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HEAT TRANSFER MODEL FOR COMPOSITE FIRST WALL MATERIALS IN A PULSED HIGH-BETA
CONTROLLED THERMONUCLEAR REACTOR
(CTR)

by

Jefferson W. Tester and C. C. Herrick

ABSTRACT

A computer model has been constructed to predict tempeiature
ard 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 fuactions, thermal properties, and
material dimensions have been examined for a NblAlzo3 composite to
establish the feasibility of the model.

I. INTRODUCTION AND SCOPE

In a previous report,l a preliminary treatment
of first wall heat tra:sfer and chemical stability
effects was preseated. TFor 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 thermcdynamic equilibrium, First epoky cooting 5

for initiol vacuum seol

kinetic, thermal stressing, and radiation damage ef-
fects require first~hand knowledge of anticipated Resmiw&
temperature~time profiles for composite wall mater- wary ’
ials intended for use in pulsed, high-beta, con- :;u;nw;l;mm
trolled thermonuclear reactors (CTR's) where heat \ ’

2 Existing clurmimem
fluxes on the order of 1 kW/cm” or more are possi- orimary

ble. Furthermore, estimates of maximum operating

. 2
temprratures for the molten lithium blanket are Fig. 1. Schematic of prototype Z-pinch design.

useful in establishing the effectiveness of proposed

2 .
CTR's in preducing high temperature heat sources designed. The major feature of interest is the

for direct or indirect emergy production radial arrangement of the composite first wall. 1In

the prototype des'gn the conductor (material 1) is

N [I. DESCRIPTION OF THE MODEL an aluminum washer separated by thin layers of anod=-
A. Basic Geometry ized aluminum which can be conceptually thought of

Due to the large radius of curvature (30 m) as the insulator (material 2). Figu;es 24 and 2B
schematically represent the geometry used in the

and torus diameter (~ 1 m) a rectangular coordinate N
model. The gridhas 12 points in the x-direction and J

system was used for the model. Figure l illustrates

schematically how a Z-pinch prototype might be
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Fig. 2. Geometry employed for finite difference
grid. 12 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, ..., 11,
... 12; j=0], and a liquid metal (lithium)/metal
conduction temperature dependent heat transfer re-
sistance exists on the outer surface {i{=0, ..., I1,
+.sy 123 j=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 scurces,
including:

1. Bremgstrahlung 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 ond heat distridbution
functions f = H{y)/q_ A y expressed as a
fraceion of the pulsg heat flux q, (agbi-
trary scales). v

into two quantities:
1. An incident flux which s deposited at

the survface y = 0.

[38]

A distributed heat source function H » [(y)
representing the onergy absorbed as a func~
tion of distance into the wall from the
point y = 0 to the extent of the wall

¥ = Ywall.

Consequently, for a two-compousrnt composite,there
would be four H functions corresponding to each
materfal in the pulse and rest mode. In Fig. 3, we
present {dealizations of these heat distribution

and incident flux functions used in the curreat ap-

proach,



Only distribution (U({y)) curves for the pulse
poeried are shown n ¥Flg. 3, since negligible values
for the rest period are anticipated when heat trans-
ferz to tho wall will be pelozeily by radiation and
convection from the expanding plasma. As a firat
approxination, one sight assumc Lthat Hi{y)/q = 0 dup-
iag the rest perdod for both materials, tadicating
that all of the heat is deposited on the inside sur-
face of the wall. . wrtholess, in izplementing the
model, the user Lo free to seleosl aay heat distri-
bution function that i{s appropriate ¥or example,
for our Nblalzﬂj conposite both reut and pulse H
functions are not Co zero for Xb, and a finfte H

uped only for the pulne node in A!’OI (see Rel. 3).

In geneyal, the insulstor (ceranic) would be expected

to have 3 auch wider distribution function than the
conductor (Retal) as dio dllustrated in ¥Fig. 3.

The square wave fuaction fdealization for g iz
somewhat of an over-simplification of the actual
case which might show an exponential fwcrease and
decrease of heat ¥Fluz durlag the cycchQ Howevor,
at tuds stage, 4 sguare wave Yunctionality should be
adenaate,  Actual values foar the incident heat flux
q may he detersined by design linitations of the aa-
terials used in the first wall., For czanple, the

magnitude of g can be partially contrelled by chaag-

ing the amount of firsl wall surface area for 3 glven

anount of heat produced duriap the cyele.

@, Loverning Pquatieas and Bowndary Copditions

The folloviag partial differentisl equation
(PDE) applicable to unsteady atate, iwo-diccaaional

heat conduction was used for both nmaterials.

i = 1,2 (for both nmaterials) .

An anbient tesperature (T,) equal to the malk
Hthivn teperature i assumed for the daitial con-
ditfon at t » 0. Four boundary comditions are ap~
plied to pesitions sperified on Fip. 28:

1. lIacident hear {lux at the {nside suriacc

(zee Fig., 3)

at y=0{} =0), all x

3T Wt
-m(é-;)- qCe) . (2)
2. Temperature dependent fluz with contact

resistance at the outside surface

at y =0 () =0) allx
4 k4
-kl(%;)* h (T-TB) (3)

where h $8 an effective heat transfer coes-
ficient applying to the molten bithiuo
hlanket and any solid liners that migh' be
used.

3. Contiauous flux aid temperaturce at the in-

terface

at = = L1/2 ({ = 11), all y
N EXY ,
&l (:.‘.m) - k2 (0%) . (%)

4. Zere flux condition ot centerlines of ma-

torfals | and 2 via synnetry

at r = 0; {f = D),(%I) = 0 (5)

M
9 -
at x e AL g (;—1) = 0 (6
2 AR
s golving Eq. (1) to gencrate temperature pro-
filen as funcetions of time, a dimensSonless tempera-

ture o was defined as

and Tinfve difference cquations were written to ap-
proeimate the PDE.  Appendiz A contalins a tabular
preseantation of these eguations. A detafiled deserip-
tion of the finfte dif{fere we {oroulation of the
boundary conditions is presented in Appendix B. An
Alternating Direction loplicint (ADD) scheme was used
te solve the system of equations (see Appendix C).
The advaatages of an implicie rather than explicie
seheme should be usceful in conserving machine time

and in adding to the flexibility of the code.

4
Ia tiwe exprossion ki or 9, the § » 1 or 2 depending
on what material at §s.



The tridiagonal algerithmaud acompl. ‘e listingof the
Madcap V code are presented in Appeniixes D and E.

1I1I. 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 thicknees of the wall in the y-direction
Y'. the code reverts to a unidirectional (y oanly)
caa:ulation of temperature profiles with area aver-
age physical properties used. Any combination of
incident heat flux and internal hzat generation
terms can be used. The ocutside boundary condition
(all x, y= Ywall at jaJ) is temperature dependent
in ozder that an effective heat transfer coefficient
can be used which combines the resistances of a 1li-
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 boundaly

-k (g—:)' ~k2 ('g‘;{') : (%)

2. Criteria of continuous flux and an oper-

able PNE at the btoundary.,

In vsing the code, large time stecs should be
avoided since they can cause inaccuracies as well as
instabilities 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

3

upper limit, i.c., for a 10 na (10~ g) pulse At

would be lms . Since the rest period is usually

much longer than the pulse period, e.g., 90 ms com-
pared to 10 ms, a larger it could be used during
this period if conserving computat.on time became

important.

IV. PRELIMINARY RESULTS AND DISCUSSION

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

cations.

A. Choice of a test systen
A niobium (Nb) - alumina (A1203) ridial com~
posite was selected since it {8 currently under

consideration as a first wall composite materlal.3
and because its thermal properties are representative
of typical metallic conductors and ceramic insu-
lators that might be concidered at a later time.
Present Z-pinch design estimates will require an in-
sulating capacity between 1 to 3 kV/cm which will
coatrol the relative dimensions of insulator (2) to
conductor (1).2 Although actual sizes have not been
specified for a real operating system, a prototype
expecrimental design utilizing anodized aluminium
washers (0.0254 ~m thick Al with approximately 0.0005
cn 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 of0.1 to
10 kchm2 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 al.3 an average electron remperature
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 ingide surface of the wall with no distribution
within the wall (H(y) = 0).
a constant value was used during the entire rest per-
{od (see Fig. 3).
criterion a 10% duty cycle corresponding toa 0.0l s
pulse and a 0.09 s rest period has been employed for

As a first approximation

In order to meet the Lawson

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 ni ride (BN) protective liner and a molten
lithium boundary layer. Average values for material
properties were selecced 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 %o

emphasize that our purpose at this stage was to



TABLE I

*
MATERIAL PROPERTIES( )

k
Conductors (1) cali(cm2 s K/cm)
Niobium, Nb 0.158
Molybdenum, Mo 0.350
Insulators (2)
Alumina, (!.-A].ZO3 N, 034
Beryllia, BeO 0.835
k-thermal conductivity p-density

p p o=kipCpy
g/ em? 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 a-thermal diffusivity

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

1. "Perry'r 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,"
Ho, and Klemens, Plenum Publ. Corp., N.Y.

Vols. 1-2 Eds. Touloukian, Powell,
(1970).

k1N I ] 1 1 ] ]
’1 Al,05 KT, =25 keV
1
< f fdy 8 70% of energy
° absorbed internally
2k -
T
=3
(5]
-
1 -
(o] | 1 | 1 i )
o] 0.2 0.4 0.6 o8 (Xe] L2

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.

B. Tempersture-Time Excursiecns for a Nb/51293

Composite
Table II1 (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 tvpical temperature-time excursion for seven
consecutive pulses {for cowplete parameter specifi-
cation see Table III, Run 1) 1s presented in Fig. 5.
Several ieatures of the graph are apparent.

1. There are no inherent instabilities in the

ADI solution.

2. The outside surface teaperatures, 41(0,J),
AT(I1,J), and AT(12,J), do not increase due to
the large value of h = 14 cal/cmz s K used.

3. The interface AT(11,0) is between the maxi-
mum excursion in the A1203 layer (AT(0,0))
and the minimum in Nb layer (A T(0,0)).

4, ‘The inside surface temperature for either
material Nb or A1203 does not relax to what
its initial level was before the pulse,
hence there 1s a continuous increase in AT
which should approach steady-state condi-
tions after a temperature profile of suf-
ficient magnitude has been establislied



TABLE 11

SYSTEM PARAMETERS INVESTIGATED

1. Duty cycle Tp = .01 8 T~ .09 s
2. Incident heat flux
q, (pulse period) 0.1-1.0 kw/cm2 (~23.82 - 238.2 cal/cmz a)
9 (rest period) .0l-.1 ku/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 transfe.- coefficfent h = .14-14 cal/cmz 8K
outside surface-combined resistence of backing material and liquid
lithium
5. Bulk temperature Tp = 600°C?
6. geometrical parameters
wall thickness Ywall = 1 cm
cenductor thickness L1 = .01-1 em
Composite
insulator thickness L2 = .0005 ~ .1 cm
7. Equation solution parameters
grid sizes Axl = .0005 - .05 m
Ax2 = .0005 - .005 cm
Ay = .01 - .02 cm
time Steps At =10 -~ 2000 us  (10°° s)

akeally arbitrary, waterial 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 Flg. & for the conditions c¢f Run 35 (Table III).
in this case, heat was deposited on the insile sur-
face of the Nb layer during both pulse and rest
periods and on the inside surface of the A1203 layer

during the rest period. The heat distribution func~

tlon given in Fig. 4 was used fox 41203 during the

pulse period. Ome can see a marked reduction in the

temperature excursion of the AIZO3 layer cuused by

distributing the heat. All three profiles, at the

center lines of materials 1 und 2 and the inter-

face, are uniform in shape and magnitude for the

three times given. This effect 1s aiso 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 coefficlent has a significant effect
on predicted temperature-time excursions (see Figs.
7a and 7b}. With h = 0.14 callcm2 s K to approx-
imate anticipated thermal resistances, the outside
wall temperature has increased by > 60K over the
bullk iithium value in 30 pulses. This AT will, of
course, continue to increase until steady-state con-~

ditions are reached.



TABLE 111
TARLE TI1 (SECTION A)
SUMMARY OF RESULTS #FOR COMPOSITE/PULSED CASE®

Heat
Transfer
Coeff.
Total
Geometry Grid Size Time Outside Incident Plux
Step Surface e
Run  Conductor (1)} lmsulator (2) L1 12 Yusll Ax] Ax2 dy  _be h U UY
2 Rest Pulse
cm ca ca o cm cm us calfem” s K Period Period
2
W/ cem® kUIcm2
Niobium Alumina
1 Nb AIZO3 1.0 0.1 1.0 0.95 0,005 0.02 1000 14 0.01 1.0
2 Nb M‘ZOS 0.01 0.0005 1.0 0.0005 0.00005 0.02 000 14 0.01 .0
3 Nb AIZO3 1.0 0.1 1.0 0.05 0.005 0.02 1000 14 0.01 1.0
4 Kb Alzl)3 1.0 0.1 1.0 0.05 0.005 0.02 1000 14 0.1 1.0
"9 Nb Alz()3 1.0 0.1 1.0 0.05 0,005 0.02 1000 0.24 0.1 1.0
6 Nb A.‘.ZO3 1.0 0.1 1.0 0.05 0.005 0.02 100 0.14 0.1 1.0
? Nb Alzl)3 1.0 0.1 1.0 0.025 0.0025 0.01 200 0.14 0.1 1.0
8+10 Nb MZOJ 1.0 0.1 1.0 0.05 0.005 0.02 1000 .14 0.1 1.0
Molybdenum Beryllia
Mo BeO 1.0 0.1 1.0 0.05 0,005 0.02 1000 0.14 1 1.0

*® Conditions fixed for Gall runs: rp = 0.01 & T, = 0.09 s

TABLE 111 (SECTION B)
SUMMARY OF RESULTS FOR COMPOSITE/PULSED CASE?

_.Steady S-ate Tesperature Excursions 8I(x,y,ts= )b
Outside
Heat Distribution Functions Utilized® Inside Surface (Plasma Side) Surface
Conductor Interfare Insulator Average Comments

AT(x=0, AT(x=11, AT/x=12, BT(<x>,
yo0,ta ) y=0,te®) y=Q,t= ®) y=Yuall,t= )
Conauctor (1) Conductor (1) Insulator (2) Insulator (2)

Run Pulse Period Rest Period Pulse Period  Rest Period K K K K
Hpl(y) Hrl(y) Hp2(y) Hp2(y)

1 0 ° 0 0 370 460 490 -0

2 ° ° ¢ 0 260 260 260 -0 unidirec-
3 0 ) ) ) 250 320 380 -0 ‘(;":fliy)
4 ) ° Hp2(y) 0 360 51 348 -0

549 ° o Hp2(y) 0 650 640 640 300

6 ) ° Hp2(y) 0 650 640 662 300 2

7 0 0 Hp2(y) 0 650 640 640 3007

8¢10 0 0 ) 0 600 695 810 300

)] 0 Hp2(y) ]

Srefer to nomenclature section (Appendix F) and Figs. 1-2.
bi‘.uunpolated to mtime,
CRefer to section 11C and Figs. 3-4.

quuivnlcnt to run 5.
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C.__Approach to Steady State

As steady state 1is reached, the temperature
profile at any position along the composite will
stabllize except in the vicinity of the inside sur-
face where it 1is continuouslypulsed. This behavior
was observed in a preliminary study of heat trans-
fer effects.l Bacause the thermal time constant

1. = szlu is large compared to a cycle time of 0.1

W
8, e.g., for a l-cm wall Ty (AlZOJ) = 23s and
tw(Nb) = 6s and because an additional thermal

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

¢ 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 1is
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

self.
ductor (0,0), an estimate of AT; 0 at steady state
’

caused by the pulse it-

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

00
ATy o= AT, +AT, +AT,

. _ (net heat trensferred/time)
vhere AT, KL/Y

(qP Tp + a, Tr) Yw
('rP + Tr) k1

AT_ = temperature rise after the lst pulse
T at (0.0)

(net heat transferred/time)
ATy, = h

(q_1_+ 9, Tr)
(Tp + Tr)h .

u

For the case of a 1 kH/cm2 (238.2 calls cmz) pulse

and a .1 kw/cm2 (23.82 cal/s sz) heat duwmp,

A'I‘a = 287 K
A'rp = 90 K
AIh = 333K .
Therefore,
X -~
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).

L. Prototype Geometry - Effective Undirectiomal
Heat Transport

Run 2 attempted to sirulate conditions similar

to those expected in the prototype Z-pinch reactor
(Fig. 1). The widths of Nb and 91203 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. 1In Fig. 9, temperature-
time excursions are presented for the case with » -

14 cal/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, Axi
from .05 to .025 cm and Ax2 from .005 to .0025 cm
and Ay from .02 to .01 ¢m, and time step At from
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Fig. 9 Temperature-time excursion for a Nb/AlpGg
composite having similar dimensions to the
prototype Z-pinch (Fig. 1). For parameter
specifications see Table I1I, Run 2.

1000 to 200 4 s.
more than 5% at equivalent grid locations.

Furthermore, when the compnsite 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 problemg, 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. IIT. The pulsed heat flux and interface
condition were probably respcnsible for this since
when they were removed from the problem by using

a single component and continuous flux boundary, 4t

Temperature profiles varied by no

could be selected independently of Ax and dy. Cer-
tain improvements to the stability of the ADI pro-
cedure are obtained if the grid system 1s converted
to a half~interval system with the interface con-
taining Ax1/2 and Ax2/2 parts of materials 1 ang 2.
F. _Concluding 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 preofiles which are necessary in evaluating the

mechanical and chemical behavior of any proposed

materials.

V. RECO/MENDATIONS

1. Additional materials should be examined,
including, Zroz, Be0, and other insulating
oxides as well as Ta, 2r, 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 bubb’=z 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, aud heat dis-
tribution fuanctions, 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 FORMAI.ISM

Tables A-1 and A-2 list the difference equa- cl
for material 1

tions utilized by the code. Both sequences of

B

sweeping x first and then y, and vice versa,are pre- for material 2

sented. In addition, two different equations ap- K24 x2
plying at the interface between materials 1 and 2 E= k1A%l
are included. A complete description of the nomen- F = [k2Ax1/klAx2]
clature employed is given in Appaendix F and a par- G = k24 x2al

k1A xla2

tial on2 below for Tables A-1 and A-2, Tridiagonal

matrix coefficiants are easily determined by re-

calling that a would be the confficlent of the i-1 o= lc1+ k2 Ax2al 2 L+ K2Ax2al
term, b the i term, and ¢ the i + 1 term and d the k1A xlc2 klAxla 2
remaining terms. (See Appendix D.)

. k24x2 k2Ax?al1

= + 4 eSS
Nomenclature for Tables A-1 and A-2 b=al [1 klel] [1 klaxla2 |

Al = (llAt/(Axl)2 - material 1

A2 cx?At/(AxZ)2 - material 2
Bl = olAt/(Ay)? - material 1 by, = U1, 4-1 28,5 Mo, 5

B2 = ulAt/GAy)Z - material 2

APPENDIX B

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

I. CONTINUCUS FLUX AND TEMPERATURE AT THE INTERFACE (2) . (u’;1 .- “;_1_-1_,_L) )

Both temperature and heat flux must be contin- Axl
vous at an interface assumed to be in good thermal (o - ,
contact. Using the nomenclature adopted in this X2 Il+l&i2 I1,j

report, this is equivalent to saying that

*
(1) u 1 is continuous
I onal matrix since only the terms u

*
Y1141, 4

and
Eq. (8), the coefficients a

can be specified as:

n’ °rpv ©

]

» U

n’ and dI

Hl/olelTB = heat distribution function (f(y))

c2 = HZ/pZCpZT = heat distribution function (g(y))

(8)

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

11,3 °
are involved. Therefore, by rearranging

1

11
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TABLE A-1

DIFFZRENGE EQUATIONS FOR CCMPOSITE (A-FIRST)

Difference Eguation

Deitin x-sweep

1. u“l -y

.3 0.3

- -3 -
2. "‘1.3 “l,j 5 (".1-3-1,1 Zuﬂi’j + "‘l,j-l’

31
+8cC) + 5 (“1,1-0'1 - "‘1,5 * “1._1-1)

AL K2
da. L] -yl o - L=
L PR R Y ol O SRl P L o

- N
2

.
4 24y

-u

+ @At + $\Iy

“11,1 * 11,3

s ¢ TS TR R AL W0 T e 0T W)

2(14G)

2ut

4. (u _AZ_Z (u®

MYy " 14, - 2003 YUY )

B2 s
+ AC2 + 3 (u,’“‘1 ‘“1.1 "'“1.1-1)

\J
50wty T Uy

begin y~sweep (no heat source term)

L] - -
6. ka(u 1,1 ““1.0) qu'm/'l'B

hm
t2 - - -
7a. w 1,1 “.i.j 2 (uﬁiil.j 2“'1,1

Ba
x E—— 7 -
TP YT g T My

A
+ u i,j—l)

. AL
LA e T R PUR TR 6 T ot S O

+ (F) u

- (1+¥) uIl.j

11+1,J)

- 2ukk

*
1,141 + us

+ —ﬂ;— (un*
4

8 11,3-1)

IL3

- % -tk kA
8., -kn (u .:l.J u i.J-l) = Ayh (v t,J)

Condition

left bomdnﬁ
materiasl 1

material 1

Interface

Interface

meterial 2

right boundary
waterial 2

material 1 or 2
mas=1,2

a=1,2

interface

a=1,2

—. Range

Locesyrd=l
1,2
1,c.00-1
1,...,11-1

[ L
LIS )

om0

LIS NS = |
e

§ud,...,0-1
1= 114,...,12-1

§m=1,...,2-1
1= 12,12-1

1=1,...,12-1,
I+ 1,...12-1
j=0.1

1e1,...,11~1,
Il +1,...,12-1
= 1,000,

1=11
J o lyuee,d

1=1,...,11-1,
1141,...,12-1
3= J-1,2

Coments

Symuetry (no flux)

PDE, implicit x

a. Cont. flux

b, Cont. flux and
PDE apply

PDF, implicit x

symmetry (no flux)

inside boundary
(incident fixed heat
flux)

(q* 3 qp rest tian)
(@® = qp pulse ciae)

materials ) or 2 ex-
cluding interface and
right & left boundaries.

PDE implicit y applies
at interface 1fEq.
(3b) 13 used

outside boundary
(tezs. dipendeat flow
with 14q. metal heat
transfer coeff.)



TABLE A-2

DIFFERENCE EWUATIONS FOR COMPISITE (Y-FPIRST)

Difference equation
begin y~sweep
. * _—
1. km et ) - uf o) = Ay /Ty

Am
2a. “.:l.j- LN Ry (uj:ﬂ'j - 2“1.1 Nt—l.j)

Bm
+AtCa + 5 (u*’."ﬁ_l—zu‘q_.‘1 Ntl,j-l)

€l + 6C2

3" tngtare 2t

2b, ut

- (14P)u + (Au }

A
* (dvey ®n-1,3

;X S -
+ 2An2 Wty g1 = 2% g 9% g

11,3 1141, 3

)

. E R - *
3. W (u 1,7 u i.J—l) Ayh(u 1,_1)
bepin x-sweep (no heat source term

4o uhn - ke

i,§ 0,3
Al
5. ““1,1 - “*1.1 -5 (““1-'1._1 - 2““1,_1
+usk ) +BL o “2uv 4t )
2 1,341 1,1 7 1,9-1

i-llj

- ko
6a. (utty, - utta,Pem M
x
-u..ll.jh—:z

- ESu* At Al
6. v, " ¥n,g *—A—’%’— * e
24y

(ure M (L PR

11-1,3

A2
7. ukw - gk S5 (une - 24k
u g “I,j- 2 (u 141, z“.l.j

B2
+ une l.j’ +5 (“‘1.1“'1 - 2u'l"1 + “‘1,_1-1)

E &S

- ik

L
8 wtia3 12-1,3

——Conditions

materials 1 or 2
wel,?

a=1,2

interface

n=1,2

material 1
left boundary

wagerisl 1

interface

aaterial 2

waterial 2
right boundary

Range

i=1,...11-i, Il41,
ceeyl2-1
1=1,0

1=1,...,11-1,7141,
ceerl2-1
) SN |

1=11

1e1,,..11-1, 1141
veesI2<1
3 =313

1= 10,31
1=0,1

4= 1,31
1e2,...,11-1

-
1

1,...,3-1
11

121, 000,01
1=11

§ w101
1= 1141,...12-1

= 1,01
12-1,12

[N
3

Comments

ingide boundary

(fncident f1xed heat
flux)

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

material 1 or 2
{excluding interface
and left boundaries)

applies at interface 1f
Q. (6b) is used

outside boundary

(temperature dependent
flux with 1iquid metal
heat transfer coeff.)

symetry (no flux)

PDE, 1mplicit x

a., contipuous flux

b. contipuous flux
and PDE

PDE, fmplicit X

symeetry
(oo flux)



aIl = -]
K2Ax1
bn =l +vaaw
- k2Axl

‘nn © K1Ax2
-0 . (9

The stability and convergence of the ADI pro-
cedure appeared to depend on the choice of Axl and
Ax2 for a given k1 and k2. 1If values of AX2 were

selected suchk that

k

i
~
N

|
|

~
=

(10)

£

A Ax
the ADI techniqu~ was convergent and stable. Con-
sequently, an alternate form of the interface con-
ditior was developed to keep the PDE itself contin-

uous at the iaterface.

II. CONTINUOUS FLUX AND TEMPERATURE WITH MODIFIED

PDE AT THE INTERFACE

By urilizing the technique suggested by
Carnahan, Luther, and Hilkes.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 wodel, the dimen-
sionless temperature at position Il-1 in material
1 can be approximated by a Taylor expansion as

Ju
up-1,3 ¥ Up,y - A1 (H) n

2 4.2
s 02 (l—‘z'> + .
11"

2
3 an
) 2 .2
by solving Bq. (11) for (37u/dx )11" one gets
2
(g_g) z —2 [“11-1,5 11,4
dx - {(4x1)
du
+ Axl {x .
(32) 11’} (2)

Using the finite difference cquation for (anlayz)
and 3u/ot

14

2 4n 20 o 1 -
(3%ufoy”) = Ayz [ull.j+1 Zull,j + uIl.j-l] a3
=1 [ * -
(u/on) = 51 [u . un'j]
"4 at new time t +At (14)

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

{(14) can be rewritten as,

u

+4x2 (’g!) +

Y1141, = 13,9 *) 1
, axn? fo%
2 2
ox +
11 s
32u 2 u -u
= = 7 1'1el,3 T V1L
" /v @x2)
du
- 4x2 {5
(a".) n"] (16)

2\ -

(3.%;,-_1_2 [“u.m 2“n.j““n.j-l] an

)
y

(E’.!)- ft- ("'Il.j - "Il.j) .8

By substituting into the differentisl equation,

cue can develop an expression for 2ufdt at the

interface. For medium 1, using Bys. (12), (13},
and (14)
2 u -u + Axl f3u
al = {%1-1,5 7 %n,3 L
[(amz ( ) 3") u')

o=k (e T Moy tingal | 09
&yz

{u' -9 ae
ti, i,
1 J j) (19



Solving for (aulax)n—, by defining

du . klAxl (% _
L (B—x) - | Zolht (“ 11,3 “n,j)

(S\.lyy = \.lIl’j_1 - 2“11:1 + “Il, j41 s
Eq. (19) becowmes k1A x1C1 k1Ax1 s
T T 2ar ~ 2 Yy
2 8x? 2
gv = P33 * -
Ax1 (3,‘) - 201A¢ (“ 11,j “11.1) Kkt (u -u
+ El ( 11,3 Il-l,j) 23
gAxl'gz Cl _ (4Axl) 2 Su
2al 2(Ay) 2 vy
Ju - k2Ax2 *
.o . k2 (Bx) ot FLAY: (“ 11,j ~ “n.j)
11,3 - “11-1,3 (20)
Similarly for medium 2, using Fgs. (16), (17), and +k2A2x§;:2 + k2Ax22 Su
F10SO L
(18)
2
P . E)? » -K2
Lx2 (ax) REETLY: ("1, - “11.1) b2 (*r,y o) - e
- !AxZ)Z c2 - - Ax2 2 Su Equations (23) and (24) can be used tc solve for
202 2ap% u*
11,3°
+ u -u *
11,3 1141, § (1)
wax . kzax2 | o
2alAt 2a2dte 11,3

Applying the interface condition of continuouys flux,

viz, S S VTG Y1
.al.tst 2a24t 11,3
), () a
u (3:) - (ax, + (@ KAxICL | k2Ax2C2
i u + Tal - ¢t T ia2
We can use Eqs. (20), (21), and (22) to elimi~ r
nate [ Ju and [ du by just roarvanging Eqs. * i’lm“z' + fmﬂz ] 8 Yy
\ox/ ..~ Bxg L 2{ay) sy
1 1§
{20 and (21). - W o -
e { 1, n-x.;J
k2 lo - u,,
Tz { . “”'5] . (25)
By simplifving Bg. £25),
. . ; $£2rxt] PRI
* - . 51 Liadu, Fo1. 4 "u.;_i[*‘ * s;u;&zl" Yriey g [u,a.m-w
[+ 13 3 uﬂ.j FLT ¥ 3 L ot il ‘
& ¥ Lomi3l 1., R2Ap2 o) (26
et R VY




k%
where with ¢ = ¢ , £ = E -
*
(Note that again the heat source ¢ 18 put in with

- k2Ax2al k2Ax2 ol -
¢ = [cl + goxial c2] / [1 v i full At, and At/2 is used for other time inter
\ vals.)
£ =al [1 + k2Ax2] [1 4 k28x2a1] | ‘To determine the coefficients for the tridiagonal
klAxl Kl 4x1a2 (285 matrix,viz.,a b c d we define the
’ ’ 2% U111’ iy’ iy’

following juantities.
Equation (26) is similar to the explicit difference

equation presented by Atpaci.2 K28 x2 k2Ax1 Kk2Ax2al
For the case of no heat generation, Cl = C2 = 0; E= kl’i41” = kleZ; ¢= kiAxla2 ) (33)
A x1 = Ax2 = Ax; and only one direction dependence
for u, i.e., Su__ =0, u* becomes
yy
* - 2(!1At [ ~ ( Q) (E]
YLy T tn,g YT, 7 "neng T o,y B/ Y ine,g kl)
k2ol
[1+ i3 (29)
By multiplying the numerator and denominator of the
second term on the right-hand side of Eq. (29) Yote that Guyy *Un,31 " 2“11,3 + Y11, 3+1 1s

+ At.
by k1/k2 and rearranging, one gets, defined at the old time t rather than t t

ki k1!
Ny VY |“11+1,j - “11,1(1 *35) *enog (kz)]
Tty T2 [E.a ' ,
k2 a2 (30)

which corresponds to Eq. (7.67) presented by

7 -
Carnahan etal. on page 463. If both matarials are The first three terms on the right-hand side

of Eq. (32) are used to specify dIl’ while the

the sane, al = a2 = a; kKl = k2 = k and,
fourth term specifies 811’ bIl’ and Crye along with

u* = u the left-hand side of Eq. (32). Consequently,
1i,] 11,3
-201A¢t/2
alg¢ a = ———————
3 (Uren,s %,y *nay) 0o eyl + o (34)
vhich is in standard explicit form for a homogeneous bo. =1+ 2u1A:/2 (1 +F)
n oxD? @ + o) (35)

system.
Using implicit formulation in order to imple~

ment this algorithm in the current ADI code, one can ° = _MIA;/‘? F (36)
: (Ax1)” (1 + G)

show that
W ey +etae By aere”
SR O 5
Ay
* * K24 x1 * k2 Ax1
+alde/2 I" 11-1,4 ~ % 1,4 <1 * Klax2 )__* Y 14,3 (kle2)]
2 k24x2 al .
(4 x1) L+ d8xTaz (32)

1%



- A {Cl + GC2) Atul (1 + E) +
Yyt Ao 21 + Gyay? |'Thi-l 1,3 “11,3-1] an

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

In the ADI scheme, we also need an equation to
allow us to implicitly calculate Y1,3 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

* EA': * * ]
u I1,j = uy 11,3 +dAt + [ 11, -1 - 2u 1, +u 11, j+1
2018 ¢/2 kZAxl] K28 x1 ]
* 2 {“11-1,1 e s [1 *yiaxz | T Unia,i lkdaxz
(0x1) [1 | K2hzzal
KlAxla2 (38)

which is similar to Eq. (32). Again we can
solve for the tridiagonal coefficients using
Eq. (33) to define terms.

* . st + ez
Y1,i " %mn,j O]
Atal
+ u,, 4 . =(1+F)u +(F)un+1
(Axl)z (1+6) [ i1-1,j 11,3 sj]
At * * Lk
+ a8 o2 [“ 1m,4-1 - M,y V0 Il,j+1] 39)
y
£l +E)
O] (40)
At _ _ol 1+ F)At
an < 2
20y a + ey %D
b ___1+§é a_1_(1+E)At
1 Ay? (1 + eny? (42)
€rg = - EAt _ _al(l +E) At 43)
28y2 @+ 6)(@ayd)
_Atoal al Le (€1 + 6C2)
d.. = - @+Pu + (Fu +u +
u @B x1)? (1 +6) [ 11-i 11,3 Il+1.J! 11,3 (1 +¢G) {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
brief discussion is included here=. The ADI tech-
nique when applied to a rectangular grid network
avoids the step size limitations of an explicit
method and alsc 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

Bzu Bzu du
(!——24--"—2 =a—t-
ax 3y

(45)
would involve iterations using difference equations
of the following form for an (1,j) grid. The x-
sweep [implicit in x} 1s written as

1,3 at t + At/2 (half time step)
*%

u 1,3 = valu: of ui,j at t + At (fu'l time step).

*
u 1, = value of u

Richtymer and Horton3 have demonstrated that
this form of the ADI method 1s unconditionally statle
regardless of the choize 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 materlals is
present.

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

All of the above can induce inscabilities and/or
inadequate convergence unless the difference equa-
tions applying at the interface and boundaries are
properly formulated. (See Appendix B.) Consistency
for the difference equations has been demonstrated
if the heat source temm is introduced at the full
time step, 1.e., CAt i8 introduced in either the x

* *® 2 *® *
AR T RS W Bkl 18 B 18 L 1

1t vy g

At/2 sz

Ayt ' (46)

and the y-sweep (implicit in y] as

ah * * 2 * + * ( A% 2 ik + £ 2] )
S V% N ¥ RORalt £ V% ENutult P8 HRalt £ ¥5 SRS 15 L Snilis 5. WA I%. . | .
2
Aef2 ax’ Ay )
vhere or y sweep and not at both half-time ltcpl.s Sys-
wg g value of u ) ot time t tematic errors due to this procedure were eliminated
24 od by altering the :iweeping sequence to Xyyxxyyx ... .



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.

Ui-1,5° 4,3° Yo,

or

U1,3-10 U1, ug,54 - (48)

Tz coefficients a,b,c refer to i-1 (j-1), i(j), and
14+1(j+1) terms, 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

“sistiuavsssssssccnane

Z b,2

321 P31 %4%a i

L anzn-l n n_J n | (49)

[2] refers either to u, i

-4
, s, j fixed, or ui,j )

The algorithm for solving the tridiagonal
The matrix

i fixed.
matrix is relatively straightforward.
is sweeped from top to bottom and then from bot-

tom to top to solve for [Z]. The following flow
7
sheet depicts this procedure.

TRIDIAGONAL PROCEDURE
START

for 1 =1 to N

by - (ay e5.p)

B o=
i Bi1
gy -a vy )
Yy < B,

for j = N1 to O
Zj =vy- (cizi+1)
B
3
STOP

19
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01,001
01,002
01,003
01,00k
0t,005

01,006
01,007

01,008

01,009
094,002
01,000
01,00¢
04,0040

01,00e
01,002
01,010
01,0114
01,012
01,013
01,01
01,015
01,016
(AP AN
01,018
01,019

01,01

APPENDIX E

MADCAP V LISTING

Rec 0f Psgs O1

] [] 1 1 [} § [} ' ] 1 ¢
"CTR COMNPOSITE NEAT Fpev wolgL®

PALTERNATING DIRECTIOF IMPLICIT METHOD USED*

*Fulsed cane"
“Isntropic and LOROgEntoUS properties sasumed 20f each Eaterisl®

*104if1ed Cods Vith cortinous interface condition®
®Varieble Specificetion®
*2? « tenporacure, °c*

*T, & bulk ithiun tenpersture, Oce

*Cp = heat cabacity, cal/gce

*p = density, ;Icns'

*n = hest transfor comgficient, cal/caZsec®c®
Sk = thermal cohauctivaly, tal/em .oc°c'
*3 = thereal difgusiviey = IIPCD, eu'l-cc'

S7p a purn time gor puise, Micro=ssc®

"Iy = test Lile, FiCrowsec®

Taxt = Xestep sige in Material 1°

"4%x2 = Xestop Silze in Hateriazl 2°¢

iy = y=step site’

*at = step #i3€ gop tinc®

*Tine © actusl tirc, fet*®

*Tprint = intorval between printe Micro=sec®
.Yu = Wall thicknesa, ca®

°Li = sise of magerial 1 elsaent, cm”

®L2 = gize Of Eagerial 2 sleaent, cn®

"Sub Or POSLACriptls 1 aNd 2 refer 0 tvo different Mgterisls*

* sua or Poktscripy 3 referd Lo average vaslue st interface”
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Rec 01 Page 02

J ] ] t 4 ] i 1 ! 1

01,01b *Disferiential Fquation (Rectangular coorainates)®
o1,01¢ sn1a%ysax?eausay®iociy) » dusaet

01,010 *Dimenatonicss parafhecers”

01,01e 'y = (t-rB)IrB'

01,01 25 ® Datsaxds

01,020 *B = Datssy?s

01,021 SCaL = HaV/pCHy*®

01,022 *QAY/R = incideny neat flux*®

01,023 *whores*®

01,02k ®Poatacripts 1 ans 2 rager 30 L¥O dAifferent materialc”
01,028 "postscripts r and p refer to rest and bvurn periods®
01,026 *ror exakple,*

01,027 ® H is the internal hgat generation term, it can take on®
01,028 "vaiuefs HrY(y) ,Bprty),lr2iy) ,up2(y)*

01,02% *Likewise for Qi1 Qri,Qp1,8re,Qp2"

“1,02a *ue = diRencionless lemperature at 1/2 time step’®
01,02b "use = Simensionless texPerature at cofplete time step®

21
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©2,00!

. 62,002

02,003
02,004
02,005
02,006
02,007
02,008
02,009
02,00a
02,000
02,00¢
02,000
02,00e
©2,004

02,010
07,011
02,012
02,012
02,01)
02,015

©2,016
02,017
02,018
02,019
02,01

02,d1b

“asnse
“sense
“sense
“aense
“sense
“cense

Recs 02 Page OF

] ¥ } ] i ] 1 ' ]
§ = on for trigl dals sei*

- on for print out at sach*

on Bet geNerstion terns to sero®

- »
L}

a = on to set yp pPlots®
= on o terminite the iteration®
on to terninate iterstion sng initial provting*

= on ASK LOr ne¥ priat iatervair®

o g & wn
]

« o0 to use gle inserface condition 4t It°

it {Qu/dax) a «N2{du/ax) in ginite OiffeTence fOrm®

. oft to use rodisios inverface condition a% I1°

a

Continuous glux and PDX apply"

"If cont, £lux ahd PDE ars used &t the interface then thee

*interface is inclufeg in tne ¥y sveep®

"sense 5 ~ on Lo use parnonic sean for gnterface,®

. vft for arithnetic areg average®

Hel® Uy 10 110,0 to 110

2,8,p,c

*% va s10

orl.Gr?,ﬂp',ﬁp!,!r!,lrz,ﬂpv,Bp!o o 110

LI

"arrsy

o 10

asSgignaent Lor plotse

LPY r-r|.°c'

ATy w
ar2 =
4T3 w
"aTh =
"ATS m
"aT6 =

inaide surtace (plasaa) temp, rigs for materisl § st {1%1,3"0}°

insige sursace (pladaa} YRS, Tise for material 2 ot (1°12=1,3%0)°

inside aurface (plasas) teap, rige at interface (islf,3"0)"

cuLside surface (lithium} temp, rise for material 1 (ief,jel)*

outside surfaCe (23ithium} tenp, rise for materisl 2 (1el2«(,jey)*

outside surface {litaium) temp, rise at interface (ioXt,3s3}°
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02,01¢
02,014
02,01w
02,011

02,020
02,02t

02,022
02,023
02,024

02,025
02,026

02,027

02,028

Rec 02 Page 02
' ) ! ' [} ' ' !
lrv.At?.‘t!.lll-ATS-tfs,to L0 500

[
315 o 2000

Yaxas, 1o s00

Dszqo Lo 10

¥Yeo
to.Arlo.Aizo.Atjo,Arzo,gtsn,ttec =0
{200 characters) Conpy,CompZ
for 1 @ 0 to 110
.1.b‘.c‘.dl.1‘ L
At!‘,lrzspbtj‘.lth‘.ATS‘.ATG‘ .0
Lor § = 0 to 312

"a.a'"'a.d'“"a.a =0

fo 38 *

Temperscurs Profiles (T-7, , °C)

23
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03,001
03,002
03,003
03,003
03,005
03,006

03,007
03,008
03,009
03,008
03,600
03,00¢
03,008
€3,00e
03,00¢
©3,0t0
03,011
03,012
03,013
03,01

03,015
03,018
03,017
03,018
03,019
03,018
03,0tb
03,01¢c

cont,

Rec 03 Fagc O1

] L] ! '
£1 88 %1 » 0

22 29 * J*

Tstod ® 1000000

42 sense 1 19 on
resd consoles

read conscle

read console
read concole
read console
resd conscle
resad console

read cunsocis

1 [
) 172 It (21e32)72

*Trial dats set*

by » at = g A%l ® x 4x2 » g AY ® X Sgdt,Ax1,8x2,4y

by

124
oy
124
oy
oy
oy

LS =

. K=
ocpis
s pis
s pla

" heo

X 12 @ X Yvall T X1 L1,L2,¥,

x k2 % x "gk1,k2
= CPaw x *sCPp1,Cp2
X p2 ma x %ipi,p2
X D2 e x "$pi,D2

1 =* X Qr2a2ex *

“p1 = x QP2 = X%y QF1,Qr2,Q01,9p2

read console dy ¢ ¢ONPy o X CONP2 = x "srompi,Conp2

read console d¥ eTprinciaicrossec) > x*s Torint

12 Senae 3 is o

read condole d¥ "Tatopws's TstoOp

othersise

*snput

data®

4L#10003 $x1s,05, aX2=,005; 4y=, 02

11 % ¢ 312 ,1; ¥' -

Xi1so158;3 k2e,03%

Cp1®,07313 Cp2%,178

p180,57) p2e3,96

D1=,26) 92e,0h3)

b= 1)

Qr1 s 23,82 3 Qra e 23,82

IPI1®238,23 Qpa2m238,2

Goud? & *FOH®

Y2at
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Rec 0) Page 02

03,014 Gompz = ®4l,0, ensll B s .12 carzondsec®c ¢
03,0te Torint ® 10060

03,012 Tetop = 3000000

03,020 T, = 600 *Oce

03,024 T, ® 10000 *Hicro=gect

03,022 t, = 90000 "NieTo=gec®

03,023 Ip = [T s80))

©63,02) It = (((!p+1rlll!ll

03,025 X9 = [(LY7(28%1) ¢ ,5y)

03,026 IZ ® T ¢ ((L2/7102ax2) + ,5))

03,027 Je I(Y'Iu + 53}

03,028 4y ® ,000001 &t "conversion Lo sec from RICro sec’
03,029 ar & Drfarsexs?y

03,022 A2 = az(nuxz’t

63,02v Bt = D1Avsay?)

03.03¢ B2 = D2(Atsey?)

03,020 i1g sense § is oOn ®"harechic Reane

03,02¢ K3 ® [(26412K2)7 (K1¢k2)
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ok 00t
04,002
04,003
04,008
0!.095
04,006
04,007
04,008
Ok, 009
03,008

©h,002
0h,00¢c
0b,004

ok, 008

0k ,00¢

04,010

0,01

04,012
01,013
04,013
0k, 015
04,016
08,017
01,018
01,019
on,0ia

oh,010

'Lnte{qai DAL EONEraAs ATy P inardenn 222702y
. -y W A, N

Hec O} Page Of

t | | ' ] 1 1 ] 1 ] ]
tLhervise "arithhgtic area average®

k3 ® (kinaxteR2xax2}/(antesx2)
Index = 1
Delta s [(,000001 x Tprint/at ¢ 451}

LY S - 03

42 sdnse 3 13 offt
read card by “{d10)5%s Pointa,Frece!,rract2,rract),rrectd
nav card
for 4 = 0 L0 Poipts
read carg by *{610)5°%, v,-orlz.npt‘.Orz‘.op:l

nev cera
Dexree = 2
10 = ¢
for s o toyd
¥ e sian)
ZoT 1 ® 10 vo Points

wy 2 ¥

execute lagran(j,i,Degrae,¥)
ip= 1%
exit from joop
othervy et 100p dack
otharwiee
Fracty = 1
Fract2 = 1
Fract) a 1
Fracth = 1

for J s 030y

vt
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0b,01c

03,010

er eray e

0k, 012
0,020
0X,021
04,022

04,023
04,022
oh,025
04,024

04,027

0k,028
~4eUdY
0h,02a
Oh,020
04,02¢
0k,02¢
ohq02e
0,022
03,030
03,034
0ok,032
03,033
04,038
04,035
Ch o036

P .

Rec O) Page 02

t 1 [ ] ) [ t [ [ t |
Krl’olbian”riauﬂﬁla ®Q

°GConversiocn £Iom percght abgorption to p t.cullel’llc .
J R W IRPPOT 1o .

for 38 W ted

Nr', = erfurldl.y
:ra, . Gr?l!rzdlav
Wiy = QP‘IK91’/A¥
Bp2, = Qp2nkp2,/ay

Qr) = Practixqrt
Qra = Fract2xqQr2
Gpt & Fractingpt
<p2 » FractingQp?
for 1 ®» 0 %o I2 *Ipitial comdition U, ® o*

for 3 = 0 to v

":.3'"'1.3'".'1-3 *e

Time = 0
"begin, Of iterstionj for eqch tims poriod 4% se net Lo tnrinity®
*Gode will proceed with one of two algaorithins®

° t = 3¢ X and ¥y Frogiles are imporiynt, 2«9 adl°*

* is uUgea vith entire hest source adged at one®

. balf vine 3tep, ahd iteration sequencs sltered®
. a8 IYYIXYYX in sSveeping X and y arrsye,®

. 4 = 42 coRrpPOsite nhas Yery smsl) x gimensions,®
. 4,8, 12 L1 and Lz are shall cORpPETed tO the®

. thermal 51ffusion Aeptns, only the y dirsction®
. is Ugsd in the code, And a unidirectional apl®
. 18 run vith avergte proparty vilues used®

*Test for' parabvolic (2D) or unidirectional dependence®

PR TN B e T

27
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3,002

.’-“}‘
05,008

05,905
65,006
5,007
85,004
5,009
e5,358
05,00

G5,00e
68,004
a5, ¢ne
95,00¢
Q3,050
[ 113}
[ I-114
Q5,03
0S,01A
95,015
05,046

05,097
05,018

08,019

0s,012

Nsc B§ Pége &
s r O N T )
RN

tusz » tipsnitimy

2

Tept @ ¥ TFE eI

twra = v im

t4 sonere & 36 0L of (KtwkX} ARD [(Bsefl) SR LéBI4ARD}

foais o 339y Slnciudep INLErLace LR conpnlanien?®

SLhsrvise
toste » N *extlvsns nverfare’

f8r Be & 3 L3 Anfinily

28 Sedelt) o 3 *2aeabRlie ADY 123 € and ¥ Mirectiens?

LY a8 LT 71 i L TCRIRLAT LG FRLAFAles LT LB PRLEE OF TR adde”

) » Ayt

o) = 93

g3 & fgledx® g eixRifldnsvinl)
sskarvige

Rt & Gyt

%3 v 3

43 » (q188RTaq2vin ) fisnssdud}

Al ne 4e w¥n *pdgay »  Flest*

sssLity ettne (o}
287 3 o v tw d»t

§g gnden 2 39
[ lll,llttielil?.) *sulas gerird®
£3 - Ip:,liu:ng.alz‘}

eyaprvias

€Y » grt I(fllc’ii!‘l *resL paziet®

]
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sh,01%

5,01¢
3.,
af, e
L, 018
05,00
05,934
23,022
25,033
o402k
05,013
04,226
08,927
ok 023
o5, 08

04,072
o5,03%
[ 3 7% E1
0%,92¢&
05,00

*5,03¢

*er g5 Frge 02

3 [} t ] t 1 J ]
- Irl,llil*‘il".l

fef 4 * 1 %8 Ated

argteve entveil, 42, W

e vt

TFFeFHe ees!fusfze,:,zx,as; P 3.€c;ié;l;;,clz,‘:,ll.§3
fof 3 % $1%1 4e 3%y
sdgryse wqswe il 2,43, 82, 60,408,118
Spapute enfireiis?
Cxtedle VL3290, 0,¢. 8,30
far 3 » ¥ 3p 32

e, e

3s! 13
far 3 o f A8 12e1 3 3 4 Jenis *oekin F Avenp®
kg & % 3T+ a1 pRRBipnentigegl *astering 1¢
[T IR TN L Yo O g *antorfpce”
12 & 7 f4s awa2gnedriamaisqnal *araerial 2t

sxoguLe o;.lttc,lr.q-i.!,i

Fet F* 3 20 2~k

| T30 W O 11
sxneute Safewtiy, i, 8,0,9,9,0)

shytervlies
SXRCULE SRUNVERLIN, BN B0, 00 o DR e B0, 0N o AT, 47, 80,01

speeute seeliatll, b, b6

e A

29



% Jed Ty OPXTeR2
fec 0¢ Page OV

1 i ' i \ ] 1 [ ] L} ]

04,891 cwecut® IME(JIp8,0,¢,4,2)
08,001 fgr 3* 0 ta J
04,0 [ -
Y13 ] - .‘.’ "
vl e
-7 Y-+-5Y TeNEeruisns SSgappad 2LTENT . .
[T -1 for 3 @ % L0 IX=4 ¢ 1 ¢ jomie
44,088 4g 4 4 g4 A®atpPaPYpReKt jqog *apterinl 1°
«d, 087 i¢ 3 ® 302 gugdpkeky Sinterface®
LI 82 3 P IV2 a%p23BelggRer2 qrq2 *asterisl 2°
[T-1-13 agfcuLe -.-nlo.u.a.l.f.)
Ch R0 faf 3% ¢ %0 21
oh, Qb i€ Index 2 Ip
[-{ 98- 1 = Ip"lh\-cn-r.p
04,008 [+ 3 l'ialllaieli'f.)
08,000 atpervies
o6 .008 [ 1Y ll'l,l(ﬂlcm-f.)
8,000 [ B Iri,llliutliif.)
68,810 i2 1 <« tts C = )
Cl 0v? stperviess & » 2
8,003 AT 161y
[ TIR-1FY Gnecute aqtvoill, i, 0,4,8,42,0)
©8,015 otaervine
08, 01d CeRNACULE SQFOven IL1,3,K1,K2,D1,02,01,C2,8%1,a02,Ay,4¢%,1)
04,017 ouocuLE BQ8LENLIJ, Ay, N, xj
[T -1 enecUtt 888(1J8,0,C,40,1T)
08,018 for 3 = 0 to
&h,018 ve, 3" 1y
06,0tk 105 3 » 1 W0 It *vegin of x sveep®
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Reac 06 Page 02

] ] ] 1] t t ] L] ] ]
06,01¢ exscut® eqohs(0)
06,016 for 1 ® 1 o fiey
06,010 execute adfour(y, ) A1,81,0,0,1}
06,01¢ exacute oqthree(21,3,%4,02,01,02,0,0,4x1,452,07,48%,1)
06,020 for 4 ® Xtey to L3ey
06,029 eXocute edfour(s,d,42,82,0,C0,1}
06,022 execute eQfiveild)
06,023 execute stall2)s,v,e,9,2)
06,02) for 4 ® 0 to 12
08,025 HOO‘., - 1‘
08,026 *Hissing vajues for U at [8°0,11,12) Je0,))sre sasigned ¥via B.C.°'s"
06,027 *fhese sre® not used in Lhe computation of uix,r,%)*
06,038 uco°‘° - u'."o
06,029 ""o,a - u'-"J
08,028 “"12.: = “"xa-!,o
06,020 u.'IR.J L] “";z-',a
08,02¢ 12 kK2 ¢ k1 “inserface vilues st J=0,J°
06,024 Pny * (K2%8X1)/(k1wbx2)

06,02¢ UesriLo - ((rhllucnx'.“c . uool'_‘.oilll « pni}
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7,053

7,602
87,883
07,003

97,008
7,084
47,007
87,006
S7.008

7,00
ov,008
STeRae
o?.008
@7 .00e
ar.Q0r
07,010
oT, 00
07,042
aT.,01»

07,0%%
07,048
07,014
07,017

07,018
07,019
07,018
07,0tb

Set &) Tage 01

] ] ¥ 3 {] | ] ] 1]
bt T2

gar 3 * © 4p 12
for 3o 0 A9

e, gt

2,3
etAerRlde
& & $RVCEEaRFRRL LI O
[N RIS FASS TR AIALL Y 1]

IR INSSRRL P AT R AZATEY )]

t5 Index 2 I
e * G
Qe * Qa2
atheruise
" ® O
a2 * 42
o ® [0Vt Venail2iisLiesd)
onacNLS lﬂlxllo.lr...l.t'l
far 3 % 1 Yg 2wy
1€ IndeR < Jo
) © WP siprecean)
E2 » lpa,;tva-CDanz.x

oLhervise

Cy ® IY',!(p!qui-lnl
Cr . ﬁrz,lint-6p!I7’I

& o (CILAIoC2(L21)71 0001 2)

exeCuty €qtwoll ,230,0,0,a%,01

execute e3eagntiv, dy,hek}

AxECULE AT, b,0,0,2)

]
L lllhll-onlt.“‘ . 100"'."lll| * P3h}

*Fajairectiensl (Yenipi Jnsendengn®

*auarage reperties”
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2et BT Yage O3

7,0¢ ter 3 © 8 g 12
07,06 sor s 00
Q . -
7,01 l‘.‘ t’
014 11 Index ® %0 Ipdenet
7,020 SLEOTVLER} IAEONSInNENal ‘sné ot 4t geries*
07,021 52 Samse § Ae 01, Iaterval ¢ &
87,032 etaorvisss Interyal ¢ 3p
£7,03) 4¢ inee)) @ IRtervglines Relte}
ar,0n sgprause
27,028 Tiue * {pdeg i
07,024 82 sonse b §a on Saet up erreys fer pleiriag®
07,027 v a wey
07,020 0.' e Tiee
07,029 lfl' L Bﬁ’°'f'
07,028 na' L] a“.cef.
07,029 ity - u"-onr.
07,02¢ s, * w0,
07,024 815, = uyy 57T,
07,02¢ ste, = "il.a"n
07,022 41 (61000000 Tine)] » {(Tprine)]
07,030 nev page
07,034 prints aate
07,03z k4P 3 1ines
07,033 prints °CTR GONPUSITR PIR3T VALL®
07,034 4R4D 2 1ance
07,035 42 modeli) ® 1
07,03 Prints °Tvo dimensional AD3 (x ang yi°*
07.037 oshervyise
07,038 prints e*Unidirectionsl ADI (y -omly)*®

07,039 Printi °everege property values used®
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00,00
00,002
08,003
08,00)

08,007
08,000
08,009
08,008
08,000
o8,00¢
08,008
08,00e
08,002
08,010
ob,0t1
08,012
00,013
08,018
08,015
08,014
08,017
od, 018
08,019
08,01a
08,010

cant,

cont,

Rec 01 Page Of

(] ) J ] ] ] ] I ]
«X4p 1 14Ne

CPARL) “REST EORErALLeR guUncLLiCal Lor PULSe sUE Fest ANde®
for Y ted
Print Sy 3°Az ¥ oxexd Mrien,ujees ©

SEr2sE,x5000 uNpI=x,E5%0 °

“SpIex, k5400 J;llbl.lrl‘.l’!’.llla.lit,

aevY page
srint: date
ordp 4 1ine,
srint) *CTR CoPPOIITE FIRST WaLL®
oxip 2 1ineg
if nodell) » 9

prPAnt) "1¥0 gimenejonsl ADI (3 ang »)¥°*
othervise

prints “onidirecticnal ADX (y esiyl®

prints ®gVePsse proparty values uwsed®
skip ) 1ame
12 sense & is on

prints ®cont, flux intergace condition®
othervise

prints Scont, flux and PpE st interface®
12 sense 9 j» oOn

print: °nsrnonic Aesn £or X st interface®
otherviee

prints *aritnnetic area sversg¢e 2or k st interface*
print by * copduciorit) @ x insulatori2) * x*s0ompl,Conp2
sxip t 1ine
print: vincident glux o K(d¥/ayiy = o*
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08,01
od,01¢
08,020
08,021
08,022

08,023
os,on)
08,028
08,026
06,027
08,028
08,029
d,02s
08,020
08,02¢

08,0208

ceons,

cent,

[ [ [ [} ] [} ] ] )
sriat oy ° PuUlas [ eriea §PI™XA XA Qp2exh x)®

“cadseee ealts Gp1, 002
srine oy * TeL Dariod Srisxlx§ qriexi.x4*

Scel/ogt en’ey qri,org

skip t 1ine

srint oy ®vqll thickneds (y Airection) @ gl.xi gl'n!'

orint oy "siement sisc asterisl 1 (X direction) ® x)¢x§ cn®aly
print by "eispent sise geterial 2 (x direction) = x3,xé ca®1l2
ohip 1 iine

print by *A¢ = x5 microwsac " { (10000004t ¢ ,5)1)

Print by "dxy ® X),x5 €a "rdxe

oriny by "4x2 ® X},x5 Ca “i18x2

orint by ®sy = X3.x5 ca 34y

axip ¢ 1ine

prant oy '3|ltlll|z'lloll'l Ay

orant by 'Dzitlllza'!lull'l A2

£rint by "Dysesay? exh,xse. By

35
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09,001
o%,002
09,009
09,001

0%,005
09,006
09.907

09,008

09,009
09,008
09.000

09,00¢
09,0048

g9,008
09,622
09,010
09,011
09,012
09,013
09,015
09,013
09,006
09,017
09,018
09,0159

09,012

cont,

cont,

eont,

eont,

cony,

cont,

Rec 09 Payge 01

] | 4 f t ] [} ] ]
orint by "Daav/ay? axix5%: 82

skip 1 1ine
Print by "Pulse time ® x,X5 Sec resv time = X,x5 sec*s
tnlieooono-?rlcoonooo

skip 1 iine

print vy "for Watarial ¢ Kk® X3.X5 cals/sec ¢ G °

$Cps xy.x$ ca1ss®c pe x3,%% grend o
*Dys x3,x5 ca®rseces ki,6p1,p1,01

axkip ¢ 2ine

orint by "for Balerial 2 ks xX3.xJ cals/sec ca'C *#

*Cpm X34x5 calsg ¢ pe xJ.x) g/en? @

*p2= x3,x5 ca’sseces x2,6p2,p2,02
skip 2 1ina,

orint oy ®* b = Xg.xi effective heat transfer coeff, cal/ce?

akip t 1ine
orint by “gric Olse * Ix{material 1) = x3 points, *
“x(netlerisl 2} & X3} points) by Ly o 23 pointsf®sIi,(12-11),J
nev page
print by °"Tikes R Nicroefac "3 1000000 Tine
skip 2 1ine,
print 1 L0
prints 2t
orints f2
skip 2 1irnmy
176 = {(11/2))
177 « (1111412)/2))

sec® o5
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09,910
09,01¢
09,016
09,012
Q5,012
09,020
09,021
09,022
09,023
09,023
09,035
09,026
09,027
09,028
09,029
09,028
09.02b
09,02¢
09,020
09,.02e

09,028

09,030

cont,
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APPENDIX F

NOMENCLATURE

Variable Specification

Al = alAt/(Ax1)?
A2 = a28¢/(8x2)°
Bl = a1At/(Ay)2
B2 = 28t/ (Ay)>
Ccl = H}./plcplTB
c2 = H2/ﬂle1TB
Cp = heat capacity, cal/g°C
C(y) = H(y)/pCpIh designated as Cl or C2
D or 0 = thermal diffusivity = k/pCp, cmzls
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
AT = T-Ty K or °C

H(y) =

F = k2Ax1/k1Ax2

heat transfer coefficient (liquid lithium,
°c) -’

heat generation rate, cal/s
nated as Hrl, Hr2, Hpl, Hp2

cal/cm2 s
cm3, desig~
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Sub

Il = number of grid pts in x-direction wmateriall

I2 = number of grid pts in x-direction material 2
J = pumber of grid pts in x-direction material 2
k = thermal conductivity, cal/s cm®C

L1 = size of element in material 1

12 = size of element in material 2
p = density, glcm3

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

Tg = pulk Lithium temp., K or °C

Tp = purn time for pulse, 4 5 or m 8

T, = rest time, Uus of m s
u = dimensiocnless temperature = (T-TB)ITB
j = dimensionless temp. 1/2 time interval

i = dimensionless temp. full-time interval
’
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