aver-
Any combination of
incident heat flux and internal heat generation

age physical properties used.
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=I1) can be speci
fied by either of two procedures (see Appendix B):
1. Criteria of continuous flux at the boundary

<kl (§—§)= -k2 (%5) . )

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 comprise the
upper limit, i.e., for a 10 ms (10 > s) pulse At
would be 1ms . 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 material,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 (00254 cm thick Al with approximately 0.0005
cm of anodized coating) 1s 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).
a constant value was used during the entire rest per-

iod (see Fig. 3).

As a first approximation

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 approximate 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) cal/(cm2 s K/cm)
Niobium, Nb 0.158
Molybdenum, Mo 0.350
Insulators (2)
Alumina, a—A1203 0.034
Beryllia, BeO 0.835
k-thermal conductivity p~density

C

D P a=k/pCp

g/cm3 cal/gKk cmzls
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 o-thermal diffusivity

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

1. '"Perry's Handbook 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/A1293

al I T T I T T
Al,O5 kT, =25 keV
|
[ ffdy & 70% of energy
° absorbed internally
2r .
T
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=
e -
o] 1 1 ] | 1 {
(o] 0.2 0.4 0.6 0.8 1.0 1.2

Distance (y){cm)

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
consecutive 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),
AT(11,J), and AT(I2,J), do not increase due to
the large value of h = 14 cal/cm2 s K used.

3. The interface AT(I1,0) 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 gurface temperature for either
material Nb or A1203 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

Duty cycle Tp = .01l 8 T_=.098
Incident heat flux
a4 (pulse period) 0.1-1.0 kw/cm2 (~23.82 - 238.2 cal/cm2 8)

q, (rest period) .0l-.1 kw/cm’ (~2.382 - 23.82 cal/ca’ &)

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
outside surface-combined resistance of backing material and liquid
lithium
5. Bulk temperature Ty = 600°C2
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 cm
Ax2 = ,0005 - .005 cm
Ay = .01 - .02 cm
time steps At =10 - 2000 us  (10~° 8)

a
Really arbitrary, material limitations will set the upper bound,

to conduct away the total energy deposited three times given. This effect is also illustrated
during the pulse and rest periods. by comparing Fig. 7b with Fig. 8 which have identi-
A series of temperature profiles are presented cal conditions, except in Fig. 8 no heat distribution

in Fig. 6 for the conditions of Run 5 (Table III). was used (H(y)'s = 0).
In this case, heat was deposited on the inside sur- The magnitude of the outside surface effective
face of the Nb layer during both pulse and rest heat transfer coefficient has a significant effect
periods and on the inside surface of the A1203 layer on predicted temperature-time excursions (see Figs.
during the rest period. The heat distribution func- 7a and 7b). With h = 0.14 cal/cm2 8 K to approx-
tion given in Fig. 4 was used for Al,0, during the imate anticipated thermal resistances, the outside
pulse period. One can see a marked reduction in the wall temperature has increased by > 60K over the
temperature excursion of the A1203 layer caused by bulk lithium value in 30 pulses. This AT will, of
distributing the heat. All three profiles, at the course, continue to increase until steady-state con-
center lines of materials 1 and 2 and the inter- ditions are reached.

face, are uniform in shape and magnitude for the



TABLE III
TABLE IXX (SECTION A)
SUMMARY OF RESULTS FOR COMPOSITE/PULSED case®

Heat
Transfer
Coeff.

Time Outside Total

Geometry Crid Size Incident Flux
Step Surface e
Run  Conductor (1) Insulator (2) Ll L2 Ywall Axl Ax2 Ay At h e 9
2 Rest Pulse
om cm co cm cm cn  Us cal/em® 8 K Period Period
WW/ea? KW/ca®
Niobium Alumina .
1 Nb 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 Nb Alzo3 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 Tunsg: Tp = 0.01 s T " 0.09 s.

TABLE IITI (SECTION B)
SUMMARY OF RESULTS FOR COMPOSITE/PULSED CASE®

_.Steady State Temperature Excursions AT(x,y,t= °n)b

Qutside
Heat Distribution Functions Utilized® Inside Surface (Plasma Side) Surface
Conductor Interface Insulator Average Comments

AT (x=0, AT (x=11, AT (x=12, AT( <x >,
y=0,t=®) y=0,t=®) y=0,t« ®) y=Ywall,t= )
Conductor (1) Conductor (1) Insulator (2) Imsulator (2)

Run Pulse Period Rest Period Pulge Period Rest Period K 1.4 K K
Hpl(y) Hrl(y) Bp2(y) Hp2(y)

1 ° 0 0 0 370 460 490° -0

2 0 0 0 260 260 260 ~0 unidirec-
3 0 0 0 0 250 320 380 -0 P
4 0 0 Rp2(y) ) 360 351 348 -0

549 0 0 Hp2(y) 0 650 640 640 300

6 0 0 Hp2(y) 0 650 640 640 300 ¢

7 0 0 Hp2(y) 0 650 640 640 300¢

8+10 ) ° 0 ° 600 695 810 300

0 ] Bp2(y) 0

*Refer to nomenclature section (Appendix F) and Figs. 1-2.
bhtupola:ed to wtime.
cBefer to section IIC and Figs. 3-4.

quutvalent to run 5.
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For parameter specifications see Table III, Run 5 and see Fig. 7b for tempera-
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Fig. 8 Effect of heat distribution function on the
temperature-time excursion of an Nb/A1203
composite. For parameter specifications

see Table III, Run 8.

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.l Because the thermal time constant

T = sz/a is large compared to a cycle time of 0.1
, e.g., for a l-cm wall T, (A1203) =23 s and
Tw(Nb) X 6 s
resistance is imposed by the low h = .14 cal/cm2

s

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 AT, at steady state
0,0

For instance, at the center line of the con-
is given by,

- .
ATO’O'_-‘:’ ATa +ATh +ATp

?

_ (net heat transferred/time)

where ATa *1/Y
W
B (qR T, +aq, Tr) ¥,
('rp + 'rr) kL
AT = temperature rise after the lst pulse
P ac (0.0)
(net heat transferred/time)
ATh = h

- (qE Tt T
(Tp + Tr)h
2
cm”) 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 E 90K
ATh =333 K .

Therefore,

<o ~
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 A.1203 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 em and Ax2 from .005 to .0025 cm
and Ay from .02 to .0l 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 u 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 me:hod.1
Although the ADI technique,as applied to rec-
tangular two-dimensional problems, 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 coaverted

_to a half-interval system with the interface con~

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

The computrer 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, z:oz, 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,
dimensions, incident fluxes, and heat dis-
tribution functions, generalized thermal
history charts applicable to pulsed-high-
beta machines could easily 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 themn 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-

calling that a would be the coefficient of the i-1

A complete description of the nomen-

tial one below for Tables A-1 and A-2.

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

remaining terms. (See Appendix D.)

Nomenclature for Tables A-1 and A-2

Al = alAt/ (Axl)2 - material 1
A2 = ot2At/¢x2)2 - material 2
Bl = alAt/(Ay)? - material 1
B2 = cLlAt:/(Ay)2 - material 2

heat distribution function (£(y))

ClL = H1l/plC p1Tp
for material 1

heat distribution function (g(y))

C2 = H2/p2C_2T
P for material 2

B

E = k2Ax2
klAxl
F = [k2Ax1/kl1Ax2]
o - k28 x2al
klAxla2

) 20 x2ol Kk2Ax201
¢ = [Cl +(kle1a2) CZ] [1 * dAxo 2]
Feal [1 +k2Ax2] [1 +k2Ax20L1]

klAx1 k1l Axla2

4y= U131, 3-1 ~2U11,5 o1, 541

APPENDIX B

FINLTE DIFFERENCE EQUATIONS APPLYING AS BOUNDARY
CONDLITIONS 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 * i i
(Du n is continuous

and

(2) (

* *
o 11,5 T Y11-1,4) -

A xl

* - *
(W45 - %% 11,9

k2 A2 . (8)

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

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

Ur141 i are involved. Therefore, by rearranging
9’

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

11
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Difference Equation

begin x-gveep

' -
1. w 1,1 u“o.j

2.

+aeal + 8L (g, 401
N W e W) =y
3.

* =
Y11,1 " "1,

AL (W g

Al
YL, T T N, 2y 0t 5e0)

- 2u1.

-G . w
(141,57 11,9 8%2

+ %At + Bu

+ (L4F) uk) o+ (F) ut

2(146)

A2
o lurg qmuy ) T (g T 2ty g Tty

B2
+ AtC2 + 3 (ui,j+1_

'y -
5. w 12,4 “*12-1.5

egin y-sweep (no heat source term

6. kn(u'*i.l - u**i'o) - qu’ll/'l‘B

7a. ukbk - uk -

Bn
* = -
Yutin, ) T Gty g ety

+ u**i.j-l)

. w

Rk - yk
11,1 = Y

- () u + (P u

11,3

11,3+

+_§L;. (u** - 2ukk
24y’

8., -km (u**i - ukk

WJ 1,0-1 "

An
1,57 1,177 MMy

AL
.3 ¥ @ -1,

TABLE A-1

Condition

left boundary
naterial 1

material 1

Interface

Interface

material 2

right boundary
aaterial 2

material 1 or 2
a=l,2

m=-1,2

interface

me=1,2

DIFFERENCE EQUATIONS FOR CCMPOSITE (X~FIRST)

Range Coments
3 =1,..0,J-1 Symietry (no flux)
1i=1,2
4 =1,...,3-1 PDE, implicit x
1w]l,...,11-1

3= 1,000,031

31=1,...,0-1
i=11

1=1,..0,3-2
i

= [141,...,12-1

1,000,3-1
12,12-1

[Ty,

1 =i,...,10-1,
I+ 31,...12-1
j=o0,1

i1=1,...,11-1,
Il + 1,...,12-1
3=1,...,J

i=1
J=1,...,J

i=1,...,11-1,
14,...,12-1
y=J1,3

a. Cont. flux

b. Cout. flux and
PDE apply

PDE, implicit x

syometry (oo flux)

inside boundary
(incident fixed heat
£lux)

(q°® = q, rest time)
Q° = qp pulse time)

materials 1 or 2 ex—
cluding interface and
right & left boundaries.

PDE implicit y applies
at interface 1fEq.
(3b) 1is used

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



TABLE A-2

DIFFERENCE EQUATIONS FOR COMPOSITE (Y-FIRST)

Difference equation

Conditions

Range

Comments

begin y-sweep
1. km (u*1.1 - “'1.0) = Ay q-/'l'B

.

Am
2o wh T, T (e gt By g te )

Bz % -
AL RS S O R

Cl + GC2 At

A X0

* -
11,3 7 %n,y

Al
+ @rey (g, g - WHDuy g+ By, )

- 2uk

)

FAL  un
Y oae? U1 T MLy YV ga

L Ja—r'y -
3. m (u 5,078 1'.]_1) Ayh(u* 1.J)
begin x-sweep (no heat source term

4 ur* - ukx

1,1 0,1
AL -
s. u**i.j - u*ioi -5 (utt1+1.j 2“"4.,1
Bl
+ ""1—1.1 )+ (u*1.1+1 -2\:*1':l N*i,j-l)
K
*k - *k —_ .
fa. Wy 4 - W, 8m = (WM
K
- ukt 2
R )
- mn ESur At AL
R T e T s s ¢ T
2Ay’
Whhraag,g * D) uttyy o+ (F) urty 09)
A2
2] - uk - e— *k -
[’ Rl W Rl B P W O
+ ut% ) + B2 (u* - 2u% + uk )
1-1,] 2 1,3+1 1,] 1,3-1
8. ""12,5 - u“lZ-l.J

materials 1 or 2

»=l,2

m=1,2

interface

n=1,2

material 1
left boundary

material 1

interface

material 2

material 2

right boundary

i=1,...11-1, 1141,
eesyI2-1
3=1,0

i=1,...,11-1,1141,
ceey12-1
I=1,..0,J

i=-11

1=1,...11-1, 1141
eevpI2=1 :
3= 31,7

1,000,J-1
0,1

- n
[ ]

® 1,...,5-1
1ye00,12-1

-
L}

J=1000,3-1
i=11

3%1,... 0071
i1=11

1,...53-1
- Il4,...12-1

[y
1

FICI T = §
1=12-1,12

inside boundary

(incident fixed heat
flux)

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

waterial 1 or 2
(exciuding interface
and left boundaries)

applies at interface if
. (6b) is used

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

gymetry (no £lux)

PDE, implicit x

a. coantinuous flux

b. continuous flux
and PDR

PDE, implicit x

symmetry
(no flux)
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aIl = -]
k2Ax1
by =1+ 02
e = - k2Axl
321 klAx2
di1=0 . 9)

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
AXxl Ax

:

(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 w:l.lkes,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(%%) _

Ur1-1,5 ¥ Y11,3 -

2 /.2
+ L8x1) <§——‘5> + ...
117

2 2
9% an
2 2
by solving Eq. (11) for (3"u/dx )Il—’ one gets
2
<§-—‘2—‘> s 2 [“11—1,;1 ~U11,3
ox 1 (Axl)
+ Axl (-g—;:) _ .
11 (12)

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

14

2 a2 o 1 -
(3°u/foy”) = Ayz [uIl,j+1 2“11,j + uIl,j—l] (13)

~ L [*
(3u/3t) = ic [F m,j - uIl,j]
: u* at new time t + At (14)

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

(14) can be rewritten as,

Ju

n,; tAx2 (K) at

Y1141,y = ¢

+ (AKZZZ (f_g)
2
n*

2
9x (15)
82u 2 u -u
— = 5 I1+1,]3 11,3
x Il+ A x2)
Jdu
-Ax2 (&=
(a“.) 11*] (16)

2
<§—‘2’> =L [uIl,:H-l Zung t “11,;1—1] an

ou)_ 1 o -u )
(a:) At( 11,3 "IL,3 . (18)

By substituting into the differential equation,

2 2

du _ 3 du

o W B T
9x oy

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

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

and (14)

2 u -u + Axl [du
ol |—%— ("“11-1,3 11,3 Lu
[(Axl)z < (3") 11')

+._l;_(u11’j+1 - ZuIl,j + uIl,j—l) ] + Cl

= <u*11,j - uIl,j) At . a9



Solving for (Bulax)Il—, by defining

Suge Sup gy~ 2up g Ur1, §41 o

Eq. (19) becomes

2
u = 8x” (*
Axl (ax) - 2dlAc (315 ™ vay)

(Ax?c1 (ax1) 2
2al - 2 auyy
2(Ay)

*oung,yTunoy,y (20)

Similarly for medium 2, using Egs. (16), (17),
(18)

and

2
_ u N S I
bx2 ( )11+ = (“ 11,j “Il,j)

9x 202A t
ax)? (a2’ s
T 2a2 - 2 OYyy
2(Ay)
+ u -u *
11,3 1141, § (21)

Applying the interface condition of continuous flux,
viz,

Ju Ju
kl (—) = k2 (—) .
ox n- ox Il+ (22)

We can use Eqs. (20), (21), and (22) to elimi-

nate (ﬂ) and (Q) by just rearranging Eqs.
9x 11 9x I1+

(20 and (21).

a (2 _ klAxl (* . )
3/ 1y~ 2uiAc \Y 11,3 11,j
klAxIcl klAxl
T T 201 T 2 %Yy
2(Ay)
kl u -u
+ i5 ( 11,3 Il—l.J) (23)
w (2 . - k2Ax2 * —u
x) ot 2aZAt ( 11,3} Il,j)
+ k2dx2c2 k2Ax2 o
202 209y WY

-k2 -
&2 (“Il,j “11+1,J) © o (28)

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

u

11,3°

klAxl k2A x2 u*

2alAt 2024t 11,3
_ kldxl | k2Ax2 u
N 2alAt 202At 11,]
+ | KlAxlcl | k2Axac2

2al 2 a2
+ [qulz + k2Ax22 ] Su ,
2(Ay) 2(ay) y

- kL u. -u .
A%l [ 11,3 Il—l,J]

k2 u -u .
I~ [n’j u+1,3] ' (25)

By simplifying Eq. (25),

k248x1 k2Axl
u” =u + OAL + i G“yy+ Y11-1,5 11,3 [l * kleZJ+ Y1141, LdAx?]
1.4 - Y113 Ay ax)? T, k2dx2 or (26)
201lt Kiix1 a2

15



where
i} K2Ax2 al k2Ax2 a1
¢ = [Cl * dAxlo2 °2] / [1 * WAzl a2 27
\
. kZAxZ] [ k2Ax20l] .
E=al [1 + WiAxl / 1+ dhxia2 (28)

Equation (26) is similar to the explicit difference
equation presented by Arpaci.2

with ¢ = 8", £ =€ -

(Note that again the heat source ¢* is put in with
full At, and At/2 is used for other time inter=-
vals.)

'To determine the coefficients for the tridiagonal
matrix,viz.,an, bIl’ €1y° dIl’ we define the
following quantities.

gz k28x2 oo k2Axl . . k2Ax20l
For the case of no heat generation, Cl = C2 = 0; T klAxl® klAx2? klAxl a2 (33)
A x1 = Ax2 = Ax; and only one direction dependence
*
for u, i.e,, Su = 0, u becomes
yy
* - 201A ¢t _ ( 5_2_) (k_Z)]
R S s VS R [“11-1,j U,y P ra) o, \a
k2ol
L+ 5 (29)
By multiplying the numerator and denominator of the
= - +
second term on the right—hand side of Eq. (29) Note that 6uy}' Yn,j-1 2011,1 uIl,j+i is
t +A4At.
by k1/k2 and rearranging, one gets, defined at the old time t rather than
- i )
A S VY [“11+1._1 11,4 C+3) *ena, (@
11,3 11,j A x2 - I_1<_1_+0L_1 ’
k2~ o2 (30)

which corresponds to Eq. (7.67) presented by

Carnahan et al. on page 463. If both materials are

the same, al = a2 = o; kL = k2 = k and,

The first three terms on the right-hand side
of Eq. (32) are used to specify d]’.l’ while the

fourth term specifies a bIl’ and CIl’ along with

11’
u* =u the left-hand side of Eq. (32). Consequently,
I1,j I1,]
-2014¢/2
alAt a. . = ———%2x0ble
N (“n+1,j Lyt “11—1,3) ' (31) I ax?a + 0 (34
which is in standard explicit form for a homogeneous b =1+ 201Ag/2 (1 + F)
system. n ax1)? (1 + 6) (35)
Using implicit formulation in order to imple-
ment this algorithm in the current ADI code, one can ¢ < :&A;Q—(D——— (36)
show that ' @x1)™ (1 +6)
* X Su_ (At/DET
_ u
uIl,j-ull,j+¢At+ vy > ) )
Ay
[u* - (1 k2Ax1 )+ (kZAxl >]
+aldt/2 I1-1,] 11,1 k1Ax2 I14+1,j \kiAx2
2 k2Ax2 al :
(A x1) [1 * WlAx1a2 (32)

16



+At (C1 + GC2) Atal (1 +E)

41 = V11,3 a+06) 2(1 + G) Ay? Y11,3-1 ~ Y11, “11,3-1] 37
(in the Madcap code &l = D1 and a2 = D2) .
In the ADI scheme, we also need an equation to
allow us to implicitly calculate upy i at the inter-
’
face when sweeping in the y-direction, Since Eq.
(25) 1is an equivalent form of the PDE applying at
i = I1 (interface), it can be rewritten implicit in
y and explicit in x. Equation (26) thus can be re-
structured as
% EAL * ]
U,y T Un,y TOAE 2842 [ 1,1~ M1,y T n,n
201At/2 - [ k2Ax1] [kZAxl ]
+ 2 L%11-1,3 " %11, 1P Yaaae Y Una,g (k1A
(Ax1) 1, K2hxial
klAxl a2 (38)
which is similar to Eq. (32). Again we can
solve for the tridiagonal coefficients using
Eq. (33) to define terms.
G au. s Atfa +ec2]
11,3 Il,j TT@AEF 6y
Atoal [
+ u (1 +F) u, , + (Pu ]
- , 11+1
(Axl)2 (1 +6) I1-1,j I1,j3 1+1,j
EAt * o * ]
+ [“ m,5-1 " MLy Y, (39)
£ = al (1 + E)
(1 + G) %0
EA L _al (1+ E)At
ép T T, 2
240y (1 +6)(24y ) (41)
Be g, el +BAe
bpy =1+
Ay Q-+ c)Ay (42)
cIl,_gAc2=_a1Q+§)2At (43)
2Ay (1 + G)(24y5)
At ol At (C1 + GC2)
17 Gl aro [“11—1,j A+Fuy 5+ (F)“11+1.j] tupg,;t (44)
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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.

avolds 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

3%y . 2% u
el Tt 2l e
x ?y

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

(45)

u*i j at t + At/2 (half time step)
t ]
*k

R

= value of ui’

]

= value of uy i 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

i1f the heat source term is introduced at the full
time step, i.e., CAt is introduced in either the x

* * *
- 2u

*
U T e,y T g P an ) Oy T Mg )
Atf2 Ax? Ay2 (46)
and the y-sweep [implicit in y] as
*k * * 2 * ¥ ( *k 2 Kk + o™ )
VS S ¥%. SR C U5, Etult U5 BAStE ¢ V5 A 5 = Sl ¥5, MM 19 .. .
Atf2 Ax2 Ay2 %N
or y sweep and not at both half-time steps.5 Sys=-
where
o ; = value of u ; at time t tematic errors due to this procedure were eliminated
’ s

18
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APPENDIX D

FORMULATION OF THE TRIDIAGONAL ALGORITHM

The ADI technique inherently generates equations

for each grid point involving 3 adjacent terms in
the u matrix.

Y1, Y1,3° Yi4,3

or

Yi,3-1° B1,350 g 541 - (48)

The coefficients a,b,c refer to i-1 (j-1), 1(j), and
i+1(j+1) termws, respectively,while d refers to the
remaining terms. Furthermore the a,b,c coefficients
would be for terms involving the new time step ei-
ther u* or u** (see Table I). Thus, the tridiagonal

matrix can be represented as

[2] refers either to u

bOZO cozl do
2y 52 o 4
a;2i1 b33 4P| Tl Y
L anzn—l bnzn dn (49)
I Y

1, ° 3 fixedz or ui,j N
i fixed. The algorithm for solving the tridiagonal
matrix is relatively straightforward. The matrix-
is sweeped from top to bottom and then from bot-
tom to top to solve for [Z]. The following flow
sheet depicts this procedure.7

TRIDIAGONAL PROCEDURE
START

(=Y

<
o
]
&l

for 1 =1 to N
b, - (@, ¢4 4)
By = " TB,L
1-1
dy -85 Y4y
Yi = Si
&y = Yy

19
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26 Jul 73 0926411

01,001
01,002
01,003
ot,004
01,005

01,006
01,007

01,008

01,009
01,00a
ot ,000
01,00¢c
01,0040

01,00e
01,002
01,010
01,011
01,012
01,013
01,01}
01,015

01,016

01,017
01,018
01,019

01,014

APPENDIX E

MADCAP V LISTING

Rec 01 Page 01

| | i ! | ! ] 1 [} 1 [}
"CTR COMPOSITE HEAT Frcv MOLEL®

®*ALZERNATING DIRECT1ON IMPLICIT METHOD yYSED®

®Pulsed caae"

*Izotropic and homogepneous properties assumed 20r each material®
*Modified Code Vith cortinnuys intarface condition®

“variadle Specificetion”
*T = tempersture, °c°

*T_ » pulk 1ithiyn tenperature, 2c*

B
*Cp = neat capacity, cal/e°ce

*p = dansity, (/cna'

*n = heat tLranster coegficient, clllc-210c°6'

*x ® Lhersal coRguctivity, cal/er secce
*D = trermrsl ¢itgusiviuy = K/PC,, ca?/sect

ETp = purn time gor puise, Micro~sec®

*Ir = test tine, MicCcrowsec®

*ax) & x~step Sige in Msterial 1°

"AX2 = Xestep Sige &n Material 2°

*Ay = y=stcp 8iZe®

YAt = ptep aize gor tine®

"Tine = zctual tirce, Sec*

"Tprint = intorval between prints picroesec®

'Yv « ¥all thickpess, ce"

*L1 « gize Oof magurial 1 eleament, cm"
L2 « glie Of Xagerial 2 element, ca®
"aud Or postacripls 1 and 2 refer 10 two different Naterisls*®

M sub or postseripy 3 regers Lo sverage value st interface*



26 Jul 73 0926+4k5
: Rec 01 Page 02

01,01d *pifferiential ¥Xquation (Rectangular coordinates)®
01,01¢c *plausax?eausay®1eciy) = ausart
01,010 ‘*Dinensionleas parameiers”
. - b4
01,01c U {TeTg)/T
01,012 *A = Dat/axde
01,020 "8 = pat/ay?e
01,024 *CAL = BaL/pCr*
01,022 “QAY/R = inciceny heat flux®
01,023 "whores*®
01,024 "Postacripts 1 and 2 rafer 0 tvo different materials®
01,025 "postacripts r and p pegfer to0 rest and purn periods®
0%,026 *ror exakRple,*
01,027 ® H s the internal heat generation term, it can take on®
01,028 "valuess Hri(y),Hpi(y),nr2iy),ip2(y)*
01,029% *Likewise for Q3 Qri,qQpt,Qr2,Qp2*
01,02a us w dimenczionless tenperature at 1/2 time step*®
01,02b "use = dimensionless texperature at eonploie tise step®
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26 Jul 73 09264k

02,001

. 02,002

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

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

02,016
02,017
02,018
02,019
02,018
02,01Y

Rec 02 Page O1

[} 1 | | | | | | |
§ « on for trigl daty, set®

2 = on for print out at each*
3 « on set generation teras to sero®

on to set yp plots*

s -
5 = on to tersinate the iteration®
é - on Lo te;ninave iteration ana initial piotting*
7 » on 88K £OF neV print interval®
*sense § - on tO use pld interface condition at 1t*
i =k1({du/ex) = =k2{qu/dax} in tinite difference foOrn*®
. off L0 use modifjas inverface condition at 11°
. continuous glux snd PDE apply*

¢ cont, fiux and PDy are used st the interface then the*
*4nterface 18 includeq in tpe y Sveep®

®"gense § ~ on L0 use KHurnonNic mean for interface,*

. uff for arithnetic ares average®

UsUesU®ty ¢o 110,0 to 110

To8s02Cad; 5 110

ori.Gr2,0p|,npz,nr|.lrz,ﬂpi,Ipzo 6 110

2% vo 110

*Array sassignnent for plotass

ar = r-rl.°c-

"aATt = inside surgace (plafaa) temp, rise for materisl {1 at (i%1,3%0)°
*AT2 = insige surface (plasna) temp, rise f0r Raterial 2 gt (1=312=1,3=0)"
"sT3 = ingide surface (plasaa) temp, rise st interface (isIy,3=0)"

PATA B vuLSide Surface (lithium) temp, riss £Or material ( (twf, JeJ)*®
"ATS = ouiside surface (lithiuam) tenp, rise for material 2 (is12=1,3aJ)*

"ATé = outside surface (1itaium) tenp, rise at interface (1s1t,4nJ)"
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02,01¢c
02,018
02,01e
02,012

02,020

02,022
02,023

02,024
02,025
02,026

02,027

02,028

Rec 02 Page 02
l ( 1 ' | | ' ' '
0T1,4T2,473,8T0,4T5,876,%, o <40
815 o 2000

YIXXIG Lo 500

”‘z’o to 10

vs=0
to.Aﬂo,uzo.njo,ulo.nso,uéo =0
{200 characters} Comrpy,Comp2
for 4 = 0 to 110
810DgeC084027y O
n|1,u'zi‘.A'r;’_.l-rni.H‘s,..b"\'s1 .0
gor J = 0 %o 110

suse -0

u Pa L 1,3

1,3°7 4,3

20 is * Tenperature Profiles (T-TB »

¢)

23
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Rec 03 Page O}

03,001 £y is *1i . 4 ] 11/2 11 (31422)/2
. 03,002 £2 18 * 3

03,003 Tatop = 1000000

03,00) 42 sense { 43 on *Trial data ses*®

03,005 road console dy * 4t = Xx 4%) = x AX2 = X Ay = x “jAt,AX1,Ax2,Ay

03,006 read console dy LY ® x L2 % X ¥Ywall = x"s Ll.u,!'

03,007 read console by ¢ ki® x k2 ® x %gr{,k2

03,008 read console by eCpie x Cp2s x *3Cp1,Cp2

03,009 read console dy ® pins x p2 = x "i1pi,p2

03,008 read console dy * pim x D2 e X *3pi,D2

03,000 read console by ¢ h = x"sh

63,00¢ read console dY °Qry s x Qr2a s x *

03,008 cont, *Cpy = x QP2 ® X*; Qri,Qr2,Qp1,2w2

03,00e read console by ¢ cOMPy & X coOMP2 = x "sCoRpe,Conp2

03,00¢ resd console by *Tprintimicro-sec) « x®: Torini

3,010 i¢ sense ) is on

03,011 read console bY °Tétopux't Tstop

03,012 othersvise *input gats"

03,01 AL#10003 AX1a, 055 A%2%,005; ay=, 02

03,01} Lt =t 312 @ 1 3 Y, =y

03,015 Kiwg1583 X2=,03%

03,016 Cp1=,07313 Cp2%,138

03,017 p1=8,57; p2%3,56

03,018 Di=,25; D2=,0Lk3%

03,019 b= .34

03,018 Qr1 = 23,82 3 Qrp = 23,62

03,01b <p1%238.25 Qp2n238,2

03,0t¢ Goudl = *HbT

I29
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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
03,02d

03,02¢
03,0240

03,02¢

It

It
12

Rec 03 Page 02
1 I 1 1 [} [} ] 1 ] ]
Gompz = %A1,0, Snall b = 13 cat/zen?sec®c *
Torint = 10000

Tsvop = 3000000

= 600 *Ocw
® {0000 *yicro=gec’
s 90000 *jNicro=sec*®

- l(T’/At)l
L] Il(rp¢1r)ltti)

= {(L1/(24x1) ¢ ,5)])
= It ¢ t(L2/(24%2) ¢ ,5))

J s ((leay + ¢5)1

[}

A

A2

B3

B2
iz

u ,00000¢ at conversion %0 sec Lfros mnicro sec’®

« Dy(aLsext?

)

= D2{atsax2?)
2

s D1 (8748

» D2(ALsay?)
sense 9 is on "haraonic Reane

kK3 = {2¢1x%2)/(kyek2)

25
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0k, 001

. 04,002

0h,003
04,00k
01,008
04,006
04,007
©0k,008
01,009

0h,00a

01,00b
ok, 00¢
04,004

03,000

0k,00¢

04,010

0),01%

0k,0%2
0X,013
0A,01h
04,015
0%,016
01,017
04,018
01,019
0x,012
0k,010

Rec Ok Page Of

\ { | | | i | [} 1 ' i
othervise “arithngtic area average®

K3 ® (kixaxiek2%ax%2)/ (axteax2)
Index ® 1§ .
Delta = [(,000001 x Tprint/at ¢ ,5))
*internal heat generat¢ion funotions as arrays®
12 eense 3 is off
read card by *(d40)5°t Points,Fracti,rract2,fract3,fracti
new card
gor 4 » 0 to Points
read card by *{d19)5°%: yt,orii,op11,0r21.nva1

nev card
Degree = 2
40 =

for 3§ =0 to J

¥ = Jlay)

gor 1 ® 410 to Points
i vi 2y

execute lagran{j,i.decree,¥}
io = 4
exit from loop
othervise: loop dack
otharwise
Fracty =
Fract2 =
Fract3 = 1
Fracty = ¢

for 3 = 0 to J
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Rec Oy Page 02

03,01¢ . ﬂrl,.lviac"r2do!923 =0
" oN,014 sConversion Zrom percent adsorption to hoat,elllcl’lce b4

0), 0@ for § = 0 to J

0),012 nr|‘ - Qriilridl.y

04,020 Er2, erz-nrz:/u

ok, 021 Epty - emxuudlu

03,022 npz, L] epzxnpzal‘y

04,023 Qr{ = PractixqQri

0A,024 Qr2 = FractaxqQr?

04,025 Qpt = rract3ixQp!

0k,026 Qp2 = FractixQp2

04,027 for 4 = 0 to 12 *Initial condition u, 3" o*
»

0k ,028 for § = 0 t0o 4

Ok,02

. 9 u‘ld’“'il"“"*l: * o

0%,023 Tine = o

ok,02> "begin., Of fterations for egch time period At as nei 0 infinity*

ok, 02¢ “Code will proceed vigh one of tug slgorithims®

0k,02a . 1 = 42 x and ¥ Progileg are important, 2-~D aADI®

0k,02e . is uUgeg vith entire heat source adged at one®

Ok,02¢ 4 half vine step, and iteration sequence altered”

04,030 4 a8 XYYXXYYX in Sveeping x and y arrays,”

0k,031 * 2 = 42 conposite has Very smal) x aimensions,*®

ok,032 d 4., 12 Lt and Lz are small compared %0 the®

0k,033 . thermal aiffusiop gertns, only tae y direction®

0k ,034 . 48 uUged in the Code, &nd a unidirsctional aApl®

04,035 " 48 run vwith avergge Property values used®

0Ok ,036 "Test for paraboldic (2D) or unidirectional dependence®
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05,001
05,002

05,003

05,004

05,005
05,006
05,007
05,008
05,009
05,00a
05,000

05,00¢
05,004
05,00e
05,00¢
05,010
05,011
05,012
05,013
05,01)
05,015
05,016

05,017
05,018

05,09
05,012

Rec 05 Page 0%

.2wxy = (19/2)2/24

Tex2 = (L2/2)2/D2

Tuyt a r"/nt

Twy2 = ¥ ?/p2

42 asense 8 is off or (ki®k2) and (DiaD2) and (Axtwax2)

1084t = 1241
othervise
Toniy = 19
gor ne s 2 to inginity
12 model() = 1

iz 1ndex 2 gp

Q! = Qp¢
02 ® Qp2

*includes interface in computation®

Saxcludes interface”

*Parabolic ADI (2D) X and y Directions®

*counter 0 deteraine if in pulse Or rest amode"

Q3 = {gIxax'4q2%8x2)/ (4X1+8x2)

othervise
Q1 = Qrs

Q2 = Q2

Q3 = (qixAx2eq2x4%2)7(aX144x2)

42 ne is even

®svoep x girat®

executle eqonglo)

for J = 1 to J=i

i¢ Index s 1Ip

Gt = Rptsl(p|xcp|xr') *pulse period*

C2 = up2 /(pz-cpzxr')

3

OLhervige

ct = HrIJI(plicp|xtB) *rest period®
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Rec 05 Page 02

05,010 ca = lrI‘llbilcble.)

05,01¢ for £ = 1 to -1

05,014 . execute aqtwoll,3,A1,81,01,At,1)

05,010 execute equhree(I1,3,kt,k2,01,02,C1,02,a%1,4%X2,4Y,4%,0)
05,012 for 1 = If¢1 10 I2=

05,020 ' exetule aqLvoii,d,A42,82,02,5%,1)

05,021 execute eqfive(12)

05,022 execute sta({l23s,d,c,4,2)

05,023 for 4 = 0 to 12

05,02% 9" %

05,025 for 4 » 1 t0o I2=1 § 1 ¢ jomit “begin ¥ sveep®
08,026 42 4 < 113 AwA1jDEByskuktgqeqy *materdisl 1°

05,027 42 4 = 343 q=q3) x=x3 *intergace*

05,028 17 4 » I11 Amp2;8mB2;3keK23q2q2 “paterial) 2°
05,029 execute cqaix(o.cy.q,k.f.)

05,02a for 3 ™ 1 to J=§

05,02b 124 ¢ Iy

05,02c execute eqfour{i,3,8,4,0,0,0)

08,024 otnervise

08,02e execute eqsavani{ly, J,x1,%2,01,02,0,0,0%%,4%2,4Y,8%,0)

05.02¢2 execute eqeight(J,Ay,h,k)
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06,001
06,002

06,003

06,004
06,005
06,006
06,007
06,008
06,009

06,008

06,000
06,00¢
06,004

06,00e

06,002
06,010

06,011
06,012
06,013
06,014
06,015
06,016
06,017
06,018
06,019

06,018

06,01D

Rec 06 Page 01

{ i 1 | \ | | ! f
eyecute stallja,d,e,d,2)

for § = 0 to J
vees,s " %
othervise: "Sweep y girstv®

tor £ s 1 L0 I2-1 ¢ 1 & jomit

42 & € I3 AWAYpBeByKk=kigq=ql *material t°*
412 4 = 112 quqlsk=k3 © einterface®
42 1 > I11 A=A25BeB23kek23qmq2 “naterial 2°

eyecure eqaix(o,ny.q.x.fa)

Lor 3§ = t O J=1

1t Index & Ip
€t = BRI /IPIXCPINT,)
c2 = HDZJI(PZ*CF2‘T')

othervise

C1 & Hrl,/(p!-cp|xrg)

c2 = Hr2 l(pz-cp:xra)

3
42 4 < 113 C = ¢
otnervises C = C2
12 8 ¢ U
execute eqtwol(i,J,B,A,0,4%,0)
otnervise
executa eqsevenilt,d,X1,K2,01,02,01,02,4%1,4%X2,8Y,50%,%)
execute eqeightiJd,dy,h, k)
execute std(Jjza,d,c,4,2)

for § = 0 o J

Yt 2

gor J = 1 %0 J=t *"begin of x sveep®
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Rec 06 Page 02

i i ' 1 ' | \ 1 1 1 ¥

06,01¢ execute eqone(0)
06,014 for 4 ® 1 to X1e=q
06,01e exgcute eqfour(i,3,A!,81,0,0,1)
06,082 execute eqthree({ld,3,x9,x2,01,02,0,0,8X1,4X2,8y,5%,1)
06,020 for 4 & I1¢g O I2=9
06,021 exXecute eQfour(i,Jj,A2,s2,0,0,1!)
06,022 execute eqfive(12)
06,023 execute std(l2je,p,c,4,2)
06,02) 2or 4 = 0 to 12
06,025 u..i.ﬂ L] Z1
06,026 *Hissing vajued for u at [440,11,1I23 3=0,l)are gEsigned vis B,C.'s"
06,027 *These are not used in the computation of uix,y,t)*®
06,028 u..o,o = uo.‘,o
06,029 u..o,J - u¢c1.J
[y
06,02 uei2,0 © U %1241,0
06,020 “"xz.d = u”!!-',J
06,02¢ 1z x2 ¢ k1 *interface values st 3=0,J°*
06,024 PRL *= (K2%XAX{)/(XI1xax2)
06,02¢ ues o ((philuoo!‘.1.° L4 “"1'-1,0’/(' + Pas)
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07,001

07,002
07,003
07,003

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

07,009

07,002
07,00d
07.00¢
07,008
07,00e
07,008
07,010

07,011
07,012
07,013

07,012

07,015
07,016

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

07,01®

Rec 07 Page O1

] | | |
uees s {(Phijuse

11,9 I1e4,3
for § 0 Lo 12
tor 3 m 0 0V

u. a yse

1.3 3.9

!
* uoe

[}
x'.“',!Iu ¢ Pas)

othervise “Untdairectional (Yonly) dependence*

A w (A1 ({L1)eA2(L2))/(L1eL2)
B (B1(L1)eB82(22))/(LteL2)
kK ® (Kt(l1)eX2({22})/7(11412)

4f Index £ ID

q1 & Qp1
q2 = Qp2
othervise
Q1 = Qr1
q2 = Qr2
qa * (a1(11)+q2l12))/(L1¢L2)

execute eq81x{0,48y,q,k,Ty)

for J = 1 to J=1
12 Index < Ip

Oy = Hpy /(DllGD|IT’)

3
€2 = szd/(pszpzrrB)

othervise

Cy = Hry l(P\xGD“Tn)

3
Cam erdllyzucpzrra)
C & (CylLi)ec2(L2))/(L1*12)
executea eqiwol1,3,28,0,C,4at,0)
execute eqeight(J,ay,h,k)

execute std4(J33,h,c,q,2)

*average proparties®
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07.01¢c
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
07,028
07,02b
07,02¢
07,024
07,02e

07,02¢
07,030
07,031
07,032
07,033
07,03k
07,035
07,036
07.037
07,038
07,039

Rec 07 Page 02

i [} [}
gor 4 = O

| | [} [} ] [} 1
to 12

Z0or 3 = 0 03

1¢ Index » Its

Yi.3 " %
Indexs={

othervises Indexalndexst “end of At period®

41f senase 2 is ON; Interval s 0

othervises Interval e 1p

42 (ne=y) = Interval(moa Delta)

Time * (ne=~q)at

42 sonse ) is on *set up arrays for plotting”

¥ a vey

tv L4

511'

szv

AT)'

ATkv

ars,

AT‘V

Time

1

%0,0"n

- "12,0"3

L] “11.0"!

Ld uo.aﬁr’

- “12,0‘,3

¥11,0%%8

42 [(1000000 Tine)] » [(Tprine)])

nev page

prints date

&xip

3 lines

prints °CTR COMPOSITE PIRST VALL®

8K4ip

2 lince

42 model() = ¢

Print: *Tvo Aimensional ADI (x and y)®

othervise

prints *Unidirectional ADI (y-only)*®

Printt ®average property values used®

33
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08,001
08,002
08,003
08,004

08,005
08,006

08,007
08,008
048,009
08,008
08,000
08,00¢
08,004
08,00e
08,002
08,010
ob,011
08,012
08,013
08,01}
08,015
08,016
08,017
08,018
08,019
08,012
08,01d

08,01¢

cont,

cont,

| | } | 1 ! | ! 1
8Xip 1 1ine

prints "heat genaration gunctions for pulse snd rest pode®
for 3 m 0 %oV
Print dy "Jwxx vd-x.xh Hrisx,x5¢ee *

"Hp2sx,X5¢e0 Y¥pI=x,xS54ee °*

*Rp2ex,x5%ee"; J.J:Ay,nrs’,nrza,npia,lpzs

nevw page
prints: date
sxip & 1ineg
orints *CTR COMPOSITE FPIRST WALL®
skip 2 iineg
if modell) = ¢
prints *Tvo yimensional ADI (x and y)°
othervise
prints "gnidirectional ADI (y only)®"
prints "aversgge property values used®
skip ! 1ine
if sense 8 js on
print: Scont, flux intergace condattion®
othervise
prints "cont, flux and PpL at interface®
12 sense 9 ie on
print: “parnonic mean for x at intertace®
othervise
orints "aritpmetic area aversge for x st interface®
print by * conductori(i) s x insuilatori2) » x%soDoapt,Conp2
skip 1 1ine

print: "incident flux - k(d4T/ayly = oO°
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08,014

o8,01e cont,

08,012

08,020 cont,
08,021
08,022

08,023
08,02}
08,025
08,026
08,027
08,028
08,029

08,024

Rec 08 Page 02

[} 1 | t 1 ] [} [} ]
print by * pulse period QPI™XReX} Qp2=xh xi*

*ca1/sec cn®e: qp1,ap2
print by * Test Period Qrimxi X} qr2mxh,xj*
2

*cal/8eC CR“®s Qri,Qra2
skip ! 1ine
orint by °vall thickness (y direction) = x3.X§ cu®:¥Y
print by ®ejement sizec material 1 (x direction) e x3.xk ca®slt
print by "eiement sizc saterial 2 (X direction) s x3) xé ca®sL2
skxip 1 1line
print by ®Ay = x5 microwsec “3[(10000004t ¢ (5}]
print by "4x1 ® X)hoX5 cam ®sAxy
print by "4x2 = X) X5 Cm "sAx2
priat dy "Ay = X},X5 cun "zay
sxip t 1line
print by 'D|Atllx12-xb.xl'n I X

priant by -n,A;/AXzz'Xk.x!'n A2

print by TDjav/ay? sxi x$%; By

35
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09,001
09,002
09,003
09,00

09,005
09,006
09,007

09,008

09,009
09,008
09,000

09,00¢c

09,008

09,000
09,00¢
09,010
09,011
09,012
09,013
09,014
09,015
09,016
09,017
09,018
09,019

cont,

cont,

cont,

cony,

cont,

cont,

Rec 09 Page 01

[} ] 1 1 [} t t 1 |
print by "Daav/ay? sxi x5°: B2

skip 1 1line i
print by ®pPylse tine ® XyX5 SeC Trest timne T X,x5 sec®:
tpl1cooooo,rr/|oooooo

skip 1 1line

print by ®for Ratarial | k= X3,x5 calssec enoc L
9Cpe x3,x5 ca1/e”C p= x3,xy gscnd «

*Dys x3,x5 ca®/sects ki,Cp1,p1,D1

skip t 1line

print by "for materisl 2 k= x3,x§ cal/sec e-°o .

“Cpw X3,x5 cal/g 0 p= xI.x) t/en? o
*p2v x3,x5 ca’/sects x2,cp2,p2,D2
skip 2 1ine,
print by * B = Xg,xh effective hast transfer coeff, cal/cn’sec®c *sn

skip 1 line

print by "Criq size * (x(material) t) = x3 points, °*
*x(nsterisl 2} & x3 points) by ly = x3 points]®sI1,(I12=11i,J

new pege

print by *Time® X Microwsec ®g 1000000 Time

akip 2 2ines

print : 20

prints 29

prints 22

skip 2 1ineg

176 = [{11/2))

177 = 11(11412)72))
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09,01
09,01¢
09,010
09,01e
09,012
09,020
09,021
09,022
09,023
09,02%
09,025
09,026
09,027
09,028
09,029
09,028
09.02d
09,02¢
09,02¢
09,02e

09,02¢

09,030

cont,

cont,

cont,

Rac 09 Page 0%

1 1 i ) 1 | | [ |
gor J % 0 YL J

PrANt pY *Xxx,, {,,8%,X5%00)7,,%: J,
Yo, 9"%8sY, 9" 0 Y176, 9" %00
11,3"%0°%177,3" T8 V1241, 3" 7w’

r2,3*%s
42 sense 7 18 On
reaad console by "Tprintex®s Tprint
feits = [{,000001%TPrint/ate, 5)]
i2 sense 6 48 On

TatopP = O

42 1000000x%Tize » TStOop ana sense | is on

®"plotting routine®
gor m & { Lo 6
gor Jat tovw

ig » » 13 x-xtcd a ATla

igac* 28 x.led - Arzs
ig =z » 33 !axila - A!)a

iz ne® !nxtla - AT],

i¢ » = g3 letla = "53

iz a = g3 !axila - ATG,

nczsl u NAX ° '(Yaxlnn)

nst ¢

TRax = HAX (3629n)

nei téb

37
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Rec Oa Page 09

08,001 8629 ® v TINE NIGRO-SLC®

08,002 7629 = * ?'!” cy *

08,00 U629 = COHpOSITE~PULSLD CASE®
0a,00% execute cprine{Csl,2000,1,12)
08,005 oxecute Ca¥ndol{e1,9¢54,13,V629,0)
08,006 exacute C8Yab0l(41,9.2,,11,00RD1,0)
08,007 executle c8Ynbol(e1,940s,1%,000p2,0)
08,008 if Tmax «$0p 3 Tmax = 500

04,009 otherviget Tmax = {000

08,003 Tetop = 1000000xT4me

08,000 execute cscgler(0,T8t0p,0,TR8x,0,10,0,10)
08,00¢ .execute cplot(0,Tnsx,))

08,004 exacute cPlot(Tstop,Tmax,2)

0a,00e exacute ¢Plot(Tavop,0,2)

0a,00f executs csxXi{s{0,0,0,10,8629,17}
08,010 execute caXis(0,0,90,-10,7629,~10)
03,011 tor n = 1 to 6

Ol.0|.2 Syab = n

08,013 for A = 0 o V

08,0t) ig n = 432 !lxil- L Ar|.
08,015 ie n = 21 Yaxis = Arz.
08,016 1eg n w 33 Ynxil. - AT).
08,017 i n = s !Axxuh L] Arl.
08,018 4z n &« 53 x;xxa: - ATS'
03,019 irn= 42 lell' - 516.
0a,01a Q629 = 3

08,01% for ns O tO VW
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Oa,01¢c

0a,014
Oa,01¢

os,01¢
02,020
08,021
08,022
03,023
Oa, 024
04,025
08,026
08,027
0s,028
08,029
oa,02a
08,02d
0s,02¢
0a,024

Rec Oa Page 02

| L} | ! I | | [} [} U |
execute cpxon(|oooooot.,¥ax1-.,q‘zg)

%29 * 2
eXeclte enuﬂh((Tltovt.OZ).leil'.,tb.SVID.ooO)
axecute cempty(1,))
sLop #1
1 sense 5 is on; stop

*Procedures®

"eQ0Ne thru eqeight LeNeratle coefficients for the tridiagonal Ratrix*

. eqone - left hang poundary-material § (xedirection)*

. €atVo = asterisl { or 2, PDE st even Av/2*

. eqtdree «~ interfyce condition at [y (x=direction)”®

. eqQfour -~ materiay 9 or 2, PDE 2t oad ar/2°*

d «Qfive = right hgnd dOundaryesmaterial 2 (x-direction)®

. eQsix + inside(Pjuana) side boundary (y=-cirectiorn)®

° eqdseven = interfca condition (PDK) for y sveep®

. sdeight = outside, 1iquic zotal haegt transfer coeff, (y girection)*®

*3ta s0lvVes the tridiggonal katrix®
®lagran generates a lggrangian interpolation polynoainasl gor®

‘estinating discrete values of the heat generation tera”

39
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Rec Ob Page 01

§ |} } ] | ) [ 1 \ [} |
ob, 001 *Model() deterrines vith a 2-D or unidirectionsl solution®

0b,002 *will be used*®
ob,003 Cooo eqone(nj;all)

ob, 004k .n-o'bn."cn-"'dn.o

0,008 veel

0b,006 Caoe eqtvo(n,n,r,a,C,48¢,Tegt,ald)

©b,007 (arraylu

ob,008 it Teat = 1

0,009 X = (“n,.ot'zun,.’“n,n-i,

ob,00a ke s n

ob,00d otherwise

ob,00¢ xs= (un‘1’.-2un..0un_'..)

ov,00a ke =

od,00e e " ~rf2

0b,00& bk. ® jeor

0b,010 ck' " ep/2

0b,0114 dkc - Ol‘tO(UIZ)(x)’“n.-

ob,012 eve?

ob,013 feoe eqtareells, 3.x3,%x2,01,02,01,C02,8%3,4%x2,4y,4%,Test23all)
ob,01) (array)u,ue

0b,0%5 12 sense 8 is on *continuous tlux at intertace”®
ob,016 ap, ==

ob,017 by, ® 14 (k2xax1) /7 (k1%8x2)

ob,018 Cry = - (k2%8x1)/ (k1%4X%2)

Ob,019 dx1 = 0

ob,0ta otherwise "continuous fiux and PDE spply at dnterface*



26 Jul 73 092811 .
Rec Ob Page 02

ob,01d £ & (k2xax2)/(Xtxéx1)
ob,0tc row (x2xa%1)/(XtxAx2)
ov,01d G = (kzxuznnnl(m-im-nz)
ob,01e 8y, # =iD1ma)/ axs P U1 000D
ob,01¢ by, @ 1+ Drxat(1er))/(ax1 (1000
0,020 egy * =(01xaLxrd/taxi®1ea))
.0b,021 i2 Test2 = 0

2
ob,022 R = mlw!)-uuz)-(un.a_,-zu"':ou".”‘)luv )
0b,023 K2 % ug g
ob,02% otherwise

2

0b,025 B s M(10!)!(“./2)'!(\10“.’_'-zuon.aﬂuu.’.‘)I(Av )
od,026 A2 = uon“’
0b,027 d“ » H26 (AL (CI4GXC2)*H) /(10)
ob,028 eve)
Ob,029 oo €QLOUr({n,n,r,8,0,4%,T¢505ad1)
odb,02s (array)use
ob,02b 12 Test = 1
ob,02¢c X s (ucn..”-zuﬁn‘-ﬂun'-_’)
ov,02d ke =
ob,02e othervise
od,02¢ X w (uon“...zudn‘-ouon-"’)
ov,030 ke = 5
odb,031¢ .kb & op/2
ob,032 b = jer
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0b,03)
0,03k
0b,035
0b,036
08,037
ob,038
00,039

Ob,03a

26 Jul

0c,00t
0¢c,002
00,003
0¢,00%
0,005
0e,006

0c,007

0¢ 4,003
0c,009

0¢c,008
0c,000

Qe,004

¢c,00¢c

0c,002

0¢c,010

0,011
0c,012

0c, 013
0c,0th

0c,015

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

0c,019

eoel

73 0923418

‘c"

(ooe

el

Rec Od Page O3
1 I } [} ] t ' f [ | t
Che ® wp/2

°xo - oxAtOc(x)Izouon

A
eqfive{12,a1))

a o =150

12 s{3c

'oldxz‘o

12 12

Ocllx(n.ly.a.x.rn,axl)

LI b‘ 150, =1y Q= (axAy)/{xxTy)

eqeevea{lt,J,x1,k2,01,02,61,02,8%1,4x2,4y,4%,T@2035221}
{srraylusue

X = (k2xdx2)/(kx1xaxt)

T ® (kaxdx1)/(X1x4%2)

G & (k2xdx2xD1)/ (kindxtnD2)

B o= Dil1eX)/11¢C)

P = (avxDy}/{ax12(140))
472 Tesv3 =

¥ = Nux a(lsP)u otl)ux

1e1,3 31,3 11,3

%2 = u!|.3
Othervise
R = plus elyoriue otr)uox““j)

11-1,3 11,3

B2 ® “.11.3

gyt -(nxat) 7{2ay%)

by, " 1o (axat) /tay®)

€5 * ~(N!AL)/(24y2)

Gyy = R2¢HeAL(C14GXC2)/(140)

eqeight(n,ay,h,kpald)

=13b e14ayxh/k3c »03d w0
3, ~1s "t tey h/k3 a o3d =

svdinga,d,c,d4,2) *Tricisgonal matrix algorithin®
(arrayla,b.c.6,2

Bs85 ¢o 110
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0c,018

0c,01b
0c,01c
0c,01a

0C,01¢

0c,01¢
0c,020
0c, 024

0€,022

0c,023
0c,02)

0c,025
0c,026
0c,027
0c,028
0c,029
0c,02a
0c,02b
O0c,02¢

0¢,02a
0¢c,02¢
0c,02¢
0¢,030
0c,03¢
0¢,032
0c,033
0e,03)
0¢,035
0e,036
0c,037

0¢,038
0¢c,039

0c,03s

0c,03%

0¢,03¢c

0ceQ30

Rec Oc Page 02

[ { [} 1 L} 1 1 [} |
for m = 0 %o 110

B-,O‘ .0 ‘

Oo - dolno

for m = 1 ton

L b.-s'c._'ln--'

S, = (g ~s 0, _(1/B,

for R ® Nei,RN=2,,,,0
zl n o--ell."lﬂ.

eeel

loes lagran(jsi.Dagrea,5811)
(array)dps «Hp2,Hr1,8r2,6p1,0p2,6r1,0r2,2,y
for Kk = 1 to &
32 k=1 z=ap\
12 k=2 1=Gp2
12 ka3y s=Gr1
12 keis s=Gr2
ce &

£Or jJ* = 4~ L0 j+Degree~t
1y =y,

Npi, ® Gp!}

3 3e

"923 - ﬂpZJ.
Hrld L] 0r13.

nrzd - 0r23.

exit from procecure
othervise: co-co(§-ya.)
s =0
for 4 = 1=y t0 jeDegree~1
to = con /(T -y

for J = i=j ¢0 LeDegreoe=-!
42 44 = 383 j00p Dack

te = t.l(yi. )

.yj.

- -
S 8 géte

12 k=i HD', =

g k=24 P2, = H

43
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048,003
0d,00h
04,005
04,006
08,007
068,008
04,009
04,008

04,000

eve)

seel

Rec 04 Page Of

| [ t ' ' ! ' | |
1€ ke3s NP1 g = H

it keay Wr2y -3

nodel {nones all)
Toarx = (TuxieTwx2)/2
Toary = (Twyl ¢ Twy2)/2

42 Toarx < ,01Tbary

nodel () = © *upidirectional®
othervise
aodel() = ¢ ®*2adinensionsl®



APPENDIX F

NOMENCLATURE
Variable Specification I1 = number of grid pts in x-direction material 1
. = = ial 2
AL = alAt/(Ax1)2 I2 = number of grid pts in x-direction materia
= — lal 2
A2 = aZAt/(AxZ)z J = pumber of grid pts in x direct:‘l’.on materia
Bl = alAt/(Ay)z k = thermal conductivity, cal/s cm®C
B2 = a2At/(Ay)2 L1 = size of element in material 1

ci = Hl/plcplTB L2 = gize of element in material 2

p = density, g/cm3

cz = H2/plelTB qorgq, = incident flux on the inside surface

Cp = heat capacity, cal/g°C T = temperature, K or °C
o
= - C
C(y) = H(y)/OCpTB designated as Cl or C2 TB bulk Lithium temp., K or
D or a = thermal diffusivity = k/pCp, cmz/s Tp = burn time for pulse, i s orm 8
Ay = step size in both materials (y direction) T_ = rest time, Us of m s

Axl = step size in material 1 (x direction) u = dimensionless temperature = (T.TB)/TB

Ax2 = step size in material 2 (x direction)

*
At = full time step Uy T dimensionless temp. 1/2 time interval
= m_ °
AT = T-Ty K or °C u*I = dimensionless temp. full-time interval
F = k2Ax1/k1Ax2 2

h = heat transfer coefficient (liquid 1ithium,

cal/cm2 s °C) ° Subscripts or postscripts

l-material 1
2-material 2 .

H(y) = heat generation rate, cal/s cm3, desig~

nated as Hrl, Hr2, Hpl, Hp2
r-rest period

p-pulse (burn) period
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